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PREFACE 

The organization of the Conference, in the period after two devastating earthquakes in Croatia, in the 

period of community recovery when it is crucial to take care of the citizens affected by the earthquake, 

in the period of reconstruction of a number of the most important buildings in the capital of the country 

(including the building of the Conference organizers), in the period when the whole country is reaching 

the limits of its capacities ‒ is extremely challenging and requires special emotion and sacrifice from 

experts in the field of earthquake engineering because they are aware that knowledge and continuous 

raising of its level are crucial for recovery of the community and the for laying foundations for the 

future (of our children). 

Nowadays, education in schools and research on faculties are not in the foreground (they are not 

popular), but the earthquakes in Croatia have shown that in difficult times, the eyes are focused on 

knowledge as an indispensable support (e.g., earthquakes, Covid-19, ...). Will the time overshadow the 

importance of knowledge again? Of course it will, and our children will play "their games" again, but 

on the other hand it is up to us to continuously fight, to play our "game" for the benefit of all (and those 

who ignore the problems), hoping that we will pass this passion to next generations. 

The first Croatian Conference on Earthquake Engineering (1CroCEE), held on the first anniversary of 

the 2020 Zagreb earthquake, was a ''gamechanger'' in Croatia in terms of raising the level of knowledge, 

connecting experts (promoting international cooperation) and maintaining a high level of risk awareness 

following the earthquakes that struck central Croatia twice in one year. It emerged in response to the 

need for reconstruction and as a conclusion to the many post-earthquake activities led by scientific 

community: damage assessment process, preparation of manuals for urgent retrofitting measures (120 

pages) and comprehensive guidelines for the retrofitting of masonry buildings (600 pages), preparation 

of guidelines for the recovery/reconstruction process, comprehensive education on the monthly basis 

(every 22nd of the month), estimates of losses and reconstruction costs (initial government and RDNA 

reports), preparing data for application for the EU Solidarity Fund, steering of public policy and many 

others. All these activities would not have been possible, truly effective and long lasting without the 

unity/togetherness of numerous colleagues from Croatia and abroad, and collaboration with many 

practicing engineers, seismologists, architects, and government officials. The conference was a great 

success, gathering more than 700 researchers, practicing engineers and architects, government 

representatives (including Prime Minister), students and others from 26 countries (very large 

“playground”). 

The 2nd Croatian Conference on Earthquake Engineering (2CroCEE), organised on the third 

anniversary of the 2020 Zagreb Earthquake, aims to enforce a continuous and decisive ''playing with 

earthquakes'' in a small and vulnerable country like Croatia. With this conference, we want to establish 

a new tradition where earthquakes are not forgotten (even if they do not occur very often) and where 

knowledge is passed on to new generations. We hope to bring us together again, to share knowledge, 

expertise, ideas and experiences, which is crucial for the reconstruction process of the earthquake-struck 

areas, a hot topic in Croatia. Therefore, we are organizing a series of technical visits to the earthquake-

affected areas and reconstruction sites in Zagreb and Petrinja to experience the ''power of the enemy'' 

and share experiences and lessons learned for enhanced resilience of communities, which is of utmost 

importance for stable future development, as well as for preservation of our rich cultural heritage.  

We may conclude with joy and pride that we have once again brought together large number of leading 

scientists in the field of earthquake engineering and almost all experts from Croatia. We firmly believe 

that the newly acquired knowledge will significantly help to achieve a further step towards earthquake-

resilient future in Croatia. 
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Finally, the organizers of the Conference express thanks to all companies and institutions that supported 

this Conference. Special thanks go to the International Association for Earthquake Engineering, the 

European Association for Earthquake Engineering and the Croatian Association for Earthquake 

Engineering, for their assistance and support in organizing this conference. The Editors would like to 

thank all authors for their excellent contributions to these proceedings and the members of the 

Organizing Committee and Academic Scientific Committee, as well as the numerous experts who 

participated in the review process. The gratitude is also extended to all participants for attending the 

conference 2CroCEE. The lectures organised at the conference are based on interesting technical 

solutions and latest findings in the field of earthquake engineering from projects that have already been 

implemented, those that are in the design phase, or projects that are currently being implemented in all 

parts of the world. In addition to representatives from the research community, the conference will also 

feature presentations from the industry representatives, which constitutes the best possible synergy of 

theoretical and practical achievements. We believe that these 2CroCEE proceedings will prove to be 

highly interesting and useful to all experts exhibiting a scientific and professional interest in earthquake 

engineering.  

Thank you for joining us at 2CroCEE to reshake Croatia with knowledge and establish a new tradition 

aimed at reconstructing the past in Croatia for resilient future. 
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Abstract 

Historical unreinforced masonry buildings are among the most vulnerable buildings when subjected to seismic 

loading. The high vulnerability results from the quasi-brittle response of the masonry material itself but also from 

the limited diaphragm effect of the slabs, which are typically timber slabs, and weak connections between slabs 

and walls. This presentation looks at common structural details of historical unreinforced masonry buildings and 

on how these details can be represented in finite element models suitable for engineering practice. Furthermore, 

it investigates the sensitivity of the analysis results to the modelling assumptions. To do so, we model masonry 

buildings that have been tested under dynamic loading and compare modelling assumptions to observed results. 

The presentation concludes with lessons learnt from these comparisons and an outlook on the impact of computer 

vision solutions on generating models of historical buildings. 
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reinforced concrete walls and of unreinforced masonry structures and large-scale structural testing. She is member 

of the executive committee of the European Association for Earthquake Engineering and was responsible for the 
revision of the masonry section of the European seismic design code (Eurocode 8 Part 1). She is an advocate of 

open science, publishing next to manuscripts also relevant experimental data and models 

(https://eesd.epfl.ch/data_sets/, https://zenodo.org/communities/eesd_at_epfl/about/, https://github.com/eesd-

epfl). Since September 2020, she is associate dean of the School of Architecture, Civil and Environmental 

Engineering (ENAC) at EPFL. 
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AND BUILDING INFORMATION MANAGEMENT (BIM) SYSTEM 
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Abstract 

Highrise buildings that have structural irregularities are in general more susceptible to damage from earthquakes. 

Such damage is primarily due to the coupling of torsional and translational vibrational response whereby the 

building twists even though it is being excited in translational modes only. For optimal earthquake design and 

retrofit of such structures, several cycles of iterations of structural analysis followed by design change are often 

needed. To provide efficiency and accuracy of iterative assessment-adjustment cycles in the design process, this 

study proposes an integrated seismic design and assessment framework. The ‘Revit Structure’ platform from 

Autodesk, a prominent member of the Building Informational Modeling software family, and ZEUS-NL from 

Mid-America Earthquake Center, one of the most advanced earthquake simulation programs, are utilized for 

seismic design and analysis tools, respectively. An advanced bi-directional linkage interface is developed so that 

two distinct and complex computer codes can exchange essential structural or non-structural member data in both 

directions without any loss of information. This coupled approach also provides improved earthquake analysis 

and design guidelines which can address damaging torsional effects. The feasibility of the proposed framework 

and its components are successfully evaluated and verified through an application example. It is observed and 

verified that more reliable and better seismic design for irregular buildings can be achieved using the proposed 

framework. 

Full paper is available in the Proceedings (https://doi.org/10.5592/CO/2CroCEE.2023.71). 
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Pennsylvania State University, and the Harold and Inge Marcus Endowed Chair of Engineering. As dean, Amr 

was responsible for all aspects of operation and leadership of the College of Engineering. He also served as head 

of the Department of Civil and Environmental Engineering at the University of Illinois at Urbana-Champaign 

(June 2009 to December 2013) and the Bill and Elaine Hall endowed professor. He was Director of the NSF multi-
institution interdisciplinary Engineering Research Center (ERC), MAE Center (2004-2009). He was also Director 

of the NSF Network for Earthquake Engineering Simulations (NEES) Laboratory at Illinois (2002-2009). Before 

moving to the USA, Amr was division head at Imperial College, London, and a chaired professor. His tenure at 

Imperial College lasted from 1986 to 2000 during which time he was the national technical contact on Eurocode 

8 and member of the drafting panel. From 1984 to 1986, he worked as a senior engineering in Wimpey Offshore 

Engineering Limited, London, in the technology development department, and led a team of highly qualified 

designers and analysts focusing on the North Sea oil and gas industry. He is the founder and editor-in-chief of the 

Journal of Earthquake Engineering. His research interests are multi-resolution distributed analytical simulations, 

network analysis under stress and disruption, large-scale fire ignition and spread modeling, hybrid testing and 

field investigations of the response of complex networks and structures to earthquakes. His early research was on 

design and stability of offshore oil and gas production platforms. He has advised 47 PhD students and over 100 
MS thesis students. He published 148 refereed journal papers, 3 books, 11 book chapters, and a large number of 

research and field investigation reports.  
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Keynote Lecture 

DAMAGE, LOSSES, RECONSTRUCTION POLICIES, AND RETROFIT 

INTERVENTIONS ON RESIDENTIAL BUILDINGS IN HISTORICAL 

CENTERS AFTER RECENT ITALIAN EARTHQUAKES 

 
Marco Di Ludovico  

 
Department of Structures for Engineering and Architecture University of Naples Federico II  
Via Claudio, 21 - 80125 Naples - Italy, diludovi@unina.it 
 

 

Abstract 
The reconstruction process of residential buildings damaged by L'Aquila 2009 earthquake initially involved 

buildings outside historical centres and then, starting from August 2012, residential buildings in historical centres. 

The reconstruction model related to buildings in historical centres was developed by two special offices, involved 

in the reconstruction process of L'Aquila municipality and other municipalities, respectively. Both special offices 

introduced new procedures to manage the reconstruction based on a parametric model to define the maximum 

public grant to repair and strengthen the damaged buildings in historical centres. The new model was necessary 

to deal with the reconstruction of historical centres mainly characterized by old masonry building aggregates with 

a cultural and architectural heritage value. The data collected in the management process of reconstruction outside 

and inside historical centers, allowed obtaining precious and unique information on buildings and aggregates 
characteristics, damage and usability ratings as well as repair and retrofitting cost data obtained by funding 

requests. Furthermore, these data are the basis to carry out a comparison between the repair and retrofit cost data 

and peculiarities of residential buildings outside and inside historical centers. 

Extended abstract is available in the Proceedings (https://doi.org/10.5592/CO/2CroCEE.2023.1). 

Biography 

Prof. Marco Di Ludovico is Associate Professor of Structural Engineering at the University of Naples Federico 

II. His research activities deal with theoretical and experimental aspects on: non linear behavior of reinforced 
concrete and masonry structures; structural vulnerability, post-earthquake damage and repair costs; repair, 

strengthening and seismic retrofit of concrete and masonry structures with composites; response of reinforced 

concrete buildings under tsunami-induced loads; protection of historical monumental buildings. Following the 

earthquake of April 6th, 2009, is member of ReLUIS (Network of University Laboratories for Earthquake 

Engineering) working group, that: coordinated, in partnership with the Department of Civil Protection, the checks 

of conformity to standards for public and strategic buildings in L'Aquila and all the other municipalities of the 

crater. Within the 2022–2024 research agreement between the Civil Protection Department (DPC) and ReLUIS, 

he currently coordinates the work package “Post-Earthquake data analysis” and within the work package “Seismic 

Risk Maps—MARS”, a task group related to “Loss predictions”. He is author of more than 250 scientific papers 

on journals or proceedings of national and international conferences and two books on the reconstruction process 

of residential buildings outside and inside the historical centres after L’Aquila 2009 earthquake. He participates 
to National and International Scientific Bodies: Working Group “Learning from Earthquakes (LFE)” by 

Earthquake Engineering Research Institute (EERI); EAEE (European Association for Earthquake Engineering) 

WG1 Future Directions for Eurocode 8; fib (Federation International du Beton) TG 9.3 “FRP Reinforcement”, 

TG 5.1 'FRP Reinforcement for Concrete Structures'; CNR (Italian National Research Council) working groups 

on the development of technical documents on the use of composite materials. 
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Keynote Lecture 

EXPLORING THE COMPLEXITIES OF THE 6 FEBRUARY 2023 

EARTHQUAKE SEQUENCES IN TÜRKIYE AND THEIR INSIGHTS 

FOR REGIONAL SEISMIC HAZARD MODELING 

 
Laurentiu Danciu  

 
Swiss Seismological Service (SED), ETH Zurich, Switzerland, laurentiu.danciu@sed.ethz.ch 
 
 

Abstract 

On February 6, 2023, a devastating series of earthquakes occurred along East Anatolian Fault System in 

southeastern Türkiye. A powerful mainshock earthquake with a moment magnitude of 7.8 was followed by a 7.5 

earthquake, as well as numerous strong and numerous aftershocks, causing massive damage, fatalities and losses 

in Turkey and Syria. From the perspective of the seismic hazard modeling, these earthquakes are challenging due 

to their unique characteristics: large magnitude, multiple ruptures propagations, progressive aftershock sequences, 

extreme ground motions and ground displacement. Recognizing that one earthquake sequence is not intended for 

the validation of seismic hazard models, the goal of this contribution is to examine the anatomy of these 

earthquakes, the recording data, and their multifaceted impacts in comparison with the regional seismic hazard 

models, i.e., 2020 European Seismic Hazard Model (Danciu et al. 2021). 

Biography 

Dr. Laurentiu Danciu is a senior researcher at ETH Zurich's Swiss Seismological Service (SED). His research 

interests range from seismology and earthquake engineering to structural engineering, with a current emphasis on 

probabilistic seismic hazard and risk assessment. He is leading the development of numerous regional and national 

seismic hazard models, including the most recent update to the 2020 European Seismic Hazard Model, the 2013 

European Seismic Hazard Models, the 2014 Earthquake Model of the Middle East , and the Swiss Hazard Model 

from 2015. He has an active role in the integration of the European Facilities of Earthquake Hazard and Risk 

(EFEHR) with the European Plate Observing System infrastructure and the Global Earthquake Model. 
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Keynote Lecture 

IZIIS - 57 YEARS OF RESEARCH EXCELLENCE AND BUILDOUT OF 

EUROPEAN SEISMIC RESILIENCE 

 
Vlatko Sesov 

 

Ss. Cyril and Methodius University in Skopje, Institute of Earthquake Engineering and Engineering Seismology-IZIIS, N. 
Macedonia, vlatko@iziis.ukim.edu.mk 

Abstract 
58 years of existence! This year, these two digits mark the 58th anniversary of IZIIS. Lots of years, many great 

people, many outstanding careers, many excellent Master of Science, many distinguished doctors of science, a lot 

of magnificent scientific projects, many excellent missions have been interwoven in almost six decades of 

existence of IZIIS. It is not immodest to say that everything has been marked by excellence.   

To write about IZIIS portfolio, we need to look through the past that teaches us to understand the present and, 

what is more important, how to build the future. The beginnings of IZIIS are inseparably linked to the Skopje 

1963 earthquake. The tragedy that struck the city of Skopje meant the beginning of one of the most prestigious 

scientific institutions in European and world frames. On 27 May 1965, in the aftermath of the Skopje earthquake, 

the University Council of the University in Skopje made a decision on establishment of an Institute for General 
and Engineering Seismology. The Institute started to develop with limited human resources, but with national 

and, mainly, international support provided by experts. Despite the modest beginnings, the vision of the first 

generations of professors, engineers and scientific collaborators contributed, within a very short time, to the 

growth of IZIIS into a recognizable centre for earthquake engineering and engineering seismology even beyond 

the boundaries of the then existing country. Then, there followed years of dedicated work, building of own 

scientific staff, education of generations of masters and Doctor of Science, building of own capacities representing 

an excellent basis for successful functioning and further advancement of the Institute. It is this strenuously 

achieved legacy that represents a great responsibility for all of us that are currently part of IZIIS, to preserve it 

and enrich it for the future generations.  This is an exceptional challenge that we can overcome, in the conditions 

of our existence, only through the joint and teamwork of the entire collective. In fact, this has been one of the 

secrets of success in these 58 years, team morale, team work of the Institute and the maximum commitment of all 
employees. The close connection between the scientific investigations and the applicative activities as well as the 

application of the most recent knowledge in the educational activities are specificities of IZIIS that have been 

cherished since its establishment and will continue to be upgraded with new contents and ideas.   

The complex social conditions, the distorted system of values, globalization, the climate changes, create daily 

challenges that we must solve and overcome although they are not our professional priority. The objective of this 

paper is to present IZIIS to wider earthquake community by presentation of the most recent achievements within 

the main activities of the Institute, namely the scientific-research, the applicative and the educational activity.  

Finally, I would like to express my deepest respect and gratitude to all generations of IZIIS employees who have 

contributed, throughout these 58 years, to what IZIIS is today – a symbol of science 

Biography 

Prof. Vlatko Sesov is Director of the Institute of Earthquake Engineering and Engineering Seismology – IZIIS, 

University Ss Cyril and Methodius in Skopje, and Professor of Earthquake Geotechnical Engineering. He has over 

27 years of experience in the area of soil dynamics, liquefaction and its remediation, local site effects, seismic 

zonation, physical modelling and model testing. Prof. Sesov has vast international experience, he was doctoral 

and postdoctoral researcher at the University of Tokyo, Japan (2003 - 2005), visiting professor at the Ruhr 

University, Bochum, Germany (2008 - 2009), Fulbright Scholar at University of California, Davis (2013-14) and 

professor at ROSE School, University of Pavia (2020). He is former President of Macedonian Geotechnical 

Society, member of Technical Committee (TC203) at ISSMGE and National Contact Point for Widening 

Participation and ERA. Prof. Sesov was national coordinator of several European project: INFRA-NAT – 

Increased Resilience of Critical Infrastructure to Natural and Human-Induced Hazards (2018-2019), coordinator 

of CRISIS - Comprehensive RISk assessment of basic services and transport InfraStructure (2020-2022).   
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Keynote Lecture 

POST-EARTHQUAKE RETROFIT OF THE ZAGREB CATHEDRAL  

 
Petra Gidak and Damir Lazarević 

 
Faculty of Civil Engineering, University of Zagreb, Croatia, damir@grad.hr 

Abstract 

Neo-Gothic Cathedral in Zagreb, the largest Croatian sacral building was severely damaged by the 5.4 magnitude 

earthquake on March 22, 2020. These days three years after seismic main event aftershocks are still causing 

displacement progression of stone blocks of the towers. For the static and dynamic analysis of the Cathedral the 
distinct element method is chosen. The continuum model (on which the finite element method is based) is hardly 

acceptable in the case of the Cathedral. Simply, in order to insist on equal displacements and rotation angles of 

the nodes, the model would be too compatible. Such an assumption, given the manner of construction and the 

current condition of the building, was violated immediately. Even for small levels of load and displacement, 

blocks slipping and rotation on the joints will (at least) occur.  

The numerical model consists of deformable blocks and their contacts. The blocks are internally discretized by 

tetrahedra based on the finite difference method, and their behaviour is nonlinear with the possibility of hardening 

and softening. The connection between the discretized blocks is defined by a series of nonlinear springs. With the 

model based on elements and springs, discretized and connected blocks can deform and move (slip, separate, 

break, rotate, fall) practically without restrictions. The software 3DEC is used for the structural analysis of the 

Cathedral. Due to the complicated geometry, considerable effort was invested in the generation of the numerical 

model. Presentation will also discuss choice of input data for modelling materials and load-bearing elements, even 
with in-situ test results. The basic principle is to adjust the input parameters of the elements and springs so that 

the characteristic points on the response curve (forces with associated displacements) correspond to those from 

the statistical analysis of numerous well-documented experiments. 

Biography 

Petra Gidak is associate professor at the Faculty of Civil Engineering University of Zagreb. In her scientific work, she deals 
with the numerical modeling, shape optimization of load-bearing systems and form finding methods of tensile and compressive 
structures. As part of her doctoral research, she dealt with the stability assessment of form finding methods for tensile 
structures. The current focus of her research is the application of tension-compression analogy for defining the thrust line of 
cross vaults and the transmission of forces through the system of walls and buttresses, as well as the transmission of forces in 

the towers of sacred buildings using graphical and numerical methods. She participated in the definition of an important 
document for decision-making on post-earthquake reconstruction and application to international aid funds entitled Croatian 
December 2020 Earthquake - Rapid Damage and Needs Assessment. She is a member of a team of engineers from the Faculty 
of Civil Engineering University of Zagreb, that are engaged in the analysis of the current state of the Zagreb Cathedral. 

Damir Lazarević is tenured full professor at the Department of Engineering Mechanics, Faculty of Civil Engineering, 
University of Zagreb, Croatia (UZ FCE). He graduated in 1993 and received his PhD in 2000 from the UZ FCE. He teaches 
four courses in the graduate programme and four courses in the postgraduate doctoral programme at the UZ FCE. He has 
supervised more than 120 graduate theses and 5 PhD theses. He was the Chairman of the Chair for Statics, Dynamics and 

Stability of Structures in the Department of Engineering Mechanics at the UZ FCE from 2010 to 2014, and the Head of the 
same Department from 2014 to 2016. His research interests include the broad field of engineering mechanics and numerical 
methods in structural analysis, as well as the earthquake engineering with the focus on the performance of heritage buildings, 
bridges and industrial facilities. He is the author of more than 70 scientific papers in journals or proceedings of national and 
international conferences, as well as a book on the principles and methods of analysis of structures. He participated in several 
research projects and led two of them - the national scientific project “Non-standard models of civil engineering structures“ 
under the Ministry of Science, Education and Sports of the Republic of Croatia and the project “Novel Efficient Iterative 
Procedure for the Structural Analysis”, funded by the Croatian Science Foundation. After the earthquakes in 2020 Croatia, he 

actively participated in the rapid inspections of damage and usability of the critical infrastructure, and other activities important 
for mitigation of the earthquake impacts. In collaboration with Croatian industry he participated in almost 100 structural 
designs and retrofit projects of the facilities in the cement industry, critical infrastructures buildings, large-span bridges and 
heritage buildings among others, where his scientific expertise was essential.  
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SEISMIC CHARACTERIZATION OF THE SHALLOW SUBSOIL BY 

AMBIENT VIBRATION MEASUREMENTS: A TOOL FOR SEISMIC 

MICROZONATION 

 

Dario Albarello 
 

Department of Physics, Earth and Environmental Sciences, University of Siena, Italy, dario.albarello@unisi.it 

Abstract 

Seismic microzonation at the scale of single municipalities is a basic element of land planning policies aiming at 

seismic risk reduction. Any technical tool supporting this kind of studies must be effective and cheap enough to 

allow the application to wide areas when economic resources available on purpose are scarce. Moreover, these 

tools should not require high level skills to be managed, since one cannot expect that Academy or Research 

Centers will be charged for field surveys relative to a large number of municipalities. While engineering geological 

mapping represents the qualitative basis for any microzonation study, seismic characterization (in terms of shear 

wave velocity profile) of the subsoil at the scale of tens to hundreds of meters is mandatory to forecast ground 

motion amplification effects induced by local stratigraphical configurations. Most common seismic prospecting 
tools (SH refraction, MASW, etc.) present severe limitations when depths larger than a few tens of meters are of 

concern for an effective characterization of the local seismic response. Moreover, in urban areas, anthropic noise 

and logistics may hamper their affective application. In these situations, seismic surveys based on ambient 

vibration monitoring by single station and array configurations may represent an effective solution. In Italy, these 

tools have been extensively used in a huge amount of seismic microzonazion studies relative to hundreds of 

municipalities. Main features of these techniques will be presented along with some case studies in Italy.The 

manuscript analyses, summarizes, and presents the crucial seismo-tectonic aspects and seismological data of both 

affected cities, then defines P-nodal planes for both strongest earthquake events affecting Skopje 2016 (ML=5.3) 

and Zagreb 2020 (ML=5.5). We analysed and compared macroseismic data, and strong motion records in respect 

to their amplitude and frequency characteristics and showed the building damage and usability statistics. 

Biography 

Physicist, he is Full Professor of Solid Earth Geophysics at the University of Siena where he teaches ‘Applied 

Geophysics’ and ‘Seismic Hazard’. He is Research Associate of the National Research Council (CNR). He is 

presently member of the advisory board of the Prime Minister of the Italian Government for Seismic Risk (Great 

Risks Commission) and of the International Atomic Energy Agency of United Nations (IAEA) for seismic 

microzoning and testing seismic hazard estimates at Nuclear Power Plants. Hi is presently the PI of the National 

Research Project for mapping site effects at national scale. During his scientific career, he was involved in 

quantitative modelling of geodynamic processes with numerical and analytic methods, assessment of stress and 

strain fields at regional scale from geodetic and seismic data, of seismicity induced by large dams, deformation 

processes in geothermal areas, mud volcanoes dynamics and probabilistic seismic hazard assessment at regional 

scale. He has been also engaged in the study of pre- and co-seismic phenomena relative from RADON and deep 

piezometric data, and of statistical studies relative to short and medium term earthquake prediction. In the last 

years he has been mainly involved in the development and application of passive seismic methods for subsoil 

exploration and has been also responsible for field surveys in the field of archaeological and geotechnical 

exploration of the shallow subsoil. As a member of a number of Scientific Committees and International and 

National research groups, he developed and applied innovative techniques for seismic hazard assessment at 

national and local (seismic microzoning) scales. In particular, on behalf of the Dept. of Civil Protection of the 

Italian Government he was a member of the working group for the definition of the National Guidelines for 

Seismic Microzoning. From 2013 until 2015 he directed the National Research Project (DPC-INGV) devoted to 

short term earthquake prediction. From 2017 to 2022 he has been the President of the Centre of Seismic 

Microzoning. He also coordinated a number of seismic microzoning studies in Central and Northern Italy. He is 

the author of more than 260 extended papers (SCOPUS H-index=32).  
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CLASSIFICATION OF RESIDENTIAL BUILDING STOCK IN SERBIA 

 

Svetlana Brzev (1), Jovana Borozan (2), Marko Marinković (3), Marijana Hadzima-Nyarko (4), Nikola 

Blagojević (5), Milica Petrović (6), Veljko Koković (7), Borko Bulajić (8), and Božidar Stojadinović (9) 

 
(1) Department of Civil Engineering, University of British Columbia, Canada, sbrzev@mail.ubc.ca 
(2) Nanometrics Inc., Kanata, Ontario, Canada, jovanaborozan@nanometrics.ca 
(3) Faculty of Civil Engineering, University of Belgrade, Serbia, mmarinkovic@grf.bg.ac.rs 
(4) Faculty of Civil Engineering and Architecture, University of Osijek, Croatia, mhadzima@gfos.hr 
(5) Department of Civil, Environmental and Geomatic Engineering, ETH Zurich, Switzerland, blagojevic@ibk.baug.ethz.ch 
(6) Faculty of Architecture, University of Belgrade, Serbia, milica.petrovic@arh.bg.ac.rs 
(7) Faculty of Civil Engineering, University of Belgrade, Serbia, veljko@imk.grf.bg.ac.rs 
(8) Faculty of Technical Sciences, University of Novi Sad, Serbia, borkobulajic@uns.ac.rs 
(9) Department of Civil, Environmental and Geomatic Engineering, ETH Zurich, Switzerland, stojadinovic@ibk.baug.ethz.ch 

Abstract 

Developing a classification system (taxonomy) for buildings is a critical step for seismic risk assessment studies. 

Such a system can be used to characterize a building portfolio within urban/rural settlements or building stock for 

the entire country. Serbia is located in a region characterized by a moderate seismic hazard. In the last century, 10 

earthquakes of magnitude 5.0 and higher occurred in Serbia, the strongest (M 6.0) in 1922. The strongest 

earthquake in the 21st century (Mw 5.5), with an epicenter close to Kraljevo, occurred in November 2010 and 

caused significant damage to residential buildings. In 2019, members of the Serbian Association for Earthquake 

Engineering (SUZI-SAEE) contributed to the SERA project and its goal to develop a seismic risk model for 

Europe. A taxonomy of residential buildings in Serbia was developed based on previous national and regional 

building stock studies. The proposed taxonomy includes the Lateral Load-Resisting System (LLRS) (e.g., wall, 

frame, dual wall-frame system) and material of the LLRS (e.g., masonry, concrete, wood) as the main attributes. 

The type of floor diaphragm (rigid or flexible) has been specified only for masonry typologies with unreinforced 

masonry walls, while building height and date of construction have been implicitly considered. According to the 
proposed taxonomy, there are 9 residential building typologies in Serbia; out of those, 5 typologies are related to 

masonry structures, 3 are related to RC structures, and one is related to wood structures. This paper describes the 

proposed taxonomy and outlines the characteristic features of different building typologies and their relevance for 

estimating seismic vulnerability and risk. A comparison of the proposed taxonomy for Serbia and published 

taxonomies for Croatia is also presented. 

Full paper is available in the Proceedings (https://doi.org/10.5592/CO/2CroCEE.2023.100). 

Biography 

Prof. Dr Svetlana Brzev is Adjunct Professor in the Department of Civil Engineering at the University of British 

Columbia, Canada and is a member of the Smart Structures group https://smartstructures.civil.ubc.ca/research/. She has 
more than 35 years of consulting and academic experience from Canada, Serbia, and India related to structural and 

seismic design and rehabilitation of reinforced concrete and masonry structures. Her research focus has been on seismic 
behaviour, design and construction issues related to reinforced and confined masonry structures. As a practicing 

engineer in Canada, she has worked on applications of advanced technologies such as seismic isolation and dampers for 
seismic retrofitting of existing structures in Canada, India, and Chile. She received bachelor’s and master’s degrees in 

civil/structural engineering from the University of Belgrade and Ph.D. degree in earthquake engineering from the 
Department of Earthquake Engineering, University of Roorkee (currently IIT Roorkee), India. She serves on the 

Technical Committee responsible for developing design standard for masonry buildings in Canada (CSA S304) and is 
a member of the Eurocode 8 Technical Committee 250/SC8/WG1 for the development of design provisions for seismic 

design and retrofitting of masonry buildings. She was a part of the team that developed the Global Earthquake Model 
(GEM). She served as a Director and Vice-President of the EERI, a Director of the Masonry Society (TMS), and is 

currently a Director of the International Association of Earthquake Engineering (IAEE). She has served as the founding 
President of the Serbian Association for Earthquake Engineering (SUZI-SAEE) since 2018. Dr Brzev has published 

more than 200 papers and reports, and has co-authored three textbooks related to structural and seismic design of 
masonry and reinforced concrete structures in Canada. In 2015, she was named a Fellow of the Engineers Canada for 

her contribution to the engineering profession in Canada.  
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ADVANCEMENTS IN IMPLEMENTING SHORT-TERM 

COUNTERMEASURES AFTER THE RECENT EARTHQUAKES IN 

ITALY 

 
Stefano Grimaz  

 
University of Udine, Italy, stefano.grimaz@uniud.it 
 
 

Abstract 

Will be presented an overview on the experiences that allowed the Italian National fire Services to obtain relevant 

improvements in the short term countermeasures (shoring activities with the STOP procedures) and technical 

triage (for zoning the affected area and prioritizing the first technical interventions for safety purposes), obtained 

by the synergy between science and practice, both in the response and preparedness phases. These techniques and 

procedures have been adopted in post-earthquake international missions and are at the base of new specific 

modules of the European mechanism of civil protection.  

Biography 

Prof. Stefano Grimaz is the Chairholder of the UNESCO Chair on Intersectoral Safety for Disaster Risk Reduction 

and Resilience at the University of Udine (Italy). He is director of the Safety and Protection Intersectoral 

Laboratory (SPRINT-Lab) at the Polytechnic Department of Engineering and Architecture of University of Udine 

where he is professor of Engineering Seismology and of Safety and Civil Protection at the Master Degree Courses 

of Engineering. He is scientific director of the SERM Academy: the Safety and Emergency Response Management 

International training school based in Friuli Venezia Giulia (Italy) aimed at developing and experimenting 

techniques of safety assessment and emergency response and at improving the interoperability in transborder 

areas. He carries out research on risk assessment, safety and emergency management with a holistic and 

intersectoral approach for developing multi-hazard safety assessment and decision-making support tools for the 

different phases of the disaster management cycle. He is scientific consultant of national and international 

institutions and organizations working in the fields of safety, emergency management and resilience. For the 

Italian National Fire Services he conceived and developed the technical triage method and the standardized short-

term countermeasures for the rapid safety assessment of buildings damaged by earthquakes and for prioritizing 

and implementing the urgent technical interventions in emergency. For his activities, he was awarded with the 

Order of Merit of the Italian Republic (4th Class Officer). He is author of more than 150 papers in the field of 

safety and risk management. 
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EXPERIMENTAL TEST OF UNREINFORCED MASONRY WALLS 

UNDER VARIOUS BOUNDARY CONDITIONS 

 

Ivica Guljaš 
 

University of J.J. Strossmayer in Osijek, Croatia, iguljas@gfos.hr 

Abstract 

Unreinforced masonry (URM) constructions exhibited poor seismic performance during the past earthquakes thus 

resulting in unacceptably huge loss of lives and properties. Therefore, the evaluation of their shear (and other) 

behaviour is absolutely essential. In that sense a series of static and dynamic earthquake simulation tests of 

unreinforced masonry walls under various boundary conditions were carried out at the Faculty of Civil 

Engineering and Architecture Osijek. 

After a plane unreinforced masonry walls were tested and their shear behaviour evaluated, confined masonry, a 

construction system where the walls are built first, and the columns and beams are poured in afterwards to enclose 

(confine) the wall followed. Those experiments focused specifically on different tie column - masonry wall 

connection details in which the most effective connection scheme was evaluated and quantified.  

The next step was to evaluate the contribution of masonry infill to the RC frames seismic behaviour. Here infill 

wall panels acted as compressive diagonal struts due to lack of good bonding with more complicated transmission 

of forces. One story RC infilled frames were built and subsequently infilled with high strength hollow clay brick 

blocks, without additional shear connection to the frame. The specimens were tested under constant vertical and 

cyclic lateral loads applied in a direction along the plane.  

And finally, dynamic earthquake simulation shake table tests on masonry infilled RC frame test building were 

carried out. The following constraints in development of proper experimental structure were adopted:  to have 

multiple stories in order to approach the fluctuations of axial force that a structural system which involves the 

interactions of a reinforced concrete frame with masonry infill walls would experience, to use near full-scale 

materials and dimensions, to include an intermediate column in the test structure, and to limit the building 

dimensions according the limits of available earthquake simulation systems. 

Biography 

Ivica Guljas is a full professor at the Department of Technical Mechanics, Faculty of Civil Engineering and 

Architecture Osijek, University Josip Juraj Strossmayer in Osijek, Croatia. He is a structural engineer, whose 

research is concerned with inelastic and performance based procedures in earthquake resistant design, as well as 

with structural codes and computerized design methods for RC and masonry structures. His technical skills and 

competencies involve testing of materials and structures, structural analysis and software applications in the field 

of structural static, dynamic and earthquake engineering. His teaching activities involve Structural Dynamics, 

Structural Stability and Testing of Structures at the Faculty of Civil Engineering and Architecture Osijek where 

he was a vice-dean for science and then for professional affairs and development for several years. He also teaches 
the course Seismic Design at the University of Pecs, Hungary. As an active participant of several research projects, 

he has written more than 50 scientific, professional and educational papers published in journals and proceedings 

of expert conventions dealing mainly with theoretical and practical aspects of static and dynamic analysis of 

structures. He was the principal investigator of the European project titled „Development of investigation and 

analysis techniques for the assessment and lifetime expectancy of historical structures”, as well as of the project 

„Frame-masonry composites for modelling and standardization (FRAMA)" endorsed by the Croatian Science 

Foundation. Also, he participated as a team member in several joint research projects between Republic of Croatia 

and Republic of Slovenia and Republic of Northern Macedonia, all in the field of earthquake engineering. He is 

the president of the Croatian Association for Earthquake Engineering, a member of the Croatian Society of 

Mechanics, Croatian Association of Civil Engineers, European Committee for Standardization CEN/TC 250/SC 

8/TG 3, Infilled frames and claddings and Technical Committees TC108 and TO548 at CSI.  
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PERFORMANCE-BASED OPTIMISATION OF ENERGY 

DISSIPATION DEVICES FOR SEISMIC APPLICATIONS  

 
Iman Hajirasouliha 

 
Department of Civil and Structural Engineering, The University of Sheffield, UK, i.hajirasouliha@sheffield.ac.uk 
 

Abstract 

Energy dissipation devices are increasingly used in modern construction for design of new buildings or improving 

the seismic performance of existing structures in earthquake prone regions. However, optimum design of such 

systems can be very challenging due to their non-linear complex behaviour under earthquake excitations. This 

study presents a novel low-cost approach for performance-based seismic design optimisation of multi-storey 

buildings equipped with energy dissipation systems. The method is based on the concept of Uniform Distribution 
of Damage (UDD), which aims to utilise the full capacity of structural elements by redistribution the unused 

material throughout the structure. To investigate the efficiency of the proposed method, two case study examples 

are considered. In the first example, a 10-storey RC frame with friction dampers and chevron bracing is selected. 

The aim is to reduce structural material and improve seismic performance, while satisfying multiple performance 

targets. A multi-stage UDD optimisation process is proposed, for the first time, to deal with discrete optimisation 

of brace elements and continues optimisation of friction forces simultaneously. First, a discrete optimisation 

method is adopted for optimal design of the brace elements to satisfy Immediate Occupancy (IO) performance 

level under a Design Basis Earthquake (DBE) event. Subsequently, the mechanical properties of the friction 

devices are optimised to satisfy Life Safety (LS) performance level under a Maximum Considered Earthquake 

(MCE) record. The results indicate that, unlike most conventional Heuristic optimisation methods such as Genetic 

Algorithm (GA), the proposed approach can lead to an optimum design solution in only a few steps. It is shown 

that compared to the code-based design solution with fixed bracings, the optimum frame requires around 70% less 
amount of bracing elements while also exhibits a considerably lower base shear forces. This is achieved by 

efficiently activating the friction mechanism to satisfy the prescribed performance levels under the representative 

design earthquakes. In the second example, the application of the proposed performance-based optimisation 

method is demonstrated by optimising a 7-storey moment resisting steel frame equipped with non-linear viscous 

dampers using drift-based, velocity-based, and energy-based UDD approaches. It is shown that regardless of the 

selected performance parameter, the optimum damping distribution identified by the proposed methodology leads 

to a design solution that exhibits considerably lower maximum plastic rotation, maximum inter-storey drift and 

global damage index compared to an equal-cost uniform damping distribution system generally used in common 

practise. The presented results, in general, indicate that the proposed low-cost optimisation method can provide 

an efficient tool for performance-based design of structures with energy dissipation devices in seismic regions. 

Biography 

Prof. Iman Hajirasouliha is Full Professor of Structural Engineering and Leader of Earthquake Engineering Group 

(EEG) at the University of Sheffield, UK. He has over 20 years of research and consultancy experience in the 

fields of earthquake engineering, performance-based optimisation, lightweight steel structures, vulnerability 

assessment, and novel strengthening techniques, leading to over 160 refereed journal papers and 100 conference 

publications in these areas. He has been Principal or Co-investigator of over €10M EU and UK funded projects. 

Professor Hajirasouliha is a member of several national and international technical committees and research 

networks, including the International Federation for Structural Concrete (fib) Task Groups 6.6 and 7.6, and the 

International Association for Bridge and Structural Engineering (IABSE) Task Group 1.1. He is currently 

Associate Editor of Practice Periodical on Structural Design and Construction (ASCE) and Frontiers in Built 
Environment (Earthquake Engineering Section) and also serves on the editorial board of several international 

journals in the field of structural engineering. Professor Hajirasouliha has been recognised as one of the world's 

top 2% scientists in his discipline since 2020 according to the database published by Stanford University and 

Elsevier.  
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RISK-BASED SEISMIC ASSESSMENT OF EXISTING BUILDINGS. 

APPROACH APPLIED IN SWITZERLAND 

 

Pierino Lestuzzi 
 

École Polytechnique Fédérale de Lausanne, Switzerland, pierino.lestuzzi@epfl.ch 

 
 

Abstract 

Due to the enormous costs related to the application of the recent standards in case of existing structures, an 

approach different from the one for new constructions should be used. Since 2004 an approach based on risk is 

applied in Switzerland. The minimal security level is defined in relation to the acceptable individual risk. 

Afterwards, an evaluation based on the principle of commensurability should be performed to decide on the 

efficiency of the measures. This evaluation is achieved based on the human life saving costs. This innovative 

procedure for the seismic evaluation is first explained and then illustrated with some real cases recently performed 

in Switzerland. 

Biography 

Dr Pierino Lestuzzi did his master in Civil Engineering from the Ecole Polytechnique Fédérale de Lausanne 

(EPFL) and its PhD from ETH-Zurich, Switzerland. He was lecturer and senior researcher at EPFL. He was also 

president of the norm commission SIA 261 (Swiss standard for actions) and committee member of the Swiss 

Society of Earthquake Engineering and Structural Dynamics (SGEB). His primary research interests include 

Earthquake Engineering, Seismic Risk Assessment and Structural Dynamics. Pierino Lestuzzi has published more 

than hundred journal and conference papers and 6 textbooks related to statics, structural dynamics and earthquake 

engineering. He is now active in the engineering practice by the specialized engineering company Exigo 

Expertises SA in Switzerland. 
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EXTENDED REALITY TECHNOLOGIES AND METAVERSE TO 

ENHANCE EMERGENCY PREPAREDNESS  

 

Massimo Migliorini  
 

Fondazione LINKS, Italy, massimo.migliorini@linksfoundation.com 

 
 

Summary of the workshop 

During a catastrophic event, the ability of the assigned personnel to react to this event is due not only to pre-

existing knowledge or skills, but also to the degree of familiarity with the scenario that is being faced. Especially 

in the event of high-impact but potentially unlikely events, an adequate response relies on personnel being able to 

perform their assigned tasks accurately and coordinate efficiently with other operators. The psychological effects 

of stress from having to deal with an unfamiliar situation for staff can have a significant impact on performance, 

thus leading to a degradation of intervention effectiveness and consequent loss of life. 

Efficient training is a key point in emergency management preparedness. The quality, consistency and frequency 

of training are fundamental elements in the operator preparation. Conversely, if the importance of training is 

clearly recognised, there are factors which hinder its diffusion: the necessary time, costs and safety limits. These 

factors severely limit the possibility of adequately training "public safety" operators, and this is particularly 
evident in cases of large-scale mobilization where the preparation of the operators can heavily condition the 

quality of the intervention. 

Furthermore, to be realistic and adequately represent the dynamics of an emergency situation, disaster and natural 

disaster training scenarios should incorporate a number of "critical" elements, such as: 

• the presence of numerous victims and trapped civilians, often in panic situations; 

• the presence of damage to structures, in progressive evolution, or to assets (eg works of art); 

• the presence of fumes and toxic substances; 

• the presence of visual and hearing disabilities for the operators; 

• the possibility of being able to train even in contexts that are not normally accessible (e.g. areas of historical-

cultural or environmental value) and present time-contingent difficulties (e.g. in winter firefighters may encounter 

difficulty in practicing with the fire hydrants as the water is subject to freezing); 

• the certainty of not interfering with the normal functioning of the structures (eg closure of traffic for exercises 
in the tunnel); 

• the certainty of adequate weather for the risk situations represented (eg wind, cloud cover, etc.). 

 

Incorporating these elements into a realistic training scenario can be costly, dangerous, and in some cases even 

impossible. 

A virtual reality scenario can instead approximate these elements, retaining all the advantages of a controlled 

simulation environment. In this way it is possible to train personnel to respond to particularly stressful real 

conditions, thus improving the ability to make decisions in critical conditions. The recent improvement of virtual 

reality technologies has made it possible to represent in an ever more realistic way the situations for which staff 

are to be trained, thus becoming an alternative form of training to the conventional one. Virtual reality simulated 

environments can therefore offer all the characteristics of conventional training techniques while reducing the 
costs and development times of real exercises. Training based on virtual reality technologies for simulating 

catastrophic events can be sized according to the specific use and organization that decides to adopt virtual reality 

for training. For example, virtual scenarios can be developed to provide the user with instant feedback on the 

inputs received (as in the case of organizing triage for the management of natural disasters); furthermore, a virtual 
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reality system can allow you to verify the effectiveness of an emergency plan, thus identifying gaps and aspects 

to improve. 

Virtual training systems enable and facilitate collaborative training of geographically distributed personnel; for 

example, virtual simulation can provide a consistent and synchronized training platform in the event of natural 

disasters such as earthquakes and hurricanes that require a geographically distributed response. 

Traditional teaching methods such as slide presentations can be easily incorporated into virtual simulation 

systems, thus making them accessible in a new form. While on the one hand the advantages that a virtual 

simulation system can transmit to the user in terms of visual stimuli are evident, it is also important to underline 

the advantage in terms of found stimuli that can be inserted into virtual environments. 

Compared to traditional training, training systems based on virtual reality therefore have a number of advantages. 

Environmentally, it is easy to present realistic life scenarios that incorporate other users; moreover, it is possible 

to manage user inputs to provide feedback in real time. By populating the simulated environments with avatars 

(representation of users in the virtual world) it is possible to provide those who are being trained with immediate 

feedback. Behavioral modules can be assigned to the various avatars to manage the decisions made by the 

personnel undergoing training. 

Virtual reality systems also allow the level of difficulty to be calibrated according to the degree of preparation of 
those to be trained. During the training it is possible to interact both with objects that make up the virtual 

environment and with other participants in the training; the interaction between participants (real and virtual) can 

take place through textual and/or vocal communication, also allowing to simulate different cultural and socio-

economic scenarios. The virtual simulation can be locked (paused) allowing instructors to discuss with the trainee 

how best to deal with unexpected events. If necessary, the exercise can be repeated, introducing a series of 

variations controlled by the instructor. Environmental features can be easily incorporated: buildings, vegetation, 

humans and sounds are just some of the elements that can be incorporated. Virtual scenarios such as the creation 

of safety zones within urban areas with a high population density can be easily created, in spite of large-scale real 

exercises which would require times and costs that are often too high. These last aspects are among the major 

benefits of virtual training systems: real exercises can require costs that are out of reach for most administrations. 

Virtual reality offers a viable alternative by incorporating adequate realism at a fraction of the cost that real 

exercises would have. Furthermore, the flexibility of the virtual scenario allows to simulate different conditions, 

thus allowing to evaluate the possible results in the face of different simulation conditions. 

Finally, the digital nature of virtual simulations can allow data to be archived for study and later evaluation. This 

can be a further added value in the case of emergency management, as it allows for a better understanding of 

behavioral phenomena and therefore to prepare improved training procedures. It is important to remember that 

virtual reality must be seen as a complementary tool to traditional training methods and not as a pure substitute. 

Biography 

Prof. Massimo Migliorini is the Program Manager Responsible for the Extended Reality Laboratory at LINKS 

Foundation. He has worked at LINKS Foundation (former SiTI - Higher Institute on Territorial Systems for 

Innovation) since 2005, focusing his activities on exploring the potential of digital technologies to support risk 
assessment and mitigation of sensitive assets, including cultural heritage. He participated and coordinated a 

relevant number of EU projects. As an example, in 2018 he coordinated the European Project RESCULT 

(https://rescult-project.eu/ ), funded by DG ECHO and participated by UNDRR (United Nation office for Disaster 

Risk Reduction), devoted to enhance the capability of Civil Protection to prevent and mitigate impacts of disasters 

on sites of Cultural Heritage through the realization of an integrated European Interoperable Database (EID); in 

2016 he coordinated the WATERCRIMES project (www.watercrimes-project.eu), funded by DG HOME, aimed 

at qualifying the risk of crimes against water resources; in 2015, he coordinated LINKS activities within 

PRODIGE Project (http://www.pro-prodige.eu/), funded by INTERREG Program, aimed at creating VR 

simulation to support First Responders Training to deal with emergency situations. From 2018 he is member of 

the European Scientific and Technology Advisory Group, set up by the European Commission (DG-JRC) and the 

United Nations (UNDRR - United Nation office for Disaster Risk Reduction) to promote the application of Sendai 
Framework for Disaster Risk Reduction principles. From 2015 he has been appointed in LINKS as responsible of 

the Extended Reality Lab, an infrastructure exploring and valorising emerging digital technologies potential (in 

particular Virtual Reality, Augmented Reality, Mixed Reality and Metaverse) in different cross-fields including 

disaster prevention, cultural heritage, communication, education, healthcare. 
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AUTOMATION OF NON-DESTRUCTIVE EVALUATION SYSTEMS 

FOR THE STRUCTURAL DIAGNOSIS OF THE BUILT HERITAGE  

 

Javier Ortega 

 
Instituto de Tecnologías Físicas y de la Información (ITEFI) “Leonardo Torres Quevedo” of the Consejo Superior de 
Investigaciones Científicas (CSIC), Madrid, Spain, javier.ortega@csic.es 
 
 

Abstract 

When working on conservation projects of historical masonry structures, a key challenge is to ensure its structural 

safety having little to no information about the existing building. Uncertainties concern materials, geometry, 

construction details, loads and existing damage. The success of any structural retrofitting measure, which needs 
to fulfill the criteria of minimum intervention and compatibility with cultural heritage values, essentially depends 

on our ability to properly characterize the structure. We can improve our analysis and simulation tools to assess 

the structural behavior of masonry buildings. However, without a proper understanding of the structure condition, 

we cannot be certain that our models simulate the reality. 

The characterization of masonry structures is a complex task that is further limited due to the need of following a 

non-invasive approach to protect the valuable fabric. The talk will discuss advances in the field of on-site 

inspection of architectural heritage by presenting new automated non-destructive systems recently developed. The 

talk will be structured along two recent European research projects that have resulted in the fabrication of acoustic 

tomography systems that were later applied for the inspection of stone masonry structures. Despite the need of 

further research to optimize the information extracted from the tomographic images, which are still difficult to 

interpret by non-experts, the novel systems address a common limitation of conventional inspection techniques, 

namely the limited amount of data that can be collected when the inspection is performed manually. Both systems 
reveal a significant correlation between the acoustic wave propagation through an element and its inner 

morphology, material properties and damage. Acoustic-based on-site inspection methods are fully non-invasive 

and, automating and scaling the procedure to inspect full buildings, can greatly enhance current inspection and 

monitoring methods of heritage structures. 

Biography 

Prof. Javier Ortega is an architect with a PhD in Civil Engineering and a Marie Skłodowska-Curie Individual 

Fellow at the Instituto de Tecnologías Físicas y de la Información (ITEFI) “Leonardo Torres Quevedo” of the 

Consejo Superior de Investigaciones Científicas (CSIC), in Madrid, Spain. He was awarded the MSCA-IF to 

develop novel non-destructive inspection tools for the mechanical characterization of historical masonry, through 
the 3D internal reconstruction of masonry assemblies based on acoustic wave propagation techniques. His 

research has focused on the structural diagnosis of the built heritage, detailed and large-scale seismic vulnerability 

assessment, and, more recently, on the development of new technologies (equipment and methods) for the non-

destructive evaluation and tomographic imaging the interior of historical construction elements. Such systems are 

expected to provide accurate information about the interior of existing heritage structural elements (e.g., inner 

morphology or damage). He has participated in nine research projects in the field of conservation of heritage 

structures, leading three of them, the Heritage Within European research project, the INHAVIT Portuguese 

research project and the EU-funded project DocumeNDT. He is co-founder and associate of FENEC, a consulting 

engineering association providing non-destructive testing and specialized structural analysis services for the built 

heritage. He has over nine years of professional and academic experience in the field of conservation of historical 

and vernacular structures, with work on many monuments throughout the world including several UNESCO 

World Heritage sites. 
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ON-SITE OBSERVATIONS OF PERFORMANCE OF BUILDINGS 

AFTER THE 2023 TURKEY-SYRIA EARTHQUAKE DURING MUSAR 

OPERATIONS 
 

Ante Pilipović and Karlo Jandrić 
 

University of Zagreb, Faculty of Civil Engineering Croatia, ante.pilipovic@grad.unizg.hr, karlo.jandric@grad.unizg.hr 

Abstract 

The Turkey-Syria earthquakes of 6th February 2023 have caused devastating damage to several cities in 10 

provinces of Turkey and also in Syria, and the population of the area has been greatly affected. Search and rescue 

efforts started immediately with many countries sending help to Turkey as requested by the Turkish government. 

Croatian MUSAR module was deployed to Turkey the same day, consisting of 41 people and 7 rescue dogs. 

Among them 2 structural engineers from the Croatian Centre for Earthquake Engineering – Intervention Unit 

(HCPI – IS), were deployed to help with building damage assessments and safety recommendations regarding 

entering damaged buildings and ruins during MUSAR operations. During the mission, us engineers had the 

opportunity to observe damaged and collapsed buildings in the city of Antakya, Hatay province, and various 
collapse mechanisms that occurred. We received invaluable support from the senior engineers from HCPI -IS 

during deployment phase through scientific and technical data describing past experiences during and after 

earthquakes in Turkey. On-site, we found all of the therein described consequences of earthquakes specific to 

Turkey. The building stock mostly consists of reinforced concrete moment-resisting frame buildings with 10-15 

storeys and infill walls on most storeys except the first where they were removed along with some of the columns 

due to unprofessional adaptations and reconstructions, thus creating soft storeys. Problems were also observed 

with concrete quality, rebar quality and detailing, missing shear and infill walls and soil collapse. All of these 

observations have been photo-documented on-site and are presented here. Solid scientific and technical 

information that we had been equipped with during deployment was of the utmost importance in building 

assessments on-site during high intensity MUSAR operations where decisions need to be made quickly based on 

limited knowledge. In this way, the importance of ongoing scientific research in earthquake engineering including 
case-studies and building stock descriptions cannot be overstated enough and has very practical applications even 

in MUSAR operations. 

Biography 

Ante Pilipović is a PhD candidate at the Faculty of Civil Engineering, University of Zagreb. His scientific work is 
focused on seismic hazard and risk assessment and includes seismic fragility and vulnerability modelling of typical 

buildings in urban areas of Croatia, ground motion record selection techniques, optimal intensity measure selection 
criteria and soil effects in seismic response. He collaborates with seismologists on site-specific seismic hazard 

calculations. He is a part of Croatian Civil Protection MUSAR (Medium urban search and rescue) module as a structural 
engineer. He participated in damage assessment of buildings in Albania after the 2019 Durres earthquake as part of 

Croatian Civil Protection support team. He participated in rapid damage assessments of buildings after the Zagreb and 
Petrinja earthquakes in 2020. He participated in international and national Civil Protection MUSAR exercises as part of 

Croatian MUSAR module. He is trained for participation in an European Union Civil Protection Team (EUCPT) as an 
expert in structural engineering. He participated in international search and rescue operations after the 2023 Turkey-

Syria earthquake as part of the Croatian MUSAR module. 

Karlo Jandrić is an employee at the Faculty of Civil Engineering, University of Zagreb. He works on a project for 

seismic hazard and risk assessment of the city of Zagreb which is a part of a project called “Multisensor aerial survey 
of the Republic of Croatia” co-financed by the European Union. He is a part of Croatian Civil Protection MUSAR 

(Medium urban search and rescue) module as a structural engineer. He is a search and rescue dog handler with a dog 
currently in training. He participated in damage assessment of buildings in Albania after the 2019 Durres earthquake as 

part of Croatian Civil Protection support team. He participated in rapid damage assessments of buildings after the Zagreb 
earthquake in 2020. He participated in international and national Civil Protection MUSAR exercises as part of Croatian 

MUSAR module. He participated in international search and rescue operations after the 2023 Turkey-Syria earthquake 

as part of the Croatian MUSAR module.  
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ASSESSING LIQUEFACTION IN GRAVELLY SOILS BASED ON 

FIELD CASE HISTORIES  

 

Kyle Rollins (1) and Jashod Roy (2) 

 
(1) Brigham Young University, rollinsk@byu.edu 
(2) Kiewit Engineering, Jashod.Roy@gmail.com 
 
 

Abstract 

Gravelly soils have liquefied at multiple sites in at least 27 earthquakes over the past 130 years. These gravels 

typically contain more than 25% sand which lowers the permeability and makes them susceptible to liquefaction. 

Developing a reliable, cost-effective liquefaction triggering procedure for gravelly soils has been a challenge for 
geotechnical engineers. Typical SPT- or CPT-based correlations can be affected by large-size gravel particles and 

can lead to erroneous results. To deal with these problems, we have developed liquefaction triggering curves for 

gravelly soils based on (1) shear wave velocity (Vs) and (2) a large diameter cone penetrometer. With a cone 

diameter of 74 mm, the Chinese Dynamic Cone Penetration Test (DPT) is superior to smaller penetrometers and 

can be economically performed with conventional drilling equipment. Using logistic regression analysis, the DPT 

has been directly correlated to liquefaction resistance at sites where gravels did and did not liquefy in past 

earthquakes. Probabilistic liquefaction resistance curves were developed based on 137 data points from 10 

different earthquakes in seven countries. Using a similar data set, probabilistic liquefaction triggering curves were 

also developed based on Vs measurements in gravelly soils. The Vs-based liquefaction triggering curves for 

gravels shift to the right relative to similar curves based on sands. New magnitude scaling factor (MSF) curves 

have also been developed specifically for gravel liquefaction which were found to be reasonably consistent with 

previous curves for sand. 

Full paper is available in the Proceedings (https://doi.org/10.5592/CO/2CroCEE.2023.141). 

Biography 

Prof. Kyle Rollins received his BS degree from Brigham Young University and his Ph.D. in Civil Engineering 

from the University of California at Berkeley. After working as a geotechnical consultant, he joined the Civil 

Engineering faculty at BYU in 1987 following after his father who was previously a geotechnical professor. His 

research has involved geotechnical earthquake engineering, deep foundation behavior, bridge abutments, 
collapsible soils, and soil improvement techniques. He has published over 190 technical papers and supervised 

over 130 graduate students. He was recognized as the engineering educator of the year by the Utah State Engineers 

Council and received a Governor's Award for Science and Technology in 2017. ASCE has recognized his work 

with the Huber research award, the Wellington prize, and the Wallace Hayward Baker Award. In 2009, he was 

the Cross-Canada Geotechnical lecturer for the Canadian Geotechnical Society and in 2013 he received the Jorj 

Osterberg Award for innovation in foundation testing from the Deep Foundation Institute. 
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SEISMIC ASSESSMENT OF A TYPICAL STONE BUILDING IN THE 

OLD TOWN OF DUBROVNIK AND RETROFITTING MEASURES  

 

Mario Uroš, Marija Demšić, Maja Baniček, Petra Gidak, Marta Šavor Novak, Jakov Oreb, Josip 

Atalić and Ivan Duvnjak 
 

University of Zagreb, Faculty of Civil Engineering Croatia, uros@grad.hr 
 

 

Abstract 

This paper presents the procedure for the seismic performance assessment of a typical residential stone masonry 

building in the old city center of Dubrovnik. All steps are systematically presented and described. Experimental 

investigations of the building's materials were carried out in situ and in the laboratory, and the ambient vibrations 

of the building were measured. 

The city of Dubrovnik is located in a seismically very active area where strong earthquakes have already occurred 

in the past. The reference peak ground acceleration is 0.3g for earthquakes with a return period of 475 years, so 

the protection of cultural heritage is of key importance for the city. The case-study building is about 400 years old 

and is part of a valuable cultural heritage that has been protected by UNESCO since 1979. 

Several numerical models were created and the most interesting is volume model in Abaqus software with 

complex constitutive material model. A nonlinear dynamic analysis was carried out, using time-histories that were 
carefully selected for the site. 

Various cases of retrofitting were analyzed, and conclusions were given about the effectiveness of each of them. 

Based on this, recommendations and a critical review of methods and techniques for retrofitting buildings that are 

part of a protected historic heritage were given. 

Biography 

Mario Uroš is an associate professor at the Faculty of Civil Engineering, University of Zagreb. He received his 

PhD in 2013 at the Faculty of Civil Engineering in Zagreb. In his professional and scientific work, he deals with 

the field of numerical modeling, dynamics and stability of structures and earthquake engineering. He participates 

in numerous scientific projects as a participant or leader. He is the author of numerous relevant scientific and 
professional papers. In the area of seismic risk assessment and seismic design of buildings he participates in the 

preparation of various documents important for seismic risk assessment at the City of Zagreb and the Republic of 

Croatia. He participated in various European projects and exercises of the Civil Protection for damage assessment, 

and in 2019 he participated in the damaged assessment of the buildings in Albania as part of the team for technical-

tactical support of the Civil Protection of the Republic of Croatia and the EU. He participated in the creation of 

the Updated Disaster Risk Assessment for the Republic of Croatia - Seismic Risk Assessment. He was one of the 

coordinators of the rapid damage assessments of buildings by civil engineers after the earthquakes in Zagreb in 

March 2020 and Petrinja in December 2020, and participated in the creation of a series of strategic documents 

such as "Rapid Damage and Needs Assessment" for Zagreb and Petrinja for The World Bank. He is a member of 

the subcommittee for design of seismic resistance of structures at the Croatian Standards Institute. He received 

several awards, including the Medal of the City of Zagreb and the "Kolos" award of the Croatian Chamber of 

Civil Engineers in 2020 for his contribution to post-earthquake activities. 
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EVALUATION OF THE LOCAL SITE EFFECTS OF THE UNESCO 
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davor.stanko@gfv.unizg.hr 
(2) Croatian Geological Survey, Department of Geology, Sachsova 2, HR-10000 Zagreb, Croatia; tkorbar@hgi-cgs.hr( 
(3) Department of Geophysics, Faculty of Science, University of Zagreb, Horvatovac 95, 10000 Zagreb, Croatia, 

markusic@gfz.hr, *SeisRICHerCRO project leader 

 

 

Keywords: Dubrovnik, Local site effects, Seismic microzonation, Seismic risk 

1. Introduction and aim of the study 

The most seismically active region in Adriatic part of Croatia is the SE coastal region that have 

numerous cultural heritage sites. Therefore, it is important to estimate seismic risk for cultural heritage 

sites and to develop procedures for seismic risk assessment. These are the goals of the research project 

Seismic Risk Assessment of Cultural Heritage Buildings in Croatia (SeisRICHerCRO, 

https://seisrichercro.wordpress.com/) funded by the Croatian Science Foundation. 

Local site effects, a known problem in earthquake engineering, play significant role in earthquake 

damage distribution. The old town of Dubrovnik is particularly vulnerable in terms of local site effects 

because the old city is built on three geomorphological and geological entities: southern bedrock ridge, 

central filled and flattened part (former sea embayment), and northern bedrock ridge. Apart from the 

last devastating historical earthquake in Dubrovnik area in 1667 of M~7), instrumentally recorded 

strong earthquake on 15 April 1979 M6.8 with mainshock at the epicentral distance of 105 km from 

Dubrovnik caused strong damage effects in the wider Dubrovnik area (intensity of VII °MSK) with 

incalculable damage to cultural and historical objects the old town Dubrovnik (Fig.1). 

    

Figure 1. a) 15 April 1979 M6.8  earthquake damage [1] b) damage to the Old City of Dubrovnik [2] 

 

The main aim of this study is mapping of local site effects variations in the old city of Dubrovnik using 

old investigation data as a starting point from 1980’s, after 1979 Reconstruction of Dubrovnik. Data 

quality and spatial uncertainty brough by older equipment used in 1980’s compared to using novel and 

sophisticated geophysical research methods followed by new geological investigations will 

significantly improve planning and reconstruction of Dubrovnik following new microzonation maps. 

b)  a)  
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2. Main results and conclusions 

Non-invasive microtremor Horizontal-to-Vertical-Spectral Ratio (HVSR) [3] and geophysical 

Multichannel Analysis of Surface Waves (MASW) [4] have been adopted as common seismic site 

characterization methods (especially in heritage sites instead of expensive and invasive drilling) for the 

purpose of this study (Fig.2) with examples of analysed HVSR and MASW results. 

  

Figure 2. a) Map of microtremor measurements (grey markers) and MASW profiles (red lines), b) example of 

HVSR frequency curves (D27, D83), c) example of 1D MASW Vs profile (profile M2) 
 

Based on individual results and using interpolation methods, mapping of the local site effects in the Old 

City of Dubrovnik in terms of site resonance frequencies, H/V amplitudes, Vs30 and carbonate bedrock 

depths can be derived following revision of the Eurocode 8 [5]. Definition of the seismicity and 

variations of the local site conditions are one of the inevitable phases of the complex process of repair 

and strengthening of existing structures in the old town Dubrovnik together with design seismic 

parameters and the seismic risk level of building inventory as a basis to define the necessary preventive 

measures against expected strong earthquakes in the future. 
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The fundamental period of vibration of buildings is an important parameter for assessing their behavior 

during earthquakes. It can be estimated using analytical [1] and empirical [2,3] approaches. In 

engineering practice, it is often estimated using simplified period-height relationships (e.g. [4]). The 

empirical determination of the fundamental period of buildings is extremely important to validate 

existing simplified period-height relationships and to develop new ones. Several parameters, apart from 

building height, might also influence the fundamental period of built structures. Currently, however, 

there are no empirical period-height relationships that account for building characteristics other than 

height (e.g. foundation soil type). In addition, there are very few empirical studies that provide both the 

fundamental period of buildings together with their main characteristics. 

The FRIBAS database contributes to filling this gap by providing information on the fundamental 

period of vibration and characteristics of more than 300 reinforced concrete and masonry buildings. 

The studied buildings are located in northeastern Italy and in three towns of southern Italy (Matera, 

Potenza and Villa D’Agri, Fig. 1). To the best of our knowledge, FRIBAS is the first database that 

collects various building characteristics, including structural and geometric features, such as the age of 

construction, the construction material, storey number and other data regarding the such as geometric 

features (e.g. shape) and construction details (e.g. roof type, floor types). These characteristics were 

inferred from external and sometimes internal building inspections, and combined with information 

provided by residents. In addition, FRIBAS includes the fundamental period of buildings and 

foundation soil, which were empirically estimated using single station ambient noise measurements. 

The database was assembled based on data collected separately in northeastern and southern Italy 

(Fig.1) for different building types (including both low to mid-rise historical and modern masonry and 

low to high-rise reinforced concrete buildings). The buildings were chosen also based on the possibility 

of accessing the interior and performing measurements. The data were harmonized into 37 fields that 

allow for a general classification of building and soil parameters.  
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Figure 1: Map of the location of buildings where ambient vibration measurements were carried out. 

 

FRIBAS was assembled with the specific goal of analyzing how different building parameters affect 

structural behavior (in particular, the fundamental vibration period). The database is available online in 

open access mode under the CC 4.0 license available at this link: 

https://doi.org/10.5281/zenodo.6505442. The first explorative analysis was focused on the period-

height experimental relationship obtained from the entire dataset. Fig. 2 shows the period-height 

relationship obtained for this study in comparison with those developed by other authors and those 

prescribed by Eurocode 8. The plot shows that substantial differences between the empirical 

relationships and the Eurocode formula exist. 

 

 
Figure 2: Period-height relationship derived from the FRIBAS database (violet solid line) in comparison with 

other relationships from literature and with the EC8 relationships proposed for RC and URM buildings. 

 

FRIBAS also supports the definition of different period-height relationships based on construction 

material and soil types. Period-height relationships were developed for RC and URM buildings on rigid 

and soft soil, respectively [5]. Rigid and soft soils were defined using a simplified classification based 

on the geological map available for each town: outcropping bedrock and clean coarse gravels of 

northeastern Italy were classified as rigid soils, while all the other sediments were considered as soft 

soils. The results show that for the analyzed URM buildings the fundamental period differs by about 

20% between buildings located on rigid respect to those on soft soil. The difference is smaller (11%), 

but still not negligible for RC buildings. 
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Results of the analysis highlight that soil type should be accounted for when developing simplified 

period-height relationships. In addition, they point out the need for characterizing the dynamic behavior 

of different building typologies, in particular to account for the variability of masonry building types. 

Empirical period-height relationships developed for specific building typologies and soil types can 

potentially improve damage assessment strategies and provide more realistic results. The fundamental 

period is, in fact, a crucial parameter for evaluating the expected impacts of seismic events For example, 

[6] apply a simplified approach to estimate the expected damage on selected building typologies. The 

method uses the fundamental period obtained from experimental period-height relationships for 

buildings of different construction materials and located on different soil types ([5],[7]). In addition, 

soil-building resonance phenomena can be identified based on experimental measurements of 

fundamental frequency on buildings and foundation soils (Gallipoli et al., 2020). Damage assessment 

methods can therefore benefit from datasets such as FRIBAS, which provides useful data for the 

development of new period-height relationships.  
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In case of a seismic event, building damage is one of the main causes of fatalities [1]. For this reason, 

rapid estimation of expected structural damage in near-real time is of paramount importance to enhance 

and support rapid life-saving actions of emergency managers. In this framework, we have developed 

the Damage Assessment for Rapid Response (DARR) method [2,3], which allows us to estimate the 

expected damage in real time or near-real time using earthquake recordings and knowledge of the 

fundamental frequency and damping of the building. We simulate the linear dynamic behavior of 

buildings in a first-order approximation as single or multi-degree-of-freedom (SDOF and MDOF, 

respectively) oscillators depending on the complexity of the building under study. The relative 

displacement at the top of the building is estimated using the Z-transform [4] and compared with 

thresholds associated with damage states. Relative displacement thresholds are defined in the literature 

for different building typologies (e.g. low-rise historical masonry buildings) and allow evaluating the 

expected damage. DARR does not aim at the exact reconstruction of the dynamic behavior, but in 

evaluating if the relative displacement exceeds predefined damage thresholds. For this reason, we 

assume that linear SDOF/MDOF oscillators can successfully reproduce the peak relative displacement 

at the top of the building, and that the non-linear behavior does not need to be taken into account. The 

DARR method can be applied to individual buildings [3] or building typologies in target areas [2,5], 

using earthquake recordings from sensors installed in the basement of a building or on the ground 

nearby.  

In this study, we apply DARR to four selected target areas (Amatrice, Norcia, Sulmona and 

Visso, Fig. 1) hit by the M6 event of August 24 of the 2016-2017 Central Italy seismic sequence [5]. 

The considered towns are located at different epicentral distances and are characterized by different 

predominant building typologies (e.g.low to mid-rise unreinforced masonry, low to high-rise reinforced 

concrete buildings) for which varying damage patterns were observed. The earthquake recordings of 

the M6 event are available from the Italian Accelerometric Archive (ITACA, [6]) and the Italian 

monitoring network OSS (Osservatorio Sismico delle Strutture, [7]) at different locations, including the 

four considered towns. 

The DARR method assumes that the dynamic behavior of each building typology can be 

simulated by an SDOF oscillator. The fundamental frequencies are estimated using specific building-

soil period-height relationships developed by [8]. The relationships are obtained from a database that 

collected the main characteristics of more than 300 buildings in northern and southern Italy, including 

empirically estimated fundamental frequencies. For all four considered tows, the foundation soil was 

classified as soft soil based on the literature (Amatrice: e.g. [9], Norcia: e.g. [10], Visso: e.g. [11] and 

Sulmona: e.g. [12]). 
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Figure 1. Locations of the considered towns, Amatrice, Norcia, Visso and Sumona, and the epicenter of the M6 

event. 

 

Expected damage is compared to and consistent with observed damage obtained from post-

event surveys for most of the predominant building typologies (URM and RC frame buildings) in the 

four target areas considered. For example, expected damage was successfully estimated for mid-rise 

URM buildings in Amatrice, Norcia and Visso. However, for low-rise buildings in Amatrice, the DARR 

method did not estimate the observed damage. A possible explanation for this discrepancy is currently 

being discussed. Nevertheless, our results demonstrate the potential of DARR for rapid and cost-

effective estimation of expected damage. An application of DARR in the aftermath of a destructive 

earthquake might therefore support rapid response and recovery strategies. 

Acknowledgements 

During the preparation of this study, Bojana Petrovic was supported by a research fellowship from the 

German Research Foundation (Deutsche Forschungsgemeinschaft, DFG, PE 2891/1-1, Projektnummer 

428372009). This research was partially funded by the Autonomous Region Friuli Venezia Giulia, 

Veneto Region and the ARMONIA project (real-time acceleration network for monitoring sites and 

buildings in Italy and Austria,2014–2020 INTERREG V-A Italy–Austria). 

References 

For journals:  

[1] So, E., and Spence, R. (2013): Estimating shaking-induced casualties and building damage for global 

earthquake events: A proposed modelling approach. Bull. Earthq. Eng. 11, 347–363. doi: 

10.1007/s10518-012-9373-8 

[2] Scaini, C., Petrovic, B., Tamaro, A., Moratto, L., and Parolai, S. (2021): Near-real-time damage 

estimation for buildings based on strong-motion recordings: An application to target areas in northeastern 

Italy. Seismol. Res. Lett. 92 (6), 3785–3800. doi: https://doi.org/10.1785/0220200430 

[3] Petrovic, B., Scaini, C., and Parolai, S. (2022): Damage assessment for rapid response (DARR): 

Validation for different ground motion levels and building types. (submitted to SRL, under review). 

[4] Lee, V. W. (1990): Efficient algorithm for computing displacement, velocity and acceleration responses 

of an oscillator to arbitrary ground motion. Soil Dyn. Earthq. Eng. l9 (6), 288–300. doi: 

https://doi.org/10.1016/s0267-7261(05)80015-6 

25

https://doi.org/10.5592/CO/2CroCEE.2023.56
https://doi.org/10.1007/s10518-012-9373-8
https://doi.org/10.1785/0220200430
https://doi.org/10.1016/s0267-7261(05)80015-6


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

 DOI: https://doi.org/10.5592/CO/2CroCEE.2023.56 

 

[5] Petrovic B, Scaini C and Parolai S (2022): Applying the damage assessment for rapid response approach 

to the august 24 M6 event of the seismic sequence in central Italy (2016). Front. Earth Sci. 10:932110. 

doi: https://doi.org/10.3389/feart.2022.932110 

[6] Russo, E., Felicetta, C., D’Amico, M. C., Sgobba, S., Lanzano, G., Mascandola, C., et al. (2022): Italian 

Accelerometric Archive v3.2 - Istituto Nazionale di Geofisica e Vulcanologia, Dipartimento della 

Protezione Civile Nazionale, Roma. doi: https://doi.org/10.13127/itaca.3.2 

[7] Dolce, M., Nicoletti, M., De Sortis, A., Marchesini, S., Spina, D., and Talanas, F. (2017): Osservatorio 

sismico delle strutture: The Italian structural seismic monitoring network. Bull. Earthq. Eng. 15, 621–

641. doi: https://doi.org/10.1007/s10518-015-9738-x 

[8] Gallipoli, M. R., Petrovic, B., Scaini, C., Calamita, G., Tragni, N., Barnaba, C., et al. (2022): FRIBAS 

database for better characterization of RC and URM buildings: Towards specific T-H relationships. 

(submitted to Bulletin of Earthquake Engineering, under review). 

[9] Vignaroli, G., Mancini, M., Bucci, F., Cardinali, M., Cavinato, G. P., Moscatelli, M., et al. (2019): 

Geology of the central part of the Amatrice basin (central apennines, Italy). J. Maps 15, 193–202. doi: 

https://doi.org/10.1080/17445647.2019.1570877 

[10] Bindi, D., Luzi, L., Parolai, S., Di Giacomo, D., and Monachesi, G. (2011): Site effects observed in 

alluvial basins: The case of Norcia (central Italy). Bull. Earthq. Eng. 9, 1941–1959. doi: 

https://doi.org/10.1007/s10518-011-9273-3 

[11] Brunelli, A., de Silva, F., Piro, A., Parisi, F., Sica, S., Silvestri, F., et al. (2021): Numerical simulation of 

the seismic response and soil–structure interaction for a monitored masonry school building damaged by 

the 2016 Central Italy earthquake. Bull Earthquake Eng. 19, 1181–1211. doi: 

https://doi.org/10.1007/s10518-020-00980-3 

[12] Di Giulio, G., De Nardis, R., Boncio, P., Milana, G., Rosatelli, G., Stoppa, F., et al. (2015): Seismic 

response of a deep continental basin including velocity inversion: The Sulmona intramontane basin 

(central apennines, Italy). Geophys. J. Int. 204, 418–439. doi: https://doi.org/10.1093/gji/ggv444 

26

https://doi.org/10.5592/CO/2CroCEE.2023.56
https://doi.org/10.3389/feart.2022.932110
https://doi.org/10.13127/itaca.3.2
https://doi.org/10.1007/s10518-015-9738-x
https://doi.org/10.1080/17445647.2019.1570877
https://doi.org/10.1007/s10518-011-9273-3
https://doi.org/10.1007/s10518-020-00980-3
https://doi.org/10.1093/gji/ggv444


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

 DOI: https://doi.org/10.5592/CO/2CroCEE.2023.98 

 

PETRINJA EARTHQUAKE AFTERSHOCKS – LOCATIONS, FOCAL 

MECHANISMS AND RELATED COULOMB STRESS CHANGE 

 
Marijan Herak, Davorka Herak 

 
Department of Geophysics, Faculty of Science, University of Zagreb, mherak@gfz.hr 

 

 

Keywords: Petrinja earthquake, aftershocks, focal mechanism solutions, Coulomb stress change 

 

The devastating Petrinja earthquake of 29 December 2020 (Mw = 6.4) was followed by a large number 

of aftershocks. In the first six months of the sequence we were able to hand-pick over a quarter of 

million earthquake phase onset times, corresponding to 13897 locatable events (Fig. 1, left). Most 

epicentres lie close to the NW–SE striking right-lateral causative fault, but considerable activity was 

recorded in the surrounding area up to about 50 km away. The hypocentres reach depths of over 20 km, 

with most of them located between the depths of 5 and 16 km. Very little activity was recorded around 

the patch of the largest coseismic displacement on the fault inferred from analyses of DInSar 

interferograms (Fig. 2). 

    

Figure 1. Left: Epicentres of all 13897 located events in the period 28 December 2020 – 28 June 2021. Right: 

Beach-ball diagrams of lower hemisphere equal area projections of focal mechanism solutions for 75 events 

from the Petrinja sequence. 

 

The 75 focal mechanism solutions computed using the first motion polarities read from the 

seismograms of the local and regional seismic networks, indicate that about half of the aftershocks 

exceeding magnitude M = 3.0 occurred on strike-slip faults, while the large majority of the remaining 

ones were due to almost pure reverse dip-slip faulting (Fig. 1, right). 

1
 

 

27

https://doi.org/10.5592/CO/2CroCEE.2023.98


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

 DOI: https://doi.org/10.5592/CO/2CroCEE.2023.98 

 

 

Figure 2. Left: Epicentres of the most reliably located events, with the green trace (A) of the cross-section 

through the hypocentral volume. Right: Vertical cross-section showing events in a 6 km wide corridor around 

the trace in the left sub-plot.  The colour scale of the coseismic displacement on the fault after [1] is in meters. 

 

Analyses of the Coulomb stress change on optimally oriented strike-slip and dip-slip faults 

following the mainshock rupture, reveals that a large majority of aftershocks occurred in the volumes 

characterised by the Coulomb static stress increase, whereas the areas where the effective stress 

decreased remained mostly quiet (Fig. 3). The distribution and preferred strike directions of strike-slip 

and reverse faulting inferred by the Coulomb stress transfer analyses are also in good agreement with 

individual focal mechanisms. 

 

Figure 3. Maximum Coulomb stress change (in bars) considering depths 0–20 km for optimally oriented dip-slip 

faults (left) and strike-slip faults (right), assuming the source model presented in [1]. Warm colours indicate 

areas where optimally oriented existing faults were brought closer to rupture and where aftershocks are thus 

more likely than in the the white–blue regions. Small black circles are aftershock epicentres from Fig. 2. 
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In micro tidal settings, processes of bioerosion and bioconstruction can lead to the development of 

distinct morphological features that define the modern shoreline. When such features are discovered 

above or below the present-day mean sea level, they reveal relative sea-level (RSL) change. Among the 

best sea-level indicators on rocky coasts are fixed biological and geomorphological markers – algal 

rims, Lithophaga lithophaga borehole upper limits, and tidal notches [1, 2]. For instance, the coralline 

alga Lithophyllum byssoides can build algal rims that are considered one of the most precise RSL 

markers along rocky coasts [3, 4]. Consequently, studying RSL markers on Lopud, Koločep and 

Grebeni two elevated palaeoshorelines have been distinguished.  

Their detailed survey allowed the distinction of seismotectonically uplifted sectors of the coast. The 

established high-resolution geochronology enables separation of coseismic uplift events from the 

periods of interseismic subsidence. Studying the local tectonic contribution to RSL change, we 

approach aspects of neotectonics and palaeoearthquakes offering new insights in a timetable (500 BC 

up to 1800 AD) where earthquake related data are either missing or incorporate high uncertainties, both 

regarding their epicentral localities and estimated magnitudes. 

Our reconstruction provides evidence on two successive major earthquakes which affected 

approximately 5 km of coasts in the Pelješac-Dubrovnik fault zone, with an uplift amplitude between 

40 and 80 ± 15 cm per event (Fig. 1). The earlier, older events, caused larger displacements (60-80 cm), 

while the later, younger events, revealed on average lower displacements (40-55 cm) corresponding to 

the 1520 AD quake and the 1667 Dubrovnik earthquake [5, 6].  

Here we demonstrate the importance of Lithophyllum rims in the studies of RSL change as they make 

creation of high-resolution geochronology possible. This new approach refers to algal rims as a possible 

tool for constraining palaeoseismic events, allowing to supplement the database of instrumental records 

and historical observations through field-based evidence.  

Furthermore, the study of algal rims, tidal notches and upper limits of L. lithophaga boreholes allow us 

to reconstruct the 2.6 ka evolution of Koločep and Grebeni islands and islets coasts, detect seismic 

events and demonstrate their effects, reconstruct the RSL changes at high resolution and finally 

distinguish the drivers of RSL change. 
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Figure 1. Relative sea-level changes at Lopud, Koločep and Grebeni island and islets based on the 

geochronology of algal rims. Error bars correspond to two standard deviations (2s). Blue band represents 

segmented linear trendlines. Red arrows mark periods of abrupt RSL fall i.e. potential seismic events [5, 6]. 

 

As the southern part of the eastern Adriatic coast is the area of highest seismic risk in Croatia, the new 

obtained data will thus be essential for assessment of recurrence rates of the largest earthquakes that the 

main faults in the area can produce, as well as for understanding of the Late Holocene geodynamics. 
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Abstract 

Gravelly soils have liquefied at multiple sites in at least 27 earthquakes over the past 130 years. These gravels 

typically contain more than 25% sand which lowers the permeability and makes them susceptible to liquefaction. 

Developing a reliable, cost-effective liquefaction triggering procedure for gravelly soils has been a challenge for 

geotechnical engineers. Typical SPT- or CPT-based correlations can be affected by large-size gravel particles and 

can lead to erroneous results. To deal with these problems, we have developed liquefaction triggering curves for 

gravelly soils based on (1) shear wave velocity (Vs) and (2) a large diameter cone penetrometer. With a cone 

diameter of 74 mm, the Chinese Dynamic Cone Penetration Test (DPT) is superior to smaller penetrometers and 

can be economically performed with conventional drilling equipment. Using logistic regression analysis, the DPT 

has been directly correlated to liquefaction resistance at sites where gravels did and did not liquefy in past 

earthquakes. Probabilistic liquefaction resistance curves were developed based on 137 data points from 10 

different earthquakes in seven countries. Using a similar data set, probabilistic liquefaction triggering curves were 

also developed based on Vs measurements in gravelly soils. The Vs-based liquefaction triggering curves for 

gravels shift to the right relative to similar curves based on sands. New magnitude scaling factor (MSF) curves 

have also been developed specifically for gravel liquefaction which were found to be reasonably consistent with 

previous curves for sand.  

 

Keywords: Gravels, Liquefaction, Case Histories, Shear Wave Velocity, Dynamic Cone Penetration Test, DPT  

1. Introduction 

Liquefaction of loose saturated granular soils results in significant damage to civil infrastructure such 

as buildings, bridges, roadways, pipelines, and ports in nearly every earthquake. Liquefaction and the 

resulting loss of shear strength can lead to landslides, lateral spreading, loss of vertical and lateral 

bearing support for foundations, and excessive foundation settlement and rotation. Direct and indirect 

economic losses resulting from liquefaction are substantial costs to society. A significant number of 

gravel liquefaction case histories have occurred during more than 20 earthquake events over the past 

130 years, as shown in Table 1. Assessing the potential for liquefaction of gravelly soils in a reliable, 

cost-effective manner has always posed a great challenge for geotechnical engineers and researchers. 

Liquefaction assessment is particularly important for older dams that were constructed on gravelly soil 

foundations or with poorly compacted gravel shells before the potential for liquefaction in gravels was 

recognized.  Likewise, many ports around the world were constructed of gravelly soils or rockfill which 

was believed to be immune to liquefaction. For these projects, assessing the potential for liquefaction 

and determining appropriate remedial measures are often multi-million-dollar decisions. These 

decisions involve both life-safety and regional economic issues. Over the past 15 years, gravel 

liquefaction has caused significant damage to ports in Greece, Chile, Ecuador, and New Zealand. 

Besides these large projects, gravel liquefaction must be routinely considered for a myriad of small to 

medium projects throughout the world. 
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Table 1 - Case histories involving liquefaction of gravelly soil 

2. Penetration Testing Approaches 

Typical laboratory investigation techniques have generally proven to be ineffective for characterizing 

gravelly soil due to the cost and difficulty of extracting undisturbed sample from gravelly deposits [21]. 

In addition, the large particle size of gravels can lead to artificially high penetration resistance values 

from traditional in situ tests such as the cone penetrometer (CPT) test and the Standard Penetration 

(SPT) test [31]. The 168 mm diameter Becker Penetration Test (BPT) [32, 33] reduces the potential for 

artificially high penetration values; however, this method is relatively expensive and is not available 

outside of North America. In addition, the method requires a correlation between the BPT blow count 

and the SPT blow count which leads to greater uncertainty relative to methods that are directly 

correlated with field liquefaction resistance. 

As another approach for gravelly soils, Chinese engineers in the Chengdu region, faced with widespread 

gravel deposits, developed a Dynamic Cone Penetrometer (DPT) with a 74 mm diameter cone tip for 

site characterization. The methodology is a large-size implementation of the lightweight dynamic cone 

penetrometer that is used extensively for assessment of compaction of soils in pavement applications 

[34] and different cone geometries are also known as dynamic probing in Europe [35]. In the Chinese 

version of the DPT, the cone tip is driven continuously with a 120 kg hammer dropped from one meter 

and is capable of penetrating medium to dense gravel and cobbles. DPT soundings can be easily 

performed with conventional SPT drilling rigs or even simple tripod systems, making it viable 

worldwide. In contrast to the straight sides of the BPT, the cone tip tapers back to a 60 mm drill rod to 

reduce rod friction. At 74 mm, the DPT diameter is 50% larger than the SPT and 110% larger than a 

standard 10 cm2 CPT; however, it is still 55% smaller than the BPT.  Although the BPT provides the 

Earthquake Year Mw Reference 

Mino-Owari, Japan 

San Francisco, California 

Messina, Italy 

1891 

1906 

1908 

7.9 

8.2 

7.1 

[1] 

[2] 

[3] 

Fukui, Japan 1948 7.3 [4] 

Alaska, USA 1964 9.2 [5,6] 

Hatching, China 1975 7.3 [7]  

Tangshan, China 1976 7.8 [8] 

Friuli, Italy 1976 6.4 [9, 10, 11] 

Miyagiken-Oki, Japan 1978 7.4 [1] 

Borah Peak, Idaho, USA 1985 6.9 [12, 13, 14] 

Armenia 

Limon, Costa Rica 

1988 

1991 

6.8 

7.7 

[15] 

[16] 

Roermond, Netherlands 1992 5.8 [17] 

Hokkaido, Japan 1993 7.8 [18] 

Kobe, Japan 

Chi-Chi, Taiwan 

1995 

1999 

7.2 

7.8 

[19] 

[20] 

Wenchuan, China 

Tohoku, Japan 

2008 

2010 

7.9 

9.0 

[21] 

[22] 

Cephalonia Is., Greece 

Iquique, Chile 

2012 

2014 

6.1 

8.2 

[23, 24]  

[25, 26] 

Muisne, Ecuador 

Kaikora, New Zealand 

Durres, Albania 

Petrinja, Croatia 

2016 

2016 

2019 

2020 

7.8 

7.8 

6.4 

6.4 

[27] 

[28] 

[29] 

[30] 
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largest diameter to particle size ratio of all tests, the DPT is superior to the SPT or CPT and could be a 

reasonable solution in many cases depending on the gravel size and percentage.  

Based on field case histories of gravel liquefaction in the Mw 7.9 Wenchuan earthquake, Cao et al. [21] 

developed probabilistic liquefaction triggering curves for gravels based on the DPT blow count.  

However, these curves are based on relatively few data points from one earthquake and a geologic 

profile consisting of a loose alluvial fan gravel layers overlain by a clay surface layer typically 2- to 4-

m thick [21]. Because of the limited number of data points and the possibility of false negatives (sites 

where liquefaction may have occurred but did not produce surface manifestation), the individual 

triggering curves (85 to 15%) are spread apart. In contrast, more mature probabilistic liquefaction 

triggering curves for sands based on CPT [36] have more closely grouped probability curves because 

of the larger size of the data set. In addition, the Cao et al. [21] triggering curves were developed for a 

single event of Mw 7.9 without incorporating any correction to the seismic demand by using the 

Magnitude Scaling Factor (MSF). Thus, applicability of these curves would become questionable for 

evaluating the liquefaction potential of gravelly soils for other seismic events of different Magnitude. 

Although existing MSF models developed for sand liquefaction [37] can be used, it is unclear whether 

they are appropriate for gravel liquefaction using the DPT. Therefore, it becomes crucial to add more 

case histories to the DPT database with different earthquake magnitudes and geologic settings and 

develop an improved DPT-based liquefaction triggering procedure and a gravel-based MSF curve.

  

3. Shear Wave Velocity Approaches 

As an alternative to penetration resistance testing, in situ measurement of shear wave velocity (Vs) is a 

popular way of characterizing the liquefaction resistance of soil deposits. Vs is a basic mechanical 

property of soil materials, directly related to the small strain shear modulus (G0), that is an essential 

parameter for performing soil-structure interaction analysis and liquefaction evaluation under 

earthquake loading. The use of Vs as a field index of liquefaction resistance is soundly based on the fact 

that both Vs and liquefaction resistance are similarly, but not proportionally, influenced by void ratio, 

effective confining stresses, stress history and geologic age [37]. In addition, Vs is considerably less 

sensitive to the problems of soil compression and reduced penetration resistance when fines are present, 

compared with SPT and CPT methods. Moreover, Vs requires only minor corrections for fines content 

(FC) at least for sands [38]. The primary advantage of the in-situ Vs approach is that testing can be 

performed at sites where borings are not possible, or the penetration test results may be unreliable. 

Hence, Vs measurement can be considered as a reliable and economical alternative to overcome the 

difficulties of penetration testing within gravelly strata.  

The traditional methods of measuring Vs require a penetrometer or instrumented boreholes to measure 

the travel time of shear waves at various depths. A downhole test requires one borehole to measure the 

vertically propagating wave, while a cross-hole test requires at least two boreholes to directly measure 

the horizontally propagating wave [39]. These invasive test methods are usually quite expensive due to 

the cost of drilling, casing, and grouting boreholes. In the last two decades, some advanced non-invasive 

test methods (Spectral Analysis of Surface Waves (SASW) and Multichannel Analysis of Surface Wave 

(MASW) have been developed, which indirectly estimate the Vs through the surface wave dispersion 

characteristics of the ground [13, 38, 39]. These non-invasive test methods have significantly reduced 

the cost of in-situ Vs estimation and made soil exploration possible at sites where penetration is not 

possible or economically feasible. 

Andrus and Stokoe  [40] increased the population of Vs data by collecting a large database from 

locations around the world where both sandy and gravelly soils had liquefied in various seismic events. 

Based on this dataset, improved triggering curves were developed for sands and gravels for different 

FC percentages. The database of Andrus and Stokoe [40] only contained a limited number of data points 

where the Vs1 was higher than 200 m/s even for gravelly soils. This is consistent with observations by 

Kokusho et al. [13] that loose gravels, even though well-graded, can exhibit shear wave velocities 

similar to those of loose sands. In contrast, the SPT-Vs correlation by Ohta and Goto [41] and the 
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correlation by Rollins et al. [42] suggest a higher range of Vs1 (230 m/s) for liquefiable Holocene gravels. 

Such variation of shear wave velocity in gravelly soils can be due to variations in gravel content, grain 

size distribution, and the relative density of the soil matrix [13, 43, 44, 45]. 

Cao et al. [46] developed probabilistic liquefaction triggering curves for gravels using logistic 

regression techniques based on Vs data collected from the Chengdu plain in China where gravel 

liquefaction took place during the 2008 Wenchuan earthquake. These curves are based on 47 data points 

(19 liquefaction and 28 no liquefaction points) that refer to a single earthquake and a similar geological 

environment [46]. Because of the limited number of data points and the possibility of false negatives 

(sites where liquefaction may have occurred but did not produce surface manifestation), the individual 

triggering curves (15% to 85%) are relatively far apart. In contrast, Vs-based probabilistic liquefaction 

triggering curves for sands [38] have more closely grouped probability curves because of the larger size 

of the data set. Moreover, the Cao et al. [46] triggering curves were developed for a single event of Mw 

7.9 without proposing any correction to the seismic demand for different earthquake magnitudes. Thus, 

the applicability of these curves becomes questionable for evaluating the liquefaction potential of 

gravelly soils for other seismic events of different magnitude. Although existing MSF models developed 

for sand liquefaction [37] can be used, it is unclear whether they are appropriate for gravel liquefaction 

assessment based on Vs. Therefore, additional effort is necessary to collect more Vs data from the gravel 

liquefaction sites to improve the existing Vs-based liquefaction triggering curves for gravelly soils. 

4. Collection of Additional Field Case History Data 

In the present study, a larger database consisting of 174 Vs data points and 137 DPT data points has 

been compiled by collecting additional data points from seven different countries around the world 

where gravel liquefaction did or did not take place in 17 major earthquake events and adding them to 

the existing data points from China reported by Cao et al. [21, 39].  Case histories with no liquefaction 

in Italy, Greece, and New Zealand were strategically identified, tested, and then added to the database 

to help constrain the position of the liquefaction triggering curves. 

For each case history, the cyclic stress ratio (CSR) has been obtained by using the simplified equation 

CSR = 0.65 (amax/g) (σvo/ σ’vo) rd                                                                                                                                                                      (1) 

originally developed by Seed and Idriss  [47] where amax is the peak ground acceleration, σvo is the initial 

vertical total stress, σ’vo is the initial vertical effective stress, and the rd value in Eq. 1 was updated to 

include the effect of both depth and earthquake magnitude using the equation 

𝑟𝑑   =  𝑒[𝛼(𝑧)+𝛽(𝑧)𝑀𝑤]
                                                                                       (2) 

where: 

𝛼(𝑧) =  −1.012 –  1.126𝑠𝑖𝑛(𝑧
11.73⁄ + 5.133)                      (3) 

𝛽(𝑧) =  0.106 +  0.118𝑠𝑖𝑛(𝑧
11.28⁄ +  5.142)                      (4) 

and z is the depth in meters, based on the work by Golezorkhi [48] and Idriss [49]. 

Peak ground accelerations (PGA or amax) for every location were taken from the literature or from USGS 

Shake Maps [50] where necessary as employed by Idriss and Boulanger [51] for their CPT database. 

Besides CSR, the moment magnitude (Mw) has been considered as another independent seismic variable 

for obtaining the liquefaction potential of gravelly soils. Values of Mw were found form available 

references regarding the appropriate earthquake. The data set contains a wide distribution of Mw ranging 

from 5.3 to 9.2 as well as PGA ranging from 0.17 to 0.6 g.  

4.1 DPT Blow Count Corrections 

The DPT blow count, N120, represents the number of hammer blows to drive the penetrometer 30 cm 

deep with a 120 kg hammer dropped from a height of 1 m.  Raw blow counts are typically reported at 

every 10 cm penetration, but are multiplied by three to get the equivalent N120 for 30 cm of penetration. 
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Based on 1200 hammer energy measurements, Cao et al. [52] found that the Chinese DPT provided an 

average of 89% of the theoretical free-fall energy. Since the energy delivered by a given hammer 

(EHammer) was different than the energy actually supplied by a Chinese DPT hammer (EChinese DPT), it was 

sometimes necessary to correct the measured blow count. In this study, the correction was made using 

the simple linear reduction suggested by Seed et al. [53] for SPT testing  

N120 = NHammer .(EHammer/EChinese DPT) (5) 

where NHammer is the number of blows per 0.3 m of penetration obtained with a hammer delivering an 

energy of EHammer. In addition, Cao et al. [21] recommend an overburden correction factor, Cn, to obtain 

the normalized N'120 value using the equation  

N'120 = N120 Cn (6) 

where  

Cn = (100/σ’vo)0.5 ≤ 1.7   (7) 

and σ'o is the initial vertical effective stress in kN/m2. In the current study, a limiting value of 1.7 was 

added to be consistent with the Cn used to correct penetration resistance from other in-situ tests [37]. 

For each case history a critical layer was selected below the water table and with the lowest ratio of 

blow count divided by CSR over at least one meter. All the critical liquefaction layers were located at 

depths less than about 14 m which is consistent with other liquefaction case history databases and with 

blow counts typically less than about 20. 

4.2 DPT Blow Count Corrections 

The Vs values obtained by various in-situ methods were corrected for overburden pressure to obtain Vs1 

using the equation: 

Vs1 = Vs (Pa/σ'vo)0.25  (8) 

where σ’vo is the initial vertical effective stress, and Pa is atmospheric pressure approximated by a value 

of 100 kPa as suggested by Sykora  [54] and adopted by Youd et al. [37]. These normalized Vs1 profiles 

based on the Vs testing were then plotted as a function of depth and a critical depth with the lowest 

average ratio of Vs1/CSR over a length of at least one meter. Once again, the critical layers based on Vs1 

were all shallower than 14 m.  

5. Development of Probabilistic Triggering Curves 

Based on the new expanded database, a new set of probabilistic liquefaction triggering curves has been 

developed by logistic regression analysis based on Vs1 and also N'120. The triggering equations developed 

in the present study include the earthquake magnitude as an independent variable. 

5.1 Probabilistic DPT-Based Liquefaction Triggering Curves 

The logistical regression analysis was carried out using Mw, N’120, and ln(CSR) as independent variables 

and the following equation was developed to calculated the Cyclic Resistance Ratio (CRR) 

                        (9) 

where PL is the probability of liquefaction expressed as a fraction.  If a given probability and Mw of 7.5 

is used in Eq. 9, a plot of CRR vs. N’120 can be produced for a given probability. Fig. 1 provides a plot 

of CRR vs. N’120 for Mw 7.5 for various PL values. CSR and N’120  data points for each liquefaction and 

no liquefaction case history are also shown in Fig. 1 relative to the triggering curves proposed by Rollins 

et al. [55] . 
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Figure 1. Plot of CRR vs. N’120 for a Mw 7.5 earthquake with various probabilities of liquefaction based on 

expanded DPT-based database proposed by Rollins et al. [55]. 

 

5.2 Probabilistic Vs-Based Liquefaction Triggering Curves 

Logistical regression analysis was also carried out using Mw, Vs1 and ln(CSR) as independent variables 

and the following equation was developed to calculated the Cyclic Resistance Ratio (CRR) 

                       (10) 

where PL is the probability of liquefaction expressed as a fraction.  If a given probability and Mw of 

7.5 is used in Eq. 9, a plot of CRR vs. Vs1 can be produced for a given probability. Fig. 2 provides a 

plot of CRR vs. N’120 for Mw 7.5 for various PL values proposed by Rollins et al. [56].  
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Figure 2.  Plot of CRR vs. Vs1 for a Mw 7.5 earthquake with various probabilities of liquefaction based on 

expanded Vs -based database collected by Rollins et al. [56] 
 

The new probabilistic triggering curves with liquefaction probabilities of 15% to 85% are plotted in 

Fig. 3(a) with solid lines along with similar curves developed by Cao et al. [46] with dashed lines to 

draw a distinct comparison between the two triggering procedures. For lower values of Vs1 (around 150 

m/s), the CRR for the new 50% probability of liquefaction curve is about 0.10 while it is only 0.04 for 

the Cao et al. [46] curves.  This adjustment produces much better agreement with observed field 

performance. This higher CRR value at small velocities is also more typical of that predicted by the Vs-

based triggering curves developed by Kayen et al. [38]. In fact, it can be seen from Fig. 3 that the points 

from the Port of Wellington where liquefaction did not take place during the Cook Strait and Lake 

Grassmere earthquakes (both Mw = 6.6) in 2013 and the “no liquefaction” points from Argostoli, KNK 

and Coyote Creek have had a significant effect in constraining the lower branch of the triggering curves 

to move upwards. Likewise, the triggering curves at the higher range of Vs1 values have been tightened 

relative to the curves developed by Cao et al. [46] as a result of the additional “no liquefaction” data 

points from Chengdu, L’Aquila and Valdez. Additional data points would certainly be desirable to 

define the shape of the curve better in this range of Vs1 values. 

In the middle range of the curve, a few “no liquefaction” points from the Chengdu plain fall above the 

70% triggering curve and some liquefaction points from the same region fall below the 30% triggering 

curve. These points may belong to the false negative or false positive categories leading to inconsistent 

evaluation of the actual incident. Due to the presence of these points, the set of triggering curves develop 

a slightly sloped shape above a Vs1 value of 200 m/s such that a number of “no liquefaction” points fall 

marginally on the 30% triggering curve instead of falling distinctly below this line.  

As shown in Fig. 3(a), for Vs1 values above 200 m/s, the PL = 50% curve for the new regression is very 

similar to that for the Cao et al. [46] regression. However, the addition of new liquefaction points has 

pulled the new PL=85% curve to the right while the addition of no-liquefaction data points has pulled 
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the new PL=15% curve to the left, relative to the Cao et al. [46] curves. Moving the new PL=15% curve 

to the left is particularly significant because this curve is often recommended for deterministic 

evaluations [38]. However, the slope of the new set of curves from this study remains almost the same 

as for the Cao et al. [46] curves. Overall, the spread between the triggering curves for various 

probabilities of liquefaction is substantially reduced for the new triggering curves relative to the Cao et 

al. [46] curves.  This result is consistent with the concept that the increased number of data points 

reduces the uncertainty that develops when an individual data point plots in an unexpected position.  

Furthermore, the addition of data points where liquefaction did not occur has helped constrain the 

triggering curves on the “no liquefaction side” in critical locations. 

A comparison is provided between the newly developed triggering curves for gravel and the curves 

developed by Kayen et al. [38] for sand in Fig.3(b). To plot the triggering curves for Kayen et al. [38], 

an average effective vertical stress of 100 kPa, and fines content of 6% has been assumed to keep the 

values within a reasonable range. Although the probabilistic liquefaction triggering curves for gravel 

developed in this study are similar to those for sands [38] at lower Vs,1 values typical of looser gravels, 

the curves diverge as Vs,1 increases. For example, Vs1 equals 275 m/s for the proposed PL = 50% curve 

for gravel in this study at a CRR of 0.5 in comparison with a Vs1 of only 225 m/s for the PL = 50% curve 

for sand proposed by Kayen et al. [38]. This indicates that the probabilistic triggering curves for gravels 

from this study shift to the right relative to similar curves developed for sands as Vs1 increases. This 

result indicates that gravels can still liquefy at Vs1 values that would be high enough to preclude 

liquefaction in a sand. This does not mean that gravels are more or less likely to liquefy than sand, it 

simply means that for a comparable level of shaking, a higher Vs1 is necessary to obtain the same 

probability of liquefaction for a sandy gravel than a sand.  This result is consistent with liquefaction 

case histories in gravels reported by several investigators [24, 39, 44, 55, 57] where Vs-based triggering 

curves for sands would have incorrectly predicted no liquefaction, as well as laboratory testing (e.g. 

[58, 59]). 
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 (a) 

 (b) 

Figure 3. Revised liquefaction triggering curves from this study (solid lines) (a) relative to triggering curves 

originally proposed by Cao et al. [46] (dashed lines) and (b) relative to triggering curves proposed by Kayen et 

al. [38] for sands (dashed lines). 

 

6. Development of Magnitude Scaling Factors 

Most liquefaction triggering curves adjust the CSR for the earthquake magnitudes using a Magnitude 

Scaling Factor (MSF) to obtain an equivalent CSR for a Mw of 7.5 using the equation, 

𝐶𝑆𝑅𝑀=7.5 =  𝐶𝑆𝑅/𝑀𝑆𝐹          (11) 
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As a part of the present study, we have developed a new MSF models specifically for gravelly soils that 

may help improve liquefaction evaluation at some gravel sites, although more data from other 

earthquakes would be desirable. To obtain the MSF, CSR values were first obtained from Eq. 9 for Mw 

5.5 through 9 with an increment of 0.5 keeping N’120 and PL constant. Then the CSRs for different 

magnitudes were divided by the CSR at Mw=7.5 to obtain the magnitude scaling factor. The same 

process was then repeated by substituting different values of N’120 and PL in Eq. 9 to obtain the variation 

of MSF with these variables. But notably, the MSF pattern did not show any variation with the DPT 

blow count (N’120) and the probability of liquefaction (PL). Based on this analysis the MSF for triggering 

analyses using the DPT blow counts can be computed as a function of magnitude with the best-fit 

exponential equation: 

𝑀𝑆𝐹 = 7.258𝑒𝑥𝑝(−0.264𝑀𝑤)             (12) 

  

Figure 4. Comparison of MSF curves from logistical regression analysis of gravel liquefaction case histories 

based on Vs and DPT triggering curve with MSF curves proposed previously for sand [55, 56]. 

A similar approach was used to obtain the following best-fit exponential equation MSF equation for the 

Vs-based liquefaction triggering curve. 

𝑀𝑆𝐹 = 10.667𝑥𝑝(−0.316𝑀𝑤)                     (13) 

These MSF curves are plotted and compared with several other MSF vs. Mw curves in Fig. 4. It can be 

observed that the MSF curves developed for gravelly soil fall about mid-way between the MSF vs. Mw 

curves for sand suggested by Idriss as endorsed by the NCEER/NSF liquefaction workshop  [37] at the 

high end and the Kayen et al. [38] curve at the low end. Hence, the proposed models for gravel appear 

to be reasonably consistent with existing MSF curves for sands.  

Based on these MSF equations, the CSRs for all the case history data points have been converted to 

CSRs at Mw = 7.5 and plotted with the newly developed triggering curves as shown in Figs. 1 and 2. 

Generally, the data points fall on the correct sides of the PL = 50% curves for the liquefaction and no 

liquefaction. 

(1999)

(1999)
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7. Summary and Conclusions 

In this study, probabilistic liquefaction-triggering curves for gravelly soils based on the Dynamic Cone 

Penetration (DPT) test blow count (N’120) and shear-wave velocity (Vs) were developed that can be 

used for liquefaction evaluation of gravelly soils for a wide range of earthquake magnitudes, tectonic 

settings, and geological environments. These curves are a significant step forward compared to those 

developed by Cao et al. [21, 39], asthe total number of data points increased significantly. The N’120 

and Vs1 data were compiled from various sites around the world where liquefaction or no liquefaction 

case histories of gravelly soils were observed during several earthquake events in the past. The 

expanded data set consisted of 174 Vs data points and 137 DPT data points from 17 different 

earthquakes in 10 different countries in a variety of geological environments. 

Based on the results of the field studies and data analysis performed in this study, the following 

conclusions were drawn: 

1. The increased number of liquefaction and no-liquefaction data points in the expanded data set better 

constrain the probabilistic liquefaction-triggering curves. Relative to the Cao et al. [46] curves for 

Vs and the Cao et al. [21] curves for DPT, this shifted the PL = 85% curve to the right and PL = 15% 

curve to the left. The reduction in the range between the PL = 85% and 15% curves indicate a 

considerable decrease in uncertainty, because false negative data points have less impact on the 

expanded data set. Shifting the PL = 15% curve to the left is significant because this probability curve 

has been recommended for deterministic analyses (e.g. [38]). 

2. At lower Vs1 values (≈150 m/s) and DPT blow counts less than 7, typical of looser gravels, the 

proposed triggering curves for gravel in this study start at a higher range of CSRs compared to the 

curves developed by Cao et al. [21, 46]. This modification was necessary to produce agreement with 

the no-liquefaction points from the field case histories and brought the CSR values in line with the 

Vs1 value for sand as predicted by the Kayen et al. [38] probability curves. 

3. Simplified MSF versus moment magnitude Mw equations were developed exclusively for gravel 

liquefaction. The MSF versus Mw curves plot about midway between similar curves proposed for 

sand. These results suggest that the effect of magnitude on liquefaction resistance is similar, but 

slightly different, for both sands and sandy gravels. 

4. Although the probabilistic triggering curves for gravel are similar to those for sands [38] at low Vs1 

values typical of loose gravels (≈150 m/s), they shift to the right as Vs1 values increase. This indicates 

that gravels can still liquefy at values that would preclude liquefaction for sands.  Therefore, using 

Vs-based triggering curves for sand when encountering gravels could incorrectly estimate gravel 

susceptible to liquefaction as being non-liquefiable. 
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Abstract 

Earthquakes and related coseismic effects at the surface, such as liquefaction and lateral spreading, can impact 

humans due to the resulting economic or social disruptions (e.g. slope and foundation failures, flotation of 

buried structures, etc.). In this respect, the 2020 Petrinja Mw6.4 earthquake (Croatia) provided many examples of 

liquefaction and lateral spreading, as identified by the post-earthquake field reconnaissance campaigns. The 

observed liquefaction cases occurred in the alluvial plains of the Kupa, Sava and Glina Rivers or along faults, 

with ejecta composed of sands and/or gravels of different grain size and mineralogy. The lateral spreading 

phenomena were observed along river embankments and roads. In this context interest in studying these 

different features arose, and an international research team from Italy, the United States and Croatia recently 

performed an intensive geological, geotechnical and geophysical campaign to assess the liquefaction 

susceptibility at selected sites located throughout the epicentral area (from Glina to Petrinja to Sisak). Innovative 

in-situ test equipment, such as the dynamic cone penetration test (DPT) for liquefied gravels and the Medusa flat 

dilatometer test (Medusa DMT) for liquefied sands, were employed in combination with standard in-situ tests, 

such as the standard penetration test (SPT), the piezocone test (CPTU), and shear wave velocity (Vs) 

measurements. These techniques were employed to verify their advantages relative to the existing liquefaction 

triggering charts and to characterize the soil properties of the buried liquefied layers and the non-liquefied crust. 

This paper presents preliminary results and comparisons at some of the investigated liquefaction sites. 

Keywords: liquefaction, in-situ geotechnical and geophysical tests, dynamic cone penetration test, medusa flat 

dilatometer test, 2020 Petrinja Mw6.4 earthquake (Croatia). 
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1. Introduction 

Earthquakes and related phenomena, such as liquefaction-triggered lateral spreading, can generate 

important economic or social disruptions. It is therefore necessary to adopt proactive measures to 

manage earthquake risk by ground strengthening to prevent slope and foundation failures, and 

flotation of buried structures, as stated in several building codes (e.g. [1]). In this respect, the 

collection of field data regarding liquefaction phenomena is critical to improving knowledge on 

ground failures and impacts to man-made structures. 

The 2020 Petrinja Mw6.4 earthquake (Croatia) provided many examples of liquefaction and lateral 

spreading, as identified by the post-earthquake field reconnaissance campaigns and by remote surveys 

using drone photos [2, 3]. In this context, interest in studying such different features arose, and an 

international research team from Italy, the United States and Croatia began an intensive geological, 

geotechnical and geophysical campaign beginning in September 2022 which is still ongoing. This 

study is using innovative in-situ techniques and equipment to assess the liquefaction susceptibility at 

ten selected sites throughout the epicentral area (between Glina, Petrinja and Sisak; Fig. 1). The 

objectives were to verify their advantages relative to the existing liquefaction triggering charts and to 

characterize the properties of the liquefied deposits and the non-liquefied crust. This paper describes 

the field tests, and presents some preliminary results and comparisons at some of the investigated 

liquefaction sites. 

 

Figure 1. Location of the field investigation sites and epicenters of the 2020 Mw6.4 and Mw5.0 Petrinja 

earthquakes with OpenStreetMap as background [2]. The locations of the observed liquefaction manifestations 

were derived from drone images taken by HGI and available satellite images.  

2. Geological setting 

The earthquake-affected area [4] is located in the continental part of Croatia (Fig. 1), at the 

southwestern margin of the Sava Basin within the Pannonian Basin System. The wide Petrinja region 

is located between the Adria-derived units of the Dinarides to the southwest, and the Europe-derived 

47

https://doi.org/10.5592/CO/2CroCEE.2023.21


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.21 

units (Tisza mega unit) of the Pannonian region to the northeast [2, 5]. During the Tertiary, the region 

was subjected to tectonic extension (Miocene), followed by a compressional phase (Pliocene-

Quaternary), eventually generating a complex framework of NW-SE striking, inverted normal faults 

[6, 7]. The epicentral area of the 2020 earthquake is located in the Hrastovička mountain, composed 

of various basement rocks (Jurassic-Paleogene) such as metamorphites of the ophiolitic complex, 

volcanic rocks, spilites, marine limestone, turbiditic calcarenites, marls conglomerates, sandstones, 

shales and coals [8, 9]. The liquefaction phenomena occurred in the lowlands at elevations between 

100 and 200 m (Fig. 1). The Neogene and Quaternary deposits form the sedimentary infill of the 

Pannonian Basin System [10]. Some of the coseismic effects were recorded within the Neogene 

bioclastic limestones and calcrudites, but most of them occurred in the alluvial plains of Glina, Kupa, 

and Sava Rivers. The affected sediments were deposited in different environments such as flood plain, 

meander oxbow, and active streams. The liquefaction affected  lithologies widely vary from clays, to 

silts, sands, and gravels, although the silty sediments are prevailing. the overall thickness of the 

Quaternary succession is usually up to 5 m in alluvial plains, but it may reach estimated at a 

maximum of up to 30 m [8, 9]. 

3. The 2020 Petrinja earthquake 

3.1 Seismic event 

On 29th December 2020 at 11:19 (UTC), the town of Petrinja and its surroundings were hit by a 

destructive Mw6.4 earthquake [11]. The seismic sequence began in the morning of the previous day 

(05:28 UTC) with Mw5.0 earthquake centered about 5 km southwest of Petrinja [2]. According to [11] 

and the Croatian Earthquake Catalogue – CEC (updated and continuously supplemented version first 

described in [12]), the mainshock was with a shallow crustal depth of about 6 km, generating 

moderate to strong shaking in central Croatia, and was largely felt across Croatia and neighbouring 

countries. Earthquake shaking triggered surface ruptures along the fault trace, and extensive 

liquefaction and lateral spreading within approximately 20 km around the epicentre (Fig. 1) [2, 3]. 

Based on its surface projection and orientation, the ruptured zone was associated to the Petrinja-

Pokupsko Fault (PPKF). Following the NW-SE orientation of the older faults, the PPKF most 

probably represents a re-activated deep-seated dextral strike-slip fault zone [2]. 

3.2 Liquefaction evidences 

An European team of researchers (geologists and engineers), in tight collaboration with the Croatian 

Geological Survey, performed field reconnaissance campaigns with the aim of providing a detailed 

identification and characterization of the primary and secondary geological and geotechnical 

coseismic effects induced by the Croatian earthquakes [2]. To improve the understanding of the 

liquefaction phenomena [3], the Working Group integrated the data collected directly in the field with 

those from a remote survey by drone aerial photos acquired immediately following the earthquakes. 

This process allowed for the collection of the liquefaction record with the highest possible 

completeness both in terms of pattern and distribution of the phenomena. The data set includes several 

detailed case studies typified by the following characteristics: (a) liquefaction occurring on alluvial 

plain sites (Kupa, Sava and Glina rivers); (b) ejecta consisting of sand and/or gravel locally associated 

with shells and armoured mud balls; (c) lateral spreading phenomena along roads and river 

embankments; (d) sand ejecta of different grain size and composition, even at the same site; and (e) 

sand and/or gravel ejecta developed along fault traces. 
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Figure 2. Examples of liquefaction following the Petrinja earthquake (modified after [2]): a) lateral spreading 

along Kupa river embankment at Letovanic; b) crack with sand ejecta in the alluvial plain of the Sava river; and 

c) sand and gravel ejecta of different provenance with the presence of shells close to the Kupa river. 

4. Site investigations 

At the ten research sites, a thorough geological, geotechnical and geophysical site investigation was 

planned using innovative in-situ test equipment, as described in the following paragraphs. Most of the 

investigations were carried out in September 2022, although some of them are still ongoing due to 

weather conditions and flooding near the rivers. At each of the six gravel sites, dynamic cone 

penetration (DPT) tests were performed in combination with boreholes, piezocone test (CPTU), and 

shear wave velocity (VS) measurements. At the lateral spreading site, boreholes with standard 

penetration tests (SPT) at approximately 0.5-meter intervals were performed. Finally, at the liquefied 

sandy sites with high fines content, the Medusa flat dilatometer test (Medusa DMT) was employed in 

combination with standard geotechnical in-situ tests, such as borehole with SPTs, CPTU and VS 

measurements. Currently, laboratory analyses are being conducted on soil samples collected at all 

sites to provide information on mineralogy and geotechnical properties of the liquefied sandy and 

gravelly deposits and of the non-liquefied crusts. 

4.1 Dynamic cone penetration test (DPT) 

The dynamic cone penetration test (DPT) was developed in China in the early 1950s to measure 

penetration resistance of gravel for application in bearing capacity analyses. Based on their 

experience, standard test procedures and code provisions have been formulated [13, 14]. Because of 

widespread gravelly deposits beneath the Chengdu plain, the DPT is widely used in that region, 

particularly for the evaluation of liquefaction potential [15]. More recently, an updated liquefaction 

triggering curve has been proposed by [16] using a worldwide database. 

DPT equipment is relatively simple, consisting of a 120-kg hammer, raised to a free fall height of 100 

cm, then dropped onto an anvil attached to 60-mm diameter drill rods which in turn are attached to a 

solid steel cone tip with a diameter of 74 mm and a cone angle of 60º as shown in Fig. 3a. The larger 

cone makes it less affected by gravel particles, while the smaller rod diameter helps to reduce shaft 

friction on the rods behind the cone tip. 

Prior to testing, the drill rods are marked at 10 cm intervals (see the detail in Fig. 3b, photo of the 

Petrinja DPT test) and the number of blows required to penetrate each 10 cm is recorded. The raw 

DPT blow count is defined as the number of hammer drops required to advance the cone tip 10 cm. A 

second penetration resistance measure, called N120, is specified in Chinese code applications where 

N120 is the number of blows required to drive the cone tip 30 cm; however, N120 is calculated simply 

by multiplying raw blow counts by a factor of three which preserves the detail of the raw blow count 

record. 
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Figure 3. a) Component sketch of tripod and drop hammer setup for dynamic penetration tests (DPT) along with 

DPT cone tip (modified after [15]); b) photo of DPT testing at one of the Croatian site investigation with 

conventional drill rig; c) Medusa DMT layout [17]; d) photo of the Medusa DMT testing at one of the Croatian 

site investigation using a conventional light penetrometer combined with drill rig. 

4.2 Medusa dilatometer test (Medusa DMT) 

The Medusa DMT is the combination of a flat dilatometer with a hydraulic automation and measuring 

system for autonomously performing DMT tests [17]. Fig. 3 shows the main components of the 

instrument, together with a photo of a Medusa DMT test performed in September 2022 in Croatia. A 

rechargeable battery pack powers an electronic board, connected to a pressure transducer and to a 

custom-designed motorized syringe. The firmware coded in the electronics activates the motorized 

syringe for generating the pressure required to obtain the DMT readings. The maximum operating 

pressure is 25 MPa. A high accuracy pressure transducer is used to measure the pressure generated by 

the syringe and operating on the membrane. An electric wire provides the contact status of the 

membrane to the electronic board. The A, B, and C pressure readings are taken by the electronics 

firmware with the same criteria used for the traditional pneumatic DMT equipment. Details on 

calibration chamber and field validation of the Medusa DMT can be found in [17, 18, 19, 20].  

4.3 Geophysical surveys (H/V and surface-wave analysis) 

To better reconstruct the near-surface velocity profile an extensive geophysical survey was carried out 

using both two-dimensional (2D) arrays of seismic nodes and linear array of geophones. For the 2D 

array, a quite innovative technology in small-scale surveys based on seismic nodes was used [21, 22]. 

Seismic nodes are composed of compact digitizers with internal battery connected to 3C geophones 

(GSB-3C and GS-one manufactured by Geospace Technologies), and the absence of cable and their 

ease in the field installation allowed to quickly deploy a large number of nodes (from 20 to 46 

depending on site). Seismic nodes were arranged at each selected site in a circular geometry (Table 1) 

with usually 3 circular rings with different radius (about 5, 12 and 25 m), and a node in the centre 

close to DPT or Medusa DMT surveys. Seismic nodes recorded at each site a few hours of ambient 

vibrations (seismic noise) with a sampling rate that was set equal to 250 Hz. 

From seismic noise data collected by 3C nodes, it was possible to compute the horizontal-to-vertical 

noise spectral ratio (H/V curve), and derive the site resonance frequency (f0) from the peak in the H/V 

curve [23]. f0 is an important proxy for potential site amplification [24] used in site characterization 

analyses and microzonation mapping. It is related to the presence of a strong seismic impedance 

contrast in the subsoil profile, where f0 value is linked to the average thickness and shear-wave 

velocity of soft soil deposits overlaying a stiffer soil unit or bedrock interface [25]. 

For the linear array of geophones, a maximum of 72 vertical geophones (eigen-frequency 4.5 Hz) 

connected to a multi-channel acquisition system was used (Geode manufactured by Geometrics, 

connected in serial for a maximum number of 3 Geode) recording files with length of 1.5 s and 

sampling rate equal to 8000 Hz. The 72 geophones were equally spaced from 0.5 to 1 m, depending 
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on the site (Table 1). In contrast to the 2D array of nodes which collects seismic noise, the linear array 

records seismic signals produced by an active source composed of a 5 kg-sledge-hammerhitting a 

metal plate. The seismic source was located at the beginning, in the middle and at the end of the linear 

array of geophones in order to reproduce forward and reverse shot records. 

To provide absolute positions for each seismic measurement, a real-time kinematic (RTK) positioning 

was used through a GNSS receiver (S900a new manufactured by Stonex). In this way, the position of 

each deployed node and the first and last geophones within the 1D line were measured with accuracy 

of a few cm. The absolute position was also measured for the geotechnical and borehole surveys 

previously discussed. In order to derive a surface-wave dispersion curve, active data collected by the 

linear geophones array and passive data from nodes will be analysed with the multichannel analysis of 

surface waves (MASW) technique [26, 27]. In particular, the analysis from 3-components data 

recorded by nodes will allow to retrieve the Rayleigh and Love dispersion curves. 

The surface-wave dispersion curves obtained by 1D active array and 2D passive array will be 

combined to achieve information in a large frequency band. In general, active methods provide results 

at higher frequencies in comparison to passive techniques [28]. However, in the analysed experiment 

the dispersion curves are expected to extend toward high frequencies also in the passive case, due to 

the large number of seismic nodes deployed in a relatively small area (Table 1). 

Table 1 – Geophysical surveys performed at the selected sites. For the position of the Site, refer to Fig. 1. For 

Sites 2 and 6, the geometry of array installation  is reported in Fig. 6 

ID site 
Date of geophysical 

survey 

2D arrays: number of seismic 

GSB nodes (and radius with 

maximum aperture) 

1D array using 72 vertical 

geophones: spacing between 

adjacent geophone 

Site 1 14 September 2022 32 (25 m) 1 m 

Site 2  12 September 2022 46 (21 m); array A in Fig. 6 0.5 m 

Site 3  13 September 2022 26 0.5 m 

Site 4 15 September 2022 29 (22 m) 1 m 

Site 5 14 September 2022 - 0.5 m 

Site 6  15 September 2022 20 (10 m ) array F in Fig. 6 - 

Site 10 16 September 2022 25 (20 m) - 

5. Preliminary results 

Considering that the field campaign is ongoing and most of the results are still under evaluation, this 

section presents only some preliminary results at two gravel liquefaction sites (Sites 2 and 6, Petrinja) 

and at a sand liquefaction site with high fines content (Site 8, Donje Jame). 

The energy transfer measurements at Site 6 indicate that the DPT hammer was providing an average 

of 89% of the theoretical free-fall energy, which is practically identical to the Chinese standard 

without requirement for hammer energy correction. Plots of the soil profile, the DPT blow count 

(N120), and the relative density are provided in Fig. 4. Preliminary analyses indicate that the friction on 

the drill rod behind the DPT cone artificially increased the N120 value in the clayey silt, while the CPT 

cone resistance remained essentially constant within similar materials. Therefore, the DPT blow 

counts below the clayey silt layer were corrected to account for this effect. Additional DPT testing is 

planned with an open borehole to the top of the gravel to confirm this correction. Using the corrected 

DPT blow counts in the sandy gravel to gravelly sand layers, correlations [29] indicate a relative 

density between 40 to 55%. These preliminary assessments indicate that the gravelly soil from about 4 

to 6.25 m is the critical layer for liquefaction at this site. Ongoing mineralogical studies and 

liquefaction evaluations should help confirm this conclusion. 
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Figure 4. Preliminary DPT results for test site at Petrinja (Site 6). 

At Site 8, a preliminary interpretation of the Medusa DMT was performed according to [30] 

correlations. Fig. 5 shows the DMT profiles in terms of: material index (ID) and the soil behaviour 

type index (SBTDMT) for the mechanical soil behaviour, constrained modulus (M) for the soil stiffness 

at “operative” strain level, undrained shear strength (su) and friction angle (ϕ’) for the soil resistance, 

and horizontal stress index (KD) for the stress history of the soil. The top 3.5 m are identified mostly 

as sands and silty sands, whereas silts, clayey and sandy silts are predominant at higher depths. This 

finding is in agreement with the borehole log and the CPTU data. According to the DMT and 

phreatimeter readings, the ground water table is located at 3 m depth, where the silty sandy layer is 

present. This body represents probably the one that liquefied during the Petrinja earthquake, as it was 

preliminary evaluated by examining the soil stratigraphy, the earthquake reconnaissance information 

and the KD profile. However, liquefaction triggering analysis and laboratory tests on borehole samples 

and ejecta are required to confirm these preliminary outcomes. 

 

 

Figure 5. Preliminary Medusa SDMT results at the test site of Donje Jame (Site 8). 
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The objectives of the geophysical surveys were: (a) to infer the f0 value from the H/V curve (from 3C 

nodes); (b) to measure the surface-wave dispersion curve combining both passive and active array 

methods [31]; and (c) to infer the near-surface shear-wave velocity profile in the top few hundreds of 

meters by means of a joint inversion of the H/V and dispersion curves integrating results from 

geotechnical tests. Fig. 6 shows an example of the 2D array geometry applied in the field at two 

gravel sites in Petrinja (Sites 2 and 6), and the preliminary results in terms of H/V obtained at two 

arrays. 

 

Figure 6. Seismic arrays in Petrinja. The yellow markers indicate the seismic nodes installed in 2D configuration 

(arrays A and F). The red line within array A shows the linear array of 72 geophones used for active experiment 

(the shot positions were situated at: -5 m and -2 m far from the first geophone, in the middle of the line, and at 

+2, +5, + 10 m far from the last geophone). The mean H/V curves computed at all seismic nodes of the two 

arrays are also shown. 

6. Conclusions 

The 2020 Mw6.4 Petrinja earthquake offered the possibility for an in depth study of the liquefaction-

induced features in the epicentral area. In particular, the variety of coseismic evidences (gravel 

liquefaction, lateral spreading and sand liquefaction with high fines content) provided an opportunity 

to improve knowledge of issues for which the experience is still limited. 

In this respect, an intensive geological, geotechnical and geophysical campaign was planned at ten 

selected sites along the Kupa, Glina and Sava Rivers to verify the use of existing liquefaction 

triggering charts and to evaluate the soil properties of the liquefied layers and the non-liquefied crust. 

Some preliminary findings are reported in this paper based on extensive geophysical survey and two 

innovative geotechnical in-situ tests, the dynamic cone penetration test (DPT) and the Medusa flat 

dilatometer test (Medusa DMT). These results already provide a valuable information regarding the 

soil deposits that liquefied during the earthquake. Additional liquefaction triggering analysis and 

laboratory tests on borehole samples and ejecta are required to confirm these preliminary outcomes. 

More definitive conclusions should be possible once the ongoing field campaign and subsequent 

analyses are completed. 
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Abstract 

This paper shows an overview of extensive geotechnical and geological investigation of soils around cover-

collapse sinkholes that appeared in a constrained area around Mečenčani and Borojevići villages following the 

2020–2021 Petrinja earthquake sequence. A total of 122 new and 49 pre-existing historical sinkholes were 

recorded, mapped, and classified during the geological and geotechnical reconnaissance fieldwork. Many 

sinkholes collapsed within an area of only 1.13 km2, a relatively rare phenomenon associated with earthquakes, 

thus motivating soil investigations to better understand associated failure mechanisms and underlying conditions. 

This paper shows an overview of triaxial test data in synergy with soil water retention curves of unsaturated soils 

detected in the area, along with results of standard physical soil tests. The soil in the area consists of a 4–15 m 

thick clayey cover with sporadic gravel lenses. Clays are mostly over-consolidated, with varying degrees of 

saturation ranging from very small to fully saturated. Underneath are intensely karstified Miocene carbonate rocks. 

Seasonal and climate-change-induced variations in the groundwater table interact with the artesian/subartesian 

karst aquifer, thus affecting the suction and the shear strength. In addition, soil water retention curves indicate that 

desaturation is possible for deeper groundwater table levels and can further affect effective stress, shear strength, 

and interparticle tensile forces. Collapsed sinkholes have predominately vertical walls, indicating brittle failure of 

a cohesive cover with varying degrees of saturation. Based on the specific geomechanical properties of soils, this 

paper offers several hypotheses of failure mechanisms based on the synergy of earthquake-induced dynamic 

loading and hydro-mechanical interactions of unsaturated soil layers and pore pressure dynamics between two 

interconnected aquifers.  

Keywords: cover-collapse sinkholes, karstic aquifer, unsaturated soil dynamics, earthquake, progressive failure 

1. Introduction 

This paper shows an overview of geological, geotechnical, and geophysical investigations following 

the Mw 6.4 Petrinja 2020–2021 earthquake sequence. The study shown herein is limited to the small 
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area surrounding two villages, Mečenčani and Borojevići located 20 km SE from the epicenter. Specific 

geological, seismological, geotechnical, and hydrological circumstances led to the collapse of numerous 

sinkholes between December 29, 2020 and the end of 2021 [1]. As a result, the reconnaissance team 

identified and mapped a total of 171 sinkholes, including 122 new and 49 historical sinkholes (Figs. 1 

and 2). The occurrence of post-seismic sinkholes has been recorded sparsely and related to subsurface 

discontinuities [2, 3]. Historical sinkholes in the observed area are scattered and concentrated mostly in 

the central part around Pašino vrelo spring. New sinkholes are located within two small regions that 

have the combined area of 1.13 km2. According to all available data, none of the new cover-collapse 

sinkholes formed during the main earthquake or strongest foreshocks and aftershocks. For example, a 

landowner noticed the soil collapsing at the location of the first documented sinkhole (S015) on the 

afternoon of December 29, about six hours after the main shock.  

 

Figure 1. Graphical representation of sinkhole database (modified from [1]). A total of 49 historical sinkholes 

collapsed before the current seismic sequence (information on 11 previously filled were provided by the locals). 

Out of the 122 new sinkholes, six were remediated on the basis of geotechnical projects, and 17 were filled by 

the locals. 
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Figure 2. Point-cloud imagery of several representative sinkholes: a) side view of S025 sinkhole; b, d) 

panoramic view and side view of S054 sinkhole; c) panoramic view of S055 sinkhole. 

 

2. Geological and Hydrogeological Setting and Seismicity 

The area where sinkholes occurred is geologically specific, characterized by highly karstified 

limestones covered by relatively thick clayey soil. Middle Miocene highly porous Lithothamnion 

limestones and calcarenites are both very susceptible to karstification [4]. Karstified carbonates are 

directly overlain by a 4–15 m thick sequence of Holocene deluvial–proluvial deposits of clays with 

interlayers and lenses of gravel and sand [1, 4]. There are relatively few outcrops of karstic rocks in the 

area. Specifically, out of 1,079 km2 area of the Bosanski Novi sheet of the Basic Geological Map [5], 

only a bit more than 60 km2 is covered by Middle Miocene carbonates. The Sunja river valley in the 

studied area represents a flat terrain covered with Holocene deluvial–proluvial deposits of low 

permeability containing a certain amount of water and forming an aquitard. Most households in 

Mečenčani and Borojevići still use water from shallow dug wells, with an average depth of about 8 

meters. The groundwater level fluctuation in the aquitard between dry and wet periods is about 2 m. 

The aquitard is underlain by a permeable confined karst aquifer, in which the water pressure during wet 

periods becomes subartesian to artesian [4]. Furthermore, the karst aquifer and overlying low-

permeability aquitard are hydraulically connected, and pressure changes in one layer cause changes in 

hydraulic conditions within the other. During periods of high waters, specifically when the pressure 

rapidly rises in the karst aquifer, the piezometric level in the karst aquifer is higher than the groundwater 

level in the overlying aquitard, while during dry periods, the groundwater levels in both layers are 

equalized.  

The Petrinja earthquake sequence started with two strong foreshocks on December 28, 2020, the first 

occurred at 05:28 UTC with ML 5.1 and the second one at 6:49 UTC with ML 4.7. The mainshock 
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occurred a day later (December 29, 2020, 11:19 UTC, ML 6.2). The main earthquake caused widespread 

damage in Petrinja and the surrounding villages, and seven people lost their lives. According to the 

Croatian Seismological Survey data, the epicentral intensity was estimated to be VIII–IX EMS. At the 

onset of the Petrinja sequence, the closest seismic station was more than 30 km from the epicentral area, 

and six additional stations provided more accuracy. Nevertheless, in the first 60 days of the sequence, 

4,430 events were located within 50 km of the mainshock. The bulk of the Petrinja sequence epicenters 

are elongated in the NW–SE direction across roughly 20 km in length and 2–4 km in width, within the 

Hrastovica Hill between the Kupa and Petrinjčica rivers. The mainshock is positioned in the central 

cluster part and has a hypocentral depth of about 8 km. The strongest foreshock of the December 28, 

2020 (ML 5.1) occurred within the main cluster, about 2 km easterly from the mainshock.  

3. Geotechnical Investigation  

Geotechnical and geophysical investigations at two sites in the Mečenčani and Borojevići area have 

been performed within the scope of the GEER reconnaissance efforts between March 15 and 26, 2021. 

Geotechnical investigation included drilling four boreholes by manually operated solid stem auger, field 

identification and classification of drilled core, Standard Penetration Test (SPT) and manually driven 

Dynamic Penetrometer Light (DPL), GW observations in boreholes, and collection of disturbed and 

undisturbed soil samples for further laboratory testing. Boreholes B-1 and B-2 were drilled on March 

23, 2021 in Mečenčani village, close to the largest sinkhole in the area, S001 (Fig. 3). They were drilled 

in mostly clayey soil to a depth of 8.0 m and 7.6 m, respectively. Other two boreholes, B-3 and B-4 

were drilled on March 26, 2021 in Borojevići village (near S009 and S040 sinkholes), close to the Sunja 

river (Fig. 1) to the depths of 4.0 and 2.5 m, respectively. Further advancement of boreholes below these 

depths was not possible due to presence of very stiff marly clay or increased content of gravel size 

particles.  

Standard Penetration Test (SPT) was performed in all boreholes at approximately 1.0 m intervals by 

using a mechanical drive-weight unit with a standard donut-type hammer according to ASTM standard 

[6]. Split-barrel sampler was used with the exception of boreholes B-3 and B-4 below the depths of 3.0 

m or 4.0 m, respectively, where it was replaced by a conical probe. 

Two dynamic penetration tests were conducted near the S001 sinkhole (Fig. 3) with the manually driven 

dynamic penetrometer light (DPL). Dynamic penetrometer SD-10 (ZNWiG) compatible with the 

Eurocode 7: Geotechnical design – Part 2: Ground investigation and testing, was used [7]. For both 

probes, the test was terminated at a depth of 4.0 m, as the declared maximum penetration depth for the 

equipment was reached [4]. 
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Figure 3. a) Areal image of cover-collapse sinkholes in Mečenčani village (red – S001 sinkhole) b) Locations of 

geotechnical and geophysical investigations around S001 sinkhole; c) DPL and corresponding test results. 

 

Groundwater tables (GWTs) in boreholes B-1 and B-2 were initially detected at 4.7 and 4.0 m below 

the ground level, respectively. GWTs rose shortly after the drilling was completed, whereby the 

subsequent GWTs in both boreholes closely corresponded to the GWT inside the S001 sinkhole (Fig. 

4). 

Based on the field description and identification, as well as laboratory test results, soil samples were 

classified according to visual and manual procedures [8] and the Unified Soil Classification System 

(USCS) [9], thus enabling construction of a representative soil profile close to the largest S001 sinkhole 

(Fig. 4). Vertical cross sections through boreholes B-1 and B-2 indicate that approximately top 0.5 m 

consists of fill with organic content (denoted by F), followed by approximately 3.5 m of sandy lean and 

fat clay that is firm to stiff and contains sparse traces of limestone particles up to 20 mm in diameter in 

borehole B-1 and up to 50 mm in diameter in borehole B-2, and is classified as CL/CH. The third layer 

consists of stiff to very stiff lean clay and lean clay with sand that is classified as CL. At the bottom of 

boreholes, either gray lean (marly) clay (CL in borehole B-1) or a very moist clayey sand with gravel 

(SP-SC/SC in borehole B-2) was found. 
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Figure 4. Vertical cross-section through S001 sinkhole, and borehole logs for B-1 and B-2 (modified from [1]). 

 

Soil profiles reconstructed on the basis of boreholes B-3 and B-4 indicate top 0.2 to 0.3 m of fill with 

organic content (denoted by F). This is followed by about 1 m of lean clay (CL) that is underlain by 2.5 

m of poorly-graded gravel (GP) in borehole B-3, and about 1 m of well-graded gravel (GW) in borehole 

B-4. 

Multichannel Analysis of Surface Waves (MASW) has also been performed just along the edge of S001 

(Fig. 3) in order to delineate the depth to bedrock, assess soil stiffness, and estimate average shear wave 

velocities [4]. Field data acquisition involved a 24-channel geophone array with 4.5 Hz vertical 

geophones spaced at 2 m intervals and a sledgehammer used as a shot source. Fig. 5 shows two-

dimensional interpretation of the MASW profile near S001 shows that lower shear wave velocities of 

180–220 m/s occur until 5–6 m depth, under which slightly higher velocities 300–400 m/s were 

recorded corresponding to depths between 6 and 10 m. Relatively uniform strata down to 25 m are 

shown in green and yellow colors, which has heterogeneous 400–500 m/s velocities, which could 

represent weathered and saturated Miocene carbonates. It can be concluded that the compact rock layer 

appears below 25 m, geologically characterized as compact Middle Miocene carbonates [4]. According 

to the MASW, depth of S001 of about 10–13 m is most likely also the depth of the carbonate-cover 

contact. 
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Figure 5. Results of MASW investigation in Mečenčani close to the largest sinkhole S001 (modified from [4]).

 .  

 

Laboratory testing was conducted at the Faculty of Mining, Geology and Petroleum Engineering of the 

University of Zagreb and Faculty of Civil Engineering, Architecture and Geodesy of the University of 

Split. Various geotechnical laboratory tests including specific gravity, moisture content, grain size 

distribution, Atterberg limits, oedometer test and conventional triaxial tests on saturated specimens, as 

well as measurement of Soil Water Retention Curve (SWRC) were performed on 31 soil samples. 

Plasticity indices and liquid limits for various soil samples collected from boreholes B-1, B-2, B-3, and 

B-4 indicate that most of the soil samples are in the area of low-plasticity clays (wL<50%) with few 

exceptions that fall into the range of high-plasticity clays (wL>50%). 

Oedometer tests were performed in accordance with the ASTM standard [10] on two samples (CL/CH) 

obtained from the boreholes B-1 and B-2 at the same depth of 3.0 to 3.3 m (layer 1 – CL/CH). Vertical 

effective preconsolidation stresses were determined based on Casagrande’s procedure (’c=230 kPa in 

B-1; ’c=310 kPa in B-2). The corresponding OCR values were computed based on two different GWT 

levels, one registered during drilling and the other one corresponding to the water level inside the 

sinkhole. OCR values are according to such a procedure estimated in the range of 3.9 to 4.4 for the B-

1 borehole and in the range of 5.0 to 6.2 for the B-2 borehole. 

Three series of consolidated isotropically undrained compression (CIUC) tests were also conducted in 

accordance with ASTM standard [11]. Each series comprised tests at three different cell pressures 

corresponding to 230, 260 and 300 kPa. Undisturbed samples from boreholes B-1 (depth 4.0–4.3 m, 

layer 2 – CL) and B-2 (depths 2.0–2.3 m and  3.0–3.3 m, layer 1 – CL/CH) were tested. Deviatoric and 

mean effective stresses (q and p’) are shown in Fig. 6. Triaxial test results indicate that all samples were 

overconsolidated as it was already concluded based on the oedometer test results. Slopes of the critical 

state lines are very similar giving the critical state friction angles of 30.9°–31.1° for the layer 1 and 

30.7° for the layer 2 (Fig. 6). 

a)  
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b)  

c)  

Figure 6. Triaxial (CIUC) test results a) borehole B-2 (2.0–2.3 m) – layer 1; b) borehole B-2 

(3.0–3.3 m) – layer 1 and c) borehole B-1 (4.0–4.3 m) – layer 2 (modified from [1]) 
 

As it was also recognized that repeated cycles of saturation and desaturation may play a role in effective 

stress distribution within the clay cover layer, and thus affect shear and tensile strength and possibly 

contributing to a sinkhole collapse, soil water retention curves (SWRC) were also obtained. Laboratory 

tests were carried out in accordance with ASTM D6836-16 [12] by using the “chilled mirror 

hygrometer” or chilled mirror dew point method and WP4C potentiometer [13] suitable for making 

suction measurements in the range of 0.1 to 300 MPa. Undisturbed samples from boreholes B-1 (depth 

2.00–2.15 m, layer 1 – CL/CH) and B-2 (depth 5.00–5.15 m, layer 2 – CL) were tested.  

Closed form equation of SWCC proposed by van Genuchten [14] was used herein to fit the experimental 

data. Van Genuchten’s equation in terms of effective degree of saturation (Seff) is given by 

 𝑆𝑒𝑓𝑓 =
1

[1+(𝑎𝜓)𝑛]𝑚
 (1) 

 𝑆𝑒𝑓𝑓 =
𝑆(𝜓)−𝑆𝑟

1−𝑆𝑟
 (2) 
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where Seff is the effective degree of saturation according to Equation (2),  is suction (kPa), a (kPa-1), 

n, m are fitting parameters, S() is degree of saturation corresponding to a given suction value while Sr 

is residual saturation.  

The experimental data obtained from suction measurements in WP4C apparatus including drying and 

wetting paths are shown in Figs. 7 and 8. Van Genuchten curves [14], which were fitted to the 

experimental data with the parameters according to Table 1, are also shown. 

 

Table 1 − Parameters of van Genuchten model for SWRC drying curve 

Specimen a (1/kPa) m n Sr (%) 

B-1 (2.00–2.15 m) 0.00950 0.390 1.250 7.483 

B-2 (5.00–5.15 m) 0.00027 1.200 0.630 6.034 

 

 

Figure 7. Experimental data and fitted van Genuchten (VG) curve for specimen B-1 (2.00–2.15 m).  

  

 

Figure 8. Experimental data and fitted van Genuchten (VG) curve for specimen B-2 (5.00–5.15 m).  

 

The differences in SWRCs shown in figures 7 and 8 are consistent with differences in their grain size 

distributions. The sample from the borehole B-1 (layer 1, CL/CH) contains 53.6% fines, 43.8% sand-
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sized particles and 2.6% gravel-size particles, and the sample from the borehole B-2 (layer 2, CL) 

contains 71.7% fines, 28.3% sand-sized particles and no gravel-size particles. 

The presented results of the field and laboratory investigations provide essential geomechanical 

information necessary to understand the associated sinkhole failure at that specific location and to help 

in better preparation and performance of future investigations geared towards providing the clarification 

of failure mechanism in this type of geological settings. 

 

4. Discussion and conclusions 

This paper provides an overview of geotechnical, geological and geophysical investigation of soil in 

the area of Mečenčani and Borojevići villages, Croatia. The area was subjected to a ML 6.2 earthquake 

on December 29, 2020, followed by numerous aftershocks. The motivation for better characterizing soil 

in this area is an extensive sinkhole collapse phenomena, that occurred post-seismically over the period 

of 12 months after the main shock. The sinkhole collapse area is relatively small and characterized with 

karst overlain by 4 m to 15 m thick deposit of clays with gravel lenses.  

So far, no detailed analytical or computational modelling of the sinkhole collapse associated with 

Petrinja 2020 earthquake sequence has been conducted. Nevertheless, based on the results of in situ and 

laboratory geotechnical tests as well as geophysical tests a hypothesis can be formulated as to how 

sinkhole cover collapse might have occurred.  

The pre-existing historical sinkholes indicate susceptibility of this region to a sinkhole formation. This 

is further corrobated by the presence of limestone in subsurface as well as karst topography visible in 

surrounding area. Thus, the initial process of a sinkhole formation by gradual expansion of large cavities 

on the contact between the soil and underlying karstified carbonates was ongoing at the time when the 

earthquake hit. Nevertheless, the cavity covers appear to have been relatively stable prior to the 

earthquake (cover-collapse sinkholes opened in the area of Mečenčani and Borojevići on average every 

few years in the decades before the 2020 Petrinja earthquake), but they started to collapse after the 

earthquake.  

Clearly there are two factors that played important role in the process including the interplay between 

the groundwater located in the karst aquifer and the groundwater located in the overlaying clay aquitard, 

and the effect of the earthquake. Specifically, a decrease in suction and corresponding increase in pore 

water pressure decreases the effective stress in the clay layers, thus decreasing the shear and tensile 

strength of the clay and increasing the probability of the sinkhole collapse. Furthermore, the observed 

collapse pattern that is characterized by vertical walls would be expected in a brittle cohesive material 

such as the overconsolidated clay encountered at this site.  

The role of the earthquake sequence is in that it may have simply accelerated the process of the sinkhole 

formation through the dynamic loading imposed to already partially formed underground arch like 

structures. That might have lead to further slimming of the arches, but according to available data there 

are no evidences of the instant, co-seismic collapse. Future computational and analytical modelling 

efforts are expected to shed more light on the sinkhole collapse scenario provided corresponding 

hydrogeological data are available.  
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Abstract 

This paper shows the results of bedrock depth analysis around the largest cover-collapse sinkhole that occurred 

during the 2020-2021 Petrinja earthquake sequence. Horizontal to Vertical Spectral Ratio (HVSR) data was 

collected by the Geotechnical Extreme Events Reconnaissance (GEER) team after the Mw 6.4 December 2020 

Petrinja earthquake in Croatia. In addition, the GEER team collected other data to assess the damage and geologic 

conditions, including two geotechnical boreholes with field and laboratory data and Multichannel Analysis of 

Surface Waves (MASW) profiles. Out of 61 HVSR readings performed during reconnaissance, 15 are around the 

largest sinkhole, S001, about 25 m wide and 12 m deep, with vertical walls and groundwater. The soil in the area 

consists of a clayey cover that is 4.0 m to 10.0 m thick, with sporadic gravel lenses. Clays are mostly over-

consolidated, with varying degrees of saturation with intensely karstified carbonate rocks underneath. The HVSR 

data was analyzed using the HVSRweb platform and associated Python-based modules incorporating various 

statistical assessment models include single azimuth, multiple-azimuth, and geometric mean. The geometric mean 

results based on resampling frequencies between 3 Hz and 10 Hz indicate karst depths between 12.0 m and 18.0 

m, which is generally consistent with the bedrock assumed from the sinkhole depth. Furthermore, an evaluation 

of the spatial variability of the resonance frequencies and the corresponding depth estimates assesses the presence 

and orientation of karstic features around S001. Based on the assessed data, HVSR measurements appear to be a 

helpful tool for evaluating variations in subsurface impedance contrasts and can be used to augment geotechnical 

data and other geophysical measurement techniques due to the relative ease of deployment and rapid data 

acquisition. 

Keywords: Horizontal to Vertical Spectral Ratio (HVSR), sinkhole, post-seismic effect, karst geophysics 

1. Introduction 

On December 29, 2000, an earthquake with a moment magnitude of MW 6.4 occurred in the Sisak–

Moslavina county in Central Croatia at 12:19 PM local time (11:19 AM UTC; USGS 2020). According 

to the US Geological Survey, the earthquake hypocenter was at 45.422°N 16.255°E, at a depth of 10 

km [1] within the central portion of the shallow Petrinja strike-slip fault in the marginal part of the 

Internal Dinarides, NE part of the Adria Microplate. Three foreshocks preceded the earthquake for one 

day, the strongest of which had a magnitude of MW 5.2, followed by numerous aftershocks. In the first 

60 days of the sequence, 4430 events were located within 50 km from the mainshock, including 85 

aftershocks with a local magnitude ML ≥ 3.1 until February 22, 2021. Most aftershocks in the central 

cluster are distributed between 13 km and 17 km depth. Maximum depths below 25 km are observed 

only in the central cluster part, while the first 5 km of the crust hosted a small number of events through 

the entire cluster. Within the central cluster, the event distribution delineates a sub-vertical fault 

containing the mainshock. As a result, the earthquake caused widespread damage in Petrinja, Sisak, 

Glina, and the surrounding villages, and seven people lost their lives. According to the Croatian 

Seismological Survey data, the epicentral intensity was estimated to be VIII–IX EMS [1]. 

This paper focuses on analysing some aspects and features of a relatively rare post-seismic effect, a 

sinkhole collapse near Mečenčani and Borojevići villages 20 km SE of the mainshock epicentral area. 

Geotechnical Extreme Events Reconnaissance (GEER) team obtained data that support this study. 

GEER registered 91 new cover collapse sinkholes and 45 historical cover collapse sinkholes, opened 
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before the Petrinja earthquake [1]. All new sinkholes are within two small areas, 1.13 km2 combined: 

74 in the NW area close to the Borojevići village over approximately 0.753 km2 and 48 in the SE area 

around Mečenčani village over approximately 0.375 km2.  

The uniqueness of the sinkhole region is that this is the only region where karstic geologic conditions 

were close to the epicenter. Highly karstified limestones are directly covered by relatively thick clayey 

soil. Middle Miocene carbonates (Badenian, M4) are composed of alternating highly porous 

Lithothamnion limestones and calcarenites, both very susceptible to karstification, as visible in the hills 

SW of the studied area [2, 3]. Karstified carbonates are overlain by a 4–15 m thick sequence of Holocene 

diluvial–proluvial deposits. Deposits are unsaturated to saturated clays with lenses of gravel and sand. 

Hydrological investigation reveals two distinct aquifers that are interconnected sporadically. The Sunja 

river valley in the studied area represents a flat terrain covered with Holocene diluvial–pluvial deposits 

of low permeability containing a certain amount of water and therefore forming an aquitard with the 

groundwater level fluctuations between dry and wet periods of about 2.0 m. The aquitard is underlain 

by a permeable confined karst aquifer, in which the water pressure during wet periods becomes sub-

artesian to artesian [1]. 

This paper uses a combination of geophysical methods and horizontal to vertical spectral ratio (HVSR) 

to better understand the spatial horizon variations between clayey cover and underlying karstic rock 

around the largest sinkhole, S001. The geophysical investigation is supported by geotechnical soil 

investigation works and imaging [1]. The S001 sinkhole is the largest sinkhole that occurred in the area 

until the GEER field trip in middle March 2021. Fig. 1 shows the sinkhole lidar images and position. 

Fig. 2 shows geotechnical boreholes around the S001 sinkhole. Unsatureated and saturated low to high 

plasticity clays overlay karst. The extensive report of geotechnical research and investigation is 

presented in Tomac et al., 2022 [4]. Initial measurements of groundwater levels during drilling are 

shown in Fig. 2 and are between 4.0 m and 4.6 m depth. After a few hours, the groundwater level in 

boreholes were measured again and corresponded to the water level in the sinkhole [4]. 

 

a)

 

b)

  

Figure 1. a) S001 (45.2833444N, 16.4259639E) imagery (modified from [1]); b) Sinkholes position on the map 

(modified from [3]). 

Lidar Scan 

of S001 

sinkhole 

MASW 
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Figure 2. Sinkhole S001 (45.2833444N, 16.4259639E) geotechnical profile and MASW location (modified from 

[4]). Borehole depth is dependent on manual drilling equipment capabilities, where the bottom indicates the 

upper horizon of the weathered karst layer. 

 

2. Methodology 

HVSR in ambient noise measurements is commonly used to estimate site resonant frequency providing 

excellent estimates of resonant frequency for sites with strong impedance contrasts. Following the 2020 

Petrinja Earthquake in Croatia, the GEER reconnaissance team [1] performed nanometrics 

measurements at 61 locations during their assessment to gain an understanding of the site resonant 

frequencies which are important in understanding seismic wave propagation. In addition, it was 

anticipated that the HVSR measurements could provide an additional tool for assessing depth to bedrock 

as well as for investigating karst features which are common in the sinkhole reconnaissance area in 

Mečenčani and Borojevići. 

In this paper, an evaluation of the nanometrics data is performed to augment the results presented in the 

GEER report to incorporate sensitivity analyses to various factors including sampling frequency range 

and spatial and azimuthal variability. The presented analyses limits to the nanometrics measurements 

around the largest sinkhole S001. S001 developed a few days after the earthquake and was estimated to 

be about 25.0 m wide and 12.0 m deep by the GEER team end of March 2021. The impedance contrast 

depths are calculated from the following formula based on the estimated site resonant frequency for 

each azimuth [5]: 

 

𝐷 =
𝑉𝑠

4×𝑓𝑜
                                                                         (1) 

 

Analysis of the nanometrics data is performed using the web platform HVSRweb as well as associated 

Python-based modules that are part of the hvsrpy package, previously validated by Vantassel et al. [5], 

Vantassel [6], Cox et al. [7] and Cheng et al. [6]. Analyses are performed using the various statistical 

assessment models in hvsrpy including single azimuth, multiple-azimuth and geometric mean. 

Sensitivity analysis on azimuthal variability of the site resonant frequencies investigates a scatter in 

frequencies across azimuths from 0° to 180°, including the variability of the site resonant frequencies 

and the standard deviation at each azimuth. Additionally, the sampling frequency range is varied to 

assess whether the results would indicate the presence of strong impedance contrasts at shallower 

depths, consistent with potential depths of karst features. An evaluation of the spatial variability of the 

resonant frequencies around S001, and the corresponding depth estimates, also provide insight into 

potential presence and orientation of karst features around S001.  

 

MASW 
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2.1  Initial Assessment 

An initial assessment of the nanometrics data is performed for positions N-38, 44 through 48, 50 through 

53, 55 through 59, and N-61 to evaluate overall HVSR frequencies and information on depths of strong 

impedance contrasts. The analysis is performed for data from nanometrics measurements around the 

area of S001, the measurement locations are show in Fig. 3.  

 

 

Figure 3. Sinkhole S001 and nanometrics measurement locations (modified from [1]) 

 

The initial assessment evaluates the HVSR across the full range of ambient noise frequencies between 

about 0.1 Hz and 50.0 Hz. An example summary of the HVSR data is presented in Figure 4. The HVSR 

assessment is performed using HVSRweb and the following settings is shown in Table 1. The data 

indicates high random peaks at frequencies below 0.3 Hz that appeared to be transient noise and the 

lower resampling frequency is therefore adjusted to 0.3 Hz. The geometric mean results based on 

resampling frequencies between 3.0 Hz and 10.0 Hz indicate potential bedrock depths between 12.0 m 

and 18.0 m around S001, which is generally consistent with the bedrock depth assumed from the 

sinkhole depth [2]. For example, the data appear to be of good quality with some distinct peaks 

interpreted to correspond to shallow (2.0 m to 5.0 m) and deep (20.0 m to 40.0 m) impedance contracts 

below ground surface. However, soil borings, as shown in Fig. 1, that were performed adjacent to the 

sinkhole S001 during the GEER team’s site assessment meet refusal at depths between 7.6 m and 8.0 

m [2, 4]. The refusal depths were interpreted as corresponding to bedrock depth although no bedrock 

samples could be obtained due to drilling equipment limitations. Fig. 5 shows a Multi-Channel Analysis 

of Surface Waves (MASW) survey performed along the eastern side of S001 indicated that there could 

be strong impedance contrasts at depths between 8.0 m (transition from vs ~ 200 m/s to 300 m/s) and 

12.0 m (transition from vs ~ 400 m/s to 500 m/s) [2]. The transition to shear wave velocity of >500 m/s 

at 25.0 m depth corresponds to very stiff soil or soft rock conditions based on typical seismic site 

classification criteria. Since the initial assessment did not indicate strong impedance contrasts within 

the anticipated bedrock depth (8.0 m to 16.0 m) obtained from MASW and geotechnical boreholes, a 

narrower resampling frequency range is selected for the next round of assessments. 

 

72

https://doi.org/10.5592/CO/2CroCEE.2023.85


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.85 

Table 1   HVSR Initial Data Processing Inputs 

Window Length (sec) 60 and 120 

Cosine Taper Width 0.1 

Butterworth Filter No 

K-O Smoothing Coefficient 40 

Resampling Frequency Min (Hz) 0.3 

Resampling Frequency Max 50 

Number of Frequency Points 200 

Type Logarithmic 

Distribution of f0 Lognormal 

Frequency Domain Window Rejection Yes 

 

N-38

 

N-39

 

N-44

 

Figure 4. Example nanometrics results from initial assessment. 

 

a)     b)   

Figure 5. Weathered karst depth estimates s) azimuthal variability from the sinkhole S001 median frequencies 

and b) MASW profile across S001 (45.2833444N, 16.4259639E) from GEER reconnaissance [1]. 

 

2.2. Resampling Frequency Variation 

Since the initial assessment did not indicate strong impedance contrasts within the range of interest and 

suspected karst horizon, another round of data assessments is performed with a narrower resampling 

frequency range. The analysis settings were the same as those presented in Table 1 except that the 
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frequency ranges considered were 3.0 Hz to 10.0 Hz and 3.0 Hz to 50.0 Hz. The goal is to assess whether 

the data would indicate strong impedance contrasts at depths between about 6.0 m and 18.0 m to cover 

the range of anticipated bedrock depth below ground surface. This round of sensitivity checks is limited 

to sites N-55 and N-56 adjacent to sinkhole S001 to gain an indication of the impact on the overall 

results before applying similar frequency ranges to a wider range of nanometrics data. The results of 

the resampling frequency variation are summarized in Table 2, Fig. 6. 

 

Table 2   N-55 and N-56 HVSR Re-sampling Frequency Variation Data Summary 

Site Min Max Component fo,mc 

(Hz) 
Apparent 
Bedrock 

Depth (m) 

N-55 0.3 50 Geomean 1.5 36.7 

3 50 Geomean 27.4 2.0 

3 10 Geomean 4.63 11.9 

N-56 0.3 50 Geomean 1.62 34.0 

3 50 Geomean 33.5 1.6 

3 10 Geomean 4.55 11.1 

 

N-55: 0.3 to 50 Hz Resampling 

 

N-55: 3 to 50 Hz Resampling 

 

N-55: 3 to 10 Hz Resampling 

 

N-56: 0.3 to 50 Hz Resampling 

 

N-56: 3 to 50 Hz Resampling 

 

N-56: 3 to 10 Hz Resampling 

 

Figure 6. N-55 and N-56 HVSR re-sampling frequency variation summary plots. 
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2.3. Azimuthal Variation 

Estimates of site resonant frequency from HVSR are subject to various sources of uncertainty due to 

the random nature of ambient noise in space and time, variations in subsurface conditions and sensor 

coupling conditions. To assess a potential impact of spatial variations on the site resonant frequencies 

from the nanometrics around S001 (N-50 through N-58), additional sensitivity analyses are performed 

on azimuthal variability of the results (N-54 data was not included due to data quality issues). The 

sensitivity analysis of azimuthal variability of the site resonant frequencies at 15° intervals indicates a 

scatter in frequencies across azimuths from 0° to 180° for most of the measurement locations. The 

variability is noted in both the site resonant frequencies as well as the standard deviation at each 

azimuth. The observed scatter may be due to lateral variability as azimuthal variability can be expected 

for subsurface conditions with significant lateral variability [5]. 

The results are also compared to the geometric mean results of resonant frequency across all azimuths. 

The assessment of azimuthal variability considered both the median resonant frequency and the peak 

frequency of the median curve. The impedance contrast depths corresponding to either the median or 

peak frequency appeared to be consistent with the MASW data collected by the GEER team at S001. 

Overall, the peak frequency values provide a better average fit to the MASW data. It should be noted 

that estimates of the impedance contrast depths were obtained from the quarter wavelength solution 

based on an average shear wave velocity of 220 m/s considered for the near surface deposits by the 

GEER team [1].  

2.4. Spatial Variability 

The next stage in the analyses is to assess variations in estimated depths of the strong impedance 

contrasts (apparent bedrock depth) across the measured locations. The assessment is performed for the 

nanometrics locations around S001 and locations N-44 through N-48, located in vicinity of S001.  

The assessment of spatial variability is performed using the spatial interface Python module of hvsrpy. 

The algorithm uses Voronoi tessellations to obtain a statistical representation of site resonant frequency 

(or period) from spatially distributed HVSR measurements [6]. The assessment requires setting area 

boundaries and providing coordinates, the mean or peak resonant frequency and the natural log of the 

standard deviation of the site resonant frequency at each coordinate. The algorithm then applies Voronoi 

tessellation to yield unique spatial estimates of site resonant frequency.   

The results of the spatial variability assessment are summarized in Fig. 7 showing site resonant 

frequency and bedrock depth estimates results for all the assessed locations and Fig. 8 showing data for 

locations around S001. The data appear to indicate several steep changes in bedrock depth in several 

directions around the sinkhole area which may indicate the presence of karst voids or potential fluid 

flow channels. The steep changes appear to be oriented in the southwest-northeast direction. 
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Figure 7. Spatial variation of site resonant frequency and bedrock depth estimates (N-44 to N-58). 

 

  

Figure 8. Spatial variation of site resonant frequency and bedrock depth estimates (around S001). 

 

To better visualize the apparent steep changes in bedrock depth around the sinkhole, a three-dimensional 

plot of the data is developed as presented in Fig. 9 and Fig. 10. In Fig. 9, the cylinder represents sinkhole 

S001 only schematically, where the diameter corresponds to the reported diameter measured at the soil 

surface, and the in-situ sinkhole walls are vertical. The shape of the sinkhole under water has not been 

measured accurately, beyond detecting the collapsed material at the bottom, as shown in Fig. 2.  
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Figure 9. Bedrock depth estimates around sinkhole S001, looking north. 

 

Figure 10. Bedrock depth estimates around sinkhole S001, looking west. 

 

4.  Conclusions 

Evaluations of HVSR data collected by the GEER team following the December 2020 Petrinja 

earthquake in Croatia has been performed to gain an understanding of the site resonant frequencies in 

the area around Sinkhole S001. The primary goal was to assess whether the HVSR measurements can 

provide a reasonable estimate of depth to competent rock and the potential location of karst features 

which are common in the area where the measurements were obtained. Additionally, the presented 

results are novel from the perspective of complexity of interpretation and analysis of HVSR 

measurement in karst rock, which is typically weathered and contains numerous voids, dry and saturated 

fluid flow channels.  

The assessments incorporated sensitivity analyses of HSVR results to various factors including 

sampling frequency range and azimuthal variability. Analysis of the nanometrics data was performed 

using the web platform HVSRweb [5] as well as associated Python-based modules that are part of the 

hvsrpy package. Sensitivity analysis on azimuthal variability of the site resonant frequencies indicated 

a scatter in frequencies across azimuths from 0° to 180° for most of the sites. The variability was noted 

in both the site resonant frequencies as well as the standard deviation at each azimuth. Additionally, the 

sampling frequency range was varied to assess whether the results would indicate the presence of strong 

impedance contrasts at shallower depths consistent with potential depths of karst features. The median 
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site resonant frequencies considering azimuthal variability based on resampling frequencies between 3 

and 10 Hz indicated potential bedrock depths between 12.0 m and 18.0 m around S001, which is 

generally consistent with the bedrock depth assumed from the depth of the sinkhole. An evaluation of 

the spatial variability of the resonant frequencies around S001, and the corresponding depth estimates, 

also provided insight into potential presence and orientation of karst features around S001. A three-

dimensional assessment of the estimated bedrock depth indicates several steep changes in upper karst 

horizon in several directions around the sinkhole area which may indicate the presence of voids or karst. 

The steep changes appear to be oriented in the southwest-northeast direction and may offer an indication 

of the location of voids which may have facilitated development of Sinkhole S001 following the 

earthquake. Based on the assessed data, HVSR data from nanometrics measurements appears to be a 

useful tool for assessing variations in subsurface impedance contracts and can be used to augment 

geotechnical data and other geophysical measurement techniques due to the relative ease of deployment 

and rapid data acquisition. 
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Abstract 

The traces of liquefaction were recognized in the area of Zagreb in the Sava valley in previous earthquakes and 
liquefaction can be expected in future earthquakes as well similar to the many cases which occurred in the Petrinja 
earthquake. Therefore, it is useful to have a tool allowing quick identification of susceptibility to liquefaction in 
larger areas.  

CPTU testing covers many aspects of soil behaviour and enables the estimation of parameters needed in 
liquefaction susceptibility analysis. During the 2010-2011 series of earthquakes in Christchurch and Canterbury, 
New Zealand, a very rich dataset was collected that links soil data obtained by the CPTU, earthquake data, and 
on-site liquefaction manifestations – or lack of it. An artificial neural network was developed from these data. In 
addition to the description of location and time, the data contains CPTU measurements, earthquake magnitude, 
medial peak ground acceleration, its standard deviation, groundwater depth and classification of the manifestation 
of liquefaction on the ground surface. 

The data collected after the Petrinja earthquake – obtained from CPTU tests and from analysis of the 
manifestations of liquefaction and the available data on the earthquake  – are used in the developed artificial neural 
network.  

Keywords: liquefaction, artificial neural networks, CPTU, Christchurch and Canterbury earthquakes  

1. Liquefaction in Zagreb and Petrinja  

It was found that during the 1880 Zagreb earthquake liquefaction occurred at several locations in the 

Sava valley 1, which means that liquefaction could be expected in future earthquakes in Zagreb again.  

a  b  c  

Figure 1. Examples of liquefaction in Petrinja earthquake: a) ejecta in the field in Hrastelnica, b) 

cracks in the levee in Sisak along the Sava river (Galdovo), c) subsidence of the road in Petrinja 

(Drenčinina)  
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The Petrinja earthquake in year 2020 2 showed a vast array of various manifestations of liquefaction 

illustrating thus and reminding the citizens and engineers of Croatia that this phenomenon is to be taken 

in account seriously. An overview of geotechnical damages caused by Petrinja earthquake is given in 

the report led by Tomac and Zlatović for GEER 3. The three characteristic damages caused by 

liquefaction are shown in Figure 1: a) liquefaction occurred in many fields in the area, and it was rather 

vast in the area of Hrastelnica; b) some of the levees protecting the area from the waters of the Kupa 

and Sava rivers got mostly longitudinal cracks due to liquefaction and lateral spreading as is seen here 

on the section in Galdovo; c) liquefaction in the villages caused cracking in several houses in the area, 

as well as subsidence of roads like one in this photograph and many of the wells in the area were filled 

with sandy soil.  

2. Predictions of liquefaction   

Since the Alaska M9.2 earthquake and Niigata M7.5 earthquake, both in the year 1964, when 

tremendous damages were caused by liquefaction, there has been a great deal of effort input to the 

liquefaction research. It is quite clear that both the properties of the soil on the location - including the 

presence of groundwater, and the properties of the earthquake and its impact on the location, influence 

the onset of liquefaction 4. The understanding of this phenomenon has been developing in the last 60 

years, as well as the models used to make the necessary evaluations 5. 

One of the investigation methods covering the most of soil characteristics is CPTU. Therefore, various 

soil properties are derived from the CPTU measurements, to be used in estimations of the hazards and 

in design. 6, 7, 8, 9, 10. However, it is worth noting that each of these estimations carries its own 

uncertainties. Therefore, it seems it would be valuable to relate the liquefaction susceptibility directly 

to CPTU measurements. 

3. Cone Penetration Testing 

In the Cone Penetration Test (CPT), a cone on the end of a series of rods is pushed into the ground at a 

constant rate, and continuous measurements are made of the resistance to penetration of the cone and 

of a surface sleeve – separately – as shown in Figure 2. Additionally, very often recently, at the same 

time, pore water pressure is measured during the penetration (CPTU). 8 These tests give a very good 

overview of the subsoil, especially if they are combined with some borings and appropriate laboratory 

testing, and some geophysical investigation, to obtain a more complete picture. Robertson developed 

the interesting Sol Behaviour Type index which is derived from the CPT data, which is describing soil 

behaviour and defines partially the Soil Behaviour Type as shown in Figure 2 8. 

   

Figure 2. a) An overview of a Cone Penetration Test after ASTM D 5778 11. b) SBTn chart, where 

number corresponds to the Soil Behavior Type defined in c) Ic is the Soil Behavior Type index 8 
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4. Canterbury earthquakes and New Zealand Geotechnical Database   

M7.1 earthquake with an epicentre 70 km East from Christchurch, the largest city in the South Island 

of New Zealand and the seat of the Canterbury Region, caused widespread liquefaction. It was followed 

by a series of aftershocks (21 earthquakes with magnitude 5 or more, less than 20km from the city 

centre), and liquefaction was often repeated in the same place over and over again 12, 13. A vast 

amount of data, including seismologic, hydrologic, geospatial, and geotechnical measurements (mostly 

CPT) was collected and related to the liquefaction manifestation during and after these earthquakes, 

and offered to the researchers in the whole world 14, 15, the newest base being New Zealand 

Geotechnical Database 16. Figure 3 presents the organization of data in this Database. The 

liquefaction manifestation has been shown in 7 classes listed in Figure 4.  

 

Figure 3. Depiction of the Canterbury case-history dataset structure array. 17. 

Figure 4 presents a timeline of executed CPT measurements relative to the dates of the strongest 

earthquakes in Canterbury, from which the data of magnitude and peak ground acceleration (for the 

locations of the CPT measurements) were collected. Groundwater table depth at CPT locations was 

calculated from the data observed in numerous monitoring wells at the time of the mentioned 

earthquakes. Manifestations were collected from aerial footage and site reconnaissance.  
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Figure 4. Frequency of CPT measurements through time and in relation to the dates of the strongest 

earthquakes in the Christchurch area 

5. Artificial Neural Networks  

Artificial Neural Networks are computational models which find solutions for input data after the so-

called training in which a chosen set of examples is analysed. A network consists of thousands of simple 

processing nodes that are organized into layers and densely interconnected. To each of its incoming 

connections, a node assigns a number known as weight, with which it multiplies the input data coming 

from that node and then add a number known as bias. Adding those products together passes through 

activation function and yields a single number which is passed to the next layer. During training, the 

training examples are fed to the input layer, the data are multiplied and added, and sent to further layers, 

until the output layer. The weights and thresholds are continually adjusted until training data yield 

wished outputs in process known as backpropagation. 

If the investigated phenomenon is too complicated, and each of the parameters carries a lot of 

uncertainty, it may be more feasible to use an Artificial Neural Network, developed on a well-chosen 

set of data, in other words: always considering if the training examples would fit the analysed problem.  

This is why such an artificial neural network was developed to use raw data describing the location and 

the effect of earthquake and connect them directly to the liquefaction manifestation.  

6. Developed Artificial Neural Network and Application to Petrinja Earthquake  

The Artificial Neural Network for liquefaction prediction was developed using Python 18,19  by 

Matija Lozić during his last semester of the Polytechnic Professional Graduate Study at the Zagreb 

University of Applied Sciences 20.  

For the training and validation, the New Zeland Geotechnical Database 16 was used.  

First, the data were analized, and Figure 4 shows some data on the soil investigated 20.  

The Artificial Neural Network was developed as a Multi-Layer Perceptron for classification. In total 5 

models of Artificial Neural Network were developed; each model was fitted for specific data subset.  

The individual parameters used are listed in Table 1, together with their boundaries, and listed by data 

subsets in Table 2. 
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Figure 4. Data used for the network development. a) Frequency of examples by the classes of 

manifestation: 0 for no liquefaction; 1-3 for three levels of liquefaction intensity: minor, moderate and 

severe; 4 and 5 for lateral spreading and severe lateral spreading; 10 for cases with not enough of data. 

b) Frequency of measurements by the Soil Behaviour Type index, Ic after Robertson 8. Colours 

show the class of soil behaviour as used in c) and in Figure 2b). c) Percentage of the measurements by 

the classes of soil behaviour after Robertson 8 as stated in Figure 2c). 20. 

First data subset contains data of peak ground acceleration, cone tip resistance and cone sleeve friction. 

Second data subset contains earthquake magnitude, peak ground acceleration, maximal CPTu depth, 

depths of CPTu readings, depth of ground water table, cone tip resistance, cone sleeve friction, and 

measured pore pressure. Third data subset contains dana of normalized cone tip resistance and 

earthquake-induced cyclic stress ratio. Fourth data subset contains Robertson's Soil Behavior Type 

index and earthquake-induced cyclic stress ratio. Fifth data subset contains depths of CPTu readings, 

normalized cone tip resistance, normalized sleeve friction ratio and earthquake-induced cyclic stress 

ratio. All are further normalized according to simple min-max scaling, after removing some data 

outliers. Data boundaries are represented in Table 1. Further on, subset data were balanced according 

to equilibrium of binary classes of liquefaction manifestation. 

 Table 1 – Data boundaries for individual parameters  

Parameter Min Max 

Peak ground acceleration, 𝑎𝑚𝑎𝑥  [𝑔] 0.051 0.674 
Cone tip resistance, 𝑞𝑐  [𝑘𝑃𝑎] 3.28 29994.02 
Cone sleeve friction, 𝑓𝑠 [𝑘𝑃𝑎] 0.001 397 
Earthquake magnitude, 𝑀 5.7 7.1 
Depth of individual CPT measurement, 𝑑𝐶𝑃𝑇,𝑚𝑎𝑥  [𝑚] 5.08 34.94 
Depths of CPT readings, 𝑑𝐶𝑃𝑇  [𝑚] 0 34.94 
Ground water table depth, 𝐺𝑊𝑇 [𝑚] 0 6.78 
Pore pressure measured behind cone 𝑢2 [𝑘𝑃𝑎] -230 799.2 
Normalized cone tip resistance, 𝑄 [1] 0.033 299.94 
Earthquake induced cycling stress ratio, 𝐶𝑆𝑅 [1]  0.529 1.009 
Soil behavior type index, 𝐼𝑐  [1] 1.008 6.094 
Normalized friction ratio, 𝐹 [%] 0 836.0 

Table 2 – Parameters of data subsets  

Data subset Parameters 

1 𝑎𝑚𝑎𝑥 ,𝑞𝑐 ,𝑓𝑠 

2 𝑎𝑚𝑎𝑥 , 𝑀, 𝑑𝐶𝑃𝑇,𝑚𝑎𝑥, 𝑑𝐶𝑃𝑇, 𝐺𝑊𝑇, 𝑞𝑐 , 𝑓𝑠, 𝑢2 

3 𝑄, 𝐶𝑆𝑅 

4 𝐼𝑐, 𝐶𝑆𝑅 

5 𝑑𝐶𝑃𝑇 , 𝑄, 𝐹, 𝐶𝑆𝑅 
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For each data subset, after data normalizing and classes balancing, Artificial Neural Network model 

was defined with optimized model hyperparameters. Optimized hyperparameters for each Artificial 

Neural Network model were chosen from iterative process observing model performances as shown in 

Table 3. Detailed descriptions of each of the parameters are given in 18,19.  

 Table 3 – Hyperparameters for each model  

Hyperparameter MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5 

Input layer 2001 4004 2000 2000 4000 
Hidden layer arhitecture (100) (100, 100) (100, 100) (100,100) (100,100) 

Backpropagation solver 'adam' 'adam' 'adam' 'adam' 'adam' 

Activation function 'logistic' 'logistic' 'logistic' 'logistic' 'logistic' 

Regularization coefficient 0.1 0.01 0.0001 0.0001 0.001 

Initial learning rate 0.001 0.001 0.001 0.001 0.001 

Maximal number of 

iterations 
200 200 200 200 200 

Shuffle True True True True True 

Tolerance 0.0001 0.0001 0.0001 0.0001 0.0001 

Early stopping True True True True True 

Validation fraction in early 

stopping case 
0.1 0.1 0.1 0.1 0.1 

Initial weights value 0 0 0 0 0 

Model accuracy on training 

data 
0.863 0.869 0.756 0.776 0.740 

Model accuracy on test 

data 
0.836 0.834 0.745 0.750 0.725 

 
After choosing hyperparameters for each model, models were trained on corresponding data subsets. 

Trained models were used on collected data from locations affected by the Petrinja earthquake at 

locations Brest Pokupski, Galdovo, Krnjica and Palanjek, in total 61 measurements, already 

preproccesed by normalization and using data boundaries shown in Table 1. Collected CPTu data were 

analyzed and they were slightly different, difference being represented by Soil type behaviour index 

shown in Figure 5, where the frequency of the Soil Behaviour Index is shown for the 2 cm sections of 

CPT measurements. .  

Figure 5. Data from the Petrinja area. a) Frequency of measurements by the Soil Behaviour Type 

index, Ic. b) Percentage of the measurements by the classes of soil behaviour. 20. 

 

An overview of the main steps of the proces are shown in Figure 6. Pretprocessing was done on the 

Canterbury case-history dataset to obtain inputs for the 5 models of Artificial Neural Networks, and 

then on the data from Petrinja area, the developed models were used to predict liquefaction 

manifestation, i.e. its probability. 
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. 

Figure 6. The three main steps of the development and application of the Artificial Neural Network  
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Results of implementing defined models are shown in Table 4. for one location in Brest Pokupski – the 

corresponding CPTu results are given in Figure 6. All five models predicted liquefaction, as it was noted 

on the site, but with different probabilities.  

 

Figure 6. CPTu results for the chosen location in Brest Pokupski. 

 Table 4 – Results for C-13 in Brest Pokupski 

 Assumptions MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5 
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These results show that on the tested soil location, the liquefaction could be expected according to all 

five models. Model 2 and model 5 show the most likely soil liquefaction susceptibility. Results 

correspond to site liquefaction manifestation in form of sand ejecta. Output from this neural network 

generally shows liquefaction susceptibility at the location of the CPT measurements, and does not 

specify the depth of the liquefaction. 

7. Discussion   

The earthquakes which caused liquefaction in Christchurch and its vicinity were of magnitudes 7.0 to 

around 5. The subsoil of Canterbury contains thick layers prone to liquefaction.  

The Petrinja earthquake with M6.2 and some aftershocks caused liquefaction in some layers not more 

than a meter or so, several meters deep.  
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The variety in results of different models suggests that it is good – in the training of the network, to use 

the training examples which correspond to the geological, geotechnical, seismological and hydrological 

conditions of the location in question. In such a way, it may be believed, the variety of influences will 

be accounted for. 

 

Figure 7. One of many evidences of liquefaction in Brest Pokupski (Photo already published 2).  

8. Conclusions   

The CPT measurements give valuable insight into the soil behaviour. The artificial neural network 

developed on the basis of the very rich New Zeland Geotechnical Database could be adjusted for the 

conditions on the investigated location to obtain the probability of liquefaction in various conditions. 
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Abstract 

Canadian provisions allow two alternatives for the seismic design of foundations: capacity-protected (CP) and not 

capacity-protected (NCP). CP foundations should develop the full resistance of seismic force resisting system 

(SFRS) and are favoured whenever possible. With such foundations the inelastic activity occurs predominantly in 

the superstructure, unexpectedly high seismic demands are better managed and the global system deformations 

are not increased significantly by foundation rotations. NCP foundations develop a partial capacity of the SFRS. 

Being weaker than the SFRS, such foundations uplift and rotate thus limiting the forces transmitted to the 

superstructure. Conversely, the foundation rotations increase displacements of the superstructure which must be 

considered in design. 

Canadian design practice shows that foundations of steel frame buildings are often large causing a significant 

increase in construction cost, which may lead to selection of alternative structural solutions built in different 

materials. Knowing that the design requirements were developed mainly considering the seismic behaviour of 

concrete shear walls, characterized by the development of a single plastic hinge at the base, it appears necessary 

to validate their applicability to steel braced frames that exhibit a distributed yielding mechanism, associated with 

much larger overstrength and higher capacity design forces on foundations.   

In this study, 3-storey steel buildings with X-type tension-compression bracing were designed for Vancouver, 

Canada, to examine different design strategies for foundation design. Two soil types were considered. The 

foundation design followed Canadian and US seismic design approaches. Non-linear time history analyses were 

then performed using the OpenSees program. The model included the inelastic frame behaviour and the nonlinear 

soil response. The forces imposed on foundations obtained from nonlinear time history analysis are compared 

with design predictions. The foundation displacements and stresses in the soil are also examined to assess the 

consequences of foundation flexibility on the global structural seismic response. 

Keywords: Braced frames, Foundations, Soil-structure interaction, Design, Nonlinear time-history analysis. 

1. Introduction 

Even though seismic design requirements for shallow foundations have much advanced over time, 

foundation design for seismic loads is often given a lower priority by practicing engineers in comparison 

to that accorded to seismic design of superstructures. Foundation design considerations under seismic 

loads are complex in nature because of the variability of soil conditions and diverse building 

configurations and structural systems. Limiting the inelastic activity to the superstructure and avoiding 

foundation rocking and nonlinear soil response is justifiable in view of the difficulty to detect post-

earthquake damage and the high cost of possible foundation repairs. On the other hand, the foundation 

rocking can in fact be beneficial by protecting the superstructure and reducing the need for intricate 

ductile detailing, provided that the demands on the soil are acceptable.   
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In Canada, foundations are generally treated as protected elements and designed to develop the 

full resistance of seismic force resisting system (SFRS). For unanchored foundations, the alternative 

design approach is also possible: the foundations can be sized to develop partial resistance of SFRS 

assuming that at a certain load level the foundation will “rock”, and thereby limit the seismic demand 

on the superstructure. In the United States, practices in individual offices vary significantly as a function 

of experience and requirements from the client [1]. Because consideration of the SFRS overstrength is 

not mandatory for foundation seismic design, most often the foundations are designed for the same level 

of seismic loads as the ductile elements of the superstructure. This implies that some inelastic 

foundation response will occur at the level of design earthquake.  Such approach is justified by the very 

limited observations of building failures caused by inadequate foundation behaviour during past 

earthquakes. In some instances, capacity design principles are applied to a certain extent with the 

objective to control some brittle failure modes related to shear and axial compression. On rare occasion, 

design offices would opt for a “strong foundation” approach which resembles to Canadian methodology 

for CP foundation design.    

Canadian design requirements for the concrete foundations of buildings provided in the 2015 

edition of the NBCC [2] and the corresponding concrete design standard (CSA A23.3-14) [3] have been 

significantly updated compared to previous editions. These developments were primarily driven by 

analytical studies conducted on reinforced concrete shear wall buildings, considering a variety of shear 

wall capacities, foundation capacities and soil types [4]. Even though the new provisions are 

comprehensive, well-structured and provide much clearer guidance to engineers, their application to 

concrete and steel buildings reveals some inconsistencies. The reasons behind these inconsistencies are 

twofold: on one hand, CSA A23.3 and CSA S16 [5] define differently the appropriate level of 

superstructure capacity that should be developed by foundations, and on the other hand, there is an 

inherent difference between the yielding mechanisms that develop in concrete walls (single plastic 

hinge at the base) and steel frames (distributed yielding mechanism). For these reasons, the overstrength 

tends to be more pronounced for steel frames, which in turn leads to very large foundation design forces 

and thus large foundation sizes. It has been observed in practice that, in some cases, the cost of concrete 

foundations may even surpass that of the bracing system, thereby calling into question the feasibility to 

use a steel frame to resist seismic loads. It is therefore of interest to re-evaluate foundation design 

provisions for steel braced frames, with the objectives of promoting safe and resilient seismic 

performance while avoiding unnecessary costs. 

In this study, 3-storey steel buildings with X-type tension-compression bracing were designed 

for Vancouver, Canada, to examine different design strategies for foundation design. Two soil types 

were considered. The foundations design followed Canadian and US seismic design provisions. Non-

linear time history analyses were then performed using the OpenSees program. The model included the 

inelastic frame behaviour and the nonlinear soil response. The forces imposed on foundations obtained 

from nonlinear time history analysis are compared with design predictions. The foundation 

displacements and stresses in the soil are also examined to assess the consequences of foundation 

flexibility on the global structural seismic response.  

2. Building design 

2.1 Design of the superstructure 

The 3-storey building under study is in Vancouver, BC on Class C (very dense soil or soft rock; 360m/s 

≤ vs ≤ 760m/s) and Class E (soft soil; vs ≤ 180m/s) sites. The plan view of the building and the design 

gravity loads are given in Fig. 1. In the N-S direction, examined in this study, lateral resistance is 

provided by four X-type tension-compression concentrically braced frames of moderate ductility (MD) 

type with Rd = 3 Ro= 1.6, where Rd and Ro represent force reduction coefficients related to system 

90

https://doi.org/10.5592/CO/2CroCEE.2023.118


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.118 

ductility and overstrength, respectively. The braced bay width is 8m. The typical storey height is 4m, 

and the first storey height is 4.5m, giving a total building height of 13m.   

 

 

Figure 1. Plan view of the studied building and design gravity loads 

The frames were designed following the requirements of NBCC 2015 and CSA S16-14. The 

seismic design base shear was determined from a response spectrum analysis assuming fixed-base 

conditions. The resulting seismic design base shears were 2753 kN and 4162 kN, for the VCR-C and 

VCR-E frames, respectively. Frame members were first sized to satisfy ductility requirements. Braces 

were selected from square cold-formed HSS sections while beams and columns were selected from W 

sections and designed to carry gravity loads and forces corresponding to the development of the brace 

probable resistances in tension and compression without exceeding forces induced by seismic loads 

calculated with RdRo = 1.3. As per CSA S16-14, in addition to vertical loads, a bending moment equal 

to 20 percent of the column plastic moment was considered to account for the bending moments that 

arise from non-uniform storey drift demands over the frame height. The frames were then verified for 

adequate stiffness and the strength under all relevant load combinations including gravity loads, 

notional loads, wind and seismic loads and drift requirements of NBCC. All initially selected sections 

proved satisfactory. More detailed information on the superstructure design can be found in [6].  

2.2 Design of foundations 

Foundations were first designed following the provisions of the Canadian concrete design standard CSA 

A23.3-14 for two design options: capacity-protected (CP) and not-capacity-protected (NCP). For 

comparison, an alternative design was also carried out using the US design approach, in which no 

capacity considerations were taken into account to determine foundation design forces. CSA A23.3-14 

requires that the overturning moment resistance of CP foundations be sufficient to withstand the 

overturning moment introduced by gravity loading and the overturning capacity of SFRS. The latter is 

determined as a function of realistic estimate of system ductility. CSA A23.3 distinguishes between 

nominal and probable capacity for concrete systems by defining the specific resistance factors for 

concrete and steel reinforcement as well as the level of stress developed in tension reinforcement (c = 

s = 1, fy for nominal; and c = s = 1, 1.25fy for probable). CSA S16-14, on the other hand, explicitly 

addresses neither the capacity level of SFRS for seismic design of foundations, nor the nominal 

capacities of its components. Consequently, in this study, the design overturning capacities of the 

frames were determined using probable tensile and compressive brace resistances.  

NCP foundations must satisfy the following design criteria: (i) they should withstand the 

overturning moment imposed by gravity loading and the larger of: (a) the overturning moment resulting 

from the factored loading that includes the seismic loads, calculated using RdRo=2.0, or (b) 75% of the 

nominal overturning capacity of the SFRS; (ii) the soil stress must not exceed the factored soil bearing 

resistance and (iii) the displacement of the superstructure determined for fixed-base conditions, 
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increased to account for the impact of foundation rotation, must not exceed the limit prescribed by 

NBCC 2015 for selected SFRS. The following criteria were considered for the US design approach: (i) 

the foundation must resist the overturning moment from the combined factored seismic and vertical 

loading and (ii) the soil stress must not exceed the factored soil bearing resistance. Note that the 

foundation design in US is done considering allowable bearing stresses in which case the service level 

of earthquake loading is used (one third of the full load), and the bearing stresses can be augmented by 

30 percent for a combined effect of vertical and lateral loading. For consistency, this relaxation was not 

considered in the present study and the calculations were done with factored load and factored 

resistances. 

 

Table 1– Summary of foundation dimensions and soil properties for studies frames 

Footing 

dimensions (m) 
VCR-C VCR-E  Soil properties* Site C Site E 

 Capacity-protected foundations (CP)  

Length (L) 15 17.5  qult (kPa) 3000 400 

Width (B) 4 6  qf (kPa) 1500 200 

Depth (d) 1.3 1.5  G (MPa) 100 20 

 Not capacity-protected foundations (NCP)   

Length (L) 14 15  * qult: ultimate bearing soil resistance 

qf: factored bearing soil resistance 

G: shear modulus 

Width (B) 4 6  

Depth (d) 1.3 1.5  

 US design approach  

Length (L) 10 12  

Width (B) 1.35 4  

Depth (d) 1.0 1.5  

 

A summary of soil properties used for the design is given in Table 1. Factored bearing resistances, 

qf , for site class C and E soils were obtained from field data. Ultimate bearing resistance, qult , and shear 

modulus, G, were determined from the Canadian foundation manual [7]. Note that, even though qult 

varies as a function of the foundation dimensions, it was established by inspection that for the soil 

friction angles considered in this study, the impact on dimensions was negligible. For that reason, as 

seen in Table 1, the same values of factored bearing resistance were used for design of all foundations 

on the same class site. Table 1 also lists the footing dimensions of the two frames studied. For CP and 

NCP foundations, the overturning moment demand governed footings dimensions for Class C site. For 

the frames on Class E site the critical parameter for foundation design was the inter-storey frame drift, 

augmented to include anticipated foundation rotations. In order to avoid the increase in the frame 

overstrength the excessive drift of the superstructure for NCP foundations was controlled in this study 

by increasing the foundation dimensions to minimize its rotations. Foundation designed following the 

US approach was controlled by the bearing soil stress for Class E site while for the Class C site it was 

possible to optimize simultaneously the bearing resistance and the overturning capacity.      

3. Nonlinear time history analysis: Modelling and ground motions  

Nonlinear time history analysis (NLTHA) of the soil-foundation-structure system was done using the 

OpenSEES program [8]. Force-based nonlinear beam-column elements were used for braces whereas 

elastic beam-column elements were used for the beams and columns. The model can represent tension 

yielding and in-plane and out-of-plane flexural buckling of braces and thus permit to explicitly evaluate 

deformation and force demands imposed by braces to other frame members and foundations.  

As recommended by Aguerro [9], each brace was divided into 16 elements, with 4 integration 

points per element and fiber discretization of the section to reproduce distributed plasticity. The Giuffré-

Menegotto-Pinto (Steel 02) material with kinematic and isotropic hardening properties was assigned to 

the fibers. Initial out-of-straightness was considered. Zero-length elements with high axial and 
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negligible flexural stiffness were applied to model the beam-to-column connections. Column bases 

were assumed to be fixed. To include P- effects in the analysis, a fictitious gravity column was added. 

3% Rayleigh damping was specified [10]. 

A flexible boundary substructure approach [10] was applied to model the behaviour of the soil-

foundation system, including rocking and permanent settlement of the foundation. Nonlinear soil-

foundation response was represented using the Beam-on-Nonlinear-Winkler-Foundation concept [11]. 

The foundation was modelled as an elastic beam with a finite number of vertical (q-z type) nonlinear 

springs. Nonlinear springs were non-uniformly distributed to simulate the rocking behaviour. A variable 

spring stiffness was used in order to represent the higher reactions that can develop in the end-zones 

under the vertical loads. The footing end-length ratio (Lend/L) was set at 20%, and a spring spacing ratio 

(Ie/L) of 4% was selected considering a minimum of 25 springs along the footing length [12]. More 

detailed information about the frame and soil-foundation modelling is available in [6]. 

Ground motion records were selected on the basis of the magnitude-distance scenarios that 

contribute the most to the seismic hazard for the design cases studied [13]. Two distinct ground motion 

sets were constituted, one for each class site category. Each set was composed of 15 historical ground 

motions that were grouped in three subsets of five records for each typical tectonic source (crustal, in-

slab and interface). All ground motions records were calibrated to match the NBCC design spectra 

following the procedure described in [14].  

4. Results and discussion  

The response of the soil-foundation-frame system was examined by tracking the overturning moment 

at the frame base, the foundation uplift and the settlement of the soil, maximal forces in the nonlinear 

soil springs and inter-storey drifts. The extent of inelastic activity in braces was also monitored and the 

principal mechanisms of energy dissipation were identified.  The results are expressed as the mean 

value of the five largest peak response values found for individual ground motion records as 

recommended in [14]. 

 
Table 2– Summary of the results for the overturning moments on foundations 

Building 
Foundation 

type 

Mf  SSI 

(kNm) 

Mp 

(kNm) 

Md 

(kNm) 
Mf  SSI/Mp Mf  SSI/Md Md/Mp 

VCR-C 
CP 

22162 26552 26552 0,83 0,83 1 

VCR-E 26806 31464 31464 0,85 0,85 1 

        

VCR-C 
NCP 

20645 26552 20971 0.78 1.07 0.79 

VCR-E 25519 31464 26544 0.81 1.01 0.84 

        

VCR-C US  

approach 

15609 26552 10324 0.59 1.50 0.39 

VCR-E 21500 31464 14069 0.68 1.53 0.45 

 

In Table 2, the overturning moment demand on the foundation obtained from the analysis (Mf SSI) is 

compared to the foundation design overturning moment Md to assess the values used in design. The 

ratio of Md to Mp is also given. For CP foundations, the design overturning moment Md is equal to the 

probable overturning resistance of the frame Mp. As seen in Table 2, the ratio of the overturning moment 

demand to design moment (Mf SSI/Md) varies between 0.83 and 0.85. This result suggests that the design 

estimates are somewhat conservative and implies that the foundation has sufficient resistance to ensure 

energy dissipation primarily through inelastic frame response. Indeed, results obtained for brace axial 

forces and deformations confirm that a significant inelastic activity took place in these elements. On 

the other hand, the results obtained for foundation uplifts (VCR-C 11.6 mm, VCR-E 4.1mm) and 

permanent soil settlements (VCR-C 1.8 mm, VCR-E 12.4 mm) indicate that some limited inelastic 
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response of the foundation-soil system did occur, including primarily rocking for Class C site frame 

and a combination of predominant inelastic soil response and some rocking for Class E site frame. The 

maximum forces in the soil springs reached 0.1qult et 0.46qult for Class C and Class E sites, the values 

that can be easily accommodated by the soil. 

For NCP foundation, ratios of Mf SSI to Md are close to one for both site classes, showing that the 

design foundation moments were well predicted. Inspection of inelastic brace response as well as 

recorded foundation uplifts (VCR-C 21.4 mm, VCR-E 18.3 mm) and permanent soil settlements (VCR-

C 2.1 mm, VCR-E 23.8 mm) confirm that, for both sites, the energy was dissipated jointly in the frame 

and in the soil-foundation system, thereby limiting the inelastic frame demand. For Class C site frame, 

rocking behaviour dominated the soil-foundation response, while for Class E site frame the energy 

dissipation through rocking and inelastic soil deformations was comparable.  

The foundations designed following the US methodology, which were the smallest two of the six 

foundations examined, underwent very important rocking and the inelastic response of the soil 

underneath was extensive. In fact, all energy dissipation happened in the foundation-soil system, 

eliminating completely the inelastic frame response. In Fig. 2 the normalized maximum brace 

compression and tensile forces for VCR-E frame are below one in all cases, confirming that no inelastic 

activity took place in the superstructure. Similar observation was made for the VCR-C frame, for which 

only two ground motion records induced small inelastic demand in the top storey braces. Note that 

sliding behaviour of foundation was not represented in the model because the previous studies 

conducted by the authors revealed that for CP and NCP foundation this failure mode was not critical. 

However, considering the size of the foundation, it is possible that for the VCR-C frame, and for the 

two records that induced some yielding in compression braces, the sliding would most probably have 

happened first thereby eliminating completely the inelastic response of the superstructure.   

 

Figure 2. VCR-E frame: Normalized compressive and tensile forces in braces 

Such behaviour was anticipated because of a relatively small size of the foundations that resulted from 

the US design approach; their volume (13.5 m3 and 72 m3) was approximately 5.5 and 2 times smaller 

compared to the volume of CP (78 m3 and 157.5 m3) and NCP (72.8 m3 and 135 m3) foundations for 

the VCR-C frame and VCR-E frame, respectively. To draw a picture of foundation-soil behaviour and 

to assess whether the imposed demand was acceptable or not, the permanent soil settlements and the 

maximum forces in the soil springs were examined. For the VCR-C frame the energy was principally 

dissipated through foundation rocking with maximum uplift reaching 38 mm, while the permanent soil 

settlements remained below 5 mm. However, the springs at the ends of foundation attained the ultimate 

bearing soil resistance qult, which level is of great concern even though there is uncertainty about the 

bearing soil resistance being fully mobilised in view of the small permanent settlement. For the VCR-

E frame, the maximum uplift of 53 mm was recorded, while the maximum observed permanent soil 

settlement was extremely high (143 mm), exceeding by almost 6 times the limit of 25 mm considered 

in the literature as acceptable [15]. Even though the superstructure remained completely elastic in this 

case, the foundation was far too small to guarantee a satisfactory seismic response. 
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It is interesting to note that in all cases, the maximum inter-storey drifts remained well below the 

NBCC limit of 2.5%. The largest values were recorded for the frames with foundations designed 

following the US approach and were equal to 0.6% and 1.2% for the VCR-C and VCR-E frames 

respectively.  

5. Conclusions  

In this study, different strategies for seismic design of shallow foundations were examined on the 

example of a 3-storey steel building with tension-compression X-bracing of medium ductility (MD) 

type, located in Vancouver, BC, Canada. The study included two soil conditions: very dense soil or soft 

rock (Class C site) and soft soil (Class E site). Design of the frames was carried out in accordance with 

Canadian design requirements for steel structures. Foundations were designed in compliance with the 

Canadian requirements for both capacity-protected and not capacity-protected footing options. For 

comparison, the US design methodology was also applied whereby no overstrength of the superstructure 

was considered to determine the design loads for foundations.  

The results showed that inclusion of soil-structure interaction reduced the overturning moment 

demand on the foundation in all cases. For CP foundations, design estimates were on the conservative 

side and the energy dissipation occurred mainly but not exclusively in the superstructure, contrary to 

what was foreseen in the design. For NCP foundations, the design estimates of the overturning moment 

demand on the foundation were accurate and the energy dissipation involved both inelastic frame 

response and nonlinear response of foundation-soil system. The latter involved rocking that was more 

prominent for Class C site and the inelastic soil response with permanent settlement that was more 

noticeable for Class E site. The US methodology resulted in the smallest foundations for sites 

considered and design moments were underestimated by about 35%.  For both sites, the energy 

dissipation was observed in foundation-soil system and the superstructure remains elastic. For Class C 

site, most of the seismic energy was converted to kinematic energy developed by foundation rocking 

and very small permanent settlement were observed. However, the soil springs at foundation ends 

reached the ultimate bearing resistance, which is of great concern as the seismic performance of the 

superstructure can be jeopardized. For Class E site, excessive permanent settlement that were observed 

would fully compromise the integrity of the superstructure. The results of this study suggest that some 

overstrength needs to be considered in seismic design of shallow foundations for steel braced frames, 

but smaller than what is suggested in Canadian design procedures. Determining the most appropriate 

value is the subject of an ongoing study. 
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Abstract 

One of the most popular themes in earthquake geotechnical engineering is the simulation considering the phase 

interaction among different phases inside the soil medium. The present article aims at providing numerical 

simulations of an earth fill dam composed of multiphase material models. Moreover, the assessment of 

liquefaction potential is investigated considering the presence of core structure inside the dam body which 

obviously has great implications for the results. The formulation of the coupled approach is presented as a mixture 

of three constituents – soil grains, water and air in the pores.  

Mixture theory is considered including the concept of volume fractions in defining of the coupled approach. An 

earth dam has a trapezoidal cross section with the presence of core structure inside the dam body. The flow of 

water is different and simulations are more time consuming for which results from literature are used in 

verification process. The simulation considers a nonlinear behavior with respect to the water retention curves and 

material model for the solid state. The hydrostatic distribution of water pressured at steady state conditions show 

obvious differences in saturation of the earth filled dam and are in accordance with the results from literature.  

The dam is assumed to be situated above a hard rock formation. The soil material of the dam body is simulated as 

hypoplastic material model which is nonlinear even for the small deformations. The usage of hypoplastic model 

and the accumulation of strain in each cycle of the stress – strain relation makes the model advantageous. Results 

are compared accordingly, and conclusions provide directions for further usage of the multiphase model in 

simulation of this type of structures 

 

Keywords: Earth Dam, numerical simulations, multiphase modelling 

1. Introduction 

Heterogeneous materials and their numerical simulations are of great interest for simulation as a 

multiphase medium [1-3]. In geotechnical engineering, multiphase modelling has great significance 

because realistic predictions of soil behaviour can be obtained both in cases of loading and unloading. 

In simulation of hydro mechanical behaviour of dam bodies, multiphase flow plays an important role 

in simulation due to the nonlinear nature of fluid flow in pores. In simulating porous mediums such as 

soil, behaviour is largely driven by the interaction of solid skeleton with water and/or air in the pores. 

Therefore, the coupled problems of fluid flow and deformation of the solid skeleton are considered in 

detail. In the description of soil media, different approaches are presented in the literature [4-7]. One of 
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the main advantages of using this particular numerical model is that the model can simulate different 

mechanical properties of porous geo-materials. In this work, the implementation of the numerical model 

is performed by using the software ANSYS [8]. 

2. Development of numerical model 

In defining porous media, one of the great challenges is to mathematically represent the stages involved. 

In describing these porous media in the soil, factors such as water saturation and pore pressure have a 

strong influence on load distribution. In the description of the material, a macroscopic approach was 

used in which the behaviour of the soil is homogenized (smeared) through a representative volume 

element. The concept of the volume-share has been used to estimate the participation of each constituent 

in the formulation of equilibrium equations for each phase and to take into account the interaction 

between phases. Following the concept of volume fractions, the entire volume consists of a solid 

fraction Vs and a pore volume Vp. The pore volume fraction is composed of water and air phases Vw 

and Va, respectively as given in Figure 1.  

 

Figure 1. Homogenization of soil medium 

In order to include the local composition of the mixture, local volume relations are introduced according 

to the concept of volume shares. The volume V of the total medium arises from the sum of the partial 

volumes of the constituent bodies. 

 

 (1) 

The volume shares of solids in relation to the pore volume is given by void ratio n while the proportion 

of pores sizes are described by void ratio e. 

Pore volume

Total volume

g wV V
n

V

+
= =  (2) 

Pore volume
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V

+
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Assuming no mass exchange between phases the balance of mass can be written for each phase as: 

0
d

dt

 





 +  =  (4) 

On the other hand, the local form of momentum balance equation for the mixture under quasistatic 

conditions is given as follows: 

0g  + =  (5) 

The capillarity and saturation relationships provide a link between the volume fractions of water and 

air. Their pressures describe the ability of the soil to store water. The relationship between capillarity 

and soil saturation depends not only on the properties of the fluid but also on the structure of the porous 

B

V dv V 
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medium. Probably the oldest relationship between capillarity and saturation and still widely used 

approach was first introduced by Brooks and Corey [9]. On the basis of test results, the capillarity 

saturation relationship is defined as: 

for

for1

c ee

c
e

c e

p pp

p
S

p p

  
 
 = 

 


 (6) 

3. Numerical implementation 

In this section, the focus is on the implementation of the finite element method of the proposed 

numerical model in the ANSYS software. Spatial discretization is done by interpolation polynomials 

(functions of forms). Usually, biquadratic and bilinear approaches are chosen for structural degrees of 

freedom. The solution of the differential equation is consistent with the physical nonlinearity in the time 

domain. The total implementation in ANSYS software can be shown as in Figure 2 below: 

 

 

 

Figure 2. Implementation of the proposed model in ANSYS software 

 

Following the work of first author [2] the finite element equations for the numerical model can be 

summarized as follows: 
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T
ag aa asa aw aa a

C 0 0 u fM 0 0 u K C C u

M 0 0 0 C P C p 0 H 0 p f

pM 0 0 0 0 0 H fC C P p

 (7) 

The nodal degrees of freedom for displacement, water and air pressure are taken into consideration as 

u, pw and pa. Their first and second time derivative of solid phase complete the system of equations. The 

different matrices of the system of equations describe different properties of the numerical model. The 

indices provide information about the nature and function of the matrix, which can be interpreted as 

follows. The coupling matrices Csw, Csa describe the interaction of the solid phase with water and air 

phases. The mutual influence of the fluids with each are represented by Cwa. The compressibility of 

the various phases and their effects on the entire media is considered by compressibility matrix Pww. 

The permeability matrix Hww on the other hand, concerns the flow behavior.  

4. SIMULATION OF DAM BODY SUBJECTED TO SEISMIC LOADING 

This particular example shows the implementation of the proposed numerical model in partially 

saturated soil medium through a numerical simulation of the dam body given in the work of several 

authors [1, 7]. The dam body is a compacted earth dam with 52m length and 12 m height. The 

comparison and verification of the steady state is done in the work of authors [1]. The dam body has a 

core structure in order to hinder the increase of pore water pressure in case of earthquake excitations. 

The dam body configuration is shown in Figure 3 below. 

 

 

Figure 3. Dam body model with core inside 

The dam body is assumed to be situated above a hard rock formation. Therefore, the base of the dam is 

assumed to be impermeable and fixed, i.e. the deformability is constrained apart from the drainage 

which has a length of 12m. The initial effective stress of the dam is obtained after the seepage analysis 

and static equilibrium has been reached. As can be seen in Figure 4 the presence of core inside the dam 

body does not allow the water to flow and thus the pore water pressure is mainly in the upfront part of 

the dam body.  
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 Figure 4. Pore pressure distribution inside the Dam body 

On the other hand, the comparison of saturation shows that the presence of core structure inside the dam 

body has great effects on overall saturation. The saturation distribution inside the dam body is given in 

Figure 5 below.  

 

 

 

 

 

 Figure 5. Comparison of saturation distribution 

As can be seen from Figure 5, the core structure inside the dam body apart from hindering of saturation, 

can absorb water with slow permeability since the composition of the core is assumed to be clay. 

 

a) b) 

c) d) 

a) 

b) 
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5. Earthquake simulations of the dam body 

In order to take account of earthquake triggering, three acceleration histories namely, El Centro N-S, 

USA, 1940, with magnitude M=6.7; Robic N-S, recorded during the Furlania (Italy) earthquake of 

15.09.1976 with magnitude M=6.1., Bitola N-S, recorded on 01.09.1994 with magnitude M=5.2-5.4 

have been used in order to analyze the behavior of the dam body under earthquake excitations. The 

input earthquake time histories are scaled to 0.25g and are given in the Figure6 below: 

 

Figure 6. Selected acceleration histories from earthquakes  

The earthquake time histories are used as input accelerations at the base of the dam body for analyses 

in order to estimate the dynamic response of the dam body under strong earthquakes. In this paper the 

numerical results of pore water pressures are simulated and discussed. The advantage of this model is 

that the used hypoplastic model takes into account the accumulation of strain in each cycle of the stress 

– strain relation [10]. In selection of the material model for solid phase the hypoplasticity material model 

of Von Wolffersdorff [11] has been used. The material parameters used in the simulations for the dam 

body are as follows: density of solid phase ρs=2.7ton/m3
 , density of water phase ρw=1.0ton/m3, 

permeability k=1.0*10-7m/s, compression modulus of solid phase Ks=109kPa, compression modulus of 

water phase Kw=2*104kPa, dynamic viscosity of water μw=1.31*106kNs/m2, critical internal angle 

φc=30o, granulate hardness hs=1600MPa, exponent n=0.39, minimum void ratio ed0=0.62, critical void 

ratio ec0=0.94, maximum void ratio ei0=1.08,numerical parameters α=0.2 and β=1, R=0.0001, mr=2.5, 

mt=9.0, βr=0.25, χ=9. In simulation of earthquake time histories the duration used for simulation is 

considered only 25seconds during which the peak of accelerations of all earthquake time histories are 

found.  In Figure. 7 the pore water pressure development during earthquake time histories are simulated. 

The presence of core structure inside the dam body is given with the notion of (core) and comparisons 

are done consequently. 
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Figure 7. Development of pore water pressure at the top of the dam body 

The obtained values in Figure7 are from the upfront part of the dam body in which pore water pressures 

in cases of dam body and dam body with core structure are compared. As can be seen from Figure 7 the 

pore pressures in case of earth dam without core structure show increase in values as earthquake time 

history is applied. On the other hand, the same earthquakes in case of earth dam with core structure 

does not allow the increase in the pore pressures. However, in the case of Robic NS earthquake time 

history, the pore pressure tends to increase although the increase is very small in comparison with the 

pore water pressure in case of dam body without the core structure. In a nutshell, the dam body with the 

core structure inside, subjected to earthquake excitations triggers very small increase in pore pressures 

inside the dam body. The increase in the pore water pressures is in the upfront side and is considered to 

be small in order to initiate any destructive conditions.  

6. Conclusions 

It should be noted that the presence of core structure inside the dam body contributed to the decrease in 

pore water pressures which are expected in case of earthquake excitations. Parametric analysis was 

considered to examine the effects of different acceleration time’s histories on the behavior of dam body. 

In all three earthquakes the increase in pore water pressures in comparison with the case when the core 

structure is not present, is significantly smaller. The presented coupled approach gains importance 

because of the detailed presentation of the pore pressures which take place in multiphase medium such 

as the soil media. The disadvantage of the presented model is the slowness of the computations due to 

the big size of the included matrices in the calculations. 
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Abstract 

Mine seals are structures used to serve as protection shields against short term instantaneous pressure loadings 
like blasts, which could occur in underground mine workings during serviceability period in combination with 
possible hydrostatic pressure from ground water. They can also resist accidental loads, like earthquakes, that may 
occur during the excavation period. In this paper, experiences in modelling and nonlinear finite element analysis 
of mine seal structures that have preceded the design phase are presented. Namely, for the period of 10 years, 
more than 20 study cases of mine seals have been modelled and analysed by the authors. Each separate study case 
consisted of a number of different model types, depending on various assumptions about prescribed boundary 
conditions, material used, seal structure adopted, prescribed loading, existence of bolts, existence of openings, 
etc. For all cases, there have been performed force-displacement progressive failure analyses (PFM), with detailed 
description of the failure mechanism and critical points on the obtained diagrams. The design force-displacement 
diagrams have been constructed by using an overstrength factor and a material partial safety coefficient. The 
design limit states criteria have been defined for each study case taken separately. All study cases are presented 
comparatively in a tabular form according to the material and geometrical properties, failure mechanisms and 
design limit state criteria. The numerical analyses have been performed by using the software package 
FELISA/3M. Willam-Warnke and Drucker-Prager elastic-plastic criteria have been used to account for the 
material nonlinearity. Models have been built using SOLID iso-parametric finite elements with 20 nodes for 
modelling of the seal body and LINK elements for modelling of the contact surfaces between the body and the 
surrounding rocks. This study is believed to have given a valuable insight into modelling and methods for analysis 
of mine seals structures, useful for practitioners in this field. 

Keywords: Mine seals, finite element method, nonlinear analysis, failure analysis, backward Euler scheme 

1. Introduction 

The purpose of mine seal structures is to isolate abandoned mine tunnels from still active mining 

workings (see Fig. 1). Namely, mine seals should prevent spreading of possible explosions from the 

abandoned areas into the active workings. Also, they may be designed to prevent the leakage of 

potentially explosive or toxic gases, or their migration into the active zones. The bearing system of the 

seal structures and the material from which it is made can be quite different, depending on the in-situ 

conditions. The technology of construction and the very design of the seal structures is a special topic 

of research [1,2] that should follow appropriate technical norms, depending on the country in which 

they are constructed. In this work, we will not deal with the technology and design phases themselves, 

rather than with the numerical modelling and analysis of the mine seal structures using the finite element 

method (FEM). It should be noted that, presently, this topic is very much of interest. Namely, it is 

anticipated that a huge number of underground mines in the world will be closed in near future because 

of the global climate change problem. This will require these types of seals. 

With the recent technical norms in the world the level of seal design requirements and criteria related 

to the strength of the constructed mine seals have been increased [1, 2]. These requirements can be best 
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satisfied if the seal design includes the following three phases: laboratory testing, in-situ testing, and 

FEM nonlinear analysis. Usually, the properties of the proposed construction material are determined 

by laboratory tests. In addition, the in-situ testing provides the remaining input parameters for numerical 

finite element modelling related to properties of the surrounding rock deposit, conditions at the contact 

zones between the rock deposit and the seal structure, possible hydrostatic pressure level, the level of 

the risk pertaining to explosions, etc. Finally, FEM nonlinear analysis can simulate the failure 

mechanism of the seal structure based on the input parameters from the tests. According to the National 

Institute for Occupational Safety and Health (NIOSH) [1], the following failure modes of the mine seal 

structures are possible and permitted: (1) bending and tensile failure through the seal structure, (2) shear 

failure through the seal foundation, (3) shear failure along the seal-foundation interface, and (4) shear 

failure through the seal. Finite element numerical modelling and nonlinear parametric analysis can serve 

for control of the resulting failure modes and proportioning the mine seal structures (usually the seal 

thickness is the unknown parameter). To achieve these goals, push-over progressive failure analysis 

(PFA) for obtaining the force-displacement curve has been the basic task in the research.  

  

Figure 1. a) Drift seal built of concrete, b) Tunnel seal with doors 

The paper is organised as follows: In the subsequent Chapter 2, the adopted numerical finite element 

models, the material elastic-plastic constitutive relationships and the implemented computational stress-

update methods are discussed. Discussion about the design criteria adopted in the analyses, depending 

on the obtained progressive failure mechanisms (PFM) is given in Chapter 3. In Chapter 4, a detailed 

comparative review of the performed analyses is made, describing and classifying them according to 

prescribed boundary conditions, adopted seal bearing structure, material used, prescribed loading, 

existence of bolts, existence of openings, obtained failure mechanism, etc. Then, conclusions and a table 

of consulted references are given. 

2. Numerical modelling of mine seal structures 

2.1 Finite element discretization 

To accomplish the required goals – determination of the failure mode type and the seal thickness, a 

proper nonlinear finite element incremental force-displacement (or push-over) analysis is necessary. 

Nonlinear finite element modelling and analysis is generally a complex and a responsible task, 

especially for structures like mine seals built of concrete-like or foam-like materials. In this chapter, the 

assumptions regarding the developed finite element models and the used material models for the 

analysed structures are discussed in more details. 

To get an insight into the total spatial distribution of the stresses and deformations in the seal structure, 

three-dimensional models that include 3D solid iso-parametric mapped elements for the seal body have 

been used for all study cases. The used solid elements have 20 nodal points and 3x3x3=27 Gaussian 

points that have been used for numerical integration. Each nodal point has 3 translational degrees of 

freedom (DOFs). In the cases where the contact zones are modelled, 3D link elements with two nodal 
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points are used, each with 3 translation DOFs. If models contain steel bolts, then 3D truss elements are 

also used to model them. The finite element mesh for all cases has been generated by using a special 

pre-processor software for automatic generation of the prescribed 3D domain with solid iso-parametric 

elements, considering the openings, and also including the link and truss elements, if necessary. 

2.2 Elastic-plastic material modelling 

Having in mind the properties of the materials, plasticity-based material models have been adopted. For 

seals built of concrete-like materials (as plaster only, plaster plus cement, “flexus” material, etc.) the 

three-parameter Willam-Warnke model of concrete formulation [3-8] has been adopted. Also, for seals 

built of Silcrete Thin Skin Lining (TSL) two-component material, the Willam-Warnke three-parameter 

yield criterion has proved to be convenient. On the other hand, the so called Rocksil (foam-like) material 

has been modelled by using the Drucker-Prager yield criterion [5-8]. In the following, we will focus on 

the numerical solution for the mentioned two elastic-plastic models, especially on the use of the so-

called backward-Euler return method for stress update integration. 

If the yield surface f is presented as a function of invariants I1, i.e., the first stress tensor invariant, J2 and 

J3, i.e., the second and the third stress deviator tensor invariants, then the flow vector a can be 

determined using the following relation [10]: 

 𝒂 =
𝜕𝑓

𝜕𝝈
= 𝐶1𝒂1 + 𝐶2𝒂2 + 𝐶3𝒂3 = 𝐶1

𝜕𝐼1

𝜕𝝈
+ 𝐶2

𝜕𝐽2

𝜕𝝈
+ 𝐶3

𝜕𝐽3

𝜕𝝈
 (1) 

where the coefficients Ci depend on the yield function f adopted. For known tensor of stresses in 

Cartesian coordinates adopted in the vector form: 

 𝝈𝑇 = {𝜎𝑥 𝜎𝑦 𝜎𝑧 𝜏𝑥𝑦 𝜏𝑦𝑧 𝜏𝑧𝑥} (2) 

the partial derivatives in Eq. (1) depend only on the stress state, and they can be easily derived. Eq. (1) 

is sufficient to enable the forward-Euler method for stress update integration to be applied to the 

different yield criteria. However, to implement the backward Euler return method, differentiating of the 

flow vector a with respect to stresses 𝝈 is necessary, in which case we obtain: 

 
𝜕𝒂

𝜕𝝈
= 𝐶2

𝜕𝒂2

𝜕𝝈
+ 𝐶3

𝜕𝒂3

𝜕𝝈
+ 𝐶22𝒂2𝒂2

𝑇 + 𝐶23𝒂2𝒂3
𝑇 + 𝐶32𝒂3𝒂2

𝑇 + 𝐶33𝒂3𝒂3
𝑇 (3) 

where 
𝜕𝒂2

𝜕𝝈
 and 

𝜕𝒂3

𝜕𝝈
 can be easily found. For Drucker-Prager yield criterion, given in the following form: 

 𝑓 = 𝐷𝐼1 + 𝐽2
1 2⁄

− 𝜎0 (4) 

where D and 𝜎0 are constants, the coefficients in Eqs. (1) and (3) will be as follows [9,10]: 

 𝐶1 = 𝐷,  𝐶2 =
1

2
𝐽2

−1 2⁄
,  𝐶3 = 0, 𝐶22 = −

1

4
𝐽2

−3 2⁄
, 𝐶23 = 𝐶32 = 𝐶33 = 0 (5) 

The obtaining of the coefficients Ci and Cij for the yielding surface of Willam-Warnke three-parameter 

elastic-perfect plastic model is much more complicated. It has been conducted by the first author and 

the resulting coefficients have been implemented in the FELISA/3M computer software [11]. The yield 

surface of Willam-Warnke three parametric criterion has straight meridians and is expressed by means 

of average stresses σm, τm and the angle of similarity θ has the following form [3,5]: 

 𝑓(𝜎𝑚, 𝜏𝑚, 𝜃) =
1

𝜌

𝜎𝑚

𝑓𝑐
′ +

1

𝑟(𝜃)

𝜏𝑚

𝑓𝑐
′ − 1 = 0 (6) 

where: 

 𝜎𝑚 =
𝐼1

3
 , 𝜏𝑚 = √

2

5
𝐽2 (7) 
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and 𝑓𝑐
′ is uniaxial compressive strength of the material (concrete). In the yield surface (6), 𝑟(𝜃)  is the 

radius of the elliptic trace of the failure surface for  0 ≤ 𝜃 ≤ 600, with angle of similarity 𝜃 defined 

in terms of invariants by the following expression [5,7]:  

 cos 3𝜃 =
3√3

2

𝐽3

𝐽2
−3 2⁄  (8) 

The solution of the coefficients Ci and Cij has been conducted in terms of three parameters ρ, rt and rc. 

The three parameters ρ, rt and rc can be identified by the three typical concrete tests: the uniaxial-tension 

test, the uniaxial compression test and the equal-biaxial-compression test. Using the normalized strength 

values: 

 𝑓�̅�
′ =

𝑓𝑡
′

𝑓𝑐
′  and 𝑓�̅�𝑐

′ =
𝑓𝑏𝑐

′

𝑓𝑐
′  (9) 

where 𝑓𝑡
′ is the uniaxial tension concrete strength, and 𝑓𝑏𝑐

′  is equival-biaxial-compression concrete 

strength, the three parameters can be found by the following relations [3,5]: 

 𝜌 =
𝑓�̅�𝑐

′ �̅�𝑡
′

𝑓̅
𝑏𝑐
′ −𝑓�̅�

′ (10) 

 𝑟𝑡 = (
6

5
)

1
2⁄ 𝑓�̅�𝑐

′ 𝑓�̅�
′

2𝑓̅̅̅̅
𝑏𝑐
′ +𝑓�̅�

′ (11) 

 𝑟𝑐 = (
6

5
)

1
2⁄ 𝑓�̅�𝑐

′ 𝑓�̅�
′

3𝑓̅̅̅̅
𝑏𝑐
′ 𝑓�̅�

′+�̅�𝑏𝑐
′ −�̅�𝑡

′ (12) 

The differentiation of the yield function (6) with respect to stresses 𝝈, having in mind the relation (8) 

for similarity angle 𝜃, leads to the final coefficients Ci, as follows: 

 𝐶1 =
1

3𝜌𝑓𝑐
′  (13) 

 𝐶2 =
√2

2√5
𝐽2

1 2⁄ 1

𝑟(𝜃)𝑓𝑐
′ [1 −

cos 3𝜃

sin 3𝜃

𝑑𝑟

𝑑𝜃

1

𝑟(𝜃)
] (14) 

 𝐶3 =
√6

√5

𝑑𝑟

𝑑𝜃

1

2 sin 3𝜃𝑟2(𝜃)𝑓𝑐
′ 𝐽2

 (15) 

The differentiation of the flow vector (3) results in the following coefficients Cij : 

 𝐶22 = −
1

2
𝜆1𝐽2

−3 2⁄ 𝐴1(𝜃) −
3

2
𝜆1𝐽3𝐽2

−3 𝑑𝐴1(𝜃)

𝑑𝜃
𝐴3(𝜃) (16) 

 𝐶23 = −
3

2
𝜆2

𝑑𝐴2

𝑑𝜃
𝐴3(𝜃)𝐽3𝐽2

−7 2⁄ − 𝜆2𝐴2(𝜃)𝐽2
−2

 (17) 

 𝐶32 = 𝜆1
𝑑𝐴1(𝜃)

𝑑𝜃
𝐴3(𝜃)𝐽2

−2
 (18) 

 𝐶33 = 𝜆2
𝑑𝐴2

𝑑𝜃
𝐴3(𝜃)𝐽2

−5 2⁄
 (19) 

where coefficients 𝜆1 and 𝜆2 are the following: 

 𝜆1 = √2

2√5

1

𝑓𝑐
′  (20) 

 𝜆2 = √6

√5

1

2𝑓𝑐
′  (21) 
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The functions 𝐴𝑖(𝜃) and their derivatives 
𝑑𝐴𝑖(𝜃)

𝑑𝜃
, i=1,2,3, are the following: 

 𝐴1(𝜃) =
1

 𝑟(𝜃)
[1 −

cos 3𝜃

sin 3𝜃

𝑑𝑟

𝑑𝜃

1

𝑟(𝜃)
] (22) 

 𝐴2(𝜃) =
𝑑𝑟

𝑑𝜃

1

 𝑟2(𝜃) sin 3𝜃
 (23) 

 𝐴3(𝜃) =
√3

2 sin 3𝜃
 (24) 

 
𝑑𝐴1(𝜃)

𝑑𝜃
= −

1

 𝑟2(𝜃)

𝑑𝑟

𝑑𝜃
[(1 −

cos 3𝜃

sin 3𝜃

𝑑𝑟

𝑑𝜃

1

𝑟(𝜃)
) −

3

sin2 3𝜃
+

cos 3𝜃

sin 3𝜃

𝑑2𝑟

𝑑𝜃2

𝑑𝑟

𝑑𝜃

−
1

 𝑟(𝜃)

𝑑𝑟

𝑑𝜃

cos 3𝜃

sin 3𝜃
] (25) 

 
𝑑𝐴2(𝜃)

𝑑𝜃
=

𝑑2𝑟

𝑑𝜃2

1

 𝑟2(𝜃) sin 3𝜃
− (

𝑑𝑟

𝑑𝜃
)

2 2

 𝑟3(𝜃) sin 3𝜃
−

𝑑𝑟

𝑑𝜃

3cos 3𝜃

 𝑟2(𝜃)sin2 3𝜃
 (26) 

Note that the radius vector 𝑟(𝜃) function can be found in [5]. Also, the expressions for partial 

derivatives 
𝜕𝐼1

𝜕𝝈
,

𝜕𝐽2

𝜕𝝈
  and 

𝜕𝐽3

𝜕𝝈
 in Eq. (1) and Eq. (3) can be found in [10].  

Together with the stress-update algorithm based on the backward-Euler return method, a procedure for 

calculation of the so-called consistent tangent modular matrix Dp, necessary for integration of the 

tangent stiffness matrix of the structure, has been developed. These two parallel computational phases 

have been implemented in the software package FELISA/3M [11], by which the analyses of mine seal 

structures were performed. It is important to note that the implementation of the backward-Euler return 

method resulted in much faster convergence and consistency of the results, compared to our previous 

experience with the forward-Euler return method. 

 

3. Design criteria based on progressive failure analyses 

The performed nonlinear finite element incremental push-over analyses have provided the force-

displacement curves and the failure mechanisms for all the analysed cases. The failure modes have been 

used further for definition of the design criteria for determination of the seal thickness. In the 

construction of the force-displacement curves, the corresponding force at each incremental step has 

been defined as the sum of the distributed forces over the loaded surface, and the corresponding 

displacement has been defined as a displacement at some representative point (usually, it is the midpoint 

of the loaded surface). The incremental analyses have been performed using the force-controlled 

approach.  

The main question during the analyses was how to define the “ultimate” point, or the point with 

maximum values of both force and displacement. Note that the practical needs directed us to construct 

only the ascending part of the force-displacement curve, rather than its descending part, which was the 

reason why the force-controlled approach was adopted in the analyses. Consequently, the final 

converged incremental step was supposed to be the “ultimate” point. However, the analyses were often 

completed prematurely due to the displacement divergence over the iteration process, before reaching 

the final incremental step, which was regarded as an indication of failure, although, the computations 

were most frequently finished normally with the convergence of the last prescribed incremental step. In 

the case of convergence of all incremental steps, the measure for the ultimate point was judged based 

on the level of the obtained progressive damage during the incremental analysis.  

From the comparative review of the performed analyses given in the subsequent Chapter 4, we will see 

that mainly two structural systems have been adopted for the mine seals: (1) A rectangular plate resting 

on its four edges, loaded in-plane and out-of-plane, or (2) A complex 3D continuum structure with an 

adhesion-type contact between the body and the surrounding rock. The failure mechanism of the first 

109

https://doi.org/10.5592/CO/2CroCEE.2023.26


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.26 

structural type has been identified usually as bending cracking (BC), while the failure mechanism of 

the second structural type has been identified as a shear-slip failure (SSF) at the contact. However, 

sometimes, as a result of variation of the geometry, a mixed failure mode (MFM) has been obtained, 

where principal compression stresses or principal shear stresses in the body have received maximum 

values. For all analyses, the progressive failure mechanism in terms of critical damage phases (points) 

and consequently, the adopted design criterion will be described in the chapter that follows. 

 

4. Comparative review of performed analyses and discussion of results 

4.1 Adopted materials and their properties 

Analyses were performed using the FELISA/3M software package for finite element nonlinear analysis 

of structures [11]. The properties of the seal materials adopted in the analyses are presented in Table 1, 

where fc is uniaxial compressive cylinder strength in MPa, ft
’ is uniaxial tension strength in MPa, E is 

initial Young’s modulus of elasticity in MPa, ν is Poisson’s ratio, and ρ is density in [kN s2/m3]. The 

study case numbers are indicated in the second column of the table, while in the last column the yield 

criterion used in the elastic-plastic analysis is given, where “W-W 3” means Willam-Warnke yield 

surface with 3 parameters, and “D-P” means Drucker-Prager yield surface. For the case of Drucker-

Prager criterion, cohesion c in [MPa] and internal friction angle φ in degrees are given in the table, 

instead of uniaxial tensile strength ft
’. The material properties were adopted according to the obtained 

results from the appropriate laboratory tests. Note that for the first two analyses of the study case number 

14, where HYG 2 PACK material was used, the unknown parameter was the uniaxial compressive 

strength, rather than the seal thickness, so that the resulting strength from the analysis is presented in 

the table. The original HYG 2 PACK used for the third analysis had a compressive strength of 3,3 MPa 

(see HYG 2 PACK (2) in the table), in which case the seal thickness was the unknown parameter. As 

an illustration, a photo of Rocsil foam material (see study case 15-16) is shown in Fig. 2. 

Table 1– Properties of seal materials (body) used in the analyses 

Material 
Study 

case no. 
fc ft

’
 E ν ρ 

Yield 

surface 

Plaster only 1 4,375 1,93 21000 0,2 2,4 W-W 3 

Plaster/cement 1 9,625 2,5 21000 0,2 2,4 W-W 3 

Flexus 2 50,0 5,0 17000 0,2 2,1 W-W 3 

Shotcrete 2 55,0 3,8 17000 0,2 2,1 W-W 3 

Concrete grout (1) 3-8 7,28 1,6 17000 0,2 2,1 W-W 3 

Concrete grout (2) 9 7,28 1,09 17000 0,2 2,1 W-W 3 

Concrete grout (3) 10 15,0 2,25 17000 0,2 2,1 W-W 3 

Silcrete TSL (1) 11-12 35,0 10,0 750 0,49 1,1 W-W 3 

Rocksil (1) 13, 17-18 50,0 
c=0,0217, 

φ=30,2o  
4,166 0,1 0,045 D-P 

HYG 2 PACK (1) 14 

(unknown) 

obtained 

8,5 and 4,2 

0,78 20000 0,2 1,1 W-W 3 

HYG 2 PACK (2) 14 3,3 0,78 20000 0,2 1,1 W-W 3 

Rocsil foam (2) 15-16 70,0 
c=0,0217, 

φ=30,2o  
5,625 0,19 0,063 D-P 

Concrete grout (3) 19-20 80,0 3,72 39348 0,2 2,4 W-W 3 

Silcrete TSL (2) 21 35,0 10,0 512,62 0,49 1,33 W-W 3 

 

4.2 Failure mechanisms and design criteria 

Classification related to the obtained failure mechanisms and the design criteria for some study cases is 

presented in Table 2. Note that for design purposes, force-displacement curves with a strength reduction 

factor of φ=0.75 and loading safety factor of FS=1.5 have been generally used for mostly of the 
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analyses. For some study case these values are different. In the table, bending cracking is denoted by 

“BC”. The progressive failure mechanism is denoted by the order of occurrence of the critical damage 

phases (or points in the force-displacement curve). The critical point abbreviations and other 

abbreviations are explained in the Legend, placed on the bottom of the table. For example, for the study 

case no. 1, the progressive failure mechanism denoted by “TC-BC-SC-MC-CL” means that the first top 

cracks occurred, then the bottom cracks, the side cracks, etc. The design criterion in the table is 

explained by use of the value of the design pressure. For example, for the study case no. 1, the design 

criterion was 1.8(PCL-PTC) where PCL is the corresponding pressure for the collapse (ultimate) point, and 

PTC is the corresponding pressure for the first top cracks.  

 

 

Figure 2. Tunnel seal – Rocsil foam 

To illustrate the modelling, analysis, and obtained progressive fracture mechanisms, we will present 

some results from selected study cases. In Fig. 3 the obtained progressive failure mechanism for study 

case no. 4 of a plate mine seal structure with an opening is presented. It can be observed that the first 

cracks occur on the bottom corners of the opening, then on the top of the plate and finally on the sides 

of the plate. 

In Fig. 4 the same results are presented for study case no. 5 of a plate mine seal structure without 

openings. For this study case the top and bottom cracks appear first, then the side ones, and finally the 

middle cracks develop at the end of the failure mechanism.  

Study case 5 of mine seal structure with bolts is presented in Fig. 5. Note that bolts are modelled by 

truss elements (denoted in green colour). The local deformations near bolts are evident in this case. The 

presented study cases in Figs. 1-3 have been modelled by elastic-plastic Willam-Warnke yield surface 

with three parameters. 

In Fig. 6 the results for study case 16 is presented. Note that for this case loading safety coefficient has 

been adopted with value of 1.1. This study case represents a dam-like mine seal structure built of Rocksil 

foam material, modelled by elastic-plastic Drucker-Prager yield surface. The principal aim of the 

analysis was to simulate all characteristic phases of the progressive failure mechanism of the analysed 

system. To this end, the numerical model has been developed in such a way to grasp two failure modes: 

(1) sliding in the contact between the Rocksil material and the surrounding rocks; and (2) shearing in 

the body of the Rocksil seal material. The sliding failure mechanism in the contact has been controlled 

by the Mohr-Coloumb law using the friction coefficient and the bond strength as parameters, via 3D 

Nonlinear Link elements. The criterion for control of shear stresses in the body was based on the 

maximum shear stress. occurring at the analysed points. As presented in the Fig. 6, both damage 

mechanisms - shear failure in the body and shear-slip in the contact, developed simultaneously, 

however, finally, the structure collapsed in shear-slip failure mode in the contact between the seal body 

and the surrounding rock. In the figure, red dots denote points where principal shear stresses exceed 

allowable values. 
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Table 2– Failure mechanisms and design criteria for some study cases 

Study 

case no. 
Loading Failure mechanism Design criterion 

1 SW + normal pressure 5-20 PSI BC: TC-BC-SC-MC-CL 1.8(PCL-PTC) 

2 SW + normal pressure 2 PSI BC: TC-BC-SC-MC-CL PCL 

3 SW + normal pressure 4,40,100 PSI BC: TC-BC-SC-MC-CL PCL 

4 
SW + normal pressure 2 PSI (plate 

with an opening) 
BC: TC-BC-SC- CL PCL 

5 
SW + normal pressure 2-50 PSI 

(with and without bolts) 
BC: TC-BC-SC-MC-CL PCL 

6 

SW + HP (with bolts) (with bolts in 

two rows, with steel door and seal 

crem) 

/ / 

7 / / / 

8 

SW + HP (two blocks with cold 

joints, bolts in two rows, SF=3.0, 

φ=0.6) 

SS: BC-SC-MC-TC-SCRSH PCL 

9 
SW + normal pressure 343 PSI 

(bolts + rock-concrete adhesion) 

BC: TC-BC-SC-BCRSH-

TCRSH-MC-CL 
PMC+0.2(PCL- PMC) 

10 
SW + normal pressure 23 PSI (with 

and without openings) 

BC: CC-MC-TORCH-

BCRSH-BOCRSH-CL 

(openings) 

PCL 

11 
SW + normal pressure 5 PSI 

(φ=0.7) 

BC: MC-TCF-BCF-SF-BF-

TF 
/ 

12 
SW + normal pressure 5 PSI 

(φ=0.7) 

BC: MC-(TC+BC)-

MCRSH-BCRSH-UMCR-

SCRSH-CL 

PCL 

13 SW + normal pressure 35 & 39 PSI 
SS: MC-(TC+BC)-MCRSH-

BCRSH-UMCR-SCRSH-CL 
/ 

14 
SW + normal pressure 20 PSI 

(FS=1.6) 
BC: MC-CL PCL 

15 
SW + normal pressure 50 PSI 

(FS=1.1) 
SS: YP-CL PCL 

16 
SW + normal pressure 50 PSI 

(FS=1.1) 
SS: YP-CL PCL 

17 
SW + normal pressure 20 PSI 

(FS=1.0) 
SS: YP-CL PCL 

18 
SW + normal pressure 70 kPa 

(FS=1.0) 
SS: YP-CL PCL 

19 
SW + normal pressure 140 kPa 

(FS=1.5, 2.0) 
No damage / 

20 
SW + normal pressure 14 & 35 kPa 

(with bolts) 
BC: MC-CL PCL 

21 
SW + normal pressure 2 & 5 PSI 

(φ=0.7) 

BC: MC-MCRSH-UMCR-

BCRSH-TCRSH-CL 
PCL 

Legend: SW - self-weight, HP - hydrostatic pressure 

BC – bending cracking failure, TC- first top cracks, BC – first bottom cracks, SC – first side cracks,  

MC – first middle cracks, CL – collapse (or end of analysis), SS – shear-slip failure on the contact, BCRSH – 

first bottom crush, TCRSH – first top crush, CC – corner cracks, TOCRSH – top opening crush, BOCRSH – 

bottom opening crush, TCF – first top corner fracture (εu reached),  

BCC – first bottom corner fracture (εu reached), SF – first side fracture (εu reached),  

BF – first bottom fracture (εu reached), TF – top fracture (εu reached), MCRSH – middle crush,  

UMCR – ultimate middle cracks ((εu reached)), SCRSH – side crush, YP – yield point,  

PCL – collapse pressure, PTC – first top cracks pressure, PMC – first middle cracks pressure 

The consistency of the obtained results using the backward-Euler return method can be clearly seen by 

the obtained diagrams of principal stresses and principal strains. For example, in Fig. 7, a representative 

σ1 – ε1 diagrams in principal directions (tension) is shown, selected from the results of the analysis of a 
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plate with bolts (study case no. 6) from where the mathematical consistency of the principal stress σ1 

update is evident. 

  

  

Figure 3. Study case 4, mine seal with opening: Critical steps of PFM (red dots denote cracks) 

  

 

Figure 4. Study case no. 5, mine seal without openings: Obtained force-displacement curve and final step of 

PFM (red dots denote cracks) 
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Figure 5. Study case no. 5 mine seal with bolts: Obtained force-displacement curve and critical steps of PFM 

(green lines denote bolts, while red dots denote cracks) 

5. Conclusions 

Mine seals are structures used to serve as protection shields against short term instantaneous pressure 

loadings like blasts, which could occur in mine cells during the excavation period. With the recent 

technical norms, the level of seal design safety requirements has been increased. In addition to other 

safety measures, these requirements can be satisfied if the seal design includes FEM nonlinear analysis. 

In the paper, the authors’ experience in modelling and analysis of mine seal structures is briefly 

presented. From that point of view, the following conclusions can be made:  

(1) According to results obtained from tests (that are not the subject of this paper), the new technological 

materials like Flexus, Rocksil, Silcrete etc, have been proved to have properties that can be well 

simulated by the Willam-Warnke and Drucker-Prager plastic criteria. Hence, the selected elastic-plastic 

material models implemented in the FELISA/3M software can realistically simulate the progressive 

failure mechanism of mine seal structures in practice.  
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(2) The implemented backward-Euler return method with the consistent tangent modular matrix has 

shown computational stability and fast convergence compared to the forward-Euler return method used 

in many contemporary software packages. 

 

 

Figure 6. Study case no. 16: FEM Obtained force-displacement curve and final step of failure mechanism (red 

dots denote points where principal shear stresses exceed allowable values) 

 
Figure 7. Obtained principal σ1 – ε1 diagrams for all 27 Gaussian points of a characteristic element, study case 

no. 6, plate structure with bolts 
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(3) Basically, two types of mine seal structures have been modelled: (1) Rectangular plates 

(with/without openings and with/without bolts), and (2) Dam-like mine seal structures built of Silcrete 

foam. The first type of structures usually failed in bending mode, while those of the second type usually 

failed in shear-slip mode. Structures of the first type were modelled by the Willam-Warnke yield 

criterion, while those of the second type were modelled by the Drucker-Prager yield criterion. The 

collapse of the structure (i.e., the end-of-analysis due to divergence indicating failure) was usually 

adopted as a design criterion for the plate mine seal structures. However, sometimes, different 

expressions were adopted, depending on the developed damage. On the other hand, the onset of the 

large shear-slip deformation (or the ultimate points when the analyses usually diverged and stopped) 

was adopted as a design criterion for dam-like mine seal structures. 

(4) Two main tasks were performed in the analyses. The first task referred to the case of known material 

strength, so that the thickness of the seal had to be defined for the given loading level. The second task 

referred to an unknown material strength so that it had to be defined for the known loading level and 

thickness.  

(5) Because the materials for mine seal structures are still developing, further investigation on their 

modelling is needed. 
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Abstract 

Drained triaxial monotonic test is one of the most frequently used experiments in geotechnical engineering, mostly 

because its results are starting points for many research topics. This paper presents triaxial drained monotonic 

experiments on natural sand borrowed from the terraces of river Vardar, that passes through Skopje. This Skopje 

sand is highly uniform sand with only 2% fines, and a uniformity coefficient Cu = 2 with mean grain size of d50 = 

0.17mm. It can be found at multiple places along the riverbank of Vardar River at different depths. Since this is 

an urban area, such sandy layers can be exposed to different sources of dynamic loads (traffic from roads, railways, 

factories, etc.) Knowing the fact that cyclic preloading has effects on the soil strength characteristics, these effects 

were investigated in the case of prior cyclic loading on consolidated drained triaxial compression monotonic test. 

The specimens were prepared using wet-tamping method at high range of different initial relative densities, then 

confined at three levels of initial effective stress p0 = 50, 100 and 200kPa before shearing. The effect of the number 

of cycles and their amplitudes are also investigated not only on the curves of deviatoric stress q and volumetric 

strain ev versus axial strain e1 but additionally on the dependency curves that display the influence of the initial 

density IDO and initial effective pressure p0 on the peak friction angle fp, Young’s modulus E50, axial strain at 

peak ep and dilatancy angle y. The results indicate interesting outcomes concerning the physical behaviour of the 

investigated sand. 

Keywords: Skopje sand, cyclic preloading, monotonic drained tests, initial density and pressure dependency 

1. Introduction 

Sand analysed in the paper can be found in multiple areas along the riverbank of Vardar river at different 

depths. Because the river passes through the urban city area these sandy layers are exposed to different 

sources of dynamic loading that can apply cyclic preloading on the sand. This calls for experimental 

data that will improve our understanding of the influence of cyclic preloading on the response to drained 

monotonic and cyclic loading for the investigated sand. For the purpose of the paper triaxial experiments 

were performed where specimens were prepared using a wet-tamping method [1] at different initial 

relative densities, then confined at three levels of initial effective stress p0=50, 100, and 200kPa. Most 

of the monotonic drained tests without preloading are done in previous research [2,3], only now the 

database is enriched with additional experiments so that we can perceive the influence of cyclic 

preloading. This effect is presented throw the curves of deviatoric stress q and volumetric strain ev 

versus axial strain e1, but additionally on multiple dependency curves. Specimens are preloaded with 

40 cycles with a shear strain amplitude of 0.01%. Cumulative strain from the preloading is at very low 

levels and doesn’t change the specimen void ratio, which is probably the most important factor that 

needs to be fulfilled for a correct comparison to be made [4,5,6]. Additionally, the effect of the number 

of cycles and their amplitude is investigated. Tests with preloading of 20 cycles with the same amplitude 

117

https://doi.org/10.5592/CO/2CroCEE.2023.49
mailto:vlatko@iziis.ukim.edu.mk
mailto:jule@iziis.ukim.edu.mk
mailto:ivanovski@iziis.ukim.edu.mk


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.49 

 

and tests with 40 cycles but the double amplitude of 0.02% are performed for a void ratio range of 

Dr=45-55% to conclude if there is a real need for additional experiments.  

2. Testing material and triaxial equipment 

As mentioned before, the testing material represents natural fluvial sand so-called “Skopje sand” that 

consists mainly of silica oxides (around 78%) with particles of subangular shape. Because we are 

working with natural sand small differences in each borrowed batch are expected, so initial 

investigations are necessary to determine its physical properties (Table 1). The sand is highly uniform 

and has only 2% fines with a mean grain size of d50 = 0.17mm and a uniformity coefficient Cu = 2. The 

void ratios were determined using ASTM D4253-00 standards, emin = 0.51 and emax = 0.90, at mean 

pressure p = 0kPa. 

Table 1 – Physical properties of Skopje sand 

emax 

 

emin 

 

Gs 

 

D10 

(mm) 

D50 

(mm) 

D60 

(mm) 
Cu Cc 

φ 

(o) 

Fines  

(%) 

0.95 0.51 2.615 0.095 0.26 0.19 1.8 0.8 33.5 2 

 

The triaxial testing device used for the experiments presents a feedback-controlled cyclic triaxial system 

that can apply cyclic or dynamic loading to cylindrical soil specimens. This apparatus is a servo 

pneumatic system, with control on axial stress, confining pressure, and back pressure by incorporated 

Control and Data Acquisition System (CDAS). During the testing maximum of seven transducers in 

total are active. This includes measurements of the cell, back and pore pressure using pressure 

transducers, measurements of the applied axial load with submersible load cell and volume change of 

water entering or leaving the sample. Also, two axial transducers can acquire the deformations directly 

on the sample. All the data acquisition functions, critical control and timing are provided by the CDAS.  

a)  b)  

Figure 1. a) Triaxial and volume change equipment, b) Control and data acquisition system 

As mentioned before all samples were reconstituted by wet-tamping in layers, using a three-piece steel 

cylinder lined with a rubber membrane. To speed up and achieve better saturation all samples were first 

saturated using CO2 and only after with water up to B-value ≥0.95. The volume change was measured 

by pore-water volume change apparatus, while the specimens were axially strained at a rate of 

0.2mm/min.  

3. Results 

Measured curves of deviatoric stress q and volumetric strain ev versus axial strain e1 from the drained 

monotonic triaxial tests are shown in the following figures and compared with the 40 cycles preloaded 
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experiments grouped in three levels of densities. The increase of the deviatoric stress with the increasing 

effective pressure and density can be observed, as well as the increase of dilatancy. In terms of the 

comparison, it can be noticed that the preloading effects the response constantly and has a higher effect 

on the test with higher effective stress and usually lowers the peak deviatoric stress that the specimen 

can sustain.  

  

  

  

Figure 2. Comparison of deviatoric stress q and volumetric strain ev versus axial strain e1 as a 

result from drained monotonic triaxial tests 

To investigate if there is an influence on the drained monotonic results from change in number of cycles 

applied in the preloading and their level of amplitude additional experiments were made. The number 

of cycles is lowered from 40 to 20 while in the second series of experiments the amplitude it is doubled 

from a shear strain of 0.01% to 0.02%. Again, the cumulative strain from the preloading is at a very low 

level that doesn’t affect the initial void ratio of the specimens and the final results. All of the performed 

experiments were in the same range of initial densities Id0=0.45-0.55 for three levels of effective stress, 

same as before, 50, 100 and 200kPa. From figure 3 can be noticed that the deviatoric stress q curve is 

not affected by the change in the number of cycles and their amplitude, at least not for the one that we 

are investigating. Further experiments will be made to find the limits where this is applicable and true. 
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Figure 3. Effects of the number of preloading cycles and their amplitude to the deviatoric stress q 

versus axial strain e1 curve 

Additionally, the effect of preloading is investigated on multiple dependency curves that mostly display 

the influence of the initial density ID0 and initial effective pressure p0. Firstly we will look at the 

dependence of the friction angle. The critical friction angle fc that corresponds with the peak friction 

angle fp for zero initial density (Ido=0) has been determined from a loosely pluviated cone of sand, as 

an angle of repose, according to the procedure explained by Herle [7]. The measured critical friction 

angle together with all the peak friction angles derived from the drained monotonic triaxial tests are 

presented in Figure 4.  

 

  

a) without preloading b) with preloading 

Figure 4. Peak friction angle fp versus initial relative density IDO 

The increase of the friction angle with the increase of the initial density can be observed on both 

trendlines, with or without applied preloading, together with a small decrease for higher initial effective 

pressures. A similar decrease in the friction angle as a consequence of the effective pressure is also 

noted in other researcher’s work [8,9]. When all results are placed on a single graphic (Figure 5) it can 

be noticed that higher peak friction angles are obtained for tests without preloading. 

120

https://doi.org/10.5592/CO/2CroCEE.2023.49


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.49 

 

 

Figure 5. Summary graphic of peak friction angle fp versus initial relative density IDO 

The axial strains ep corresponding to the peak deviatoric stress from each experiment together with the 

initial relative densities are plotted in figure 6 for both types of experiments. Both plots reveal that in 

the case of higher initial densities the deviatoric peak occurs much sooner, also small pressure-

dependence can be noted [10]. Both plots are combined in figure 7 where can be perceived that they 

follow almost the same trendline. 

  

a) without preloading b) with preloading 

Figure 6. Axial strain at peak ep as a function of the initial relative density IDO 

 

Figure 7. Summary graphic of axial strain at peak ep as a function of the initial relative density IDO 
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Young’s modulus E50 derived as a secant stiffness between q=0 and q= qmax/2 is presented as a function 

of the initial density ID0 in figure 8. In both cases the modulus increase with an increase of both initial 

density and effective pressure, with stronger pressure-dependence for a higher level of initial density. 

Preloaded experiments have significantly lower E50 values which is a common find in the literature [11] 

often cycle number and intensity dependant. The difference between the modulus is increased with the 

increase of both initial density and effective pressure.  

 

 

Figure 8. Summary graphic of Young’s modulus E50 versus initial relative density IDO 

 

The last dependency curve that we will observe is the change of the dilatancy angle y as a function of 

the initial density ID0. This angle can be recognized in the volumetric strain, ev, versus axial strain, e1, 

plots. In the case of triaxial conditions the two principal stresses are equal, s2= s3, which implies that 

both mechanisms defined by the yield functions are simultaneously active [12]. Knowing the value of 

the increments of the volumetric strain dev and axial strain, de1, the value of y in each step can be 

calculated using the equation (1): 
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Figure 9. Dilatancy rate versus the axial strain from one experiment 
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Because there are jumps in the computed dilatancy rate from increment to increment acquired from the 

experiment to present a clearer trend, a smoothed curve, obtained by a moving average procedure is 

computed for each experiment (Figure 9). From the smoothed curve the maximum rate of dilatancy is 

attained which is coinciding with the deviatoric stress peak. Afterward using equation (1) the value of 

the dilatancy angle is computed and added to a graph versus the initial relative density (figure 10). 

  

a) without preloading b) with preloading 

Figure 10. Dilatancy angle y as a function of initial relative density IDO 

 

 

Figure 11. Summary graphic of dilatancy angle y as a function of initial relative density IDO 

The computed dilatancy angles are close to zero for low initial densities. The change of initial density 

and initial effective pressure in both cases have the same effect on the dilatancy angle as in the case of 

peak friction angle [13,14,15,16]. Preloaded samples demonstrate lower values of the dilatancy angles 

for similar initial densities, but more experiments are needed for the correlation to be proved. 

5. Summary and conclusions 

There are multiple studies published where Skopje sand is investigated to determine and establish its 

physical characteristic [2,3,17], but until this paper, there haven't been any experiments done using 

preloading. Since this type of sand can be found in the urban area of the city these types of experiments 

are necessary. Hopefully, this paper can act as a good foundation for further research on the subject. 

From the curves of deviatoric stress q versus axial strain ea can be observed that cycling preloading 

often lowers the peak deviatoric stress that the specimen can sustain especially for tests done with higher 

initial effective stress, but no clear difference has been noticed when the number of preloading cycles 

and there amplitude is changed. The graph for Young’s modulus E50 perfectly presents the effect of 

preloading where the difference between the modulus expands with an increase of both initial density 
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and effective pressure. A small influence of the preloading has also been noted in the values of peak 

friction angles and dilatancy angles, usually lower then than one obtained from experiments without 

preloading, but still additional experiments are needed to make a clear conclusion or correlation between 

them. 
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Abstract 

The Location Tower is one of the three sites from the 3D seismic network originally installed in the 

80’s which is recently re-established and enabled for real-time monitoring and recording acceleration 

data. The Location Tower is consisted of one surface and three downhole instruments up to 125 meters 

down the bedrock; a nine story building with two instruments installed on 6th and 9th storey & 4 

instruments installed at the foundation level. In the period of 2021-2022 several small to moderate 

earthquakes have been recorded with the system. This study presents selected results and comparisons 

of equivalent linear analysis of the site using real recorded acceleration data. The soil profile is defined 

based on number of geophysical and geotechnical investigations at the location, both in-situ and 

laboratory tests. Obtained results are good starting point for further non-linear site response analysis at 

the location which can be validated with stronger recorded earthquakes in future.   

Keywords: site response, amplification, borehole acceleration.  

1. Introduction  

Local site conditions can significantly influence the characteristics of earthquake ground motion, and 

hence the degree and extend of damage caused by an earthquake. The destruction of structures and 

ground motions recorded in Mexico City from 1985 Michoacan Earthquake and in the San Francisco 

Bay Area from the 1989 Loma Prieta Earthquake had promoted the need for investigation of the site 

effects. Furthermore, the effects of local soil conditions are of particular significance in seismic micro 

zonation, seismic design of important facilities, as well as in seismic safety assessment of existing 

structures and undertaking preventive measures for reduction of seismic risk of existing facilities and 

urban areas exposed to destructive ground motions.  

The existing empirical methods and new techniques for seismic microzoning based on experience rom 

damage of the structures in the past earthquakes and consideration of local site conditions determined 

from the studies of microtremors and small earthquakes are hardly reliable methods for evaluation of 

the seismic design parameters. Verification is ultimately needed for the possibility of extrapolation of 
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small records to predict local soil behavior and site effects in the case of strong earthquake motions as 

well as to verify laboratory techniques for elaboration of dynamic soil properties under high strain 

levels. For that purpose registration from different location and different level of excitation sources is 

important to validate the available empirical and analytical analysis methods.  

In order to study the local site effects on modification of strong ground motions and dynamic response 

of structural systems, a three-dimensional seismic network was established in the Ohrid Lake basin in 

the 80’s [1] with the support of USGS (United States Geological Survey). This 3D strong motion array 

consisted of three free field sites with one surface and three downhole instruments each, 125 meters 

down the bedrock; a nine story building site with two instruments installed on the building, 4 

instruments installed at the foundation level and one outcropping rock site with one instrument (location 

Tower). With the extensive recent activities, real time recording and health monitoring processes are 

enabled at the location [2]. This paper focuses on a site response analysis of the soil profile at the 

Location Tower in comparison to real acceleration records from different depths at the location.  

2. Soil profile & location  

2.1 Description of the site location 

The Tower location is one of the four instrumented locations within the city of Ohrid. There is evidence 

on intensive seismic activity along the investigated location, namely the earthquakes with magnitudes 

greater than six (M>6) that happened in the distant past (1906, Ohrid, ML=6.00; 1911, Ohrid, ML=6.70). 

In 2016, an earthquake with a magnitude of 5 according to the European MCS scale was felt in Ohrid.  

The earthquake epicenter was 12 km northeast from Ohrid. It caused visible damage particularly to 

older structures and structures pertaining to cultural heritage, showing the gap between the scientific 

investigations and engineering practice.  Previous studies performed for Ohrid by UKIM-IZIIS, [3] 

showed that, geological conditions in combination with a certain intensity of seismic exposure in some 

specific regions, could give rise to some geotechnically associated hazards that have an unfavorable 

effect upon engineering structures.  

Based on the latest seismic hazard map of Macedonia prepared according to the Eurocodes (PGA), [4] 

the city of Ohrid is situated in a zone of moderate to high seismicity, with PGA of 0,3g at bedrock, for 

a return period of 475 years. The Ohrid city lies in the Ohrid lake watershed area and is characterized 

by the following geotechnical conditions: 

1. Surface Quaternary and deep Pliocene sediments; 

2. Surface Quaternary sediments consisting of fine gravel and sand as well as organic clays and 

sand down to depth of 20 m; 

3. Heterogeneous nature characterized by unfavorable physical-mechanical characteristics. The 

underground water level is generally high. 

2.2 Soil profile 

To define the geotechnical characteristics of the site, data from previous investigations as well as data 

from additionally performed geophysical and geotechnical investigations and georadar measurements  

were used [5, 6]. The results from the geophysical investigations enabled the obtaining of seismic 

sections down to maximum depth of 150 m whereat local discontinuities and deformations in the terrain 

structure were defined. The models obtained by analysis of data from the investigations combined with 

application of seismic refraction, MASW and HVSR, distinguish 5 lithological media characterized by 

different physical-mechanical characteristics.  

The following lithological media are distinguished: 

• A surface layer – dusty, sandy and clayey, with seismic velocity values of Vs=150-200 m/s; 

• Subsurface layer of clay, dust and sand with seismic velocity values of   

Vs=200-400 m/s; 

• More compact Quaternary sediments with seismic velocity values in the range of  

Vs=400-600 m/s; 
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• Pliocene sediments with seismic velocity values in the range of Vs=650-800 m/s; 

• Terrain bedrock, Paleozoic shales with seismic velocity values of Vs>1000 m/s. 

 

From the performed analysis of data obtained from CPT (cone penetration tests) and SPT (standard 

penetration tests) as well as from the aspect of the lithological composition of the terrain and strength 

and deformability characteristics, it can be said that the soil on the investigated location is characterized 

by variable geomechanical characteristics. The investigation mainly shows a lithological structure with 

alternating occurrence of silty clays with fine gravel and clayey silt that are moderately plastic and with 

variable thickness of layers. The penetration resistance of silty parts ranges within the limits of qc=(0,5-

1,2) MPa and the corrected number of SPT blows is N60 = 4, whereas those of the sandy and fine gravel 

parts are within the limits of qc=(6,0-10,0) MPa with N60 = 14. Based on the extensive soil investigation, 

the Vs soil profile was defined presented in Fig. 1.  

 
Figure 1. Shear wave velocity Vs [m/sec] profile for analysis of the local site effects. 

3. Seismic instrumentation 

3.1 Instrumentation at the site 

The Location Tower from the 3D strong motion array is consisted of one surface and three downhole 

instruments each, 125 meters down the bedrock; a nine story building with two instruments installed on 

the building, 6th and 9th Storey and 4 instruments installed at the foundation level. The number and the 

depth of the instruments at the locations are presented in Fig. 2. 

Instrumentation  
Location – 1- Tower 

In situ laboratory 

Site type Instrumented building 

Instruments on the building 

structure 
2 (6th and 9th story) 

Instruments at the level of the 

foundation structure 
4 

Instruments on soil surface 1 

Instruments in soil profile 2 (13.0m, 22.9m) 

Instruments at bedrock 1 (101m) 

Total number of instruments 10 

Figure 2. Instruments setup and depth at the Location Tower 
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3.2 Obtained records from small to moderate earthquakes  

During planning and installation of the Ohrid Lake Seismic Network in the late 70's, the entire network 

was composed of the most advanced instruments produced by Kinemetrics Inc., Pasadena, California. 

However, the analogue recording system could not be maintained in the last decade and there was no 

possibility for recording real time earthquake events. The time period between 2020-2021 was the 

beginning of extensive revitalization of the network. Replacement of the recording system by an 

analogue-digital conversion device, which enables real time recording of earthquake events and thus 

structural and health monitoring at the Location Tower was realized. Since March 2021, several small 

to moderate earthquake events have proven the functionality of the installed instruments and have 

provided important data for further investigation at the location. Selected recorded earthquakes are 

analyzed in this paper which are given in Table 1. With the presented registrations simple 1-dimensional 

linear equivalent site response analysis was performed at the site which are presented in further chapter. 

It is worth noting that three directions are recorded with three channels, and for the analysis one 

horizontal acceleration per earthquake was used.  

Table 1. Selected registered earthquakes with the monitoring system at the Location Tower 

* these quakes were likely an aftershock of the 5.3 quake West Macedonia, Greece, Jan 9, 2022 11:43 

pm (GMT +2) 

4. Site response analysis  

The local geotechnical media have a specific effect upon the characteristics of motion through the soil 

surface during earthquakes. Depending on the characteristics of the local geotechnical media and the 

characteristics of excitation at the level of seismic bedrock, these effects can be greater or lesser. The 

effect of the local soil conditions is expressed through variation of the amplitude-frequency 

characteristics of ground motion upon the surface in respect to the corresponding excitation at the level 

of the seismic bedrock. The analyses were performed by application of the method of vertical 

propagation of shear seismic waves through a linear viscoelastic system based on the solution of the 

Kanai wave equation. The procedure of definition of the nonlinear effects in soil resulting from seismic 

effects includes an approach that uses the equivalent linear characteristics of soil developed by Seed 

and Idriss, [7]. The analyses were performed by use of the SHAKE2000 software. The model presented 

on Fig. 1, was analyzed with the selected recorded acceleration records given in Table 1.  

The effect of the local medium was evaluated based on the analysis of the dynamic response of the 

mathematical model. This analysis enabled definition of the peak accelerations along depth of the model 

as well as the response spectra of the models for the surface level. With the analyses of the local soil 

effects, there were obtained the mean periods of natural vibration of 0.63-0.65 s, for the real recorded 

acceleration level (without scaling) corresponding to low level of deformations. Fig. 3 and Table 2, 

show the variation of peak accelerations along depth of the models obtained by convolution of selected 

accelerograms, for real recorded input acceleration of аmax between 0.0027 and 0.0069g. 

 DATE OF 

REGISTERED 

EARTHQUAKES 

RICHTER 

MAGNITUDE 

EPICENTER 

EQ1 09 January 23:38 Pm 

(UTC) 2022 

4.0 Bitola, Macedonia, 8 km southeast of Bistrica, 

Macedonia* 

EQ2 11 January 17:01 Pm 

(UTC) 2022 

3.5 Florina, West Macedonia, Greece* 

EQ3 11 January 17:44 Pm 

(UTC) 2022 

4.5 Florina, West Macedonia, Greece* 

EQ4 12 January 03:01 Am 

(UTC) 2022 

3.6 Florina, West Macedonia, Greece* 

EQ5 22 April 21:07 (UTC) 2022 5.7 42 km SE of Mostar, Bosnia and Herzegovina 
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Figure 3. Peak accelerations along Depth for real recorded acceleration– response of the soil column. 

 
Table 2. Calculated peak accelerations along depth, periods of the soil column and DAFmean 

 

Fig. 4 and 5 represent the average computed acceleration time history on the left and the real recorded 

acceleration time history from instruments on the right for the level of 101m and the surface level 0.0m. 

The graphs are compatible, and it can be concluded that the modelled soil profile represents the real 

amplification characteristics of the location. 

Peak Acceleration (g)

EQ 1

EQ 2

EQ 3

EQ 4

EQ 5

Average

D
e

p
th

 (
m

)

Model M-1

-5.9

-11.9

-17.8

-23.8

-29.7

-35.6

-41.6

-47.5

-53.5

-59.4

-65.4

-71.3

-77.2

-83.2

-89.1

-95.1

-101.0

0.0

0.000 0.002 0.004 0.006 0.008

DEPTH MAXIMUM ACCELERATION  

EQ 1: 

Florina 

11.01.2022 

(M4.0) 

EQ 2: 

Bitola 

09.01.2022 

(M4.0) 

EQ 3: 

Florina 

12.01.2022 

(M3.6) 

EQ 4: 

Florina 

11.01.2022 

(M3.5) 

EQ 2: 

B&H 

22.04.2022 

(M5.7) 

Average 

acc. 

аmax (g) 

0 0.0069 0.0043 0.0033 0.0050 0.0027 0.0045 

-4.0 0.0040 0.0027 0.0021 0.0023 0.0025 0.0027 

-10.0 0.00264 0.0021 0.0016 0.0020 0.0023 0.0021 

-13.0 0.0020 0.0018 0.0013 0.0018 0.0024 0.0019 

-18.0 0.0024 0.0017 0.0014 0.0017 0.0017 0.0018 

-23.0 0.0019 0.0016 0.0011 0.0018 0.0018 0.0016 

-57.20 0.0015 0.0012 0.0014 0.0013 0.0013 0.0013 

-101.0 0.0024 0.0017 0.0015 0.0019 0.0018 0.0019 

DAF (0/-101) 2.88 2.53 2.20 2.63 1.56 2.36 

DAF (-4/-101) 1.67 1.59 1.40 1.21 1.39 1.42 

PERIOD (S) 0.66 0.64 0.63 0.64 0.66 Average 

period: 

0.65 s 
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Figure 4. Computed acceleration time history (left) and the recorded acceleration time history (right) 

for the depth of -101.0 m 

 

Figure 5. Computed acceleration time history (left) and the recorded acceleration time history (right) 

for the surface 0.0m. 

Calculated acceleration records at the same depths where recorded acceleration records were available 

were compared and results presented in Table 3. The obtained dynamic amplification factor is presented 

in Table 4. Results show good correlation to the recorded values on the surface. Additionally, more 

detailed modelling of the materials model of the soil profile are needed to fit the records for the deeper 

soil layers at level of 23 meters.  

Table 3. Difference in percentage of the recorded acceleration versus the calculated for each depth 

Table 4. Dynamic amplification factor for each depth in respect to the seismic bedrock, calculated 

versus recorded 

Depth [m] DAF  
(calculated)  

DAF  
(recorded acc.) 

    0.0 2.37 2.58 

      -13.0 1.0 1.1 

     -22.9 0.9 1.16 

     -101.0   

 

 

 

DEPTH 

RECORDED ACCELERATION [G] 

EQ 1: 

Florina 

11.01.2022 

(M4.0) 

EQ 2: 

Bitola 

09.01.2022 

(M4.0) 

EQ 3: 

Florina 

12.01.2022 

(M3.6) 

EQ 4: 

Florina 

11.01.2022 

(M3.5) 

EQ 2: 

B&H 

22.04.2022 

(M5.7) 

Average 

acc. 

аmax [g] 

Difference 

with 

calculation 

(%) 

0 0.0095 0.0055 0.0024 0.0035 0.0036 0.0049 8.9 

-13.0 0.0021 0.0021 0.0012 0.0022 0.0030 0.0021 10.5 

-23.0 0.0039 0.0016 0.0011 0.0015 0.0027 0.0022 37.5 

-101.0 0.0024 0.0017 0.0015 0.0019 0.0018 0.0019 / 
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5. Discussion, conclusions and further work  

Obtained results are good starting point for further non-linear site response analysis at the location 

which can be validated with stronger recorded earthquakes in future. The diagrams show that the surface 

layers considerably amplify the earthquake effect, which is the result of the low strength characteristics 

of the soil in these layers. The values of the DAF from the analyzed recorded acceleration match well 

with the DAF obtained from the site response analysis. Still, to get a more accurate insight, one of the 

next recommended research steps will be to analyze the local soil conditions by higher number of 

acceleration records from the site with different magnitudes, comparison of the obtained acceleration 

records with acceleration records from nearby seismic stations as well as more detailed modelling of 

the dynamic soil properties (shear modulus and damping) obtained from laboratory experiments on soil 

samples of the location.   
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Abstract 

Retaining structures in R. of North Macedonia until recently were only designed according to the concept of global 
safety factors, with the conventional methods of limit equilibrium. This method was widely used in ex-YU 
countries until Eurocodes have been published аs regulations in the country formal legislation, where there are 
prescribed different design approaches, with specific partial coefficients for actions, materials, and/or resistances. 
For the seismic analysis of the walls, “Rulebook on technical norms for design and calculation of engineering 
structures in seismically active areas” (1987) was used. Currently, the use of both regulations is allowed, but after 
the expiration of this temporary period, Eurocodes will be the only standards for the design of buildings in our 
country. In this paper a comparison between the mentioned methods and regulations is made, in terms of the 
different approaches for the stability verification, as well as the required minimum width of the foundation for 
satisfying the stability criteria for 5 different heights of the walls, i.e. 3m, 4.5m, 6.0m, 7.5m and 9.0m. As our 
region is seismically active, special consideration is given to the parameters in seismic analysis procedure. It is 
shown that in order to satisfy the stability criteria, there is a need to increase the dimensions of the walls in relation 
to the dimensions obtained by the static analysis. The obtained results show significant differences between the 
regulations, especially when the seismic action is taken into account. 

Keywords:Retaining, Structures, Cantilever, Wall, Eurocode 

1. Introduction  

With the acceptance of Eurocodes in R. of North Macedonia, as regulation codes for designing the 

structures, the need for their detailed elaboration has arised, as well as understanding the differences 

and similarities with the previous practice and regulation (in the following text – “MKS”).  

Eurocodes are divided in 10 parts, depending on the area they relate to. The part that covers the retaining 

structures is Eurocode 7 - Part 1 (EN 1997:1), entitled "Geotechnical design - Part 1: General rules" [2]. 

Our country is a seismically active area, so retaining structures are also subject to aseismic design, 

which is specifically covered in Eurocode 8 entitled "Design of structures for seismic resistance - part 

5 (EN 1998:5): Foundations, retaining structures and geotechnical aspects" [3]. 

As part of this paper, several analyses of a classic cantilever reinforced concrete wall (Fig. 1) with 5 

different heights of 3m, 4.5m, 6m, 7.5m and 9m (above ground level), with assumed geomechanical 

parameters for the backfill and for the subsoil, shown in Table 1, have been performed. The analyses 

are done with the application of the current regulations - MKS and with the Eurocodes, considering that 

the approach to control the stability of retaining walls is completely different. The theoretical reviews 

of the regulations explain the calculation procedures and emphasize the biggest differences between the 
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Macedonian regulations, that is, the previous practice of designing retaining walls in relation to the new 

regulations - the Eurocodes. Also, special attention is given on the effect of seismic action on the 

retaining structures, in order to perceive and emphasize the differences in the required dimensions to 

satisfy the stability conditions. After the performed analyses, significantly large differences were 

obtained according to the different regulations used, as well as a significant increase in dimensions after 

the performed seismic pseudo-static analyses. 

 

Table 1: Assumed geomechanical parameters for the 

backfill and subsoil 

Soil type 
γ 

[kN/m3] 

φ 

[˚] 

c 

[kPa] 

Gravel 21 30 0 
 

Fig. 1. Schematic view of the analysed wall  

2. Analysis of retaining walls according to MKS and Eurocode 7 – static 

conditions  

Retaining walls are first analysed according to ex-YU, i.e. macedonian regulations - MKS, and then 

according to Eurocode - EC 7-1 [2]. The analyses are done using the software GEO-5, Cantilever wall 

module [4]. In order to make a relevant comparison, the walls are dimensioned with the minimum 

required dimensions that satisfy all conditions for stability, i.e. with maximum utilization of the section. 

Since the analysed wall is a cantilever, reinforced concrete section, stability is ensured through the 

deformation capacity of the wall, while the dimension that contributes the most to stability is the width 

of the foundation, so only this dimension was analyzed, while all other dimensions are adopted 

according to the recommendations for preliminary dimensions in the literature, as a ratio of the height 

of the wall, and are not changed for the different analyses. Also the total height is increased for some 

minimum embedment. The stability of the walls is controlled for the conditions against overturning, 

sliding, bearing capacity of the ground, as well as the eccentricity of the resultant force, which is limited 

to the middle third of the foundation, i.e. to B/6, in order not to cause tension in the foundation under 

static loads. 

According to MKS, the analysis is based on the method with safety coefficients, i.e. the calculation is 

done by dividing the resistance by the actions on the structure. The ratio between them should be greater 

than a certain prescribed safety coefficient, which for static conditions is with a value of Fs ≥ 1.50, and 

for seismic conditions Fs ≥ 1.10. The bearing capacity of the soil, i.e. the permissible bearing capacity 

is generally obtained by reduction with a safety coefficient of Fs=3.0 in relation to the limit bearing 

capacity, which is calculated mostly according to the Terzaghi method for the specific type of 

foundation for adopted geomechanical parameters. However, the permissible stress is also adopted for 

realistically expected value in practice. The force from active earth pressure is calculated according to 

the Rankine or Coulomb method. 

According to Eurocode 7-1, the analysis is based on the limit state method, where certain partial 

coefficients are prescribed for the actions (A), for the geomechanical parameters (M) and for the 

resistance of the structure (R). In EC 7-1, there are 3 possible design approaches for the design of 

geotechnical structures, labeled as DA-1 (C1 and C2), DA-2 and DA-3, from which each country has 

the right to choose its national design approach. access. In the Macedonian national annex 

"MKS_EN_1997_2012_NA_2020" [5], DA-2* approach is adopted, which is actually identical to the 

DA-2 approach, but instead of the actions, the partial coefficients are applied to the effects of the 
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actions, which generally gives identical final results. Also, this approach provides partial coefficients 

for the reduction of the global resistance of the construction, but does not reduce the soil strength 

parameters. In a general view, the same can be shown according to Eq. (1): 

DA 2 = A1+M1+R2                                                            (1) 

(А1): γG,unfav = 1.35; γG,fav = 1.0; γQ,unfav = 1.5; γQ,fav = 0.0 
(М1): γφ’ = 1.0; γс= 1.0; γсu= 1.0,  

(𝑅2): γRh = 1.1;  γRv= 1.4, γRe= 1.4 

Detailed explanation of the coefficients and how should be applied, can be found in the appropriate 

Annexes of the Eurocodes. The force from active earth pressure, same as by MKS, can be calculated 

according to the Rankine or Coulomb method, but can also be read directly from the graphs given in 

Annex C of EC 7-1. Moreover, in the national annex, the use of the Coulomb equation is recommended 

due to the inclusion of more general conditions and the greater conservatism of the Rankine theory. The 

bearing capacity of the soil is calculated according to the procedure given in Annex D in EC 7-1. 

After the performed analyses, in Table 2 are shown the results for all walls, that is, the required 

foundation width to satisfy the stability conditions according to the two different regulations (MKS and 

EC-7). For the sake of analogy in the results, a percentage utilization for each condition is shown, rather 

than showing a safety coefficient. A utilization of 100% corresponds to the prescribed safety coefficient 

of 1.50 according to MKS. Additionally, Fig. 2 shows the analysed wall with a height of 6m, and the 

obtained width of the foundation with the different regulations. 

Table 2: Required foundation width and utilization for static stability, for different wall heights and according to 

different regulations 

 

a) 

 

b) 

 

Fig. 2: Obtained foundation width  for the wall H=6.0m according to: a) MKS, b) EC 7-1 

 

Fig. 3, graphically shows the dependence between the height of the walls and the required width of the 

foundation to satisfy the stability according to the two analysed procedures - MKS and EC 7 (DA-2). 

Overturning Sliding Bearing Eccentricity

MKS 1.45 73% 79% 56% 98%

EC 7 DA-2 1.65 62% 76% 79% 99%

MKS 2.05 74% 89% 78% 99%

EC 7 DA-2 2.4 66% 76% 95% 89%

MKS 2.65 74% 93% 100% 99%

EC 7 DA-2 3.2 62% 76% 100% 79%

MKS 3.6 67% 85% 98% 84%

EC 7 DA-2 4 66% 78% 100% 88%

MKS 4.4 66% 91% 99% 70%

EC 7 DA-2 4.75 68% 82% 98% 87%

7.5

9

Required foundation 

width - B [m]:

Utilization [%]Wall height -

H [m]
Regulation

3

4.5

6
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The resulting curves are plotted for the five analysed wall heights and can only be used orientationally 

due to the assumed input parameters. 

 

Fig. 3: Dependency: foundation height - width according to MKS and EC-7 (DA-2) 

According to the presented results of the performed analyses, it can be concluded that the governing 

condition that dictates the dimensioning according to both approaches is the bearing capacity of the 

ground or the allowed eccentricity. It should be noted that the permissible bearing capacity of the soil 

according to MKS is assumed and it should be taken with a dose of caution, which is also the case for 

the bearing capacity according to EC 7-1, due to the assumption of all geomechanical parameters. Also, 

the sliding condition has a relatively high utilization, especially according to MKS, where for some of 

the walls the utilization is over 90%, so it can be concluded that even for a higher allowable stress on 

the ground, the dimensions will not change significantly, because the sliding will reach a critical value. 

On the other hand, overturning is the least utilized and is not relevant for dimensioning. According to 

the analyses performed for the different heights, it was found that according to EC 7-1 (DA-2), an 

increase in the width of the foundation of about 10-20% is needed in relation to the width calculated 

according to the MKS. 

3. Analysis of retaining walls according to MKS and Eurocode 8 – seismic 

conditions  

3.1. Seismic action according to MKS 

The seismic analysis of the retaining structures in R. North Macedonia is prescribed in the "Rulebook 

for technical norms for design and calculation of engineering structures in seismic areas (1987)" [1]. 

This Rulebook prescribes the technical standards for designing in seismic zones VII, VIII and IX 

according to the MCS scale (Mercali – Cancani – Sieberg). The seismic calculation is carried out by 

the method of spectral analysis or dynamic analysis. According to this regulation, the seismic inertial 

force is calculated taking into account the self-weight of the structure - Eq. (2), as well as a calculation 

of additional active seismic pressure - Eq. (3): 

Sik=ks*βi*ηik*Ψ*Gk                                                                                                       (2) 

Pa=
3+2𝑡𝑎𝑛𝛽

4
*ks* Ψ*γz*h2                                                                                                (3) 

Sik – seismic inertial force from self-weight  

Pa – total seismic ground pressure                                                                                                                                 

The coefficient of seismic intensity ks is calculated according to Eq. (4): 

ks=Xmax/μp                                                                                                                    (4) 
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- Xmax – maximum acceleration of the ground in g’s  - depends on the seismic zone (Table 3). 

- μp – prescribed ductility factor of the structure 

Table 3: Value of maximum acceleration Xmax (g) in relation to the seismic zone 

Seismic zone (MCS) Xmax (g) 

VII 0.10 

VIII 0.20 

IX 0.40 

In the accelerations shown in Table 3, although it is not explicitly stated, it is assumed that the 

amplification of the acceleration that can arise from the local soil conditions is also included, since there 

is no other coefficient that takes into account this influence. The coefficient μp=2.5, according to the 

Rulebookg, so the coefficient of seismic action ks for seismic zone – IX is calculated in Eq. (5). The 

coefficients for which a detailed calculation is not shown in this paper, can be found in the Rulebook 

cited above. The seismic allowable stress on the ground is predicted with a value 50% greater than the 

allowable stress for static loads, which is the most common practice in our country.  

ks=0.40/2.5=0.16                                                               (5) 

3.2. Seismic action according to Eurocode 8 – part 5 

Eurocode 8, part 5 (EC 8-5) [3] complements Eurocode 7-1 (EC 7-1) [2] and describes the criteria and 

rules for the seismic resistance of the soil on which the foundation is built, as well as the rules for the 

design of various foundation structures, retaining structures and soil-structure interaction during an 

earthquake. For seismic analysis, it is stated that any proven method based on the methods of dynamics 

of structures and soils and supported by previous experience is acceptable. In this paper, the seismic 

analyses of the retaining walls is performed with the pseudo-static method, based on the theory of 

Mononobe (1929) [6] and Okabe (1926) [7]. The total horizontal force, which occurs as a sum of the 

static loads from the active earth pressure with added action from the seismic action is calculated 

according to Eq. (6). 

Ed=0.5*γ*(1±Kv)*K*H2+Ews+Ewd                                                  (6) 

- γ - specific weight of the soil 

- H – height of the wall 

- Ews - static water pressure 

- Ewd - hydrodynamic pressure of water 

- K - coefficient of earth pressure (static + dynamic) 

If adequate drainage is designed and a non-cohesive, gravelly material is placed behind the wall, as well 

as the groundwater table is below the foundation level, then the water pressure forces can be ignored, 

so that Ews = Ewd = 0. The active pressure coefficient (static + dynamic) is calculated according to Eq. 

(7) or (8): 

 if β ≤ φ’d – 𝜃 =>  K = 
𝑠𝑖𝑛2(𝛹+𝜑𝑑

′ −𝜃)

𝑐𝑜𝑠𝜃 sin2 𝛹 sin(𝛹−𝜃−𝛿𝑑)[1+√
sin(𝜑′

𝑑+ 𝛿𝑑)𝑠𝑖𝑛(𝜑′
𝑑− 𝛽− 𝜃)

𝑠𝑖𝑛(𝛹− 𝜃− 𝛿𝑑)sin (𝛹+𝛽)
   

   
]

2  (7) 

 or if β > φ’d – 𝜃 =>  K = 
𝑠𝑖𝑛2(𝛹+𝜑−𝜃)

𝑐𝑜𝑠𝜃 sin2 𝛹 sin (𝛹−𝜃−𝛿𝑑)
  (8) 

- φ’d=tan-1(
𝑡𝑎𝑛𝜑′

𝛾𝜑′
) – design angle of internal friction 

- δ’d=tan-1(
𝑡𝑎𝑛𝛿

𝛾𝜑′
) – design angle of friction between soil and structure  

- Ψ and β -  slope angles on the back of the wall and on the ground behind the wall  
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- tan𝜃 = (
𝑘ℎ

1±𝑘𝑣
) – an angle that depends on the horizontal and vertical seismic coefficients (kh and 

kv) - if the groundwater level is below the wall, which is an assumption in this paper. 

The coefficients for the horizontal and vertical seismic action (kh and kv) are shown in Eq. (9-11). 

kh = α*∗
𝑆

𝑟
                                                                                  (9) 

α= 
agR

𝑔
*γI                                                                                 (10) 

kv = ±0.5 kh (if avg/ag > 0.6)                                                                 (11) 

- α - maximum acceleration for a certain category of the structure                               

- аgR– reference ground acceleration for soil type "A"  

- r – coefficient that depends on the permissible movement of the wall - Table 4 

- S – soil factor that depends on the type of soil 

Table 4: ЕC8-5 – Values of coefficient „r“  

Type of retaining structure r 

Free gravity walls that can accept displacement up to dr=300*α*S 2 

Free gravity walls that can accept displacement up to dr=200*α*S 1.5 

Flexural RC walls, anchored or braced walls, RC walls founded on vertical piles, restrained 

basement walls and bridge abutments 

1.0 

The walls are supposed to be located in a zone with reference acceleration agR =0.25g, according to the 

seismic zoning map of R. North Macedonia for a return period of 475 years shown in the National 

Annex for EC 8 - "MKS_EN_1998-1/NA:2020" [8]. In order to make the analyses as much comparable 

as possible, the acceleration is selected for a region that generally corresponds to the  seismic zone IX 

according to the current seismological map for a return period of 500 and also for 1000 years, which is 

used according to the above mentioned Rulebook. Type "B" soil is assumed, so the coefficient Ѕ=1.20. 

The coefficient r serves to reduce the input seismic force in relation to the allowed displacements for 

the different 3 types of structures, shown in Table 4. Although not explicitly shown in EC 8-5, this 

coefficient represents the ductility of the structure and is analogous to the coefficient q, i.e. the behavior 

factor for the calculation of seismic forces for high-rise structures. That is concluded because EC 8-5 

does not provide another coefficient that takes into account this aspect of the behavior of retaining 

structures during an earthquake. In Table 4, the retaining structures are divided into 3 types, depending 

on the flexibility, that is, the displacement that is "acceptable" for the analysed structure, while for more 

flexible structures, a higher coefficient r is provided, i.e. a greater reduction of the seismic force. Some 

doubt occurs is the third row of the table, where "flexural RC walls" are located, for which r=1.0, that 

is, no seismic force reduction is allowed. Moreover, according to the division of retaining structures in 

EC 7-1, RC cantilever walls belong to gravity walls, which means that they can be placed in the upper 

2 categories of this table. At the same time, these 2 categories differ only in the value of the "acceptable" 

displacement, which depends only on a certain coefficient (200 or 300), multiplied by the acceleration 

α and the soil coefficient Ѕ. In this way, for the analysed location we get acceptable displacement “dr” 

for the first category from the table of 300*0.25*1.20=90 mm, and for the second category dr=60 mm. 

The value is given in absolute value, without taking into account the height of the structure, which is 

the most important factor in determining or limiting the permissible, or acceptable displacement of a 

structure. What is more, no method is shown by which the displacement of the analysed structure can 

be calculated or evaluated. According to Fardis M., et al. [9] "the designer should be aware that the 

magnitude of the seismic action calculated according to EN 1998-5, in the absence of specific studies, 

leads to a conservative design of the retaining structures. Therefore, the designer should make an 

individual assessment of the permanent displacements of the wall, in order to select a value for the 

coefficient r”. 
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Regarding the design approaches, neither in EC 8-5, nor in the national annex, a design approach is 

specifically chosen according to which the seismic analysis should be performed. According to Fardis 

M., et al. [9], due to the fact that the pseudo-static method takes into account design values of the 

geomechanical parameters, for which partial coeffficients with a value greater than 1.0 are provided 

only in the design approaches DA-1 C2 and DA-3, it was concluded that these approaches are most 

compatible with EC 8-5, and will generate the most conservative seismic analysis results. These 2 

approaches actually have identical partial coefficients in the absence of structure-generated actions, and 

give identical final results. Moreover, in EC 7-1, it is stated that in accidental situations, which include 

seismic loads, all values of partial coefficients for actions should be adopted with a value of 1.0, and all 

values of partial coefficients for resistances should be determined according to the “specific situation 

depending on the accidental action", without any further explanation, while the partial coefficients for 

the geomechanical parameters are not mentioned. Accordingly, using the DA-1 C1 and DA-2 

approaches, which prescribe partial coefficients for actions, with reducing them to 1.0 according the 

statement above, would further reduce the seismicity forces, so that the differences between these 

approaches would be drastic compared DA-1 C2 and DA-3. This aspect is quite conservative, due to 

the fact that with these 2 approaches, the same values of partial coefficients are used as in static 

conditions, i.e. the structure is not allowed to have "lower" safety during an earthquake, as is the case 

in MKS (safety coefficient Fs≥1.10 for seismic conditions, in contrast to Fs ≥1.50 for static conditions). 

According to the mentioned aspects, a reduction coefficient of r=2.0 was adopted for the performed 

analyses, with which the coefficients kh and kv were calculated – Eq.  (12) and Eq. (13): 

kh = α∗
𝑆

𝑟
 = 0.25∗

1.20

2
 = 0.15                                                         (12) 

kv = ±0.5 kh   =   ±0.075                                                                                                 (13) 

The seismic bearing capacity of the ground is given in form of  an empirical expression that needs to 

be satisfied, given in EC 8-5 - annex F. 

After the performed analyses, a comparison was made of the dimensions obtained according to EC 8-5 

and MKS - zone IX in terms of the required foundation width for all wall heights, summarized in Table 

5, as well as in Fig. 5. It can be stated that according to EC 8-5 there is a rather large increase in the 

dimensions of the wall in relation to MKS, needed to satisfy the stability conditions, mostly the sliding, 

and also satisfying the expression for the seismic bearing capacity. The results lead to an unexpected 

and even illogical appearance of the width of the foundation compared to the wall height. The 

percentage increase is up to 40-60%. Fig. 4 shows the analysed wall with a height of 6m, and the 

obtained width of the foundation with the different codes. 

Table 5: Required foundation width and utilization for seismic stability, for different wall heights and according 

to different regulations 

 
Regarding the total force from seismic action, it was also found that according to EC 8-5 a larger force 

is obtained in relation to MKS, due to the partial coefficients of the materials (reduction of the soil 

strength parameters), although the coefficient kh is obtained with a lower value in relation to the MKS. 

This means that the required reinforcement for the stem and the foundation will also be greater 

Overturning Sliding Bearing

MKS 1.9 79% 100% 69%

EC-8-5 2.95 41% 97% -0.016<0

MKS 2.65 79% 100% 93%

EC-8-5 4.2 40% 100% -0.010<0

MKS 3.7 71% 94% 98%

EC-8-5 5.5 39% 100% -0.021<0

MKS 4.7 72% 97% 99%

EC-8-5 7 40% 100% -0.006<0

MKS 6.05 65% 92% 99%

EC-8-5 8.5 39% 100% -0.041<0

4.5

6

7.5

9

Wall height -

H [m]
Regulation

Foundation width - 

B [m]:

Utilization [%]

3
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compared to MKS, but such dimensioning has not been performed, because it is not a subject of analysis 

in this paper. 

 

a) 

 

b) 

 
Fig. 4: Obtained foundation width for a wall H=6.0m according to: a) MKS – Zone IX - MCS,  
b) EC 8-5, a=0.25g 

 

 

Fig. 5: Dependency: foundation height - width according to MKS and EC-8 (DA-3) 

4. Comparative analysis between the static and seismic conditions 

According to the results shown, an analysis of the seismic influence can be done for the required 

dimensions to satisfy the stability of the walls. In addition to the results shown, a seismic calculation 

was additionally performed for the seismic zone VIII according to MKS, with kh=0.08, calculated 

according to Eq. (5), as well as for kh=0.12 according to EC 8-5 - Eq. (9), as for a region that according 

to the new seismological map generally corresponds to the zone VIII according to the old seismological 

map, for the same type of soil (type B). The results are shown in Fig. 6 in form of percentage increase 

in the width of the foundation for seismic conditions, in relation to the static conditions. It can be 

concluded that according to MKS, a relatively small increase of up to 9% is needed for zone VIII, and 

for zone IX the increase is more pronounced, up to 30-40%. According to Eurocode (EC 8-5), approach 

DA-3, in relation to EC 7-1, DA-2, the increase for kh=0.12 is about 55-60%, while for kh=0.15, the 

increase is even up to 80%. It can be concluded that the seismic effect has a significant role in the 

dimensioning of the walls, and the seismic analysis should be mandatory for all new retaining structures, 

especially in seismically active areas. 
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Fig. 3: Percentage increase in dimensions under seismic conditions compared to static conditions 

5. Conclusion 

According to the results of the performed analyses, the following can be concluded: 

• The procedure for the analysis is conceptually different in the analysed regulations, i.e. in MKS it 

is based on global safety coefficients concept, while in Eurocodes it is based on limit state with 

application of partial coefficients.   

• From the performed static analyses, it was found that according to EC 7-1, with the chosen design 

approach in the NA – DA2*, an increase in the width of the foundation of about 10-20% is required 

in relation to the width calculated according to MKS.  

• The calculation of the seismic coefficients kh is very similar between the two regulations, and 

although the given accelerations for same location are with a different value at first, using maps for 

different return period, the obtained values are very similar, that is, kh=0.16 for seismic zone IX 

(MKS) and kh=0.15 (EC 8-5). In fact, the theory for calculating the active seismic pressure is 

identical, which is Mononobe-Okabe theory. The main difference is the different concept for 

analysis, where with global safety coefficients (MKS) it is prescribed lower coefficient, i.e. it is 

allowed “less safety" under seismic actions. On the other hand, with EC 8-5 DA-3, there is no 

difference in the material partial coefficients between static and seismic calculations, so the 

structure is dimensioned with the same “safety” for both static and seismic condtions, which is the 

reason for the larger required dimensions, of up to 50-60%. 

• The value of the coefficient r is not clearly enough explained in EC 8-5, which leads to uncertainty 

in adopting its value. It is also not specified which design approach should be used in seismic 

analysis, neither in the code, nor in the national annex. 

• The seismic action has a great influence in the dimensioning, so that significantly larger dimensions 

are obtained to satisfy the stability of the walls in relation to the static conditions, so the seismic 

analysis of the retaining walls should be mandatory. 

• The current situation of already constructed walls, as well as the design of new retaining structures 

with the safety coefficients method (ex-YU regulations), does not indicate a need to increase the 

cross-sections of the walls, because the cases of large and unallowed deformations or damages have 

not been registered or they are very rare, if the walls were designed and built following all the rules 

in the regulations.  
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Abstract 

Soil-structure interaction (SSI) is for sure one of the most neglected effects in seismic structural design practice. 

However, many researchers showed that it might notably affect seismic performance results. In fact, the state-

of-the-art seismic codes are encouraging including SSI for structures with considerable p-Δ effects and mid to 

high-rise buildings. In the current research, seismic soil-structure interaction analysis is made for a selected mid-

rise reinforced concrete building with several different SSI techniques (models). In order to quantify the effect 

of SSI on the overall response of the selected structure, the global seismic response within a frame of force-

displacement relationship for different earthquake intensities, different SSI mathematical models and different 

soil categories is presented. Comparing the outcome of the performed analysis it was observed that the structural 

performance was affected significantly by the foundation system and contributes considerably to the overall 

structural performance of the selected structure in specific soil conditions. As the results indicate, more code-

based recommendations are required for the improvement of the SSI structural seismic design, especially in soft 

soil cases, where the soil-structure interaction might significantly affect the seismic response of buildings. 

Keywords: Soil-structure interaction (SSI), Reinforced concrete buildings, Seismic performance 

 

1. Introduction 

The constitutive modeling of soil media has been an important topic in the field of soil-structure 

interaction. In the past decades, many attempts have been performed to develop constitutive models 

for modeling of soil media. Two major classes are available in the literature: linear elastic models and 

nonlinear elastic model in which stress-strain relations deviate from linearity. It is of special attention 

to deal also with failure envelope where its description plays a crucial role in soil simulation. The aim 

of this study is to present the newly implemented material models in finite element software ANSYS 

for simulation of soil medium in soil-structure interaction problems. Although in numerical 

calculations constitutive models are the most difficult and tricky part of the problem, there are some 

elementary features of the soil behavior which should be taken into consideration in most cases. The 

constitutive models are usually classified with respect to their mathematical parameters. For a more 

detailed explanation the reader can refer to the following publications [1, 2].  Although the 

classification of the material models is useful for scientists it is still confusing for the wider 

professional public. In the end, the engineers are the users of the constitutive models for modeling 

properly the particular tasks. Therefore, model evaluation appears more useful for users of 

constitutive models in geotechnical engineering.  Laboratory experiments of soil specimens are used 

for testing constitutive models and checking for some basic soil features such as nonlinearity, 

irreversibility, failure criteria, deformation history etc.  

As given in the work of Herle [3] it is quite impossible to consider all features by using only single 

material model. In the work of Chi and Kuchwaha [4] a nonlinear finite element model has been 
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developed to study the soil failure by using the hyperbolic stress strain model.  Experiments 

conducted by Rowe and Peaker [5] show that both deformation mode and magnitude affect the 

distribution of earth pressure. Building upon the pioneering works of Drucker-- and Prager [6] on soil 

plasticity the trend has been to develop more precise and correct elastoplastic models for simulation of 

real materials. In the work of Loret and Prevost [7] different parameters are considered in solutions 

for the Drucker-- Prager elasto plastic material models. On the other hand development of von Mises 

[8] elastic plastic equations has enabled considerable improvement in simulation of soil materials. 

Moreover, the dynamic non-linear characteristics of soil media are taken into account in the work of 

other authors [9-10]. 

2. Numerical modelling of soil 

In the finite element context of integration of material models, the constitutive equations are carried 

out at integration points. The incremental analysis is done and the solution is assumed to be known at 

the start of the increments. Knowing the strain increment ∆ε it is possible to calculate the stress at the 

end of the increment. In general the integration of the elasto-plastic models presents a challenging 

numerical problem since the plastic strain is defined as a rate after the material behavior has changed 

at the yield point. In this work in numerical modeling the soil in the soil structure interaction problem 

is modeled as a non linear medium using the Drucker-Prager and Bilinear Isotropic (BISO) material 

models. In order to complete the investigation, an elastic model of soil is also simulated for 

completeness of the comparison. The frame structure is exposed to earthquake acceleration and the 

results compared accordingly. Then the non linear material models are compared with elastic soil 

medium and the results are discussed consequently. For more detailed explanation of the material 

models the reader is referred to [7, 11]. The calibration of the non linear material models for Bilinear 

and Drucker- Prager material laws is done according to the work of Kodama and Komiyo [12]. The 

Biliniear Isotropic material model (BISO) uses the von Mises yield criteria coupled with an isotropic 

work hardening assumption. The material behavior is described by a “bilinear” stress-strain curve 

starting at the origin with positive stress and strain values. The initial slope of the curve is taken as the 

elastic modulus of the material. At the specified yield stress the curve continues along the second 

slope defined by the tangent modulus. The tangent modulus cannot be less than zero nor greater than 

the elastic modulus [13]. The constitutive models are shown in the Fig.1 below: 

 

  

Figure 1. Graphical 3D representation of constitutive models, DP on the left and BISO on the right side 
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On the other hand the Drucker-Prager model uses the outer cone approximation to the Mohr-Coulomb 

law. The amount of dilatancy can be controlled with the dilatancy angle. If the dilatancy angle is equal 

to the friction angle, the flow rule is associative [13]. The soil medium is presented as a two 

dimensional model composed of four layers resting on bedrock. In Table 1 the soil layers properties 

are tabulated in a way that the bottom layers are characterized with better soil characteristics..  

Table 1. Material parameters in finite element analysis 

 

Soil 

medium 

Layer 

number 

Thickness 

(m) 

Density 

(kg/m3) 

Elastic 

Modulus 

(kPa) 

Friction 

angle 

(deg) 

Uniaxial yield 

stress  

(kPa) 

Elastic 

1 3 1.1 2000   

2 7 1.3 2200   

3 6 1.5 2400   

4 14 2 2600   

Drucker-- 

Prager 

1 3 1.1 2000 35  

2 7 1.3 2200 35  

3 6 1.5 2400 35  

4 14 2 2600 35  

Von Mises 

1 3 1.1 2000  0.1 

2 7 1.3 2200  0.1 

3 6 1.5 2400  0.1 

4 14 2 2600  0.1 

The soil is discretized using eight nodded plane strain elements PLANE82. The dynamic analysis is 

performed by transient analysis using the step by step method. The proportional viscous damping 

matrix is taken to be proportional to mass and stiffness matrix (Rayleigh damping).  The Rayleigh 

damping factors, alpha and beta are calculated such that the critical damping is 5% for first two 

modes. The bottom boundary of the soil model is fixed while side boundaries are simulated as viscous 

boundaries. The earthquake input is El Centro N-S, USA, 1940, with magnitude M=6.7 which is 

presented in Figure 2 below. 

 

 

Figure 2 Selected acceleration history of El Centro N-S  
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3. SOIL STRUCTURE INTERACTION SYSTEM 

In order to show the influence of the soil material modelling to the structural response a comparison 

of three different cases has been performed. First the soil medium is simulated as an elastic material 

model. Then the same soil medium is simulated as nonlinear by considering the Drucker-- Prager and 

BISO material models. In order to have a bigger range of results the frame is considered as one, three 

and five storey frames. The frame structural elements are idealized as two dimensional elastic beam 

elements BEAM3 having three degrees of freedom at each node, translations in the nodal x and y 

directions and rotation about the nodal z axis. The behaviour of the frame structure is supposed as 

elastic and is modelled using two parameters, the modulus of elasticity E=3.15x107 kPa and Poisson’s 

ration n=0.2. The bay length of the frame is taken to be 4.0 m and storey height of 3.0 m.  Section of 

beams is 40 x 50 cm while the column section is 50 x 50cm. A mass of 11 tons is assigned on each 

node to simulate the real structural behaviour (total 44 tons per floor). For all RC frames the beam and 

column sections, floor masses and number of bays are kept constant in all cases. The only parameter 

that is altered is the storey number. 

 

 

Figure 3. Coupled Soil structure system of a mid-rise building 

Finite element modelling of the coupled soil-structure system is performed by the software ANSYS 

[13] as shown in Figure 3. The effect of soil-structure interaction is carried out with the acceleration 

time history of the El Centro earthquake with a scaled peak ground acceleration of 0.25g. The 

foundation where the structure is supported is taken to be 8 nodded plane element having two degrees 

of freedom in each node, translations in the nodal x and y directions. The moment transfer capability 

between the column and the footing is created by using a constraint equation where the rotation of the 

beam is transferred as force couples to the plane element. In Table 2 below the difference in the 

structural response is given. 

Table 2. Structural values from the analysis of the frame structures 

No. of  

Storey 

Soil 

Medium 

Max. 

acceleration  

at top of Str. 

 

(m/s²) 

Max. 

displacement 

at top of Str. 

  

(mm) 

Max. 

moment 

at top of Str. 

 (kNm) 

145

https://doi.org/10.5592/CO/2CroCEE.2023.62


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.62 

1 

Elastic 2.54 9.44 28.5 

Drucker- 

Prager 
2.77 9.33 25.6 

BISO 2.79 9.39 31.7 

3 

Elastic 2.60 4.89 2.02 

Drucker- 

Prager 
2.60 4.08 4.03 

BISO 2.68 4.66 4.40 

5 

Elastic 2.55 5.67 2.75 

Drucker- 

Prager 
2.60 5.57 5.49 

BISO 2.61 6.87 5.79 

 

 

According to the acceleration values of the Table 2 the maximum displacement at the top of 

structure is considerably big when using linear elastic material model in a single and three storey 

frames. In the case of five storey frame the biggest displacement is obtained using the BISO model. 

 This illustrates that in soil medium analysis usage of material models for soil simulations should be 

considered carefully. On the other hand, in using Drucker-Prager material model the maximum 

structural moment at top of structure has smaller values when compared with elastic material model. 

This can be elaborated as nonlinearity taking place in the columns which prevent increase of structural 

moments.  In moment comparison the usage of BISO model has similar values with the Drucker-

Prager model although small deviation of the results is observed. In comparing of maximum 

acceleration values at the top of structures it can be concluded that the elastic material model has the 

smallest values while the usage of Drucker-Prager and BISO models vary accordingly. Thus it can be 

stated that in simulation of soil medium by nonlinear material models the calibration of the parameters 

with experimental results has to be performed previously. 
 

 

4. Conclusions 

It is to be stated that in the literature there are many examples where behavior of real geotechnical 

structures are compared. Eventhough, relatively little attention has been given to effects of material 

modeling on the results from analysis. The major advantage of the proposed model including 

simulation of both structure and soil is that the description of the soil model is both linear and non-

linear which allows basic mechanical responses to be predicted accurately. Moreover, all parameters 
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used in the model have explicit physical meanings and can be calibrated through laboratory tests. On 

the other hand the main limitations of the model is that due to linear effects the predictability using 

linear material model can cause over prediction of the critical strength at high deformation values. 

The best algorithm of soil modeling is the one that combines computational efficiency with acceptable 

accuracy. Since analytical solution is not always available all elastoplastic models are implemented 

with some negligible error.   
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Abstract 

The seismic vulnerability of masonry infills has been observed persistently during post seismic surveys, and their 

seismic behaviour has been investigated for decades due to its complexity involving different aspects that need to 

be addressed and the diversity of existing masonry infill typologies. Despite the copious experimental studies 

conducted, only a few of them had the opportunity to analyse different aspects of the same masonry typology due 

to the reduced number of specimens usually involved in a testing campaign. The out-of-plane response of masonry 

infills, and the reduction of the out-of-plane resistance of the infill panels due to the damage caused by in-plane 

deformations, are usually the most critical aspects regarding life safety. Furthermore, the out-of-plane 

experimental tests on masonry infills have almost always been conducted through pseudo-static tests with different 

loading techniques (4 point loading, central loading, constant pressure with airbags or other systems), meanwhile 

a complete experimental campaign on existing masonry infills through dynamic tests on a shaking table has not 

taken place yet. 

Within this framework, an experimental campaign focusing on non-ductile infill specimens made of horizontally 

hollowed weak clay units representing one of the most common infill systems present in Italy, is currently ongoing 

at the Eucentre Foundation of Pavia. In the present paper, the results from the first phase of the ongoing study will 

be discussed. In the scope of this research program, in-plane cyclic tests and out-of-plane dynamic tests are 

conducted on full-scale infill panels built inside single storey single bay composite steel/reinforced concrete 

frames, along with tests of characterization of the masonry materials. The first phase of tests included five 

specimens, four of them built with all edges bonded to the frame and one specimen with free vertical edges. The 

four specimens with the same boundary conditions were used to characterize the pure in-plane behaviour, the pure 

out-of-plane behaviour, and the out-of-plane behaviour with previous in-plane damage. The specimen with the 

vertical edges free was subjected to pure out-of-plane excitation to explore the one-way bending/arching 

behaviour of infills.  

Keywords: Masonry infills, Existing infills, Shaking table tests, In-plane, Out-of-plane, Seismic behaviour 

1. Introduction 

The poor performance and severe damage repeatedly observed in masonry infilled frame structures 
during earthquakes have posed significant threat to life safety and led to major economic losses [1, 2, 

3]. In the last decades, extensive research has been carried out to explore and improve the seismic 

behaviour of masonry infills, which is inherently complex due to many interrelated aspects required to 
be considered. The seismic behaviour of infills has been studied in the literature mainly in terms of their 

in-plane response [4, 5, 6], out-of-plane response [7, 8, 9], and the interaction between in-plane and out-

of-plane behaviour [10, 11, 12, 13], considering the influence of the infill typology and masonry 
properties, aspect ratio, boundary conditions, frame properties, local interaction between the panel and 

the frame, and the global response of the structure. Despite the attention that masonry infills have 

received over the last few decades, guidelines provided for masonry infills in current seismic codes are 

rather general [14, 15]. Infills are usually assessed as non-structural elements and their safety is verified 
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without giving special consideration to infill typology or structural configuration. Thus, expanding the 

current experimental database is crucial for more accurate seismic assessment of masonry infills.  

The study reported in this paper was contrived to fully characterize the seismic behaviour of an infill 

typology which was commonly used between the 1960s-1980s in Mediterranean countries as enclosures 
and partitions in reinforced concrete frame structures which are typically not designed for seismic 

actions. The typology consists of horizontally perforated hollow clay masonry units of 8- 12 cm 

thickness, often in two layers of walls with a cavity in between. Such a type is recognized as “weak” 

infills due to its high percentage of perforation and slenderness introduced from the small thickness. In 
the present study, five single leaf infill panels have been constructed within steel/concrete composite 

single storey single bay frames; four specimens fully bonded to the frame in all edges and one specimen 

with two vertical gaps around 25 mm between the panel and the columns. The infills were 13 cm thick, 
including a 10 mm thick layer of plaster on one side. Out of the four specimens fully adhered to the 

frame, one was tested purely in-plane and another purely out-of-plane. The remaining two were first 

subjected to different levels of in-plane drifts and subsequently to out-of-plane excitation to study the 

influence of the level of previous in-plane damage on the out-of-plane capacity. The specimen with free 
vertical edges was tested in the out-of-plane direction, to investigate the out-of-plane arching 

mechanism in a single vertical bending wall. The in-plane tests were displacement-controlled pseudo-

static cyclic tests at increasing target drifts and the out-of-plane tests were shake table dynamic tests 
with incremental peak floor accelerations applied until collapse. The results of the in-plane tests are 

reported in terms of force-displacement curves, drift capacity, damage propagation and performance 

levels. For out-of-plane tests, the recorded accelerations and displacements, the damage evolution and 
failure mechanisms observed during the tests, and the effect of boundary conditions and previous in-

plane damage, are elaborated.  

2. Experimental Programme 

2.1 Description of specimens 

The first phase of the experimental campaign consisted of tests on 5 infill specimens, herein after 

referred to as T1, T2, T3, T4 and T5. The structural frames in which the masonry infills were built were 
fabricated with steel C-sections filled with reinforced concrete, such that the infill boundaries are in 

contact with the reinforced concrete surface as shown in Fig. 1(a). The frame was designed to represent 

a single story single bay of an existing frame structure, and to remain undamaged during the tests, which 
enabled reuse of the frames in the subsequent phases of the experiment. The infills were built with 

horizontally perforated 12 cm thick 25 x 25 cm units (Fig. 1(b)), laid in running bond with 10 mm thick 

mortar joints. The head joints were poorly filled as seen in Fig. 1(c) to reflect the common Italian 
construction practices during 1960-1980. The infill panels were 3.5 m long and 2.75 m high with an 

aspect ratio of 1.27. Representing one leaf of a double wythe wall, the panel was plastered on one side 

with a thickness of 10 mm, and the resulting total thickness of the panel was 13 cm. The bond between 

the panel and the frame was achieved by applying a mortar joint. Four specimens (T1-T4) were fully 
adhered to the frame continuously along the boundaries. The specimen with the vertical gaps (T5) was 

bonded to the frame along the top and bottom horizontal edges to the frame beams. The vertical gaps 

were approximately 25 mm each and continuous along the entire height of the panel.  

a) 

 

b) 

 

c) 

 

Figure 1. a) Steel concrete composite bare frame; b) Horizontally perforated units; c) poorly done head joints 
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2.2 Mechanical characterisation of units, mortar, and masonry 

A comprehensive series of tests was carried out to determine the mechanical properties of units, mortar 

and the masonry. According to current standard provisions the resistance in compression of the units 

[16], the flexural and compressive resistance of the mortar [17], and the mechanical behaviour of the 
masonry in terms of vertical and horizontal resistance with and without plaster [18], diagonal 

compression test to determine the tensile resistance [19], pure shear tests [20] and flexural tests [21] 

have been conducted. 

2.3 Test setup and instrumentation 

The test setup and instrumentation were designed uniquely for the in-plane and out-of-plane tests. The 

in-plane tests were realized by applying pseudo static drift cycles in displacement control through a 

servo-hydraulic actuator supported by a strong steel frame. To restrain the out-of-plane movement of 
the frame at the top, four inclined steel braces (two in each side) have been used, connected to the top 

two corners of the frame and supported on the floor. The specimen was rigidly fixed to the floor through 

a steel beam foundation. The shake table has been used as a strong floor for the in-plane tests, which 

was kept stationary during the static tests with an active control. Such a disposition was necessary in 
order to conduct the entire test sequence on a specimen in one location, thus avoiding damage to the 

specimen due to transportation.  

The out-of-plane excitations were applied to the specimen through the shake table, during which the 
actuator used for the in-plane tests was disconnected and the out-of-plane restraints remained attached. 

The schematic diagram and a picture of the full test setup is shown in Fig. 2(a) and (b).   

a) 

 

b) 

 

Figure 2. a) Schematic diagram of the test setup; b) actual configuration 

The response of the entire specimen, i.e., the structural frame and the infill panel, was measured during 
the in-plane and out-of-plane tests. For the pseudo static cyclic in-plane tests, linear transducers were 

installed as shown in Fig. 3 to measure the applied displacements and the consequent drift. During 

dynamic tests, the out-of-plane accelerations were recorded through accelerometers placed along the 
length at mid height and along the height at centre as shown in Fig. 4(a). The out-of-plane displacements 

were monitored through an optical acquisition system with markers (Fig. 4(b)) and high-resolution 

infrared cameras. 

 

Figure 3. Instrumentation installed for the in-plane tests 
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a) 

 

b) 

 

Figure 4 The layout of a) accelerograms; b) optical markers for the out-of-plane tests  

2.4 Loading Protocol 

The in-plane static cycles were applied with increasing target drift levels, and the cycles were 
repeated three times for each drift level. It should be noted that before the tests on the infilled 

specimens, all the bare frames were subjected to a maximum drift of 1.5%, which was the expected 

maximum drift for the infilled specimen. By subjecting the bare frames to the same drift level prior to 
tests on infills, it was aimed to bring all the bare frames to the same level of damage and thereby 

stiffness, ensuing a similar performance among them during the subsequent tests on infills. As will be 

elaborated later on with force-displacement curves obtained, it is important to emphasize that all the 

bare frames remained within the elastic region during the tests. 

Then, the infills been constructed within the frame and the in-plane tests were performed on specimens 

T1, T2 and T3. Specimen T1 was loaded till its ultimate conditions were reached, incrementally 

increasing the target nominal drift up to 1.0%. The specimens T2 and T3 were stopped at nominal drift 
levels of 0.3% and 0.65% respectively, to be followed by out-of-plane tests to study the influence of 

the different levels of in-plane damage on the out-of-plane response. 

Out-of-plane dynamic tests were performed on specimens T2, T3, T4 and T5 till the ultimate conditions 
were reached. The dynamic excitations were applied through the shake table in the out-of-plane 

direction only. The signals have been applied in the form of a target spectrum adapted from the Required 

Response Spectrum (RRS) method given in [22], with an incrementally increasing peak floor 
acceleration (PFA). The frequency range of the plateau of the target spectrum obtained with the RRS 

method was modified according to the methods proposed in [23], considering floor response spectra 

(FRS) from a series of nonlinear dynamic analyses performed on infilled frames with different heights 

(more details of the nonlinear dynamic analysis can be found in [24]). A summary of the loading 

protocols for in-plane and out-of-plane tests is presented in Table 1 and 2, respectively. 

Table 1 – Summary of the in-plane tests 

Nominal drift (%) 0.1 0.2 0.3 0.4 0.5 0.65 0.75 1.0 

T1 x x x x x - x x 

T2 x x x - - - - - 

T3 x x x x x x - - 
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Table 2 – Summary of the out-of-plane tests 

Nominal drift 

(%) 0
.1

0
 

0
.2

0
 

0
.3

0
 

0
.4

0
 

0
.5

0
 

0
.6

0
 

0
.7

0
 

0
.7

5
 

0
.8

0
 

1
.0

0
 

1
.2

5
 

1
.5

0
 

1
.8

0
 

2
.0

0
 

2
.2

5
 

2
.5

0
 

T2 x x x x x - - x - x x x x x x x 

T3 x x x x x - - x - x x x* - - - - 

T4 x x x - x - - x - x x x x - - - 

T5 x x x x x x x - x x - - - - - - 

*Test repeated 3 times 

3. Results 

The experimental results will be presented in terms of the damage propagation in the infills in all tests, 

force-displacement response of in-plane tests, and the recorded displacements and accelerations in the 

out-of-plane tests.  

3.1 In-plane response 

The specimen T1 has been subjected to increasing in-plane cyclic drifts until ultimate conditions were 

reached. According to the level of damage experienced by the infill panel with increasing drift, damage 

limit states have been defined as operational, damage, life safety and ultimate. The horizontal 
boundaries were the first to crack at the starting nominal drift of 0.1%, although rather sporadically, 

followed by the fist main diagonal crack and continuation of the cracks along the boundaries at 0.2% 

nominal drift. At 0.3% it was deemed that the operational limit state has been reached, with two more 
diagonal cracks appearing along with a horizontal cracking zone above the 2nd course, accompanied 

by slight spalling of the plaster around some cracks. The damage state observed on each side of the 

specimen, i.e., bare and plastered, at 0.3% nominal drift is illustrated in Fig. 5(a) and (b). When the 
nominal drift was increased to 0.4%, large pieces of plaster was spalling around the horizontal crack 

and new diagonal cracks appeared as depicted in Fig. 5(c) and (d), the damage limit state was pertinent 

in this stage. Cracking of unit face shells, spreading and widening of the diagonal and horizontal cracks, 

and more spalling of plaster were observed at a nominal drift of 0.5%, which exacerbated at 0.75% with 
new cracks along bed joints, and pieces of units entirely detaching from the infill in the cracked zone. 

Therefore, life safety limit state was assumed at 0.75% nominal drift, and the damage state is illustrated 

in Fig. 5(e) and (f). The ultimate limit state was reached at 1.0% nominal drift, the infill having lost its 
robustness by losing most of the plaster and units around the main cracks. The level of damage was 

similar in specimens T2 and T3 for each level of nominal drift, the only difference was that the 

horizontal cracking zone was around the mid height of the wall, which is more conforming in a panel 
fully adhered to the frame. In specimen T1, it is likely that a local weakness shifted the damage to the 

lower courses. 

The force-displacement cycles of specimen T1 are reported along with the backbone curves in Fig. 6(a). 

It should be noted that the backbone curve for the infill panel is derived by subtracting the response of 
the bare frame from the full response of the frame and the infill. As it was mentioned previously, the 

response of the bare frame remained elastic at all drift levels considered. A comparison of the backbone 

curves of the infill panels (only) for specimens T1, T2 and T3 is presented in Fig. 6(b). 
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a) 

 

b)  

 
c) 

 

d) 

 
e) 

 

f) 

 
Figure 5. The damage state of the infill (a) bare face at 0.3% (b) plastered face at 0.3% (c) bare face at 0.4% 

(d) plaster face at 0.4% (e) bare face at 0.75% (f) plaster face at 0.75% drifts. (grey shade represent damage in 

the plaster, black shade stands for damage in the clay unit) 

 
a) 

  

b) 

 

Figure 6. (a) The force-displacement cycles of specimen T1 (b) Force-displacement backbone curves derived 

for infill panels 
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3.2 Out-of-plane response 

Specimens T2, T3, T4 and T5 have been subjected to out-of-plane acceleration signals with increasing 

amplitude till ultimate capacity was reached. Specimens T2 and T3, having previous in-plane damage 

(at drift levels 0.3% and 0.65%) suffered the most damage and then reached collapse at nominal PFA 
2.5g and 1.5g (recorded PFA of 2.75g and 1.69g), respectively. The level of in-plane damage greatly 

influenced the out-of-plane capacity of the infills, with the maximum acceleration recorded at the centre 

of the panel reducing by 42% for the specimen T3 with respect to specimen T2. The existing damage 

caused by in-plane cycles propagated during the out-of-plane shaking, with widening of existing cracks, 
spalling and expulsion of plaster and units in the damage zone at mid height and at the top boundary. 

As example, the damage state succeeding the in-plane cycles and before the dynamic tests of T3, 

compared with the damage state attained before out-of-plane collapse is presented in Fig. 7. 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 7. Damage state attained in specimen T3 after in-plane drift of 0.65% (a) bare face (b) plaster face and 

before collapse as seen on (c) bare face (d) plaster face 

Without having any previous in-plane damage, specimen T4 was more robust and stronger, and did not 

exhibit any significant damage till 1.8g nominal PFA or reach collapse. The specimen presumably 
exhibited a double bending/arching mechanism, which is also perceived in the acceleration and 

displacement along the length at mid-height and along the height at centre profiles at maximum response 

with increasing PFAs (Fig. 8 and 9). 

The behaviour of specimen T5 differed from the other specimens due to having free vertical edges. The 

specimen was subjected to only out-of-plane excitation without any previous in-plane damage, and the 

maximum acceleration on the panel was reached at the centre at a nominal PFA of 0.6g (recorded PFA 

0.7g) without collapse. The behaviour of the panel during the tests resembled a single vertical 
bending/arching behaviour, also inferred from the damage pattern consisting of horizontal cracks along 

the top and bottom edges and along the bed joints above 6th and 7th courses (close to mid height), 

spanning the whole length of the wall. Towards the latter ground motions with higher intensities, the 
damage to the top boundary intensified, resulting in a gap between the top edge and the frame, however 

the arching mechanism could still be observed when the infill boundary came into contact with the 

beam surface. The described behaviour could also be exemplified by the acceleration and displacement 
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profiles measured along the height at mid length (Fig. 10(a) and (b)). The shape of the acceleration 
profile is a noteworthy result, indicating that the applied horizontal load on the panel is not uniform but 

more triangular. The triangular shape of acceleration profiles was observed in all specimens, in both 

directions (along length and height) for double bending specimens (T2, T3 and T4), and along the height 

in specimen T5. 

a)

 

b)

 
Figure 8. Acceleration profiles recorded on infill T4 (a) along height at centre (b) along length at mid-height 

 
a)

 

b)

 
Figure 9. Displacement profiles recorded on infill T4 along height at centre (a) negative direction (b) positive 

direction 

 
a)

 

b)

 
Figure 10 (a) T5 acceleration profile along the height (dashed line extrapolated profile from previous based 

on measured max acceleration at centre (b) Displacement profiles along height at maximum response in the 

positive direction 
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4. Discussion 

The influence of the level of in-plane damage and the boundary conditions on the out-of-plane capacity 
of infills has been substantiated through the experimental results. Such effects could be further analysed 

through comparisons of the maximum accelerations recorded during the dynamic tests. In Fig. 11(a), 

the maximum recorded accelerations at the centre of the panel when the panel response was maximum 

(except for a few instances, the maximum response was always observed at the panel centre) with 
respect to the recorded PFA of the ground motion are presented, and the corresponding amplifications, 

i.e., the ratio of the maximum acceleration to the recorded PFA, are delineated in Fig. 11(b). The 

maximum accelerations in T4 are increasing almost linearly with the PFA, which can also be seen from 
the amplification, which fluctuates around a mean value of 5.85 not exceeding a variation of 5% from 

the mean. It should be kept in mind that the capacity has not been reached for T4, and at this stage no 

evident damage has been observed. On the other hand, specimens T2 and T3 reached collapse, and the 
drastic reduction of the capacity in the specimen with higher in-plane damage (T3) is prominent in terms 

of accelerations, reaching collapse much earlier at a lower PFA than the specimen with the lower 

damage (T2). Even though the amplification is also generally higher in the specimen T2 than T3, the 

variation is ambiguous with sudden drops and increases, while the variation is lower for specimen T3. 
It is also evident that the behaviour of specimen T5 with vertical bending is highly contrastive when 

compared to the fully supported specimens. Similarly, the maximum displacement at the centre of the 

panel is examined in Figure 12, and the results are consonant with the observations made hitherto. The 
reduction in stiffness is clearly observed decreasing from the undamaged specimen to the most damaged 

specimen, and the highest displacements are exhibited by the specimen with free vertical edges. 

Furthermore, from the damage patterns examined in the infills in the previous section, it could be 

inferred that the specimens fully connected to the surrounding frame exhibited a double bending/arching 
mechanism, and the specimen only connected to the top and bottom beams displayed single vertical 

bending/arching mechanism, when subjected to out-of-plane motions. 

a)

 

b)

 
Figure 11. (a) Max acceleration at the centre vs recorded PFA (b) corresponding amplification at the centre 

with respect to recorded PFA 
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Figure 12. Max displacement at the centre vs recorded PFA 

5. Conclusions 

The seismic behaviour of an existing weak masonry infill typology has been investigated through an 

extensive experimental campaign, and the results from the first phase of the program have been 

presented and discussed. The first phase involved tests on five full scale masonry infill specimens 
surrounded by steel/concrete composite frames designed to simulate the behaviour of a r.c. existing 

structure. The in-plane behaviour, out-of-plane behaviour and the in-plane/out-of-plane interaction of 

infills fully adhered to the frame have been explored, and the out-of-plane behaviour of a vertically 

spanning specimen has been examined. The main observations from the test series are summarized as 

follows.   

1. An undamaged infill possesses a considerable out-of-plane capacity, which drastically reduced 

with the presence of previous damage due to in-plane loading.  

2. The boundary conditions of the panel significantly influence the out-of-plane response. The 

vertical spanning infill had a significantly lower stiffness compared to the fully supported infill 

exhibiting high displacements and had a lower out-of-plane capacity. 

3. The distribution of accelerations is not uniform over the panel but closer to being triangular. In 

double bending specimens the triangular distribution was two-way, and in the single bending 

specimen the distribution was observed along the vertical. 

In the following phases of the experimental campaign, the seismic response of specimens with a thin 
gap at the top will be explored, as well as the influence of presence of openings on the seismic 

behaviour of infills. 
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Abstract 

Reinforced concrete (RC) frame structures with masonry infills are common in seismic-prone regions. Masonry 
infills are activated in in-plane and out-of-plane directions under seismic loading and often damaged during 
earthquakes. Several recent investigations have shown that the combined effects of in-plane and out-of-plane loads 
are particularly dangerous for masonry infills. However, most of these studies focused on solid infills, and there 
is little information about the influence of openings on the seismic performance of infills, even though openings 
may alter the seismic performance of infilled frames significantly. This paper presents results of two experimental 
tests carried out on masonry infills with full-height door openings. One was tested under pure out-of-plane load, 
and the second one with sequential in-plane and out-of-plane loads. Thereafter, results of these two tests are 
compared with experimental findings obtained from two experimental tests with similar loading protocol 
conducted on solid masonry infills. Results of the study demonstrate the deteriorating effect of door openings, 
especially under combined in-plane and out-of-plane loads. The results also highlight a need for practical solutions 
for damage prevention in both infills with and without openings.   

Keywords: Seismic loading, In-plane load, Out-of-plane load, Interaction, Door opening 

1. Introduction 

Masonry infills are non-load bearing masonry walls that are frequently installed as outer walls or inner 

partitions in RC frame buildings. As they are erected after the casting of the bounding frame (columns 

and upper and lower beams or slabs), they do not take part in the transfer of vertical loads. However, in 

the case of an earthquake event masonry infills are subjected to in-plane, out-of-plane and combined 

in-plane and out-of-plane seismic actions. Due to the rather complex seismic performance of infilled 

frames, most of the seismic codes consider masonry infills as non-structural elements, which is an 

unrealistic and non-conservative assumption.  

Seismic performance of infilled frames has been investigated for more than seventy years. Results of 

some of the first experimental findings revealed that masonry infills significantly increase the in-plane 

stiffness and load capacity of RC frames [1,2]. This was followed by numerous experimental studies 

that focused on the in-plane performance of infilled frames [3-6]. Among various parameters 

investigated, openings were recognized to affect the in-plane behaviour of infilled RC frames most 

significantly because they can alter the stress field induced in the infill and thus change the infill failure 

mode [5,7]. In addition to this, in several experimental campaigns [8-10] the detrimental crack patterns 

on infills due to openings were observed, showing that openings had an adverse effect on the seismic 

safety.  
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In the pioneering studies on the out-of-plane behaviour of unreinforced masonry walls, McDowell et 

al. (1956a,b) [11,12] investigated experimentally the formation of the arching action within the wall, 

which has proven to be the load-resisting mechanism against out-of-plane seismic forces in masonry 

infills too. The findings on the out-of-plane behaviour of masonry infills were extended in [3,13,14]. 

Boundary conditions and slenderness ratio are recognized as the most influential parameters, while the 

effect of openings is still not clear, due to contradictory results from a limited number of studies 

[13,15,16]. 

However, particularly important for out-of-plane response of masonry infills are effects that can cause 

the reduction of out-of-plane capacity or even totally hinder the formation of arching action. Firstly, 

inappropriate execution of frame-infill mortar connections, especially the top connection, which is not 

the rare case in the practice, can be the reason for the worse out-of-plane behaviour of masonry infills, 

as reported in [15,17]. Furthermore, masonry infills at the lower and middle storeys can experience 

significant reduction of out-of-plane load capacity or even the complete out-of-plane failure due to the 

combined effects of in-plane and out-of-plane actions. This could be observed in recent earthquakes in 

L’Aquila, Italy (2009) and Albania (2019), where masonry infills obtained the life-threatening out-of-

plane failures due to the in-plane and out-of-plane load interaction, as reported in [18-20]. 

One of the first studies on the effects of the prior in-plane damage on the out-of-plane behaviour of 

masonry infills were carried out by Angel et al. (1994) [3] and Flanagan and Bennett (1999) [21]. 

However, this topic has gained more attention recently and the number of experimental studies dealing 

with this topic increased. In experimental studies [22-26] mostly thin masonry infills used in the existing 

buildings in the Southern Europe were investigated. Reduction of out-of-plane capacity due to the prior 

in-plane damage was reported. Among these studies, interesting findings on the effect of the slenderness 

ratio [24] or aspect ratio [27] can be found. On the other side, less studies on the effect of the prior in-

plane damage on the out-of-plane behaviour of modern strong masonry infill with larger thickness are 

available in the literature. Among them, Morandi et al. (2017) [28], Butenweg et al. (2019) [29] and da 

Porto et al. (2020) [30] observed the reduction of out-of-plane capacity due to the prior in-plane drifts 

too. Based on the available experimental database, some authors also proposed the reduction factors 

that could account for prior in-plane damage when estimating the out-of-plane capacity of masonry 

infills. Proposals for these reduction factors can be found in [23,31,32], for instance, but their 

correctness needs to be checked on the larger experimental database.  

In addition to this, there is a clear gap in the experimental findings on the effect of the prior in-plane 

damage on out-of-plane behaviour of masonry infills with openings. This is somehow unjustified, as 

openings significantly affect the seismic performance of infilled RC frames. So far, da Porto et al. 

(2020) [30] carried out experimental tests on modern and thick masonry infills and Furtado et al. (2021) 

[16] investigated thin infills. Further experimental results on the topic are of the utmost importance for: 

a) the better understanding of the influence of the load interaction on masonry infills with different 

opening arrangements, b) validation of numerical results that can be used for extensive parametric 

studies and c) development of simple and practical approaches that could consider effects of the load 

interaction in seismic codes in the future.  

In this paper the effects of prior in-plane damage on out-of-plane behaviour of masonry infills with full-

height door opening are experimentally investigated. Out-of-plane behaviour of masonry infill with 

full-height door opening is first investigated in the pure out-of-plane test (T7). Afterwards, the 

behaviour of the same infill configuration is analysed in a sequential loading test (T8), in which masonry 

infill is first subjected to in-plane cyclic loads, which is followed by the out-of-plane load phase and 

the last in-plane load phase. Finally, in order to determine the effect of door opening, the experimental 

results obtained from these two tests are compared with experimental results of pure out-of-plane test 

(T1) and sequential loading test (T2) carried out on fully infilled RC frames [33]. The results of this 

study show that door openings further deteriorate the behaviour of infilled RC frames under interacting 

in-plane and out-of-plane loads.  
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2. Experimental campaign 

2.1 Test specimens 

The dimensions of the frame and masonry infill used in experimental tests are indicated in Fig. 1. The 

full-height door opening takes around 38 % of the wall surface. Masonry infill is built in line with the 

usual building practice. Thick hollow clay bricks with percentage of narrow vertical voids of around 

56 % are used. Bed joints are filled with thin layer mortar, while head joints are executed as dry tongue 

and groove connections. The levelling layer and connections of masonry infill to the RC columns are 

made of mortar, while the gap between masonry infill and the top beam is filled with a thin layer mortar, 

which was inserted by a special hand pump. Due to this precise, but time-consuming execution, frame-

infill connections at the top were exceptionally strong.  

 

Figure 1. Test specimen 

 

Figure 2. Position of measurement points and air bags on infilled frame with door opening    

2.2 Test setup 

Fig. 2 shows the specimen with position of force and displacement transducers. At the beginning of 

each test, vertical force of 200 kN per column is applied by one-way hydraulic actuators and it is kept 

constant throughout the test. In-plane loads are applied to the frame in a displacement-controlled 

manner by two servo-controlled hydraulic actuators, which are connected to a strong reaction wall on 
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one side and to the top beam of the RC frame on the other side. Connection to the top beam is provided 

by a special harness with four steel tie rods that run along the top beam and that are connected to steel 

plate on the other side of the beam. These steel tie rods allow application of cyclic in-plane 

displacements (positive-push and negative-pull direction). Positions of two in-plane load actuators on 

the RC frame correspond to force transducers CH2 and CH4 on Fig. 2.  Out-of-plane load is applied by 

inflating four air bags that are installed between the back side of the infill and the timber reaction wall. 

In Fig. 2 positions of air bags are presented with four dashed squares. Test setup is designed and 

constructed to allow the fast and simple application of in-plane and out-of-plane loads within the one 

test.  

3. Experimental tests  

3.1. Test T7 - Pure out-of-plane test  

In test T7 out-of-plane load was imposed to the masonry infill with full-height door opening in six 

cycles. In Fig. 9a the load-displacement curve measured on the left infill pier is shown. Specimen 

responded linearly up to the out-of-plane force of around 60 kN in the second cycle, when the first light 

stepwise cracks appeared on the left pier. With the increase of out-of-plane load, more cracks through 

bed and head joints emerged leading to the further decrease of stiffness. In the last load cycle maximum 

out-of-plane force of 145.3 kN (33.6 kPa) was reached. The major strain propagation obtained by optical 

measurement system and measured out-of-plane displacements on both piers are shown in Table 1. 

They both depict the typical out-of-plane behaviour of masonry infill with strong connections to the 

frame along three sides. The load-resisting mechanism is strong vertical arching. In the last load cycle, 

due to the pronounced cracking and crushing of the bricks in the arc supports (Table 1, right), out-of-

plane displacements increased significantly for the same level of out-of-plane force applied and the test 

was stopped due to the safety reasons. However, the reached out-of-plane force represents the high out-

of-plane capacity for this masonry infill, which is explained by the low slenderness ratio of infill and 

its strong and stable connections to the surrounding frame.  

Table 1. Selected experimental results at the maximum out-of-plane force of test T7 

   

Major strain at FMAX,OOP OOP displacements at FMAX,OOP 
Cracks in the bricks at 

FMAX,OOP 

3.2. Test T8 – Sequential in-plane and out-of-plane test   

In test T8 masonry infilled RC frame with door opening was tested in three loading phases. In the first 

phase, cyclic in-plane displacements were applied to the specimen. Three load cycles were carried out 

for each level of in-plane displacement applied. After reaching 1.1 % of in-plane drift masonry infill 

experienced significant level of damage. Therefore, the specimen was unloaded and then loaded with 

seven cycles of out-of-plane loading in the second loading phase, in order to investigate the influence 

of the prior in-plane damage on the out-of-plane behaviour. This phase was terminated after reaching 

maximum out-of-plane force of 39.7 kN (9.2 kPa). In the third loading phase, cyclic in-plane 

displacements were applied again, up to the complete collapse of the infill at the 1.6 % of in-plane drift.  
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Figure 3. Hysteretic force-drift curve obtained from in-plane loading phases of test T8 

The hysteretic curve obtained from in-plane loading phases is shown in Fig. 3. At the lower levels of 

in-plane drifts (Δ ˂ 0.2 %), the stepwise cracks already appeared in the bottom parts of both piers. At a 

drift of 0.5 % diagonal cracking through the middle parts of piers emerged and stepwise cracks through 

head and bed joints propagated in the upper part of piers too. In addition to this, the cracks due to the 

crushing of the corner bricks in the lowermost rows of bricks could be observed (Fig. 4). The maximum 

horizontal force in positive (push) direction was reached at 1.0 % of in-plane drift. With the increase of 

in-plane drifts, diagonal cracks widened (Fig. 5). In Fig. 6 triangular-like pieces of masonry defined by 

diagonal cracks that occurred due to the cyclically imposed in-plane displacements can be more clearly 

seen. These triangular-like pieces of the infill started to lose connection to the rest of the infill. Due to 

the significant damage at 1.1 % of in-plane drift, in-plane load was suspended. 

a) 

 

b) 

 

Figure 4. Cracks in the lowermost row of bricks (Δ = 0.5 %): side view (a) and front view (b) 

After the first in-plane loading phase, seven cycles of out-of-plane loading were applied. The out-of-

plane load – displacement curve is shown in Fig. 9a. The maximum out-of-plane force of 39.7 kN was 

reached in the last cycle, which is only 27 % of the out-of-plane capacity of the masonry infill tested in 

test T7, which had no prior in-plane damage. In addition to this, the significant decrease of the out-of-

plane stiffness can be noticed due to the prior in-plane damage. However, frame-infill connections 

remained in a quite good condition after the in-plane loading phase. Therefore, the boundary conditions 

for the vertical arching were provided. Table 2 shows selected experimental results at the maximum 

out-of-plane force of test T8. Due to the three-sided support and developed vertical arching in both 

piers, out-of-plane displacements were rather small with the largest values near the pier middle, at the 

pier edges. Larger out-of-plane displacements can be measured locally too, due to the detachment and 

initiation of the falling off of the brick outer shells, which already started under in-plane loads. Major 

strain propagation indicates that most of the cracks originate from the prior in-plane loading phase. Due 
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to increasing residual out-of-plane displacements and for safety reasons, out-of-plane loading phase 

was terminated.  

  

Figure 5. Damage to masonry infill at 1.1 % of in-

plane drift 

Figure 6. Major strain propagation at 1.1 % of in-

plane drift 

After the out-of-plane loading phase, one more in-plane loading phase was carried out to investigate 

the in-plane behaviour of the infilled frame with door opening. Already at 1.2 % of in-plane drift, 

diagonal cracks widened and more cracking through bricks could be observed. Furthermore, some brick 

outer shells fell off and the corner brick on the left infill pier was crushed (Fig. 7). The diagonal cracking 

propagated further with the increase of the applied in-plane displacements. Triangular-like masonry 

parts gradually lost their connection to the remaining parts of the infill, which resulted in a complete 

detachment and failure of the infill at 1.6 % of in-plane drift (Fig. 8). In addition to this, hysteresis curve 

obtained from in-plane loading phase shows that the in-plane force capacity remained almost constant 

in the second in-plane loading phase (Δ ˃ 1.1 %), due to the significant damage to masonry infill. 

Table 2. Selected experimental results at the maximum out-of-plane force of test T8 

  
OOP displacements at FMAX,OOP Major strain at FMAX,OOP 
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Figure 7. Damage to masonry infill at 1.2 % of in-

plane drift 

Figure 8. Collapse of masonry infill at 1.6 % of in-

plane drift 

4. Comparison of the test results   

Fig. 9a shows load-displacement curves of out-of-plane test T7 and out-of-plane loading phase of test 

T8.  In test T7 high out-of-plane capacity was reached due to the developed vertical arching action. 

Furthermore, in the first in-plane loading phase of test T8 frame-infill connections were not severely 

damaged and out-of-plane capacity was achieved due to the developed vertical arching too. However, 

due to the significant prior in-plane damage, out-of-plane capacity of masonry infill in test T8 is 3.7 

times smaller than the out-of-plane capacity of masonry infill in test T7, which was tested under pure 

out-of-plane load only. In addition to this, effects of the prior in-plane damage can be seen in the 

significantly decreased out-of-plane stiffness of masonry infill in test T8.  

a) b) 

  

Figure 9. a) Load-displacement curves of test T7 and out-of-plane loading phase of test T8; b) Load-

displacement curves of test T1 and out-of-plane loading phase of test T2 [33] 

Tests with similar loading protocol were carried out on fully infilled RC frames within the same 

experimental campaign. Test T1 is a pure out-of-plane test, while in test T2 masonry infilled RC frame 

was firstly loaded in in-plane direction up to the 1.2 % of in-plane drift and then in out-of-plane 

direction. Further details can be found elsewhere [33]. Load-displacement curve obtained from test T1 

and out-of-plane loading phase of test T2 are presented in Fig. 9b. In both tests high out-of-plane 

capacities were reached due to the developed two-way arching action in the wall, with dominant vertical 

arching. However, due to the prior in-plane damage in test T2, out-of-plane capacity was reduced 

around two times. Even larger reduction can be observed for the out-of-plane stiffness.  

Furthermore, in Fig. 10 load-displacement curves obtained from out-of-plane loading phases of test T2 

and test T8 are compared. It can be seen that masonry infill with door opening (test T8) reaches smaller 

out-of-plane load and displacement capacity than solid masonry infill (test T2). Moreover, the higher 
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reduction of out-of-plane capacity due to the in-plane damage is measured for masonry infill with door 

opening (test T8 - 3.7 times) than for solid masonry infill (test T2 - 2 times). The worse out-of-plane 

behaviour of masonry infill with door opening is attributed to the more pronounced in-plane damage in 

infill with door opening. Due to the centric full-height door opening, masonry infill in test T8 suffered 

more damage at 1.1 % of in-plane drift than solid masonry infill in test T2 at 1.2 % of in-plane drift. 

Furthermore, due to the door opening a specific crack pattern was formed in masonry infill, with 

triangular-like portions of masonry detaching from the rest of the infill. In masonry infill with door 

opening, diagonal cracking and crushing of edge bricks took part already at 0.5 % of in-plane drift, 

while solid masonry infill experienced more significant damage at around 1.0 % of in-plane drift.  

In their extensive experimental campaign, da Porto et al. (2020) [30] investigated effects of the prior 

in-plane damage on out-of-plane behaviour of masonry infill with full-height door opening too. As in 

this study, the authors reported that masonry infill with full-height door opening obtained worse out-of-

plane behaviour due to the more fragile crack patterns developed under prior in-plane loads. Moreover, 

more studies [8-10,34] showed that openings increase the seismic vulnerability of masonry infills, as 

unstable portions of masonry next to openings tend to fall out of wall plane in pure in-plane tests. In 

tests with sequential or simultaneous in-plane and out-of-plane loads, the worse performance and higher 

reductions of out-of-plane capacity could be expected. However, experimental campaigns on infills 

with openings with this loading protocol are still missing.  

 

Figure 10. Load-displacement curves of out-of-plane loading phases of tests T2 and T8 

5. Conclusions  

Experimental tests conducted within the scope of the project named “Development of an innovative 

approach for decoupling infills and non-load-bearing masonry walls from the main structure” are 

presented in this paper. Experimental results show that full-height door opening has an adverse effect 

on seismic performance of infilled RC frames. Firstly, due to the presence of door opening damage to 

edge bricks occurs at already 0.5 % of in-plane drift, whereas solid masonry infill suffers more 

significant damage at 1.0 % of in-plane drift. Furthermore, with the increase of in-plane drifts, 

triangular-like portions of masonry formed around door opening gradually lose their connection to the 

rest of the infill along diagonal cracks and tend to fall out of wall plane. As a consequence of the more 

significant prior in-plane damage, out-of-plane capacity of masonry infill with door opening is reduced 

3.7 times, while for solid infill out-of-plane capacity is reduced 2 times. However, it should be pointed 

out that vertical arching could be formed in all specimens in this experimental campaign. This was 

possible due to the strong boundary conditions provided by perfect execution of frame-infill 

connections, which is not common in practice. In more realistic cases even worse out-of-plane 

behaviour of masonry infills with and without door opening could be expected. Due to this, it seems 

reasonable to work on the development of the engineering solutions that could increase the seismic 

safety of masonry infilled RC frames. The decoupling system presented in the paper of [35] successfully 

prevented in-plane damage and at the same time provided a support for out-of-plane forces. However, 

the system was only tested on the fully infilled RC frame and it needs to be further validated on masonry 

infills with openings, which are definitely more prone to the seismic damage.   
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Abstract 

Shock Transmission Units (STU), also known as Temporary Connection Devices (TCD) or Lock-up Devices 

(LUD), are mechanical devices that provide a simple and economical way to improve the resistance of existing 

bridges. They are mainly used for retrofitting existing bridges to accommodate higher-intensity earthquakes and 

breaking loads defined by new design codes for which the existing bridges do not have sufficient load-bearing 

capacity. The basic idea of a shock transmission unit is to distribute seismic or other sudden impact loads only to 

different substructure elements of the bridge so that the bridge behaves as a rigidly connected structure. In the 

case of slowly acting loads such as temperature, creep, and shrinkage, the shock transmission units are not 

activated, so that the different parts of the bridge-bearing structure can move independently of each other. They 

behave like "seatbelts for bridges" because they restrain bridge movement for sudden dynamic loads but allow 

free movement under slowly acting static loads. To determine the real contribution of STU to the bridge stiffness 

and consequently, to the global dynamic behavior of the bridge in regular operating conditions, modal parameters 

such as natural frequency, mode shapes, and damping were determined on the pedestrian bridge, which had been 

strengthened with shock transmission units. The modal parameters were determined using operational modal 

analysis and the numerical model. This paper shows the difference between the experimental and numerical modal 

parameters and draws conclusions about the impact of the shock transmission units on global bridge stiffness. A 

proposal is also given for the numerical modeling of shock transmission units and their influence on the overall 

seismic action. 

Keywords: shock transmission units, bridges, dynamic parameters, operational modal analysis 
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1. Introduction 

The territory of the Republic of Croatia is in a seismically active area, and in 2020 the country was 

hit by two major earthquakes. Before that, earthquakes were quite rare, so citizens' awareness of seismic 

risk was relatively low [1]. Recent events have rapidly increased public interest in seismic risk, and the 

need to design earthquake-resistant buildings has finally become equally recognized among all 

participants in the building process. In particular, the need to rehabilitate and strengthen a large number 

of existing buildings and bridges to withstand the seismic loads prescribed by the existing technical 

standards (Eurocodes) presented new challenges to all. Such a task became a major challenge for 

existing bridges since many of them were built a long time ago and for some of them, seismic actions 

were not considered at all or with much smaller intensity [2–4]. Those bridges should remain in service 

after the earthquake to accommodate heavy traffic by emergency vehicles and to provide safe passage 

of lifeline supplies. The above requirements should be met as part of the technical solution during the 

reconstruction phase. This is hardly achievable with a traditional approach based on strengthening 

critical bridge parts. Therefore, more advanced methods and systems that can improve the seismic 

performance of the bridge need to be employed. Based on the functional characteristics of such systems 

and methods, they can be divided into three types [5], which are shown in Figure 1. 

Seismic protective 

devices/systems

-reduce dynamic response by 

dissipating part of se ismic 

energy.

-this effect is achieved by   

mobiliz ing the ductility and 

plasticity of solid structural 

elements, the viscosity of fluids 

(dampers), or fric tion. 

Energy-disipating 

systems

 -tend to decrease the stiffness 

of the  structure to shift its 

period to a range of lower 

responses.

-this is obtained by inserting 

elastic devices between the 

structure and its foundation. 

Base-isolation 

systems

-devices temporarily restrain 

structure movement, allowing the 

transfer  and sharing of seismic  

force between diffe rent parts of a 

structure - thereby strengthening 

the structure. 

-such devices are known as shock 

transmission units (STUs) or  lock-

up devices (LUDs).       

Temporary- 

strengthening systems

 
Figure 1. Seismic protective devices/systems 

Base-isolation systems are not so suitable solution for existing bridges, since they require demanding 

and expensive construction procedures to install elastic devices beneath the foundation or other 

structural elements. On the other hand, the use of energy-dissipating systems and the energy-dissipation 

approach is quite limited since many of the existing bridges are built on masonry piers, and such 

substructures do not exhibit ductile behavior. Therefore, temporary strengthening systems also known 

as Shock Transmission Units (STU) occur as the most applicable ones to be used on existing bridges. 

They are easily installed and they don’t require traffic closure which makes them ideal for investors. In 

addition, the basic principle of their contribution to overall seismic resistance is relatively easy to 

understand, making engineers more comfortable to use them in their designs.  

The first known use of shock transmission units (STUs) in Europe was in the Netherlands in 1965 on 

the Oostehshelde Bridge [6]. They were used to transfer traction and braking forces across the central 

expansion joint. For seismic resistance, they were first used in Italy in 1974 [6]. To the authors’ 

knowledge, shock transmission units are still rarely used in Croatia. A recent example of their use was 

on the Old Sava Pedestrian Bridge in Zagreb in 2019. Since it took almost fifty years for Croatian 

engineers to implement the use of shock transmission units in their design concept, the first aim of this 

article is to introduce the concept of strengthening existing bridges with STU based on the case study 

example of the Old Sava pedestrian Bridge in Zagreb. The second aim is to investigate the contribution 

of STUs on overall dynamic behavior through the use of a numerical model updated with experimental 

data collected through load testing and operational modal analysis.   

171

https://doi.org/10.5592/CO/2CroCEE.2023.41


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.41 

 

2. Operational principle of STU 

In this chapter, the basic concept of shock transmission units has been explained. To begin with, it is 

important to distinguish shock transmission units from dampers or energy absorbers. Although they 

look quite similar, their dynamic behavior and overall impact on the structure is different. STUs have 

negligible energy absorption capacity due to small piston movement and insignificant hysteresis loops 

[7]. From the designer’s point of view, the STU behaves like an additional support or a rigid link 

between connected bridge elements, while dampers only increase the damping of an overall structure. 

In terms of energy handling, the dampers dissipate energy, while STUs distribute energy [8].  

gap around 

piston

hydraulic 

sealspiston

silicone 

based putty

cylinder

connection 

head
conncetion 

head

(a)

(b)

Structure 2S
tr

u
ct

u
re

 1

 

Figure 2. The operational principle of STU. (a) basic parts of the shock transmission unit, (b) the STU unit 

installed on the case study bridge 

The operating principle of STU is based on the fact that rapid passage of viscous fluid through a narrow 

gap generates considerable resistance, while slow passage produces only minor resistance. As a result, 

STUs behave as a rigid link transmitting the forces between structural elements for dynamically applied 

forces such as seismic or braking forces. For slowly applied forces that are mainly caused by 

temperature, shrinkage, or creep the fluid has enough time to slowly pass the gap allowing free piston 

movement, therefore only a small amount of force is transmitted between connected elements.  

In 1960, the USA Space Exploration Program developed a new material that has a particular thixotropic 

behavior that makes it optimal for use as a fluid in STU. It is commonly known as a silicone putty (a 

chemical compound of a boron-filled dimethyl siloxane) and it acts like a rigid body under impact loads, 

but under slowly applied loads, it deforms easily and without any delay [7]. This makes it ideal for use 

in shock transmission units as a filler material and it replaced oils and gases that were previously used. 

This resulted in significant cuts in STUs’ need for maintenance which made them more suitable for use 

on real bridges and structures. Today, STUs are mainly used for (a) multi-span simply supported 

bridges, (b) multi-span continuous bridges, (c) bridges in seismic areas, and (d) for adjacent continuous 

viaducts. Although they are mainly used as a unidirectional device for temporarily restraining 

translational movements, a rotational STU is also produced and it was used on a military pontoon bridge 

[9]. 

3. Bridge studied 

The Old Sava Bridge in Zagreb, also known as the "Blue Bridge" or "Sava Pedestrian Bridge", was 

designed by famous Croatian bridge engineer Milivoj Frković and was built in 1939. The new bridge 

superstructure consisted of steel and concrete bridge superstructure was built on an existing masonry 

substructure dating back to 1892. Previously, the existing superstructure had been constructed as a 

system of simply supported steel trusses with wooden deck elements. The design and construction 

technology of a new span structure was quite ahead of its time. According to the references [10–13], 

the main advancement was in design and welding technology. At the time, welding technology had 

difficulties when it came to welding thick steel elements together, but those obstacles have been 

mastered by the engineers (Fig. 2a) and the thick flanges (more than 90 mm) were successfully welded 

together, as the later welding tests revealed (Fig. 2b). 
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(a)
(c)

(b)

 

Figure 3. Details from the building process [11]. (a) welding technology, (b) weld quality control, (c) technical 

detail of the shear connector between the main girder and a concrete slab 

Advancement in design is based on the designer's intention to use the reinforced concrete deck as a 

wind bracing. The installed shear connectors (Fig. 2c) contributed to the bond reaction between the 

main girders and the bridge deck. The favorable composite response of the superstructure was later 

demonstrated during the load tests. This encouraged Croatian engineers to further research the field of 

composite structures in bridge construction. All this led to the recognition of the importance of the 

bridge for the Croatian cultural heritage and the bridge was placed under strict monument protection. 

The protection guidelines and the poor condition of the bridge, caused by aging and poor maintenance, 

were a major challenge for the 2019 bridge reconstruction project. The complete concrete bridge deck 

had to be removed (fig. 3b) due to the existing damage, so the bridge structure needed to be 

reconstructed to meet all existing technical standards. 

(c)

(a) (b)

 

Figure 4. Bridge reconstruction phases. (a) bridge cross-section designed in 2019., (b) bridge superstructure 

without bridge deck, (c) bridge after reconstruction 

The bridge was initially designed for car traffic and its new use was mainly as a pedestrian bridge. With 

an additional bearing capacity based on a composite behavior, the bridge was able to withstand all 

vertical loads without major interventions on the steel superstructure. The main problem was the 

masonry substructure and bearings, especially for seismic analysis. The bearing configuration of the 

bridge is shown in Figure 4.  

Unidirectional roller bearing Fixed pin bearing STU

A1 P2 P3 P4 A2

 

Figure 5. Bridge bearing and STU configuration 
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The seismic movement in the longitudinal direction is restrained only on the central masonry pier. The 

shock transmission units were used due to the low bearing capacity and small ductility of the central 

pier that couldn’t resist seismic forces defined according to Eurocode standards. In this way, 

redistribution of the longitudinal seismic force component to the abutments was ensured, while the free 

movement was available for regular conditions (creep, shrinkage, and temperature). 

3.1.  Experimental analysis 

According to the Croatian technical standard [14] and the project requirements, load tests had to be 

performed after the reconstruction of the bridge. The load testing of the bridge was divided into two 

parts. Static testing was performed according to the Croatian standard for bridge load testing [15]. In 

this part, the deflections caused by the known static loads have been determined. In the second part, 

dynamic tests were performed to determine dynamic parameters such as damping, natural frequencies, 

and mode shapes. The dynamic or modal parameters were determined by operational modal analysis 

(OMA) [16–19] after the bridge was completed and the STUs have been installed into the bridge. Since 

the complex mode shapes were expected to affect the limits of the equipment, two sets of measurements 

were made. First, to capture the horizontal mode shapes and second, to capture vertical ones. For each 

measurement, a separate experimental model was created using the computer program PULSE LAB 

SHOP developed by Bruel & Kjaer [20]. Piezoelectric accelerometers (sensitivity of 1000 mV/g) in 

combination with the Bruel & Kjaer 3560C analyzer have been used to record accelerations at different 

locations on the bridge and in different directions. For the first measurement setup, named Model_1_ 

HOR, only the data recorded by the accelerometers in the horizontal direction were used for the analysis. 

Therefore, the mode shapes consisted only of the motions in the horizontal direction. The measurement 

setup named Model_2_ VERT was used with accelerometers oriented only in the vertical direction to 

obtain vertical and torsional mode shapes. 
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Figure 6. Location of measurement points on the bridge. Red and blue arrows represent the horizontal direction 

of accelerometers for the first set of measurements while magenta arrows represent the measured direction of 

accelerometers for the second measurement setup.  

For data processing, the OMA techniques developed in the frequency domain, such as FDD (Frequency 

Domain Decomposition method [19]); EFDD (Enhanced Frequency Domain Decomposition method 

[21, 22]), CFDD (Curve-fitting Frequency Domain Decomposition method [23]) were used. The results 

from each used OMA technique are shown in Figure 7. and obtained results for the studied bridge are 

shown in Table 1.   
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FDD

EFDD

CFDD

Natural frequencies, modal shapes

Natural frequencies, modal shapes, damping

Natural frequencies, modal shapes, damping

Obtained results:

 
Figure 7. Used OMA data processing techniques and results 

Table 1 – Obtained modal parameters 

Modal shapes Natural frequency [Hz] 
Damping 

[%] 
OMA model 

NO

. 
Shape FDD EFDD CFDD Mean Value EFDD 

1. 

 

1,813 1,842 1,859 

1,819 

2,444 Model_2_VERT 

 

1,813 1,797 1,79 1,353 Model_1_HOR 

2. 

 

3,750 3,761 3,792 3,768 1,202 Model_2_VERT 

3. 

 

4,625 4,637 4,636 4,633 1,159 Model_1_HOR 

4. 

 

6,313 6,336 6,320 6,323 1,618 Model_2_VERT 

5. 

 

8,750 8,77 8,760 8,76 1,002 Model_2_VERT 

3.2.  Numerical analysis  

(b)

(a)

(c)

 
Figure 8. Numerical model of the bridge. (a) The deformed 3D model under the load test at the last span, 

(b) 3D FEM model, (c) First numerically obtained modal shape at the frequency of 1,798 Hz 
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Modal analysis and modal parameters are fundamental tools for understanding the dynamic behavior of 

the structure. In the previous chapter, the modal parameters such as natural frequencies and mode shapes 

were measured experimentally while the shock transmission units were installed in the bridge. 

Therefore, the contribution of the STUs could not be determined by experimental tests alone. So, an 

updated numerical model (Fig. 8) was used to determine the influence of the STUs on the structural 

dynamic parameters of the bridge. 

The initial numerical model was developed in "SOFiSTiK", a commercial software specialized in 

structural analysis and engineering [24]. The main girders, cross girders, and secondary longitudinal 

beams were modeled as beam elements while the RC slab was modeled with area finite elements. Bridge 

piers were also included in the numerical model, along with STUs. STU was modeled as a beam element 

connecting the bridge RC deck with an additional pinned support at the abutment. The cross-section of 

this element is assumed to be equal to the cross-section of the STU's piston. 

The defined numerical model was updated based on experimental data until a sufficient similarity 

between the results from the numerical model and those measured on the real structure was achieved. 

For the updating process, a direct method was used [25]. The method is based on the manual 

modification of structural parameters such as geometry, material parameters, and boundary conditions. 

In Figures 9. and 10. difference between the numerically and experimentally obtained data from the 

static load test is shown. 

8,3 MPa

(c)(b)

-10,7 MPa

-10,3 MPa

(a)

Position of a cross section for 

stress measurement

 
Figure 9. Test load in the last span. (a) Position of test load on the bridge (b) Measured stresses (c) Calculated 

stresses from an updated numerical model 

 
Figure 10. The difference in measured and calculated deflection of the right main girder under the test load in 

the last span.  
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The same updated model was then used to perform a modal analysis. In the modal analysis, the Lanczos 

method [26] was used to calculate the eigenvalues and eigenvectors. The primary load case, defined as 

a combination of permanent loads (self-weight of the structure and additional weight), was used to 

define the initial state for the modal analysis. In this way, the contribution of deflection and forces from 

permanent loads is considered. 

Since a satisfactory match between experimental and calculated results for static and dynamic tests has 

been obtained, it was concluded that an approximation of a real structure with a numerical model was 

appropriate (at least the flexural stiffness of the superstructure). The modal shapes and frequencies from 

the operational modal analysis are used as the ground truth for determining the dynamic behavior of the 

bridge because they were obtained on the bridge with STUs installed while the bridge was in service. 

To determine the modal parameters of the bridge without STUs, the STUs were neglected in the 

calculation (they were removed from the model) in the second run of the modal analysis. The overall 

differences between the modal parameters (natural frequencies and mode shapes) determined by 

operational modal analysis and by updated numerical models simulating the bridge with and without 

STUs are shown in Table 2. 

Table 2 – Modal shapes and frequencies obtained from experimental and numerical modal analysis 

  Experimental results Numerical results 

M
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Results from OMA with STUs without STUs 

Horizontal (longitudinal) mode shapes 

  

  
 

  f0=1,175 Hz 

First vertical mode shapes 
 

 
 

f1
exp=1,819 Hz f1

STU=1,798 Hz f1=1,812 Hz 

First torsional mode shapes 
 

 

 

f2
exp=3,768 Hz f2

STU=3,795 Hz f2=3,795 Hz 

Second vertical mode shapes 
 

 

 

f3
exp=6,323 Hz f3

STU=5,913 Hz f3=5,909 Hz 

Second torsional mode shapes 
 

 

 

f4
exp=8,760 Hz f4

STU=8,615 Hz f4=8,619 Hz 
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3.3.  Discussion 

Considering the updated numerical model, it can be concluded from the results presented in Table 2 

that despite the installation of STUs, there is no significant increase or decrease in the natural 

frequencies of the bridge - the difference between the natural frequencies is less than 2%. The main 

difference can be seen in the mode shapes. The mode shape with the lowest frequency (1,175 Hz) was 

not detected in the case of the bridge straightened with STU. This mode shape involves a dominant 

displacement of the bridge superstructure in the longitudinal direction and thus has a significant 

influence on the dynamic forces acting on the central bearing and the pier (the longitudinal movement 

of the bridge deck is only restrained by the support in the middle bearings and by the low friction in 

other the bearings). This mode shape is critical to the design of the center bearing and pier. If we look 

at the mode shapes derived from the bridge structure with installed STUs (results of the OMA and the 

numerical model with STUs), the deflection shape at the frequency of 1,175 Hz is not dominant, and 

consequently, it is not recognized as a mode shape in the numerical model. This can also be seen in 

Figure 11, which shows the singular values of the spectral density matrices recorded in OMA 

Model_1_HOR setup. It can be seen that the first significant pick in frequencies is at 1,819 Hz. 

Therefore, the bridge with the STUs installed has no natural frequency at 1,175 Hz and the 

corresponding translational shape is avoided by installing the STUs. 

 
Figure 11. Singular values of spectral density matrices for OMA Model_1_HOR setup. 

4. Conclusion 

The primary aim of the presented study was to determine the effect of shock transmission units to bridge 

dynamic behavior. Their contribution was evaluated through modal parameters such as natural 

frequencies and mode shapes that were obtained from the updated numerical model. An updated 

numerical model, which performance under the known loads was quite similar to a real bridge, was 

used for modal analysis in which the contribution of installed STUs has been considered. It is important 

to note that in this study it was assumed that the STUs are fully activated since they are considered 

mainly for seismic analysis. The results have shown that the installation of STU makes the bridge stiffer 

in the directions in which STUs are installed, so the undesirable mode shape is avoided. By 

incorporating an STU, the first mode shape with a dominant displacement in the longitudinal direction 

has been avoided, resulting in a much more favorable response to dynamic load such as an earthquake. 

While the study included experimental testing, numerical modeling, and updating of the numerical 

model, some additional conclusions could also be drawn. 
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The experimental tests and the operational modal analysis have shown that, despite equipment limits, 

it is possible to obtain horizontal and vertical modal shapes by dividing them into several separate 

measuring setups in which we combine different measurement directions. For example, as described in 

chapter 3.1, if we are measuring structures where we expect complex modal shapes (shapes where it is 

difficult to separate only one or two dominant directions), we can combine different directions to 

capture the most dominant modal shapes. For continuous bridges, such as the one presented in this 

study, the authors would recommend measuring the longitudinal direction in combination with the 

vertical direction in one setup and only the transverse direction for the second setup. 

Since numerical modeling and updating a numerical model could be a story for themself, overall, it can 

be concluded that the data collected through load testing (which is still mandatory in Croatia) has a high 

value for further use in understanding the behavior of the real structure as it is built and not as it was 

designed in the project. In this way, a deeper and more reliable understanding of the structural 

performance of a built structure can be obtained. For this purpose, it is necessary to develop a more 

advanced and automated method for model updating, since the manual, direct approach is quite time-

consuming.  

For further studies, it would be interesting to experimentally investigate the process of activation of 

STUs, by simply conducting experimental modal analysis before and after the installation of STUs on 

a real structure. Since STUs transfer small amounts of force, even if it is slowly applied, it is important 

to see if the low-value excitation on which the operational modal analysis is based will activate shock 

transmission units.  
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Abstract 

Bridges represent key structural elements of transportation systems. They are exposed to different natural and 

environmental effects that may cause damage representing a potential threat mainly in disturbing the process of 

transportation of people and goods. The short- and long-term road closures might have a tremendous impact on 

regional economic and social development. Therefore, the definition of their dynamic characteristics as are natural 

frequencies by experimental measurements is very important for fast and early assessment of the current 

conditions. For that purpose, the method of experimental modal analysis is used. This method involves 

measurement of structural response under ambient conditions. Presented in this paper is investigation of 

environmental effects upon dynamic characteristics of RC frame bridges. The investigation was carried out on 

two overpasses with approximately the same geometry. Both structures have two spans each and are in straight 

direction, but are placed under a skew angle of 58° and 67.8°. The overpasses were constructed in 2016, but have 

still not been put into operation. They are situated along “Friendship” high-way in N. Macedonia and the distance 

between them is 3km. Three measurements were performed for each overpass, namely the first measurements 

were done in October 2017 when dynamic tests were performed, the second were done in March 2020 and the 

third were done in May 2022. Modal identification of the overpasses was effectively carried out using the 

enhanced frequency domain decomposition method in frequency domain and stochastic subspace identification 

method in time domain. The identified dynamic characteristics were compared with each other and with the 

environmental effects. The results from the analysis show that the identified natural frequencies effectively 

indicate change of dynamic characteristics of the overpasses due to environmental effects. Greater difference in 

identified natural frequencies is observed in longitudinal direction, while the least difference occurs in vertical 

direction. 

Keywords: ambient vibration measurements, dynamic characteristics, reinforced concrete bridges, condition 

assessment 

1. Introduction 

Bridges, as a vital part of the transportation systems, are inevitably exposed on the daily, seasonal, and 

annual air temperature variations which affects on the characteristics of the structures. During their 

service life, local damage can be reflected by the changes in dynamic properties. Therefore, a successful 

damage assessment relies heavily on the prediction accuracy of the dynamic properties. The variations 

of modal parameters caused by environmental factors are very significant and often greater than those 

caused by structural damage [1] or normal loads [2]. The periodic (diurnal, seasonal, and yearly) and 

transient temperature variations always mask changes in dynamic properties due to actual damage. 

Recently, more research has focused on the effect of temperature on the dynamic properties of bridges 

[3]. 

In practice, the effect of temperature variations on structural dynamic properties have been attributed 

to the reasons outlined below. First, structural deformations occurred with variations in temperature-

varying environments and were called large deformation effects [4]. Second, structural stiffness 

changed because of thermal stress in the well-known stress stiffening effect [5]. In addition, material 
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properties were temperature dependent; for example, the decrease in the elastic modulus of concrete 

and of steel led to a reduction in modal frequencies. Furthermore, and equally important, the elastic 

properties of support (especially for bridge structures) were more easily affected by thermal variations, 

and at low temperature, the boundary conditions also changed suddenly [6]. Accordingly, the factors 

that affected the dynamic properties of bridge structures were complex and led to some specific damage 

detection methods, such as technology that does not need estimations of the modal parameters [7]. In 

addition, a thermal performance study of bridges based on long-term monitoring data still piqued 

researcher interest [8]; however, the cost of the health monitoring system was high, despite increasingly 

more advanced structural health monitoring (SHM) technologies [9]. To remove the environmental 

impacts, regression-based analysis [10] and principal component analysis [11] were adopted, but these 

analyses were data-driven black box modeling techniques. Although Zhou and Song [12] proposed a 

physics-based environmental-effects-embedded model updating method to overcome these 

shortcomings, the selection of the updating parameters was also critical, and a large deflection effect 

was not taken in account. 

In the present study, time-varying thermodynamic properties of 2 span girder bridges were analyzed 

and compared. 

2. Review of the realization of the research and the achieved results 

2.1 Applied procedure and description of measuring equipment 

The dynamic characteristics have been determined by measurements of ambient vibrations. The 

equipment with an acquisition system that was used to take the measurements, is sensitive 

accelerometers that have recorded the acceleration at certain points on the bridge. In this case PCB 

Piezotronics devices, model 393B12, manufactured by National Instruments with a sensitivity of 10,000 

mV and a range of up to 4.9 m/sec2, with a size of 0.5g (Fig. 1 left) were used. Data acquisition was 

performed with the acquisition system - module NI cDAQ-9178 and 4 NI 9234 boards (Fig. 1, middle 

and Fig. 2). The recorded acceleration measurements are expressed in "Earth acceleration - g" (9.81 

m/sec 2). 

 
Fig. 1. Piesotronics PCB Accelerometer Model 393B12 (left), DAQ-9178 NI Data Acquisition 

System Module (middle) and NI 9234 Board (right) 

 
Fig. 2. Field monitoring equipment (left), three-way accelerometer (right) 

The measurements were carried out using a sampling rate of 2.048 Hz. In total, 15 accelerometers were 

used with various measurement locations and directions. The measurement system configuration is 

shown in Fig. 3. 

182

https://doi.org/10.5592/CO/2CroCEE.2023.25


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.25 

 

 

Fig. 3. Acquisition System (left) and Accelerometer Configuration (right) 

During the measurements, the sensors were placed in the different points of the bridge: in the middle of 

the bays and above the piers. During all measurements, one accelerometer was located in a reference 

point in order to enable the comparison of the amplitudes of the other sensors with the reference points 

for defining the tonal forms of vibration. These measurements cover a frequency range from 0 to 40 

Hz, where the first resonant frequencies are found. The processing of the record was carried out by 

applying a fast Fourier transformation so that it was possible to define the frequency composition of the 

registered vibration from which the natural frequencies of the objects could be identified. 

2.2 Bridge measurements 

Withing the framework of this research, field measurements of two overpasses (OP2 and OP3) were 

carried out to determine their dynamic characteristics. The selected bridges are located over the 

"Friendship" highway, Demir Kapija - Gevgelija section, designed according to modern regulations that 

consider the seismic action.  

The initial measurements of the structures were carried out in October 2017, during which the trial 

loading of the bridges with static and dynamic loads was performed. The load capacity and 

deformability of the built construction is compared with the results of the design project. The precision 

of the performance and the geometry of the elements were checked, and the quality of the incorporated 

materials and thus the usability of the construction was checked. At the beginning of March 2020, 

additional measurements were performed on the bridges with a duration of 10 min. The same 

measurements were repeated in May 2022. The two bridges were not put into use for all years during 

measurements. Therefore, only the environmental conditions are the external factors that may effect the 

dynamic properties of the bridges. 

 
Fig. 4 Position of accelerometers on the measured bridge at base and cross-section for OP2 

 

Fig. 5 Position of accelerometers on the measured bridge at base and cross-section for OP3 
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For performing the measurements, 15 accelerometers were used, in 5 places, 3 each in the longitudinal 

x direction, the transverse y direction and the vertical z direction, and they were placed on the edge of 

the upper structure, in the field and above the middle support (Fig. 4 and Fig. 5). During the first 

measurement, the accelerometers were placed on the part of the upper construction, in the direction of 

Skopje (Fig. 4), while during the second measurement, they were placed in the direction of Gevgelija, 

with the first accelerometer as a benchmark during both measurements being placed in the same place 

(Fig. 5). 

2.2.1 Description of modal damping estimation methods 

The methods available to perform identification of modal parameters (in this case modal damping, but 

it is the same for all modal parameters) of dynamic systems based on their response to ambient 

excitation are classified as frequency domain or time domain methods. The frequency domain methods 

start from the output spectrum of half- spectrum matrices estimated from the measured outputs. After 

obtaining the frequency response curves of the analysed system, modal damping can be measured using 

half-power bandwidth method and Enhanced Frequency Domain Decompositon (EFDD) method. The 

half-power bandwidth method consists of locating the resonant frequency and two nearby frequencies 

f1 and f2 located in the frequency spectrum by application of equation 1: 

%100
2

12 
−

=
rf

ff
     (1) 

Enhanced Frequency Domain Decompositon was performed in order to calculate the damping (IRF)  

by using the impulse response of a single degree of freedom. Once a set of points with similar singular 

vectors is selected for a particular mode (Figure 6a), this segment of an auto-spectrum may be converted 

to a time domain (Figure 6b). An auto-correlation function with the contribution of a single mode is 

obtained. As the output correlation of a dynamic system excited by white noise is proportional to its 

impulse response, it is possible to estimate the modal damping coefficient. This can simply be 

performed by fitting an exponential function to the relative maxima of the correlation function and 

extracting the modal damping ratios from the parameters of the fitted expression taking into account 

the classical expression for the impulse response of a single degree of freedom. 

a)       b)  

Fig. 6. FDD method, estimation of the modal damping ratio 

2.2.2 Overpass OP2 

Using the previously described procedure, most of the records were obtained at individual points of the 

investigated bridge. Based on these registrations and their singular value of spectral densities, a certain 

amount of data on the dynamic characteristics of the investigated structures were obtained. Below, on 

Fig.7 the curves of singular value of spectral densities for OP2 are presented. 

Table 1 shows the frequencies obtained from all measurements, when the accelerometers were placed 

on the part of the upper construction in the direction of Skopje (measurement 1). From the obtained 

results, it can be concluded that almost all accelerometers that measured the acceleration in a certain 

direction show similar results, that is, for longitudinal direction, the frequency is 2.58Hz for 2017year, 

3.58 for 2020year and 2.65Hz for 2022. 
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a)  

b)  

c)  

Fig.7 Singular value of spectral densities for OP2 

a) 2017, b) 2020, c) 2022 

It can be seen that the frequency has increased in 2020 and in 2022 came back. In the Transversal 

direction, the frequency of the structure is 2.97Hz for 2017year, 3.80 for 2020year and 3.12Hz for 2022. 

In the vertical direction, the frequency of the structure is 3.88Hz for 2017year, 3.81 for 2020year and 

3.91Hz for 2022. In this direction, the frequency decreased in 2020 and then in 2022 increased to 

3.91Hz. 

Table 1 Natural frequencies of the structure for OP2 

Mode Direction 
Frequency [Hz]  

2017  2020  2022  

1  Longitudinal  2.58  3.58  2.65  

2  Transversal  2.97  3.80  3.12  

3  Vertical  3.88  3.81  3.91  

4  Vertical  5.31  5.36  5.32  

5  Vertical  8.99  8.83  8.97  

6  /  10.0  10.1  10.03 

 

Table 2 shows the damping for each frequency by two methods: half power and IRF. In general, the 

damping calculated by the two methods corelates with each other. For the first frequency in the vertical 

direction, the damping is within the range of 0.88% for 2017, 0.73% for 2020 and 1.25% for 2022. For 

the first frequency in the Longitudinal direction, the damping is within the range of 0.71% for 2020 and 

3.3% for 2022. 
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Table 2. Modal damping [%] for OP2 

No. 

2017 2020 2022 

Freq. 
Half 

Power 
IRF Freq. 

Half 

Power 
IRF Freq. 

Half 

Power 
IRF 

1 (Vertical) 3.88 0.80 0.88 3.81 0.37 0.73 3.91 0.73 1.25 

2 (Vertical) 5.31 0.58 0.64 5.40 0.39 0.46 5.32 0.40 0.45 

3 (Longitudinal) 2.58 n/a n/a 3.58 0.54 0.71 2.65 2.43 3.3 

 

2.2.3 Overpass OP3 

Using the same procedure za OP2, all records were obtained at individual points of the investigated 

bridge. Based on these registrations and their singular value of spectral densities, a certain amount of 

data on the dynamic characteristics of the investigated structures were obtained. Below, on Fig.8 the 

curves of singular value of spectral densities for OP3 are presented. 

 

a)  

b)  

c)  

Fig. 8 Singular value of spectral densities for OP3 

a) 2017 b) 2020 c) 2022 

Table 3 shows the frequencies obtained from all measurements, when the accelerometers were placed 

on the part of the upper construction in the direction of Skopje (measurement 1) for bridge OP3. From 

the obtained results, it can be concluded that almost all accelerometers that measured the acceleration 

in a certain direction show small differences in natural frequencies. For longitudinal direction, the 

frequency is 2.53Hz for 2017year, 3.14 for 2020year and 3.50Hz for 2022. It can be seen that the 

frequency has continuously increased in 2020 and in 2022. In the Transversal direction, the frequency 

of the structure is 2.84Hz for 2017year, 3.49 for 2020year and 3.77Hz for 2022. In the vertical direction, 

the frequency of the structure is 3.98Hz for 2017year, 3.78 for 2020year and 3.78Hz for 2022. In this 

direction, the frequency decreased in 2020 and continued with same value till 2022. 
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Table 3. Natural frequencies of the structure for OP3 

Mode Direction 
Frequency [Hz] 

2017 2020 2022 

1 Longitudinal  2.53 3.14 3.50 

2 Transversal  2.84 3.49 3.77 

3 Vertical 3.98 3.78 3.78 

4 Vertical 5.28 5.35 5.27 

5 Vertical 9.62 9.16 8.64 

 

Table 4 shows the damping for each frequency by two methods: half power and IRF. In general, the 

damping calculated by the two methods corelates with each other. For the first frequency in the vertical 

direction, the damping is within the range of 0.78% for 2017, 1.44% for 2020 and 1.06% for 2022. For 

the first frequency in the Longitudinal direction, the damping is within the range of 0.82% for 2017 and 

2.18% for 2020. 

Table 4. Modal damping [%] for OP3 

No. 2017 2020 2022 

Freq. 
Half 

Power 
IRF Freq. 

Half 

Power 
IRF Freq. 

Half 

Power 
IRF 

1 (Vertical) 3.98 0.59 0.78 3.78 1.15 1.44 3.78 1.06 1.06 

2 (Vertical) 5.28 0.61 0.84 5.35 0.49 0.65 5.27 0.25 0.62 

3 (Longitudinal) 2.58 0.69 0.82 3.14 2.02 2.18 3.50 n/a n/a 

3. Monitor the climate conditions 

Engineering materials change their properties and are vulnerable to damage from the surrounding 

environment, whether they are concrete, steel, or wood. Some environmental factors are considered 

during structural design, primarily in terms of stress conditions. However, the changes in fundamental 

environmental conditions such as temperature and humidity can be challenging because they may 

influence structural dynamic properties. Environmental monitoring is therefore an essential component 

of this bridge measurement program. The monitoring program involves gathering information on 

temperature, humidity, and environmental data analysis. Because the object region has a limited number 

of monitoring sensors, a relatively good profile of the environmental conditions was constructed by 

collecting monitored data for at least 6 months before the bridge measurements. The weather monitoring 

was conducted for the years 2017, 2020 and 2022. The most essential information to consider in these 

records will be the extremes in averages of temperature and humidity.  

3.1 Temperature 

According to the monitored program, the regularly collected set of data was grouped into three 

monitoring periods. The first monitoring period was a period of one month before the bridge 

measurements, while the second monitoring period was a period of three months prior to the 

measurements. The last analyzed period was a period of six months before the structure’s 

measurements. The determination of real temperature inside each structural part was not conducted 

because the measurements were only for ambient temperature. As a result, it was decided to evaluate 

how these conditions might affect the structural dynamic characteristics. 

Tables 5 to 7 show the ambient temperatures for 2017, 2020 and 2022. The temperature was studied for 

three periods of 1, 3 and 6 months before the measurements. For a period of 6 months, the average mean 

temperature for 2017 is 19.2°, while for 2020 and 2022 it has dropped to around 7.5-9.2°. For a period 

of 3 months, the average mean temperature is different for each year, where for 2017 it is 20.5°, for 
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2020 it is 4.5° and for 2022 it is 10.1°. For a period of 1 month, the average mean temperature for 2017 

and 2022 is around 15.5°, while for 2020 it has dropped to 6.5°. 

Table 5 Temperature observation for period of 1 month before bridge measurements 

Year 
Avg Max 

[O] 

Avg Mean 

[O] 

Avg Min  

[O] 

Max  

[O] 

Min  

[O] 

2017 23.7 15.7 8.3 37 -3 

2020 13.3 6.5 0.3 25 -6 

2022 23.1 15.2 7.5 34 -2 

Table 6 Temperature observation for period of 3 months before bridge measurements 

Year Avg Max 

[O] 

Avg Mean 

[O] 

Avg Min  

[O] 

Max  

[O] 

Min  

[O] 

2017 28.6 20.5 12.3 40 -3 

2020 10 4.5 -0.4 25 -9 

2022 17.2 10.1 3.3 34 -9 

Table 7 Temperature observation for period of 6 month before bridge measurements 

Year Avg Max 

[O] 

Avg Mean 

[O] 

Avg Min  

[O] 

Max  

[O] 

Min  

[O] 

2017 26.9 19.2 11.4 40 -3 

2020 15.6 9.2 3.5 34 -9 

2022 13.6 7.5 1.66 34 -10 

 

Fig. 9 show the temperature observation over past six months before bridge measurements: maximum 

daily values, minimal daily values, and average daily data.  

a)  b)  

 c)  

Fig. 9 Temperature observation over past six months before bridge measurements 

a) Maximal daily values b) Minimal daily values c) Average daily data   

Fig. 10 (left) shows the maximum, minimum and average temperatures (in ◦C) of the location in the 

period of the construction of the bridges to the end of the May, 2022, when the last measurements of 

the bridges were performed. Right figure (Fig. 10) presents the temperature the air needs to be cooled 
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to (at constant pressure) to achieve a relative humidity (RH) of 100% (source: 

www.wunderground.com). 

  
a)          b) 

Fig. 10 a) Maximum, minimum and average temperatures on the location, b) dew point values for the 

period of existing the structures. Source: www.wunderground.com 

3.2 Humidity 

In addition to the analysis of the ambient temperature, an observation of humidity was also performed 

for a period of 1, 3 and 6 months before the measurement of the bridges. The results of this observation 

are shown in Table 8 through the average of daily maximum values. The average of daily maximum 

humidity for a period of 6 months is in range of 87.7%, 92.4% and 91.9%. In the case of a period of 1 

month the average of daily maximum humidity is almost constant between 91.8% and 92.1%. 

Table 8 Mean humidity of maximum daily values 

Observation 

Period 

[months] 

Average of daily maximum values [%] 

2017 2020 2022 

1 92.1 91.8 91.95 

3 85.3 92.9 90.0 

6 87.7 92.4 91.9 

 

The maximum, minimum and average humidity on the location in the period of existing the structures, 

almost 5 years, (1.1.2017-31.5.2022) is presented on Fig. 11. This figure shows that the average 

humidity during the whole period is almost 70%. 

  
Fig. 11 a) Maximum, minimum and average humidity [%] on the location 

Source: www.wunderground.com 
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3.3 Wind speed 

Wind speed is a characteristic of air movement that can influence of the dynamic characteristics of 

bridge structures, especially of long span bridges. Minh et al. [13] concluded that the interaction of the 

structure with surrounding air currents can produce changes in structural dynamics as wind speeds 

change. In their investigation, they concluded that due to very low vibration frequencies, the gust 

response of a long-span bridge is very sensitive to turbulence properties, especially spatial coherence. 

Some of their effects on the gust response of long-span bridges have been pointed out.  

Cheli et al. [14] showed that with increasing wind speed, the frequencies of the first vertical and 

torsional modes respectively rise and fall, and hence tend to converge. In addition, damping ratios 

generally increase significantly with wind speeds. These aero-elastic effects were confirmed in sectional 

model wind tunnel testing [15], but the range of wind speeds during the test have been not sufficient to 

confirm this behavior (being below 15m/sec and usually less than 10m/sec). 

Since the measured bridges in this investigation do not have longe spans, the influence of the wind 

conditions of their dynamic characteristics have to be additionaly investigated. Herein, only maximum 

and average wind speed at the location is presented in the period of bridges existence (Fig. 12). 

 

Fig. 12 Wind speed at the location of bridges 

Source: www.wunderground.com 

From the Fig. 12 it can be concluded that on the location of the bridges, the maximum wind speed is 

almost 50 m/s, but the average speed is 1.5m/s.  

4. Conclusion 

The objective of this study is to investigate the environmental effects on the dynamic characteristics of 

two base-isolated highway monolithically constructed frame overpasses. The dynamic characteristics 

of the structures are defined using large scale ambient vibration testing. To consider the difference in 

the dynamic characteristics of the structures, three measurements were performed to both bridges. The 

first measurements were realized after the construction of the structures, in 2017; second one 3 years 

later, in 2020; and the last one 2 years after the second measurements, in 2022. The ambient vibration 

tests were conducted under the environmental excitations in the bridges and the dynamic characteristics 

of structures were accurately extracted. Both overpasses were exposed on only environmental 

atmospheric conditions. They are still not in use, so they were no exposed-on service loads. From the 

obtained results and the environmental investigation, it can be stated that: 

• There are differences in the results from the performed ambient vibration testing in three periods 

of the existing the structures. Since they are not in use and are no exposed to service loads, it can 

be concluded that the environmental conditions have influence of the dynamic characteristics of 

the structures. 

• The natural frequencies of both structures are higher with the time. Especially in longitudinal and 

transversal directions. The difference in vertical direction is almost the same. 
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• The difference between the measured frequencies from first two measurements is bigger than the 

second and the third measurement, that means that the structure is getting stabilized. 

• Temperature and humidity have influence of the dynamic characteristics of the structures. 

• Wind speed do not have influence of the dynamic characteristics of the structures. 
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Abstract 

Combined and extensive experimental and analytical study devoted to development of an integrated earthquake 

and flood protection (EFP) bridge system was performed. It represents an extension of the integral research project 

led by the fourth author, conducted in the Institute of Earthquake Engineering and Engineering Seismology 

(IZIIS), Ss. Cyril and Methodius University (Skopje), during three and a half years, in the frames of the innovative 

NATO Science for Peace and Security Project “Seismic Upgrading of Bridges in South-East Europe by Innovative 

Technologies (SFP: 983828)”, involving five European countries and led by the fourth author. The presently 

introduced EFP bridge system represents a specific, extended segment of the integral research. The upgraded, 

seismically isolated (USI) system with integrated space flange (SF) energy dissipation (ED) devices has been 

developed as a mechanical passive concept to provide harmonized response of bridge structures to earthquakes. 

It was formulated as an adaptive system, which follows the adopted concept of global optimization of seismic 

energy balance, through utilization of newly designed dissipation devices as a supplementary damping level to 

bridge isolation. The new EFP-bridge system is based on obligatory incorporation of the following four integrated 

complementary systems: (1) Seismic isolation (SI) system, (2) Seismic energy dissipation (ED) system, (3) 

Combined earthquake and flood displacement limiting (EFDL) system composed of new and experimentally 

tested RB devices and (4) Uplift protection system (UP). With the extensive experimental quasi-static cyclic tests 

conducted by simulated, gradually increased displacement amplitudes, there were confirmed very stable hysteretic 

responses of the created prototype models of rubber buffer (RB) devices applicable for efficient protection of 

common and isolated bridges exposed to either strong earthquakes or flood disasters. Following the upgrading of 

the seismically isolated (USI) bridge system with energy dissipation devices, the adopted original rubber buffer 

(RB) devices represent an important additional line of defense against abrupt loadings due to earthquake and flood 

disasters. 

Keywords: bridge, model testing, earthquake, flood, rubber buffer, safety 

1. Introduction 

In the past, extensive studies in the field of seismic isolation of bridges were mostly performed in 

worldwide recognized research centers in Japan, USA, Italy, and New Zealand. However, in recent 

years, contributions from many other countries have been increased and have resulted in proposal of 

many new ideas and concepts. Intolerable severe impacts to modern bridge systems have been observed 

during strong recent earthquakes [1, 2]. This has given rise to strong arguments about further needs for 

development and practical implementation of seismic isolation systems for seismic protection of 

bridges, [3, 4, 5, 6, 7]. However, in addition to problems arising due to strong earthquakes, continuous 

functioning of highway bridges and highway networks can be seriously disrupted by various other 

existing types of hazards. Studies involving flood disaster prevention and preparedness against mobility 

disruption by floods have regularly been conducted, [9]. These have also included two-dimensional 

flood inundation modelling, [10] and development of seismically resilient hinges for bridge piers [11]. 

In recent years, various technical standards have been newly developed or upgraded [12-13]. Following 
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some specific observations published in prepared recent flood investigation reports [14], advanced 

concepts of protection of critical infrastructure systems located in a multi-hazard environment have 

been developed and proposed [15-19]. In this specific and wide research area, some fundamental studies 

have been realized. These have included determination of hydrodynamic forces on inundated bridge 

decks [20] and assessment of scour and other hydraulic actions on highway structures [21-22]. Recently, 

some integrated studies have been focused on development of practical measures assuring continuous 

functioning of entire road networks and providing assessment of road closure probabilities [23]. 

Presented in this paper is the developed new advanced earthquake and flood protection (EFP) bridge 

system, considering the results from the conducted combined and extensive experimental and analytical 

studies. Following the idea of upgrading of the developed, seismically resistant (USI) bridge system [5] 

involving seismic isolation and energy dissipation devices, the newly created specific rubber buffer 

(RB) devices have been added as an important additional line of defense against abrupt loadings due to 

earthquake and flood disasters. The resulting efficient bridge protection under possible bi-hazard effects 

was provided by means of the created new integrated earthquake and flood protection (EFP) system. 

2. Concept of New EFP Bridge System 

The presently introduced upgraded, seismically isolated (EFP) bridge system represents a newly created 

advanced technical concept developed as a specific segment of the integral research, Fig. 1. The 

previously developed upgraded seismically isolated (USI) system with integrated space flange (SF) 

energy dissipation (ED) devices, represented a passive mechanical technical concept providing safe 

harmonized response of bridge structures to earthquakes, [5]. It was formulated as an adaptive system, 

which follows the adopted concept of global optimization of seismic energy balance through utilization 

of newly designed, energy dissipation devices as a supplementary damping level to the bridge isolation.  

 

 

Fig. 1. Defined positions of the integrated devices in the tested EFP bridge model: Seismic isolation devices 

(SI), Energy dissipation devices (ED) and RB devices used in longitudinal, transversal and vertical direction. 

 

The new EFP bridge system is based on obligatory incorporation of the following four integrated 

complementary systems: (1) Seismic isolation (SI) system, (2) Seismic energy dissipation (ED) system, 

(3) Combined earthquake and flood displacement limiting (EFDL) system composed of new and 

experimentally tested RB devices and (4) Uplift protection system (UP), Fig. 1. The developed SI and 

ED systems have been created and successfully implemented, [5]. However, with the conducted 

programmed quasi-static cyclic experimental tests under simulated, gradually increased displacement 

amplitudes, very stable hysteretic responses of the created new prototype models of rubber buffer (RB) 

devices have been confirmed. The created RB devices have been implemented very successfully in 

assembling a combined earthquake and flood displacement limiting (EFDL) system and an uplift 

protection system (UP). The created, integrally upgraded EFP bridge system represents a technically 

new applicable option for efficient protection of common and isolated bridges exposed to either strong 

earthquakes or severe flood disasters. Following the promoted further upgrading of the seismically 

isolated (USI) system with the adopted original rubber buffer (RB) devices in longitudinal-L, 
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transversal-T and vertical-V-direction, an important additional line of defense against possible bi-

hazard abrupt loadings involving severe earthquake and flood disasters is provided. 

3 Prototypes of Used Devices in EFP Bridge Model  

3.1 Prototypes of tested DSSSB isolation devices 

The implemented isolation system used for the experimental EFP bridge model was assembled by use 

of the developed models of double spherical sliding seismic bearing (DSSSB) devices with two large-

radii of spherical surfaces, Fig. 2). The DSSSB devices were originally designed, constructed and used 

in a previous investigation carried out by Ristic, J., et al., 2016, [7]. The targets that were set prior to 

the design and construction of the device were fulfilled: (1) very small horizontal reaction and friction 

forces (reaching maximum 4.3% of the vertical load), and (2) stable hysteretic behavior along the entire 

range of large displacements. It was confirmed that the hysteretic behavior of the implemented DSSSB 

devices could be successfully simulated with the experimentally defined representative bilinear 

analytical model.  
 

  

Figure 2. Basic elements of the constructed and used prototypes of DSSSB devices: (1) lower end metal 

plate; (2) lower spherical plate; (3) upper end metal plate; (4) upper spherical plate; (5) metallic slider; 

 

Actually, the model was controlled by four parameters, DY=1.0 mm, FY=0.32 kN, DU=50.0 mm, 

FU=0.92 kN, defined experimentally under simulated vertical load and cyclic displacements with 

increasing amplitudes. 

3.2 Prototypes of tested SF energy dissipation devices 

The created seismic energy dissipation system installed in the tested EFP bridge prototype model was 

composed of the developed advanced steel space flange (SF) energy dissipation (ED) devices.  

Table 1. Hysteretic behavior properties of SF-ED-M11 and SF-ED-M12 devices computed by using the 

formulated nonlinear FEM model and simulated cyclic displacements with increasing amplitudes 

No. 
SF-ED Device M11: SF-ED-8C-L1R-T1 SF-ED Device M12: SF-ED-4C-L1R-T1 

Notation FEM model (%) Notation FEM model (∆%) 

1 DY (mm) 5.0 100.0 DY (mm) 6.0 120.0 

2 FY (kN) 21.0 100.0 FY (kN) 9.0 42.8 

3 K0 (kN/mm) 4.0 100.0 K0 (kN/mm) 1.5 37.5 

4 K1 (kN/mm) 0.18 100.0 K1 (kN/mm) 0.02 11.1 

5 K1/K0 0.045 100.0 K1/K0 0.013 28.8 
 

 

Up to date, SF-ED dissipation devices of the proposed type have been studied only by the first author 

and her collaborators involved in bridges, [7] and [25].  
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In this paper, the two basic types of SF-ED devices are presented in Table 1. The first SF device is 

composed of eight ED components, model M11, representing the SF-ED-8C-L1R-T1 device, Fig. 3. 

The second SF device consists of four ED components, model M12, representing the SF-ED-4C-L1R-

T1 device, Fig. 4.  
 

  

Fig. 3. Assembled SF-ED device type-1 (SF-ED-8C-

L1R-T1): (1) lower base plate; (2) lower support 

plate; (3) upper base plate; (4) upper support plates; 

(5) SF-ED component 

Fig. 4. Installed SF-ED device type-2 (SF-ED-4C-

L1R-T1): (1) superstructure; (2) steel support of the 

DL-device; (3) steel support of the DSRSB device; 

(4) DSRSB device; (5) SF-ED component 

 

Adopting the experimentally verified refined 3D nonlinear analytical model, the hysteretic responses of 

the assembled prototype devices exposed to cyclic loads were computed successfully. With the 

computed original results, it was confirmed that the adopted representative bilinear analytical model 

could be implemented to realistically model the full hysteretic behavior of the device. The defined 

parameters of the representative bilinear models are comparatively presented in Table 1.  

3.3 Prototypes of tested displacement limiting RB devices 

During strong earthquake vibrations, a limited number of very strong impulses may occur, followed by 

large displacement amplitudes, which are not controlled in a reliable engineering mode. Thus, the 

originally created advanced displacement limiting devices representing specific rubber buffer (RB) 

devices with provided wide geometrical and mechanical options, may be designed to reduce or 

eliminate earthquake damaging effects, Fig. 5.  

 

 

 

Figure 5. Geometry of the tested RB models used as displacement limiting devices. 

 

However, if properly designed, the created RB devices can be also implemented to very efficiently 

protect large uncontrolled superstructure displacements in longitudinal (L), transversal (T) and vertical 

(V) direction, avoiding total collapse of bridge superstructure under generated, increasing or very strong 

damaging flood forces. If stiffness is properly designed, RB devices implemented in vertical (V) 
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direction can be used to efficiently protect against uncontrolled vertical uplifting displacements and 

total collapse of the bridge superstructure under generated strong vertical flood uplift forces. Actually, 

the developed RB devices can be integrated to act as a specific interactive displacement limiting system, 

protecting efficiently against uncontrolled failure of the bridge superstructure under generated, 

uncontrolled combined horizontal and vertical forces during extreme earthquakes and floods. 

Table 2. Testing program & tests of elements (specimens) of prototype models of RB devices 

Test No. RB Model RB Element Test type D (mm) H (mm) 

1 

M1 

M1-RB-40SH-E1 Original 120 100 

2 M1-RB-40SH-E1 Repeated 120 100 

3 M1-RB-40SH-E2 Original 120 100 

4 M1-RB-40SH-E2 Repeated 120 100 

5 

M2 

M2-RB-50SH-E1 Original 120 100 

6 M2-RB-50SH-E1 Repeated 120 100 

7 M2-RB-50SH-E2 Original 120 100 

8 M2-RB-50SH-E2 Repeated 120 100 

9 

M3 

M3-RB-60SH-E1 Original 120 100 

10 M3-RB-60SH-E1 Repeated 120 100 

11 M3-RB-60SH-E2 Original 120 100 

12 M3-RB-60SH-E2 Repeated 120 100 

13 

M4 

M4-RB-70SH-E1 Original 120 100 

14 M4-RB-70SH-E1 Repeated 120 100 

15 M4-RB-70SH-E2 Original 120 100 

16 M4-RB-70SH-E2 Repeated 120 100 

 

An extensive testing program was conducted [24]. It included realization of specifically programed 

cyclic tests of the constructed prototype models of RB devices. Presented in this paper are the 

representative results obtained from the realized extensive experimental tests of rubber buffer prototype 

models. The key functioning targets of the displacement limiting RB devices are: (1) enabling physical 

limitation of maximum relative displacements of seismic isolation devices; (2) achieving the predefined 

physical limitation of the relative displacements by properly avoiding the so called “hard” structural 

impact; and, (3) providing efficient protection of seismic isolation (SI) and energy dissipation (ED) 

devices by assured limitation of relative displacements.  
 

  

Figure 6. Experimental test set-up used for testing of the model prototypes of RB displacement control 

devices under simulated cyclic loads with increasing displacement amplitudes. 

 

To achieve all the stated goals, prototype models of RB devices were designed and manufactured in the 

form of cylindrical rubber (pads) buffers cast by use of rubber characterized by four different values of 

hardness measured in shores, H40, H50, H60 and H70. To obtain comparative experimental results, two 

experimental test specimens of each type of RB devices, amounting to a total of eight specimens, were 

constructed.   
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To investigate the effect of repeated loading, two tests (original and repeated) were performed on each 

test specimen. Therefore, the integral experimental program was extended to a total of completed 16 

experimental quasi-static tests, Table 2. The presented experimental RB specimens were designed in 

the form of cylinders with a diameter of D=120 mm and height H=100 mm. In the middle of the 

cylinder, a central opening with a diameter d=14 mm was designed to be used for successful positioning 

of the experimental device prototype for its safe experimental testing, Fig. 6. Details of the produced 

original experimental models are shown in Table 2. More specifically, the table shows that, for each of 

the four RB models, two experimental elements (E1 & E2) were produced, meaning that the 

experimental program included testing of a total of eight different specimens. However, due to the need 

for getting an insight into the behavior of the innovative RB devices under repeated compressive loading 

effects, all 8 specimens were tested twice. The first (virgin) test was marked as original, while the 

second one was referred to as repeated, Table 2. Hence, the entire experimental program resulted in 

realization of a total of 16 cyclic experimental tests.  
 

  

  

Figure 7. Recorded characteristic hysteretic response of model M3 during original and repeated tests of 

specimens M3-RB-60SH-E1 and M3-RB-60SH-E2 under simulated cyclic loads. 

 

The role of the RB devices is to be effective only under generated compression forces during dynamic 

response of structures under strong earthquakes and floods. The experimental tests were realized by 

application of repeated compressive forces, which were increased in each successive cycle until 

reaching of the maximum “allowed” working level. Due to such defined specific experimental 

conditions, an adequate experimental frame was created, Figure 6. This frame enabled all the necessary 

conditions for the realization of the specified experimental tests. Testing was carried out by activation 

of an actuator in vertical direction in order to produce a compressive force upon the experimental 

element since it was fixed, on the upper side, to the constructed rigid steel frame. The experimental 

element (model) was completely made of rubber and, on the lower side, it was placed on a very rigid 

base that did not suffer any deformations, Figure 6. For “zero” point of deformation and “zero” point 

of force, there was selected a position indicating only a direct zero-contact between the actuator plate 

and the experimental rubber element, without transfer of any force (contact without force or zero 

contact). From that position, compressive forces were further simulated up to a certain initial level of 

deformation and then the deformation was returned to the zero point that represented a cycle. More 

concretely, a compression cycle was defined by loading up to a certain level of deformation and 

unloading down to zero deformation. The analogous cycles of loading and unloading were repeated a 

number of times, but in each successive cycle, the amplitude of deformation was increased. In that way, 

favorable conditions were created for identification of the real hysteretic behavior of all the tested 

experimental models up to the phase of deformations representing their optimal working level.  
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Fig. 6 (left) shows the experimental model with the defined zero level of deformations prior to the 

beginning of the realization of the experimental test, while Fig. 6 (right) shows the model with the 

realized considerable amount of total deformation (within the working deformation), being lower than 

the allowed working deformation, (D allowed). In accordance with the provided conditions, it was clear 

that the realized experimental program provided original and highly valuable experimental results that 

enabled getting a realistic insight into the nonlinear-hysteretic behavior of the tested RB models and the 

respective elements. To demonstrate the evident suitability of the test results, Figure 7 shows four 

recorded hysteretic responses obtained from the conducted original and repeated tests of the specimens 

M3-RB-60SH-E1 and M3-RB-60SH-E2, under simulated cyclic loads.  

4. Seismic Tests of EFP Bridge Model Under Simulated Earthquakes 

Due to the size of the seismic shaking table (5.0 m x 5.0 m) and payload capacity, the originally designed 

EFP bridge prototype model had to be geometrically reduced in respect to the selected prototype. 

Adopted from these reasons was a geometrical scale factor of 1:9, which verified the referred constraints 

in this case, but with an adopted specific model design concept. As a consequence of the scale reduction, 

the relevant properties involved in the dynamic (seismic) tests were scaled according to the similitude 

law. Considering the main related factors, an adequate combined true replica-artificial mass simulation 

model was adopted. For simulation of the stiff RC superstructure, the stiff slab with added mass was 

adopted using the same material as that of the prototype structure. For simulation of the middle piers, 

steel material was used. The seismic DSSSB isolation devices and SF energy dissipation devices were 

designed and produced to a reduced scale. The similitude law implies adopted relations for different 

parameters, all given in terms of the geometrical scale factor (lr). Concrete material type C25/30 was 

used for construction of the RC segments of the bridge model, while for construction of the created SF 

devices, steel material type S355 was selected and applied. 

 

 

Fig. 8. Tested large-scale EFP bridge model composed of substructure (1), superstructure (2), left end support 

(3), right end support (4) and presently not-activated shorter (5) and longer (6) middle piers with indicated 

positions of the integrated devices: seismic isolation devices (SI), energy dissipation devices (ED) and rubber 

buffer (RB) devices used in longitudinal (RBL), transversal (RBT) and vertical (RBV) direction. 

 

Regarding the proportions at the top level, the total length of the entire experimental bridge model was 

L=740.0 cm + 2 * 20.0 cm + 2 * 25.0 cm = 830.0 cm, Fig. 1 and Fig. 8. The RC deck was placed at a 

height distance of hd = 40.0 cm from the highest RC substructure surfaces. This space (seismic gap) was 

used to install both the originally produced DSSSB devices and the new SF devices, Fig. 2 and Fig. 3.  
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Specially designed steel frame structures using steel profiles 100 mm x 120 mm were constructed and 

fixed to both ends of the tested EFP model. The shape of the frame structures was designed to provide 

favorable conditions for successful installation of the originally created and used rubber buffer devices 

in all three directions. The defined positions of the created and installed specific types of upgrading 

devices in the tested EFP bridge model are presented in Fig. 1 and Fig. 8.  
 

  

Figure 9. Relative superstructure displacement responses recorded by LVDT-03 & LVDT-04 (left) and 

acceleration responses recorded by ACC-03 & ACC-04 (right) during the EFP bridge model shaking table 

test conducted under simulated strong El-Centro earthquake. 

 

Actually, in the tested EFP bridge model, there were integrated four constructed DSSSB seismic 

isolation devices (SI), then two originally created SF seismic energy dissipation devices (ED) and a 

respective number of displacement limiting devices, originally created, tested and used in the form of 

rubber buffer devices (RB). The positions of the rubber buffer devices were selected to be activated 

assuring limitation of displacements in longitudinal direction (RBL), transversal direction (RBT) and 

vertical direction (RBV), Fig. 1. After fabrication of all model segments and the specific SI, ED and 

RB devices and after preparing the other testing connections and instrumentation devices, the large-

scale EFP bridge prototype model was assembled and tested in the Dynamic Testing Laboratory of the 

Institute of Earthquake Engineering and Engineering Seismology (IZIIS) in Skopje.  
 

 

Figure 10. Advances of the EFP bridge system: Reduction of maximum relative displacements defined from 

the conducted seismic tests of the large-scale EFP model under simulated strong earthquakes. 

 

With the adopted 20 active recording channels, approximately 5.000.000 numerical values were 

recorded in each single test. During the conducted four original and four repeated tests, a large 

experimental data volume containing about 40 million numerical values was obtained, integrally 

processed and analyzed.  
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As an example, Fig. 9 presents the time history responses of displacements and accelerations recorded 

during the seismic test under simulated real strong El-Centro earthquake scaled to PGA=0.77g. The 

conducted seismic shaking table tests showed that the seismically isolated bridge by using DSSSB 

devices and upgraded complementary SF energy dissipation devices and RB displacement limiting 

devices represented a highly efficient and practical engineering option for protection of bridges exposed 

to strong earthquakes. Actually, the new EFP system exhibited safe and very favorable behavior under 

strong earthquake excitations. Based on processing of the recorded original numerical data obtained 

from the realized extensive shaking table seismic tests by simulating strong earthquakes, the main 

qualitative advances of the innovative EFP system are summarized in Fig. 10. Very stable, reliable and 

safe seismic response was observed in all test cases due to the provided significant reduction of 

maximum relative displacements amounting to 36.9%, 52.1%, 23.7% and 51.7%, respectively, in the 

case of the simulated El Centro, Petrovac, Landers and Northridge earthquakes. All recorded peak 

values were lower than the defined allowable design displacement of Da=40.0 mm for the seismic 

isolators. The importance of upgrading the isolated bridge with the new SF devices was experimentally 

validated and confirmed with the conducted initial quantification test of the model with the installed 

seismic isolation only. Under the simulated strong El-Centro earthquake, the tested isolated system, 

without installed SF devices, showed an unsafe response. Large excessive relative displacement 

amounting to maxD=44.2 mm was recorded, Fig. 10. 

5. Loading of EFP Bridge Model Under Simulated Flood Loading 

The extensive stability studies of bridge structures exposed to the effects of severe flood disasters that 

have been carried out so far have mainly been focused on protection of substructure elements. The effect 

of water pressure on bridge piers, possible undermining and failure of foundation of middle piers, 

damage to bridge abutments, washing off or damage to river beds and alike have been the subjects of 

these investigations. However, quite few investigations have been dedicated to development of a 

modern technology for bridge protection against damage or complete failure of superstructure elements 

under the effect of potential large forces generated by severe floods. This problem has not been 

investigated to a sufficient depth up to date and combined systems capable of protecting bridge 

superstructures against severe earthquakes and floods have not been developed.  
 

  

Figure 11. Typical loading of bridges under flood disasters: Collapse of the Guyandotte river bridge under 

flood, March 4, 2015 (left) and common water level of Guyandotte river in West Virginia, USA (right). 

 

The observed severe destructions of bridge superstructures resulted from inappropriate protection 

measures in many cases, Fig. 11. The presented investigations were directed toward development of a 

new system to enable successful bridge protection against strong earthquakes and severe flood disasters. 

The presently created combined EFP system possesses an advanced capability for successful protection 

of bridges exposed to strong earthquakes. This was confirmed with the conducted original seismic tests 

of the constructed large-scale EFP bridge prototype model.  
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However, in the final research phase, detailed analytical study will be conducted to validate the 

capability of the same EFP system to successfully protect bridges subjected to expected severe flood 

loadings, including representative and critical load cases.  

a) Safety analysis of the EFP system under symmetric transverse flood loading: To enable analysis 

of the bridge superstructure under symmetric transverse flood loading, the most important step to take 

is definition of the character and intensity of the flood loading. For design purposes, the symmetric 

transverse flood loading can be approximated by quasi-static loading. In that case, the distribution of 

the load would be uniform along the span length, while during the analysis, an increase of the load 

magnitude up to the defined limit would be enabled. However, according to their nature, loads generated 

during large floods are of dynamic character. In that case, the simulation of load forces requires 

definition of time functions of dynamic forces and expert analyses of structural response in time domain.  

b) Safety analysis of the EFP system under non-symmetric transverse flood loading: Non-symmetric 

loading of the bridge superstructure could be more critical than symmetric loading in many cases. It is 

therefore very important to anticipate analysis of the stability of the bridge superstructure under 

generated large forces due to floods whose dominant effect is non-symmetric. As in the case of 

symmetric effects, in this case, one can also carry out quasi-static design analyses. However, more 

realistic and successful definition of the safety of the bridge superstructure can be achieved by expert 

analyses and simulation of dynamic effect of non-symmetric loads due to floods in transverse direction. 

c) Safety analysis of the EFP system under combined transverse and uplift flood loading: The 

analyses of the stability of the bridge superstructure under combined transverse and uplift loading is 

very important since it can be the most critical option of loading. According to their nature, floods 

generate dynamic forces that can be spread in different directions. To confirm the real stability of the 

bridge structure, it is necessary to perform corresponding analyses under the effect of different 

combinations of potential loads due to severe flood disasters. Similarly, also in this case, loading can 

be treated as quasi-static for design purposes. However, during elaboration of final projects, it is 

necessary to define characteristic analysis combinations, considering all acting forces in the form of 

critical time functions, defined realistically by experts in hydrology and hydraulics. Realistic simulation 

of combined dynamic loads and detailed expert analyses in time domain may provide competent 

conclusions about the stability of the bridge superstructure under generated critical loads due to severe 

floods.  

6. Conclusions 

Based on the research results obtained from the conducted extensive experimental studies using the 

designed and constructed innovative EFP bridge model prototype, the following conclusions are drawn: 

(1) The novel DSSSB seismic isolation devices are very attractive and effective passive devices for 

seismic vibration isolation of bridges in arbitrary direction; (2) The new hysteretic multi-directional SF 

energy dissipation devices possess unique energy absorption features since they are capable of adapting 

their stable behavior to the arbitrary earthquake direction and to the actual level of seismic input energy. 

The used SF energy dissipation devices provided innovative, very stable and advanced 3D hysteretic 

response in the most critical cases of repeated strong earthquake effects in all directions; (3) The created 

displacement limiting devices in the form of rubber buffers (RB) represent very effective obligatory 

devices acting as the last line of defense against excessive displacements of the bridge superstructure. 

Actually, the rubber buffers (RB) represent an efficient passive system, whose activation provides 

bridge safety during the most critical loads generated by very strong earthquakes or severe floods; (4) 

The obtained results from the conducted experimental tests confirmed that the new EFP system 

represented an original high performance seismic isolation option for bridges. The system was created 

based on optimized seismic energy balance and represents an advanced technical innovation capable of 

integrating the advantages of seismic isolation, seismic energy dissipation and effective displacement 

limitation. (5) The new results obtained from recent experimental tests have shown that the created 

innovative RB displacement limiting devices possess preferable characteristics and can be used as the 
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last line of defense against extremely large lateral displacements; (6) Although only cyclic compressive 

loads were applied, occurrence of significant hysteresis and variable energy dissipation capacity was 

observed; (7) Although the tested RB specimens suffered very large total deformations and large 

distortions of their shape during the first experimental tests, they were able to regain their initial shape. 

Actually, the RB devices possess very specific, advanced and important shape-memory ability; (8) The 

difference in the restoring force is very large among rubbers of different hardness. This fact points out 

that selection of the rubber hardness is a very important step. Therefore, by adequate selection of rubbers 

of different hardness, it is possible to create different structural displacement limiting options in 

compliance with the specific requirements. (9) The created innovative EFP system represents a 

combined option for protection of bridge structures. The originally developed upgraded seismic 

isolation system was additionally upgraded with new advanced rubber buffer devices. The RB devices 

are optimally distributed in order to be activated in longitudinal, transversal and vertical direction. 

Actually, the created EFP system represents an advanced technical solution and can be regarded as 

efficient bi-hazard bridge protection technology and (10) During the next study phases, creative 

analytical study involving specific scenario modeling and refined simulations will be carried out, 

basically focused on validation of the EFP system response under simulated strong flood loadings and 

load combinations. 
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Abstract 

Recent seismic activity in Croatia has caused significant damage to a large number of old masonry buildings. 

Since the post-earthquake condition and mechanical properties are not known, on-site experimental testing is an 

important segment of the maintenance and repair of old masonry buildings. In this paper, the results of 

experimental determination of the mechanical properties and dynamic parameters on the damaged maisonette 

building of Sisak highschool are presented. In order to confirm and validate the experimental results, a numerical 

analysis of the building was performed. After making the initial FE model, the comparison between the natural 

frequencies obtained from the model and the experimental results revealed unsatisfactory outcomes. Therefore, 

the FE model was calibrated through a whole series of iterations: modification of the boundary conditions, 

modelling of partition walls, modelling of the damages and modification of the global stiffness of the structure. 

After a series of iterations, the global stiffness was significantly reduced by nearly 50% of the experimental results, 

ultimately leading to a satisfactory result. Apart from the reliability of the numerical model and the calibration of 

the numerical model analyzed here, by repeating the test after the future renovation (considering changes in 

building mass), the experimentally determined dynamic parameters of the structure can be used to verify the 

effects of the renovation of the building. 

Keywords: masonry, numerical modeling, experimental testing, dynamic properties, mechanical properties   

1 Introduction 

Masonry buildings of traditional construction were mostly built at a time when there were no regulations 

for the construction of earthquake-resistant buildings. A large number of old masonry buildings have 

suffered significant damage from recent seismic activity. Due to the lack of knowledge about their 

condition and mechanical properties after the earthquake, experimental work is an important segment 

for future calculations of old masonry buildings [1]. The combination of experimental onsite testing 

and numerical analysis is often used in order to derive realistic information about the boundary 

conditions and the mechanical properties of the structure’s constituent materials  [2], [3]. These 

procedure typically consist in updating some parameters of the FE model in order to minimize the 

differences between numerical and experimentally obtained dynamic properties (natural frequencies 

and mode shapes) [4]. In this paper, the results of testing the mechanical properties and dynamic 

parameters on the damaged maisonette building of Sisak highschool are presented.  

In order to validate the experimental results, a numerical analysis of the building was performed. The 

results of the natural frequencies of the numerical model compared to the experimentally obtained 

results were not satisfactory after first iteration of numerical model. Therefore, the model was updated 

through a whole series of iterations: modification of the boundary conditions, modelling of partition 

walls, modelling of the damage and modification of the global stiffness of the structure. 

Highschool Sisak was built in 1935. The building has four floors: basement, ground floor and two 

floors, Figure 1. In the central part of the building there is a three-legged staircase with a landing. The 

foundations are constructed as a reinforced concrete slab. The load-bearing structure of the building 

consists of walls made of solid bricks, floor slabs and finely ribbed floor slabs made of reinforced 

concrete. At the entrance of the building on the first and second floors, there is a load-bearing part of 

the structure that rests on stone columns arranged in two rows. 
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2 Experimental analysis 

During the investigation work, a visual inspection of the building was carried out and damage was 

observed on the load-bearing walls and partitions of the ground floor and the first floor. Some 

characteristic damage can be seen in Figure 2. 

  

Figure 1.  Sisak highschool building Figure 2. Typical damage on the load-bearing wall 

2.1 Experimental research of mechanical properties  

Within the experimental investigation on highschool in Sisak, the following tests were conducted: in 

situ masonry shear strength, determination of existing compressive stress in masonry using flat jacks, 

determination of elasticity modulus. 

Masonry shear strength testing is conducted using a small hydraulic jack by which a minimum damage 

is induced, Figure 3. After removing the plaster, a longitudinally oriented brick is selected. Before the 

test, head joint must be removed on one side of the brick and on the other side there should be enough 

space to install the hydraulic jack. The test involves determining shear strength 𝑓𝑉 with the contribution 

of normal compressive stress 𝜎0. This is why it is important to accurately determine the test position, 

which enables the calculation of vertical load and the corresponding stress 𝜎0. Testing was performed 

on 15 measurement points, 5 on each floor. The mean value of the results on each floor are showed in 

Table 1.  

Table 1. The results of shear strength 𝑓𝑉 with the contribution of compressive stress  

Position Shear strength 𝑓𝑉 with standard deviation (MPa) 

Ground floor 0,817 ± 0,149 

First floor 0,652 ± 0,187 

Second floor 0,515 ± 0,048 

Average value 0,661 ± 0,180 

The determination of the existing compressive stress in the masonry is conducted using single flat jacks, 

Figure 4, [5]. The compressive stress in the masonry is partially relieved by removing the mortar from 

the bed joint. The stress is then compensated by inserting the flat jack into the opening until the initial 

state of stress and strain is established, which is controlled by measuring the displacement perpendicular 

to the opening. It should be noted that the stress obtained in this test is an average value of the stress in 

the part of the wall near the opening, i.e. it can be assumed that the stress is representative for the entire 

wall only if the wall is completely homogeneous and if the load is not eccentric. The test was conducted 
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at 3 measurement points, two on the ground floor and one on the first floor. The results are shown in 

Table 2.  

  

Figure 3.  Masonry shear strength testing Figure 4. The determination of the existing 

compressive stress in the masonry  

Two flat jacks connected to a single hydraulic pump must be used in order to determine the stress-strain 

dependence of masonry. The test is performed in the same location where the vertical compressive 

stress test was performed, creating another hole above the existing one (used to determine vertical 

pressure), Figure 5. Flat jacks are inserted into parallel horizontal openings in the masonry and the 

compressive stress is applied by locally applying pressure to the jacks. Devices for measuring strain are 

placed in between flat jacks, and the stress and strain values are measured simultaneously, which 

enables the determination of the modulus of elasticity, Table 2.  

Table 2. The results of mechanical properties of masonry 

Position 
Measurement 

point 

Compressive stress 

 𝜎0 (MPa) 

Modulus of elasticity 

(MPa) 

Shear strength 

without compressive 

stress 𝑓𝑉0 (MPa) 

Ground floor FJ-PR-1 0,54 4020 0,171 

Ground floor FJ-PR-2 0,43 4122 0,825 

First floor FJ-1K-1 0,59 3407 0,134 

Average 3850 0,377 

 

The shear strength of masonry without compressive stress 𝑓𝑉0 was also determined experimentally 

using flat jacks at 3 measuring points, Table 2.  In this method the compressive stress 𝜎0 in the masonry 

is checked during the shear test, Figure 6. During the test, the coefficient of friction 𝜇 is also determined. 

The shear strength of the masonry without compressive stress 𝑓𝑉0 can be expressed as follows: 

𝑓𝑉0 = 𝑓𝑉 − 𝜇 ∙ 𝜎0 
(1) 
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 FJ-PR-1

 FJ-PR-2

 

Figure 5.  Elasticity modulus 

test 

Figure 6. The shear strength of 

masonry without compressive 

stress  

Figure 7. Measurement point locations 

on ground floor 

2.2 Experimental research of dynamic properties 

Within the experimental investigation of highschool in Sisak, operational modal analysis (OMA) was 

used to determine structural dynamic parameters. Unlike classical experimental modal analysis (EMA), 

the OMA method does not require known excitation. The experimental investigation was performed by 

using piezoelectric accelerometers (PCB Piezotronics, type 393B31 with nominal sensitivity of 10 V/g, 

PCB Piezotronics, Depew, NY, USA), an analyzer (Bruel and Kjaer, type 3560c, Bruel and Kjaer, 

Nærum, Denmark) and associated software. The measurement points were defined in 64 points, 32 in 

first floor and 32 in second floor, Figure 8. The measurement was performed at each of the measuring 

points in two perpendicular directions, x and y. Two reference accelerometers were placed in measuring 

point 213. Frequency domain decomposition (FDD) was used for the estimation of mode shapes. The 

values of experimentally obtained frequencies for the concerned mode shapes were read from the 

characteristc record, Figure 9. The results are shown in Table 3. 

 

 

Figure 8. Dynamic properties measuring points 

in 3D 

 

Figure 9. Characteristic record of frequency domian 

decomposition (FDD) for the determination of natural 

frequencies 
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Table 3. Values of first four experimentally obtained frequencies  

Modal shape Natural frequency [Hz] 

1 2,98 

2 3,96 

3 4,45 

4 5,92 

3 Numerical analysis 

The numerical model was developed in SCIA software. The material properties of the masonry used in 

the model are listed in Table 4. For data not obtained by experimental tests, the values according to EN 

1996-1-1 [6] and EN 1998-1 [7] apply. For the modulus of elasticity, the average value of 3850 MPa 

obtained from three experimental tests, is used. The shear modulus 𝐺 is calculated as follows: 

𝐺 = 0.4 ∙ 𝐸 
(2) 

The characteristic compressive strength 𝑓𝑘 can be calculated as 

𝑓𝑘 = 𝐾 ∙ 𝑓𝑏
0,7 ∙ 𝑓𝑚

0,3, 
(3) 

where 𝐾 is a constant assumed to be as 𝐾 = 0.55 according to [6] , 𝑓𝑏 is the compressive strength of 

the masonry unit, and 𝑓𝑚 is the compressive strength of the masonry mortar. According to [8], 𝑓𝑏 is 
assumed as 9.52 MPa, and according to [6], 𝑓𝑚 = 1.0 MPa. Characteristic flexural strengths of 

masonry 𝑓𝑥𝑘1 and 𝑓𝑥𝑘2 are determined according to [6]. 

Table 4. Mechanical properties of masonry in numerical model 

Density (kg/m3) 1800 

Modulus of elasticity 𝐸 (MPa) 3850 

Shear modulus 𝐺 (MPa) 1540 

Charasteristic compressive strength 𝑓𝑘 (MPa) 2.66 

Charasteristic initial strength, under zero compressive stress 𝑓𝑣𝑘0 (MPa) 0.377 

Charasteristic flexural strength of masonry having the plane of failure parallel to the bed joints 𝑓𝑥𝑘1 (MPa) 0.1 

Charasteristic flexural strength of masonry having the plane of failure perpendicular to the bed joints 𝑓𝑥𝑘2 (MPa) 0.2 

 

The numerical model was created based on the defined geometry and the material properties determined 

by experimental tests. Walls and solid slabs were modeled with standard plane elements, rib-reinforced 

slabs were modeled with coupled plane elements, and beam-reinforced slabs are a plane element 

connected by means of rigid rods to a beam or rod element. For the boundary conditions, pinned 

bearings under the load-bearing walls of the basement and fixed bearings on the columns were assumed. 

The numerical model of the building is shown in Figure 10. The roof of the building was not modeled 

as part of the building structure, so a submodel of the roof was created to calculate the load transfer, 

Figure 11. The reactions from the dead weight of the roof were calculated and applied to the model. The 

weight of the roof is necessary to define the self-weight of the structure and to determine the dynamic 

parameters of the structure. For the calculation of the dynamic parameters, it is necessary to convert the 

input load into mass. 
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Figure 10.  Numerical model of the building Figure 11. Submodel of the roof 

The staircase was introduced into the model through the forces caused by the weight of the staircase at 

the point of support. For the calculation of the dynamic parameters it was necessary to convert the forces 

into mass, Figure 12. Partition walls are introduced into the model by the forces caused by the dead 

weight of the partition wall. In the numerical model, the forces are converted to mass to calculate the 

dynamic parameters. Since all partitions are damaged, they are defined as mass in the model, since it is 

assumed that they do not contribute to the stiffness, Figure 13. 

 
 

Figure 12.  The mass of the staircase display Figure 13. The mass of one part of the partition 

walls display 

4 Model calibration 

In the numerical model of the structure, the vertical compressive stress caused by the dead weight was 

read at the measurement points where the compressive stress determination test was performed,  Figure 

14. A comparison of the existing compressive stress of the walls was performed, Table 5. The 

numerically determined stress results for the ground floor roughly correspond to the experimental 

results, but the stress read at the 1st floor differs significantly from the experimental result. 

Table 5 Comparison of numerical and experimental results of compressive stress 

Position Measurement point 

Experimental 

compressive stress 

 𝜎0
𝑒𝑥𝑝

  
 (MPa) 

Numerical 

compressive stress 

𝜎0
𝑛𝑢𝑚  

 (MPa) 

Ground floor FJ-PR-1 0,54 0,55 

Ground floor FJ-PR-2 0,43 0,35 

First floor FJ-K-1 0,59 0,38 
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Figure 14. Compressive stress display in numerical model 

The experimentally determined frequencies for the relevant mode shapes are compared with the 

numerically determined values. Although the numerically determined modal shapes agree with the 

experimental obtained shapes, a significant deviation of the frequency results can be seen in Table 6.  

Table 6. Experimental and numerical frequencies comparison 

Modal 

shape 
𝑓𝑒𝑥𝑝  (𝐻𝑧) 𝑓𝑛𝑢𝑚 (𝐻𝑧) Deviation (%) 

1 2,98 4,22 41,6 

2 3,96 5,75 45,2 

3 4,45 6,42 44,3 

4 5,92 9,64 62,8 

 

The results of the initial global numerical model agreed with the results of the local experimental tests, 

but the values of the frequencies of the numerical model compared with the experimental results were 

not satisfactory. Therefore, the improvement of the model in terms of the frequencies of the structure 

was approached through a whole series of iterations. 

4.1 First iteration - boundary condition 

A comparison of frequencies was made with respect to the change in boundary conditions. The 

numerical model retained the entered mass of the self-weight of the structure and the mechanical 

properties of the material. The results for fixed boundary conditions and pinned boundary conditions 

under the load-bearing walls of the structure are shown graphically, Figure 15. The applied boundary 

conditions showed no significant effect on the results of the structure's frequency. Therefore, a pinned 

boundary condition was used in the further analysis. 

4.2 Second iteration - partitions  

A comparison was also made of the frequency of numerical models in which the partitions were 

replaced with the appropriate mass, as described previously, and the model in which the partitions were 

modeled with a standard type of finite element of the wall surface, Figure 16. According to the standard 

[6], the characteristic flexural strengths of the masonry were entered. The modulus of elasticity, 

characteristic compressive strength and characteristic shear strength were taken from the tests described 

in section 2.1. In the numerical model, the mechanical properties of the solid brick wall material and 

the pinned boundary conditions were retained. 
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In the numerical model where the partitions were modeled as finite elements, the frequency of the 

structure increased compared to the numerical model where the partitions were input as mass. It can be 

concluded that the partitions contribute to the stiffness of the structure. However, in the following, the 

modeling of the partitions by mass in exchange for finite elements was retained in the numerical model 

because visual inspection revealed the damage of the partitions, then by inputting the seismic load to 

the numerical model, a significant excess of stress was found in the partitions, and insufficient thickness 

of each partition and excessive slenderness were found when the basic requirements were checked. 

Modeling of partitions using mass also contributes to a smaller number of finite elements. 

   

Figure 15. The frequencies for fixed boundary 

conditions and pinned boundary conditions 

Figure 16. Frequency results depending on different 

partition modelling 

4.3  Third iteration – damaged model 

a) Reduction of the modulus of elasticity in damaged elements  

The numerical analysis of the dynamic parameters is carried out by a linear analysis, which proves to 

be unsuitable for masonry because of its nonlinear behavior. Therefore, an attempt is made to describe 

the structure numerically, taking into account the existing damage. The damages are simulated on the 

numerical model by reducing the stiffness of the finite elements belonging to the damaged parts of the 

structure [4]. In order to reduce the difference between the experimentally and numerically determined 

dynamic parameters, a model is presented below in which an attempt is made to reduce the stiffness of 

the finite elements belonging to the damaged wall. The observed damage to the ground floor and the 

first floor structure is shown in Figure 17 and Figure 18. In the numerical model, the damaged parts of 

the structure are modeled with finite elements to which a material with modified properties, i.e. with 

reduced elastic modulus, is assigned. The reduction of the elastic modulus was performed in several 

steps, with the elastic modulus being reduced by 10% in each step. The numerical model retained the 

mechanical properties of the masonry, the pinned boundary conditions and the added masses of the non-

structural elements. By reducing the elastic modulus, a reduction in the natural frequency of the 

damaged numerical model can be observed, Figure 19. Nevertheless, satisfactory results were not 

achieved by imitating the damaged parts of the structure using finite elements with a reduced elastic 

modulus. 

  

 

Figure 17. Damaged 

masonry in ground 

floor 

Figure 18. Damaged 

masonry in first floor 

Figure 19. Frequency of the model with reduced elastic 

modulus of damaged elements, 1. modal shape 
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b) Reduction of elastic modulus at diagonal crack location 

Since satisfactory results were not obtained for the model with reduced elastic modulus in damaged 

elements of the building, a new approach for modeling damaged parts of the structure was introduced. 

According to the recommendations of [4], the numerical simulation of the crack pattern was performed 

by defining finite elements with a reduced elastic modulus E≈0 MPa at the crack location, Figure 20. 
The elastic modulus is not zero, but was reduced to 100 MPa to avoid errors in the numerical calculation. 

The numerical model kept the mechanical properties of the masonry, set the pinned conditions and 

added the masses of the nonstructural elements. It can be seen that the frequency decreases with the 

introduction of the assumption of damaged finite elements. However, even with these models, the 

frequency is quite high compared to the experimental results, Table 7. 

  

Figure 20. Numerical model with reduced elastic modulus at crack location in ground floor (left) and first floor 

(right) 

Table 7. The comparison of experimental frequency and numerical frequency on model with diagonal damage 

Modal shape 
Frequency (Hz) 

Difference (%) 
Experimental Numerical 

1 2,98 3,78 26,8 

2 3,96 5,29 33,6 

3 4,45 6,29 41,3 

4 5,92 9,43 59,3 

 

4.4 Forth iteration - Reduction of the global elastic modulus 

In the next iteration, the change in global elastic modulus was performed in increments of 500 MPa. 

Pinned boundary conditions were kept in the numerical model, the masses of non-structural elements 

were added, and the elastic modulus was reduced along the diagonal cracks of the damaged elements. 

The obtained results of the frequency, depending on the reduction of the global elastic modulus, for the 

first modal shape are shown in the Figure 21. where the approaching of the results to the experimental 

values is visible. The modulus of elasticity at the level of 2000 MPa gives a very small deviation 

compared to the experimental result. The Table 8. shows a comparison of the experimental frequency 

and the frequency of the damaged numerical model with a global elastic modulus at the level of 2000 

MPa. A small difference in natural frequency is observed for the first three modal shapes, while the 

frequency of the fourth modal shape has a larger deviation from the experimental result. 
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Figure 21. Results of the frequency, depending on the reduction of the global elastic modulus, for the 1. modal 

shape 

Table 8. The comparison of experimental frequency and numerical frequency on model with a global elastic 

modulus reduced to 2000 MPa 

Modal shape 
Frequency (Hz) 

Difference (%) 
Experimental Numerical 

1 2,98 3,01 1,0 

2 3,96 4,12 4,0 

3 4,45 4,72 6,1 

4 5,92 8,04 35,8 

 

5 Discussion 

The results of the natural frequencies of the initial numerical model compared to the experimental 

results were not satisfactory. Therefore, the model was updated through a whole series of iterations: 

modification of the boundary conditions, modelling of partition walls, modelling of the damage on 

structural elements and modification of the global stiffness of the structure, Figure 22. In relation to the 

initial numerical model, no significant differences in the frequencies of the structure were obtained by 

changing the boundary conditions of the numerical model. Then the comparison between the numerical 

model with the modelled partitions and the numerical model with the input mass of the partitions was 

started. The result was a higher frequency of the models with modelled partitions as the stiffness of the 

structure increased. In subsequent iterations, structural damage was added to the numerical model. The 

damage was first modelled by reducing the elastic modulus of the damaged parts of the building, but 

the results of the frequencies were not satisfactory. Then, damage modelling was started by reducing 

the elastic modulus of the finite elements along the cracks. In the end, the global stiffness was 

additionally reduced for this model by almost 50 % of the experimental values. Based on the mentioned 

assumptions introduced in the global numerical model, satisfactory results were obtained for the natural 

frequencies of the structure compared to the real behaviour of the structure.  
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Figure 22. Flow chart of numerical model iteration 

6 Conclusion 

Experimental determination of mechanical properties of masonry and dynamic parameters of the 

structure can improve the accuracy of numerical models of structures. Determination of mechanical 

properties does not always give the correct results. In this case, the experimentally determined elastic 

modulus was reduced by almost 50% in the numerical model to obtain satisfactory results for the natural 

frequencies. The described uncertainty of the experimental results of the mechanical properties of the 

masonry can be eliminated by increasing the number of tests performed to obtain the global mechanical 

properties of the structure. However, such tests are time consuming and very expensive. Moreover, an 

attempt can be made to verify the assumptions of the performed tests of the mechanical properties of 

the masonry in order to make them more effective. Accordingly, the examination of the mechanical 

properties of the masonry could be directed to a more applicable and less expensive method, capable of 

determining the mechanical properties of the masonry at many more locations in the structure. 

Apart from the reliability of the numerical model and the calibration of the numerical model analyzed 

here, by repeating the test after the future renovation under the condition of unchanged building mass, 

the experimentally determined dynamic parameters of the structure can be used to verify the effects of 

the future renovation of the building. 
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Abstract 

After a long period of inactivity, strong seismic events occurred in Croatia. Due to the extensive damage caused 

by the recent earthquakes, a significant phase of reconstruction and strengthening follows. Determining the actual 

seismic behavior of existing masonry structures is of great importance for future management and the economical 

and purposeful strengthening of the load-bearing structure. Modern software solutions and design methods are an 

essential part of the assessment, but they are only as useful as long as the input parameters are reliable. This is 
where in-situ test methods come into play, providing useful information about the mechanical properties of the 

structure. In the paper, the flat-jack method and sonic pulse velocity method are described in more detail and the 

results of certain tests are presented and compared. 

Keywords: assessment, masonry, flat-jack, sonic pulse velocity, NDT, SDT 

1. Introduction 

After a long period of seismic inactivity, the recent 2020 seismic events in Croatia caused a lot of 

damage and suffering [1,2]. Despite the great effort made by scientists to raise awareness, the 

unpreparedness for such a situation was noticeable from several aspects. In response to this, many 
activities aimed at mitigating the consequences have been initiated. In addition to the rapid damage and 

usability assessments carried out immediately after the earthquake by volunteer engineers [3], a 

widespread process of more detailed assessment, restoration and reconstruction of the building stock 

began. The first inevitable step in this process is certainly the determination of mechanical properties. 

Given that old unreinforced masonry (URM) structures that are occupied and mostly located in 

urban centres suffered the most, the examination of such structures is urgent and therefore most 

important. Existing URM structures are inherently vulnerable to violent ground motions. Due to its 
large mass and stiffness, as well as low ductility and poor ability to dissipate energy, it represents a 

danger to human life [4]. Moreover, the lack of connection between walls and floor structures can lead 

to the loss of global stability and the collapse of the structure as a whole. 

For the assessment, various test methods are used, and one common and useful method is the 

flat-jack test. The method is semi-destructive, requires specialized equipment and the test itself is time-

consuming [5]. With this in mind, comparisons between methods are undertaken with the aim of 
facilitating and speeding up the testing process. That is why this comprehensive investigative campaign 

is launched. The testing campaign is carried out following the devastating earthquakes of 2020. The 

research aimed to identify and compare the elastic properties of solid brick masonry on several case 

study buildings in Croatia using different testing methods. The experimental campaign was conducted 
in collaboration of the Faculty of civil engineering in Zagreb and the FENEC association. Most of the 

tested buildings are currently not operational due to damage caused by the earthquakes, so the 

investigative work is carried out without interruption. An integral part of this campaign are the case 
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studies shown in Figure 1. They are located in the capital Zagreb and its surroundings, and most of them 

are part of the cultural heritage. 

 
a) CS1 

 
b) CS2 

 
c) CS3 

 
d) CS4 

 
e) CS5 

 
f) CS6 

 
g) CS7 

 
h) CS8 

Figure 1. Case study buildings. 
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2. Assessment methods 

Various non-destructive, semi-destructive and destructive methods are used for the assessment of 

existing URM structures. The emphasis in this paper is on the flat-jack method and sonic pulse velocity 
test or sonic test. The methods are explained in more detail in the following chapters. More information 

about other assessment methods can be found in [6,7]. 

2.1 Flat-jack method 

The method is based on the principle of introducing stress into the masonry using metal flat-jacks of a 

semioval shape that are inflated like a balloon. This causes the masonry to deform, which is measured 

using a portable extensometer and a displacement sensor (LVDT). Using the flat-jack method, three 

useful masonry parameters can be determined, and therefore the test is performed in three phases. The 
first phase is about the state of vertical stress in the masonry, while the second and third phases provide 

information about the deformation and shear characteristics of the masonry. A more detailed description 

of the flat-jack method can be found in [8,9]. Before the aforementioned test phases, flat-jacks need to 
go through the calibration process due to certain pressure losses that occur as a result of the deformation 

of the flat-jack itself. The calibration process is carried out in an accredited laboratory and is repeated 

after every five in-situ tests. The next major concern is finding a favourable location in the structure 

that can be tested. It is important that the wall is load-bearing, without hidden openings, installations 
and similar obstacles. Next, all surface layers of the wall are removed until the brick is reached. The 

surface of the wall should be clean and dry. Wet basement walls are best avoided because of the 

degradation caused by moisture and the poor maturation of the adhesive, which is necessary for the test. 

In the first stage, three pairs of vertically placed metal points are glued to the wall. An opening 

will be cut in the horizontal joint between the pairs of points with an eccentric ring saw. By measuring 

the spacing of the points before and after cutting, the deformation of the part of the wall due to the 
resulting discontinuity in the material is determined. By inserting a flat-jack into the newly created 

opening and gradually increasing the pressure, the deflection is reduced (Figure 2a). When the 

deflection is reduced to zero, i.e. when the wall returns to its initial position, the stress in the flat jack 

represents the state of vertical stress in the masonry. The obtained stress in the flat-jack is corrected 
with the coefficient obtained during the calibration process and with the ratio of the area of the flat-jack 

and the area of the opening in the wall. 

In the second phase of the test, the flat-jack from the first phase is used, but another one is added 
above it (Figure 2b). In this way, a part of the wall is obtained that is in a uniform state of stress, and 

with the help of flat-jacks, this stress can be controlled. Three displacement sensors are placed between 

the flat-jacks, which measure the displacement of that part of the wall. The further procedure takes place 
so that the stress is gradually increased in small increments and the displacement is measured after each 

step. After a specific number of steps, a certain correlation between vertical stress and strain is obtained 

and based on this, the elastic property of masonry, i.e. the modulus of elasticity, is obtained.  

The third phase (Figure 2c), which is also the last phase of the test, again uses two flat-jacks from 
the previous phase. Only now an additional third horizontal press is added which will push the selected 

brick to determine the coefficient of friction and initial shear strength values. The brick will be pushed 

parallel to the face of the wall and will be pushed along its longest side. To begin with, the level of 
vertical stress will be increased to a certain level. Then the brick will be pushed horizontally until failure, 

i.e. until it slips. The level of vertical stress is increased again and the brick is pushed horizontally until 

failure. This process is repeated several times. As a result, on the shear stress-vertical stress diagram, 

the best fitting line is obtained whose slope represents the friction coefficient and the intersection with 

the vertical axis represents the initial shear strength. 

More detailed instructions on calibration, the test itself, as well as the processing of the results 

for determining the deformation properties of masonry, i.e. the modulus of elasticity, can be found in 

the form of the following guidelines [10,11]. 
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Figure 2. Flat-jack test phases: a) Vertical stress state; b) Elastic properties; c) Shear properties. 

2.2 Sonic pulse velocity test 

The sonic pulse velocity test method is a procedure used to estimate the elastic properties of masonry, 

i.e. the modulus of elasticity. The method aims to precisely measure the speed of propagation of an 
elastic longitudinal wave through the structure. The speed propagation can be then correlated with the 

dynamic elastic modulus, Poisson’s ratio and material density. The wave propagation speed is obtained 

using the measured travel time of the elastic wave from the emitter to the receiver and assuming a linear 

distance between them. The receiver is an accelerometer with a sensitivity of 10 V/g and a frequency 
range from 0.15 Hz to 1000 Hz (measurement range ±0.5g) that is positioned by hand in a pre-marked 

place on the wall. The emitter is a specialized instrumented hammer that creates an initial signal by 

striking the wall. It has a specially shaped tip suitable for precise signal generation on the wall. The 
hammer and accelerometer are connected to a data processing system that is connected to a computer. 

In principle, the method is similar to the ultrasonic pulse velocity test, which is often used for the 

mechanical characterization of concrete. The main difference is the frequency (i.e. number of elastic 
waves emitted per second) of the transducers, which can be sonic or ultrasonic, e.g. frequency higher 

than 20 kHz is considered ultrasonic. Since there are no sonic test guidelines, the European and 

American guidelines for ultrasonic pulse velocity test given in [12,13] can serve as a reference. 

In general, three different test configurations are possible depending on the position of the 
hammer and the accelerometer. The first is the direct configuration where the hammer and the 

accelerometer are placed in the same position but on opposite faces of the wall. The second is an indirect 

configuration where the hammer and the accelerometer are located on the same face of the wall. In the 
present research, an indirect configuration (Figure 3a) following a vertical direction was selected, 

aiming to estimate the vertical modulus of elasticity of the masonry. Tests are carried out at the wall 

side from where flat-jack tests are performed to take advantage of the surface preparation, which 

included render removal. The mentioned test procedure is shown in Figure 3b. Similar sonic 

investigations, but on regular and irregular stone masonry, are carried out in [14,15]. 
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After testing, it is necessary to process the obtained data. The data display is shown in Figure 3c. 
The velocity (VP) is calculated by measuring the travel time between the emission of the signal by the 

hammer and the reception of the signal by the accelerometer, divided by the distance between the 

transducers. The propagation velocity is then inserted into Eq. (1) from which the value of the dynamic 
modulus of elasticity (Ed) is obtained. Additional required data are the density (ρ) and Poisson's ratio 

(ν) of the masonry. In this study, the values for density and Poisson's ratio are taken from the literature 

[16,17] for the corresponding masonry typology (solid brick masonry in lime mortar). The density is 

taken as 1800 kg/m3 and the Poisson's ratio as 0.2.  
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Figure 3. a) In-direct configuration; b) Test procedure; c) Data display. 

3. Results  

The results are obtained on eight different case study buildings at a total of 22 test locations. Several 

tests were carried out on each building. The results obtained on the same case study building are shown 

in the same colour for easier reference. The order of the results corresponds to the order of the case 

study buildings shown in Figure 1. The results of the flat-jack tests are presented in Figure 4, while 

Figure 5 presents the results of the sonic tests.  

It should be emphasized that the values obtained by the flat-jack method represent the static 

modulus of elasticity, while the values obtained by the sonic method represent the dynamic modulus of 
elasticity. As a rule, the dynamic modulus of elasticity is 10-20% higher than the static modulus of 

elasticity [18]. The empirically observed inequality between static and dynamic modulus of elasticity 

of masonry and its components has been noted in several studies [19,20], which can be attributed to the 

different strain rate in the load application [21]. 
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Figure 4. Flat-jack test results. 

 

Figure 5. Sonic test results. 

From Figure 4 and Figure 5 it can be seen that the results deviate not only from building to 

building but even, to a certain extent, within the same building. In existing masonry structures, 
scattering of results is expected and normal occurrence. This is not surprising considering that the 

mechanical properties are affected by numerous parameters such as material quality, construction 

quality, maintenance, degradation over time and similar effects. This is also why fast testing methods 

that allow an estimation of the variability of the masonry throughout the building are particularly 

important. 

Figure 6 illustrates the mean values of the modulus of elasticity obtained by the sonic and flat-

jack methods for each case study building. Flat-jack test results are shown in blue, while sonic test 
results are shown in orange. Below the graph, the exact values for each case study are shown in tabular 

form. 
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Figure 6. Comparison of results obtained by the sonic and flat-jack method. 

Results of the flat-jack testing campaign will be published in more detail in [22] and more 

extensive insight into the comparison between flat-jack and sonic test results can be found in [23]. 

4. Discussion  

Determining the actual seismic behavior of existing masonry structures is of great importance for future 

management and the economical and purposeful strengthening of the load-bearing structure [24]. 

Modern software solutions and design methods are an essential part of the assessment, but they are only 

as useful as long as the input parameters are reliable. This is where in-situ test methods come into play, 

providing useful information about the mechanical properties of the structure. 

The sonic method is quite straightforward and the preparation as well as conducting of the test is 

relatively simple compared to the flat-jack method, not to mention the speed that is incomparable in 

favor of the sonic method, which allows measuring more locations within the same building and assess 
the variability of the masonry properties. The non-destructive nature of the test is also quite a big 

advantage, considering that it is only necessary to remove a layer of plaster in order to reach the 

masonry. But on the other hand, the flat-jack method also provides other useful parameters such as the 
vertical stress state as well as the shear properties of the masonry. Similar research combining NDT and 

SDT methods, but only at one test location, was carried out in [25]. 

The sonic method has been found to have the potential to be an indispensable part of the research 

arsenal when dealing with existing masonry. It was also shown that there is a certain correlation between 

the results obtained by the two methods. Incorporating the sonic method into a standard application 
during the assessment process can result in less destructive, more economical, but equally valuable 

investigative testing. In this way, the next phases such as design and strengthening will not be disturbed, 

and the entire reconstruction process will be more efficient. In addition to strengthening, it is of great 
importance to think about aspects of energy efficiency [26,27] and the preservation of cultural heritage 

[28,29] as well. 

5. Conclusions  

This research presents a comparison of the elastic properties of existing solid brick masonry obtained 

by different test methods. Sonic pulse velocity test and flat-jack test methods are used and presented. A 

comprehensive research campaign was undertaken on the continental part of Croatia on eight existing 
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unreinforced masonry structures. The tested structures are damaged in the recent earthquakes and are 
currently undergoing rehabilitation and strengthening. The presented work yielded new insights into 

the elastic properties of the existing unreinforced solid brick masonry buildings in Croatia. 

The following list summarizes the main conclusions obtained from the research: 

• The results deviate considerably in some cases, which is in the expected range considering that 

the existing masonry is tested, as well as the fact that these are different buildings with their 

inherited intrinsic differences and built in different times. 

• The test results obtained by the mentioned two test methods have a positive correlation. 

• The sonic method has the potential to be used in more locations given the faster procedure, 

which allows to assess the variability of the masonry elastic properties within a building. 

Acknowledgements 

Croatian Science Foundation contributed to this paper's preparation through the ARES project: 
Assessment and rehabilitation of existing structures – development of contemporary methods for 

masonry and timber structures, grant number UIP-2019-04-3749, project leader: Mislav Stepinac. The 

sonic testing campaign and research carried out were funded by FENEC. 

References 

[1] Stepinac, M., Lourenco, P.B., Atalić, J., Kišiček, T., Uroš, M., Baniček, M. et al. (2021): 
Damage classification of residential buildings in historical downtown after the ML5.5 

earthquake in Zagreb, Croatia in 2020. doi: https://doi.org/10.1016/j.ijdrr.2021.102140 

[2] Miranda, E., Brzev, S., Bijelic, N., Arbanas, Z., Bartolac, M., Jagodnik, V. et al. (2021): StEER-
EERI: PETRINJA, CROATIA DECEMBER 29, 2020, Mw 6.4 EARTHQUAKE JOINT 

RECONNAISSANCE REPORT (JRR). doi: https://doi.org/10.17603/ds2-1w0y-5080 

[3] Uroš, M., Šavor Novak, M., Atalić, J., Sigmund, Z., Baniček, M., Demšić, M. et al. (2020): Post-

earthquake damage assessment of buildings – procedure for conducting building inspections. 

Gradjevinar, 72 (12), 1089–115, doi: https://doi.org/10.14256/JCE.2969.2020 

[4] Kišiček, T., Stepinac, M., Renić, T., Hafner, I. and Lulić, L. (2020): Strengthening of masonry 

walls with FRP or TRM. Gradjevinar. Union of Croatian Civil Engineers and Technicians. p. 

937–53, doi: https://doi.org/10.14256/JCE.2983.2020 

[5] Lulić, L., Stepinac, M., Damjanović, D., Duvnjak, I., Bartolac, M. and Hafner, I. (2022): The 

role of flat-jack testing after recent earthquakes. Proceedings of the 3rd European Conference 

on Earthquake Engineering & Seismology, Bucharest, Romania. p. 8 pages,  

[6] Stepinac, M., Kisicek, T., Renić, T., Hafner, I. and Bedon, C. (2020): Methods for the assessment 

of critical properties in existing masonry structures under seismic loads-the ARES project. 

Applied Sciences (Switzerland). MDPI AG., doi: https://doi.org/10.3390/app10051576 

[7] Krolo, J., Damjanović, D., Duvnjak, I., Smrkić, M.F., Bartolac, M. and Košćak, J. (2021): 

Methods for determining mechanical properties of walls. Gradjevinar, Union of Croatian Civil 

Engineers and Technicians. 73 (2), 127–40, doi: https://doi.org/10.14256/JCE.3063.2020 

[8] Gregorczyk, P. and Lourenco, P.B. (2000): A Review on Flat-Jack Testing.  

[9] Lulić, L., Stepinac, M., Bartolac, M. and Lourenco, P.B. (2022): Review of the flat-jack method 

and lessons from extensive post-earthquake research campaign in Croatia (Under review).  

[10] RILEM. (2005): RILEM Recommendation MDT. D. 5: In-situ stress - strain behaviour tests 

based on the flat jack. Mater Struct. p. 497–501,  

[11] ASTM. (2014): ASTM C1197 - 14a: Standard Test Method for In Situ Measurement of Masonry 

Deformability Properties Using the Flatjack Method.  

223

https://doi.org/10.5592/CO/2CroCEE.2023.6


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.6 

[12] EN 12504. (2006): EN 12504‐4. Testing Concrete ‐ Part 4: Determination of ultrasonic pulse 

velocity. European Committee for Standardization (CEN), Brussels, Belgium.,  

[13] ASTM. (2016): ASTM C 597‐16. Standard Test Method for Pulse Velocity Through Concrete. 

ASTM International. West Conshohocken.,  

[14] Miranda, L., Cantini, L., Guedes, J., Binda, L. and Costa, A. (2013): Applications of Sonic Tests 

to Masonry Elements: Influence of Joints on the Propagation Velocity of Elastic Waves. Journal 

of Materials in Civil Engineering, American Society of Civil Engineers. 25 (6), 667–82, doi: 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0000547 

[15] Miranda, L., Cantini, L., Guedes, J. and Costa, A. (2016): Assessment of mechanical properties 

of full-scale masonry panels through sonic methods. Comparison with mechanical destructive 

tests. Structural Control and Health Monitoring, John Wiley & Sons, Ltd. 23 (3), 503–16, doi: 

https://doi.org/10.1002/stc.1783 

[16] EN 1998. (2005): EN 1998-3: Eurocode 8: Design of structures for earthquake resistance – Part 

3: Assessment and retrofitting of buildings.  

[17] NTC. (2018): Italian Structural Code, D.M. 17/1/2018, Aggiornamento delle Norme tecniche 

per le costruzioni, 2018.  

[18] D’Ambrisi, A., Mariani, V. and Mezzi, M. (2012): Seismic assessment of a historical masonry 

tower with nonlinear static and dynamic analyses tuned on ambient vibration tests. Engineering 

Structures, 36 210–9, doi: https://doi.org/https://doi.org/10.1016/j.engstruct.2011.12.009 

[19] Makoond, N., Pelà, L. and Molins, C. (2019): Dynamic elastic properties of brick masonry 

constituents. Construction and Building Materials, 199 756–70, doi: 

https://doi.org/10.1016/j.conbuildmat.2018.12.071 

[20] Totoev, Y.Z. and Nichols, J. (1997): A Comparative Experimental Study of the Modulus of 

Elasticity of Bricks and Masonry. 11th International Brick/Block Masonry Conference, doi: 

https://doi.org/10.13140/2.1.4411.4247 

[21] Mashinskii, E. (2003): Differences between static and dynamic elastic moduli of rocks: Physical 

causes. Geologiya i Geofizika, 44 (9), 953–9,  

[22] Stepinac, M., Lulić, L., Damjanović, D., Duvnjak, I., Bartolac, M. and Lourenco, P.B. (2022): 
Experimental evaluation of unreinforced brick masonry mechanical properties by the flat-jack 

method – An extensive campaign in Croatia (Under review).  

[23] Ortega, J., Stepinac, M., Lulić, L., Nunez Garcia, M., Saloustros, S., Aranha, C. et al. (2022): 
Correlation between sonic pulse velocity and flat-jack tests for the estimation of the elastic 

properties of unreinforced brick masonry (Under review).  

[24] Lulić, L., Ožić, K., Kišiček, T., Hafner, I. and Stepinac, M. (2021): Post-earthquake damage 

assessment-case study of the educational building after the Zagreb earthquake. Sustainability 

(Switzerland), MDPI AG. 13 (11), doi: https://doi.org/10.3390/su13116353 

[25] Grazzini, A. (2019): Sonic and Impact Test for Structural Assessment of Historical Masonry. 

Applied Sciences, 9 1–12, doi: https://doi.org/10.3390/app9235148 

[26] Sassu, M., Stochino, F. and Mistretta, F. (2017): Assessment Method for Combined Structural 

and Energy Retrofitting in Masonry Buildings. Buildings, 7 (3), doi: 

https://doi.org/10.3390/buildings7030071 

[27] Giresini, L., Casapulla, C. and Croce, P. (2021): Environmental and Economic Impact of 
Retrofitting Techniques to Prevent Out-of-Plane Failure Modes of Unreinforced Masonry 

Buildings. Sustainability, 13 (20), doi: https://doi.org/10.3390/su132011383 

224

https://doi.org/10.5592/CO/2CroCEE.2023.6


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.6 

[28] Corradi, M., Mustafaraj, E. and Speranzini, E. (2021): Sustainability considerations in 
remediation, retrofit, and seismic upgrading of historic masonry structures. Environmental 

Science and Pollution Research, doi: https://doi.org/10.1007/s11356-021-17490-7 

[29] Milić Mija, Stepinac Mislav, Lulić Luka, Ivanišević Nataša, Matorić Ivan, Čačić Šipoš Boja et 
al. (2021): Assessment and Rehabilitation of Culturally Protected Prince Rudolf Infantry 

Barracks in Zagreb after Major Earthquake. Buildings, 11 (11),  

  

225

https://doi.org/10.5592/CO/2CroCEE.2023.6


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.73 

CRITICAL NEAR RESONANCE SHAKING TABLE TESTS OF CONSTRUCTED 

LARGE-SCALE UPGRADED ISOLATED USI-V-MG BRIDGE PROTOTYPE 

MODEL 

 

Jelena Ristic(1), Ragip Behrami(2), Danilo Ristic(3) 

 
(1) Assist. Prof. Dr. Faculty of Engineering, Department of Civil Engineering, International Balkan University 

(IBU), Skopje, Republic of North Macedonia, e-mail: jelena.ristic.ibu@gmail.com 
(2) PhD student, Institute of Earthquake Engineering and Engineering Seismology (IZIIS), Ss. Cyril and 

Methodius University, Skopje, Republic of North Macedonia, e-mail: rbehrami@gmail.com 
(3) Prof. Dr., Institute of Earthquake Engineering and Engineering Seismology (IZIIS), Ss. Cyril and Methodius 

University, Skopje, Republic of North Macedonia, e-mail: danilo.ristic@gmail.com 

 

Abstract 

Construction of modern, seismically safe bridge structures represents a permanent activity of the highest 

importance because bridge structures are important key elements responsible for providing continuous functioning 

of integral highway infrastructure systems. An extensive experimental and analytical research led by the third 

author was performed in the Institute of Earthquake Engineering and Engineering Seismology (IZIIS), Ss. Cyril 

and Methodius University in Skopje, lasting three and a half years, in the frames of the innovative NATO Science 

for Peace Project “Seismic Upgrading of Bridges in South-East Europe by Innovative Technologies (SFP: 

983828)”, involving five countries. The specific project part included development of the innovative upgraded 

seismically isolated system USI with vertical multi gap V-MG  representing an advanced technology for seismic 

isolation and seismic protection of bridges. By integrating the new uniform, vertical multi-gap (V-MG) energy 

dissipation devices, qualitative advances of the USI-V-MG system were achieved. The original observations 

resulting from the conducted complex, unique and critical near resonance shaking table tests of the constructed 

large-scale bridge model are presented and discussed in this paper. The extensive experimental research program 

was realized on a bridge model constructed by using the seismically isolated system upgraded with uniform 

vertical multi-gap energy dissipation devices (USI-V-MG). The installed adaptive system for seismic protection 

of bridges utilizes originally produced double spherical rolling seismic bearings (DSRSB) as seismic isolators, 

while qualitative improvement of the seismic performances is achieved through the use of novel, uniform vertical 

multi-gap energy dissipation (V-MG-ED) devices. 

Keywords: Shaking table, bridge model, seismic test, seismic isolation, energy dissipation 

1. Introduction 

In the past, extensive studies in the field of seismic isolation of bridges have been mostly performed in 

the world’s renowned research centres in Japan, USA, Italy, and New Zealand. However, in the recent 

years, contributions from many other countries are increased and have resulted in proposing of many 

new ideas and concepts. The intolerable severe impacts to modern bridge systems during strong recent 

earthquakes [1, 2], have been observed. It has given rise to strong arguments about the further needs for 

development and practical implementation of seismic isolation systems in seismic protection of bridges, 

[3-7]. This paper shows the obtained important results from the realized creative research part of the 

innovative long-term study devoted to development of a new, experimentally verified, advanced USI-

V-MG system that can provide qualitative seismic upgrading of isolated bridges by using of innovative 

V-MG-ED energy dissipation devices [8]. The conducted initial experimental part of the study included 

realization of original nonlinear quasi-static tests of the created individual energy dissipation 

components. Unique original experimental data have been obtained, enabling development of an 

advanced, experimentally validated, nonlinear micro-model for hysteretic behaviour study of the 

complete new vertical multi-gap energy dissipation (V-MG-ED) devices with possibility of optionally 

different arrangement of ED components. Following some recent author’s developments [8], conditions 

for realization of the final original study were created, involving shaking table tests of the constructed 
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large-scale bridge prototype model with the applied new USI-V-MG system. The tested uniform 

upgrading system for seismic protection of bridges, USI-V-MG system, utilizes originally produced 

double spherical rolling seismic bearings (DSRSB) as seismic isolation system, while qualitative 

improvement of seismic performances is achieved through the use of novel uniform vertical multi-gap 

energy dissipation (V-MG-ED) devices.  

2. Concept of New USI-V-MG Bridge System 

The upgraded seismically isolated (USI) system with vertical multi gap (V-MG) energy dissipation 

(ED) devices represent newly created advanced technical concept providing harmonized modification 

and improvement of structural seismic response, Fig. 6. The USI-V-MG system is advanced alternative 

method for qualitative improvement of seismic protection of bridge structures through introduced 

concept of global optimization of seismic energy balance. The USI-V-MG system is created through 

obligatory incorporation of the following three complementary systems: (1) Incorporation of seismic 

isolation (SI) system: The applied system for seismic isolation of bridge superstructure should contain 

adequately selected seismic isolators that will provide very low stiffness in horizontal direction and will 

be capable of sustaining safely the total weight of the entire superstructure. In that way, it is enabled for 

an appropriately designed seismic isolation (SI) device to be installed at each supporting point of bridge 

superstructure whereas the total isolated weight will be directly transferred to the supporting middle 

piers and/or to the rigid supporting abutments of the bridge. Under such conditions, a wide range of 

possibilities of selecting the proper system for seismic isolation of bridge superstructure is given, 

including application of any newly developed advanced solutions for seismic isolation; (2) 

Incorporation of seismic energy dissipation (ED) system: Seismic isolators are characterized by 

insufficient damping for seismic energy dissipation, so additional seismic energy dissipaters have been 

introduced. For this reason, the ED devices should possess optimal stiffness, optimal bearing capacity 

and high ductility in relation to the seismic performances of implemented seismic isolators. Considered 

very large stiffness of the ED devices leads to undesired impact and impulsive transfer of inertial forces. 

To avoid such problem, it is favourable to reduce the initial stiffness of ED devices to an optimal level. 

In addition, if bearing capacity of ED devices is considered very high, large or critical forces will be 

transferred to the piers. To avoid related problem, bearing capacity of energy dissipation devices should 

be reduced to a design limit. Finally, the ductility capacity of ED devices should be sufficiently large. 

In the case of generated large inertial forces, relative displacements in full scale bridges can become 

quite large, of the order of 25-30 cm or larger. Therefore, the ED devices should possess the ability of 

sustaining large deformations without damage. Generally, it is necessary to introduce ED devices with 

greater capacity of seismic energy dissipation through nonlinear deformations and creation of 

pronounced hysteresis curves. In the frameworks of this study, very significant advances of the three 

above specified properties are achieved by formulation of the proposed advanced V-MG multi-

directional energy dissipation devices, and (3) Incorporation of displacement limiting (DL) system: In 

the course of very strong earthquake large relative displacements may occur and sometimes they are 

not successfully controlled in a reliable engineering mode. By introducing specific displacement 

limiting devices (DLD), strong impact and negative effects will be reduced or avoided. 

3. Creation and Testing of Prototypes of V-MG Energy Dissipation Devices 

Within the frames of the conducted study, special attention has been paid to the formulation of 

integrated compact unit providing highly ductile response, as well as, structurally to represent 

innovative multi-gap (MG) and multi-directional (MD) energy dissipation (ED) device of a unique and 

large seismic energy dissipation capacity. Here, briefly are described the main creation steps, original 

structure and testing of prototypes of new V-MG-MD-ED energy dissipation devices: 

1) Structure of multi-directional V-MG-ED devices: The structure of V-MG-ED device generally 

consists of: (1) base metal plate for fixation of the vertical cantilever components; (2) radial distributed 

in equidistance vertical energy dissipation components (EDC); and (3) upper metal plate with openings 

through which the energy dissipation components are activated based on gaps in different phases. 
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Characteristic activation modes include very frequent weak earthquakes, reduced number of moderately 

strong earthquakes and rare, but possible, very strong and destructive earthquakes. The prototype model 

of the proposed V-MG-MD-ED device, Figure 1, has been created considering several constituent parts 

that form a compact ED unit, including:  

(a) Base plate: The base plate of the V-MG-MD-ED device is manufactured in the form of a base 

circular metal plate with thickness d = 25 mm and diameter of D = 450 mm. In the base metal plate, in 

each of the two concentric circles, eight regularly spaced equal openings with windings are made. The 

openings with windings are used to fix the vertical components by screwing. In the outer concentric 

circle with a diameter of d1 = 340 mm, eight openings with windings are made for the fixation of the 

external eight vertical (V) energy dissipation components. In the internal concentric circle with a 

diameter of d2 = 190 mm, spaced are other eight openings with windings for the fixation of the internal 

eight vertical (V) energy dissipation components. 

  

Figure 1. Prototype model of V-MG-ED device with installed V-MG-ED components: 1. Bottom fixing plate; 2. Outer 

V-MG components; 3. Bottom common fixing part; 4. Inner V-MG components; 5. Stiff central body; 6. Upper activating 

plate; 7. Gaps with distance protector; 8. Fixing bolts of base plate to substructure; 9. Substructure; 10. Upper plate fixed 

to superstructure; 11. Superstructure of prototype bridge. 

(b) Vertical ED components: The vertical energy dissipation components are made of a ductile metal 

in the form of a moderately steep cut cone. According to the diameter of the cone base (Db), there have 

been adopted a total of four options from which there have arisen four prototype types of energy 

dissipation devices, Fig. 2. For each type of energy dissipation device, there have been designed vertical 

elements with two alternative variants of cones, regarding the considered different diameters of the top 

(Dt), whereat the diameter of the element at the base has been kept the same. In that way, four base-

type prototypes of energy dissipation devices have been formed, each type with two variants of cones 

of vertical energy dissipation components as follows: (1) Base type-1 with options: a) prototype model 

T11 with base and top diameters Db/Dt=32.0/25.6 mm and b) prototype model T12 with base and top 

diameters Db/Dt=32.0/19.2 mm; (2) Base type-2 with options: a) prototype model T21 with base and 

top diameters Db/Dt=28.0/22.4 mm and b) prototype model T22 with base and top diameters 

Db/Dt=28.0/16.0 mm; (3) Base type-3 with options: a) prototype model T31 with base and top diameters 

Db/Dt=24.0/19.2 mm and b) prototype model T32 with base and top diameters Db/Dt=24.0/14.4 mm; 

(3) Base type-4 with options: a) prototype model T41 with base and top diameters Db/Dt=20.0/16.0 mm 

and b) prototype model T42 with base and top diameters Db/Dt=20.0/12.0 mm. All vertical components 

have the same height of the cone body of h1 = 190 mm and end with an identical cylinder with a 

diameter d = 24.0 mm with a constant height of h2 = 60.0 mm. With the adapted geometry of V-MG 

components, provided were equivalent conditions for fixation into the base plate, while the standard 

cylinder at the top provided equivalent gap-G1 and gap-G2 conditions for gap-based excitation 

(alternatively repeated contact and activation).  

(c) Activating plate with holes: On the upper side of V-MG device, metal plate with thickness d=20.0 

mm is constructed with openings with different diameters distributed along two concentric circles. The 

inner 8 openings are constructed with diameter d3=34.0 mm. Having standard top cylinders with 
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diameter of d=24.0 mm, a gap of G1=5.0 mm was provided in all directions. However, the external 8 

openings are constructed with diameter d4=60.0 mm. Having top cylinders with diameter of do=24.0 

mm, a gap of G2=18.0 mm was obtained in all directions. The upper metal plate is fixed to the central 

stiff body for which is assured strong connection to the superstructure of the large-scale bridge model. 

With presented original structure of V-MG device, activation of the inner ED components will start 

after relative displacement becomes larger than 5 mm in all directions. If relative displacement exceeds 

18.0 mm, then activation of all ED components located on the external concentric circle takes place. 

  

Figure 2. Cyclic testing of V-MG-ED devices (left) and Performance of EDC with simulated gap-G2 (right) 

2) Testing of prototype models under cyclic loads: Within the frames of experimental testing of 

produced model prototypes of V-MG energy dissipation components, an experimental program has 

been carried out. Each individual V-MG component has been tested twice. First test-1, representing 

original test, was conducted to define hysteretic response of V-MG component under the initial 

conditions. Second test-2, representing repeated test was performed to get an insight into the hysteretic 

response of the model that has already been tested.  

For testing of 8 prototypes of the V-MG components under cyclic loads, simulating gap-G1 in the first 

case and gap-G2 in the second case, a total of 16 components of type-V have been produced. With the 

anticipated realization of the original and the repeated tests of each component, a total of 32 nonlinear 

cyclic tests have been done, Fig. 2. 

4. Refined Modelling of V-MG-ED Devices and Components 

An important research part included refined modelling and hysteretic response simulation of V-MG-

ED devices, Fig. 3. Nonlinear numerical analysis has been carried out using the formulated refined or 

micro-models of the created and tested model prototypes. Commonly, cyclic displacement of up to 

±45mm in X direction has been simulated through the upper plate, with a step of 5mm increase in each 

cycle. The mathematical model represented refined 3D finite element mesh of installed EDD-s. 

Modelling and analysis of the hysteretic response and energy dissipation capacity of V-MG-ED devices 

has been done by the use of ABAQUS CAE software. With setting the real material characteristics, the 

element geometry, the contour and contact conditions, the imposed displacements and other required 

information, appropriate conditions were created to compute results as accurately as possible. 
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Figure 3. Formulated refined 3D ABAQUS model of full V-MG-MD-ED device (left) and computed hysteretic 

response of two V-MG-MD-T11 components installed with gaps G1 & G2 (right) 

The calculations have been performed successfully, without shown any error during the step-by-step 

analysis process. Following the process of nonlinear micro-model formulation, considered and analysed 

was the specific example of partial device, assembled with two identical V-MG-MD-T11 components 

with different gaps G1 & G2. The resulting original and characteristic gap-based hysteretic response of 

the system was successfully computed, Fig. 3, right.  

5. Prototype Testing of DSRSB Seismic Isolation Devices 

The seismic isolation (SI) system used within the USI-V-MG bridge model was assembled by the use 

of prototype models of double spherical rolling seismic bearing (DSRSB) devices having two large-

radius spherical surfaces (Fig. 4), which were originally designed for the purposes of the planned 

various experimental investigation phases [5]. 
 

  

Figure 4. Prototype of designed, constructed and tested DSRSB devices: (1) Cross-section with geometrical properties 

and (2) Device view with characteristic cross-section (Commonly re-used prototype) 

The design of such device was conditioned by several requirements: to provide the sufficient bearing 

capacity for vertical loads; to provide the sufficient displacement capacity; to have radii of curvatures 

of the spherical surfaces adequate to achieve the targeted period of vibration; to have a sliding surface 

generating minimal friction and to have a central rolling part providing minimum reactive friction force. 

The resulting device is shown in Fig. 4. The lower (2) and upper (4) spherical plates were constructed 

of a hard inox polished to a mirror shine, providing durability and very low friction. Its diameter was 

250mm, while the radii of the spherical surfaces were 1000mm. Both plates were fixed to the lower (1) 

and upper (3) steel end plates with diameter of 310mm. The inserted central rolling part (5) was 

constructed in the form of a ring of twelve balls with a diameter of 18mm, distributed uniformly along 

the circle around cylindrical slider and spaced with their opposite centres at 74mm. From the response, 

it is clear that the device has a sufficient capacity for horizontal deformation, amounting to over 45mm 

and that the shape of the hysteretic loops forms a skewed rectangle, which leads to its representation 

with bilinear model, Fig. 5. 

 

EXPERIMENTAL RECORDS: 

(1) upper envelope curve (EC) 

(2) lower EC  

(3) symmetric line 

(4) shifted upper EC 

(5) shifted lower EC 

(6) shifted symmetric line 

(7) recorded initial stiffness 

Quasi-static tests of isolation 

devices were carried out by the 

use of four DSRSB devices 

mounted at their original 

locations, two at each 

abutment. The RC slab, 

weighting 85kN, brought a 

vertical force of 21.25kN to 

each one. The representative 

hysteretic response for a single 

device is shown in Fig. 5. 

Figure 5. Hysteretic response of tested DSRSB prototype [5] 
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6. Seismic Shaking Table Tests of Large-Scale USI-V-MG Bridge Model 

Due to the size of the seismic shaking table (5.0mx5.0m) and payload capacity, the originally designed 

USI-V-MG bridge prototype model had to be geometrically reduced in respect to the selected prototype. 

From those reasons, adopted was geometrical scale factor of 1:9, which verified the referred constraints 

in this case, but with adopted specific model design concept. As a consequence of the scale reduction, 

the relevant properties involved in the dynamic (seismic) tests were scaled according to a similitude 

law. Considering the main related factors, an adequate combined true replica-artificial mass simulation 

model was adopted. For simulation of the stiff RC superstructure, the stiff slab with added mass was 

adopted using the same material as that of the prototype structure. For simulation of the middle piers, 

steel material was used.  

 

 

 

Figure 6. USI-V-MG (BM-V) bridge prototype model on IZIIS seismic shaking table: Left end support (1); right 

end support (2); support above shorter piers (3); support above longer piers (4); actuator supporting structure (5); 

actuator (6); DL devices (7); computer controlling cyclic tests (8), (Left); and Right: Disposition of DSRSB devices 

(superstructure supports) and partially between set new V-MG-ED device. 

The seismic isolation and energy dissipation devices were designed and produced in reduced scale. The 

similitude law implies the adopted relations for the different parameters, all given in terms of the 

geometrical scale factor (lr). Concrete material type C25/30 has been used for construction of RC 

segments of bridge model, while for construction of steel V-MG devices, steel material type S355 was 

selected and applied. Considering final proportions at the top level, the total length of the entire 

experimental bridge model is L = 740.0 cm + 2 * 20.0 cm + 2 * 25.0 cm = 830.0 cm. The RC deck is 

placed at a height distance of hd = 40.0 cm from the highest RC substructure surfaces. This space 

(seismic gap) is used to install both, originally produced DSRSB devices, as well as the new V-MG-

MD-ED devices, Fig. 6 and Fig. 7. After fabrication of all model segments and specific SI, ED and DL 

devices, as well as, after preparing the other testing connections and instrumentation devices, the large-

scale USI-V-MG bridge prototype model was assembled and tested in the Dynamic testing laboratory 

of the Institute of Earthquake Engineering and Engineering Seismology (IZIIS) in Skopje. With adopted 

20 active recording channels, approximately 5.000.000 numerical values were recorded in each single 

test. Realizing four original and four repeated tests, large experimental data volume, containing about 

40 million numerical values, have been recorded, integrally processed and analysed. In Fig. 7, as 

example, presented are time history responses of displacements and accelerations recorded during 

seismic test under simulated real strong El-Centro earthquake scaled to PGA=0.78g. The conducted 

seismic shaking table tests have shown that upgrading of seismically isolated bridges with vertical multi 

gap energy dissipation devices represent a highly efficient and practical engineering option. 
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Figure 7. Defined positions of DSRSB devices (1 to 4, with details right) and V-MG-ED devices (A and B) of the tested one-

span large-scale USI-V-MG (BM-V) bridge prototype model on seismic shaking table 

7. Critical Seismic Shaking Table Tests near Resonance of USI-V-MG Model 

The ultimate goal of the present research includes development of advanced technology for seismic 

protection of bridge structures under extreme seismic loading. To realize the planed unique and 

scientifically important and specific experimental analysis of actual seismic response characteristics of 

innovatively assembled large-scale bridge model, with DSRSB isolation and new V-MG energy 

dissipation devices, under simulated the most critical near-resonance earthquake excitations, extensive 

well-focused shaking table tests have been planned and realized in study phase-III. However, to provide 

highly valuable comparative experimental data and full evidence in differences in seismic responses of 

innovative bridge model tested with different test options, two additional series of shaking table tests 

have been planned and conducted.  

The first test series included initial shaking table tests of assembled bridge model with seismic isolation 

only, item 7.1 (phase-I). Initial tests actually represent the first basic experimental study, devoted to 

experimental testing of seismic response of assembled isolated-bridge prototype model, without 

installed energy dissipation (ED) devices, under simulated strong earthquakes. The second test series 

included shaking table tests of innovatively-upgraded isolated bridge model, item 7.2 (phase-II). The 

conducted tests actually represent experimental study of real seismic response characteristics of 

constructed innovatively-upgraded isolated bridge prototype model, existing with seismic isolation (SI) 

and new energy dissipation (ED) devices, under simulated strong earthquakes. Finally, regarding the 

obtained large set of experimental results, the effects of critical near resonance (NR) earthquake input 

on innovatively-upgraded isolated bridge model was made possible, item 7.4 (phase-IV. Actually, the 

study phase-IV was devoted to processing and comparative presentation of extreme seismic responses 

of innovatively-upgraded isolated bridge model considering the obtained results from conducted 

shaking table test under simulated two series of seismic input: (1) seismic input representing critical 

near resonance (NR) earthquake excitations of Phase-III and (2) seismic input representing selected 

location representative (LR) strong earthquake excitations of Phase-II. As stated above, approximately 

5 million numerical values were recorded in each single test. With newly realized four original tests of 

phase-I and four original tests of phase-IV, additional large experimental data volume, containing about 

40 million numerical values, have been recorded, processed and analysed. Regarding the conducted 

very extensive experimental study program, including successfully realized full set of 16 original 

experimental tests, recorded were and processed about 80.000.000 numerical data values. 

7.1. Phase-I: Initial shaking table tests of bridge model with isolation only 

Study phase-I represent conducted initial experimental study devoted to experimental seismic response 

testing of constructed isolated bridge prototype model without ED devices under simulated strong 

earthquakes. 

Table 1. Recorded difference in peak relative displacements during shaking table test of BM2-V1 model with 

ED devices [1c] and BM2 model without ED devices [1c*], under simulated compressed El-Centro earthquake 

Tests Test with ED devices [1c] Test without ED devices [1c*] 
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[1c] O-T1: C-El-Centro, PGA=0.78G [1c*] O-T1: C-El-Centro, PGA=0.78G 

[1c&1c*] Channel MaxD [mm] MaxD [%] Channel MaxD [mm] MaxD [%] 

diff. LVDT-03 26.03 100.00 LVDT-03 40.77 +56.62 

 

For the purposes of getting insight into contribution of the EDDs to the structural response, bridge 

model setup which involved only four DSRSB isolators (no SB dissipaters) has been tested on the 

shaking platform under compressed El Centro excitation scaled to PGA 0.78g. The relative 

displacements recorded by LVDT-03 for the system with and without SB energy dissipaters are shown 

in Table. 2. By comparing two responses, it may be noticed that use of dissipaters reduced maximum 

displacement from 40.77 mm to 26.03 mm, or 56.62%. Such favourable contribution of EDD, 

adequately designed in their mechanical properties, gain in importance for much stronger earthquakes. 

7.2. Phase-II: Shaking table tests of innovatively-upgraded isolated bridge model 

Study phase-II represent experimental study devoted to seismic response testing of constructed 

innovatively-upgraded isolated bridge prototype model with seismic isolation (SI) and energy 

dissipation (ED) devices under simulated strong earthquakes. 

Regarding the stated objectives, conducted were extreme-loading experimental tests of innovatively-

upgraded isolated bridge with new V-MG ED devices, simulating the following four representative and 

strong compressed earthquakes: [1c] El-Centro, PGA=0.78G, [2c] Petrovac, PGA=0.72G, [3c] Landers, 

PGA=0.76G, and [4c] Northridge, PGA=0.89G, earthquake Table 3. The peak relative displacements 

recorded by LVDT-03 of the system upgraded with SB energy dissipaters are well controlled in all 

cases. Regarding peak responses, it may be noticed that use of dissipaters reduced maximum 

displacements to 26.03mm, 26.61mm, 20.35mm and 31.61mm, respectively.  

Table 2. Recorded peak relative displacements by LVDT sensors during conducted original shaking table tests 

of BM2-V1 model simulating compressed: [1] El-Centro, [2] Petrovac, [3] Landers and [4] Northridge eq. 

Tests [1c] O-T1: C-El-Centro, PGA=0.78G [2c] O-T2: C-Petrovac, PGA=0.72G 

[1c&2c] Channel 
MaxD (-) 

[mm] 

MaxD (+) 

[mm] Channel 
MaxD (-)   

[mm] 

MaxD (+)     

[mm] 

recorded LVDT-03 -17.96 26.03 LVDT-03 -26.61 15.21 

Tests [3c] O-T1: C-Landers, PGA=0.76G [4c] O-T2: C-Northridge, PGA=0.89G 

[3c&4c] Channel 
MaxD (-) 

[mm] 
[1c&2c] Channel 

MaxD (-) 

[mm] 
[1c&2c] 

recorded LVDT-03 -20.35 11.76 LVDT-03 -29.93 31.61 

The observed favourable contribution of energy dissipation devices, provided reduction of maximum 

displacement bellow designed displacement limit of seismic isolators, amounting to 40.00mm. This 

reduction is gaining even higher importance for the case of bridge structures exposed to much stronger 

earthquakes. 

 

7.3. Phase-III: Critical shaking table tests of innovatively-upgraded isolated bridge model 

Study phase-III represent experimental study devoted to seismic response testing of constructed 

innovatively-upgraded isolated bridge prototype model with seismic isolation (SI) and ED devices 

under simulated critical near resonance (NR) earthquake input. 

Realized model testing with compressed real earthquakes actually represent simulation of real seismic 

input regarding actual properties of designed and constructed scaled-model of bridge prototype, directly 

resulting from model similarity conditions. Frequency content of input records was accordingly 

changed. It is well demonstrated by presented acceleration response spectra for compressed Petrovac 

earthquake record with new frequency content used for testing, Figure 9. Dominant frequency domain 

includes periods less than 0.32s, while for periods T ≥ 0.32s, frequency domain is not significant. 
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Figure 9. Acceleration response spectra of compressed 

Petrovac record with new frequency content used for testing 
Figure 10. Acceleration response spectra of real (not time 

compressed) Petrovac record 

  

Figure 11. Relative superstructure displacement responses recorded by LVDT-03 & LVDT-04 (left) and 

acceleration responses recorded by ACC-03 & ACC-04 (right) during USI-V-MG (BM-V) shaking table bridge 

model test conducted with simulated real El-Centro earthquake. 

  

Figure 12. Relative superstructure displacement responses recorded by LVDT-03 & LVDT-04 (left) and 

acceleration responses recorded by ACC-03 & ACC-04 (right) during USI-V-MG (BM-V) shaking table bridge 

model test conducted with simulated real Petrovac earthquake. 

 

  

Figure 13. Relative displacement response recorded by 

LVDT-03 & LVDT-04 during shaking table bridge 

model test with simulated real Petrovac earthquake 

Figure 14. Vibration period of bridge model with 

seismic isolation only defined using recorded relative 

displacement during shaking table sine-sweep test 

Figure 14 shows much larger initial vibration period of bridge model, T=0.512s, showing that dominant 

frequency content of seismic input was very well and significantly avoided. Initial vibration period was 
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defined based on recorded time history of relative displacement during conducted initial sine-sweep 

shaking table test. Due to very small vibration amplitudes and present initial gaps, the excited model 

vibration actually corresponds to initial state with activated seismic isolation only. 

The final experimental study included specific near resonance (NR) testing of constructed innovatively-

upgraded isolated bridge prototype model with seismic isolation (SI) and energy dissipation (ED) 

devices, characterized by initial vibration period T=0.512s. Selection of applicable critical near 

resonance (NR) input was made after analysing acceleration response spectra of used real (not time 

compressed) earthquakes. Regarding, for example, acceleration response spectra of real Petrovac 

record, Figure 10, dominant frequency content is mainly distributed near fundamental period of the 

system. Due to similar observations for other earthquakes, the same four real earthquake records were 

accepted to be actual critical near resonance (NR) seismic input for shaking table tests. 

Table 3. Recorded peak relative displacements by LVDT sensors during conducted four original shaking table 

tests of BM2-V1 bridge prototype model simulating real [1] El-Centro, [2] Petrovac, [3] Landers and [4] 

Northridge earthquake 

Tests [1r] O-T1: R-El-Centro, PGA=0.48G [2r] O-T2: R-Petrovac, PGA=0.52G 

[1c&2c] Channel 
MaxD (-) 

[mm] 

MaxD (+) 

[mm] Channel 
MaxD (-)   

[mm] 

MaxD (+)     

[mm] 

recorded LVDT-03 -34.08 31.92 LVDT-03 -50.02 40.69 

Tests [3r] O-T1: R-Landers, PGA=0.76G [4r] O-T2: R-Northridge, PGA=0.33G 

[3c&4c] Channel 
MaxD (-) 

[mm] 
[1c&2c] Channel 

MaxD (-) 

[mm] 
[1c&2c] 

recorded LVDT-03 -40.55 40.11 LVDT-03 -26.90 38.13 

 

Considering the stated critical test conditions, conducted were critical NR loading experimental tests of 

innovatively-upgraded isolated bridge with new V-MG energy dissipation (ED) devices, simulating the 

following four representative and strong real earthquakes: [1r] El-Centro, PGA=0.48G, [2r] Petrovac, 

PGA=0.52G, [3r] Landers, PGA=0.76G, and [4r] Northridge, PGA=0.33G, earthquake Table 4. The peak 

relative displacements recorded by LVDT-03 of the system upgraded with SB energy dissipaters are 

considerably larger in all cases due to NR earthquake input. Regarding peak responses, it may be noticed 

that with present dissipaters maximum displacements are 34.08mm, 50.02mm, 40.55mm and 38.13mm, 

respectively.  

Fig. 11. and Fig. 12. present relative superstructure displacement responses recorded by LVDT-03 & 

LVDT-04 (left) and acceleration responses recorded by ACC-03 & ACC-04 (right) during USI-V-MG 

(BM-V) shaking table bridge model test conducted with simulated real El-Centro and Petrovac 

earthquake, respectively.  

Fig. 13 presentsrelative displacement response recorded by LVDT-03 & LVDT-04 during shaking table 

bridge model test with simulated real Petrovac earthquake. 

7.4. Phase-IV: Effects of critical near resonance (NR) earthquake input on innovatively-

upgraded isolated bridge model 

Study phase-IV was devoted to processing and comparative presentation of extreme seismic responses 

of innovatively-upgraded isolated bridge model considering the obtained results from conducted 

shaking table test under simulated two series of seismic input: (1) considered critical near resonance 

(NR) earthquake input of Phase-III and (2) selected location representative (LR) strong earthquakes of 

Phase-II. 

Table 5. comparatively presents recorded peak relative displacements by LVDT sensors during 

conducted original shaking table tests of BM2-V1 bridge prototype model simulating both, real and 

compressed [1] El-Centro, [2] Petrovac, [3] Landers and [4] Northridge earthquake. To show actual 
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effects of frequency content of NR earthquake input, comparative values of peak relative displacements 

for the case of seismic tests with compressed earthquakes are shown for the same PGA levels. 

In all four comparative test cases, much larger peak values of relative displacements were recorded 

during realized tests with simulated critical NR earthquake input. The recorded increase of peak 

response reached amounts of +112.86% for El-Centro, +160.38% for Petrovac, +99.26% for Landers 

and +225.34% for Northridge earthquake, Table. 5. 

The presented results clearly pointed out the following highly important observations: (1) Seismic 

isolation only may be regarded as unsafe solution for bridges exposed to strong earthquakes; (2) The 

new V-MG energy dissipation device represent very efficient solution for seismic upgrading of isolated 

bridges exposed to very strong earthquakes and (3) The possible negative effects of critical NR seismic 

input should be avoided through application of effective design process of seismically upgraded isolated 

bridges with new V-MG-ED devices. 

Table 4. Recorded peak relative displacements by LVDT sensors during conducted original shaking table tests 

of BM2-V1 bridge prototype model simulating real and compressed [1] El-Centro, [2] Petrovac, [3] Landers 

and [4] Northridge earthquake 

No. 1 [1r] O-T1: R-El-Centro, PGA=0.48G [1c] O-T1: C-El-Centro, PGA=0.48G 

[1r&1c] Channel MaxD [mm] MaxD [%] Channel MaxD [mm] MaxD [%] 

diff. LVDT-03 34.08 +112.86 LVDT-03 16.01 100.00 

No. 2 [2r] O-T2: R-Petrovac, PGA=0.52G [2c] O-T2: C-Petrovac, PGA=0.52G 

[2r&2c] Channel MaxD [mm] MaxD [%] Channel MaxD [mm] MaxD [%] 

diff. LVDT-03 50.02 +160.38 LVDT-03 19.21 100.00 

No. 3 [3r] O-T3: R-Landers, PGA=0.76G [3c] O-T3: C-Landers, PGA=0.76G 

[3r&3c] Channel MaxD [mm] MaxD [%] Channel MaxD [mm] MaxD [%] 

diff. LVDT-03 40.55 +99.26 LVDT-03 20.35 100.00 

No. 4 [4r] O-T4: R-Northridge, PGA=0.33G [4c] O-T4: C-Northridge, PGA=0.33G 

[4r&4c] Channel MaxD [mm] MaxD [%] Channel MaxD [mm] MaxD [%] 

diff. LVDT-03 38.13 +225.34 LVDT-03 11.72 100.00 

 

8. Conclusions 

Based on research results obtained from the conducted extensive experimental and theoretical studies 

using designed innovative USI-V-MG bridge model prototype, the following main conclusions are 

derived:  

(1) The constructed and investigated novel DSRSB seismic isolation devices are very attractive 

and effective passive devices for seismic vibration isolation of bridges in arbitrary direction;  

(2)  The new vertical multi-gap multi-directional hysteretic V-MG energy dissipation devices 

possess unique energy absorption features since they are capable of adapting their stable 

behaviour to the arbitrary earthquake direction and to the actual level of seismic input energy. 

The new V-MG energy dissipation devices provided innovative, very stable and advanced 3D 

hysteretic response in the most critical cases of repeated strong earthquake effects in all 

directions;  

(3)  The displacement limiting devices, DLD, represent very effective obligatory measure in 

function of the last line of defence from excessive displacements of the bridge superstructure. 

DLD actually represent efficient passive system providing improvement of the bridge seismic 

safety with eventual activation only in critical cases of very strong earthquakes;  

(4)  With the results from the conducted experimental tests confirmed is that the new USI-V-MG 

system represents the upgraded high performance seismic isolation option for bridges. The 

system is created based on optimized seismic energy balance and represents effective technical 

innovation capable of integrating the advantages of seismic isolation, seismic energy dissipation 
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and effective displacement control. The developed and tested USI-V-MG system shows very 

high seismic response modification performances and could be used for efficient seismic 

protection of bridges in all directions under the effect of very strong repeated earthquakes; and  

(5)  During the further study phases, creative analytical research and simulation activities will be 

carried out, specifically directed to development of practical design rules of the developed new 

seismically safe USI-V-MG bridge system. 
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Abstract 

Presented in this paper is an innovative, uniform seismic protection system of masonry and infilled frame buildings 

created on the basis of a specifically upgraded sliding isolation system with new SF devices. The new building 

sliding-space flange protection system (BSSF system) represents a specific research segment of the integral 

research project, led by the fourth author, conducted in the Institute of Earthquake Engineering and Engineering 

Seismology (IZIIS), Ss. Cyril and Methodius University (Skopje), during three and a half years, in the frames of 

the innovative NATO Science for Peace and Security Project “Seismic Upgrading of Bridges in South-East 

Europe by Innovative Technologies (SFP: 983828)”, involving five European countries. The upgraded, 

seismically isolated sliding system with integrated space flange (SF) energy dissipation (ED) devices has been 

developed as a mechanical passive concept to provide harmonized response of building structures to strong 

earthquakes. It is formulated as an adaptive system, which follows the adopted concept of global optimization of 

seismic energy balance, through utilization of newly designed dissipation devices as a supplementary damping 

level to the building isolation. The new BSSF protection system is based on obligatory incorporation of the 

following three integrated complementary systems: (1) Sliding seismic isolation (SSI) system, (2) SF seismic 

energy dissipation (ED) system and (3) Earthquake displacement limiting (EDL) system. The proposed 

seismically resistant BSSF building system represents a qualitatively new strategy for construction of modern 

masonry and framed masonry buildings by applying traditional and new construction materials and providing 

simultaneously: (1) Full seismic safety of protected buildings, (2) Reduction of construction time, and (3) 

Profitable construction in seismic areas achieved by the special system characteristics. 

Keywords: building, masonry, framed masonry, seismic isolation, energy dissipation 

 

1. Introduction 

The need for more successful protection of specifically targeted buildings is becoming clearly evident 

considering the recorded heavy damages or total failure of these structures during the latest earthquakes 

that have occurred worldwide (Japan, Turkey, South Europe, China, the USA, Italy, Taiwan, Chile, 

New Zealand, etc.). The important initial studies in the field are fully documented in the published 

systematic review of seismic base isolation research [1]. For the last several decades, the most renowned 

research centers worldwide have been making continuous efforts toward reducing catastrophic 

earthquake consequences through improvement and advancement of the regulations for design and 

construction of structures in seismically active regions, [2-6]. To increase the energy dissipation 

performances of the system, specific U-shaped steel dampers have been studied and recommended for 

application in base-isolated structures, [7-9]. Also, various earthquake damaging phenomena have been 

experimentally studied to define possible solution options, [10-12]. Most of the latest research projects 

have been initiated based on published reports on recent post-earthquake investigations of earthquake 
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consequences related to existing various types of structures, [13-15]. Recently, extensive research 

involving costly shaking table tests on constructed large-scale models have been conducted by the first 

author and her collaborators, mainly targeted to seismic upgrading of isolated structures with specific 

energy dissipation devices, [16-18]. The needed basic concept of design and construction of reduced 

scale models for the considered complex shaking table tests carried out under simulated earthquakes, 

was successfully adopted considering the data available from a completed similar research, [19]. The 

applied response modification method for seismic upgrading of new and existing structures actually 

offers a very wide potential for practical application, particularly if refined nonlinear models and 

specific expert analysis procedures are consistently used, [20-21]. Presented in this paper is the 

developed innovative, multi-directional and uniform system applicable for advanced seismic protection 

of masonry and infilled frame masonry buildings. The new building-sliding space flange (BSSF) system 

was created based on adopted advanced upgrading of the initial sliding isolation system with the created 

new, efficient and experimentally proved SF energy dissipation devices. 

2. The New BSSF Isolation System 

A long-term experimental and analytical study was performed in the Institute of Earthquake 

Engineering and Engineering Seismology (IZIIS), Ss. Cyril and Methodius University (Skopje), as part 

of the NATO Science for Peace and Security Project “Seismic Upgrading of Bridges in South-East 

Europe by Innovative Technologies” (SFP: 983828), led by the fourth author. The developed BSSF 

system represents a specific product of the extended part of the integrated research.  

The new uniform building-sliding space flange system (BSSF-system) has been developed based on the 

created compact passive SF energy dissipation device providing uniform multi-directional response and 

improved upgrading of buildings under very strong earthquakes. It has been formulated by 

implementation of the adopted concept of global optimization of the seismic energy balance. The 

designed SF energy dissipation devices used as supplementary damping represent a qualitative system 

improvement in respect to the building isolation only. The BSSF system is based on incorporation of 

three complementary systems: (1) Basic seismic isolation system (SI system) providing low stiffness in 

horizontal direction; (2) The new SF energy dissipation system to provide sufficient damping through 

dissipation of seismic energy, and, (3) Building displacement limiting (DL) devices to reduce or 

eliminate excessive displacements under strong impact effects. 

3 Prototypes of SF Devices 

The new seismic energy dissipation system installed in the tested BSSF building prototype model was 

composed of the developed advanced steel space flange (SF) energy dissipation (ED) devices. Up till 

now, SF-ED dissipation devices of the proposed type have been studied only by the first author and her 

collaborators for bridges, [16] and [22].  

Table 1. Nonlinear model properties of SF-ED-M11 and SF-ED-M12 devices computed by using the formulated 

nonlinear FEM model and simulated cyclic displacements with increasing amplitudes 

No. 
SF-ED Device M11: SF-ED-8C-L1R-T1 SF-ED Device M12: SF-ED-4C-L1R-T1 

Notation FEM model (%) Notation FEM model (∆%) 

1 DY (mm) 5.0 100.0 DY (mm) 6.0 120.0 

2 FY (kN) 21.0 100.0 FY (kN) 9.0 42.8 

3 K0 (kN/mm) 4.0 100.0 K0 (kN/mm) 1.5 37.5 

4 K1 (kN/mm) 0.18 100.0 K1 (kN/mm) 0.02 11.1 

5 K1/K0 0.045 100.0 K1/K0 0.013 28.8 
 

 

In this paper, the two basic types of SF-ED devices are presented (Table 1). The first SF device is 

composed of eight ED components, model M11, representing the SF-ED-8C-L1R-T1 device, Fig. 1. 
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The second SF device consists of four ED components, model M12, representing the SF-ED-4C-L1R-

T1 device, Fig. 2. Adopting the experimentally verified refined 3D nonlinear analytical model, the 

hysteretic responses of the assembled prototype devices exposed to cyclic loads have been  computed 

successfully, Fig. 3. With the computed original results, it was confirmed that the adopted representative 

bilinear analytical model could be implemented to realistically model the full hysteretic behavior of the 

device. The defined parameters of the representative bilinear models are comparatively presented in 

Table 1.  

 

  

Fig. 1. Assembled SF-ED device type-1 (SF-ED-8C-

L1R-T1): (1) lower base plate; (2) lower support 

plate; (3) upper base plate; (4) upper support plates; 

(5) SF-ED component 

Fig. 2. Installed SF-ED device type-2 (SF-ED-4C-

L1R-T1): (1) superstructure; (2) steel support of DL-

device; (3) steel support of DSSSB device; (4) 

DSRSB device; (5) SF-ED component 

 

 

 

  

Figure 3 Modeling of the basic type-1 of the SF-ED prototype device composed of eight ED components 

representing the M11 prototype model. 

 

4 Prototypes of Isolation and Displacement Limiting Devices 

4.1 Prototypes of DSSSB isolation devices 

The present isolation system used for the experimental BSSF model was assembled by use of the 

developed models of double spherical sliding seismic bearing (DSSSB) devices with two large-radii of 

spherical surfaces (Fig. 4).  
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The DSSSB devices were originally designed, constructed and used in a previous investigation carried 

out by Ristic, J., et al., 2017, [16]. The targets that were set prior to the design and construction of the 

device were fulfilled: (1) very small horizontal reaction and friction forces (reaching maximum 4.3% 

of the vertical load), and (2) stable hysteretic behavior along the entire range of large displacements. It 

was confirmed that the hysteretic behavior of the implemented DSSSB devices could be successfully 

simulated with the experimentally defined representative bilinear analytical model.  
 

  

Figure 4. Basic elements of the constructed and used prototypes of DSSSB devices: (1) lower end metal 

plate; (2) lower spherical plate; (3) upper end metal plate; (4) upper spherical plate; (5) metallic slider; 

 

Actually, the model was controlled by four parameters, DY=1.0 mm, FY=0.32 kN, DU=50.0 mm, 

FU=0.92 kN, defined experimentally under simulated vertical load and cyclic displacements with 

increasing amplitudes. 

4.2 Displacement limiting devices 

The DL system implemented in the tested BSSF model consisted of built-in four limiting devices 

marked by (6) in Fig. 7. The implemented DL devices were installed with a predefined gap. In practice, 

the new, specially designed and experimentally tested rubber buffers [18] can be an advanced solution. 

5 Seismic Tests on Large-Scale BSSF Model 

5.1 Construction of BSSF prototype model 

The original design and construction of the test model of the innovative BSSF building prototype, Fig. 

5 and Fig. 6, represented a complex and specific process, specifically focused on assuring conditions 

for realistic experimental simulation of pre-defined important testing objectives. The three basic data-

sets, including (a) the main characteristics of the BSSF building model; (b) the available size of the 

seismic shaking table and (c) the implemented instrumentation system of the BSSF building model, 

were considered accordingly. Regarding the shaking table dimensions, its loading capacity and related 

characteristics, a geometric scale factor, lr, of 1:4 was adopted. In order to preserve the model similarity, 

all the other characteristics related to the dynamic tests needed to be properly scaled. Considering the 

important factors addressed, the combined true replica-artificial mass simulation model was adopted as 

the most adequate. The scale factors for different physical quantities were defined as a function of the 

geometrical scale factor, according to the similitude law, [16] and [19]. The building prototype model, 

Fig. 5, Fig. 6 and Fig. 7, was constructed with dimensions of a=314.0 cm and b=174.0 cm at plan, while 

the considered total model height was h=231.0 cm. The frame system of the model consisted of RC 

columns (8) with section dimensions 12.0 cm x 12.0 cm, horizontal RC beams, in both directions, with 

section dimensions 12.0 cm x 12.0 cm and two integrating monolithic RC slabs with thickness of 8.0 

cm, spaced between the RC beams. The masonry walls (9) having characteristic door and window 

openings (10), were constructed using plain brick with a width of 9.0 cm. The model-base isolated 

monolithic RC slab (7) was constructed with thickness of 15.0 cm. The upper part of the building model 

(the superstructure part) rested on four DSSSB devices (4) placed on constructed four special steel 

spacers (3). At both ends, between the DSSSB isolators, the two new SF devices for energy dissipation 

were installed (5), as indicated in Fig. 7.  
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Figure 5. Side view of the designed and seismically 

tested BSSF large-scale prototype model. 

Figure 6. Front view of the designed and seismically 

tested BSSF large-scale prototype model. 

 

 

 

Figure 7. Isolation system of the BSSF model: Position of the installed four DSSSB devices (4), the new two 

assembled SF-ED devices (5) and the implemented four DL devices (6). 

 

Similarly, at each model end, there were provided two DL devices in a cylindrical form that were tested 

before as special rubber buffers, (6). The integral BSSF system was supported by two RC slabs (2), 

proportioned 90 x 150x 20 cm, connected to the integrating base-metal frame (1), fixed to the seismic 

shaking table. Eight metal elements with bulk density of 400 kg each were installed on the three RC 

model slabs to appropriately increase the total mass of the model. Their distribution per story was 

2+2+4. The DL devices were installed at 50mm gaps to prevent the destructive effects of possible 

excessive displacements. All steel parts were manufactured to a reduced scale by use of S355 steel 

material, while concrete C25/30 was used for construction of all RC parts of the constructed model. The 

existing laboratory seismic shaking-table was square-shaped (5.0 by 5.0 m). Seismic input could be 

applied in one horizontal and in vertical direction. To adapt the large-scale BSSF model for seismic 

testing, its longitudinal axis was positioned to coincide with the direction of motion of the shaking table 

(Fig. 8). In that way, generation of seismic forces was enabled in longitudinal direction of the BSSF 

model. The BSSF test model was integrally assembled on the shaking table and equipped with the 

defined instrumentation system. For seismic testing of the BSSF prototype model, the model 

superstructure (isolated building) rested on four DSSSB isolators spaced at the two model ends (using 

pairs of devices at each end), Fig. 7 and Fig. 8. The two SF energy dissipation devices were installed at 

the respective middle positions, between the seismic isolators, Fig. 7.  
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5.2 Instrumentation of BSSF prototype model 

To ensure acquisition of all the required data during the conducted dynamic tests, a well-designed 

instrumentation system was installed. The BSSF large-scale prototype model assembled on the seismic 

shaking table was experimentally tested under compressed real strong earthquakes, according to the 

model scaling and similarity conditions. The selected strong earthquakes were simulated in the 

considered representative longitudinal direction of the constructed model. Actually, the designed 

instrumentation system of the model consisted of three different types of sensors, Fig. 8 and Fig. 7:  

(a) Transducers of the type of LVDT, representing displacement sensors: Three displacement sensors 

were installed to measure relative displacements in longitudinal direction. The first two transducers of 

the type of LVDT, marked as D1 and D2, were used for recording time histories of relative 

displacements between the base-support of the isolation system and the bottom RC model slab located 

just above the seismic isolation devices. In addition, the third transducer of the type of LVDT, marked 

as D3, was used to measure possible relative displacements between the shaking table and the lowest 

fixed steel segment supporting the entire model structure;  

(b) Transducers of the type of LP, representing linear potentiometers: Six sensors of the type of LP 

were used to measure the total displacements of the isolated building model in longitudinal direction. 

The first two transducers marked as L1 and L2 were located on the left and the right side of the bottom 

RC model slab, the next two transducers, L3 and L4, were installed on the left and the right side of the 

middle RC slab, and the last two transducers, L5 and L6, were spaced at respective locations on the top 

RC model slab. To assure conditions for such measurement, the second ends of the linear potentiometers 

were connected to the provided appropriate connection points. The required connection points were 

located in the constructed additional steel frame directly fixed to the existing, nonexcited, laboratory 

floor, spaced with a respective gap around the moving shaking table.  
 

 

Figure 8. Acquisition points with sensors and recording channels for the BSSF large-scale prototype 

model tested on the seismic shaking table under simulated strong earthquakes. 
 

(c) Transducers of the type of ACC, representing acceleration sensors: A total of twelve sensors of the 

type of ACC were installed, providing thus a pair of sensors at each of the selected six characteristic 

locations. The first and the second ACC sensor at each considered location were properly directed to 

measure acceleration time-histories in longitudinal (L) and transversal (T) direction, respectively. In the 

first (the lowest) ACC location, there were provided two measuring channels (A1 & A2), recording 

accelerations in longitudinal (L) and transversal (T) direction, respectively. Following the same 

instrumentation concept, at each of the next five ACC locations, two measuring channels were similarly 

provided. The first and the second channel (Ai & Aj) at each location were similarly used for recording 

accelerations in longitudinal (L) and transversal (T) direction, respectively. 
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5.3 Seismic shaking table tests of BSSF prototype model 

(a) BSSF Model assembling: The innovative BSSF prototype model shown in Fig. 8 was appropriately 

assembled, incorporating four DSSSB isolation devices, two new SF energy dissipation devices and 

four displacement limiting (DL) devices, Fig. 7. The created SF energy dissipation devices were 

composed by installation of pre-defined four prototypes of energy dissipation components. Table. 1.  

(b) Tests with sine-sweep: The dynamic tests carried out by simulated sine-sweep dynamic inputs, 0.02g 

and 0.04g, covering a range of frequencies from 1 to 35Hz and the use of the provided data sources, 

enabled definition of: (1) the initial fundamental period amounting to To=0.461s, corresponding to the 

case of the building model with installed DSSSB devices only. The new SF devices were not connected 

and not activated; and (2) Damping between 3.0 and 3.4%. 

(c) Comparative testing: To assess the contribution of the SF devices to energy dissipation, the model 

was first tested with installed DSSSB isolators only, under simulated Petrovac earthquake scaled to 

PGA = 0.47 g. The comparative relative displacements recorded under equal test conditions for the 

system composed with and without SF devices are presented in Fig. 10. It was shown that the building 

model with installed SF devices represented a highly favorable upgrading option. For the system with 

seismic isolation only, an unacceptable relative displacement amounting to De = 42.6 mm was obtained. 

This excessive response actually represented the critical state, because the displacement limit of the 

used seismic isolators was 40.0 mm. However, regarding the BSSF system with the new SF devices, 

the relative displacement was reduced to a fully controlled value of Dc = 24.21 mm, representing an 

important reduction of -65.3%.  

(d) Summary of testing conditions and selected results, including:  

d1) Seismic input: Seismic testing of the new BSSF building model was carried out using four selected 

real earthquake records. Actually, to obtain representative experimental data, representative earthquake 

intensities were considered in all testing cases. The seismic input intensities were generated considering 

controlled high (possible) values of peak ground accelerations amounting to PGA=0.44g for the El 

Centro (1940) record, PGA=0.47g for the Petrovac (Montenegro, 1979) record, PGA=0.49g for the 

Landers record and PGA=0.27g for the Northridge record, respectively. Following the similitude law. 

the original earthquake records were time compressed for a time factor of 1/2, as a square root of lr.  

Table 2. Maximum positive and negative relative displacements recorded by the installed LVDT sensors, during 

the conducted four original seismic tests of the new BSSF prototype model 

No. 

O-T1: C-El-Centro, PGA=0.44G O-T2: C-Petrovac, PGA=0.47G 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

1 LVDT-01 -26.85 27.34 LVDT-01 -21.77 21.17 

2 LVDT-02 -29.31 28.50 LVDT-02 -24.21 21.46 

3 LVDT-03 -0.87 0.64 LVDT-03 -0.72 0.30 
 

No. 

O-T1: C-Landers, PGA=0.49G O-T2: C-Northrige, PGA=0.27G 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

1 LVDT-01 -25.15 27.17 LVDT-01 -30.71 19.13 

2 LVDT-02 -28.45 28.61 LVDT-02 -34.28 19.84 

3 LVDT-03 -0.89 0.64 LVDT-03 -0.89 0.51 

 

d2) Data acquisition: Extensive experimental data files were recorded from each acquisition channel. 

The integral data recording system included the full set of 21 channels instrumented with sensors 

according to the model instrumentation plan and additional extra sensors were used for full control of 

the shaking table.  
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Having such an extensive instrumentation system and refined data sampling rate from each seismic test, 

about 5 million numerical values were recorded. The testing process consisting of nine seismic tests, 

was completed very successfully and all sensors provided correct and complete experimental records 

continuously. The representative results showing the actual system response were selected, presented 

and discussed.  

 

  
 

  

Figure 9. Relative displacements of the BSSF model-base (left) and recorded acceleration responses by ACC-

11 & ACC-12 (right) during the tests carried out under simulated El-Centro and Petrovac earthquake. 

 

 

Table 3. Maximum positive and negative displacements recorded by the installed LP sensors during the 

conducted four original seismic tests of the new BSSF prototype model 

No. 

O-T1: C-El-Centro, PGA=0.44G O-T2: C-Petrovac, PGA=0.47G 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

1 LP-01 -44.04 36.98 LP-01 -21.38 16.64 

2 LP-02 -44.69 37.26 LP-02 -22.41 15.74 

3 LP-03 -45.62 37.65 LP-03 -22.50 17.48 

4 LP-04 -44.55 40.19 LP-04 -23.30 16.55 

5 LP-05 -46.45 38.31 LP-05 -23.27 17.96 

6 LP-06 -46.88 36.91 LP-06 -24.00 16.93 
 

No. 

O-T1: C-Landers, PGA=0.49G O-T2: C- Norhtrige, PGA=0.27G 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

Channel 

 

MaxD (-) 

(mm) 

MaxD (+) 

(mm) 

1 LP-01 -15.44 21.60 LP-01 -51.97 39.77 

2 LP-02 -16.91 20.28 LP-02 -53.58 39.89 

3 LP-03 -16.74 22.90 LP-03 -53.32 40.76 

4 LP-04 -17.83 21.59 LP-04 -54.46 41.10 

5 LP-05 -17.53 23.62 LP-05 -54.17 41.63 

6 LP-06 -18.57 22.08 LP-06 -55.73 40.31 
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Table 4. Maximum positive and negative accelerations recorded by the installed ACC sensors during the 

conducted four original seismic tests of the new BSSF prototype model 

No. 

O-T1: C-El-Centro, PGA=0.44G O-T2: C-Petrovac, PGA=0.47G 

Channel 

 

MaxA 

G (-) 
DAF 

MaxA 

G (+) 
DAF 

Channel 

 

MaxA 

G (-) 
DAF 

MaxA 

G (+) 
DAF 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

ACC-01 

ACC-02 

ACC-03 

ACC-04 

ACC-05 

ACC-06 

ACC-07 

ACC-08 

ACC-09 

ACC-10 

ACC-11 

ACC-12 

-0.37 

-0.08 

-0.29 

-0.19 

-0.28 

-0.19 

-0.22 

-0.23 

-0.30 

-0.28 

-0.28 

-0.27 

0.84 

0.18 

0.65 

0.43 

0.63 

0.43 

0.50 

0.52 

0.68 

0.63 

0.63 

0.61 

0.44 

0.09 

0.33 

0.27 

0.26 

0.28 

0.25 

0.23 

0.35 

0.28 

0.28 

0.27 

1.00 

0.20 

0.75 

0.61 

0.59 

0.63 

0.56 

0.52 

0.79 

0.63 

0.63 

0.61 

ACC-01 

ACC-02 

ACC-03 

ACC-04 

ACC-05 

ACC-06 

ACC-07 

ACC-08 

ACC-09 

ACC-10 

ACC-11 

ACC-12 

-0.48 

-0.06 

-0.28 

-0.23 

-0.25 

-0.22 

-0.20 

-0.29 

-0.25 

-0.38 

-0.26 

-0.37 

1.02 

0.12 

0.59 

0.48 

0.53 

0.46 

0.42 

0.61 

0.53 

0.80 

0.55 

0.78 

0.39 

0.08 

0.21 

0.29 

0.22 

0.30 

0.19 

0.23 

0.28 

0.32 

0.27 

0.33 

0.82 

0.17 

0.44 

0.61 

0.46 

0.63 

0.40 

0.48 

0.59 

0.68 

0.57 

0.70 
 

No. 

O-T1: C-Landers, PGA=0.49G O-T2: C- Nortrige, PGA=0.27G 

Channel 

 

MaxA 

G (-) 
DAF 

MaxA 

G (+) 
DAF 

Channel 

 

MaxA 

G (-) 
DAF 

MaxA 

G (+) 
DAF 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

ACC-01 

ACC-02 

ACC-03 

ACC-04 

ACC-05 

ACC-06 

ACC-07 

ACC-08 

ACC-09 

ACC-10 

ACC-11 

ACC-12 

-0.50 

-0.07 

-0.32 

-0.25 

-0.26 

-0.26 

-0.22 

-0.24 

-0.32 

-0.37 

-0.34 

-0.37 

1.02 

0.14 

0.65 

0.51 

0.53 

0.53 

0.44 

0.48 

0.65 

0.75 

0.69 

0.75 

0.44 

0.08 

0.29 

0.26 

0.32 

0.26 

0.23 

0.23 

0.35 

0.35 

0.31 

0.35 

0.89 

0.16 

0.59 

0.53 

0.65 

0.53 

0.46 

0.46 

0.71 

0.71 

0.63 

0.71 

ACC-01 

ACC-02 

ACC-03 

ACC-04 

ACC-05 

ACC-06 

ACC-07 

ACC-08 

ACC-09 

ACC-10 

ACC-11 

ACC-12 

-0.19 

-0.05 

-0.26 

-0.16 

-0.24 

-0.16 

-0.20 

-0.12 

-0.24 

-0.15 

-0.26 

-0.14 

0.70 

0.18 

0.96 

0.59 

0.88 

0.59 

0.74 

0.44 

0.88 

0.55 

0.96 

0.51 

0.29 

0.05 

0.26 

0.23 

0.27 

0.24 

0.23 

0.13 

0.29 

0.26 

0.29 

0.25 

1.07 

0.18 

0.96 

0.85 

1.00 

0.88 

0.85 

0.48 

1.07 

0.96 

1.07 

0.92 

 

(d3) Relative displacements: The relative peak displacements, including positive and negative pulses, 

recorded during the seismic tests of the BSSF system under the simulated El-Centro, Petrovac, Landers 

and Northridge earthquake are presented in Table 2. Comparatively, Fig. 9 (left) shows the recorded 

time-histories of relative displacement responses in longitudinal (L) direction during the tests carried 

out by simulation of the El-Centro and Petrovac earthquake, respectively. Regarding the presented 

experimental results, the following important observations were made: (1) The recorded relative 

displacements in L direction (direction of earthquake excitation) were dominant; (2) It was confirmed 

that the test model was successfully fixed to the shaking table since the relative displacements in L 

direction recorded by LVDT-03 were very small in all test cases. (3) The absolute maximum recorded 

relative displacement amounting to Dmax = 34.28 mm was below the critical (allowable) relative 

displacement of the seismic isolators amounting to Da = 40.0 mm, and (4) Generally, the seismic 

response of the assembled BSSB system that was tested repeatedly appeared to be very similar twice. 

The results from the conducted original series of tests-1 are presented (O-Ti in Table 2). Consequently, 

the series of repeated seismic tests-2 (not presented) were realized using the same four earthquakes. 

Only small, negligible differences of maximum displacements were observed.  

(d4) Accelerations: The representative time-histories of accelerations recorded by sensors ACC-11 and 

ACC-12, respectively in L and T-direction, during the seismic tests on the BSSF model conducted under 

the simulated El-Centro and Petrovac earthquakes are comparatively shown in Fig. 9 (right).  
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However, Table 4 shows the representative peak accelerations recorded by all sensors, namely, ACC-

01 to ACC-12. At each measuring point, accelerations were recorded in L and in T-direction during the 

seismic tests on the BSSF model conducted under the simulated all four representative earthquakes. 

Considering the presented results, it was confirmed that: (1) The recorded accelerations at the 

superstructure, respectively in L and T-direction, were quite small (without amplification); and (2) Due 

to the present regular fluctuation, the recorded accelerations at the superstructure in L and T-direction 

were with similar peak values and in the expected range; (3) The new BSSF system showed 

sustainability since the response parameters recorded during the original (O) tests-1 and the repeated 

tests-2 were quite similar, and (4) Generally, the DAF (dynamic amplification factor) values  presented 

in the same Table 4 were quite small (smaller than 1.0), demonstrating favorable and consistent 

response. It was confirmed that the obtained relations between the maximum response and the 

maximum input acceleration (DAF = Ar/PGA) were within the expected ranges in all cases.  

(d5) Absolute displacements: The absolute displacement responses (in L -direction) recorded by the six 

LP sensors, Table 4, installed on the BSSF model, proved existence of small inter-story drifts and 

successful control of the shaking table in all realized testing cases.   

(d6) System advances: Generally, the new BSSF system exhibited safe and very favorable behavior 

under strong earthquake excitations. Considering the processing of more than 50.000.000 recorded 

original numerical values obtained from the realized fifteen shaking table tests, the main qualitative 

advances of the innovative GHS system upgraded with SF energy dissipation devices, are summarized 

in Fig. 10. Stable, reliable and safe seismic response was observed in all test cases due to the provided 

significant reduction of maximum relative displacements amounting to 36.5%, 65.3%, 39.8% and 

16.7%, respectively, in the case of the simulated El Centro, Petrovac, Landers and Northridge 

earthquakes. All recorded peak values were lower than the defined allowable design displacement of 

Da=40.0mm for the seismic isolators. The importance of upgrading the isolated masonry and infilled 

frame buildings with the new SF devices was experimentally validated and confirmed with the 

conducted initial quantification test of the model with the installed seismic isolation only. Under the 

simulated strong Petrovac earthquake, the tested system without SF devices showed an unsafe response 

to the recorded excessive relative displacement amounting to maxD=42.6 mm, Fig. 10. 

 

 

Figure 10. Advances of the BSSF system: Reduction of maximum relative displacements defined from the 

conducted seismic tests under simulated strong earthquakes. 

 

6 Conclusions 

Based on the results obtained from the conducted extensive experimental study, the following 

conclusions are drawn: (1) The new building-sliding space-flange (BSSF) system represents a 

favorable, efficient and experimentally proved option for seismic protection of masonry and framed 

masonry buildings.  
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The system shows a quite significant modification of the seismic response of the integral structure, 

resulting directly in efficient protection of buildings subjected to repeated and very strong earthquakes; 

(2) The originally designed, constructed and implemented double spherical sliding bearing (DSSSB) 

devices were confirmed as favorable types of isolation bearings for the new BSSF isolation system. 

However, the other developed and proved advanced types of isolation bearings may also be regarded 

as a potentially good application option; (3) The created new uniform space-flange energy dissipation 

devices (SF-ED) exhibited a very good and stable energy dissipation capacity. Their perfect capability 

to exhibit smooth and stable hysteretic response under arbitrary earthquake excitation was clearly 

confirmed. In addition, the new SF energy dissipation devices preserve their dissipation capability even 

in the cases of strong repeated cyclic earthquake loading; (4) The displacement limiting (DL) devices 

of the building should be considered as an obligatory constituent element of the created BSSF system 

serving as the last defense line against excessive displacements of the integral building. Their 

appropriate design is an important step toward providing their activation only in the critical cases of 

very strong and abrupt earthquakes; (5) The three-dimensional, hysteretic, uniform and multi-

directional response of the new SF energy dissipation devices can be very successfully predicted by  

advanced application of the nonlinear micro-modeling concept with the adopted bilinear kinematic 

hardening steel material model; (6) The present study resulted in development of an experimentally 

proved basic concept required for successful elaboration of the advanced design procedure. The 

developed design concept can assure practical application of the new BSSF system providing a 

qualitatively upgraded seismic protection capability of masonry and framed masonry buildings located 

in seismic regions.  
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Abstract 

The design and construction of modern, globally upgraded and seismically safe industrial hall systems (SSIH 

Systems) is currently viewed as an activity of extraordinary importance since these structures most frequently 

house new advanced and robotically conceptualized industrial machines and equipment, whose value multiply 

exceeds the value of the integral structures. The SSIH systems are of vital importance because it is only by their 

practical application that efficient and continuous functioning of important production industrial systems and 

compounds is provided. The achieved safety margins, the actual seismic performances and the present limitations 

of the used pin-based floor-beam column connections of the existing precast N-system were integrally confirmed 

by the original results obtained from the conducted experimental tests of the constructed connection prototype 

models. The precast N-system is commonly used for intensive construction of large industrial structures in 

different regions and countries, including areas of Europe and wider characterized by high seismicity. The initial 
results obtained from the laboratory test of the constructed large-scale prototype model representing a common 

floor-beam column (CFBC) connection confirmed the actual bearing capacity of the connection, the damage 

propagation pattern and the specific total failure mode. To investigate possible upgrading of the connection safety, 

a specific supplementary test was performed using the created and constructed new experimental model, 

representing an upgraded floor-beam column (UFBC) connection by application of an improved concrete 

confinement and use of larger diameters of steel connection pins (dowels). The main conclusion regarding the 

safety increase was that such common upgrading concept of pin-based connections could not be considered as a 

basic adequate approach since it was able to provide only limited upgrading effects. The existing need for creation 

of a new, advanced, experimentally proved and effective innovative upgrading method was clearly pointed out. 

Keywords: precast structures, connections, testing, damage propagation, seismic safety 

1. Introduction 

Although extensive research has been carried out during the recent period, [3-4], [6], [9-10], [12-17], 
[19-20], [22-24], heavy damages and total collapses of prefabricated industrial halls have been observed 

during past earthquakes widely in the world, [1-2], [5], [7-8], [11], [18], [21]. Creation, design and 

construction of a new, modern seismically safe precast system of industrial halls is presently of the 
highest importance since these structures most frequently house new, advanced and robotically 

conceptualized, industrial machines and equipment, whose value multiply exceeds the value of the 

integral structures. Today, such precast industrial hall structures are of vital importance. This is mainly 

the result of the real need for providing continuous production of important industrial products. This 
condition can be achieved only if high structural seismic safety level is provided in future practical 

applications. It is known that our region, the wider region of Europe and the World are characterized 

by pronounced to high seismicity. The high importance of these systems directly conditions the real 
need for application of an advanced, new and more successful technology for seismic protection. 
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Therefore, a specific research work has been conducted for the purpose of development of suitable 
systems for earthquake protection of large prefabricated industrial hall structures. The conducted 

extensive research work was focused on development of a new upgraded seismically safe system (USS-

system) of prefabricated industrial halls. The development of the USS system of prefabricated industrial 
halls was based on the original experimental results from the extensive innovative experimental 

research project realized in the RESIN Laboratory (Skopje), led by Prof. Danilo Ristic. The project 

included realization of laboratory testing of constructed large-scale prototype models of critical 

connections up to failure (Ristic J. et al. 2017), [19-20]. The important part of the original experimental 
research work devoted to testing of large-scale prototype models of the original and upgraded 

connection between a precast RC floor-beam and an RC column used in a modern precast hall system 

are presented and discussed in this paper. 

2. Experimental Testing of Model of Original Connection Between Precast RC 

Floor Beam and RC Column 

2.1 Prototype and Experimental Model M3-A of Original Connection-OC3 

The prototype of the original connection OC3, providing connection between a precast RC floor beam 
and an RC column, is of a great importance since the corbels provide conditions for support of 

longitudinal (floor) prefabricated RC beams.  
 

 

Fig. 1. Design of the prototype of model-М3A representing a connection between a precast RC floor beam 

and an RC column: Set-up of the test model. 
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At the same time, it is very important to execute a safe connection between RC corbels and RC columns. 
The connection between an RC corbel and an RC beam is realized by means of two anchors ϕ 25 mm 

that are concreted into the short cantilever, i.e., into the RC corbel. In the RC L-floor beam, two 

openings ϕ 70 mm are made because of the required clearance for assemblage. Prior to mounting of the 
L-floor beam, a neoprene bearing with hardness of 70 shores and thickness of d = 10 mm is placed on 

the short element. Following the placement of the floor beam, the openings are poured with non-shrink 

mortar of high strength. In 24 hours, such mortar achieves strength of 45 N/mm2, while after 28 days, 

its strength is 70kN/mm2 and ↊p = 2,8 N/mm2. Isomat Megagrout 101 is used as mortar. The short RC 
cantilever and the RC beam are made of concrete class 50 (or C50), whereas the metal anchor is 

constructed of reinforcement steel B500B. For this structural connection, it is of importance to 

experimentally prove: (1) the vertical bearing capacity of the short RC element (corbel) and (2) the 
bearing capacity of the connection itself realized by application of a reinforcing anchor and pouring of 

mortar, which does not shrink during hardening, but is characterized by a high bearing capacity.  

 

 

Fig. 2. Design of the prototype of model-М3A representing a connection between a precast RC floor beam 

and an RC column: Design of the RC column. 
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The actual design of the used prototype connection OC3, representing an original connection between 
a precast RC longitudinal floor beam and a column through an RC corbel (short RC cantilever) was 

studied comprehensively. Also, the original in situ construction during assemblage of the integral 

structure of the prefabricated hall was fully considered. For experimental testing of the connection, a 
large scale experimental model M3-A was designed and constructed, Fig. 1 and Fig. 2. The test was 

planned for the purpose of defining the bearing capacity of the used original (O) type of a commonly 

used connection. The experimental test model M3-A was constructed to a large scale (M=1:2) whereat 

the actual characteristics of the original prototype connection were applied. With the applied large scale 
of the experimental model, important advantages were achieved: (1) The concrete used for the 

construction of the experimental model remained with the same mechanical characteristics as the 

concrete used for the construction of the prototype connection; (2) The reinforcement of the model was 
also with the same mechanical characteristics as those of the structural connection prototype; (3) In 

accordance with the stated advantages, the design of the model of the connection was reduced only to 

geometrical scaling, and (4) The physical experimental model was successfully adapted to the 
laboratory conditions for its successful laboratory testing, Fig. 1 and Fig. 2. The project on construction 

of the experimental model M3-A was initially completed. The configuration of the experimental model 

M3-A was very successfully adapted for its installation into the experimental rigid frame, enabling 

successful testing under application of the predefined loading program.  

 

  

Fig. 3. Construction of model-М3A: Segment of 
the precast RC floor beam. 

Fig. 4. Construction of model-М3A: Segment of 
the precast RC column. 

 

The construction of the experimental model M3-A was done completely in factory conditions and with 

identically high quality as that of the prototype. Fig. 3 shows a view of the constructed RC floor beam, 
whereas Fig. 4 provides a view of the concreted segment of the RC column with the RC corbel. From 

the presented figures, it could be concluded that the applied technology of construction of the 

experimental model M3-A was identical to the original technology that was applied in the construction 
of the prototype connection. Actually, the applied procedure provided all the needed prerequisites for 

obtaining experimental results of high quality and reliability for specific practical or research objectives. 

2.3 Principal Results from OC-3 Connection Test 

The laboratory test set-up of the connection model M3-A is shown  in Fig. 5. The experimental test was 

realized by use of two hydraulic actuators. The horizontal hydraulic actuator was used for fixation of 

the vertical position of the RC floor beam segment. The vertical hydraulic actuator was used for 

application of a continuously increased vertical tensile force (upwards) up to total failure of the 
structural connection. In this way, an insight into all the characteristic phases of increase of damages to 

the connection was gained. The whole experiment was carried out through a predefined history of 

deformations. 
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Fig. 5. Laboratory test set-up of the 

constructed model М3-A. 

Fig. 6. Recorded nonlinear response of the constructed 

model М3-A. 

 
The experimentally defined relationship between the applied vertical force and the vertical deformation 

is presented in Fig. 6. The recorded original force – deformation relationship was quite unusual and 

characteristic since it clearly reflected several phases of behavior. Phase 0-Y-P reflected the real bearing 

capacity of the connection. The next phase P-Q and the subsequent phase Q-U reflected the increase in 
force (with two inclinations of the envelope segments) due to stronger activation of the tensile anchors 

following larger cracks in concrete. After achievement of the maximum strength of the connection 

(point U), its strength decreased and total failure took place. 

In the course of realization of the experimental testing of model M3-A, the development of the 

characteristic phases of damage to the structural connection was successfully monitored. For 

presentation of the damage degree, a scale for identification of the damage degree from 1 to 5 (DD = 1, 
2, 3, 4, 5) was used. If there is no damage, the state is indicated by DD=1, while the state of failure is 

indicated by DD=5. States DD=2,3, 4 represent interim states characterized by consecutively increased 

damage degree. The states of occurred phases of damage are demonstrated in two characteristic figures, 

namely, Fig. 7 and Fig. 8 that show DD=1 and DD=5, respectively. 

 

  

Fig. 7. Damage degree of model M3-A: Initial 
stage characterized by DD=1. 

Fig. 8. Damage degree of model M3-A: Final 
stage characterized by DD=5. 

 

2.4 Notes on Typical Response of OC-3 Connection 

Following the obtained original results from the realized experimental testing of the behaviour of the 
respective structural connection using the constructed physical model M3-A, the following conclusions 

can be summarized: (1) The connection of this type formed with cast connecting anchors does not 

experience failure due to failure of the anchors themselves even in conditions of considerably increased 

deformations; (2) Progressive destruction of the connection accompanied by increase of damage 
generally takes place due to progressive cracking of concrete and propagation of concrete damage in 
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the zones of the occurred larger cracks; (3) In the next phases, crushing and falling of concrete from the 
most critical zones exposed to high stresses takes place; (4) The real bearing capacity of the connection 

is characterized only by the O-Y-P envelope that shows a bearing capacity that is quite lower than the 

recorded maximum; (5) The envelope part of the P-Q-U relationship shows an increased strength, but 
with presence of severe damage to concrete and increased deformations; (6) During design of structures 

in practice, behavior of the connection only in the linear domain, segment O-Y, can be accepted. 

However, for this segment, it is also necessary to define the corresponding safety factor for the purpose 

of avoiding damage to the connection under strong earthquake effects, and (7) Although the connection 
has proved to be considerably tough, it is recommended and it will also be of interest to introduce 

appropriate structural advancement of the connection. Therefore, the qualitatively improved option of 

the same connection was experimentally tested by means of the corresponding model M3-B. 

3. Experimental Testing of Model of Upgraded Connection Between Precast RC 

Floor Beam and RC Column 

3.1 Prototype and Experimental Model M3-B of Upgraded Connection-OC3 

The new prototype connection UC3, representing an upgraded (improved) original connection between 
a precast RC longitudinal floor beam and a column through an RC corbel (short RC cantilever) was 

appropriately designed. For the connection itself, two improvements were made. Considered were steel 

anchors with increased diameter and provided was an improved reinforcement arrangement and 
concrete confinement in the region of the corbels. The procedure of the in situ construction during 

assemblage of the integral structure of the prefabricated hall remained the same in the case of the 

original (O) and the upgraded (U) connection. Experimental testing of the constructed experimental 

model M3-B was performed for the purpose of defining the bearing capacity of the upgraded (U) 
connection type, connecting also a prefabricated RC corbel (fixed to a column) with an RC longitudinal 

floor beam. The experimental test model M3-B was analogously constructed to a large scale (M=1 : 2) 

whereat the actual characteristics of the original prototype connection were applied. With the applied 
large scale of the experimental model, important advantages were also achieved. In accordance with the 

stated advantages, the design of the model of connection M3-B was simplified and reduced only to 

geometrical scaling. The physical experimental model M3-B was also successfully adapted to the 

laboratory conditions providing its successful laboratory testing. 

3.2 Testing of Prototype Model M3-B of Upgraded Connection OC-3 

The construction of the experimental model M3-B was done completely in factory conditions assuring 

its high quality identical to that of the constructed prototype. It should be pointed out that the applied 
technology of construction of the experimental model M3-B was also identical to the original 

technology that was applied in the construction of the prototype connection. By assuring this, there 

were provided the main important prerequisites for obtaining experimental results of high reliability. 

3.3 Principal Results from UC-3 Connection Test 

The laboratory test set-up of the connection model M3-B is given in Fig. 9. The experimental test was 

realized by use of two hydraulic actuators. The horizontal hydraulic actuator was used for fixation of 

the vertical position of the RC floor beam segment. The vertical hydraulic actuator was used for 
application of a continuously increased vertical tensile force (upwards) up to total failure of the 

structural connection. In this way, an insight into the present characteristic phases demonstrating 

increase of damages to the upgraded connection M3-B was gained. The whole experiment was carried 
out through simulated predefined history of vertical deformations. The experimentally defined 

relationship between the applied vertical force and the vertical deformation is presented in Fig. 10.  
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The recorded original force – deformation relationship was also quite unusual and characteristic 
compared with the M3-A model since it also clearly reflected several phases of behavior. Phase 0-Y-P 

reflected the actual initial bearing capacity of the connection.  
 

  
Fig. 9. Laboratory test set-up of the 

constructed model М3-B. 

Fig. 10. Recorded nonlinear response of the constructed 

model М3-B. 
 

The next phase P-Q and the subsequent phase Q-U reflected the increase in force (with two inclinations 

of the envelope segments) due to stronger activation of the tensile anchors following larger cracks in 

concrete. After achievement of the maximum strength of the connection (point U), its strength decreased 
and total failure took place. 
 

  

Fig. 11. Damage degree of model M3-B: Initial stage 

characterized by DD=1. 

Fig. 12. Damage degree of model M3-B: Typical 

stage characterized by DD=2. 

 

  

Fig. 13. Damage degree of model M3-B: Typical 

stage characterized by DD=3. 

Fig. 14. Damage degree of model M3-B: Typical 

stage characterized by DD=4. 
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• In the course of realization of the experimental testing of model M3-B, the development of the 

characteristic phases of damage to the structural connection was successfully and continuously 
monitored. The states of occurred phases of damage are demonstrated in four characteristic 

figures, namely, Fig. 11, Fig. 12, Fig. 13 and Fig. 14 that show DD=1, DD=2, DD=3 and DD=4, 

respectively. 

3.4 Notes on Typical Response of UC-3 Connection 

Based on the obtained original results from the test of the respective structural connection using the 

constructed physical model M3-B, the following conclusions can be summarized:  

 

 

Fig. 15. Results for the experimentally tested  model M3-A and М3-B representing the original and the 

upgraded connection between a precast RC floor beam and an RC column. 

 

(1) The improved connection of this type formed by cast connecting anchors with increased diameter 

also does not experience failure due to failure of the anchors themselves even in conditions of 

considerably increased deformations; (2) Progressive destruction of connection M3-B accompanied by 
increase of damage generally takes place due to progressive cracking of concrete and propagation of 

concrete damage in the zones of occurred larger cracks, similar to model M3-A; (3) In the next phases, 

crushing and falling of concrete from the most critical zones exposed to high stresses takes place; (4) 
The real bearing capacity of the connection is characterized only by the O-Y-P envelope that shows 

bearing capacity that is quite lower than the recorded maximum; (5) The envelope part of the P-Q-U 

relationship shows an increased strength, but with presence of severe damage to concrete and increased 
deformations; (6) During design of structures in practice, behavior of the connection only in the linear 

domain, segment O-Y, can be accepted. However, for this segment, it is also necessary to define the 

corresponding safety factor for the purpose of avoiding damage to the connection under strong 

earthquake effects, and (7) Although the connection proves to be considerably tough, it is recommended 
and it will also be of interest to introduce appropriate innovative structural advancement of the 

connection. 

5. Conclusions 

Fig. 15 comparatively shows the actual nonlinear behavior characteristics of the tested original 

connection (OC3) and the upgraded connection (UC3) obtained from the realized experimental tests 
of model M3-A and M3-B, respectively. The two models represented alternative solutions for the 

same connection between an RC longitudinal floor beam and an RC column (using the anchors from 

the corbel). The following general observations can be made: (1) The original connection tested with 

the constructed model M3-A and the upgraded connection tested with the constructed model M3-B 
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showed quite similar force – deformation relationship and similar damage generation patterns; (2) 
Connection M3-B was, first of all, upgraded by increasing the diameter of the applied anchors and 

then, by adding some steel hoops to increase the concrete confinement. However, the experimental 

results showed that the upgraded connection did not enable considerable qualitative improvement of 
the connection response; (3) The upgraded connection showed only some increase of the deformation 

capacity. However, the remaining parameters characterizing the safety of the connection were not 

significantly improved; (4) The main reason for the occurrence of damage and failure of the 

connection was the crushing and failure of concrete. Therefore, the increase of the diameter of the 
anchors and the improved confinement of concrete did not provide a considerable upgrading effect; 

(5) From the general knowledge gained from the experimental investigations, it is concluded that the 

original connection used in practice represents the “optimal maximum” that can be achieved with this 
technological concept of a connection, and (6) Finally, the most important knowledge arising from the 

experimental results clearly demonstrates the fact that significant and qualitative improvement of the 

connection bearing capacity and seismic safety can only be achieved by the created new, original and 

innovative technological solution of a connection. 

6. Acknowledgements 

Extensive experimental and analytical research has been performed at IZIIS, Ss. Cyril & Methodius University, 

Skopje, in the framework of the three-year innovative NATO Science for Peace and Security Project: Seismic 

Upgrading of Bridges in South-East Europe by Innovative Technologies (SFP: 983828), with participation of five 
countries: Macedonia: D. Ristic, Project Leader & PPD-Director; Germany: U. Dorka, NPD-Director; Albania: 

A. Lako; Bosnia & Herzegovina: D. Zenunovic & Serbia: R. Folic. The creating of the RESIN Laboratory, Skopje, 

as a new open testing laboratory of the Regional Seismic Innovation Network involving young scientists, has been 

a specific long-term task. The extensive NATO SfP support for the integral, long-term and costly research project 

is greatly appreciated. 

7. References 

[1] Arslan MH, Korkmaz HH, Gulay DG (2006) Damage and Failure Pattern of Prefabricated Structures after 

Major Earthquakes in Turkey and Shortfalls of the Turkish Earthquake Code. Eng Fail Anal 13(4):537–557 

[2] Belleri A, Brunesi E, Nascimbene R, Pagani M, Riva P (2015) Seismic Performance of Precast Industrial 

Facilities Following Major Earthquakes in the Italian Territory. J Perform Constr Facil 29(5):04014135. 

https ://doi.org/10.1061/(ASCE)CF.1943-5509.00006 17 

[3] Bournas DA, Negro P, Molina FJ (2013) Pseudodynamic Tests on a Full-Scale 3-Storey Precast Concrete 

Building: Behavior of the Mechanical Connections and Floor Diaphragms. Eng Struct 57:609–627. https 

://doi.org/10.1016/j.engst ruct.2013.05.046 

[4] Bournas D, Negro P (2012) Seismic Performance of Mechanical Connections in the SAFECAST Precast 

Building. In: 15th World Conference on Earthquake Engineering (15 WCEE), Lisboa, p 10 

[5] Bournas D, Negro P, Taucer FF (2013) Performance of Industrial Buildings During the Emilia Earthquakes 

in Northern Italy and Recommendations for Their Strengthening. Bull Earthq Eng 12(5):2383–2404. https 

://doi.org/10.1007/s1051 8-013-9466-z 

[6] Colombo A, Negro P, Toniolo G (2014) The Influence of Claddings on the Seismic Response of Precast 

Structures: the Safecladding project. In: Second European Conference on Earthquake Engineering and 

Seismology, pp 1–12 

[7] EERI (1979) Friuli, Italy Earthquakes of 1976. Earthquake Engineering Research Institute, Oakland, 

California, USA 

[8] Fajfar P, Banovec J, Saje F (1978) Behaviour of Prefabricated Industrial Building in Breginj During the 

Friuli Earthquake. In: 6th ECEE, Dubrovnik, vol 2. pp 493–500 

[9] FIB (2003) Seismic Design of Precast Concrete Building Structures, Federation International du Beton, 

Lausanne, Bulletin 27 

[10] Fischinger M, Zoubek B, Kramar M, Isakovic´ T (2012a) Cyclic Response of Dowel Connections in Precast 

Structures. In: 15th WCEE, Lisbon, 10 p 

258

https://doi.org/10.5592/CO/2CroCEE.2023.72


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.72 

10 
 

[11] Krausmann E (2014) Report on Lessons Learned from Recent Catastrophic Events, Zurich, Switzerland. 

https ://doi.org/10.2788/618 

[12] Kramar M (2008) Seismic Vulnerability of the Precast Reinforced Concrete Structures. Ph.D. thesis (in 

Slovenian) University of Ljubljana, Ljubljana 

[13]  Kramar M, Isakovic´ T, Fischinger M (2010b) Experimental Investigation of “Pinned” Beam-to-Column 

Connections in Precast Industrial Buildings. In: 14th ECEE, Ohrid, 8 p 

[14] Li Y, Geng F, Ding Y, Wang L (2020) Experimental and Numerical Study of Low Damage Self-centering 

Precast Concrete Frame Connections with Replaceable Dampers Bournas. Vol. 220, 1 October 2020, 

111011. 

[15] Magliulo G, Fabbrocino G, Manfredi G (2008) Seismic Assessment of Existing Precast Industrial Buildings 

Using Static and Dynamic Nonlinear Analyses. Eng Struct 30(9):2580–2588. https://doi.org/10.1016/j.engst 

ruct.2008.02.003 

[16] Martinelli P, Mulas MG (2010) An Innovative Passive Control Technique for Industrial Precast Frames. 

Eng Struct 32(4):1123–1132. https ://doi.org/10.1016/j.engst ruct.2009.12.038 

[17] Palanci M, Senel SM, Kalkan A (2017) Assessment of One Story Existing Precast Industrial Buildings in 

Turkey Based on Fragility Curves. Bull Earthq Eng 15(1):271–289. https ://doi.org/10.1007/s1051 8-016-

9956-x 

[18] Romão X, Costa AA, Paupério E, Rodrigues H, Vicente R, Varum H, Costa A (2013) Field Observations 

and Interpretation of the Structural Performance of Constructions after the 11 May 2011 Lorca Earthquake. 

Eng Fail Anal 34:670–692. https ://doi.org/10.1016/j.engfa ilana l.2013.01.040  

[19] Ristic J., Pavlov S., Pavlov P., Misini L., Ristic D.: Laboratory Testing of Constructed Prototype Models of 

Typical Connections Used in Prefabricated RC Construction System of Industrial Halls Implemented by 

PUT Inzenering, Serbia: Experimental Laboratory Testing of Prototype Model-M5 Representing Original 

Connection between a Precast Roof RC Beam and an RC Column, RESIN Lab. of Industrial Sciences and 

Technology, Report: RESIN-015-2017. 

[20] Ristic J., Pavlov S., Pavlov P., Misini L., Ristic D.: Laboratory Testing of Constructed Prototype Models of 

Typical Connections Used in Prefabricated RC Construction System of Industrial Halls Implemented by 

PUT Inzenering, Serbia: Experimental Laboratory Testing of Prototype Model-M6 Representing Upgraded 

Connection between a Precast Roof RC Beam and an RC Column, RESIN Lab. of Industrial Sciences and 

Technology, Report: RESIN-016-2017. 

[21] Savoia M, Buratti N, Vincenzi L (2017) Damage and Collapses in Industrial Precast Buildings after the 

2012 Emilia Earthquake. Eng Struct 137:162–180. https ://doi.org/10.1016/j.engstruct.2017.01.059 

[22] Simeonov B, Park R. Building Construction under Seismic Conditions in the Balkan Region: Design and 

Construction of Prefabricated Reinforced Concrete Building Systems. UNDP/UNIDO project RER/79/015; 

1985. p. 335. 

[23] Zoubek B, Isakovic´ T, Fahjan Y, Fischinger M (2013b) Cyclic Failure Analysis of the Beam-to-Column 

Dowel Connections in Precast Industrial Buildings. Eng Struct 52:179–191 

[24] Zoubek B, Fischinger M, Isakovic´ T (2014a) Estimation of the Cyclic Capacity of Beam-to-Column Dowel 

Connections in Precast Industrial Buildings. Submitted for publication in Bulletin of Earthquake 

Engineering, Springer, Netherlands 

 

 

259

https://doi.org/10.5592/CO/2CroCEE.2023.72
https://www.sciencedirect.com/journal/engineering-structures/vol/220/suppl/C
https://doi.org/10.1016/j.engst%20ruct.2008.02.003
https://doi.org/10.1016/j.engst%20ruct.2008.02.003


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.101 

AMBIENT VIBRATION MEASUREMENT OF THE INSTITUTE FOR 

MATERIALS AND STRUCTURES BUILDING IN SARAJEVO 

 
Enver Selimović (1), Hanka Hadžić (2), Goran Simonović (3), Sergey Churilov (4), Mustafa Hrasnica (5), 

Senad Medić (6) 

 
(1) Mag.ing.aedif., University of Sarajevo-Faculty of Civil Engineering, enver-selimovic@hotmail.com  
(2) Univ.bacc.ing.aedif., University of Sarajevo-Faculty of Civil Engineering, hadzichanka94@gmail.com  
(3) Associate professor, University of Sarajevo-Faculty of Civil Engineering, goransimonovic@yahoo.com  
(4) Full professor, Ss. Cyril and Methodius University in Skopje-Faculty of Civil Engineering, curilov@gf.ukim.edu.mk 
(5) Full professor, University of Sarajevo-Faculty of Civil Engineering, hrasnica@bih.net.ba  
(6) Assistant professor, University of Sarajevo-Faculty of Civil Engineering, senad.medic@gf.unsa.ba  

 

 

Abstract 

Determination of dynamic properties of structures is the first step in assessing seismic response, and they can be 

measured in several ways. Controlling or knowing the input excitation usually applied by impact hammer or 

vibration shaker, typical for experimental modal analysis (EMA) that has been around for the past few decades, 

is for majority of structures difficult or practically impossible. Ambient vibration testing (AVT) or operational 

modal analysis (OMA), on the other hand, is the output-only modal analysis. It does not require knowledge of the 

input excitation, which is practically induced by wind, traffic or similar random source. In this paper, an 

investigation of ambient vibrations and numerical modelling of the building of the Institute for Materials and 

Structures (IMK) of the Faculty of Civil Engineering in Sarajevo was carried out. The main goal was to determine 

the dynamic characteristics of the IMK building using the DIGITEX SENTRY system and Artemis modal 

software. In addition to testing the IMK building, testing of simpler systems such as a wooden simple beam and 

a steel cantilever was also conducted. For each experiment, a modal analysis was performed in the Tower 8 

software package. The numerical model of the building was more flexible than measured in the experiments, and 

the results were only comparable after inclusion of partition walls in the analysis.  

Keywords: operational modal analysis, ambient vibration testing, DIGITEX Sentry System 

1. Introduction 

Dynamic characteristics of buildings and other types of structures are essential ingredients in the 

analysis of the structural response under dynamic loads (e.g., earthquake shaking, strong winds, 

explosions etc.). Variation of dynamic properties in time (frequencies of vibration, damping ratios and 

mode shapes), closely related to the change of stiffness, can also be employed for identification of 

potential structural damage [1] and even assessment of soil-structure interaction [2]. They can be 

verified by conducting experiments on full-scale structures, usually by ambient and forced vibration 

[3,4,5]. Testing of small-scale models is conveniently executed in laboratories [6].  

The use of experimental tests to gain knowledge about the dynamic response of civil structures is a 

well-established practice. In particular, the experimental identification of the modal parameters can be 

dated back to the middle of the twentieth century. Assuming that the dynamic behaviour of the structure 

can be expressed as a combination of modes, whose values depend on geometry, material properties, 

and boundary conditions, Experimental Modal Analysis (EMA) identifies those parameters from 

measurements of the applied force and the vibration response. EMA has been applied in different fields, 

such as automotive engineering, aerospace engineering, industrial machinery, and civil engineering. 

The identification of the modal parameters by EMA techniques becomes more challenging in the case 

of civil engineering structures because of their large size and low frequency range. The application of 

controlled and measurable excitation is often a complex task that requires expensive and heavy devices. 

For this reason, the community of civil engineers has more recently focused the attention on the 

opportunities provided by Operational Modal Analysis (OMA). OMA can be defined as the modal 
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testing procedure that allows the experimental estimation of the modal parameters of the structure from 

measurements of the vibration response only [7,8]. It is a so-called Output Only method, where it is 

assumed that the wind, traffic, and human activities can adequately excite a structure. Highly sensitive 

acceleration sensors are used to record, evaluate and interpret the vibration behaviour of a structure 

without forced excitation in all three directions in space. The main assumption of the Output-Only 

identification methods is that the ambient excitation input is a Gaussian white noise stochastic process 

in the frequency range of interest.  

The eigenfrequencies are an essential parameter for the description of the vibration behaviour of a 

structure in the linear elastic field. A mode shape – i.e., a vibration form in which the structure oscillates 

with the respective eigenfrequency –belongs to every eigenfrequency. The actual oscillation of a real 

structure is composed of the respective shares of the individual mode shapes. The mathematical modal 

analysis supplies both the eigenfrequencies and the mode shapes of a structure. Both analyses have to 

be carried out for system identification. The actual static system is obtained by comparing the measuring 

results with the calculated values and adaptation of the calculation model to the measurements. To get 

a correct image of the actual load-bearing system, it is required to consider not only the first 

eigenfrequency and the respective modal form but also higher frequencies and the respective forms [9]. 

An important disadvantage of this measuring technique should be stressed. Since the amplitudes of 

vibrations are small, the ambient vibration tests describe only the linear behaviour of structures. They 

can be used also to describe the linear behaviour of damaged structures and of their components, and 

can guide researchers in developing time and amplitude dependent structural models and analysis 

algorithms, to be used in structural health monitoring and in structural control studies. The measured 

AVT data might not be representative of stronger earthquakes and should be adopted with care since 

amplitudes of displacements and accelerations are significantly larger. Cracking is expected for quasi-

brittle concrete and masonry structures with low tensile strength and frequencies are generally lower 

than determined by AVT. Therefore, further development of experimental methods for in situ 

measurement of full-scale partially damaged structures is of great interest [2].  

A process of implementing a damage detection and characterization strategy for engineering structures 

is often called Structural Health Monitoring (SHM). The SHM process involves the observation of a 

system over time using periodically sampled response measurements from an array of embedded 

sensors, extracting damage-sensitive features from these measurements, and performing statistical 

analysis of these features to determine the current state of system health. Over the long-term data 

analysis is used to assess the structure’s ability to perform its intended function. After extreme events, 

such as earthquakes or blast loading, SHM is used for rapid condition screening and aims to provide 

reliable, real-time information regarding the integrity of the structure. SHM can be applied to fixed 

infrastructure, such as building and bridges, or mobile infrastructure, such as airplanes and trains [10]. 

In the case of civil engineering structures, the data provided by the sensors is usually transmitted to a 

remote data acquisition centre.  

DIGITEX Innovative Systems has developed a framework for structural health monitoring using an 

intelligent and reliable monitoring system termed Sentry System – Digital Solution for Ambient 

Vibration Measurements [11]. A typical Sentry System architecture was employed for ambient 

vibration testing (AVT) of the building of the Institute for Materials and Structures (IMK) of the Faculty 

of Civil Engineering in Sarajevo. It was built more than 50 years ago and it houses laboratories for 

testing materials and structures, as well as the offices of all teachers from the Structural Department.  

2. System Architecture 

2.1 Sentry System 

The Sentry System digital acquisition system is designed to be an IoT (Internet of Things) solution for 

structural health monitoring of civil engineering structures. It has a modular and dynamic architecture 

that allows seamless expansion of the number of channels at any time. The Sentry SHM system has 
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integrated several communication protocols that provide flexibility during the installation phase of the 

system depending on the complexity of the structure that is being monitored. 

One of the main advantages of the Sentry SHM system is that it is a fully digital solution. This means 

that all AD conversion processes are done next to the sensor itself, thus avoiding to maximum, any 

inducted noise that is a common problem when using analog sensors and a remote acquisition station. 

Once the signal is digitized the system use variety of communication protocols (Ethernet, Serial, Wi-

Fi) to transfer data to the centralized station for further processing and analysis. 

All units of the Sentry System are using GPS timing source. This way multiple units distributed 

remotely around the world can be synchronized together. Together with the centralized processing part 

of the Sentry System that can run on any cloud service, the Sentry System can act as one virtual global 

SHM system with sensing units distributed anywhere. 

The Sentry System family of products consist of several units that can be installed as standalone units 

or as a part of a general SHM system (Fig. 1), and the applied configuration is the following: 

• Qty.1 xPlorer, central acquisition unit. 

• Qty.5 xWave units - total of 15 channels of acceleration installed on different locations of the structure 

for monitoring vibration 

• Qty.1 xSense units – total of 5 channels for measuring voltage-based sensors. 

• Qty.2 xNet unit – total of 2 units for expanding the network coverage on the structure that is being 

measured. 

Total number of channels that this system is acquiring is 15 for acceleration and 5 channels for 

measuring displacement. For comparison, HBM B12 acceleration sensors were also used for 

determination of natural frequencies [12].  

 

Figure 1. Sentry System Architecture [11]. 

2.2 Software 

Back in 1999, ARTeMIS software [13] was originally developed as a spin-off of research made Aalborg 

University, Department of Civil Engineering, and even the ARTeMIS name refer to its civil engineering 

roots as it is the abbreviation of Ambient Response Testing and Modal Identification Software. 

ARTeMIS Modal includes up to eight methods for Operational Modal Analysis. From the user-friendly 

Frequency Domain Decomposition (FDD) methods to the powerful Crystal Clear Stochastic Subspace 

Identification (CC-SSI) methods. All versions also include Time and Frequency Domain Operating 

Deflection Shapes analysis (ODS). The modal estimation methods are designed to account for the 
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presence of deterministic signals (harmonics) in case of rotating structural parts or another sinusoidal 

excitation. ARTeMIS Modal Basic includes the Frequency Domain Decomposition (FDD) peak picking 

method. In this study, FDD was used for the approximate identification of natural frequencies and mode 

shapes. FDD is a modal analysis technique that estimates the modes of a system from the calculated 

spectral densities for a lightly damped structure in a condition of white noise input. ARTeMIS Modal 

Standard includes all features of the Basic version and adds the Enhanced Frequency Domain 

Decomposition (EFDD) and Curve-fit Frequency Domain Decomposition (CFDD) peak picking 

methods. ARTeMIS Modal Pro includes all available methods and adds support for Structural Health 

Monitoring (SHM) plugins used for long term monitoring of structures.  

3. Ambient Vibration Tests 

3.1 Simple tests 

Two preliminary vibration tests were executed on a steel cantilever INP 120 beam and a simple 30/5 

wooden beam (plank) to test the equipment and verify the results against analytical/numerical models 

(Fig. 2). To compare the natural frequencies, two tests were performed: a standard impact test and an 

ambient vibration test. Difference between the experimentally obtained results is negligible. Numerical 

analysis was performed using Radimpex Tower Software [14] employing densely discretized beam 

elements to better approach the analytical solution. Analytical expressions for vibration properties of 

simple structures with distributed mass for various boundary conditions can be found in literature [15]. 

A comparison of experimentally and numerically obtained frequencies for the steel beam are provided 

in Table 1.  

  
a) b) 

Figure 2. Simple tests: a) INP 120 cantilever steel beam; b) wooden plank 20/5 cm. 

Table 1 – Experimentally and numerically obtained frequencies for the steel beam 

Mode 
Experimental 

f [Hz] 

Numerical 

f [Hz] 

1 11,03 11,87 

2 30,76 36,61 

3 67,87 59,35 

3.2 IMK building 

The building of the Institute for Materials and Structures is located within the Faculty of Civil 

Engineering in Sarajevo. The structure has three characteristic floors and a two-sided roof above the 

hall area where a 5t crane is in use. The first characteristic floor is a lower ground floor with a height 
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of 3.50 meters. Other characteristic floors are the upper ground floor, 4.0 meters high, and the first floor, 

3.40 meters high. The building has basically an elongated rectangular shape with layout dimensions of 

27.8x48.7 m, and a recess on the shorter left side of the building. Typical sections are shown in Fig. 3 

and the layout is given in Fig. 4.  

Reinforced concrete columns in the office area are 30/30 cm, while in the hall they are 30/60 cm. The 

floors have a monolithic fine ribbed structure, with narrow ribs at a distance of 33 to 60 cm and a thin 

topping slab. The foundation of the building is carried out on foundation strips under the walls and on 

spread footings below the columns. Individual footings are tied with foundation beams.  

 
a) 

 
b) 

Figure 3. IMK building: a) cross-section; b) longitudinal section. 

Digitex Sentry System was used for data acquisition. It consisted of an xPlorer central acquisition unit 

and 3 xWave triaxial digital accelerometers. The system is capable of providing realtime data 

acquisition for continuous structural health monitoring for several months. One stationary 

accelerometer was used as a reference, while the other two were placed in different locations (see Fig. 

4). The sampling frequency was 200 Hz. In order to induce vibrations, the 5t crane was used (Fig.4b 

inset). Typical acceleration record is given in Fig.5 and a power spectrum for longitudinal direction is 

provided in Fig. 6.  
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a) 

 
b) 

Figure 4. Different locations of sensors: a) record 11; b) record 22 (inset: IMK crane for vibration generation). 

 

Figure 5. Typical acceleration record. 
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Figure 6. Power spectrum for longitudinal direction. 

3D render of a numerical model is shown in Fig. 7a, and vibration modes are provided in Fig. 7b. The 

model includes all RC elements as well as masonry infill. Not including masonry resulted in large 

discrepancies between the measured and numerically obtained frequencies. The first mode refers to 

longitudinal translation (f1 = 3,78 Hz); the lack of frames in longitudinal direction is obvious. A 

comparison of experimental and FEA frequencies is given in Table 2.  

  
a) b) 

Figure 7. a) 3 D render of the building; b) the first three modes of vibration. 

Table 2 – Experimentally and numerically obtained frequencies for the IMK building 

Mode 
Experimental 

f [Hz] 

Numerical 

f [Hz] 

1 3,77 3,78 

2 3,93 3,99 

3 4,33 4,55 
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4. Conclusion 

Dynamic properties of two beams and the IMK building were determined using highly sensitive 

acceleration sensors and input from the ambient. The first natural frequency of the IMK building 

amounts to approx. 3.7 Hz and pertains to the longitudinal direction where RC frames do not exist. 

Frequencies and modal shapes from the finite element model and frequency domain decomposition of 

the measured signal fit well. Ambient vibration testing does not require knowledge of the input 

excitation practically induced by wind, traffic, or similar random source. It is practically very useful 

since the application of an impact hammer or vibration shaker for experimental modal analysis is for 

the majority of structures difficult or practically impossible.  
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Abstract 

Many countries in Eastern Europe, during the 1960–1970s, as well as Albania responded to the growing demand 
for new houses utilizing the emerging trends for industrialization of the construction process and mass 
construction of prefabricated residential buildings based on large-panel prefabricated RC elements. During the 
1970s large-panel buildings spread throughout the country and became the main type of construction in the 
Albanian cities such as Shkodër, Tirana, Durrës,  Elbasan, Berat, etc. Most of these buildings have five or six 
stories and comprise different modules, the number of which depended on the urban and architectonic projects.  

The construction technology of these types of buildings included only the construction with prefabricated 
reinforced concrete material and did not take into account the energy performance of these structures. Since the 
moment of construction, only in the last year, several interventions have been made in different cities where a 
layer of polystyrene has been placed on the external walls of these buildings in order to enhance their termal 
insulation. 

The aim of this paper is to improve the thermal performance of these buildings by introducing a comparison of 
their initial situation as they are today and how their performance would be if innovative technologies and 
materials will be applied. The study is going to analyse the thermal performance of the existing buildings, by 
means of thermal camera in the city of Kamez, located in Tirana, which has been chosen as a key study. 
Futhemore, the data obtained from MEEC application are gethered, in oder to compare the previvious, the existing 
situation and the proposed intervention. The results may be used by municipalities of different cities, not only in 
the Albanian contex, either where interventions have been made to improve their performance, or for 
municipalities where thermal regulation policies that have not been yet implemented to these types of buildings. 

The existing situation of the buildings according to the calculations, showed a poor thermal performance, 
regardless of the fact that they are already equipped with thermal insulation building envelope. They have to be 
requalified in order to be categorized as a buildings with high thermal performance. 

Keywords: prefabricated buildings, heat flow, building termal performance, materials of construction; thermal 

regulations 

1. Introduction 

Energy efficiency in buildings is one of the main strategic pillars in various EU strategic energy 

documents. The reason is pragmatic, based on the fact that 40% of total final energy consumption at 
EU level is consumed in buildings. In addition, traditional and conventional heating systems are mainly 

based on fossil fuels and thus contribute a large part of CO2 emissions [1].  

The thermal performance of different buildings in Albania has been studied by several different authors. 

The most studies have been done for different building typologies, especially for masonry buildings 
built around the 70-80s where their performance does not result in the right conditions as mention on a 

Marku’s A. phd thesis [2]. 

Precast buildings are an assembly of different elements which are prefabricated in the fabric and connect 
with each other in the construction site by simple connection between them. The simplicity of the 

connection and the short time of prefabricating the panels and the assembly of the elements has made 

these types of structures quite popular in Albania, in the region and in the world. 
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Many other Eastern European countries, as well as Albania responded to the growing demand for new 
housing during the 1960s and 1970s by taking advantage of the emerging trends in the industrialization 

of construction processes and the mass construction of prefabricated dwellings. The buildings were 

built according to standardized formwork approved by the Albanian government authorities and thus 
represent standardized techniques widely used in Albania. In the 1970s, large-scale buildings spread 

across the country and became the main architectural style in Albanian in cities such as Shkoder, Tirana, 

Durrës, Lushnjë, Burrel, Elbasan, Berat, Pogradeci, Laç, Lezhë, Korçë, Tepelenë, Gjirokastër. The 

process was automatized and they were fabricated in a new plant near “Josif Pashko'' which uses 
Chinese technology with 2000 apartaments per year capacity. These types of buildings with a residential 

function make up about 5% of the total residential apartments [3]. 

After World War II, the major problem was the housing of the population, as a result of the destruction 
of cities by the Second World War. The very first dwellings that were built were realized with voluntary 

contribution with blocks and temporary materials to solve the immediate needs. The neoclassical 

Russian school showed its character in this period with stable and mega buildings constructions. The 

architectural arguments were gigantism and ornament. However, in terms of appearance, these 
apartments were characterized by truncated and uncomfortable living space. Meanwhile from the urban 

and architectonic point of view, their placement in the plan created original squares in function of the 

community. The standardization of building elements were implemented by the development of the 
building materials industry. This strategy greatly facilitated the typification of dwellings by unifying 

the design elements. In the late 1960s and early 1970s, such schemes were strictly criticized for 

compositional solutions that promote antisocial behavior, for the social effects of expropriations, 
denying the city's construction tradition. During the late 1980s, the regime of that time managed to 

radically transform the vast majority of Albanian cities. During these years, large residential blocks 

were realized, at minimal cost (prefabricated residential blocks), as well as residential blocks with red 

clay bricks or silicate bricks. These dwelling can be spotted in the form of liner constructions as in the 
case of the city of Tirana [4]. 

The large panels, whether horizontal or vertical, are made of concrete, where some of the panels are 

filled with foam-concrete. The facades of the building are not a continuous element but consist of 
several small units. The connection of the panels is done using mortar in order to monolithic the 

structures and the joints between the pannels are considered weak structural points [5]. Most of these 

buildings have five or six floors and are composed of various modules. The number of the floors 

depended on the general local plan of the municipality of that time.  

These types of buildings do not have a good energy performance because the main material of these 

buildings is concrete and it is known that concrete has high thermal conductivity and that causes 

significant heat loss. Many thermal bridges are present in the joint between the concrete panels, which 
often influence heat loss, and also turn into a problem for moisture infiltration into the building 

envelope. Because of amortization and lack of maintenance only in the city of Tirana, about 10% of the 

stock of prefabricated buildings have not had renovation interventions. Due to this situation the 
problems in these building have been amplified [6]. After their privatization in the early 90s, 

maintenance and care of the buildings has been the responsibility of the residents. In more than 15 years, 

the interventions that were made in these buildings were made by the owners, who only intervened in 

their properties. Only in the last 5 years, the government intervened in some of these types of buildings 

by thermal insulating them with the external coating system. 

2. Evaluation methodology of thermal performance 

The evaluation of thermal performance will be done by comparing three different models of the same 

building. The first model will be the prefabricated building as it was designed in its beginnings, without 

any kind of thermal intervention. Furthermore, the existing layers of the building envelope, specifically 
the terrace, ground floor, perimeter walls and windows are considered. In the second model, in addition 

to the existing construction layers, an external coating system with different layers was added exposing 

the current state of the building. In the third model, innovative materials will be introduced to increase 

the thermal performance of the building [7]. 
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For each model, it is going to be analysed the heat flow from layer to layer and how the thermal 
insulation characteristics of different materials are affected.  The total thermal performance of the 

building, due to the analized models will be given for each model. The study will not consider the 

intermadiate floors of the building and the coefficient U of the separation wall is considered to be U=0.4 

2.1 Heat flow 

Heat transfer means the transfer of kinetic energy. Heat is kinetic energy in transit. Heat transfer is 

always accompanied by a change in the temperature of an object.  

Heat is transferred between two systems or bodies whenever there is a temperature difference between 
them. The greater the temperature difference between the two bodies, the greater will be the amount of 

heat that will flow through them. In this migration or transfer, according to the second law of 

thermodynamics, the natural direction of heat flow between two bodies is from the hotter body to the 
colder body and never in the opposite direction. The flow of heat from the warmer body to the colder 

body will continue as long as both objects have the same temperature. So until thermal equilibrium is 

reached between them. [8] 

2.2 Methods of heat transfer 

2.2.1 Solar Radiation 

Albania belongs to the Mediterranean climate belt and it is caracterised with hot and dry summers and 

mild winters. The average annual precipitation over the country is about 1485 mm [9]. Albania is 
considered a country with an upper-average radiation potential, which varies between 1185 and 1700 

kWh/(m2·year). The average annual number of sunny days is 240-260 days/year [10]. For Tirana, the 

average annual sunshine duration is about 2500 h/year and the average annual total solar radiation is 

1500 kWh/(m2·year) [11]. 

Meanwhile, Podgorica is the capital and largest city of Montenegro. Under the Köppen climate 

classification, Podgorica is transitional between a humid subtropical climate (Cfa) and a hot-summer 

Mediterranean climate. The n annual rainfall is 1956 mm [12]. In Podgorica, the yearly sum of sunshine 
is estimated to be around 3065.99 hours. On average, this equates to a monthly figure of approximately 

100.6 hours for each month [12]. 

The research have shown that there are small differences in terms of solar radiation between Tirana and 

Podgorica.  

2.2.2 Temperatures  

Calculations for heat transmission will be made with the MEEC application, which is a program used 
in Montenegro [13], [14]. Since Podgorica is the closest city to Albania, the calculations will be made 

with the mean temperatures of that city. According to a technical report made by Kamez Municipality 
[15], this area is included in the central plain Mediterranean climatic zone. The average annual 

temperature ranges from 15-16˚C. The maximum temperature was recorded on 13.07.1973 with 43˚C, 
while the minimum temperature was recorded on 15.01.1968 with - 14.4˚C. The amplitude of the 

changes between day and night is significant and ranges from 6 to 12-14˚C. For the city of Podgorica, 

the temperatures to be calculated are recorded directly in the program. In Podgorica, the average January 

temperature is 5.0° C, July 25.9° C, while the annual temperature is 15.3° C.  

Meanwhile according to RETscreen expert (a Canadian application) the anual temperature in Tirana is 

also 15.3° and the avarage January temperature is 7° C, which means that the two cities have little 

differences in terms of climate parametres [8].  

2.2.3 Thermal balance 

Gain= Losses 
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The term "gain= Losses" refers to a situation where the heat gain in a system is equal to the heat losses. 
This means that the amount of heat entering the system is equal to the amount of heat leaving the system, 

and there is no net change in the temperature of the system. 

𝑞𝑠 + 𝑞𝑚 + 𝑞𝑠𝑜𝑙 + 𝑞ℎ + 𝑞𝑣𝑖 = 𝑞𝐵𝐸 + 𝑞𝑒 + 𝑞𝑣𝑒                                                                                           (1) 

Where: 

𝑞𝑠 –Sensible gain, 𝑞𝑚  -mechanical gain, 𝑞𝑠𝑜𝑙-solar gain, 𝑞ℎ- supplementary heating, 𝑞𝑣𝑖 –ventilation 

inside, 𝑞𝐵𝐸  heat transfer building envelope, 𝑞𝑒 -losses through evaporation, 𝑞𝑣𝑒 -ventilation outside 

Using MEEC application the study will be focused just in building thermal performance and the 

simplifications and the calculation scheme will be as below: 

 

a)                                        b) 

Figure 1. a) The real heat transfer proces b) the simplification of heat transfer; source: authors 

So the expression (1) becomes: 

𝑞𝑠𝑜𝑙 = 𝑞𝐵𝐸                                                                                                                                                 (2) 

Benefits as a result of solar radiation. SHGC  (solar heat gain coefficient) is calculated in the window. 

 

Figure 2. Solar radiation in window, source: authors 

The calculation of heat transfer through a building element is 

𝑞𝑖 = (𝐺𝑖) ∗ (𝑆𝐻𝐺𝐶)                                                                                                                                                     (3)                                                                                                                        

Where   

𝑞𝑖 Is the heat transfer through the element (in units of energy per unit time), (𝐺𝑖) Incident irradiation, 

SHGC portion translated to heat gain 

Fourier's law for thermal conduction in masonry 

Fourier's law is used to describe the flow of heat in a solid material, such as masonry. It states that the 
rate of heat transfer through a material is proportional to the temperature gradient in the material and 
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the cross-sectional area perpendicular to the direction of heat flow, and is inversely proportional to the 
material's thermal conductivity. In other words, the equation for Fourier's law of heat conduction can 

be written as: 

𝑄𝑤𝑎𝑙𝑙 = −𝑘𝐴
𝑇2−𝑇1

𝐿
= −

𝑇2−𝑇1

𝑅𝑡

̇
                                                                                                                          (4) 

Where: 

𝑄𝑤𝑎𝑙𝑙 is the rate of heat transfer (W), k is the thermal conductivity of the material (W/m.K), A is the 

cross-sectional area perpendicular to the direction of heat flow (m^2), L is the plane thickness (m), 𝑅𝑡  

Is  thermal resistance , 𝑇2 − 𝑇1 Constant temperatures 

In nature, heat transfer occurs in the following ways: by convection; by conduction; by radiation. 

Heat transfer by conduction 

Conduction is the process of heat transfer within a solid body (from one part to another) or between two 

bodies that are in direct contact with each other. In heat transfer by conduction, heat is transferred from 

one molecule to another neighboring molecule, which is in contact with it, through vibration, but 

without changing their position [16]. 

Different materials have different thermal conductivities (or conductivity) of energy. They can be 

compared with each other through the values of "U" as well as through the values of "R". 

The value of "U" itself represents the coefficient of thermal conductance or transmittance and is also 

known differently as the heat transfer coefficient. The "U" value of a body indicates the heat transferred 

through one square meter of its surface, per unit of time, when the temperature difference between the 

external and internal environment is 1 °K (or 1⁰C). The unit of measurement of the "U" value is: (W/m²K 
or W/m²°C). Usually solid bodies are better conductors than liquids, while liquids are better conductors 

than gases. The value of "U" is determined through the following relation: 

𝑈 =
1

𝑅
                                                                                                                                                      (5) 

In those cases when a component of the building is composed of several layers of different materials, 

then the overall thermal transmittance value (or heat transmission coefficient) "UT" will be defined as 

the sum of the thermal transmittance of each material: 

𝑈𝑇 = 𝑈1 + 𝑈2 + ⋯ … + 𝑈𝑁                                                                                                                     (6) 

The value of "R" represents the thermal resistance of different materials, which means resistance to heat 
loss. The higher the "R" value, the more thermally insulating a material will be, and the higher the 

energy saving will be. In those cases when a building component is composed of several layers of 

different materials, then the general value of thermal resistance "RT" will be determined as the sum of 

the thermal resistances of any material: 

𝑅𝑇 = 𝑅1 + 𝑅2 + ⋯ … + 𝑅𝑁                                                                                                                     (7) 

2.3. Thermal camera 

On 13.12.2022 at 13:30 some measurements were made with thermal cameras in the city of Kamza. 

During the measurements the air temperature was 13°C and the humidity was 43%. This examination 

was carried out according to EN 13187 using a thermal imager TESTO 882. The results are shown in 

images with different colors that represent the temperature fluctuations. The lower temperatures are 
presented with black and dark blue colors. As the surface temperatures increases, the color changes 

from red, purple to yellow. 

In the Figure 3 below are represented the results for one of the facade of the existing building. 
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a) 

 

                                           b)                                                        c) 

Figure 3. a) The facade temperatures, b) Histogram, c) Profile line; source: authors 

In the facade as seen in Figure 3, two temperature profile lines are taken into consideration, one is 

horizontal and the other one is vertical. The graph presented above shows how the temperatures change 

along of the profile lines. The histogram shows the information about the maximum and minimum 

temperature as well as the average temperature on this facade. The point with the minimum temperature 

is marked with CS1 and the temperature is 0.7°C, which is called cold spot. According to the photo it 

is observed that this point is located on a metal exhaust pipe. Point HS1 is the point with the highest 

temperature of 13.9°C. Also, many purple spots are observed  indicating the presence of moisture, which 

is accompanied by lower temperatures compared to the rest of the facade. According to figure 3, c, it is 

observed that in both the horizontal line P1 and vertical line P2 directions the temperature fluctuation 
is almost horizontal but the P1 at a certain point shows a drop of temperature because of the coldest 

point located in the thermal photo.  

 

a) 

 

                                           b)                                                        c) 
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Figure 4.  a) The window section, b) Histogram, c) Profile line 

In the fragment of the facade as seen in figure 4, it is clearly observed the heat flow from the inside to 

the outside due to the poor connection of the window to the wall, where the hot point is found precisely 

in this connection. A little further down, near the window the hot spot can be observed, which is located 
in a plastic grille, that had a higher temperature than the facade. Plastic is a material with near zero 

water absorption in relation to the other part of the facade, which is saturated with water due to rainfall. 

In this fragment, the presence of moisture can be clearly distinguished, especially in the lower part of 
the window in figure 4. a, as a result of the lack of window drip detail.  Furthermore, the presence of 

moisture is evident, and as a consequence lower temperaturas are observed. In the profile line fig. 4.c, 

it can be seen that both the horizontal and vertical directions have different temperature fluctuations. 

 

a) 

  

                                           b)                                                        c) 

Figure 5. a) Air condition, b) Histogram, c) Profile line 

Figure 5, shows two air conditioners, but with the help of the thermal camera, it is easy to observe that 
one of them is operating fig.5.a, and the other is not.  The air conditioner pipe has a lighter yellow color, 

which indicates higher temperatures range. The hot spot appears precisely in the tube and the cold spot 

appears in the lower part of the air conditioner. In the profile line fig.5.c, it can be seen that both the 

horizontal and vertical directions have temperature fluctuations. 

3. Case Study  

The building under study is located in Manhatan Street in the city of Kamze. Kamza is a city northwest 

of the city of Tirana. 

   

                                 a)                                                                       b) 
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                                  c)                                                                 d) 

Figure 6. a) The building after the intervention; source authors b) the building without any intervention, source: 

authors c) location of te Manhatan Street, source: Google Earth d) A closer aerial look buildings, source: Google 

Earth  

Only one block of section 2.1 was considered. The drawings are taken from AQTN [17].  

 

 

                      a)                                                                                       b) 

 

                      c)                                                                                       d) 

Figure 7. a) The plan of the building, b) foundation section c) wall cross sections d) slab section 

Materials used for different elements, the characteristics of the materials are taken from technical design 

code [17] and the methodical guide for calculating the seismicity of building constructions [18]. 

For the vertical panels used as part of building envelope and partition walls. Large precast concrete 

panels are made from a mixture of cement, water, and aggregates, with the mix typically modified to 
improve the insulation properties of the panels, they can range in size from several meters in length, 

width, and height, with a typical thickness of 15 to 40 centimeters. Figure 7, c show the section Wall 

used in the key study and has the following features are used: 

● Concrete class C16/20 unit weight 𝛾 = 2400𝑘𝑔/𝑐𝑚2. 

● Foam concrete unit weight 𝛾 = 500𝑘𝑔/𝑐𝑚2. 
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For the basements, different layers are used as can be seen in Fig. 7. d, and each layer has the 
following characteristics 

● Concrete C16/20 with an approximate weight 𝛾 = 2400𝑘𝑔/𝑐𝑚2 

● The foam concrete unit weight 𝛾 = 500𝑘𝑔/𝑐𝑚2. 

● Cement plaster with a unit weight 𝛾 = 2000𝑘𝑔/𝑐𝑚2 

● Waterproofing with a unit weight 𝛾 = 1200𝑘𝑔/𝑐𝑚2 

For the basements, different layers are used as can be seen in fig.7.b, and each layer has the following 

characteristics 

● Concrete C16/20 with an approximate weight 𝛾 = 2400𝑘𝑔/𝑐𝑚2 

● The foam concrete unit weight 𝛾 = 500𝑘𝑔/𝑐𝑚2. 

● Cement plaster with a unit weight 𝛾 = 2000𝑘𝑔/𝑐𝑚2 

● Waterproofing with a unit weight 𝛾 = 1200𝑘𝑔/𝑐𝑚2 

● Gravel 𝛾 = 1200𝑘𝑔/𝑐𝑚2 

The second calculated model is the building in the existing state as it is now. As mentioned above, in 

recent years, an intervention has been made in these buildings. A thermal insulation layer has been 
added to the external walls. The thermal insulation is made by an external coating system with layers, 

a 7 cm layer of polystyrene is applied and the other layer is adhesive in order to connect polystyrene 

with the wall. There are also implemented other layers such as plastic nets, basecoat adhesive primer 

and finishing coat. 

The third model is the proposed interventions applied in the external walls, terrace, foundation and in 

the windows. The proposed windows have U=0.68 W/(m2K), the terrace U=0.27 W/(m2K), and the 

basement U=0.78 W/(m2K). The ground contact of the building will not be subject to further 
improvements, becuase the intervantion is rather difficult. The large prefabricated panels according to 

the calculation will have a U=0.26 W/(m2K) with light concrete and U=0.68 W/(m2K). 

For calculation proposals the surfaces of the building envelope are calculated in Table 1 and 2. 

Table 1-Wall and Window surface calculations 

Orientation Panel Type Wall Area 

(m2) 

Window Area 
(1,48*1,3) 

(m2) 

Window Area 
(2,64*2,2) 

(m2) 

North PJ-4, PJ-5, PJ-6, PJ-B 155,952 0 0 

South PM-1, PM-3, PJ-B 140,495 0 0 

West PJ-2 51,264 0 29,04 

PJ-1, 205,056 38,48 0 

East PJ-1, 102,528 19,24 0 

PJ-2, PJ-3 121,848 0 58,08 

 

Table 2-Slab surface 

  Quantity Slab Area (m2) Openings Net surface (m2) 

Slab panel  type 1 (S 1) 14 8,5383 0 119,5362 

Slab panel type 2 (S-2) 3 13,3534   40,0602 

Slab panel  type 3 (S-3) 3 7,4464 0 22,3392 

Total 181,9356 
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4. Results 

MEEC application is used in order to observe the building thermal performace for the specific models. 

 

Figure 8. The results obtained for the model without thermal intervention 

 

Figure 9. The results obtained for the model according to the existing intervention 

 

Figure 10. The results obtained for the model with proposed intervention 

According to the obtained results extracted from the application, it can be observed how the required 

energy changes in the three cases. For the first model, in January, the required energy is 511.88 

kwh/(m2a), while in the second model 422.04 kwh/(m2a) is required, which means a reduction of 
17.55% in the energy required. For the third model, the required energy is 150.54 kwh/(m2a), which 

means a reduction of energy need of 70.59% in relation to the first model and 64.33% to the second 

model. 
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The introduction of foam concrete in the wall can decrease the U-value by 58.5%, reducing it from U 
= 3.57 W/(m2K) for the PJ-2 panel wich has foam concrete with a west orientation to U = 1.48 

W/(m2K) for the PJ-1 panel which is the whole panel concrete C16/20, also facing the west. 

5. Conclusions 

It is observed in the existing situation that water absorption is relatively high, which negatively affects 

its thermal performance. The presence of water in the facade will increase the coefficient of thermal 

performance (U value) as a result of water absorption above the allowed rates. 

Windows are one of the buildng elements with the highest heat flow, so it is necessary to intervene in 

these elements to significantly improve the thermal performance of buildings. The existing thermal 

performance of them is very poor.  

In the case of old prefabricated buildings, it is recommended that before starting the application of the 

thermal insulation system, the foundation, exterior walls, terrace and windows must be requalified in 

terms of thermal performance. Insulation of all joints between prefabricated panels, surface treatment 

with concrete asar - contact concrete weberprim is needed.  

The intervention only in the external walls brings a very small difference in the heat flow from the 

inside to the outside of the building so the terrace still needs thermal insulation. It is observed that the 

reduction of the U-value of the window can be of higher bennefits in terms of building thermal 

performance, moreover, their immediate improvement is strongly recommended. 
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Abstract 

Large earthquakes are expected to cause structural damage even in modern buildings in full compliance with 

current design codes. While presumably safe, these and the much more frequent moderately sized earthquakes, 

can still negatively affect critical structures’ function. For example, hospitals, by distressing staff and patients as 

well as supporting systems such as critical utilities, medical gases, and surrounding infrastructure (e.g. 

roads/bridges).  Energy producing facilities, may overact shutting down plant functions or initiating evacuations 

which potentially costs millions of dollars in business interruption. 

Today most earthquake instrumented structures focused their purpose on recording structural responses to 

damaging and potentially damaging earthquakes. This recorded data is then used to further understanding of actual 

building dynamic behavior, ultimately leading to advancements in research (e.g., damage detection) and building 

codes (e.g., improved empirical relations), Goel and Chopra [1]. Over time, owners, residents, and operators 

indirectly benefit from this work by owning, residing, operating safer structures. However, there is opportunity to 

benefit directly from structural monitoring technology. Advances in technology and client-based information-

driven services have led to proven applications of structural monitoring in support of operational/business 

continuity ultimately contributing to resilience.  

Although this concept of using earthquake recorded data to the benefit of building owners has been considered in 

the past, Celebi et.al. [2], there has only been a few implementation cases as a holistic, commercially viable 

solution for operational/business continuity, as a result of strategic industry partnerships (e.g., technology 

provider, engineering consultant, etc.), academia, and a growing knowledge and experience on the topic; mostly 

in the Middle East, Skolnik et.al. [3]. 

This paper will present commercially available technology platforms comprised of advanced sensing, 

performance-based engineering, centralized command console tied to mobile check-in, standard-based safety 

inspection tools, as well as training and certification. Implementation is illustrated with deployments at Hospitals 

and Energy producing facilities around the world. 

Keywords: Structural Monitoring, Performance-Based Engineering, Earthquake Operational/Business 

Continuity, Resilience 

1. Introduction 

Critical and essential facilities such as hospitals, military installations, and financial institutions, cannot 

easily evacuate immediately after an earthquake or wait for a detailed safety assessment to reoccupy 

and resume operations. Post-disaster occupancy decisions are difficult, especially under such stressful 

conditions, and can have dire consequences if made hastily or too slowly (e.g. panic related injuries, 

losses due to unnecessary downtime, etc.) Examples of avoidable financial loss and injury ultimately 

due to uninformed decision-making are easily found across areas of low and high seismicity, Skolnik 

et.al. [3].  

Hospitals and medical facilities, in particular, have a profound need to maintain building operational 

status and function in the aftermath of strong earthquakes to allow continued care for current patients 

and also to receive new patients injured by the disaster, Celebi et.al. [2], Wilson et.al. [4]. However, 

large earthquakes are expected to cause structural damage even in modern hospitals in full compliance 

280

https://doi.org/10.5592/CO/2CroCEE.2023.126


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.126  

with current design codes. While presumably safe, these and the much more frequent moderately sized 

earthquakes, can still negatively affect a hospitals’ function by distressing staff and patients as well as 

supporting systems such as critical utilities, medical gases, and surrounding infrastructure (e.g. 

roads/bridges). To ensure the shelter-in-place directive during earthquakes and continue to deliver on 

their mission, healthcare providers must confidently make rapid decisions often with little knowledge 

of the actual impact on their systems and resources. 

On the other hand, at energy producing facilities such as nuclear plants, when an earthquake occurs, 

ground motion data recorded by the seismic instrumentation is used to make a rapid assessment of the 

degree of severity of the seismic event (required by regulators within 4 hours). This, combined with 

information from a plant walkdown (within 8 hours), is used to make the initial determination of 

whether the plant must be shutdown, if it has not already been shut down by operational issues resulting 

from the seismic event itself. If on the basis of these initial evaluations it is established that the plant 

shutdown criteria have not been exceeded, it is presumed that the plant will not be shut down or could 

restart following a post-trip review, if it tripped off-line because of the earthquake.  

This assumes that seismic instrumentation is operable, otherwise determination of whether the plant 

must shutdown is solely based on the size and proximity to the earthquake, increasing the potential for 

millions of dollars in losses, due to business interruption. Similar requirements are imposed to LNG 

facilities. 

Today, most instrumented buildings and facilities with seismic and structural health monitoring systems 

focused the purpose of this only on the recording structural responses to damaging and potentially 

damaging earthquakes, like is the case in California with the State of California Strong Motion 

Instrumentation Program and in the United States with the USGS National Strong Motion Project. 

However, there is opportunity to benefit directly from structural monitoring technology and that has 

been demonstrated with commercially available platforms such as Kinemetrics’ OasisPlus, KMIDam, 

KMI-LNG, and KMIBridge. These platforms take advantage of advances in technology and client-

based information-driven services leading to proven implementations of structural monitoring in 

support of operational/business continuity, which ultimately contribute to resilience. 

In this paper we present such commercially available technology platforms comprised of advanced 

sensing, performance-based engineering, centralized command console tied to mobile check-in, 

standard-based safety inspection tools, as well as training and certification. Implementation of such 

platforms, is illustrated with deployments at Hospitals and Energy producing facilities around the world. 

2. Background 

Uninformed decision-making during an earthquake increases the potential for panic, injuries, and puts 

hospital patients at risk. 

When an earthquake hits, disaster preparedness and response professionals have to move quickly. They 

are expected to make dozens of real-time decisions affecting patient safety, response procedures, and 

the continued operation of the hospital. Where should they send their resources first? Are the patients 

safe? What is the status of the critical services? These decisions have to be made quickly, and often 

without any real information. 

Is the hospital safe to occupy? How do emergency managers know? What if it didn’t have to be like 

this? What if they had the critical information needed at their fingertips? What if they had everything 

needed to make informed decisions, and respond quickly? 

In the case of the energy producing facilities, such as LNG plants, decisions during an emergency are 

too important to make without the right information. Targeting response to the correct actions can be 

difficult, especially when time and accuracy are critical. In these situations, real-time information on 

potentially damaging ground motion is crucial to initiating the proper emergency response procedures.  
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At the same time, catastrophic losses could result from interrupted operations at LNG facilities during 

earthquakes if overreacted. Therefore, accurate assessment of structural impact, and informative alerts 

are critical to safe and efficient operation of these facilities during an emergency. 

Decisions must be made quickly and responsibly to maintain operational continuity. 

3. Solution: Oasisplus Platform 

OasisPlus Earthquake Business Continuity, is a technology platform designed to provide the tools and 

information needed before, during, and after an earthquake to minimize impact and ensure an effective 

emergency response. 

As a complete earthquake response platform for hospitals, OasisPlus delivers the tools and information 

needed to help ensure a coordinated, effective response to earthquakes to promote rapid safety 

assessments, help making informed decisions, and protect patient safety. 

This allows for: 

• Avoid Evacuations. Avoid unnecessary evacuations to protect patients and secure ongoing 

critical operations. 

• Decision Making. Enable better-informed decision making to target emergency response to 

areas that need it most. 

• Real-Time Monitoring. Understand the impact to the hospital building and know the condition 

of the patients in real time. 

• Emergency Response. Leverage OasisPlus in hospital existing emergency response procedures, 

including Hospital Incident Command System (HICS). 

OasisPlus delivers business continuity based on five key elements: 

1. Advanced Sensing Technology. Implement advanced sensing technology to acquire essential 

data during shaking, and rapidly deliver actionable information to key decision makers, 

regardless of location. 

2. SAFE Reports. SAFE Reports use the hospital structural monitoring instrumentation to deliver 

immediate information on the expected impact to everything important within the building 

immediately after an earthquake. 

• Structural Systems: the building itself 

• Non-structural Systems: architectural systems, mechanical, electrical, plumbing, & 

building contents 

• Occupants: patients, staff, and visitors 

3. Command Console. Real-time information from sensors, injury & hazard reports, and occupant 

check-ins are presented via the console, enabling your response team to better manage the 

situation. 

4. Mobile App. Your response team can check-in, report injuries or hazards, and receive 

instructions via the mobile app, simplifying communication to speed up decision-making and 

response. 

5. Platform for Informed Decision-Making. OasisPlus delivers critical information you need to be 

confident in your decisions, provides situational awareness through real-time data, and 

promotes effective coordination of your emergency response in a manner compatible with your 

existing emergency response procedures. 

This solution has been already implemented in various hospitals in the Western US and more recently 

deployed at a Children’s Hospital in Seattle, Washington. 

4. Case Study: Seattle Children’s Hospital, Washington 

In 2019, Kinemetrics, Inc. and Reid Middleton began work on the first OasisPlus implementation for a 

US Privately owned hospital, the Seattle Children’s Hospital (SCH). The ever-expanding SCH campus, 
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located in Northeast Seattle, is composed of 15 seismically independent buildings ranging in elevation 

and height (up to 9 stories), and totalling over 1.2M square-feet. Several major expansions followed the 

initial 1951 building. In terms of occupancy and use, the hospital is based on four major areas with kid-

friendly names (Forest, River, Mountain, and Ocean) each divided into wings (e.g., A, B, C) with 

uniform floor naming across all buildings. The complexity of the campus layout, coupled with structural 

systems ranging in type, size and vintage, posed unique challenges for instrumentation, engineering 

evaluation, and information dissemination. Figure 1 below illustrates our approach and Figure 2 shows 

the implemented Safe Report.  

 

 

 

Figure 1. Seattle Children’s Hospital OasisPlus Project Approach. 
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In terms of instrumentation, fifteen Etna2 Accelerographs were installed, one centrally located on the 

“base” and fourteen on the roof or upper levels. 

  

Figure 2. Seattle Children’s Hospital OasisPlus’ SAFE Report. 

 

5. Solution: KMI-LNG Platform 

KMI-LNG from Kinemetrics is a technology platform that enables operators to meet all their seismic-

event related needs via one simple, standardized solution. Leveraging a combination of smart sensing, 

LNG-focused processing tools, and compliance with all industry and regulatory standards, KMI-LNG 

provides immediate feedback during events, to enable operators to make better decisions in driving their 

emergency procedures. 

KMI-LNG is designed to meet the specific needs of LNG industry. It delivers seismic-event data 

recording, automatic retrieval, analysis and notification via hardware alarms, reports, and state-of-heath 

hardware monitoring with maximum effectiveness and ease of use from a single system. 

Aimed at removing the guesswork from emergency response in LNG facilities, KMI-LNG quickly 

responds when a seismic event occurs delivering the information and tools required to enable LNG 

facility operators to make the most informed decisions possible. 

Featuring comprehensive event-analysis and alarm-notification capabilities, this solution drastically 

reduces the time required for proper data analysis following a seismic event. 

High reliability is ensured through redundancy of critical components, such as data storage, along with 

the confidence provided by the industry standard Rock+ family of recorders with phenomenal predicted 

MTBF values, over 1M hours. 

KMI-LNG is delivered fully qualified to meet or exceed all applicable industry and regulatory standards 

with these key features. 

• Automatic OBE/SSE & CAV analysis & alarm generation within minutes of seismic events. 

• Hardware alarm notifications and easy integration with plant’s DCS 

• PDF file report generation. 

• Easy maintenance – extensive built-in testability. 
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• Complete networking supports – could use plant's local area network to remotely control and 

monitor the system via TCP/IP protocol. 

• Designed to meet all industry standards IEEE 344, CSA ATEX and IECEx, etc. 

 

6 Case Study: Chevron Wheatstone LNG Project, Western Australia 

Owned by Chevron and designed by Bechtel, the Wheatstone LNG Project is part of Western 

Australia’s first natural gas hub and set to become one of the largest resource projects – providing 

greater security of supply in the Asia-Pacific region. 

To ensure safe operations the project design included provisions for earthquakes and required seismic 

monitoring to assess plant condition after an earthquake and to determine if Operating Basis Earthquake 

(OBE) limits have been exceeded to continue operations safely or initiate emergency response 

procedures such as inspections or plant’s safe shutdown if Safe Shutdown Earthquake (SSE) limits were 

exceeded. 

The Kinemetrics KMI-LNG’s CONDOR System deployed in 2015, monitors the free-field ground 

motions as well as the foundation and roof responses of one of the LNG tanks due to earthquakes and 

determines, in real-time, whether these have or have not exceeded the plant’s OBE design requirements. 

The system’s Alarm Panel provides visual indication of the current state of the system with LED 

indicators and relay contacts are interfaced with the plant’s Distributed Control System (DCS) for 

integration with other systems and functions at the plant. 

Please refer to Figure 3 for a sample of a KMI-LNG’s CONDOR SAFE Report. 

 

Figure 3. Sample KMI-LNG’s CONDOR SAFE Report 

 

7. Conclusions 

Business/operational continuity comes from better-informed decision making and effective information 

dissemination. Commercially available technology platforms such as OasisPlus and KMI-LNG 

presented in this paper, are the solution to avoiding costly and potentially dangerous over-reaction by 

enabling better-prepared emergency response team members.  
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Such technology platforms are comprised of advanced sensing, performance-based engineering, 

command and control capabilities, tied to a mobile app, when applicable, or to a facility Distributed 

Control System (DCS), in the case of the energy producing sector, as well as standard-based safety 

inspection tools for a comprehensive and integrated monitoring. 
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Abstract 

In this paper, numerical analysis of several historical masonry towers located in Italy was conducted. The towers 

differ in their geometric characteristics in terms of slenderness, thickness of the outer walls, the proportion of 

openings, while the material properties of all towers are similar. 

The purpose of this paper was to analyse the influence of various geometries, soil properties and types of 

earthquakes on the seismic resistance of masonry structures. The geometries of the towers were taken from the 

available literature. 

The analysis was carried out with the planar numerical model Y-2D, which is based on the finite-discrete element 

method (FDEM). The towers were discretized at the macro level using triangular three-node finite elements 

between which contact elements were implemented that take into account material nonlinearity.  

The discretization of the towers was carried out at the macro level, taking into account the averaged properties of 

the mortar and blocks. This is modelled using triangular three-node finite elements between which contact 

elements are implemented to consider material nonlinearity. In this way, the phenomenon of the initiation and 

propagation of cracks in the tension and shear was modelled. 

An incremental dynamic analysis was performed for three real earthquakes until the complete collapse of the 

structure. In each increment, the appearance of the first cracks, the propagation of the cracks, as well as the failure 

mode of the structure were monitored. 

The performed numerical analyses highlight the suitability of the FDEM method in the analysis of the seismic 

resistance of masonry structures. 

The conclusions reached in this paper can serve as guidelines for engineers in assessing the seismic resistance of 

existing masonry structures. 

Keywords: historical structures, masonry tower, finite discrete element method, seismic resistance. 

1. Introduction 

Masonry towers represent an important portion of the built heritage. For that reason, their seismic 

resistance assessment against earthquakes appears to be of relevant importance for historical reasons. 

Two existing masonry towers, located in the north Italy are analysed in the presence of seismic 
excitation (Fig. 1). The geometry of towers is deduced from literature [1]. On the basis of such 

geometrical data 2D numerical models were built, where different thicknesses are assigned to adjoining 

elements. The analysis was carried out with the planar numerical model based on the finite-discrete 

element method (FDEM). 
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(a) 

 
(b) 

Figure 1. Towers: a) bell tower A located in Vescovana, b) military defence tower B located in Arquà Polesine. 

2. Numerical analysis  

2.1 Finite-Discrete Element method 

Combined Finite-Discrete Element method is intended for the dynamic analysis of a large number of 

mutually interacting discrete elements, where the elements can fracture and fragment thus increasing 

the total number of discrete elements [2]. Within FDEM, each discrete element is discretised with its 

own finite element mesh thus enabling the deformability of discrete elements. Fracture and 
fragmentation processes are also implemented within the finite element mesh. The mass of discrete 

elements is lumped into the nodes of finite elements, while the time integration of the motion equation 

is applied node by node and degree-of-freedom by degree-of-freedom. This is performed in explicit 
form by using the central difference time integration scheme. The contact forces resulting from the 

interaction process between two discrete elements are determined by the numerical representation of 

contact impact, which is executed by employing contact detection and contact interaction procedures 

[2-4]. 

The model for fracture and fragmentation, adopted within FDEM is actually a combination of smeared 

and discrete crack approaches [5]. It was designed with the aim of modelling progressive fracture and 

failure including fragmentation and of creating a large number of rock fragments. For that purpose, the 
strain softening which appears in the material after reaching the tensile or shear strength is described in 

terms of displacement. 

In all previous analyses [6-8], this method proved to be very suitable for numerical analyses of masonry 
structures exposed to dynamic loading. Therefore, it very well describes all the phenomena of the 

behaviour of the masonry structure exposed to seismic load, such as the formation and propagation of 

cracks, energy dissipation, the mode of failure, as well as the complete collapse of the structure.  

2.2 Description of the numerical model 

Historical masonry towers located in Italy presented in this paper (Fig. 1) were made of small clay 

bricks with low tensile strength [1]. In order to shorten the calculation time, the calculation was made 

at the macro level, which means that the discretization of each block and mortar was not performed 
separately, but the discretization of the structure was made by an irregular finite element network with 

average properties in terms of modulus of elasticity, tensile strength and shear to expect for this type of 

structure. For the purposes of numerical analysis, the tower A is discretized with 5073, while tower B 

with 5926 triangular finite elements [9,10].  
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The geometry of the models is shown in Fig. 2 (a) and (b), and the finite element mesh used in the 
numerical analyses in Fig. 2 (c) and (d). Contact elements have been implemented between the finite 

elements for the purpose of simulating the initiation and propagation of cracks in the structure.  

The tensile strength of the contact elements taken was selected in the amount of 0.27 MPa, and the 
shear strength in the amount of 1.08 MPa. The coefficient of friction was adopted in the amount of 

0.7. The modulus of elasticity of finite elements was chosen in the amount of 22500 MPa and the 

Poisson's ratio in the amount of 0.3. A simplified 2D discretization of the towers is adopted by 

assuming for the elements, whenever necessary, different thicknesses. 

 
(a)                                             (b) 

 
 

 

(c) 

  

(d) 

Figure 2. Geometry of tower: a) A; b) B; Discretization of tower: c) A; d) B. 

In presented numerical analyses, the structures were exposed to horizontal and vertical ground 
acceleration (Fig. 3a and Fig. 3b) which was recorded on 15. April 1979. during an earthquake with the 

epicentre in Petrovac (Montenegro).  

  
(a) 

 
(b) 

 Figure 3. Accelerograms of the earthquake in Petrovac recorded on 15 April 1979.: (a) horizontal 

north-south direction; (b) vertical direction. 
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3. Results and conclusion 

In this paper, an incremental dynamic analysis of masonry towers for two different support conditions, 

elastic and rigid base, was performed. 

The displacement of the top of the tower A on elastic base under different peak ground accelerations 

are shown in Fig. 4, while the initiation and propagation of the cracks that appeared in this numerical 

model during the action of the given accelerogram (with the largest ordinate 0.7g) are shown in Fig. 5. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Displacement of the top of the tower A on elastic base under the peak ground acceleration of: (a) 
ag=0.15 g; (b) ag=0.30 g; (c) ag=0.45 g; (d) ag=0.60 g. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 5. Crack pattern of the tower A on elastic base for acceleration (ag.max.= 0.70 g) in time: (a) t = 7.9 s; (b) t 
= 8.5 s; (c) t = 9.5 s; (d) t = 14.5 s; (e) t = 32.0 s; (f) t = 48.2 s. 

The displacement of the top of the tower A on rigid base under different peak ground accelerations are 

shown in Fig. 6, and the cracks of observed tower during the action of the given accelerogram (with the 

largest ordinate 0.5g) are shown in Fig. 7. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Displacement of the top of the tower A on rigid base under the peak ground acceleration of: (a) 
ag=0.10 g; (b) ag=0.20 g; (c) ag=0.30 g; (d) ag=0.45 g. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 7. Crack pattern of the tower A on rigid base for acceleration (ag.max.= 0.50 g) in time: (a) t = 8.0 s; (b) t = 
8.3 s; (c) t = 8.5 s; (d) t = 9.5 s; (e) t = 9.8 s; (f) t = 48.2 s. 

In Fig. 8, the displacement of the top of the tower B on elastic base under different peak ground 

acceleration are shown. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Displacement of the top of the tower B on elastic base under the peak ground acceleration of: (a) 
ag=0.10 g; (b) ag=0.30 g; (c) ag=0.45 g; (d) ag=0.60 g. 

The initiation and propagation of the cracks that appeared in presented numerical model for tower B, 

during the action of the given accelerogram (with the largest ordinate 0.65g) is shown in Fig. 9. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 9. Crack pattern of the tower B on elastic base for acceleration (ag.max.= 0.65 g) in time: (a) t = 9.0 s; (b) t 
= 11.8 s; (c) t = 12.0 s; (d) t = 12.3 s; (e) t = 13.0 s; (f) t = 17.0 s. 

In Fig. 10, the displacement of the top of the tower B on rigid base under different peak ground 

acceleration are shown, while the cracks that appeared for the observed tower, during the action of the 

given accelerogram (with the largest ordinate 0.45g) is shown in Fig. 11. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 10. Displacement of the top of the tower B on rigid base under the peak ground acceleration of: (a) 
ag=0.10 g; (b) ag=0.25 g; (c) ag=0.35 g; (d) ag=0.44 g. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 11. Crack pattern of the tower B on rigid base for acceleration (ag.max.= 0.45 g) in time: (a) t = 8.3 s; (b) t 
= 8.5 s; (c) t = 10.2 s; (d) t = 11.5 s; (e) t = 12.0 s; (f) t = 17.0 s. 

Figure 12 presents the comparison of the displacements for different peak ground acceleration on elastic 

and rigid base. 

 
(a) 

 
(b) 

Figure 12. Displacement for different peak ground accelerations on rigid and elastic base for tower: (a) A; (b) B. 
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From the presented results, it can be seen that the tower on the elastic base has a higher seismic 
resistance in comparison to the tower on the rigid base. Also, the displacements achieved at the top of 

the tower are greater for the type of support on an elastic base. 
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Abstract 

The Supreme Court of Nepal is the highest court in Nepal. The Supreme Court of Nepal is an important building, 
built of brick in mud masonry structure and over 54 years of age which got moderate structural damage due to the 
recent Gorkha earthquake 2015. The need for safety of the building lying at high seismic zone in Nepal, the 
Seismic Vulnerability Assessment and Retrofit design was carried out to improve the building response in future 
earthquakes. The seismic vulnerability of the building was assessed after the following:(a) historical investigation 
about the building, (b) detailed geometrical investigation, (c) identification of materials by means of surveys and 
literature indications, (d) Detailed Intrusive Tests, (f) Detail linear static analysis of the building by means of a 
Finite Element (FE) model. After these steps, the FE model was used to assess the safety level of the building by 
means of linear static analyses and identifying a proper retrofitting strategy for this building. Both side wall 
jacketing and splint and bandage in some inner walls using the bar wire mesh was carried out for retrofitting this 
building. 

Keywords: Historical Building, seismic vulnerability, FE modeling, Intrusive test, Retrofit 

1. Introduction and Background 

The Supreme Court of Nepal is the highest court in Nepal. The Supreme Court of Nepal is an important 

building, built of brick in mud masonry structure and over 54 years of age which got moderate structural 

damage due to the recent Gorkha earthquake 2015.  

The detail seismic analysis was done based on the best engineering judgment arrived at from the site 

observation, destructive and non-destructive test carried out at site. Hilti PS 200 Ferroscan detector is 

used at few possible locations to identify the presence of lintel band on walls. All possible efforts have 
been made to provide an accurate and authoritative seismic vulnerability assessment and retrofit design 

of the building in the given circumstances of information provided by the client and limited number of 

field-tests. Therefore, the accuracy, completeness, or usefulness of the statements made is highly 

dependent on the accuracy of the information provided. 

The detail seismic evaluation for retrofitting design, is carried out based on the first step evaluation of 

preliminary qualitative assessment of the building by the design team. If the qualitative approach 
identifies the seismic deficiencies in the building; and possible seismic performance is not up to the 

acceptable level/criteria, retrofitting design or demolition of the building is suggested. The second step 

involves the detail seismic evaluation followed by design for seismic strengthening measures as 

modifications to correct/ reduce seismic deficiencies identified during the evaluation procedure in first 
step. This is commonly known as seismic retrofitting of the building. Seismic retrofit becomes 

necessary if the building does not meet minimum requirements of the current Building Code and may 

suffer severe damage or even collapse during a seismic event [1]. 

2. Assessment of the Building 

The Supreme Court Building is a four-storey brick in mud masonry building constructed on 2019 B.S. 
The building is almost of E shape, however in the east portion, small wing is projected in the middle. 

The floor of the building is rigid with reinforced concrete slab and the roof is flexible with CGI sheet 

covering as well as tile works. The building has many openings and there are very small piers in between 

openings. The summary of building is given below Table 1. 
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Table 1:Summary of Building Description 

Building Name The Supreme Court of Nepal 

 

Figure 2.a) South view of the 

building 

Location Ramshah Path, Kathmandu 

G.P. S 27° 41’ 48.67” N, 85° 19' 18.65" E 

Terrain type Plain Land 

Age of the building Building was constructed in 2019 B.S. 

Type of structure Brick in Mud Masonry Building 

No of stories Four Storied 

Plan configuration 
Irregular (Nearly E-shaped in plan with 

slight projection at back side) 

 

Figure 2.b) West View of the 

Building 

Vertical 

configuration 
Regular 

Position of the 

building block 

Attached with other buildings with 

northeast corner and southeast corner 

Building dimension Refer attached drawing 

Total Plinth Area 1610 sq. meters 

Storey height 

3.5 m Ground floor and Second floor; 3.25 
m first floor; and 3.1 m at the top floor on 

average  

 

 

Figure 2.c) Building plan 

Wall thickness 

All peripheral and main load bearing walls 

are 530 mm thick however there are walls 

at few locations having thickness 250mm 

and 115mm.  

Building condition 
Damaged and not occupied after 25th 

April 2015 Gorkha Earthquake 

Floor structure  
Reinforced Concrete Slab with 150mm 

thick 

Roof Structure 
CGI Sheet on steel truss, Clay tiles on steel 

truss and RC slab at some portion 

Local hazard 
No possibilities of rock fall on the site.  

Not build on infill soil.  

2.1 Damage identification due to Gorkha Earthquake  

The first site survey was done on 10th June 2015 and there have been frequent visits after that to prepare 

the as built drawings as well as to identify and locate cracks/damages in the building. It has been 

identified that the building has visible cracks in the periphery walls. Most of the peripheral walls have 
gone diagonal cracking due to in plane action of earthquake forces. Some of the walls have deep vertical 

and horizontal cracks as well. There are no visible problems of settlement, tilting and cracking in the 

foundation. There is also a markedly visible deep crack almost along the middle length to the full height 
of the building. This crack extends from one face to its opposite face (front face to back face). No falling 

hazard was seen in the site. 

Internal walls have also suffered minor to moderate cracks at different locations. At few locations, there 

is very deep cracks in the slab which needs serious attention. Slab at these portions have gone cracking 
wider than 10 mm and reinforcements have buckled. The damage picture due to Gorkha Earthquake are 

shown below in Fig. 2. 
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(a) 
 

(b) 

 

(e) 

  

(f) 

Figure 2. a) Heavy vertical crack in the pier; b) Vertical crack in the pier; c) Deep crack in the first floor slab;d) 

Crack in the slab; e) Crack width of about 20 mm in the wall; f)Vertical crack in the Wall   

2.2 Field Investigation 

In Situ In-plane Shear Test 

Reliable information on shear resistance is needed when performing retrofits and seismic upgrades of 

masonry buildings. The shear strength of a masonry wall is difficult to measure without resorting to 

large-scale testing. We cannot carryout destructive tests for evaluating the shear strength of the whole 
masonry wall of existing buildings.  As an alternative, less destructive in-situ tests of single masonry 

units provide a comparative figure that can be correlated to full-scale wall behaviour. This less 

destructive alternative is more economical than large-scale testing and is desirable when a building's 

historic integrity must be maintained. 

The in-situ shear test is also known as the push test. It provides a direct measurement of the shear 

resistance of mortar joints in masonry. The test is suitable for masonry that has relatively strong units 

and weak mortar so that shear cracks form in the typical stair step pattern along mortar joints and the 
units remain un-cracked. In this type of construction, the shear strength of the mortar joints limits the 

shear strength of the masonry wall. Five test locations were selected based on internal and external 

locations. The test was carried out at 3 locations on the ground floor and 2 locations at first floor which 

is shown in Fig.3a). 

 

(c) 
 

(d) 
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Figure 3 a) Conducting In-situ Shear Test on Wall 

The test locations were prepared by removing the brick, including the mortar on one side of the brick 
to be tested. The head joint on the opposite side of the brick to be tested was also removed. This was 

done with caution that the mortar joint above or below the brick to be tested is not damaged. The 

hydraulic ram was inserted in the space where the brick was removed. A steel loading block was placed 

between the ram and the brick to be tested so that the ram will distribute its load over the end face of 
the brick. The dial gauge was inserted in the space. The brick was then loaded with the ram until the 

first indication of cracking or movement of the brick. The ram force and associated deflection on the 

dial gage were recorded. From the observation, final corrected shear strength of brick masonry is 
obtained as per ASTM standard and IITK- GSDMA Guideline and the corrected minimum shear 

strength obtained are 0.054 N/mm2 and 0.036 N/mm2 respectively. The difference in these values from 

two standards, ASTM[8] and IITK-GSDMA Guideline-EQ06[2], is due to the coefficient of friction 
between the brick and mortar is assumed as per the site conditions. Being on the conservative side, the 

value obtained from the GSDMA-EQ6 is used for checking the shear strength capacity. 

Table 2 –Calculation of Shear Strength of Masonry Walls from Direct Shear Test 

Shear 

test 

Number 

Coeff.of 

friction 

Overburden 

pressure 

Shear 

Strength for 

Sample 

Corrected Shear strength (N/mm2) 

  
µ p(N/mm2) 

  
Va=Vte-µ*p Va= 0.1Vte+0.15Pce/Ah 

IP: ST1 0.8 0.1966 0.6437 0.486 0.093857308 

IP: ST2 0.8 0.2091 0.4506 0.283 0.076428176 

IP: ST3 0.8 0.1985 0.4828 0.324 0.078059031 

IP: ST4 0.8 0.1339 0.1609 0.054 0.036172477 

IP: ST5 0.8 0.1421 0.2897 0.176 0.050281099 

Minimum Corrected Shear Strength 0.054 0.036 

 

Brick Unit Test 

Four brick samples were taken from the building wall and compressive strength and water absorption 

tests were carried out at Central Material Testing Laboratory (Pulchowk Campus), Institute of 

Engineering which is shown in Fig.3b). The average breaking strength of the three brick samples tested 
is was 42.51 kg/cm2 (4.17 Mpa) which indicates low strength brick. Water absorption of the three 

samples are 28.22%, 26.34% and 24.6%. As per the Nepal National Building Code (NBC 109), a first-

class hand-made brick shall not absorb more water than 25% of its weight. The brick falls to lower 

category of second class [9].  
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Figure 3 b) Compressive Strength Test of Brick Unit performed at CMTL 

Direct shear test of soil 

Soil samples were taken from two locations, ground excavated for foundation exploration (at the 
premise of Supreme Court building) to determine the shear strength of soil which is shown in Fig.3c). 

The cohesion (c) and angle of friction (φ) of the soil below 1m from the existing ground level is found 

in the range of 0.1 to 0.13 kg/cm2 and 24.130 to 27.140.  

          

Figure 3 c) Soil Sampling for direct shear test of soil 

Foundation Inspection   

To explore the foundation details of the building, excavation was carried out at three different locations; 

one at the North West wing (front face) of the building, another at the North-East (back face) and the 

other at the East (back face) of the building. The details of the foundations is shown in Figure 3 d) and 

e).The building has strip footings made of brick masonry. The depth of the foundation is same at all 
locations. Total, depth of strip footing is 4 feet and the width is around 40 inches. There is no plinth 

band in the walls. 

 

Figure 3 d) Foundation Section of Supreme Court building 
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Figure 3 e) Foundation Investigation 

Investigation of the Brick Masonry Wall 

Status of bricks, mortar and lay pattern is important parameter to determine the status of the building. 

For such purpose, opening of size 450mm x 450mm x450mm were created at two places and 
observations were recorded. The wall is constructed using burnt clay brick with mud mortar (mixed 

with bajra, chaku, mash, chun). Average thickness of mortar is 10 mm.All bricks are laid properly with 

offset along the length and breadth of the wall using an English bond. Brick Lay Pattern in Wall is 

shown in Fig 3 f) 

 

Figure 3 f) Brick Lay Pattern in Wall 

2.2 Seismic intervention options for the building under study 

The possible intervention options are selected based on the building typology and the expected 

performance of the building after retrofitting. The best applicable intervention options that are available 

are selected. 

Following retrofitting strategy are adopted in this building: 

• Some wing walls are added at strategic locations 

• Both side wall jacketing and bandage in some inner walls of wall thickness 4” to provide 

integrity. 

• Vulnerable half brick walls built out of main grid system are tied up. 

3. Detailed structural analysis 

Finite Element Modelling of the building of Supreme is done by using the structural analysis and design 

software program ETABS 2015. For the analysis of the system, whole building is modelled. Load 
bearing brick masonry walls and RC floor slabs are modelled as single layered shell elements. Since 

the roofing of the building is made of clay tiles in truss, tying element as beams are modelled. 

Seismic coefficient method is used to analyse the building. Indian Seismic Code IS 1893:2002 is used 
for the lateral load calculations and the seismic coefficient value is also compared with the Nepal 

National Building Code NBC 105:1994. The building plan is shown is Figure 6 while 3D view of the 

analytical model is shown in Figure 4 a) and b). 
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Figure 4 a) Plan of the Building 

 

Figure 4 b) 3 D Analytical Model of the Supreme Court 

2.2 Seismic analysis 

The seismic analysis is a part of the detailed evaluation of an existing building. The steps involve in 

developing a computational model of the building include applying the external forces, calculating the 

internal forces in the members of the building, identifying deformations and capacity of the members 
and building, and finally interpreting the results. The structural analysis is carried out with the help of 

the available drawings and ETABS 2013, a structural analysis and design software. IS 1893:2002; 

criteria for earthquake resistant design of structures is used to determine the base shear in the building.  

The modulus of elasticity is calculated using different formulas and codal provision from measuring 
the compressive strength of brick (fb’) and weakest mortar suggested in NBC109. Many researchers 

(Deodhar 2000; Gumaste et al. 2006; Kaushik et al. 2007a; Kaushik et al. 2007b) have attempted to 

develop an empirical expression relating the brick unit, mortar and masonry compressive strengths as 

shown in Equation 1 (CEN 2005). 

𝑓′𝑚 = 𝐾𝑓′𝑏
𝛼 × 𝑓′𝑗

𝛽
 ……………………………………… (1) 

Where: 

𝑓  𝑚
′

         is the characteristic compressive strength of masonry, in N/mm2 

𝐾        is a constant  

𝛼 𝛽      are constant 

𝑓′𝑏     is the normalized mean compressive strength of the units, in the direction of the applied  action 

effect, in N/mm2 

𝑓′𝑗        is the compressive strength of the mortar, in N/mm2 

  Modulus of Elasticity(Em) =550𝑓  𝑚
′  …………………………………(2)[ From FEMA 306 (1999)-for 

existing masonry] 
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Table 5 –The modulus of elasticity is calculated using different formula and codal provision 

Source 𝑲 𝜶 𝜷 Compressive 

strength of 

Brick (f'b) 

form 

test(N/mm2) 

𝒇  𝒎
′

          Modulus of  

Elasticity 

E(N/mm2) 

Eurocode-6 0.5 0.65 0.25 4.17 1.064 585 

Stress-Strain Characteristics 

of Clay Brick Masonry under 

Uniaxial 

Compression(Hemant B. 
Kaushik1; Durgesh C. Rai2; 

and Sudhir K. Jain, M.ASCE) 

0.63 0.49 0.32 4.17 1.016 559 

 

During the calculation from the empirical formulas, the mean compressive strength of unit is taken from 

the brick test result, 4.17 N/mm2 and the weakest mortar suggested in NBC 109 having a compressive 
strength 0.5 N/mm2. Value of compressive strength of masonry and modulus of elasticity of masonry 

obtained from the test results are used for the detailed evaluation of the building. The value of modulus 

of elasticity use during analysis is given below in Table 6.  

Table 6-Element type and material properties used in the FE model 

Structural 

Member 
Etabs Element Density (kg/m3) Modulus of  Elasticity 

E(N/mm2) 

Poisson's 

Ratio 

Wall Shell 1900 585 0.1 

In analysis we have taken Permissible Compressive Stress as 0.6 N/mm2 considering the masonry wall 

confined by reinforced concrete elements on both sides. 

2.3 Modelling output for existing building 

Initially, the existing building is modeled and in-plane stresses along with out-of-plane moments are 
studied. The in-plane stress and moment diagrams obtained from analysis are shown in Fig.5 a),b) and 

c) below. 

In plane Stress 

 

Figure 5 a) Compressive/Tensile stress (In plane stress (S22)) (X-direction: Grid 1-1: wall X1) 

 

Figure 5 b) Compressive/Tensile stress (In plane stress (S22)) (X-direction: Grid 5-5: wall X5) 
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Figure 5 c) Compressive stress in wall (In plane stress (S22)) (Y-direction-A-A) 

Table 7-Tensile and compressive stress in wall (In plane bending) 

Walls along X/Y direction 

Wall Stress 

Vertical Stress S22 (average) 

0.7DL+EQx 0.7DL-EQx DL+LL+EQx DL+LL-EQx 

Stress Stress Stress Stress 

N/mm2 N/mm2 N/mm2 N/mm2 

X1 
Tension 0.160 0.100 0.16 0.12 

Comp. 0.520 0.600 0.7 0.72 

X4 
Tension 0.170 0.190 0.28 0.27 

Comp. 0.610 0.640 0.91 0.86 

X5 
Tension 0.440 0.120 0.68 0.65 

Comp. 0.750 0.830 1.00 0.91 

Wall Stress 

Vertical Stress S22 (average) 

0.7DL+EQy 0.7DL-EQy DL+LL+EQy DL+LL-EQy 

Stress Stress Stress Stress 

N/mm2 N/mm2 N/mm2 N/mm2 

YA 
Tension 0.480 0.480 0.68 0.65 

Comp. 0.690 0.650 0.94 0.86 

YB 
Tension 0.410 0.270 0.35 0.16 

Comp. 0.640 0.250 0.72 0.95 

YE 
Tension 0.350 0.130 0.53 0.49 

Comp. 0.860 0.680 0.85 1.01 

 

Out of plane bending  (horizontal bending):Show in Fig.5d),e) 

 

Figure 5 d) Moment Diagram (M11) for Grid 1-1 
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Figure 5 e) Moment Diagram M11 Obtained for Grid A-A 

Table 8- Out of plane horizontal bending moment (M11) 

Walls along X/Y direction 

Walls 
Moments M11 in kNm/m (average) 

0.7 DL+ EQy DL+ LL+ EQy 0.7 DL- EQy DL+ LL- EQy Max. 

X1 0.835 1.506 1.573 2.478 2.478 

X3 3.090 3.800 2.105 3.115 3.800 

X4 1.270 1.579 0.916 0.981 1.579 

 

 

Walls 
Moments M11 in kNm/m (average) 

0.7 DL+ EQx DL+ LL+ EQx 0.7 DL- EQx DL+ LL- EQx Max. 

YA 2.646 3.712 1.791 1.978 3.712 

YE 6.815 7.415 4.598 5.947 7.415 

YF 6.225 6.024 6.225 7.356 7.356 

 

Out of plane bending  (Vertical bending):Shown in Fig.5 f) and g) 

 

Figure 5 f) Moment Diagram (M22) for Grid 1-1 

 

Figure 5 g) Moment Diagram (M22) for Grid F-F 
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Table 2: Out of plane Vertical bending moment (M22) 

Wall along X/Y direction 

Walls 

Moments M22 in kNm/m (average) 

0.7 DL+ EQy DL+ LL+ EQy 0.7 DL- EQy DL+ LL- EQy Max. 

kNm/m kNm/m kNm/m kNm/m  

X1 1.746 2.404 2.350 3.879 3.879 

X3 8.255 9.800 13.295 14.804 14.804 

X4 2.980 3.30 3.848 3.811 3.848 

Walls 
Moments M22 in kNm/m (average) 

0.7 DL+ EQx DL+ LL+ EQx 0.7 DL- EQx DL+ LL- EQx Max. 

YA 6.229 7.209 4.654 3.674 7.209 

YE 3.664 5.608 6.673 6.876 6.876 

YF 6.635 8.468 3.434 6.528 8.468 

 

Summary of retrofit design 

Modifications 
 

Addition of wing walls 

Closing of openings 

Tying of walls outside the main grid  

Retrofitting of walls 
 

a) Steel Jacketing with 4.75 mm Ø bar @ 250 mm c/c in horizontal 

direction.  
b) Steel Jacketing with 8 mm Ø bar @ 250 mm c/c in vertical 

direction  

c) Steel Jacketing with 8 mm Ø bar @ 200 mm c/c in vertical 

direction  

Foundation Addition of tie beam 300 mm x 450 mm along all main walls to connect 

with the bars of jacketing. 

Addition of a tying beam 300 mm x 450 mm inserted to a length of 300 

mm at an interval of 1.5 m all around the peripheral tie beams. 

 

3. Implementation of Retrofit options  

Implementation of this building was carried out which above given options. Removal of plaster in 
required locations, dismantling of brick work, bar mesh splint and bandage on inner and bar mesh 

jacketing on outer walls, micro concreting, curing, plastering were done. Few photographs of 

accomplished retrofit work are presented in the Fig.6 below.  
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Figure 6 Implementation of Retrofit Option 
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Abstract 

Being the first railway station as bridge form above the train track, constructed in Istanbul in 1915, Göztepe 

Train Station is one of the most special structures conserved in terms of both structural and architectural features 

till today. In the scope of Marmaray CR3 project, this historical landmark has been renovated and actively used 

as a train station. The original structural system was composite masonry, including brick masonry walls, steel 
beams to support timber roof, stone masonry walls and a volta slab to elevate the station. Since the region is 

seismically active, requirement for seismic strengthening was mandatory in order to maintain the station. There 

were two main goals during this project: Modifying the main train station building with minimum intervention 

while achieving target seismic performance level and satisfying the increased demand requirements. Structural 

system of the historical structure underneath the main station required in order to increase the number of train 

tracks from two to three. Masonry walls on the sides of the rail tracks have been removed and replaced with 

reinforced concrete shear walls. While working underneath, the existing station building was suspended until the 

new structural system below the superstructure is constructed. A special methodology has been developed for 

this purpose. This method allowed keeping the entire station building intact and preventing any risk of damage 

to the adjacent structures. Since masonry structures are primarily vulnerable to lateral forces, the masonry 

structural system is converted to reinforced concrete without modifying the exterior shell of the station. This 
conversion is carried out by employing in-situ concrete members where special care has been taken to maintain 

the original facades. Additionally, a seismic isolation system composed of nine curved surface sliding devices 

has been installed in order to reduce the seismic actions transmitted to the upper structure. It should be noted 

that seismic isolation also facilitates reduction for modifications at the upper structure. Structural models have 

been developed based on the characteristics of the base isolation devices, and by considering the modifications 

on the substructure and the superstructure. As a consequence of the implemented retrofit methodology, the 

historical structure has been modified at the minimum level, earthquake performance is brought to the target 

seismic performance level, and the structure was made suitable for functioning of the increased number of 

tracks. 

Keywords: Göztepe Station, Masonry Structure, Historical Building, Retrofit, Seismic Isolation. 

1. Introduction 

1.1 Brief History 

When the Haydarpaşa-Pendik route was put into operation as a single-track line at the end of 1872, 

the old passenger building of Göztepe Station, which is currently used as a lodging building was also 

serving to the passengers. However, as time passes, the single-track line became inadequate and the 

railway was modified to be double-track line in 1912. During this revision it is estimated that the 
Haydarpaşa-Pendik alignment has also been modified. Additionally, the track line was lowered about 

11 meters due to the fact that the trains were struggling because of steep gradient towards the Göztepe 

Station. As a result of this process, passenger building of Göztepe Station has lost its accessibility and 
the current passenger building which is the subject of this study has been constructed in the form of a 

bridge over the railway. (Figures 1 to 8). 
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Figure 1 - 2. Views of the Göztepe Station from 1920’s 

 

   

Figure 3 - 4. Historical Elevations from Southwest and Northeast 

 

  

Figure 5 - 6. Architectural Plans of the Station Building 
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Figure 7. Layout Plan of the Region 

1.2 Structural System and Materials of the Existing Structure 

Göztepe railway station has been constructed as a 20 x 12 m rectangular block shaped bridge. Height 

of the building is approximately 15 m. The station consists of a platform level and a ground floor 

which is used as a ticket office and launch. The structural system of station is composite stone and 

brick masonry. 

The primary load-bearing piers of the structure are the stone masonry stairs blocks leading to the 

platform at both sides of the building. Slab system of the building was constructed using one-way I-
shape steel ribs with approximately 800 mm centres. Spaces between the steel ribs were filled using 

hollow bricks to create a slab system called Volta.  

The ground level walls are brick masonry spanning from floor to the roof. All of the walls have been 

plastered. Walls thickness is around 700 mm at platform level and 400 mm at ground floor. All 
interior walls are also brick masonry with 300 mm thickness. These masonry walls carry the grey 

vault having a raised section at the middle of the structure. At both sides of the vault, gable roofs are 

constructed. During the assessment works conducted to determine the as built state of the building, no 

reinforced concrete elements were observed. 
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Observations revealed that some sections of the flooring system have experienced some revisions in 
time, since different timber cover sizes were measured in office areas. Original floor covers having 

thicknesses around 75 to 150 mm were used in these areas, whereas 200 x 200 mm square mosaic tiles 

were employed in the ground floor. It was also determined that the building did not experience any 
significant structural or architectural revision since it was constructed, with the exception of the 

canopies at the platform level that were added at a later date. 

 

  

Figure 8. Recent Photographs of the Station Before Strengthening 

1.3 Material Test Results of the Building 

Several material tests were conducted by the Construction Materials Lab of Civil Engineering 

Department of Yildiz Technical University. The results using the samples taken at locations shown in 

Figure 9 are summarized below: 

It has been determined that shear strength (τ) values between brick and mortar is around 0.26 to 0.44 

MPa with the exception of KT1, which was significantly lower (τKT1 = 0.03 MPa). 

Similarly, displacements measured under maximum loading were around 1.93-8.12 mm again with 

the exception of except KT1 location, which was 0.004 mm. 

Based on the results of the uniaxial compressing test of bricks, it was determined that standardized 
compressive strength value varies between 3.7 – 4.4 MPa. Average compressive strength is accepted 

as 4.10 MPa. This value is slightly below the old ‘National Classification for Bricks’ code 

requirement which was 5 MPa. 

According to the point loading test results which have been carried out to determine the mechanical 
properties of mortar samples, compressive strength was found to be as low as 0.2 to 0.4 MPa with 

conversion factor is taken as 11. 

Physical properties of bricks, mortar and plaster samples reveal that they exhibit porous texture (p ~ 
40%), having unit weight around 1.65 g/cm3 and specific gravity of 2.7 g/cm3. When open pores that 

indicate water absorption ratio by volume are examined, it is determined that approximately 75% are 

open pores. 

Acid loss analysis of mortar material also indicate that this value, being 15%, is much lower 

compared to air-slaked lime mortars. When the low compressive strength of mortar (fc,h < 0,5 MPa) 

is considered, it is estimated that hydraulic lime have been used as binding material. 

As a result of the sieve analysis, it has been determined that maximum aggregate size in mortars and 

plasters   were 5.6 and 4 mm, respectively. 
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Figure 9. Test Sample Locations [1] 

1.4 Assessment of the Existing Structural System 

Based on the results obtained from the assessment analyses of the existing structural system, it has 

been determined that the building does not satisfy the “Life Safety” performance target under the 

design earthquake with 10% exceedance probability in 50 years (475 years return period earthquake). 
Moreover, the capacities of specific elements were determined to be significantly less than the seismic 

demands. Therefore, the decision was taken to replace the existing masonry bearing system with the 

composite system developed in this context. 

Table 1 – Shear Demand and Capacity Checks of Masonry Walls 

Shear Force Checks of Masonry Walls  

1st Floor 

Direction Total Masonry Wall 
Area (m²) 

  Total Member 
Capacity (kN) 

Total Seismic 
Demand (kN) 

X 2.81 982 36697 

Y 33.86 11852 36697 

2nd Floor 

Direction Total Masonry Wall 

Area (m²) 

  Total Member 

Capacity (kN) 

Total Seismic 

Demand (kN) 

X 13.12 4593 16109 

Y 13.37 4678 16109 
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2. Assessment of Strengthening Needs and Methods 

2.1 Determination of Retrofit Requirement 

Historical Göztepe Station has been designed to meet the requirements of its era to serve with two 

tracks. Since the new Marmaray Project is designed with 3 tracks based on todays requirements, the 

station has to be revised to be a bridge structure allowing 3 tracks, as well as being strengthened to 

meet the seismic requirements of the current design codes. 

The existing structural system of Historical Göztepe Station is masonry. In general, lateral design of 

low masonry structures are governed by shear stresses. Istanbul city is one of the highest seismic 

regions of the country (1st Earthquake Design Class according to the current seismic code). This fact 
increases the importance of shear capacity of the building, due to the fact that low strength and 

ductility materials used in the building that may yield to a brittle failure during even a moderate 

seismic activity. Consequently, retrofit decision became inevitable. 

2.2 Determination of Construction Methodology 

Factors taken into consideration in determination of strengthening approach: 

− Expanding the historical bridge in order to allow the new design with 3-tracks, 

− Increasing the seismic performance of the structure in order to satisfy the seismic 

performance target, 

− Creating a solution that meets the principles of restoration with minimal interference to the 
original structure and unconditionally preserving its exterior appearance, 

− Employing a construction methodology in order to preserve the historical texture of the 

building without creating any risk for neighbouring buildings during strengthening, 

− Employing a method that is applicable and faster implementation. 

2.3 Main Principles of Applied Methodology 

The main principles of the applied strengthening approach are summarized below; 

− Conventional cast-in-place reinforced concrete technique has been employed as strengthening 
method. It is found to be the most appropriate approach to be used to modify a brick/stone 

masonry structure. For this reason, contribution of the existing structural system (masonry 

structure and steel volta slab) was ignored and new system is established.  

− It is noted that, it was not possible to provide sufficient lateral strength without excessive 
modification of the system. Therefore, seismic base isolation was utilized to reduce the effects 

transferred to the upper structure. 

− All new structural elements employed for strengthening purposes are located at the interior of 

the structure in order to preserve the exterior facade. 

− Existing load-bearing system has utilized in stages during until the completion of the 
construction. At each phase of construction, as the new system structural elements are 

created, the existing system gradually lost its functionality. For example; volta slab was 

actively supporting the floor until the new reinforced concrete slabs are constructed. 

Figure 10 illustrates the final target of the strengthening process. 
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Figure 10. The targeted state of the structure after strengthening (Elevation from Gebze direction). 

2. Assessment of Strengthening Needs and Methods 

3.1 General Design Approach 

The station is located in Kadıköy district of Istanbul, which is one of the highest seismicity regions of 

the city. As stated above, in order to reduce the seismic effects transferred to the building an isolation 

layer is considered just above the bridge piers. 

Due to the fact that the function of the structure changed after strengthening, maximum architectural 

flexibility has been provided. Therefore, a system that consists of concrete beam, slab and column 

structure located at modular intervals has been designed. This system ensures the preservation of the 
historical essence of the structure by keeping the interference level at minimum. The architectural 

facade is preserved as is using design criteria that have been considered in conjunction with state-of-

the-art construction techniques. 

3.2 Earthquake Loading and Analyses 

Structural design is based on the design earthquake that has 10% probability of exceedance in 50 

years [2] (475 years return period Design Basis Earthquake). All structural members are designed 

considering this seismicity level in order to ensure “Life Safety” performance level[3]. In order to 
ensure that the displacement limits of the base isolator units under Maximum Credible Earthquake is 

not exceeded, isolators are designed to satisfy the displacements calculated using of 2% probability of 

exceedance in 50 years earthquake (2475 years return period) (Figure 11).  
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Figure 11. Acceleration Design Spectrum of 2475 Years Earthquake Level 

3.3 Earthquake Performance of the Structure 

Non-linear time history analyses were carried out using selected 11 earthquake acceleration records. 
These records are scaled using the 2475 year return period earthquake spectrum. Effective damping 

ratio is limited to 28% [4] in all analyses. The maximum horizontal displacement was calculated as 

268 mm and with the application of 10% accidental torsion 294 mm is used for the determination of 
the seismic isolator unit dimensions. A similar analysis is also carried out for the design of the 

structural elements using the 475 year return period earthquake. The maximum base shear ratio has 

been determined as 8% (0.080W) [5]from this analysis. Consequently, 9 identical friction pendulum 

type isolators were used to support the building as illustrated in Figure 12 below.  

Figure 13 illustrates the displacement history results [6] obtained for a selected column for all time 

history analyses. The surrounding circle illustrates the displacement limit of the base isolation units. 

Similarly, floor acceleration results are also plotted in Figures 14 and 15 for X and Y direction 
loading separately. In order to show the base shear time history, only one of the earthquake record 

(Duzce Earthquake) [7] is plotted for illustration purposes in Figure 16 below. 

 

 

Figure 12. Plan and section of isolator floor [8] 
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Figure 13. Displacement History Result of Column S7 

 

 

Figure 14. X direction Floor Accelerations 
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Figure 15. Y direction Floor Accelerations 

 

 

Figure 16. Duzce Earthquake Base Shear Ratio 
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4. Conclusions 

The historical Göztepe Station, which was a composite masonry building was not satisfying the 

requirements of the current Turkish Earthquake Code 2007 and assessment analyses revealed that it 
should be retrofitted. Furthermore, as a bridge structure, it was not fulfilling the requirements of the 3-

track rail system of the new Marmaray Project. As the consequence of this project developed for the 

protection of this important building: 

Due to the historical importance of the building, the retrofit methodology was selected to have 

minimum interference to the existing facade and functionality. Most of the repair works and added 

elements were applied to the interior of the structure. 

Most of the construction was carried out using conventional techniques. 

Seismic performance of the structure was increased to satisfy the requirements of the current 

earthquake code. By the employment of the seismic isolators, most of the excitation was absorbed by 

the isolation layer. 

The bridge was modified to fulfil the requirements of the new 3-track rail project. 
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Abstract 

The structure of the Clock Tower in Skopje is massive, constructed of stone masonry with a height of about 29 
meters and brick masonry in the upper octagonal part. It was damaged during the Skopje Earthquake in 1963. A 
rehabilitation of the structure was carried out in 1964, but without a seismic strengthening. Recently, field 
investigations were carried out and a three-dimensional analysis of the structure in its actual state for gravitational 
and seismic forces was performed. It has been concluded that it is necessary to perform protective interventions 
to ensure longer-term protection, stability and further existence in the form of repair of existing structural damage, 
structural consolidation, repair of damaged timber elements and strengthening. To improve the behaviour and 
resistance to dynamic impacts, a technical solution for consolidation and retrofitting has been proposed. The basic 
concept consists of existing structural damage rehabilitation, structural consolidation with systemic injection, 
rehabilitation of load-bearing wooden beams and braces and strengthening the whole structure. Due to the 
specificity of the structure of the Clock Tower in terms of its shape, used material, structural system and the type 
of structural elements, as well as its importance as a cultural and historical heritage, which requires respect of 
certain conservation principles and rules, the options for rehabilitation and strengthening are strictly limited. It 
excludes inserting new structural elements that would provide sufficient ductility during maximum expected 
earthquakes. The rehabilitation and strengthening were carried out with innovative composite materials that were 
experimentally verified, but never applied before. The analysis results show that the retrofitted structure can 
withstand the maximum expected seismic loads according to the actual technical regulations. 

Keywords: historic buildings, seismic retrofitting, innovative advanced composite materials, analytical 

investigation  

1. Introduction 

The Clock Tower building in Skopje is located in the Sultan Murat Mosque complex. According to 

information, it was constructed between 1566 and 1573 and was also the first clock tower on the 

territory of the Ottoman State [1]. It was built on the foundations of a former medieval defence tower. 

It was previously constructed as a wooden structure, but later it was completely constructed as a brick 
masonry. During the arson of the city of Skopje and the great fire from 1689, the tower suffered a great 

damage, but it remained in its original shape until 1904, when it was rearranged and got its present 

shape (Fig. 1). 

During the 1963 Skopje Earthquake, the tower was damaged and the clock mechanism was lost. 

Later, the structure was repaired, but without its clock mechanism. The new clocks on the tower were 

added on May 26, 2008, as part of the Chair Municipality project for its reconstruction. 

In the period after the earthquake, a report for structural strengthening was prepared. The 
strengthening was planned to be performed inserting reinforced concrete vertical and horizontal belt 

courses [2]. From the recent on-site inspection of the building, it was ascertained that the project was 

not implemented. Damage and cracks of the structural walls were still visible on the cleaned facade 

masonry as well as in the interior (Fig. 2). 
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Figure 1. The Sultan Murat Mosque Clock Tower (postcard from 1909) (left); Appearance in 2018 (right) 

 

   

Figure 2. The condition of the structural masonry walls before rehabilitation 

2. Structural concept and structural damages 

From a structural point of view, the tower is constructed as massive stone masonry in lime mortar up to 

elevation +15.00 m, and from elevation +15.00 to the top (elevation 29.00 m) as brick masonry in lime 

mortar. In the lower part of the stone masonry (up to elevation +8.50), which is probably a remnant of 
the medieval defensive tower, the shape in plan is in the form of a square with a side length of 5.50 m 

and a wall thickness of 1.0 m, and then it turns into an octagonal shape. From elevation +8.50 m up to 

elevation +24.30 m the external dimensions are constant, and above this level to the top of the building 
there are two cascading reductions in size and in wall thickness to 80 cm and 60 cm. The connections 

between these various levels are constructively resolved by supporting load-bearing multi-layered 

wooden beams and with no direct contact between the lower and the upper masonry. 

From the inspection of the building, it was generally concluded that the masonry was in good 
condition with some visible damages in the form of diagonal and vertical cracks on the facade stone 
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walls, on the inner side of the brick walls, damages from a deterioration of the wooden beams and the 

mortar due to aging, as well as damages due to an insufficiently regular maintenance. 

For the structural analysis purposes, additional research was carried out to determine the 

foundation depth. The tower is founded on a sloping terrain, so the southern side is at an elevation of 
+0.00 m, while the elevation of the northern part is at an elevation of -2.00 m. From the investigation 

probe along the northeast corner of the building, the identification of the foundation was carried out 

(Fig. 3). The foundation is constructed of a solid stone masonry in lime mortar without extension up to 

elevation -4.00 m and it is a continuation of the stone masonry above the ground level. 

 

 

Figure 3. An exploratory borehole along the northeast corner of the tower 

3. Structural analysis of the tower’s state before the seismic retrofitting 

The structural analysis of the tower was carried out for gravitational and seismic forces, whereby the 

building is treated in accordance with the actual technical regulations for the appropriate category of 
the building according to its purpose. A three-dimensional static and seismic analysis was performed 

applying the finite element method using the SAP2000 software package. A medium-dense network of 

elements was adopted, covering the global geometric characteristics without considering the 

inhomogeneity of the built-in material (stone, brick and mortar). For the purposes of this analysis, a 
mathematical model for the structural system of the building was prepared (Fig. 4), where a three-

dimensional finite element SOLID with eight nodes was used to model the load-bearing massive walls. 

For the structure modelled in this way, a modal analysis was first performed, then an analysis 
with applied gravitational vertical loads and equivalent seismic forces, obtained according to the valid 

national regulations [3]. The following values, (typical for Ottoman monuments in N. Macedonia) are 

adopted for the input physical-mechanical parameters for stone masonry and brick masonry: 

Weight of the stone masonry, Ws = 20 kN/m3 
Elasticity modulus of the stone masonry, Еs= 1100 MPa 

Weight of the brick masonry, Wb = 17 kN/m3 

Elasticity modulus of the brick masonry, Еb = 850 MPa 

According to the national regulations for high-rise buildings in seismically active regions [3], as 

well as considering that the tower is a cultural and historical heritage, the seismic analysis had been 

conducted as for a first category building, with the seismic force intensity equal to 30% of the total 

weight of the building. 
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Figure 4. 3D solid finite element model of the tower 

The total seismic coefficient was obtained by the Eq. 1: 

𝐾 = 𝐾0 ∗ 𝐾𝑠 ∗ 𝐾𝑑 ∗ 𝐾𝑝 (1) 

 

is K=0.3, where the values of each individual coefficients are given below: 

Building category I coeff. (Kо = 1.5) 
Site seismicity MCS IX coeff. (Ks =0.1) 

Soil class I coeff. (Kd=1.0) 

Ductility and damping coeff. for plane masonry (Kp= 2.0) 

Since there is no direct connection of the masonry from elevation +24.30 above, further analyses 

were performed up to that level by considering the influence of the upper part of the building only as 

an additional weight. According to the numerical analysis the natural periods on both orthogonal 

directions have the same value (Tx-x = Тy-y = 0.81s), while the natural period in torsion is lower 
(Ttor=0.21s). These values are within the expected limits for natural period of clock towers, The total 

displacements from seismic force in the longitudinal and transverse directions are 11.2 cm in both 

directions (Fig. 5) and they are higher than the maximum allowed according to regulations 

(δmax=H/600=2900/600=4.83cm). 

The resulting stress-deformation state indicates a sufficient capacity of stability and reliability 

for gravitational loads since the maximum compressive stresses are lower than the expected ultimate 
compressive strength of stone masonry. However, considering the maximum expected seismic impacts, 

tensile stresses higher than the expected tensile strength of the masonry occur in local zones, which 

would result in structural damage due to the expected seismic action (Fig. 6). Thus, the need for 

structural consolidation and strengthening was determined in order the seismic protection level to be 

achieved. 
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Figure 5. Unretrofitted state - elevations of applied seismic forces (left), displacements due to the design seismic 

actions (right) 

 

 

Figure 6. Unretrofitted state - stress in kPa under gravity loads and seismic actions in critical points – vertical 

tensile stress (left), shear stress (right) 

An analysis of the overturning moments for the maximum expected seismic forces was also 
performed. The self-weight combined with the passive earth pressure provides a stabilizing moment of 

26,807 kNm, while the seismic forces cause an overturning moment of 34,966 kNm. Therefore, it was 

concluded that it is necessary to strengthen (expand) the foundation to obtain a higher safety coefficient 

against overturning. 
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4. Technical solution for seismic retrofitting 

The measures for improving the seismic reliability of culturally historical buildings, are defined with 

specific conditions that depend on the historical, architectural and cultural value of the building, on the 
seismic hazard level, but also on the possibility of applying an appropriate rehabilitation and 

strengthening measures. Buildings such as the Clock Tower in Skopje, due to their shape, built-in 

materials, structural system and especially the type of structural elements, as well as to respect certain 
conservation principles and rules, do not allow inserting enough new structural elements that would 

provide sufficient ductility during expected earthquakes. 

To improve the behaviour and resistance to dynamic actions, the technical solution had been 

proposed [4], the basic concept consists of: 

- Repair and rehabilitation of existing structural damage; 

- Structural consolidation with systemic injection; 

- Rehabilitation of load-bearing wooden beams and braces with modern composite materials; 

- Strengthening the structure with advanced composite materials. 

4.1 Rehabilitation, structural consolidation and strengthening 

This measure included repair of visible cracks, as well as all existing cracks that were noticed after the 

surface mortar layer had been removed. 

The process of repairing structural cracks started with cleaning the facade mortar and injection 

of mixtures based on lime mortar with additives, (crushed brick, pozzolan), fluidity improvement 

additives, improvement strength and adhesion with the substrate. 

For structural consolidation and overall increase of the masonry compactness and thereby 

improving the load-bearing capacity and integrity of the masonry, a systemic injection had been 

performed. The process included cleaning the inner surface of the elements and removing the damaged 
and labile parts. The injection was carried out with similar mixtures with increased fluidity, under a 

pressure of 1-1.2 atmospheres with specialized equipment, along previously systemically laid pipes and 

in the direction from bottom to top. 

Considering the significant role of the wooden beams at the level +24.30 and +27.00 as basic 
load-bearing elements for the masonry above them, as well as the role of the wooden braces as elements 

that receive the tension stresses that the masonry has no capacity to receive, the function of all wooden 

elements had been checked. All damaged or worn-out wooden elements were repaired or replaced with 
new ones. For effective rehabilitation and strengthening of load-bearing wooden beams, they were 

cover with polymer cloth or a belt reinforced with carbon fiber (CFRP Wrap, CFRP Laminate) after the 

preliminary cleaning and treatment of the surface layers. 

The basic concept of the strengthening consisted of horizontal and vertical belts of modern 

polymer cloth, reinforced with fibers in a layer of lime mortar, which should ensure complete coverage 

of the tensile stress zones. Apart from absorbing the tension forces and preventing damage to the 

masonry, this system also enables greater integrity and increases the stiffness and ductility of the 

structure during dynamic loads. 

For the implementation of the strengthening system, a modern, previously experimentally 

verified system (ROFIX SismaCalce [5]) has been adopted, which consists of three layers: (1) a primary 
layer of basic hydraulic lime mortar, (2) a layer of a mesh of polymer-coated aramid and glass fibers 

(Fig. 7) and (3) a layer of facade lime mortar of at least 2.0 cm. 
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Figure 7. Used mesh of polymer-coated aramid and glass fibers 

According to the conducted analyses and the possibilities for the application of the proposed 

system, the following strengthening elements were foreseen (Fig. 8): 

- Vertical external elements VN1, VN2, VN3 and VN4 at the corners of the lower part of the stone 

masonry in the form of a square with a length of at least 320 cm and a height of at least 12.5 m 

(from elevation level -3.00 m to +8.50 m, plus overlapping length); 
- Vertical external elements VN5, VN6, VN7 and VN8 on four of the eight sides of the octagonal 

part of stone masonry with a length of 220 cm and a height of 7.5 m (from elevation +8.50 m to 

+15.00, plus overlapping length); 
- Vertical internal elements VV1, VV2, VV3 and VV4 on four of the eight sides of the brick masonry 

with a minimum length of 160 cm and a height of 10 m (from elevation +15.00 m to elevation 

+24.30 m, plus overlapping length). These elements were constructed on the inside of the walls 
due to the requirements for keeping the facade unchanged. In order to fully achieve the integrity 

effect, it is planned to connect these elements with composite bars (CFRP bars) placed next to the 

pilasters on the facade brick wall; 

- Horizontal external elements HN1 and HN2 on the part of stone masonry in a square shape that go 
around the eternal facade on elevation +3.90 m and +8.00 m respectively, with a minimum width 

of 220 cm and 125 cm respectively and a length of 23 m; 

- Horizontal external elements HN3 and HN4 on the section of stone masonry in an octagonal shape 
on elevation +10.50 m and +15.00 m respectively, with a width of at least 125 cm and a length of 

18 m; 

- Horizontal internal elements HV1, HV2 and HV3 on the section of brick masonry on elevation 
+16.90 m, +20.60 m and +23.70 m with widths of 3.20 m, 1.25 m and 1.25 m respectively, and a 

length of 13 m. The connection to the composite bars at the root of the pilasters described above 

applies to the connection to these elements as well. The connection should be achieved applying 

chromed steel stirrups inserted through the joints in the masonry on every 40 cm from elevation 

+16.40 m to elevation +23.40 m. 

To consistently implement the strengthening below the ground level, based on the observation of 

the open probe, the knowledge obtained about the foundation and the calculations performed, a solution 
is provided for strengthening the foundation walls from elevation -4.00 m at least to elevation -2.00 m. 

It consists of a reinforced concrete wall, 25 cm thick with extra 80 cm of extension on the footing along 

the whole outer perimeter of the foundation walls after previous rehabilitation by injection and 

appropriate treatment of the surfaces. To achieve interaction with the existing foundation structure, 
chrome steel anchors with appropriate length were installed in previously drilled holes, filled with 

epoxy mortar. With such a solution, the reliability coefficient against overturning from maximum 

seismic forces have been significantly increased. 
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Figure 8. Strengthening elements – cross section (left), on the facade (right) 

5. Structural analysis of the tower’s state after the seismic retrofitting 

For the strengthened state of the tower, a structural analysis for gravitational and seismic loads was 
carried out, whereby the structure is treated in accordance with the actual regulations and rules for the 

appropriate category of the building according to its meaning and purpose. For the purposes of this 

analysis, a mathematical model for the structural system was prepared (Fig. 9), where a two-

dimensional finite element SHELL with four nodes was used to model the reinforcement elements. 
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Figure 9. Numerical FEM model of the strengthening elements 

For the strengthened structure modelled in this way, a modal analysis was performed, followed 

by an analysis from gravitational vertical loads as well as from equivalent seismic forces. According to 

the national regulations for high-rise buildings in seismically active regions [3], the seismic analysis 
had been conducted as for a first category building, with the seismic force intensity equal to 24% of the 

total weight of the building. 

The mechanical parameters of the “ROFIX SismaCalce” system, were adopted according to the 

experimental verification results, obtained in IZIIS’ laboratory [5]: 

Weight W = 15.5 kN/m3 

Elasticity modulus (900) Е90 = 51 000 MPa 

Elasticity modulus (00) Е0 = 31 000 MPa 

The total seismic coefficient was obtained using the Eq. 1 is K=0.24, where the values of each 

individual coefficients are given below: 

Building category I coeff. (Kо = 1.5), 
Site seismicity MCS IX coeff. (Ks =0.1), 

Soil class I coeff. (Kd=1.0), 

Ductility and damping coeff. for confined masonry (Kp= 1.6) 

The natural periods of the retrofitted state Tx-x = Тy-y = 0.51s, Ttor=0.15s were obtained for the 

structure modelled in this way, which indicates a certain structural stiffening. The total displacements 

due to seismic force in the longitudinal and transverse direction are also reduced and within the allowed 

limits (δx=δy= 4.8 cm) (Fig. 10). 
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Figure 10. Retrofitted state - elevations of applied seismic forces (left), displacements due to the design seismic 

actions (right) 

The resulting stress-deformation state of the retrofitted structure indicates that the maximum 
expected seismic impacts, tensile stresses is significantly reduced compared to the unretrofitted 

structure. Although remains higher than the expected tensile strength of the masonry in smaller local 

zones (Fig. 11), the global safety and stability of the structure to seismic events is significantly 

increased. 

 

 

Figure 11. Retrofitted state - stress in kPa under gravity loads and seismic actions in critical points – vertical 

tensile stress (left), shear stress (right) 
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6. Conclusions 

The paper presents seismic retrofitting of an important historic building – the Clock Tower in Skopje 

using the innovative Rofix SismaCalce System, that was previously experimentally verified. This 
system consists of a primary layer of basic hydraulic lime mortar, a layer of a mesh of polymer-coated 

aramid and glass fibers and a final layer of facade lime mortar. Comparison of the results from analytical 

investigation for both unretrofitted and retrofitted structure shows that the global safety and stability of 

the retrofitted structure to seismic events is significantly improved. 
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Abstract 

More than 140 churches with medieval wall paintings have been preserved in Istria, which are an essential part of 

Istrian cultural identity, and classify Istria as the region with the greatest density of this type of cultural heritage. 

In the last 25 years considerable effort has been put into the preservation and conservation of the wall paintings, 

but also in the restoration of the churches from the structural point of view. The most significant adverse effects 

on the frescoes are capillary humidity and cracks that occur as a result of the ground settlement. In this paper we 

will focus on small single-nave churches with pointed barrel vaults, which are characteristic for the Gothic period. 

As a case study, the seismic capacity of the church of St. Anthony in Barban will be studied. The interior of the 
church was entirely painted in the early 15th century. The church has a simple architecture: a rectangular ground 

plan, roof covered with slate tiles and a bell gable present at the front façade. The walls are built of regular stone 

blocks in lime mortar. We present results of the numerical analysis of the pointed vault due to seismic actions. 

The admissible failure mechanisms related to formation of plastic hinges are examined. 

Keywords: stone masonry, single-nave church, pointed barrel vault, medieval wall paintings, seismic capacity  

1. Introduction  

Due to a combination of favourable historical circumstances a large number of churches with wall 

paintings has been preserved in Istria. So far, more than 140 sites [1] with wall paintings dating from 
the 8th until the end of the 16th century have been investigated and documented [2, 3]. The most 

prominent researcher and connoisseur of Istrian wall paintings was academician Branko Fučić, who 

made a great contribution to their discovery, valorisation and popularization.  

The standard procedure for preparation of the wall substrate for a wall painting consisted of two 
steps: first a thick layer of coarse lime plaster was applied, which was then followed by a final fine 

plaster, applied only on that wall area that could be painted during one day. This fine plaster was then 

painted with inorganic pigments. As a rule, the purpose of the wall paintings in the Middle Ages was to 
educate the illiterate population, therefore they were full of hidden messages, stories and warnings. 

Some of these messages were successfully interpreted while some of them still remained unrevealed 

due to the passage of time. An exceptional historic record is also hidden in the drawings and graffiti, 

written in Glagolitic or Latin, cut with a sharp object on the wall paintings [4].  

In this work we explore the dynamic response of single-nave churches with pointed barrel vaults 

that contain these valuable wall paintings. In total, about 15 churches of such characteristics have been 

preserved [3]. Commonly, these are small churches whose ground plan dimensions do not exceed 10 
m, built from local limestone shaped into more or less regular blocks. The vault, on the other hand, is 

usually made of smaller and less processed units and is significantly thinner than the load-bearing walls. 

Vaults were originally covered with slate tiles – in some cases they were replaced with clay tiles. The 
walls were mostly plastered on the outside (except in cases when large regular stone blocks were used). 

Nowadays, due to deterioration this plaster is often no longer present.  

As a case study, the seismic performance of the pointed vault in St. Anthony church in Barban 

will be studied. 
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2. St. Anthony church in Barban 

The church of St. Anthony in Barban is located in the immediate vicinity of the entrance gate and the 

walls of the former fortified castle (Fig. 1). It is a small single-nave Gothic building with rectangular 
ground plan (7,7 x 5,8 m) and a pointed barrel vault (Fig. 2), built at the turn of the 14th to the 15th 

century. Due to its preserved medieval frescoes the object is inscribed in the Croatian Register of 

Cultural Properties as a protected cultural heritage.  

The walls are made of regular square stone blocks in lime mortar with very thin joints (not 

plastered on the outside). The thickness of the walls is 75-80 cm. On each façade a small narrow window 

is present; the front western façade also contains two square windows and a bell gable. Roof is covered 

with slate tiles (Fig. 1). 

  

Figure 1. St. Anthony church in Barban: a) front view; b) Interior view. 

 

Figure 2. Ground plan and section A-A with marked pointed vault. 

0 1 52

A A Section A-A

a) b) 
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The area around the church has been raised afterwards by more than one meter thus making a 
basin around the church (Fig. 1). The walls of the church are separated from the surrounding elevated 

terrain by a narrow space; only in front of the western (entrance) façade there is a flat stone-paved area, 

reached by stairs. Due to the raised terrain, during heavy rains rainwater overflows from the nearby 
road and parking lot, which is retained in the area in front of the church. In this way, the walls of the 

church are filled with capillary moisture, which damages the structure of the wall, as well as the wall 

paintings inside the church. 

At the beginning of the 15th century its interior was painted with 15 scenes from the legend of St. 
Anthony the Abbot, the patron saint of the church, shown in two opposite bands on the north and the 

south wall. The western and the eastern walls were also painted with depiction of the Virgin Mary with 

the Child and images of various saints important to the local community. On all surfaces of the 
preserved wall paintings we can find incised numerous Glagolitic graffiti, depictions of architecture 

(fortified towns, bell towers and churches), figural drawings, depictions of ships and stylized ornaments 

(Fig. 3). The time of painting can be determined by the oldest graffiti, dated before 1429 [4]. 

  

Figure 3. a) Drawing of a ship; b) Glagolitic graffiti. 

By studying archival photos and conservation and restoration reports [5], it was detected that the 
church was repaired on several occasions. The last significant interventions were carried out in the 

1960s: the works consisted of repairing the roof covering, some plastering in the interior and retouching 

of the paintings. From 2005 till 2013 the Croatian Conservation Institute carried out the necessary 
preventive works in the interior and a complete replacement of the roof covering (Fig. 4), since more 

than 80 slate tiles were damaged and with each heavy rain the roof and the vault leaked, so that some 

parts of the vault paintings were irretrievably lost [7].  

3. Horizontal capacity of the pointed barrel vault  

Pointed arches and vaults give smaller values of thrust than circular arches and can be made thinner 

than circular arches for large angles of embrace [8], which is why they were especially exploited during 
the Gothic period. Pointed arches can sustain greater support displacements as well [8]. When pointed 

arches supported on buttresses are subjected to horizontal accelerations, they have in most cases bigger 

horizontal capacity than their circular counterparts [9], but this should be confirmed on a case-by-case 

basis. 

Following the Heyman’s assumptions that sliding failure cannot occur and that masonry has no 

tensile strength but infinite compressive strength limit analysis may be applied to masonry structures 

[10]. This means that the collapse of the structure does not occur due to exceeding of the masonry 
strength but due to loss of stability. The collapse of the masonry vault will therefore occur due to 

formation of sufficient number of plastic hinges and transformation of the system into a mechanism. 

The analysis of masonry arch structures is thus based entirely on the arch geometry. 

a) b) 
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 Figure 4. Extrados of the vault during the replacement of the roof tiles in 2008 [6]. 

Dynamic behaviour of pointed arches has been recently studied by Di Carlo et al. [11], Dimitri 

and Tornabene [9], Misseri and Rovero [12] and Zizi et al. [13]. Misseri et al. [14] performed an 

extensive experimental campaign on pointed arches under quasi-static horizontal loading, while Šćulac 

and Čeh [15] documented collapse mechanisms of a pointed arch tested on a shaking table.  

Seismic capacity of buttressed masonry arches has been studied in detail in [16,17,18], although 

they focused only on semicircular or segmental arches (angle of embrace less than 180°). Seismic 

capacity of buttressed pointed arches is much less investigated. Two studies containing an extensive 
parametric investigation including various geometrical parameters were conducted by Dimitri and 

Tornabene [9] and Chisari et al. [19]. 

In this work the methodology proposed by Brandonisio et al. [17,18] for analysis of buttressed 
masonry arches under horizontal loads will be applied to the segmental pointed arch from St. Anthony 

church in Barban. The idealised geometry of the pointed arch supported by two walls (i.e. two 

buttresses) is shown in Fig. 5. A uniform arch thickness of 25 cm was assumed. 

 

Figure 5. Idealised geometry of the pointed vault supported by two walls (buttresses).  
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Figure 6 shows three physically admissible hinging mechanisms of the buttressed pointed vault 
subjected to gravity loading and constant horizontal ground accelerations, that are usually evaluated 

[18]. The system is divided into rigid bodies connected by four hinges occurring alternately at the 

extrados and intrados of the system. In the local mechanism (Fig. 6a) the four-hinge mechanism 
develops only within the vault. This commonly happens in case when the vault is slender while the 

buttresses are squat [16]. In the semi-global mechanism (Fig. 6b) one wall (buttress) is included into 

the hinging mechanism and a hinge develops at the bottom of the wall. Finally in the global mechanism 

(Fig. 6c) two hinges open at the bottom of the walls and both walls are included into the hinging 
mechanism. In any case, the seismic capacity significantly depends on the geometry of the vault and 

the buttresses and the load values, and there is no exact rule which mechanism will be relevant.    

 

Figure 6. Collapse mechanisms: a) Local mechanism; b) Semi-global mechanism; c) Global mechanism. 

Figure 7 presents the kinematics of the local mechanism (according to Fig. 6a) with the 

corresponding vertical and horizontal virtual displacements. The self-weight of the vault is applied as a 

vertical force Wi acting in the centre of mass of each rigid body i along with horizontal forces λWi 

proportional to the self-weight of each rigid body i via horizontal load multiplier λ.  

Applying the principle of virtual work and taking into account that the internal work is equal to zero 

(since we are dealing with rigid bodies) we obtain the following virtual work equation 

 ∑ 𝑊𝑖 ∙ 𝛿𝑣,𝑖
𝑁
𝑖=1 + ∑ 𝜆𝑊𝑖 ∙ 𝛿𝑢,𝑖

𝑁
𝑖=1 = 0 (1) 

where N is the number of rigid bodies, while u,i and v,i are horizontal and vertical virtual displacements 

of the rigid body i, respectively. 

a) 

b) 

c) 
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The horizontal load multiplier λ may be obtained from (1) as 

 𝜆 = −
∑ 𝑊𝑖∙𝛿𝑣,𝑖
𝑁
𝑖=1

∑ 𝑊𝑖∙𝛿𝑢,𝑖
𝑁
𝑖=1

 (2) 

Solving the virtual work equation we obtain load multiplier λ equal to 0,39, i.e. ground 

acceleration equal to 0,39 g will cause the opening of four hinges in the vault and formation of the 

collapse mechanism.  

The location of the hinges was found iterative in order to get the minimum value for λ. For 

acceleration acting to the right a hinge always forms at the extrados of the right springing (C3). Note 

that the embrace angle is only 111°, so C1 will also form at the left springing [9]. 

 

Figure 7. Formation of a local mechanism (hinges formed only in the vault)  

Figure 8 presents the kinematics of the semi-global and global mechanism. Solving the virtual 

work equation we obtain load multiplier λ equal to 0,15 for semi-global and 0,19 for global mechanism.   

 

Figure 8. a) Semi-global mechanism; b) Global mechanism.  
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These mechanisms are originally proposed for buttressed arches i.e. when the arch is supported 
on piers. In the building under consideration the buttresses (walls) are supported by transversal walls at 

a small distance, thus achieving a spatial behaviour of the building. Due to the good quality of 

transversal walls, appropriate connection of walls and box-like behaviour the semi-global and global 
mechanism would not be activated. The relevant mechanism is thus the local mechanism with load 

multiplier λ equal to 0,39. 

The reference peak ground acceleration on type A ground for the location considered equals to 

0,134 g for a reference return period of 475 years [20]. In combination with the importance factor equal 
to 1,2 (due to social and economic consequences of collapse attributed to importance class III) the 

design ground acceleration equals to 0,16 g. This means that the considered pointed vault has 

satisfactory seismic resistance. In case the seismic capacity of the vault would not be satisfactory, the 
only appropriate vault strengthening would include reinforcement at the extrados, since the intrados of 

the vault contains wall paintings.  

The peak ground acceleration demand 0,16 g refers to systems at the ground level. It is assumed 

that this value is the same at the level of the vault springing, since the height of the walls is small. In 
case of mid-rise and high-rise buildings the acceleration amplification effect resulting from the response 

of the global system on which the vault rests should be considered. 

The effect of infill at the connection with the walls (see Fig. 4) was not taken into account in the 
analysis. Since the infill has a favourable effect on the behaviour of the vault [21], the seismic capacity 

would be even higher.  

4. Conclusions 

In this work we studied the dynamic response of St. Anthony church in Barban with pointed barrel 

vault, which contains valuable wall paintings. The physically admissible hinging mechanisms of the 

pointed arch subjected to gravity loading and constant horizontal ground accelerations have been 
analysed. The collapse of the buttressed vault will occur due to formation of four plastic hinges 

occurring alternately at extrados and intrados and transformation of the system into a mechanism. 

Due to the good quality of transversal walls, appropriate connection of walls and box-like 

behaviour the semi-global and global mechanism would not be activated. The relevant mechanism is 

the local mechanism, i.e. the four-hinge mechanism would form only in the vault. The considered vault 

has satisfactory seismic resistance. 
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Abstract 

After the Petrinja earthquake in December 2020, 442 individual immovable cultural assets were 

damaged, including 124 cultural heritage buildings that suffered severe structural damage. The largest 

number of damaged cultural heritage assets concern sacral buildings, mainly churches and chapels. In 
this paper, a brief overview of the damage to several sacral buildings after the earthquakes in Croatia is 

presented. The failure mechanism and typical damages are presented graphically. In addition, special 

emphasis is placed on the complete retrofitting of a damaged church. The condition assessment, 

numerical modelling and full seismic retrofit of the selected church is shown. 

Keywords: Retrofitting, Assessment, Heritage buildings, Church, Earthquake 

1. Introduction 

Following the Zagreb earthquake in March of 2020, a destructive 6.2 magnitude earthquake struck 

Croatia again in December of 2020. The Sisak-Moslavina county suffered the most severe 

consequences; many historical and cultural buildings were severely damaged [1]. According to the data 
collected by the Croatian Center for Earthquake Engineering (HCPI – in Croatian), more than 57 000 

buildings were damaged [2]. The forms and features of the architectural heritage in the affected area 

are influenced by the attributes of a militarized frontier under the Habsburg monarchy [3]. The Sisak-
Moslavina county is characterized by small historical settlements with prominent parish churches, 

chapels, and isolated aristocratic estates with palaces [4]. In Sisak-Moslavina county alone, 308 

immovable cultural assets with 4,416 houses in cultural and historical areas were damaged. According 

to the data of the World Bank report [5] and HCPI [2], 206 religious buildings were damaged by the 
earthquake, 52 were severely damaged or demolished. Most churches suffered severe damage to the 

load-bearing walls, vaults, and bell tower walls, compromising the overall stability of the buildings. 

Several churches suffered collapse of parts of the building, usually the bell tower, the roof, the vaults, 
and parts of the perimeter walls. The degree and severity of the damage was classified according to 

EMS-98 [6]. In February 2021, the new Law on the Reconstruction of Earthquake-Damaged Buildings 

in the City of Zagreb, Krapina-Zagorje County, Zagreb County, Sisak-Moslavina County and Karlovac 
County was enacted [7]. The Law and Amendment to the Technical Regulation for Building Structures 

(Official Gazette 75/2020) [8] defines four different levels of reconstruction of earthquake-damaged 

structures in terms of achieved mechanical resistance and stability. In this paper, severely damaged 

churches (3 case studies) are presented. The focus of the study is on the condition assessment procedures 
and retrofitting methods following the holistic approach of the international council on monuments and 

sites (ICOMOS). 
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2. Condition assessment of selected churches 

2.1 Historical background 

The materials and geometry of the damaged churches coincide with the time and area of construction. 
The church of St Michael in Gračani (Zagreb) is a 17th century masonry structure with stone walls and 

brick arches and cross vaults. St. George’s church and St. Mary’s chapel are located in Mala Gorica, 

approximately 60 km from Zagreb (Figure 1). St. George’s church is a masonry structure with stone 
walls, arches and cross vaults from the 18th century, while St. Mary’s chapel is a 20th century structure 

with masonry walls and a wooden barrel vault, hanged onto the roof structure. Floor plans and sections 

are shown in Figures 2, 3 and 4. 

 

Figure 1. Map of church locations 

 

Figure 2. The Church of St. Michael in Gračani (architectural blueprint made in 2020.) 
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Figure 3. The Church of St. George in Mala Gorica (architectural blueprint made in 2021.) 

 

Figure 4. St. Mary’s chapel in Mala Gorica (architectural blueprint made in 2022.) 

As already mentioned, traditional materials were used. Multi-leaf stone or solid brick masonry with 

minimal lime mortar for the walls. Arches and vaults are made of stone, solid bricks or timber. Roof 

structures are mostly made of softwood. 
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2.2 Visual inspection 

Visual inspection is the first step in condition assessment of an earthquake-damaged building. The result 

of the visual inspection is information about structural and/or mechanical damage to the structure (such 

as cracks, deformations and deflections), which are used to identify failure mechanisms. 

2.2.1 The Church of Saint Michael, Gračani 

The church of Saint Michael in Gračani (Zagreb) has suffered substantial damage to the tower. Diagonal 

cracks and local deviation from the verticality of the tower, Figure 5, clearly suggested the main failure 
mechanism, in-plane shear/tension failure of the tower walls. The damage was classified as level 3 in 

EMS-98. 

      

Figure 5. The main failure mechanism of the tower 

Other main structural elements, such as walls and vaults, suffered damage characteristic of cyclic 
seismic excitation. Cracks on vaults occurred on the intrados when the tensile strength of masonry was 

reached, leading to the formation of plastic joints - hinges, while the walls were damaged mainly at the 

corners of the openings, i.e. at the points with the highest stress concentration. Timber roof structures 

were almost not damaged during the earthquake mostly due to their low mass. 

2.2.2 St. Mary’s chapel, Mala Gorica 

St. Mary’s chapel in Mala Gorica sustained very severe damage of the tower (level 4 in EMS-98). The 
combined shear and tension failure of the tower columns resulted in horizontal deflection of the tower 

in the range of 10 cm at the top, Figure 6. The triumphal arch was also severely damaged and exhibited 

wide cracks on the intrados and at the crown of the arch, characteristic for cyclic seismic excitation. 

Ground slab deflections were noted, indicating possible liquefaction of the soil. 
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Figure 6. The main failure mechanism of the tower 

 

    

Figure 7. Main failure mechanism of the tower (left) and vaults (right) 

341

https://doi.org/10.5592/CO/2CroCEE.2023.97


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.97 

Since the vault of the chapel is a timber barrel vault suspended from a timber roof structure, it was only 
slightly damaged in the earthquake – the transverse cracks, seen in figure 6, are merely surface cracks 

in the plaster. 

2.2.3 St. George’s church, Mala Gorica 

On the northwestern façade of the tower, it is easy to distinguish two structural elements - vertical 

elements around the openings - piers connected with horizontal elements below/above the openings -

spandrels. The damage pattern is shown in Figure 7. It refers to the extremely rigid spandrels that 
suffered shear failure. Diagonal cracks on the side walls form a clear sliding plane. Due to the very 

severe structural damage - level 4 on the EMS-98 scale - the upper half of the tower was dismantled as 

an urgent measure. The stone cross-vaults were significantly damaged by tensile failure on both the 

intrados and extrados. The walls, which were also of stone masonry, exhibited a number of cracks due 
to shear failure, out-of-plane bending failure (i.e. gable walls in the roof) and failure of the foundation 

soil. In this case, the timber roof structure was also affected by the earthquake – the failure of the gable 

walls caused mechanical damage to the timber columns and beams. In addition, the cyclic nature  of an 
earthquake caused localized failure of timber connections, which is to be expected due to the low 

ductility of traditional carpentry connections. 

2.3 Detailed investigation 

Destructive, semi-destructive and/or non-destructive testing was performed. Destructive testing 

consisted of wall, floor and ceiling investigative probes and core drilling of walls. Semi-destructive 

testing was conducted on the timber structures of the building to determine density and moisture 

content. Non-destructive testing consisted of thermography and geotechnical investigative works. 
Thermography results were indicating elevated moisture content in the assessed structures, mainly in 

the Church of St. George in Mala Gorica. Increased moisture curing is proposed based on the 

assessment. One of the most important aspects of evaluating an existing structure is to gather all the 
necessary information crucial for the global stability of the structure. In the case of sacred structures, 

these include the geometry, wall thicknesses, wall structure in cross-section [9], foundation depth and 

soil type [10]. The existence and position of iron or steel ties, the condition of the roof structure is 
determined by visual inspection and are equally important for predicting the mechanical characteristics 

of the old masonry walls [11]. 

3. Structural Analysis of existing church in Gračani 

The Church in Gračani is selected for further analysis and retrofit presenting as the only one where 

retrofitting works have already been executed. Numerical modelling and analysis were carried out in 

the Abaqus Standard software package [12] for academic purpose of writing this paper. The calculation 
is based on the finite element method and a dynamic nonlinear analysis of the structure was performed. 

The action of an earthquake was simulated with the acceleration of the ground at the location 

approximately corresponding to the earthquake that shook Zagreb on March 22, 2020. The frequency 
spectrum of the ground motion record corresponds to the currently valid regulation in the Republic of 

Croatia. The earthquake is defined by two horizontal and one vertical component. Due to the geometry 

and complexity of the model, volumetric finite elements were used. In addition, the Concrete Damage 

Plasticity (CDP) model was used to simulate the masonry wall behaviour. The CDP model of masonry 
assumes two types of failure mechanisms, namely tensile cracking and compression crushing of the 

material. In compression, the relationship between stress and strain is linear up to a certain point, 

followed by hardening to maximum stress and subsequent softening of the material with inelastic 
deformations. For tensile stresses, the model follows a linear relationship until a crack appears in the 

material. After that, softening occurs with the localised deformations in the element. The behaviour of 

masonry in the cracked state implies the definition of the post-critical stress as a function that depends 
on the crack tensile deformations. Due to the problem of excessive sensitivity of the mesh in materials 

with extremely unstable post-critical behaviour, the behaviour of the material in tension is described by 

the fracture energy criterion, which represents the energy required to open a unit area of the crack and 
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is a property of the material. In addition to the described behaviour in tension and compression, the 
function of the yield surface is additionally defined, which takes into account the triaxial stress state. 

The finite element mesh is formed by tetrahedrons and hexahedra of approximately equal size and 

regular shape and is coordinated with the behaviour of the material in the post-critical tensile region 

where the system is unstable and sensitive to mesh selection. 

 

Figure 8. Bell tower damage distribution due to tensile stresses (a) and crack propagation area in the front wall 

(section through the front wall shown) (b) – existing condition 

It can be seen that the numerical model complements relatively well with the cracks that appeared on 

the bell tower and the vault of the church, Figures 8, 9 & 10. It should be emphasized that a large part 
of the cracks in the structure is not visible due to the facade or because they are inside the wall. Areas 

of material damage (material crushing and tensile cracking) on the top of the church vault are more 

difficult to see visually because of the layers of the vault on the upper side. However, such damage is 
dangerous because it represents crack propagation sites even under dead load. Vaults are slender and 

very sensitive to any dynamic and horizontal influences. 

 

Figure 9. Area of propagation of cracks on the inside of the church vault shown through equivalent plastic 

deformations 
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Figure 10. Propagation of material damage in the vault due to tensile stresses 

 

Figure 11. Bell tower damage distribution due to tensile stresses (a) and crack propagation area in the front wall 

(section through the front wall shown) (b) – reinforced condition 

The calculation was also performed for the retrofitted model of the structure. The result of plastic 
deformation and damage of the tower is shown in Figure 11. There are still areas where cracks occur 

and propagate. However, this area is clearly localized and confined. Based on the amplitude of the 

plastic deformations, it can also be seen that they are much smaller and narrower. The area of damage 
is similar even after the strengthening of the tower, affecting similar critical elements dominated by 

microcracks of limited width, since thanks to the reinforcing elements, the stress is redistributed within 

the material, preventing the collapse of the wall or the lintel. Critical elements are the parts between the 
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openings (arches and parapets), which are an integral part of the structure, but do not take over the 
dominant permanent load or the earthquake load. Therefore, it is important to preserve their integrity 

during an earthquake. 

4. Retrofitting Techniques and Strengthening Materials 

4.1 Bell tower 

The strengthening of the bell tower due to a shear failure at the level of the church cornice is 
conceptually predicted by the interpolation of a new shear resistant structure along the inner side of the 

bell tower walls. Considering its importance for the global stability of the entire structure, the proposed 

concept can be implemented in two ways: with an interpolated steel grid discretely connected with 

anchors to the basic masonry structure or with a reinforced concrete insert in the form of unilaterally 
concreted wall adjacent to the inner wall at the critical height of the bell tower. The steel option is 

extremely complex to install, but it is a reversible design that does not significantly compromise the 

original stiffness of the historic structure, Figure 12. However, in conjunction with external horizontal 
clamps and stainless steel connection anchors, this steel structure upgrades the earthquake resistance 

capacity and prevents a whole range of premature local out-of-plane wall failures. The steel structure 

partially takes over the tensile component of the global bending resistance of the bell tower as a 

cantilever with steel tensile flanges at the corners of the bell tower. In principle, the reinforced concrete 
version is easier to implement than the steel version. However, this design has a significant effect on 

the global behaviour of the masonry tower, as new critical zones are created at the transitions between 

the reinforced and unreinforced segments. It is also important to note that this is an irreversible type of 
strengthening that irrevocably removes some of the historic value of the structure. Both options provide 

for strengthening of the foundation in the form of a grid of foundation strips, which are additionally 

anchored by vertical geotechnical anchors. 

4.2 Vaults 

Although the existing horizontal confinement concrete member along the perimeter of the church walls 

contributed significantly to the good behaviour of the structure during the earthquake, the cracks 

detected indicate the beginning of the opening of the damage mechanisms of the vault. 
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Figure 12. Chosen strengthening method for the tower 

Slight separation of the longitudinal walls from the vault, leaves it in an unstable semi-restrained state, 
which can progressively result in partial collapse during stronger earthquakes. Therefore, both as a 

repair and strengthening measure, two groups of procedures are carried out, that would significantly 

increase the resistance of this masonry structure. As a stabilization measure, a system of orthogonal 
post-tensioned ties are installed in both main directions at the level of the top of the vaults. This reduces 

the possibility of detachment of the main support lines. 

 

Figure 13. Strengthening of the masonry vaults (red line – uniaxial carbon fiber fabric, blue line – post tensioned 

steel ties) 

The second strengthening method is linear strengthening of cross-sectional joists of cross vaults using 

carbon fiber fabric aligned in the direction of the joists, Figure 13. Both methods are reversible 

techniques that interfere minimally with the basic structure and can be performed effectively where 

monitoring and regular maintenance are performed. 

4.3 Stone wall 

Due to the poor stone structure of the masonry walls of the bell tower, as determined by investigative 

probes and endoscopic examinations of investigative boreholes through the body of the walls, measures 
are foreseen to connect the outer leaves of the walls with stainless steel rods. Grouting is also planned 

for the lower part of the tower walls with natural lime-based grout. Transverse connecting of two leaves 

of the walls is proposed via inox steel bars spaced in a 100 x 100 cm grid. It is important to not that 
inox steel bars must be installed and pretensioned before the grouting. Following the heritage guidelines 

(ICOMOS [13]), the retrofit techniques include materials that are sustainable and durable, such as Inox 

steel bars and hot-dip galvanized steel elements. All these materials are highly resistant to the 
atmosphere. The materials and products used improve the mechanical characteristics, ductility and 

durability of an existing structure. 

5. Conclusion 

Finally, safety requirements should also be mentioned, as they represent an inevitable challenge in the 

high-quality rehabilitation of historic structures. According to the regulations in force for the church of 

St. Michael, a complete renovation of the building is foreseen, with seismic action calculated for a 
return period of 225 years. At the same time, the rehabilitation project comply with the special 

conditions for the protection and preservation of cultural assets. Thus, according to the current 

346

https://doi.org/10.5592/CO/2CroCEE.2023.97


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.97 

regulations, the designer must provide technical solutions that ensure the safety of people and preserve 
the authenticity of the architectural heritage, which is often a challenge. Often, the rehabilitation of the 

architectural heritage is seen as something permanent and regular maintenance, which is crucial for a 

longer service life of the structure, is often omitted. A holistic approach to architectural heritage 
rehabilitation is certainly the best guide for the future. Following the ICOMOS principles for analysis, 

preservation and retrofitting and using materials and products that are durable and reversible, the long-

lasting and easily replaceable strengthening elements should be integrated into the existing structure in 

a way that ensures their preservation for future generations. 
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Abstract 

Historical centers of Europe and Croatia are often formed by unreinforced masonry building aggregates that 

developed as the layout of the city or village was densified. In these aggregates, adjacent buildings can share 

structural walls with an older and a newer unit connected either by interlocking or just by a layer of mortar. 

Observations after for example the recent Central Italy and Croatia earthquakes showed that joints between the 

buildings were often damaged. This indicated a possible out-of-phase behaviour of units which can lead to the 

interaction which is demanding to capture with numerical models. The analysis of such building aggregates is 

difficult due to the lack of guidelines, as the advances were impeded by the scarce experimental data. The SERA 

project AIMS (Seismic Testing of Adjacent Interacting Masonry Structures) comprised a shake-table test of an 

aggregate of two buildings under two horizontal components of dynamic excitation, accompanied by the blind 
prediction competition. Each group was provided with a complete set of construction drawings, material 

properties, testing sequence and the list of measurements to be reported. After the results were reported, 

participants were able to compare the results, apply actual accelerations, and update their models within the 

postdiction phase. The prediction and postdiction of EPFL model were based on an equivalent frame model with 

a newly developed macroelement able to simulate both the in-plane and out-of-plane behaviour of unreinforced 

masonry piers, and a newly developed 3D material model allowing to simulate the interaction between the units. 

This paper deals with the prediction submitted by the EPFL team and discusses the results and possible pitfalls in 

modelling assumptions leading to unsatisfying prediction. Lessons learned are applied by updating the model for 

the postdiction analyses and discussing the updated results with the goal to improve the way we model 

unreinforced masonry aggregates using the equivalent frame approach. 

Keywords: Historical centres, Masonry aggregates, Shake table test, Blind prediction, Equivalent frame model 

1. Introduction 

Historical centers around the Europe formed during long time spans, leading to the formation of 
masonry building aggregates. In aggregates, adjacent buildings can share structural walls, connected 

either by weakly interlocked stones or by a layer of mortar. The adjacent buildings can be constructed 

in different materials, with different distributions of openings and floor and roof heights. Post-
earthquake observations show that the opening of the joint may lead to a complicated behaviour and 

interaction between the units [1,2] which is often ignored in numerical analyses. This is understandable 

due to a lack of experimental data, caused by a high cost and the complexity of performing tests on 
large-scale aggregates. These facts have inspired a joint research between École Polytechnique Fédérale 

de Lausanne (EPFL), Switzerland, University of Pavia, Italy, University of California, Berkeley, USA, 

RWTH Aachen University, Germany and National Laboratory for Civil Engineering, Portugal, named 

SERA AIMS – Adjacent Interacting Masonry Structures. As a part of this project, a shake table test was 
performed on a half-scale stone masonry aggregate at the LNEC laboratory in Lisbon, Portugal. 

Characterization tests on materials and components of the same typology were performed in parallel. 

As a part of the campaign, blind prediction competition was organized, with dozen of participants from 
both the research community and the industry. This paper presents in brief the experimental campaign, 

348

https://doi.org/10.5592/CO/2CroCEE.2023.51


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.51 

and our own prediction and postdiction of the mentioned experimental campaign; for the detailed 
description and interpretation we would like to refer the readers to [3] for the experimental campaign 

and to [4,5] for the blind prediction competition. 

2. Case study  

The test specimen was a half-scale prototype of a masonry aggregate consisting of two units. Unit 2 had 

two storeys with height of 1.65 m and 1.5 m for the first and second storey, respectively. Unit 1 consisted 
of one storey with a height of 2.2 m. Unit 2 had a rectangular shape with four walls and the dimensions 

2.5 x 2.5 m2. Unit 1 had an u-shape with three walls and dimensions 2.5 x 2.45 m2. The basic dimensions 

of the floor plan with beams, and facades are shown in Fig. 1. Unit 1 wall thickness was 30 cm and Unit 

2 wall thickness was 35 cm and 25 cm of the first and the second floor, respectively. Spandrels under 
the openings had thickness decreased to 15 cm. Unit 2 was constructed first, replicating the sequence 

of construction from the historical centres. After the construction of a segment of Unit 2, the contact 

area was smoothed by mortar to ensure that there was no interlocking between the units. Different modal 
properties of two units, paired with this type of connection, led to the separation and out-of-phase 

behaviour during the test. Fig. 2 shows the constructed specimen before and after applying the plaster. 

 

Figure 1 SERA AIMS test specimen floor plan with beam orientation and facade layout of the two units [3] 

 

Figure 2 SERA AIMS specimen: a) before plastering; b) after plastering [3] 
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3. Modelling approach 

An equivalent frame model approach using the OpenSEES framework [6] and the newly developed 

macroelement [7] was used to predict the behaviour of SERA AIMS unit. The macro-element is a three-
node, three-dimensional element that can capture the in-plane and out-of-plane dynamic behaviour of 

masonry walls. Floors were modelled with elastic orthotropic membrane elements, a common practice 

in equivalent frame models. The orthotropic membrane provides only the membrane stiffness 
components, resulting in a zero-bending stiffness. Floor-to-wall connections were modelled with a 

frictional interface, limiting the shear force transmitted between floor and wall as a function of the 

vertical load acting on a floor node and the friction coefficient [8]. The material model can model the 

pounding of the beam when the slip is in the towards the wall [9]. Wall-to-wall connections were 
modelled with a one-dimensional non-linear interface, which provides linear elastic behaviour in 

compression, with no crushing, and a finite tensile strength paired with exponential softening law. The 

unit-to-unit connection within the aggregate was modelled with an n-dimensional zero-length element 
and a material model that captures linear elastic behaviour in the axial direction (perpendicular to the 

interface between the units) and a finite tensile strength paired with exponential softening law. In the 

perpendicular plane, the cohesive-frictional behaviour is based on the axial load, a friction coefficient, 

and an exponential damage law of cohesion [5]. 

4. Prediction and postdiction 

After the test, the actual input acceleration, i.e., the recorded shake table acceleration was shared with 

all teams which participated in the blind prediction [4]. Now it was possible to rerun the analyses using 

the original prediction model, but with the effective seismic input, what we refer to as prediction in this 

paper. By doing so, it was possible to remove the ambiguity stemming from different input and obtain 
more meaningful comparison of results. The comparison of flexural drifts after the strongest 

longitudinal run (y-direction) [3] shown in Fig. 3 showed a satisfying match with the experimental crack 

maps, indicating that the model correctly captured the soft storey mechanism in the upper storey of 

Unit 2. 

 

Figure 3 Comparison of the observed and predicted damage using the prediction model with 1% initial stiffness 

and mass proportional damping 
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At the same time, the comparison of recorded and predicted displacements using the prediction model 
with actual seismic input showed that the numerical model was too stiff and considerably 

underestimated the displacements. For example, Fig. 4 shows the comparison of the displacement at the 

corner of the upper storey of Unit 2 and opening of the interface in both directions. 

 

 

Figure 4 Comparing the response of the prediction model with 1% initial stiffness and mass proportional 

damping. 

Initially the material parameters were taken from vertical compression and diagonal compression tests, 
but led to overestimating the stiffness [5]. Therefore, in the first phase of the postdiction, material 

parameters were recalibrated by fitting them against shear-compression tests on the masonry of the 

same typology, obtaining the values shown in Table 1. Normal and lognormal distributions were 

assigned to material parameters to account for uncertainties. Result were improved compared to the 

prediction, but the predicted response was still too stiff, as shown in Fig. 5. 

Table 1 Recalibration of material parameters for postdiction [5] 
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Figure 5  Comparing the stochastic response of postdiction models updated with material parameters calibrated 

according to shear-compression tests and 1% initial stiffness and mass proportional damping. 

The prediction model and initial postdiction model were run with initial stiffness and mass proportional 

damping with 5% critical damping ratio. To further improve the postdiction, the damping model was 

updated to secant stiffness proportional damping model with 5% critical damping ratio, leading to the 
postdiction results shown in Fig. 6. The comparison with experimental results was better, especially 

considering the upper percentile, but still required further calibration presented in [5]. 

 

 

Figure 6 Comparing the stochastic response of postdiction models updated with material parameters calibrated 

according to shear-compression tests and 5% secant stiffness proportional damping. 
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5. Conclusions 

This paper briefly presented the prediction and postdiction analyses performed for the SERA 

AIMS blind prediction competition. The equivalent frame model using newly developed 

macroelement captured the formation of the principal damage mechanisms. However, 

quantitative comparison with experimental data, even when including the actual seismic input 

in the analysis showed a too stiff response. First, the material parameters were updated by re-

calibrating them against shear-compression tests instead of vertical and diagonal compression 

tests. This improved the prediction, but again resulted in a too stiff response. Therefore, 

damping model was updated from initial-stiffness and mass proportional damping to secant-

stiffness proportional damping. This further improved the postdiction results. The first two 

lessons learned were the following: 

• Calibration of material parameters based on shear-compression tests leads to a better 

prediction of building seismic behaviour than based on vertical compression and 

diagonal compression tests 

• Simulating the building that develops out-of-plane mechanisms by nonlinear dynamic 

analyses in equivalent frame approach is more accurate using the secant stiffness 

proportional damping model that avoids overdamping the out-of-plane behaviour. 

The future work relates to identifying other parameters and modelling decisions to reach even 

more accurate prediction of the aggregate seismic behaviour. 
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Abstract 

The impact of present building code requirements for seismic design of new buildings can readily be 

acknowledged, however applying regulation to existing buildings is an area less well defined. Presently, there is 

a diverse list of existing code references which could be interpreted to require seismic upgrades of existing 

structures. Unfortunately, these references do not provide a clear path toward addressing the hazards, evaluation 

and retrofitting of existing buildings. And when it comes to existing old buildings and monuments, constructed 

with low or no seismic consideration, the topic becomes much more complex and challenging. The problem of 

earthquake protection of historic buildings and monuments is radically different from that of other existing 

structures, due to the priority given to preservation of aesthetic, architectonic and historic values instead of keeping 
the structure operational. In providing the protection of these structures in a manner that requires the least 

intervention and the greatest care to preserve authenticity, the experts are permanently challenged by the fast 

development and the improved performance of new materials and techniques. This paper presents the integrated 

multidisciplinary approach to seismic protection of important structures that has been developed by the Institute 

of Earthquake Engineering and Engineering Seismology, IZIIS, Skopje, and implemented in the process of 

seismic upgrading or reconstruction of historic buildings and monuments in the country and beyond. 

Keywords: seismic retrofitting, historic buildings, monuments, multidisciplinary approach, analytical and 

experimental investigation 

1. Introduction 

Seismic retrofitting of historic structures is radically different from that of other structures, due to the 

priority given to preservation of aesthetic, architectonic and historic values instead of keeping the 
structure operational. The specific character of seismic protection of historical buildings and 

monuments resulting from the variety of structural systems, built-in materials, periods and techniques 

of construction, stability criteria and contemporary requirements incorporated in the modern principles 
of conservation and protection needs systematic and scientific approach to achieving a successful 

solution. Although there is a similarity between historical buildings and historical monuments, there 

also exist differences, for which each of these groups should be considered separately:  
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• A monument is a structure having an important "cultural value" so high that it is necessary to 

guarantee its preservation, generally with its architectural, typological and material characters;  

• A historical building is a building of an urban area, which has a "cultural value" as a whole 
(historical urban area), while a single building is not a monument. This means that preservation 

concerns the general character of the construction techniques typical in the whole area.  

Historic buildings usually present shear wall masonry structures that are basically non-ductile 
and insufficiently resistant to seismic effects. The problem of interaction between the "old" and the 

"new" materials and/or elements that arises in their strengthening requires experimental verification of 

all techniques that have so far been developed, (injection, grouting, jacketing, confining, base isolation). 

Since monuments are also masonry structures, same basic principles and requirements hold for them 
also, but are specific. The characteristic structural entity, the variability of the built-in materials, the 

complex history of successful modifications done in the past, as well as the degree of deterioration, 

makes each historic monument a case for itself. Therefore, the basic principle of minimum intervention 

– maximum protection and/or preservation of the monument's identity should be adopted. 

Retrofitting of masonry structures as are the structures of historic buildings and monuments is an 

exceptionally large field of work elaborated in numerous books, publications, and individual reports. 

However, from the aspect of conservation and restoration of monuments, historic buildings, and sites - 
1964 ICCOMOS’ Venice Charter could be considered a basic document and a beginning of a systematic 

approach to general protection of these structures. The seismic protection of monuments, historic 

buildings and sites with all their structural and specific characteristics has intensively been developed 
throughout the last several decades within the frameworks of the scientific discipline of earthquake 

engineering - typically multi-disciplinary, including other related scientific spheres.  

Materials for Retrofitting: The key for selecting materials and techniques is classification of 
retrofitting techniques into two main categories: reversible and irreversible. In selecting materials to be 

used in reversible interventions, there are usually only a few limitations. However, the materials used 

in irreversible interventions as are for example the unavoidable injection of cracks, do impose two 

additional limitations: compatibility of new with old materials and their durability. The best way of 
assuring compatibility and durability is usage of traditional materials, (stone, bricks, lime mortar and 

cement), which on the other hand, is not always possible. In selecting injection mixtures, advice should 

be asked from experts as to preventing separation of the old and new parts. Modern cement mixtures 
should carefully be applied particularly in the process of jacketing because of the irreversible 

modification of the surface of existing masonry. Steel, (as externally applied ties or as reinforcement 

incorporated into the existing masonry) is a very frequently applied material in the strengthening 

processes of both historic buildings and monuments. 

Retrofitting Methods: The main problem imposed in masonry structures is to provide structural 

integrity at story level to avoid individual vibration of the elements after the occurrence of the first 

cracks. The most used procedure to achieve structural integrity is to incorporate horizontal steel ties 
into the existing masonry (at the top of the existing walls in order to be made invisible - churches and 

mosques), incorporate reinforced concrete belt courses or reinforced concrete slabs into structures 

where possible - structures in old towns. To improve the bearing characteristics of the walls and the 
columns as structural elements sustaining horizontal seismic forces, several techniques are used: 

injection of masonry, injection with jacketing, incorporation of vertical reinforced concrete columns, or 

even incorporation of new reinforced concrete walls (in the structures of the old towns). The injection 

technique, the material to be used, i.e., the pressure under which the prepared mixture will be injected 
are selected depending on the size, position and shape of the cracks. To increase the bearing and 

deformability capacity of the walls, jacketing of the walls with concrete on both their surfaces, i.e., 

incorporation of reinforced concrete belt courses is anticipated. Vertical reinforced concrete belt courses 
are used to increase the ductility of the considered element. The techniques of strengthening of the 

foundation structure mainly consist of extending the proportions of the foundation and their connection 

to the vertical elements, modifying the foundation structure and consolidating and improving of the 

characteristics of soil conditions. 
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2. Integrated Approach for Seismic Retrofitting of Historic Buildings and 

Monuments Developed by IZIIS 

In providing the protection of these structures in a manner that requires the least intervention and the 

greatest care to preserve authenticity, the experts are permanently challenged by the fast development 

and the improved performance of new materials and techniques. However, the implementation of 
particular retrofitting methodology depends on the extent it has been investigated. The delicate problem 

of proving the effectiveness of the selected consolidation system can be successfully overcome by using 

the methodology of “design assisted by testing”.  

Within the frames of the research activities of the Institute of Earthquake Engineering and 

Engineering Seismology, IZIIS, in addition to seismic design of modern structures, particularly 

noteworthy is also the experience gathered in the field of protection of structures pertaining to the 

cultural historic heritage. During a period of more than forty years of activities in this field, the Institute 
has realized important scientific research projects involving analytical research, unique experimental 

shaking table test and field surveys of historic structures. These resulted in an integrated approach to 

seismic protection of extraordinarily important cultural historic structures that has been adopted by 
IZIIS and used in the process of reconstruction or seismic upgrading of important monuments. This 

approach should encompass the following: 

• Definition of seismic potential of the site through detailed geophysical surveys for definition of 

geotechnical and geodynamic models of the site to consider the expected earthquake effect 
through a probabilistic approach, including also the local soil effects through nonlinear dynamic 

analysis of a representative geotechnical model; 

• Determination of structural characteristics and bearing and deformation capacity of existing 

structure including investigation of the built-in materials, definition of structural dynamic 

characteristic through ambient vibration method, developing the corresponding mathematical 
model and determination of dynamic response for defined seismic parameters; 

• Definition of criteria and selection of concept for seismic retrofitting respecting the country 

regulative as well as guidelines in the ICCOMOS and ISHARCH documents; 

• Definition of structural methods, techniques, materials in accordance with defined criteria and 

positive national and international construction and conservation practice; 

• Analysis of dynamic response of retrofitted structure and verification of their seismic stability; 

• Definition and documentation of field works, and their execution by constant supervision by 

professionals from different fields.  

The particularly important part of the IZIIS’ experience in the field of earthquake protection of 

cultural heritage are the numerous shaking table testing of models for investigation of structural 
behaviour of historic building and monuments and methodologies for their repair and seismic 

strengthening, that have been carried out in the IZIIS' Dynamic Testing Laboratory, [1]. The most 

important seismic shaking table investigations of models of historical buildings and monuments are 

presented further, followed by their implementation in real structures, [2]. The considered structures 
have relatively low levels of axial stresses at the base which justifies the adoption of a model with 

neglected gravity forces, i.e. "gravity forces neglected" modelling principle, using the same materials 

as in the prototype structures.  

3. Shaking Table Testing of Models of Historic Buildings and Monuments  

3.1. Historic Buildings  

Old towns along Mediterranean coast: The old towns of Budva, Kotor, Dubrovnik, etc. were severely 

damaged due to the April 1979 Montenegro earthquake. Considering the cultural value of most of the 

buildings in the old towns, extensive investigations for the purpose of searching for the optimum 

conditions and methods for reconstruction, repair and strengthening of structures were performed, 
thoroughly applying the methodology presented in chapter 2. Firstly, the buildings were classified into 
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structural units and then the methodology for structural retrofitting was determined based on detailed 
studies of structural characteristics, the damage level, the built-in materials, the foundation conditions 

as well as local seismicity. Since the injection was the most frequently applied method, for its testing 

and verification a 1:2 scaled model of a typical single-story building was constructed of the same 
original stones and mortar and tested on the IZIIS’ seismic shaking table applying the 1979 Petrovac 

earthquake. After testing and occurring of diagonal cracks, the model was repaired by injection and 

tested again, in which case the model suffered less damage, (Fig. 1). Using the acquired knowledge on 

the technique application, the consumption of material and the effect of applied injection, more than 
three hundred buildings within the old towns along Mediterranean coast have been repaired at the same 

time, including structural repair, repair of facade walls and the interior of each individual building, [3]. 

 

Figure 1. Original and repaired model of a typical masonry building in Budva 

Adobe Structures in California: Since 1990, the Getty Conservation Institute (GCI) carried out a multi-

year, multi-disciplinary project, the Getty Seismic Adobe Project, (GSAP), including a survey of 

existing historic adobe buildings in California, dynamic testing of small-scale model buildings (scale 

1:10) at the Stanford University, and the preparation of an Engineering Guide for designing seismic 
retrofit measures. As an extension of GSAP, tests were conducted on two large-scale models (scale 1:2) 

on the seismic shaking table in IZIIS, [4]. 

The first model was a control model while second was retrofitted with a combination of 
horizontal and vertical straps, center cores, and partial plywood diaphragms. The applied retrofitting 

proved very effective in improving stability and preventing collapse, (Fig. 2). Based on all the results 

and the GCI’ Engineering Guidelines a number of historic adobes structures in south California were 

seismically upgraded applying this experimentally verified methodology, [5]. 

      

Unretrofitted Adobe Model -UAB    Retrofitted Adobe Model – RAB  

Figure 2. The gable end wall after testing of the UAB and RAB model 
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3.2. Monuments 

Byzantine Churches in Macedonia: Within the long-term research project entitled "Study for Seismic 

Strengthening, Conservation and Restoration of Churches Dating from the Byzantine period (9th-14th 

century) in the Republic Macedonia” realized jointly by IZIIS, Skopje, National Conservation Center 
of R.N.  Macedonia and GCI, Los Angeles, [6, 7], ample experimental and analytical investigations 

were performed to verify an original methodology that was developed for the repair and seismic 

retrofitting of Byzantine churches. For the first time in the world provided was shaking table testing of 

a model of St. Nikita to a scale of 1 : 2.75, simulating the existing and the strengthened state, (Fig. 3) 
to investigate its behavior in elastic, nonlinear and heavily damaged state (close to failure). The applied 

methodology for repair and retrofitting, consisting of incorporation of horizontal and vertical belt 

courses, significantly increases the bearing capacity and deformability of the structure. The tests 
approved that applied methodology increases the bearing capacity and deformability of the structure up 

to the level of the designed protection. 

         

Figure 3. The 1:2.75 scaled church model (left) and the applied strengthening method (right) 

Mustafa Pasha mosque in Skopje: Within the frames of FP6 PROHITECH project “Earthquake 

Protection of Historical Buildings by Reversible Mixed Technologies”, experimental shaking table tests 

on the models of three important historical monuments, mosque, cathedral and church, were carried out 
in IZIIS. Mustafa Pasha's Mosque, one of the biggest and the best-preserved monuments of the Ottoman 

sacral architecture in Skopje and the Balkan, was selected as representative mosque for shaking table 

testing, (Fig. 4). 

   

Figure 4. Mustafa Pasha Mosque: prototype (left), 1:6 scaled model (middle), phase 3 – damages (right) 
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Experimental investigation was performed in three main phases: (1) testing of the original model 
under low intensity level, with the aim of provoking damage to the minaret only; (2) testing of the model 

with strengthened minaret, with the aim of provoking its collapse and damage to the mosque, and (3) 

testing of the strengthened mosque model until reaching heavy damage. The applied strengthening 
solution, consisting of formation of a horizontal belt course around the bearing walls by CFRP rods as 

well as around the tambour and at the base of the dome by CFRP wrap, has significantly improved the 

seismic resistance of the monument, [8]. 

4. Implementation of the Developed Retrofitting Methodologies in North Macedonia 

After the realization of these projects and gained unique and incomparable knowledge, IZIIS became a 

partner of the Republic Institute for Protection of Cultural Historic Monuments of R.N. Macedonia, 
which enabled direct application of the gained knowledge in actual conditions and for specific historic 

monuments. Presented further are the most characteristic examples of application of the developed 

methodologies for seismic upgrading of monuments and historic building. 

4.1. Reconstruction of St. Pantelymon Church in Plaoshnik, Ohrid 

In the process of conservation and rebuilding of the St. Panteleymon Church in Ohrid, having in mind 

the importance and specific nature of the structure representing a historic monument classified in the 

first category, it was necessary to design a building structure that will satisfy the stability conditions in 
the process of application of the conservation principles regarding shape, system, and materials, [9]. 

The principal structural system of the church consists of massive stone and brick masonry in lime 

mortar. Seismic strengthening was provided in accordance with the previously developed and verified 
methodology for Byzantine churches, (chapter 3.2). i.e. the horizontal and vertical steel ties were 

proportioned and a solution for consolidation of the foundation was given. The church was 

reconstructed in the course of 2001, (Fig. 5).  

  

 

 

Figure 5. St. Panteleymon church: during reconstruction, (left, middle), rebuilt church (right) 

4.2. Reconstruction of St. Athanasius Church in Leshok 

On August 21, 2001, during the armed conflict in R. Macedonia, the monastic church of St. Athanasius 
in Leshok experienced strong detonation, which resulted in its almost complete demolition, (Fig.6). 

Based on previous knowledge, there have been two approaches taken in the reconstruction of the 

church: (i) repair and strengthening of the existing damaged part and (ii) complete reconstruction of 

ruined part with strengthening elements, [10]. 

The solution for repair and structural strengthening of damaged existing part of the structure 

anticipates injection of all the cracks and incorporation of horizontal and vertical RC strengthening 
elements on certain levels. For the demolished part of the structure, a concept of complete reconstruction 

by maximum possible use of selected material has been adopted, whereat elements for structural 

strengthening for providing the designed level of seismic safety have also been anticipated: (i) RC belt 

course below the floor level, in the existing foundation walls, for anchoring the vertical strengthening 
elements, (ii) vertical strengthening steel elements at the ends of the massive walls and around openings, 

(iii) vertical strengthening steel elements into the tambour columns, (iv) horizontal steel elements along 
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the walls, in the base of the tambour and the dome. Due to the different treatment of the structural units 

constituting the integral structure, an expansion joint between them is anticipated to be constructed.  

      

Figure 6. St. Athanasius church: after detonation, (left) during reconstruction, (middle), rebuilt church (right) 

The church was reconstructed according to the designed methodology during 2005-2007. The 

results from the analysis show that both structural units constituting the integral structure possess a 

sufficient bearing and deformability capacity up to the designed level of seismic protection. 

4.3 Repair and Seismic Retrofitting of Mustafa Pasha Mosque in Skopje 

Respecting the modern requirements in the field of protection of historical monuments, as is the 

application of new technologies and materials, reversibility and invisibility of the applied technique, 
concept of repair and strengthening involving the use of composite materials was used for seismic 

upgrading of Mustafa Pasha Mosque in Skopje, [11]. It has been selected based on investigations of 

the: characteristics of the built-in materials, main dynamic characteristics, shaking table testing of the 
mosque model, (chapter 3.2); investigations of the soil conditions as well as detailed geophysical 

surveys for definition of geotechnical and geodynamic models of the site. 

The accepted solution of structural strengthening, (Fig. 7), consists of incorporation of CFRP 
wrap in a layer of epoxy glue along the perimeter of the dome base, placement of CFRP bars in an 

epoxy mortar layer in horizontal joints of bearing walls, and construction of RC wall along the perimeter 

of the foundation walls, below the terrain level. Strengthening of the mosque structure in accordance 

with the designed system started in the fall of 2008. 

    

Figure 7. Mustafa Pasha Mosque: proposed retrofitting, (left), CFRP bars in the walls, (middle), CFRP wrap 

around the dome (right) 

Following the successful seismic upgrading of Mustafa Pasha Mosque, the same or slightly 

modified retrofitting methodology by using CFRP has been so far implemented in several other 
mosques on the territory of North Macedonia and Kosovo, all of them from the Ottoman period: Isaki 

and Gazi Hajdar Kadi Mosques in Bitola, Ali Pasha Mosque in Ohrid, Yashar Pasha and Fatih Mosques 

in Pristina, as well Sinan Pasha Mosque in Prizren, while for Orta Mosque in Strumica the process of 

construction is currently under way.  
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4.4. The Parliament building in Skopje  

The Parliament Building of the Republic of North Macedonia was more than 70 years old, (Fig.8). As 

a historic building, it is protected by the Law on Protection of Cultural Heritage. Throughout its 

existence, a lot of changes, enlargements, adaptations, damaging during 1963 Skopje earthquake as well 
as post-earthquake repair and strengthening of this building have been done. Within the project on 

Enlargement, Building of Another Storey and Adaptation of the Building, the necessity for increasing 

the seismic safety of main structural system has been defined, [12].  

    

Figure 8. Parliament of Republic of North Macedonia (north facade – left, aerial view – right) 

Starting with the essential difference between “plain” and “confined” masonry, the most 
important phase was in-situ technical investigations performed to identify the principal structural 

system of the pentagonal outline, evaluated as the oldest and most critical part for the planned building 

of another storey. The analysis of the bearing and deformation capacity of the structure shows that the 

shear base coefficient for the seven structural units is in the range of 6-18%, much smaller than that 
required one by the regulations for plain masonry, (30%), while the relative storey displacements do 

not satisfy the requirements for earthquakes that may occur in this area. Thus, the need for strengthening 

of the structure becomes even more topical and economically justified. 

 

Figure 9. Strengthening of representative unit – L7 

Based on the required strength and deformation characteristics of the elements and the system as 
a whole on one hand, and the possibilities for adding new elements in the structure, on the other hand, 

the most appropriate (from the aspect of stability and economy) technical solution for strengthening has 

been selected. During the selection, particular attention has been paid to the possibility of achieving 

optimal strength, stiffness and deformability by minimal interventions. It has also been endeavoured to 

 

L1 

L2 
L3 

L4 

L5 

L6 

L7 
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avoid structural intervention in the functionally necessary premises and premises with interior of 
particular value and importance. With the solution of strengthening of the principal structural system, 

classical methods and strengthening elements have been anticipated for the purpose of use of materials 

with characteristics like the existing ones. Fig. 9 shows the strengthening solution for the representative 
unit, L7. Generally, by selected strengthening the existing structural system was converted form plain 

to confined masonry. 

Subsequent final analysis of strength and deformability of the elements and the system as a whole 

has been made up to ultimate states of strength and deformability for each unit taken separately. 
Comparative force-displacement storey relationships for the three analysed conditions (existing, 

existing with additional storey, and strengthened structure) for selected unit gives a very clear insight 

into the effect of the selected strengthening solution, (Fig. 10), pointing to a considerable increase of 

both the bearing and deformation capacity of the system. 

 
--- existing state,   with additional storey,  strengthened structure 

Figure 10. Comparative Q-d diagrams for characteristic units  

     

Figure 11. Strengthening of a characteristic column with a plastic hinge, unit L3 

 

Figure 12. The Parliament building after seismic retrofitting, adaptation and building of another storey 

The process of strengthening while continuously functioning of the Parliament, was carried out 

quite successfully despite number of limitations in the period 2010-2014, (Fig. 11, 12). 
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5. Conclusion 

The paper presents successful implementation of previously developed and experimentally verified 

retrofitting methodologies in seismic upgrading or reconstruction of important buildings in the country 
and beyond, which followed the modern principles for seismic protection of historical buildings and 

monuments. The delicate problem of proving the effectiveness of the selected retrofitting has been 

successfully overcome by using the “design assisted by testing” methodology. This methodology, which 
has been recently codified in all Eurocodes, represents a very powerful tool especially in the case of a 

complex structures, which are difficult, and therefore unsafe, to analyse using traditional methods. The 

knowledge gained through shaking table testing is unique and incomparable and hence necessary for 

design of seismic strengthening of individual important cultural-historic structures where it is important 

to have an insight into the effect of the interventions upon the authenticity of the monument. 
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Abstract 

Reversible retrofitting techniques for protecting architectural heritage against seismic events have found 

increasing application in existing or historical buildings. In this framework, the use of wood-based strengthening 

solutions for both timber and masonry structures has shown promising results, as proved by several recent research 

studies. Starting from these outcomes, the present work aims at highlighting the potential of such timber-based 

retrofitting methods from both the academic and the professional perspective, considering two case-study 

buildings: a stone-masonry church from 18th century with a timber roof, and a Venetian sawmill composed of 

masonry and timber structural portions. In the first case-study building, the church of St. Andrew in Ceto (province 

of Brescia, Italy), the lack of joints among the roof timber members and the masonry walls, as well as the in-plane 

flexibility of the roof structure itself, made the church vulnerable to seismic actions and prone to local out-of-

plane masonry collapses. The second case-study building, the sawmill of Vallaro (province of Brescia, Italy), was 
composed of two building units, one featuring mainly timber structural elements, the other consisting of masonry 

walls and a wooden roof. This second intervention was very complex, because of the different materials involved, 

their conservation state, and the need to transform part of the building in a museum, with increased design static 

and seismic loads. For both case studies, timber-based seismic retrofitting interventions were applied, consisting 

of the addition of new wooden members, and the use of plywood panels and cross-laminated timber elements. 

This work presents and discusses the adopted design and modelling strategies, as well as the practical benefits of 

the applied solutions. The present study can thus contribute to the promotion of timber-based techniques in the 

combined structural, seismic, and conservation upgrading of existing buildings belonging to the architectural 

heritage of seismic-prone countries. 

Keywords: seismic retrofitting, timber, masonry, architectural conservation, wood-based strengthening. 

1. Introduction 

Existing or historical buildings that are part of the architectural heritage of several countries, often 
feature masonry walls as vertical loadbearing structural components, and timber floors or roofs as 

horizontal elements. With reference to the Italian context, these building typologies are very frequent, 

and have highlighted significant vulnerabilities from the seismic point of view, as proved by several 
local or global collapses observed after recent earthquakes [1–3]. The poor characteristics of masonry 

walls, the lack of adequate connections among vertical and horizontal structural components, as well as 

the flexibility and insufficient capability of timber floors to transfer and redistribute seismic loads, can 

be identified as the main causes of such collapses. Hence, the improvement of these characteristics is 
essential for preserving monumental constructions and the architectural heritage in general, by limiting 

as much as possible the structural damage induced by earthquakes. 

However, when designing seismic retrofitting methods for such buildings, their historical value has to 
be taken into account as well. The selected interventions have thus to be reversible, not invasive, and 

enable the architectural conservation of these structures. In this context, timber-based techniques 
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constitute a promising, effective opportunity for reversible seismic strengthening and restoration of 
existing buildings [4–7]. With reference to the improvement of the response of timber floors to 

earthquakes, research studies on wood-based retrofitting techniques such as the overlay of cross-

laminated timber (CLT) [8], oriented strand board (OSB) [9], or plywood panels [10–14], demonstrated 
the excellent performance and high potential of these strengthening methods. In particular, an overlay 

of plywood panels fastened around their perimeter to the existing sheathing can greatly increase not 

only the in-plane strength and stiffness of a wooden floor, but also its energy dissipation, providing 

additional benefits for the whole masonry building [15–18]. 

In this work, the application of this strengthening technique to two existing masonry buildings is 

discussed, highlighting the advantages of a seismic wood-based retrofitting, also from the professional 

and practical point of view. The case-study buildings consist of the Church of St. Andrews in Ceto and 
the Venetian sawmill of Vallaro (both located in the mountain area of the Province of Brescia, Italy), 

and are shown in Fig. 1. After describing the buildings and their vulnerabilities in detail (Section 2), the 

applied reversible, wood-based retrofitting interventions are discussed (Section 3). The contribution of 

these strengthening solutions to the seismic improvement of the buildings are analysed, in agreement 
with the Italian Building Code [19], by means of numerical models, presented in Section 4, where also 

the specific modelling strategies are discussed. The results from the analyses are presented in Section 

5, followed by a detailed overview of the benefits of applying wood-based retrofitting techniques to the 

two case-study buildings (Section 6), and by the conclusions of this work. 

2. Analysed case-study buildings 

2.1 St. Andrew’s church 

The Church of Ceto (Fig. 2), built 1708–26, is a stone masonry building consisting of a single nave 

measuring 21×14 m, with an average height of 14.5 m, and covered with a barrel vault. The apse has 
dimensions of 8.2×8.2 m, with an average height of 13 m, and is covered with a cross vault. The building 

rests on sloping rocky ground and is located on top of a retaining wall. With regard to the main structural 

components of the church, all walls are composed of stone masonry, reaching an average thickness of 

about 220 cm in the location of the buttresses, which also feature existing metal ties at the vault height. 
Elsewhere, the thickness of the walls varies from 70 cm to 100 cm. The roof entirely consists of wooden 

structural elements (spruce and larch), shown in Figs. 2-3. 

Overall, the case-study church did not present issues from the static structural point of view. Several 
cracks and detachments of material could be observed from the first inspection, but these only involved 

the finishing layer, and had been caused by the chemical and thermo-hygrometric incompatibility 

between stone masonry and cement plaster, here improperly applied in past restoration works. The 
existing metal ties were in good state and well restrained to the walls, and the masonry structural 

elements appeared to be well dimensioned and constructed. 

 

Figure 1. Location and view of the two analysed case-study buildings in the Province of Brescia, Italy. 

Ceto
(a)

(b)

(c)

St. Andrew’s church

Ceto (Brescia, Italy)
Venetian sawmill of Vallaro

Vione (Brescia, Italy)

366

https://doi.org/10.5592/CO/2CroCEE.2023.112


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.112 

 

Figure 2. Plan and cross section of the case-study church; dimensions in m. 

The wooden roof structure was found in fair state of conservation, but was very difficult to inspect, as 
the attic of the nave and the apse is narrow and normally not accessible. Most of the roof joists were 

found in good conditions, only a small number (≈ 15%) were locally affected by biological degradation, 

mainly due to slight water infiltrations. However, the ridge beam (Fig. 3c) appeared to be very 
undersized, also considering the spans involved, up to 8 m: large deflections could be observed, which 

had been compensated over time by additional wooden blocks, to keep the support for the secondary 

beams as horizontal as possible. The main wooden struts and ties were in a good state, and had adequate 

dimensions for their structural purpose. Yet, the existing connections with metal pins (Fig. 3b) did not 
appear to be very effective, and the ties could not fully absorb the thrusts induced by the struts, which 

seemed thus to be partly taken by the buttresses. 

The latter mechanism could be particularly critical in the event of an earthquake, also considering the 
absence of effective joints among the structural elements of the roof. In other words, the roof would not 

be able to act as a diaphragm, absorbing the seismic actions and redistributing them to the masonry 

walls. Besides, effective connections between the timber roof structure and the walls or buttresses were 
also absent, thus the shear forces induced by an earthquake could not be transferred properly. In light 

of these findings from the performed inspections, reversible, timber-based seismic retrofitting 

interventions were designed and applied to the roof, as presented in section 3. 

 

Figure 3. (a) Existing wooden roof structure; (b) existing metal pin between timber struts and ties; (c) ridge 

beam undergoing excessive deflection. 
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2.2 Venetian sawmill of Vallaro 

The Venetian sawmill of Vallaro (Fig. 4), in the municipality of Vione, was built at the end of the 19th 

century, and has been selected for a full restoration plan in order to transform it in a museum. The 

building can be subdivided in three independent portions A, B, and C. 

• Portion A (280 m2, Fig. 5a-c) consists of a single-storey timber structure and a stone masonry 
basement, featuring 50-60 cm thick walls. The ground timber floor is composed of spruce joists 

and planks, but part of it was strengthened in the past with an incompatible 20-mm-thick 

concrete slab. The whole wooden roof structure is also made of spruce, and rests on timber 

columns. The timber members were found in a bad state of conservation. 

• Portion B (50 m2, Fig. 5d) is a two-story stone masonry structure (wall thickness 50-60 cm) 
with timber floors and roof. 

• Portion C (80 m2) consist of a prolongation of the roof structure of portion A, and was found in 

bad state of conservation as well. 

The existing structure is the result of a series of interventions carried out over time, causing overlapping 
between original members and elements added later, often incompatible or of low quality. This is the 

main reason for the poor conditions of the building from the point of view of conservation, with 

extended degradation phenomena caused by water infiltrations from the roof.  

 

Figure 4. Plan and side views of the case-study sawmill; dimensions in m. 

 

Figure 5. Front (a), side (b), and interior (c) views of portion A of the sawmill; view of portion B (d). 
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The main vulnerabilities that were found, were also related to the poor state of the building. Firstly, the 
whole portion A presented insufficient load-carrying capacity of the wooden columns, with the existing 

structure able to sustain static actions only because of provisional strengthening members. All wooden 

floors and roofs were not in good state, and also very undersized for the future increased design loads 
(snow, wind and crowd). Furthermore, local cracks were detected in the masonry walls of building 

portions A and B. Finally, all horizontal structural elements were not able to create an effective 

diaphragmatic and dissipative action against seismic loads, and joints between floors and walls were 

absent. Therefore, similarly to the church of Ceto, wood-based retrofitting systems were applied for this 

building as well. 

3. Applied timber-based techniques 

3.1 General 

The retrofitting interventions on the two buildings were subjected to several strict requirements imposed 

by the Italian Superintendence for Architectural Heritage, especially in terms of reversibility and 
compatibility with the existing structures. Thus, the use of mostly wood-based solutions was found to 

be appropriate and effective to strengthen both case-study buildings from the static and seismic point 

of view. 

More specifically, besides the necessary improvement of the static behaviour of the roof in the church 
of Ceto and of all floors in the sawmill of Vallaro, the applied retrofitting methods were designed in the 

framework of the seismic upgrading interventions, pursuant to § 8.4.2 of the Italian Building Code [19]. 

According to the standard, a quantity ζE is defined, representing the ratio between the seismic action 
that can be withstood by the existing structure, and the seismic action that would be considered in the 

design of a new building in the same site. In terms of peak ground acceleration (PGA), this quantity can 

be defined as PGAcapacity/PGAdemand. After having evaluated ζE,1 for the as-built state and ζE,2 for the 
building after retrofitting, the requirement of seismic improvement is met when the designed 

strengthening solutions ensure that ζE,2 – ζE,1 ≥ 0.1 [19]. 

3.2 St. Andrew’s church 

In the church of Ceto, adequate connections between timber roof and masonry walls were absent, 
therefore the construction would very likely develop local overturning mechanisms in the event of an 

earthquake, and without retrieving its global resistance. Hence, the main retrofitting intervention 

consisted of transforming the existing roof in a diaphragm. To this end, an overlay of 30-mm-thick 
plywood panels fastened to the existing sheathing with 4×60 mm Anker nails at 80 mm spacing, was 

realized (Fig. 6). This solution enables the adequate transfer of seismic forces and the development of 

the box behaviour of the construction, but without significantly changing the stiffness of the entire 
building [7]. Besides, this type of diaphragm can also potentially act as dissipative element, absorbing 

part of the energy imparted by the earthquake by means of the yielding of the fasteners connecting 

planks and plywood panels [7]. The retrofitted roof could provide a strength of 275 kN per pitch, 

reached at a maximum deflection of 35 mm, and an initial stiffness of 44 kN/mm, following the design 
procedures reported in [7, 18]. As an extra safety measure, in addition to the plywood panels overlay, a 

light bracing system consisting of 5×80 mm S275 steel plates was designed to promptly prevent local 

overturning mechanisms of the gable, by directly transferring the pertaining shear forces to the 
buttresses (Fig. 6). On the perimeter of the walls, the steel plates were adequately connected to the 

existing masonry through M20 anchor bars, enabling the transfer of shear and tensile stresses. 

Some of the members of the existing roof structure were also subjected to local wood-based 

interventions. The few joists and planks damaged by water infiltrations were integrated with newly 
supplied joists, laid alongside the existing ones, and featuring their same geometry and wood species. 

For the undersized existing main beams, flexural reinforcements were created, by placing additional 

wooden beams clamped to the main ones by means of steel plates and screws. These newly supplied 

beams had again the same geometrical characteristics and wood species as the existing ones.  
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Figure 6. Main strengthening solutions applied to the church of Ceto. 

Additionally, screwed joints were created between all secondary joists and the main loadbearing beams, 
to avoid the possible loss of support due to the vertical seismic component. Likewise, connections 

between main beams and wooden struts, as well as between the struts themselves and the timber ties, 

were realized. In this way, besides improving the structural in- and out-of-plane response of the whole 
roof, it was possible to create an adequate contrast to the aforementioned thrusts induced by the struts, 

thus beneficially removing this out-of-plane action on the masonry walls. 

3.3 Venetian sawmill of Vallaro 

The sawmill of Vallaro required several strengthening interventions, not only because of the overall 
poor conditions of the building, but also in light of the future increased design loads (crowd, snow and 

wind). Thus, besides the target seismic upgrading, also measures to radically improve the static 

behaviour of the sawmill were designed. An overview of these interventions is shown in Fig. 7, for all 

building portions. 

For portion A (Fig. 7a), given the low residual load-carrying capacity of the decayed timber columns, 

newly integrated slender steel elements were designed, along with a new steel frame connected to the 
strengthened foundations. This allows not only to improve the structural response under vertical loads, 

but also provides sufficient strength to horizontal actions. In this specific case, in consultation with the 

local Superintendence, a wood-based solution was not adopted, because it would have required very 

massive structural elements, which could partly hide the original appearance of the existing building. 
A timber-based strengthening was, on the contrary, designed to preserve the wooden roof and enhance 

its structural response. Thus, 12-cm-thick C24 cross laminated timber (CLT) plates, along with 

additional steel strands were used to improve the static behaviour of the roof, and enable its 
diaphragmatic action, while contemporarily preserving the existing wooden trusses. Besides, also the 

ground timber floor was strengthened with 30-mm-thick plywood panels and additional wooden 

elements. For all realized diaphragms, effective joints with the masonry walls were realized, mostly 

through S275 or S355 steel angles and M14 or M20 threaded bars. All incompatible past interventions 

(concrete slabs and elements) were demolished and integrated with new wooden or steel members. 
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Figure 7. Main strengthening solutions applied to the sawmill of Vallaro: portion A (a) and portions B-C (b). 

For portion B (Fig. 7b), flexural strengthening of the timber floors and roofs was necessary. This was 
realized by means of new wooden beams and a 20-mm-thick plywood panels overlay fastened on them 

with 6×120 mm screws at 300 mm spacing. Besides, effective connections between horizontal and 

vertical structural elements were designed, including also new steel ties for an improved confinement 

of the stone masonry. In portion C (Fig. 7b), these measures were integrated with the realization of an 
entirely new prefabricated CLT structure, able to support the existing wooden elements, which showed 

severe decay and excessive lack of load-carrying capacity. These solutions allowed to preserve as much 

as possible the original appearance and features of the sawmill, despite its bad conditions. 

4. Numerical models of the case-study buildings 

4.1 St. Andrew’s church 

For the church of Ceto, a first numerical model was created in the commercial finite element software 

Aedes.PCM (Fig. 8a). For all walls, the properties for stone masonry suggested by the Italian Building 

Code [19] were adopted, thus a Young modulus of 870 MPa, a shear modulus of 290 MPa, a 

compressive strength of 1 MPa, and a tensile/shear strength of 0.018 MPa. Given the overall good state 
of timber structural members, a C24 strength class was assumed for them. The seismic action for the 

location of Ceto was prescribed, corresponding to a peak ground acceleration (PGA) of 0.08g. 

 

Figure 8. Models of the church in Aedes.PCM (a) and DIANA FEA (b), including cyclic response of roof (c). 
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After having specified these properties, the as-built configuration of the church was firstly analysed, 
evaluating its vulnerability in terms of local collapse mechanisms, as prescribed by the Italian guidelines 

for seismic assessment of churches [20]. From these investigations, the aforementioned ratio ζE,1 was 

determined. 

For the retrofitted configuration, with a roof well connected to the walls and able to act as a stiff 

diaphragm, local mechanisms can be prevented, also given the compactness of the church. Thus, after 

a modal analysis, a series of 16 pushover analyses were conducted on the whole building in both plan 

directions, and from the governing curve, the aforementioned ratio ζE,2 was derived. For these pushover 
analyses, the control node was taken as the centre of mass of the building, on top of the vault, and the 

masonry was simulated with an equivalent frame modelling strategy. In order to conservatively not 

overestimate the displacement capacity of the building, each analysis was stopped as soon as the first 

pier experienced a drop in in-plane capacity larger than 20% of its strength. 

Besides, to validate the use of equivalent frame modelling adopted by Aedes.PCM, a more advanced 

model was also constructed in DIANA FEA, considering a configuration where the roof was modelled 

as rigid, similarly to Aedes.PCM (Fig. 8b), and one that also simulated, through a macro-element 
modelling strategy [7, 17, 18], the full nonlinear, cyclic, dissipative response of the retrofitted roof (Fig. 

8c). For all walls, eight-node shell elements featuring the Engineering Masonry Model of DIANA FEA 

were adopted [21], with the same properties used in Aedes.PCM. Nonlinear incremental dynamic 
analyses were performed, adopting accelerograms compatible with the design response spectrum for 

the location of Ceto. 

4.2 Venetian sawmill of Vallaro 

Two numerical models were realized for the case-study sawmill: portion A was simulated in PRO_SAP 

software (Fig. 9a), while portion B was once more modelled in Aedes.PCM (Fig. 9b). The first model 

could be considered as a simulation of an almost entirely new construction, since an adequate response 

to static and dynamic loads is only provided by newly installed structural elements (CLT and plywood 
panels, steel members), given the bad conditions of the existing ones. For this case, a modal analysis 

with response spectrum was performed, considering a behaviour factor of 1.5. 

In the second model, instead, an approach similar to St. Andrew’s church was adopted, firstly assessing 
the seismic response of the as-built state through local collapse mechanisms, and then evaluating the 

improvement in performance after retrofitting, by means of pushover analyses. The modelling 

assumptions and the properties of masonry and timber were identical to those reported for the church 
of Ceto. In both cases, the reference PGA for the site was 0.09g, and the floors were assumed as rigid. 

Portion C was not modelled, because it was a prefabricated structure, directly designed by the supplier. 

5. Results 

5.1 St. Andrew’s church 

From the kinematic analysis of the as-built configuration (Fig. 10a), the front façade showed a strong 

vulnerability, leading to ζE,1 = 0.23 only (PGA at collapse of ≈ 0.02g). It should be noticed that this 
value can be considered as very conservative, since from the conducted inspections the façade appeared 

to be well connected to the rest of the structure. Yet, without a roof acting as diaphragm and proper 

joints, able to redistribute seismic actions among other structural components, similar failure 

mechanisms could still take place in the event of an earthquake. 

With regard to the retrofitted configuration, the modal analyses highlighted a regular dynamic response 

and close results among the different models: the first fundamental period of the church was 0.47 s in 

the Aedes.PCM model, 0.47 s and 0.50 s in the DIANA models featuring a rigid and a dissipative roof, 
respectively. This is coherent with the regularity and symmetry of the church, as well as the proper 

distribution and arrangement of all masonry piers and buttresses, allowing also the equivalent frame 

modelling strategy of Aedes.PCM to provide reliable results. 
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Figure 9. Models of portions A (a, PRO_SAP), and B (b, Aedes.PCM) of the Venetian sawmill of Vallaro. 

 

Figure 10. (a) Governing kinematic mechanism of as-built church; (b) governing pushover curve in PCM.Aedes 

model; (c) crack pattern and base shear-displacement graph from DIANA FEA model with rigid roof, including 

comparison with pushover curve; (d) crack pattern, base shear-displacement graph and dissipated energy from 

the model in DIANA FEA featuring the full simulation of the roof retrofitted with plywood panels. 
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From the conducted pushover analyses in Aedes.PCM, the governing curve is shown in Fig. 10b, and 
corresponded to a ratio ζE,2 = 0.61 (PGA at collapse of ≈ 0.05g). It should be noticed that this value 

represents a lower bound for the seismic performance of the church after retrofitting, because of the 

conservative assumptions behind the conducted analyses (see Section 4.1). Yet, the requirement of 
seismic upgrading according to [19] is already met, since ζE,2 – ζE,1 = 0.38 >> 0.1. Thus, the applied 

interventions allow to greatly improve the structural behaviour of the building, from both static and 

seismic perspective. 

Similar results (PGA at collapse ≈ 0.06g) were obtained from the time-history analyses in the DIANA 
model with rigid roof (Fig. 10c), confirming once more that for this case-study also the simplified 

approach of PCM.Aedes could be sufficient for a correct assessment of the influence of the retrofitting. 

However, both models cannot capture the beneficial energy dissipation provided by the plywood panels 
overlay, as highlighted by Fig. 10d, showing the DIANA model where the full cyclic response of the 

roof was included. When this is also taken into account, the church could potentially survive the on-site 

design earthquake, and the energy dissipated in the roof could be associated to an equivalent damping 

ratio of 0.12-0.13 for this case, beneficially reducing the actions that are transferred to masonry walls. 

5.2 Venetian sawmill of Vallaro 

The retrofitting solutions applied to portion A allowed the new structure to efficiently withstand the 

expected future design static and seismic loads, for both the additional steel elements and the existing 
and additional timber members, with unity checks up to 0.95 and a first fundamental period of 0.20 s. 

Thus, the choice of slender elements allowed portion A to perform as a fully new construction, while 

keeping as much as possible its original appearance. 

More interesting is the case of portion B (Fig. 11), which in the as-built state would be able to withstand 

less than half of the design PGA (ζE,1 = 0.45) due to out-of-plane walls overturning. After retrofitting, 

the building could fully withstand the future static actions, while providing an enhanced box behaviour 

(first fundamental period of 0.13 s). Yet, the retrofitted structure did not show significant ductility, 
because of the choice of terminating the analysis once in a single masonry elements the shear capacity 

decreased more than 20% of the peak strength. This allowed not to overestimate the displacement 

capacity, given the overall bad conservation state of the building. Nevertheless, the requirement of 
seismic upgrading according to [19] was still met, since ζE,2 – ζE,1 = 0.63 – 0.45 = 0.18 > 0.1. It should 

be noticed that, considering the conservative assumptions at the basis of the model, and the additional 

energy dissipation that is provided by the retrofitted timber diaphragms, the actual expected 
improvement could be much larger. Yet, given the initial poor conditions of the existing structure, the 

designed interventions could still lead to a safer, renovated environment for hosting a museum. 

6. Practical benefits of the applied wood-based seismic retrofitting techniques 

The timber-based retrofitting solutions applied to the case-study buildings are all reversible 

interventions, and compatible with the existing structural members, which could be effectively 

strengthened and protected: thus, the adopted retrofitting methods also enable the conservation of the 
two buildings. Besides, all floors and roofs can now act as diaphragms and prevent local (out-of-plane) 

collapses of masonry walls, allowing the buildings to develop a box behaviour against seismic actions. 

The additional plywood panels overlay fastened to the existing sheathings constitutes a reversible, not 
invasive intervention, which does not excessively increase mass and stiffness of the floors, and 

potentially enables additional ductility and energy dissipation, as proved in the conducted numerical 

analyses. 

The applied retrofitting methods are not only convenient in terms of seismic improvement, but also 
from a more practical point of view. The designed solutions were particularly appreciated by both the 

Curia of Brescia and the Superintendence for Architectural Heritage, as the historical and architectural 

value of the buildings was preserved. The reasonably low impact on the constructions, linked to a large 
improvement in their structural properties, is surely a first point of strength of the use of wood-based 

techniques in these case-study buildings.  
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Figure 11. Governing kinematic mechanism of as-built configuration of portion B (a); results from governing 

pushover analysis in terms of damage on piers and spandrels (b), and load-displacement curve (c). 

Besides, from the perspective of professional engineers, these interventions can be efficiently designed 

and are particularly affordable. The overlay of plywood panels is a very cost-effective measure, and 
could be realized within the limited budgets available. This result was possible not only because of 

lower material costs compared to other solutions, but also due to the fast and manageable application 

of the intervention. For instance, for the church of Ceto, the whole plywood panels overlay was fastened 

to the existing roof by a local building enterprise composed of only three employees within a single 

working day. 

7. Summary and conclusions 

This work has presented the application of several wood-based seismic strengthening techniques on two 

case-study buildings, St. Andrew’s church in Ceto and the venetian sawmill of Vallaro, both located in 

the Province of Brescia, Italy. The design choices, modelling approaches, and practical benefits of these 

retrofitting solutions were discussed throughout the paper. 

For both structures, local out-of-plane collapses of masonry walls were very likely in the as-built state 

for already very low seismic actions. Hence, wooden floors and roofs were strengthened with a plywood 
panels overlay (or CLT for the sawmill of Vallaro, which was in poorer conditions and also needed a 

static strengthening); the new diaphragms were also well connected to the walls, in order to prevent 

local failure mechanisms and ensure the development of a proper box behaviour. 

The benefits of wood-based solutions have been highlighted from both the seismic and the practical 
perspective, focusing on their reversibility, lightness, as well as cost- and execution effectiveness. In 

particular, after retrofitting, a great increase in seismic performance of the buildings can be obtained: 

the outcomes from the conducted numerical analyses show that the strengthened structures could 
potentially be able to almost or fully withstand the expected seismic actions on their site, because of the 

improved box behaviour and additional energy dissipation provided by the strengthened floors. 

The results obtained within the analysis of these case-study buildings can contribute to further highlight 
the benefits of timber-based retrofitting techniques, and to support the research framework promoting 

their use for the preservation of architectural heritage in seismic-prone countries. 
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Abstract 

The procedure of a detailed condition assessment of the building under heritage protection in Zagreb is presented. 

A detailed historical background of the case study building is shown, and observed damage and conducted in situ 

tests are discussed. The nonlinear static seismic analysis performed in the 3Muri software is extensively 

elaborated. Four different levels of reconstruction according to new Croatian law are briefly presented. 

Additionally, several strengthening scenarios are proposed with various strengthening techniques. The renovation 

of the case study building is presented through extensive photo documentation. The problems in renovations of 

culturally protected buildings in a specific case study are raised. 

Keywords: assessment, masonry, renovation, NDT, case study, 3Muri 

1. Introduction 

Unreinforced masonry (URM) structures are primarily located in European urban centres and are 

highly vulnerable to earthquake excitations. After the Zagreb earthquake in 2020, they suffered 

significant damage and should be upgraded, renovated, or demolished [1]–[3]. This paper presents the 
procedure for a detailed condition inspection, modelling, and reconstruction of a building under cultural 

heritage protection. The case study building was damaged in the earthquake and needs to be renovated 

according to the new Croatian laws to ensure the safe and functional future use of the building. The 

case study building is located within the historic complex of buildings in the western part of the Zagreb 
'Lower Town", the so-called Infantry Barracks of Prince Rudolf. The entire complex of the Rudolf 

Barracks is protected as an immovable individual cultural property and is registered in the Register of 

Cultural Heritage of the Republic of Croatia. The protection of the complex refers to the main building 
and the entire area of the former pedestrian barracks with the existing high-quality green areas, 

undeveloped areas, and peripheral buildings of high environmental value. The Rudolf Barracks complex 

is located in Protection Zone A of the historical and urban unit of the City of Zagreb, which is protected 

as a cultural asset and entered in the Register of Cultural Heritage of the Republic of Croatia - List of 

Protected Cultural Heritage. 

The infantry barracks complex was built in the period from 1887 to 1889, according to the project 

of Viennese architects Franz Gruber and Carl Voelckner. The complex consisted of 13 buildings, most 
of which were two-story buildings, and was named after the son of Emperor Franz Joseph I and Empress 

Sisi, Prince Rudolf [4],[5]. The entire complex was built within 15 months after Prince Rudolf laid the 

foundation stone. The construction of the complex was triggered by tensions related to the Austro-

Hungarian occupation of Bosnia and Herzegovina and the need to accommodate the army. 
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Figure 1. Case study building 

The case study building is a public-purpose building with a rectangular floor plan of 25.18 m × 11.42 
m and a height of approximately 15.50 m. The building has five floors, and all are used as office space. 

The building has undergone minor changes in the original geometry and space over time and has been 

properly maintained. More information about the building can be found in the paper by Milić et al. [6]. 

2. Condition assessment and modelling of the case study building 

Various non-destructive, semi-destructive, and destructive methods are used to assess existing URM 

structures. More information about assessment methods can be found in [7],[8]. 

The particular case study was inspected after the earthquake on 22 March, 2020. It was assigned the 

usability mark PN2. The mark PN2 refers to buildings with moderate damage without the risk of 
collapse, but the usability is questionable due to the potential risk of collapse of some elements [9],[10]. 

The building did not experience severe damage, but several parts of the structure should be repaired. 

The more significant damage was observed at the connection of partition and load-bearing walls, as 

well as at the connection of walls and ceilings. The damage observed is not surprising since at the 
connections of partition and load-bearing walls, as well as walls and ceilings, there is a discontinuity of 

materials and contact of different materials with different behavior, thus causing different displacements 

that cause cracks (Figure 2). This inspection established a conservation guideline for repairing load-

bearing and partition walls, staircases, and floor structures [6]. 
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Figure 2. Observed damage 

2.1 Flat-jack method for obtaining mechanical properties of masonry 

The method is based on the principle of introducing stress into the masonry using metal flat-jacks of a 
semioval shape that is inflated like a balloon. A more detailed description of the flat-jack method can 

be found in [11],[12]. According to the tests (Figure 10), the following values were obtained: 

compressive stress state in masonry at test location σ0=0.46 N/mm2 (used for model calibration 
regarding weight distribution), modulus of elasticity E = 1469.5 N/mm2 (used for wall stiffness 

definition), initial shear strength fv0 = 0.323 N/mm2 (used for wall shear resistance definition) and 

coefficient of friction μ = 0.447. The whole procedure is shown in Milić et al. [6]. 

2.2 Numerical modelling 

The modelling was done with the software 3Muri [13]. Modelling of the building in 3Muri software is 

done by inserting walls, columns, and beams, which are then discretized into macro elements. There 

are two types of macro elements, and these are the piers and parapets, where all the damage is 
concentrated. Parts of the wall, which are often undamaged, are defined as rigid nodes connecting the 

former two [34]. The mathematical concept underlying the use of macroelements makes it possible to 

determine the mechanism of collapse, i.e., the mechanism of damage. The damage may be due to shear 
in the central part of the macroelements or to combined compressive and bending stress in the peripheral 

parts of the macroelements [14]. 

Horizontal diaphragms are modelled using floor elements connected by three-dimensional nodes. The 

loads on the horizontal diaphragms (used only for mass calculation and distribution) are perpendicular 
to the floor level, and the seismic action is in the direction of the floor level. For this reason, the 

horizontal diaphragms can be modelled as axially stiff or flexible but without bending stiffness. Such 

shaping of the horizontal diaphragms is permissible because their main function is to absorb the 
horizontal actions from the seismic action and transmit them to the vertical load-bearing elements [15]. 

3Muri assumes good wall-to-wall and wall-to-floor connections, i.e., box behavior, which is desirable 

but often unrealistic in existing structures. Therefore, the modelling assumes that the damaged masonry 
has been restored to its original, undamaged condition by methods such as grouting and that the 

necessary measures have been taken to ensure the box behavior of the observed structure. In addition, 
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3Muri allows for out-of-plane failure analysis of local mechanisms in a separate module. This is 
extremely useful since the box behavior can only account for in-plane masonry failure. More about the 

analysis of local mechanisms in 3Muri can be found in [16]. 

Figure 3 shows a 3D model of the building in 3Muri. More about modelling can be found in the paper 
by Milić et al. [6]. Three-dimensional model with damage for the near-collapse limit state: (a) x-

direction; (b) y-direction can be seen in Figure 4.  

 

Figure 3. 3Muri model of observed building 

  

Figure 4. 3Muri model – observed damage in the model 

 

3. Renovation strategies 

For the successful renovation of buildings damaged by the earthquake, appropriate measures must be 

taken to repair and strengthen the building without compromising the mechanical properties of the 

material and the properties of the structure, which contribute to the durability of the building. Following 
the obtained results, a proposal of measures for the repair and reinforcement of buildings is given. 

Measures should follow the seismic design and be in line with the conservation and restoration rules 

[17],[18]. 

a) b) 
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As a measure of repair and reinforcement of the walls of the building, it is recommended to reinforce 
load-bearing walls by, e.g., FRCM system or concrete jacketing. Figure 5 shows a proposal for 

reinforcing load-bearing walls. To obtain good resistance in the transverse direction (y-direction), it is 

proposed to add new load-bearing walls with a minimum thickness of 38 cm. In addition, it is proposed 
to remove the brick partition walls and replace them with a drywall system. Figure 6 shows a proposal 

for the position of the new load-bearing walls and a proposal for the removal and replacement of 

partition walls. In addition to the above methods, it is necessary to strengthen the ceiling structure. 

Therefore, to repair and reinforce the wooden ceiling structure, a thin reinforced concrete compression 
slab is proposed to increase the load-bearing capacity and stiffen the structure (rigid ). All vaulted 

elements and vaults in the basement are to be maintained in their original form, with the possibility of 

reinforcing them with carbon fiber and maintaining the original proportions of the vaults to preserve 
the building's original construction and design features. Figure 7 shows the strengthening of the timber 

roof structure. 

 

Figure 5. Strengthening proposal  
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Figure 6. Proposal for the position of the new load-bearing walls and proposal for the removal and replacement 

of partition walls 

 

Figure 7. Strengthening of the roof structure 
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The renovation of the building started in June 2022. The plaster was removed from all the elements 

(Figure 8), and the masonry joints were cleaned. A new stiff diaphragm is placed (Figure 8). 

  

Figure 8. Plaster removal and preparations for strengthening 

Currently, seismic retrofit with FRCM system is underway. The procedure includes the removal of all 
existing plaster coats from the walls with complete repointing of the walls [19]. Also, the removal of 

all partition walls made of unreinforced masonry and replacement with drywall systems is underway. 

New confined masonry walls as lateral force-resisting systems have been added to provide a continuous 
and competent load path from the top of the structure to the foundation. A new existing staircase that 

doesn’t meet the actual technical requirements is planned to be replaced with a new steel stairway that 

will be completely independent of the rest of the building structure.  

New rigid diaphragms have replaced existing flexible diaphragms as steel-concrete composite 

structures, which have been proven with high resistance to seismic and cyclic loading [20] and to secure 

evenly distribution story shear and torsional moment (Figure 9). On top of the concrete architectural 

floor, layers are planned to be installed: topping slab with sound insulation, PE foil, cement screed, and 
finishing skin. During the construction work, it was revealed that some of the elements were not in the 

right place or not built in a predicted manner, so it was essential to have construction administration 

included all the time. For example, it was noted that existing steel members were not where they were 
supposed to be, nor did the number of steel members match the previous design, so it was crucial to 

have designers involved in the construction so the site would not be paused. 
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Figure 9. New stiff diaphragm 

New bracing elements in longitudinal directions are included to improve the roof structure's lateral 

system. Some decay effects due to dry and wet rot on the roof elements are noted, which caused some 
rafters to be changed completely [21]. This retrofit was planned to change thermal insulation entirely 

and use a warm roof system to improve envelope performance. 

During the design process, technical solutions were driven by the idea to use as many as possible or, to 

say, barre minimum of invasive methods for this historical building and to preserve the layout as much 
as possible not to interfere with its functionality. This project envisioned appropriate materials for the 

structural retrofit of a historical building to enable the preservation and presentation of the original 

construction characteristics in the interior of the building. 

For this building, besides the seismic retrofit, the plan is to complete a renovation with a new heating 

and cooling system. Also, a new ventilation system is planned to be implemented as a centralized system 

installed in the Attic of the building with new dormers for air intake and exhaust on the north and south 

sides of the roof. New AC wall units are planned to be installed in the basement and attic, while on all 

other floors, they are planned to be ceiling units. 

Complete new electrical installations are planned to be installed, a new hydrant network, new fire 

suppression and detection system, and new plumbing and drainage systems are planned. After 
retrofitting and renovation, the building will be ‘’upgraded’’ to new regulatory requirements that each 

new building needs to meet. 

4. Discussion and conclusions 

Determining the actual seismic behavior of existing masonry structures is of great importance for future 

management and the economic and purposeful strengthening of the load-bearing structure [22]. Modern 

software solutions and design methods are an essential part of the assessment, but they are only as useful 
as the input parameters are reliable [23]. In addition to strengthening, it is of great importance to 

consider aspects of energy efficiency [24] and the preservation of cultural heritage. 

This research presents a simple case study of a whole procedure of seismic updating of an existing 

masonry building. The results obtained with the 3Muri software and the simplified method show that 

the case study building does not meet the conditions of limited damage, significant damage, and near 
collapse with return periods of 95 years, 225 years, and 475 years, respectively. Therefore, in addition 

to the structure's condition assessment and seismic design, a proposal for measures to repair and 

strengthen the structure per current legislation and new regulations was prepared. 

When designing an engineering solution for the renovation and strengthening of the seismic safety of 
the protected heritage building, strengthening methods that are least invasive to the historic structure 
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should be used, applying appropriate materials and methods to allow the preservation and presentation 

of the original exterior and interior building features. 

Retrofits must consider and improve the energy efficiency of the building and preserve the architectural 

and historical values of the protected heritage while ensuring the safe and functional use of the building. 

Earthquake-related measures, visible or not, should respect and visually harmonize with the character 

and integrity of the heritage site. The seismic system should be reversible to the extent possible so that 

more advanced seismic measures can replace it in the future. 
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Abstract 

Senj is a medieval town located on the eastern coast of Kvarner. In addition to the destruction caused by World 

War II, Senj has been hit by strong earthquakes throughout history. The appearance of significant earthquakes in 

this area is not surprising because, according to the seismic area classification of the Republic of Croatia, Senj is 

located in an area where the horizontal peak ground acceleration equals 0,24g. Within the historic city center of 

Senj, some stone masonry buildings date back to the 12th century. Those two facts present a good reason for 

selecting Senj as a representative research area. In order to evaluate the overall behavior and seismic resistance of 

existing buildings, it is first necessary to visually establish the characteristics of stone masonry buildings (typology 
of buildings). The connection of timber floors with stone masonry walls needs to be addressed as well. It needs to 

be investigated if the timber floor forms a diaphragm or whether it is flexible in its plane because it significantly 

affects the behavior of masonry buildings during an earthquake. Visual inspection of buildings indicated that most 

of the buildings were built with mixed materials (which is a result of fast renovation after great destruction in 

World War II), which implies the use of stone elements, brick parts, and mortar. In almost all stone masonry 

buildings, a tie system is present as a kind of reinforcement that ensures the integrity of the buildings.  

Keywords: preliminary assessment, heritage buildings, stone masonry. seismic resistance, Senj 

1. Introduction 

Senj (Roman Senia) is a medieval town characterized by spontaneous development throughout history. 

The rapid development of the city took place in the 15th century in different directions, with trade being 
especially emphasized because Senj was an important port center at that time [1]. Numerous historical 

representations of the city have been preserved in the form of vedutes and cartographic representations. 

However, most of them did not faithfully depict the state of the city at that time. The oldest urban plan 
of the city from 1749 is shown in Figure 1. a), while Figure 1. b) shows the historic city center of Senj 

before the Second World War. The Second World War left the city of Senj with great damage caused 

by numerous aerial bombardments. In terms of urbanism, it is one of the most significant historical 

events for Senj. Various authors [1, 2, 3] state that 80% of the historic city center was destroyed, and 

this is confirmed by some of the remaining archive documents. 

Another important influence should not be ignored: a stream flowed through the historic city 

center, which usually turned into a torrent during the melting of snow and heavy rainfall, and on one 
occasion demolished 50 houses [1]. The aforementioned torrent is thought to have brought the drift of 

gravel and sand that formed part of the coast. Over time, the stream was regulated outside the city walls. 

With the sudden development of Rijeka in the 16th century, Senj lost its importance. Senj's trade revived 
in the 18th century, resulting in the construction of new buildings and the refurbishment of old ones to 

accommodate the need for storage space. According to the administrative division, Senj is one of four 

towns located in Lika-Senj County. It is surrounded by the slopes of Velebit and Kapela and occupies 

most of the eastern coast of Kvarner. 
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Figure 1. Old town center of Senj: a) the oldest urban plan of the city from 1749 [1]; b) the historic city center of Senj 
before the Second World War [1]; c) ortophoto view of the historic city center of Senj 2019/20[6] 

In addition to war destruction, floods and fires, Senj has been hit by earthquakes of great 

magnitude throughout history. Božičević talks about Senj as a seismically active area in his work 
Earthquakes in Senj [4]. The paper describes the first classification of the territory into six earthquake 

zones with regard to the expected strength of the earthquake, which are also graphically shown on the 

map. Significant earthquakes that hit Senj and its surroundings have been documented, and are 
presented here in Table 1. The seismic area classification of the Republic of Croatia for the return period 

of 475 years is shown in Figure 2 [5], which shows that the area of the city of Senj is in the red area, 

i.e., that the horizontal peak ground acceleration is 0,24g. 

 

Figure 2. The seismic area classification of the Republic of Croatia for the return period of 475 years [5] 

a) 

b) 

c) 
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Table 1. Chronicle of strong earthquakes in the vicinity of Senj (according to data from [4]) 

Chronicle of strong earthquakes in the vicinity of Senj 

(Earthquakes of the sixth degree and higher according to MCS) 

1639 Senj 18. I. 1902 Novi Vinodolski 

1648 Senj 1. II. 1905 Novi Vinodolski 

24. IV. 1776 Bakar 4. III. 1906 Brinje, Senj 

26. XII. 1857 Kraljevica 4. IX. 1908 Novi Vinodolski 

5. XII. 1868 Senj 12. III. 1916 Grižane, Bribir 

30. III. 1869 Senj 14. VII. 1916 Brinje, Senj 

3. I. 1870 Senj 14. X, 1916 Crikvenica 

19. IV. 1873 Senj 30. VII. 1920 Baška, otok Krk 

30. III. 1877 Senj 5. IX. 1925 Grižane, Bribir 

23. IX. 1878 Senj 11. IX. 1925 Grižane, Bribir 

3. V. 1885 Senj 1. I. 1926 Crikvenica 

18. VII. 1890 Novi Vinodolski 21. X. 1926 Senj 

30. VII. 1890 Novi Vinodolski 5. II. 1939 Omišalj, otok Krk 

13. IX. 1890 Novi Vinodolski 6. II. 1939 Omišalj, otok Krk 

3. V. 1891 Novi Vinodolski 18. II. 1939 Omišalj, otok Krk 

12. VI. 1893 Grižane, Bribir 30. VI. 1949 Baška, otok Krk 

9. VIII. 1895 Brinje, Senj 20. I. 1949 Baška, otok Krk 

2. Visual inspection of buildings 

A visual inspection of buildings gives an insight into the existing condition of the buildings in the 

observed area. It is the first step in determining the parameters for assessment, i.e., the behavior and 
seismic resistance of existing buildings. The first step of the visual inspection would be to determine 

the typology of the buildings, while the second step is related to the masonry typology.   

2.1 Building typology 

The building typology includes the layout and number of storeys. Due to the lack of design 
documentation, the floor layout of the buildings can be determined through the orthophoto map of the 

historic city center of Senj (Figure 1.c)). The historic city center of Senj occupies an area of about 0,07 

km2 and is surrounded by city walls for which there is no exact information on when they were actually 
built. Certain documents mention how the walls changed their position over time, which would mean 

that the historic city center expanded. From a series of historical documents related to the 13th and 14th 

centuries, it can be noticed that the space inside the city walls was not as densely built as is the case 
today [1]. The densely built/populated area within the city walls forms a network of narrow and winding 

streets, so it can be assumed that Senj has retained the medieval character of the city. The construction 

of individual buildings developed horizontally, while the majority of buildings are characterized by 

one-storey construction [1].  

According to the orthophoto map (Figure 1. c)), it can be seen that the buildings mostly have a 

regular floor plan (rectangular or square). However, some objects fall out of the scope of "regular." The 

majority of them are objects that had special significance in Senj's past. First of all, there is Frankopan’s 
castle. In addition to these building, which stands out for its size, there is also a building that previously 

served as a Franciscan monastery and a cathedral. Due to the extremely dense typology, the buildings 

lean against each other (perhaps some of them are connected in a certain way?). Within the city center 

of Senj, buildings with two to three stories prevail. The buildings located close to the coast are up to 4 
stories high, but it should be mentioned that they are more recent buildings built on the place of 

demolished, badly damaged salt warehouses after World War II. 

It is interesting to note that there were 14 sacred buildings within the historic city center, in a 
relatively small area, 12 of which were churches and two of which were monasteries. Most of the 

churches have lost their sacred significance and have been converted into residential and commercial 
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buildings. Also, numerous buildings of profane architecture have been repurposed over time and, for 
this purpose, often extended and rebuilt either for residential or business purposes [1]. Vaulted streets 

(passages) are one of the architectural features characteristic for the historical city center of Senj. 

Observing individual buildings, cracks formed around the window openings at the level of the first and 

second floors which can be seen in the Figure 3 (middle photo). 

 

Figure 3. The facades of buildings within the historic city center of Senj 

2.2 Masonry typology 

The next step would be to determine the masonry typology, which implies the type and structure of the 

stone masonry walls. It also covers the recognition of the used materials. Material is meant for the use 
of stone blocks, part of bricks, and mortar. Stone masonry walls can be made of roughly shaped and 

processed stone elements. Stone masonry buildings built of roughly shaped are divided into several 

types: a wall built of rubble stone, a wall built of boulder stones, a cyclopean stone masonry , and a wall 

built of slab stone. Processed stone elements are divided depending on the method of processing, so the 

brickwork can be made of roughly processed stone, finely processed stone, or by stonemasons [6].  

 

Figure 4. Masonry typology 
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For example, in the case of mortar, one can see what kind of sand was used (fine or coarse), 
which affects the strength of the mortar itself. It is difficult to discuss about the type of masonry when 

"open" access to the wall does not exist. Since there are several ruins within the historic city center, it 

was possible to see that the buildings were built as single leaf masonry, up to 50 cm thick (Figure 4). It 
is assumed that the other buildings were built according to the same or a similar principle. There are 

few buildings built with finely processed stone elements, while in most buildings mixed materials are 

used (Figure 4). Mixed material means the use of stone elements, brick parts, and mortar. Here, the 

regularity of the alternation of tone and brick layers cannot be precisely identified. Brick fragments 
were added to a thick layer of mortar. Apart from brick fragments, pebbles can be seen in the mortar. 

Some written sources [3] emphasize the use of stone elements made of white-gray limestone, tufa 

(quarried in the Gacka bed), and gray hard limestone. Figure 4 (below, left) shows part of the wall of 
one observed building where empty joints are clearly visible, which is the result of a weak bond between 

the mortar and the stone elements. Precisely in such places, it was observed that mortar with fine 

aggregate (sand) was used and that it crumbles under the fingers, which indicates low mortar strength. 

 

Figure 5. Timber floor construction  

According to photo documentation [8] and by observing the badly damaged buildings in some 
parts of the historic city center, it can be concluded that the floor structures were formed by single 

timber beams placed at equal spans and supported on load-bearing facade walls (Figure 5). The floor 

consists of planks laid on joists, on which additional floor layers are placed. The underlay of the floor 
structure is formed by the formwork (slats) on which the reeds are placed and the final layer of plaster. 

However, to be able to say with certainty which is the predominant type of timber floor construction, it 
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is necessary to further research this area. The connection between the timber floor structure and the 
stone masonry wall is of great importance considering the behavior of the structure during earthquakes. 

One of the structural details that are characteristic of almost every old stone masonry building are the 

tie rods, which are shown in Figure 6. The ties were made of wrought iron.  

 

Figure 6. Tie rods visible on the facade of the building (left) and inside the section of the Wall (right) 

3. Conclusion  

Certain buildings within the city center date back to the 15th century, while several of them date from 

the 12th century. Senj was chosen as a representative research area due to the large number of historic 

stone masonry buildings in the historic city center and the area with high horizontal peak ground 
acceleration. First of all, it should be pointed out that such old buildings were not designed according 

to standards that take into account seismic effects. The visual inspection aims to collect as much data 

as possible about the condition of existing buildings, which will be used for further analysis of the 
buildings in order to evaluate their seismic resistance. A visual inspection revealed that the buildings 

mostly have a regular floor layout and were built mostly with mixed materials. The stone elements are 

mostly broken or roughly shaped, but in some places, buildings built with regular shaped stone elements 

have been observed. It is assumed that brick fragments and pebbles were used to fill wide joints between 
stone elements, i.e., to reduce the thickness of the mortar layer. Observing the walls, it is not possible 

to clearly determine the regularity in the sequence of alternating layers of stone elements and bricks in 

buildings built with mixed materials. On some buildings, we observed "empty" joints between the stone 
elements, which is an indication of the mortar’s deterioration. Due to the great damage caused during 

the Second World War, there was a need for quick action - reconstruction and repair of buildings, which 

is partly considered the cause of the mixed structure of the masonry. When it comes to floor structures, 

according to what has been observed, we can assume that the other buildings have the same type of 
timber floor construction. A characteristic of masonry buildings in general, and also of those in Senj, is 

the use of tie rods, which are mostly visible on the facades of the buildings. The lack of design 

documentation and limited access to the interior of the structure requires an additional inspection of the 
timber floor structures in order to accurately identify the typology characteristic of this area. This 

preliminary assessment will serve as the basis for future research on the seismic resistance of masonry 

stone buildings in a representative area. 
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Abstract 

Cultural heritage buildings generally refer to the ancient structures having high cultural and historical significance. 

These buildings are constructed using obsolete practices and require special considerations with respect to the 

lateral resistance, especially in moderate and high seismic regions. This study focuses on the earthquake 

performance assessment of the Episcopal Seminary Building and Classical Gymnasium (Jesuit College) located 
in the Old City of Dubrovnik, Croatia (UNESCO World Heritage Site). The construction dates back to 1662 and 

was developed in different stages until 1765. During this period, Jesuit College suffered damages from two major 

earthquakes i.e., M7.6 Dubrovnik in 1667 and M6.9 Montenegro in 1979. The material composition, structural 

drawings, and fundamental frequencies of the building were previously obtained in the framework of the research 

project “Seismic Risk Assessment of Cultural Heritage in Croatia – SeisRICHerCRO”. The material is 

predominantly composed of irregular stone blocks laid in lime mortar. The structural details such as floor vaults, 

arches, flexible diaphragms, and spatially irregular openings are numerically modelled using the finite element 

method. The analytical model is calibrated by performing eigenvalue analysis to compute the material parameters 

i.e., elastic modulus and density (supported by extensive literature review) that allows the modal frequencies to 

match with the values obtained from the ambient vibration testing. The seismic performance is then evaluated 

using the linear analysis procedure in accordance with the current guidelines of the Eurocode 8 and the 

corresponding Croatian National Annex. For the design earthquake, critical damage zones are identified and 

recommendations for retrofitting measures are proposed. 

Keywords: unreinforced masonry, cultural heritage, finite element model updating, earthquake performance 

assessment 

1. Introduction 

Cultural heritage buildings symbolize our history by providing insight into the evolution of our culture 

and society over a long period of time. These buildings are predominantly built with traditional 

materials such as masonry and timber and are often exposed to the lack of maintenance, water induced 
deterioration, foundation settlement, fluctuating environmental loads, floods, and earthquakes [1]. The 

seismic performance of built cultural heritage is particularly difficult to access and requires detailed 

knowledge of the material composition, geometrical characteristics, nonlinear effects, connections 
between different structural elements, stiffness of the horizontal diaphragms, and the building condition 

[2,3].  
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In the case of historical structures, the availability of input data is often limited either by the 
incompleteness of the archived documents or because of the impracticality to conduct in-situ 

experiments while preserving the architectural features. In this context, vibration-based techniques to 

evaluate the structural dynamic response appears particularly attractive [4–6]. In recent years, many 
studies demonstrate the successful application of Ambient Vibration Tests (AVT) in combination with 

Finite Element (FE) model updating, for the performance assessment of cultural heritage buildings [7–

10]. The model updating process calibrates the unknown structural parameters to minimize the error 

between experimental and analytical dynamic response i.e., modal frequencies and mode shapes. This 
process is often accomplished manually through trial and error and becomes cumbersome for complex 

buildings, causing uncertainty in the estimation of the unknown structural parameters [11].  

This paper presents the earthquake performance assessment of the Episcopal Seminary Building and 
Classical Gymnasium (Jesuit College) using AVT in combination with FE model updating. The Jesuit 

College was built from 1662 to 1725 and lies in the UNESCO’s World Heritage List Old City of 

Dubrovnik, Croatia. The building is primarily used as an educational institute. The historical seismicity 

of Dubrovnik shows a considerable seismic potential with the 1667 earthquake considered to be the 
strongest documented earthquake in the coastal region of Croatia [12]. By its seismic and tectonic 

potential, it is also the most striking area in Croatia with estimated maximum possible magnitude of 

7.5. Historic data note about ten earthquakes in the region with intensity of VIII or more ºMCS out of 

which the most significant one is the 1667 earthquake of X °MCS [13].   

2. Material and Methods 

2.1 Episcopal Seminary Building and Classical Gymnasium 

The Episcopal Seminary Building and Classical Gymnasium is one of the city’s oldest educational 

institutes (shown in Fig. 1). The construction dates back to 1662 and was further developed over the 
years until 1725. The internal walls are predominantly composed of irregular stone masonry laid in 

lime-mortar. The deterioration of exterior walls exposes the variability in the material composition 

mainly attributed to the different construction stages and maintenance over the years, as shown in Fig. 

2. The geometry, structural details, and damage conditions were assessed previously through a 
qualitative site inspection in part of the research project SeisRICHerCRO [14]. The roof structure is 

predominantly made of wood with no precise information available regarding the material properties. 

Wooden beams supporting the flexible floor system are supported on top of masonry corbels without 
embedment into the adjacent walls. The most important structural and architectural feature of this 

building is the different type of vaults supporting the floor slab. Fig. 3 shows the location of the cross 

and barrel vaults laid in stone masonry. In addition, the top floor also features tensile tie rods, providing 

additional lateral support to the parallel walls in the out-of-plane direction.  

 

Figure 1. Episcopal Seminary Building and Classical Gymnasium, Dubrovnik, Croatia [15].  
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Figure 2. Materials characteristics of the external walls (composite clay bricks and stone masonry of variable 

sizes). 

 

Figure 3. Location and types of different vault systems in the Jesuit College. 
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2.2 Ambient Vibration Testing 

The fundamental frequencies in North-South (NS) and East-West (EW) directions were previously 

determined using AVS in part of the research project SeisRICHerCRO [14]. Three sensors located on 

the first floor recorded continuous data with a sampling rate of 128Hz for three consecutive days. 
Fourier Amplitude Spectra (FAS) for the two horizontal components and the Horizontal to Vertical 

Spectral Ratio (HVSR) is used to obtain the fundamental frequencies in the NS and EW direction as 

shown in Table 1. It is important to note that for this study, only the fundamental frequencies were 

obtained without the identification of structural mode shapes. 

Table 1 – Fundamental frequencies [Hz] in the NS and EW direction obtained from the ambient vibration testing 

[16]. 

Frequency Lower Bound  Average Upper Bound 

fNS,ref 6.34 7.88 8.28 

fEW,ref 4.72 5.38 6.01 

3. Finite Element Model Updating 

The building is analysed utilizing the macro modelling approach, where the walls and vaults are 

modelled using solid elements and a linear masonry material property. The interaction among building 

sections built in different years is neglected and the basement is excluded from the structural model 

since its contribution to the fundamental period is negligible. Timber floors and the roof structure are 
modelled as equivalent flat shell elements allowing the transfer of bending effects due to the 

gravitational loads and in plane stresses, simulating the level of rigidity associated with a flexible 

diaphragm. The in-plane stiffness of the wooden structure and its components is represented by an 
equivalent Young’s Modulus. The spiral staircase is neglected from the modelling since the surrounding 

walls are considerable rigid. The iron tie-rods are included in the model as regular truss elements 

carrying a pre-stressing axial force and allowing deformations only along the element axis. The mesh 
consists of hexahedral and quadrilateral elements for the solids and flat shells respectively. The basic 

mesh element size is 0.5m with a 65% transition smoothness for the edges and corners shaped by the 

vaults as shown in Fig. 4. The final mesh has a total of 119’306 nodes from which 2’659 are the 

restricted nodes at the base and, 184’821 elements distributed as 173’628 solids, 11’176 shells and 17 

trusses. 

  

Figure 4. FEM mesh with hexahedral and quadrilateral elements with an approximate size of 0.5m. 

The initial material properties used for the FE model updating are collected from the literature in 

conjunction with the observations made during the qualitative site inspection in part of the research 
project SeisRICHerCRO [14]. Starting with a reference set of material properties not only provides a 

physical sense to the calibrated values but also optimizes the time required for convergence in case of 
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manual updating. The possible range of values considered for the material properties are summarized 
in Table 2. Since the model updating is performed manually, the unknown material parameters are 

restricted to the elastic modulus (Eref), unit weight (pref) and poison ratio (vref), reducing uncertainty in 

the calibrated parameters. Free vibration Eigen Value Analysis is performed for a total of 21 parameter 
combinations to minimize the error between numerical and experimental dynamic response. The error 

obtained at the end of each model updating run is shown in Fig. 5.  

Table 2 – Range of material properties considered for the FE model updating [17]. 

Parameter Lower Bound  Average Upper Bound 

E,ref [MPa] 2000 2650 3300 

p,ref [kg/m3] 2000 2350 2700 

v,ref  0.10 0.20 0.30 

 

Figure 5. Error obtained in the NS and EW frequencies for each run of the FE model updating process. 

The analytical frequencies with the least error are 6.05Hz corresponding to the NS (mode 2) and 6.79Hz 

corresponding to the EW (mode 5) direction respectively, as shown in Table 3. The most relevant mode 

shapes are shown in Fig. 6. Mode shape 1 has the lowest frequency representing the local vibration 
mode of the cantilever clock wall, anticipating tensile stresses concentration at the base of the wall. 

Mode shape 2 and 5 represents the translational modes in NS and EW directions respectively. 

Table 3 – Modal frequencies obtained for the calibrated material properties.  

Mode Period 

[s] 

Frequency 

[Hz] 

Mass Participation 

[%] 

Mode Period 

[s] 

Frequency 

[Hz] 

Mass Participation 

[%] 

EW NS EW NS 

1 0.193 5.18 0.0037 3.3227 6 0.145 6.88 11.8290 0.0037 

2 0.165 6.05 0.0521 61.2830 7 0.129 7.78 2.5400 4.6558 

3  0.155 6.47 0.0016 0.0055 8 0.121 8.24 1.7574 0.0859 

4 0.154 6.49 0.0209 0.0043 9 0.119 8.42 0.0083 0.0054 

5 0.147 6.79 56.1830 0.0101 10 0.112 8.94 0.0137 0.7164 
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(a) 

 

(b) 

 

(c) 

 

Figure 6. Relevant mode shapes obtained using the calibrated finite element model. a) Mode shape 1 (local 

mode, f = 5.18 Hz); b) Mode shape 2 (global mode, f = 6.05 Hz); c) Mode shape 5 (global mode, f = 6.79 Hz). 

4. Earthquake Performance Assessment  

4.1 Seismic Hazard Definition 

The seismic hazard is defined according to the Eurocode 8 guidelines for assessment and retrofitting of 

buildings using the nationally defined reference peak ground acceleration (agR) for the no-collapse 

requirement, corresponding to a return period TNcR of 475 years [18,19]. Recent studies describe the site 
conditions of Dubrovnik as cretaceous dolomitic limestone and quaternary clay, with sand sediments 

of up to 5m thick, classifying the site as soil type A with an agR of 0.30g [20,21].  

4.2 In-Plane Assessment 

The in-plane lateral capacity is evaluated using permanent, imposed, seismic and snow loads. The load 

combination (LC1) acting mainly in the X-direction, additionally includes the factored Y-direction 

component as well. The opposite occurs in the case of LC2 acting mainly in the Y-direction. Both the 

load combinations include the accidental torsional effects according to the Eurocode 8. The tensile (ft,CF 
= 0.30MPa) and compressive (ft,CF = 0.30MPa) elastic stress limits of the masonry material are reduced 

using a confidence factor (CF) equal to 1.35 corresponding to the knowledge level KL1 according to 

Eurocode 8. The tensile and compressive elastic stress limits are given by Eq. (1) and (2). 

𝑓𝑡,𝐶𝐹 =
𝑓𝑡

𝐶𝐹
=

0.39

1.35
= 0.30 𝑀𝑃𝑎 

(1) 

𝑓𝑐,𝐶𝐹 =
𝑓𝑡

𝐶𝐹
=

6.90

1.35
= 5.0 𝑀𝑃𝑎 

(2) 

 

The principal tensile and compressive stresses due to the two load combinations i.e., LC1 and LC2 are 

shown in Fig. 7. The color scale is bounded such that the red color represents the regions where 

maximum tensile stress is higher than ft,CF and cracking is expected to occur. High stress is observed 
around the corners of the opening and at the piers between adjacent openings. Comparable high stresses 

are obtained in the wall segments having fewer openings, representing concentrated shear stresses. The 

perpendicular walls show considerable tensile stresses due to Out-of-Plane (OoP) deformations 
especially in the upper portions of the walls where the cantilever motion is not restricted. The principal 

compressive stresses from Fig. 7b shows high stresses in the columns of the north facade at the east 

wing because of the overturning moment caused by the direction of the seismic forces. Moreover, the 
upper part of the columns resist the compression generated by the OoP bending of the cantilever wall 

in the north facade, indicated by stresses in the light green color. High compressive stresses are also 

located at the base of the clock wall, since this wall is identified as critical zone due to the OoP bending; 

previously identified from the local vibration mode shown in Fig. 6a.  

399

https://doi.org/10.5592/CO/2CroCEE.2023.23


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.23 

(a) 

 

 

(b) 

 

   

Figure 7. Resulting principal tensile and compressive stresses. a) Principal tensile stress (S1H) resulting from 

LC1; b) Principal compressive stress (S3L) resulting from LC2. 

The shear stress concentration for the two load combinations is shown in Fig. 8. The XZ plane show 

high shear stresses (SZXH) between the openings of the north facade with visible diagonal 

concentration at the corners of the north wing walls. The north and south facades of the south wing also 

indicate shear stresses with diagonal trajectory located at the piers between the openings. Similar results 
are obtained for the stresses in the YZ plane (SYZH), with the particularity that the stresses are higher 

on the walls at the east wing because of the high mass resulting in higher seismic forces. Additionally, 

high shear stresses are obtained at the base of the clock wall in the YZ plane due to the OoP deformation.  

Fig. 9 shows the tensile stresses in the masonry vaults in both X and Y directions. For the stresses in 

the X direction (SXX), the higher tensile stresses are developed near the wall connection and along the 

longitudinal direction of the vault in the east wing hallway. It is analogous in Fig. 9b for the stresses in 

Y direction (SYY) where, the development of stresses goes along the cross vault of the hallway in the 
south wing. The response is repeated at the entrance in the north wing, and additionally in some regions 

along the vault, preventing the lateral walls to bend separately out of the plane. The stresses are 

generated when the vault is oriented perpendicular to the direction of the seismic forces. Tensile stresses 
SXX also develop in the vault of the north wing, at the regions near the connections with the east and 

west wings. The latter is due to the pulling force generated by the east and west wings when the 

earthquake occurs in the X direction.  

The numerical model is further evaluated for increasing values of agR corresponding to different seismic 

zones in Croatia. Fig. 10 shows a gradual increase of tensile stresses (S1H) where, the limit ft,cF of 

0.30MPa is exceeded. For low seismic hazard level (agR = 0.10g) the stresses are below the limit in 

practically all areas. The limit is exceeded for agR = 0.20g in localized regions such as openings and 

critical corners. 
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(a) 

 

 

(b) 

 

  
 

Figure 8. Resulting shear stresses in the global XZ and YZ directions. a) Shear stress in XZ plane (SZXH) 

resulting from LC1; b) Shear stress in YZ plane (SYZH) resulting from LC2. 

 

(a) 

 

 

(b) 

 

 

Figure 9. Resulting tensile stresses in the vaults. a) Tensile stress in global X direction (SXXH) resulting from 

LC1; b) Tensile stress in global Y direction (SYYH) resulting from LC2. The minimum and maximum values 

on the colour scale are bounded for stress comparison in the two orthogonal directions. 
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Figure 10. Progression of principal tensile stresses S1H obtained using LC1 by considering different peak 

ground acceleration values corresponding to the seismic zones in Croatia. 

4.2 Out-of-Plane Assessment 

The out-of-plane (OoP) assessment of masonry structures is highly dependent on the choice of 

deformation mechanism whose boundary conditions are usually unknown. In this study, the OoP failure 

mechanism is assumed based solely on the FEM model results i.e., no observation of cracking is 
recorded at the site. The assumed mechanism to be activated is dependent on the tensile stress 

distributions within the localized vulnerable areas. As a result, two mechanisms for two different walls 

are studied. The acceleration activating the mechanism is estimated based on a linear kinematic analysis 

using NTC 2018 [22]. The analysis with linear kinematic approach (or linear kinematics) requires the 
calculation of only the activation multiplier of the mechanism (α0) and can be used to perform both the 

verification at the Damage Limit State (activation of the local mechanism) and the Ultimate Limit State. 

Moreover, the OoP failure is investigated for different levels of agR by calculating the compliance factor 
αeff such that, the spectral acceleration required for the activation of local mechanism is smaller than the 

demand spectral acceleration.  

Fig. 11 shows the two probable local failure mechanisms i.e., LM1 and LM2 for the clock and gable 

walls. The local mechanism (LM1) is the overturning of the whole wall assuming no connection to the 
orthogonal walls. The local mechanism (LM2) indicates the overturning of the upper part of the clock 

wall. Fig. 12 illustrates the change in compliance factor for different levels of seismic demand. For the 

clock wall, the relatively smaller value of αeff in case of LM1 shows that only 0.053g is needed to 
activate the mechanism, making the clock wall very vulnerable to OoP damages. In the gable wall, LM1 

is activated at an agR of 0.144g. The Croatian NA to Eurocode 8 requires the verification of significant 

damage (SD) and damage limitation (DL) limit states with peak ground accelerations 0.301g and 0.156g 
respectively [18]. The small values of compliance factor for both limit states indicate the high 

vulnerability of the clock and gable wall.  
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(a) 

 

 

 

 

 

(b) 

 

 

 

Figure 11. Description of the assumed local mechanisms LM1 and LM2. a) Clock wall; b) Gable Wall. 

 

Figure 12. Compliance factor calculated for different demand acceleration levels for clock and gable walls.  
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Conclusions 

This study presents the earthquake performance assessment of the Jesuit College in Dubrovnik, Croatia 

using Ambient Vibration Measurements and Finite Element Modelling. The Ambient Vibration 
Measurements identifies structural frequencies that are excited by low amplitude vibrations required to 

validate the finite element model. A total of 250 Eigen frequencies are required to accumulate 90% 

mass participation due to the complexity and size of the numerical model. The free vibration eigenvalue 
analysis shows the existence of both global and local mode shapes. The mode shapes that excites the 

major percentage of mass participation in X and Y directions are selected as global modes for the model 

calibration. Mode shape 1 represents a local bending vibration of the clock wall. Mode shape 2 shows 

translation in the Y direction. There is no pure translational mode in the X direction; instead, translation 
in the X direction is accompanied by torsional effects due to the irregularity and the floor plan of the 

building. In general, several modes describe OoP local vibration of walls.  

Several sections of the walls experience stresses that are higher than the material elastic limit. This 
indicates the presence of cracking that might occur either at the wall surface or internally. From the 

analysis it is possible to identify zones with high compressive stresses and critical zones of tensile 

stresses due to the OoP bending of the walls. Compressive stresses are far from the material's elastic 

limit. The OoP occurs at the west and south wing walls due to the absence of intermediate walls and 
rigid diaphragms, as well as torsional effects caused by eccentricity. Shear stresses are concentrated in 

wall sections between adjacent openings i.e., short piers that carry high shear loads in unreinforced 

masonry structures. The regions with higher shear stresses shows a diagonal trajectory at the piers, and 

high shear stresses at the bottom of the clock wall due to out-of-plane deformations. 

The vaults mainly function as rigid diaphragms, distributing lateral loads and torsional effects to the 

adjacent walls as shear forces. Therefore, the vaults develop principal tensile stresses as well, which are 
higher than the material tensile stress limit in some parts of the structure. High tensile stresses are 

developed in the hallway cross vaults oriented perpendicularly to the main direction of the seismic 

action between the vault and the lateral walls. The highest stresses are caused by the rigid diaphragm 

action that the vaults provide as they join portions of long walls that lack of transverse resistance to 

prevent out-of-plane movement. 

Critical zones are identified in order to provide recommendations for strengthening and retrofitting. 

These are mainly located at the corners of the north wing where the walls intersect with east and west 
wings, the locations at the north facade of south wing where there is intersection with east and west 

wings, the walls of the hallway in south wing, the south wing facade, the facade walls of the west wing, 

and the base of the clock wall and, at the piers between wall openings. 

Retrofitting by FRP can be applied to the piers to provide high strength and ductility to minor 

deformations. Grouting or epoxy injection solution is a low-cost solution that can restore the initial 

strength state of the wall requiring minimal intervention. The strengthening of wooden diaphragms 

would enhance the overall seismic response of the building by redistributing the lateral seismic forces 
along the walls, while dissipate energy through the diaphragm at the same time, reducing the occurrence 

of out-of-plane bending of the walls. Bracing and tying can provide high resistance against lateral loads, 

especially in the case of cantilevered walls such as the clock and gable walls. The iron tie-rods installed 
in the building contributes to the building's resistance to lateral forces by counteracting the out-of-plane 

bending of the walls. Future retrofitting works involving the tie rods should include experimental 

determination of the actual tensile forces in the tie-rods. 
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Abstract 

The seismic performance of buildings has received special attention due to the interest in the built heritage 

conservation and protection of human life. The historic urban centers are dominated by old unreinforced masonry 

(URM) buildings, which techniques and construction materials have evolved during centuries. Given the presence 

of these buildings in areas of significant seismicity, extensive research is needed to assess the seismic risk and 

define mitigation policies. This kind of studies is often supported by empirical methods and based on expert 

judgment due to the high variability of the building stock and lack of information. The main purpose of this work 

is to provide analytical fragility curves for representative masonry buildings in Portugal, built before the 

introduction of the first design code for building safety against earthquakes (RSSCS) in 1958. Thus, the fragility 

curves derived can characterize the capacity of the Portuguese building stock considering the randomness in the 

material properties and the variability in the geometry. 

Keywords: pre-code masonry buildings; seismic probabilistic approach; seismic safety; seismic fragility analysis 

1. Introduction 

Over the years, masonry structures have shown evidence of good behavior under vertical static loads. 

However, its characteristics, such as the high specific mass, low tensile and shear strength, make the 

use of this heterogeneous material unsuitable in earthquake prone areas, e.g., Andradiva – Greece 

(2008), L’Aquila – Italy (2009), Emilia-Romagna – Italy (2012), Umbria – Italy (2016), Abruzzo – Italy 
(2017). Although Portugal has not been the target of high magnitude earthquakes in recent years, it 

remains susceptible, due to this geographical location, as it occurred in the past [1]: the 1755 Lisbon 

earthquake (Mw = 8.5), 1909 Benavente earthquake (Mw = 6.3), the 1969 Algarve earthquake (Mw = 
7.8), Azores 1980 (Mw = 7.2) and 1998 (Mw = 5.8). These events caused significant damage in the 

affected regions, and particularly on masonry constructions [2]. 

The Portuguese building stock in historic urban centers is predominantly constituted by old 
unreinforced masonry (URM) residential buildings [3]. Their characteristics are the result of different 

periods of construction and construction practice due to the available materials, existing techniques, 

and society needs.  

In the last decades, the performance of buildings under seismic action has received special attention due 
to the interest in the conservation of heritage and protection of human life. The seismic risk at a national 

scale was evaluated by [4] and [5], and by other authors at urban scale, e.g.: Coimbra [6], Faro [7], 

Seixal [8]. Most of these studies employed statistical data and expert opinion combined with empirical 

methods to derive fragility and vulnerability functions to characterize the building stock. 

In order to support similar studies related to vulnerability and seismic risk assessment, this work aims 

to provide analytical fragility curves for the population of old (pre-code) URM buildings in Portugal 
with rigid and flexible floor diaphragms. Although the analyses carried out in the present work have 

been derived to account only for the in-plane mechanisms to be compliant with the current version of 
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EC8-3, which assumes these as being prevented from occurring, several works regarding out-of-plane 
fragility functions for masonry buildings can be found in literature, emphasizing the importance of such 

mechanisms, namely in buildings with flexible floor diaphragms [9]–[15]. 

In the framework of the present study, the development of the fragility curves involves the following 
steps: (i) generation of a synthetic database of 18.000 masonry buildings up to 5 stories high, including 

different archetypes based on statistical information previously collected and different material 

properties to cover the variability found in the literature; (ii) estimate the in-plane seismic behavior of 

the entire database through displacement-based nonlinear static methods; (iii) derivation of fragility 
functions for the capacity expressed by the maximum interstorey drift. The fragility curves proposed 

are only related to the deformation capacity of the buildings in order to be applied in seismic risk studies 

or safety assessment. 

2. Old masonry buildings description 

Four typologies of masonry buildings are typically identified in the urban centers of Portugal (Figure. 
1.): “Pre-Pombalino” (before 1755), “Pombalino” (1755 to 1870), “Gaioleiro” (1870 to 1930) and 

“Placa” (1930 to 1960). The “Pre Pombalino” buildings, constructed before the 1755 earthquake, are 

recognized by their irregular geometry, reduced dimensions, narrow facades, high density of walls and 

few openings to the exterior. They usually are four stories high and are constituted by poor-quality 
masonry walls supporting the timber floors. The “Pombalino” buildings emerged after the Lisbon 

earthquake and are particularly known by the improvements in the anti-seismic conception in that 

period. They usually have up to five stories high and regular geometry. This typology was standard in 
the building construction practice for more than one century. On the other hand, the “Gaioleiro” 

buildings represent a downgrade when compared to the previous typology, with the adoption of more 

simplified construction techniques and the use of low-quality materials which was promoted by the 
rapid expansion of the urban centers and the housing demand. This typology is significantly more 

vulnerable, from a seismic point of view, compared with the previous one. Finally, “Placa” buildings 

emerged before the enforcement of the first seismic-code in 1958 and introduced the use of lightly 

reinforced concrete slabs at the floors level. The high mass of the RC slabs and the low strength capacity 
of the load bearing walls to horizontal forces results in an unsatisfactory structural seismic performance. 

The main characteristics of these typologies are briefly described in Figure. 1. 

 

Figure. 1 Main features of old masonry buildings 

3. Geometry of representative masonry buildings 

3.1 Geometry characterization and definition of archetypes 

The geometry characterization comprises the information gathered through detailed drawings from the 

original projects and collected from municipal archives, for a population of 100 old (pre-code) masonry 
buildings. This data represents the geometry for the most typical masonry buildings built before the 

decade of 1960 and described in the previous section. The geometric parameters obtained, such as plan 

dimensions, height of the stories, openings ratio, interior walls density, walls thickness and 

type/thickness of floors, were statistically characterized and described in Bernardo et al. 2021. 
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Based on this information, 9 archetypes – A1, A2, A3, B1, B2, B3, C1, C2 and C3 – with different 
configurations and up to 5 stories high, were generated for the subsequent analyses. Figure. 2 presents 

the layout of these archetypes. Table 1 summarizes the statistical information for the geometry and the 

parameters adopted (underlined) to represent the archetypes. 

The archetype B2 (Figure. 2) represents the mean size configuration (12.6x12.1m). The plan dimensions 

for the remaining were derived from the mean archetype, considering a dispersion equals to one 

standard deviation: Lx = 12.6 ± 5.0m and Ly = 12.1 ± 4.1m. The total area ranges approximately between 

60.0m2 to 285.0m2. The layout for the arrangement of the partitions/interior walls follows, in a 
reasonable manner, the typical size of the compartments for theses typologies (3x3m up to 4x5m), 

representing a mean value for the interior walls’ density equal to 0.054. 

Regarding the walls thickness, considering the enormous variability in the type of material, arrangement 
and absence of information in the documentation gathered, were considered the mean thickness for the 

facades and side walls. For the interior/partition walls the most common value (mode) were adopted, 

which are representative for more than 60% of the buildings collected [20]. The intrinsic variability in 

the wall’s characteristics (type of masonry, morphology and arrangement) was computed in the material 
mechanical properties uncertainty, carried out in section 3.2. For the remaining variables, the mean 

values adopted are mentioned in Table 1. 

Table 1 Statistical properties for the geometric parameters [20] 

Statistical 

properties 

Lx 

[m] 

Ly 

[m] 

IWD 

[-] 

H0 

[m] 

Hn 

[m] 

ORF 

[-] 

ORB 

[-] 

Th1 

[m] 

Th2 

[m] 

Th3 

[m] 

Th4 

[m] 

AWTR 

[-] 

Mean µ 12.6 12.1 0.054 3.23 3.01 0.23 0.21 0.47 0.34 0.21 0.14 0.11 

Std. 

deviation σ 
5.00 4.1 0.01 0.42 0.24 0.08 0.08 0.14 0.11 0.05 0.02 0.06 

mode - - - - - - - - - 0.25 0.15 0.10 

Lx and Ly – size; H0 and Hn – ground and upper floor stories high; OR – openings ratio: front (ORF) and back 

(ORB) facade; IWD – interior walls density; Th – walls thickness: facades (1), lateral side (2), interior (3), 

partition (4); AWR – average walls thickness reduction on the facade 

 

 

Figure. 2 Archetypes adopted to represent the population of old masonry buildings in Portugal 
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3.2 Material properties selection 

The definition of material mechanical properties was based on literature review, which includes the 

masonry properties that can be identified in the Portuguese building stock and the suggested properties 

by the latest version of EC8-3 (see Candeias et al. 2020). 

Taking into account the wide range of masonry mechanical properties, the uncertainty was propagated 

through Monte Carlo simulations [22]. For that purpose, two groups of buildings were considered with 

different material properties (see Table 2): Type I – typologies with good quality masonry (e.g., regular 

and squared masonry, brick masonry with cement lime mortar) and Type II – typologies with poor 
quality masonry (e.g., ruble stone masonry, brick masonry with lime mortar). Given the differences of 

the interior/partition walls (e.g., tabique1, frontal walls2, perforated brick masonry) when compared 

with the exterior walls (e.g., solid masonry bricks, stone masonry or concrete blocks), two sub 
categories were defined: Type I-1 and Type II-1, to represent the properties of exterior walls, and Type 

I-2 and Type II-2 for the interior/partition walls. A set of 100 samples for each typology – Type I and 

Type II – were generated to describe the material variability, attaining an error of around 5% (95% 

confidence interval) for the material population generated. 

Table 2 Mean values and dispersion adopted for the material mechanical properties 

Random variable Distribution COV Mean value 

Type I-

1 

Type I-

2 

Type II-

1 

Type II-

2 

Compressive strength fc [MPa] LogNormal 0.40 5.00 2.00 2.50 1.25 

Factor K * [-] Truncated 

Normal 

0.25 800 (250 - 1100) 

Young’s modulus E [MPa] - - 4000 1600 2000 1000 

Shear modulus G [MPa] LogNormal 0.40 1700 650 850 450 

Density ρ [kg/m3] Normal 0.10 1800 1200 1800 1200 

Cohesion τ0 [MPa] LogNormal 0.40 0.15 0.15 0.07 0.07 

Friction coefficient μ** [-] LogNormal 0.40 0.40 0.40 0.40 0.40 

* Factor k correlates the Young’s modulus and compressive strength: E = K∙ fc 

** According to EC8-3 

4. Numerical modelling assumptions 

4.1 Modelling strategy and general assumptions 

Considering the previous geometric statistical information, tridimensional multi degree of freedom 
models (MDOF) were developed to simulate the nonlinear response of the buildings. For this purpose, 

an equivalent frame modeling strategy available in the research version (2.1.104) of TREMURI software 

[23] was used. Some of the features of the model include the accurate representation of the principal in-

plane failure mechanism, including the stiffness and strength degradation, such as bending rocking, 

diagonal shear and sliding. 

The software was originally developed for frame-type analysis of the entire URM buildings whereby 

the response is governed by the in-plane behavior of the walls. On the other hand, the current version 
of EC8-3 also does not include the out-of-plane mechanisms or assumes these as being prevented from 

occurring. Hence, the behavior of the buildings analyzed is only restricted to in-plane mechanisms. 

4.2 Macroelement model validation 

The macroelement model is defined by a set of mechanical parameters at macroscopic scale that should 

be representative of an average of the masonry panel properties: Young’s modulus – E, shear modulus 

 
1 set of vertical long boards connected by horizontal small wood stripes, normally filed with pieces of bricks and lime mortar 
2 set of plane wood trusses very common in “Pombalino” typology 
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– G, density – ρ, compressive strength – fc, cohesion – τ0, friction coefficient – μ, and by two 

phenomenological parameters related to the shape of nonlinear shear constitutive model – 𝑐𝑡 that 

expresses the shear deformability in the inelastic range, wherein the amplitude in the inelastic 

displacement is proportional to the product 𝐺C𝑡; and 𝛽𝑠 that controls the slope of the softening branch in 

the post-peak region [23]. 

The validation of the macroelement model was performed using the results of an in-plane quasistatic 

experimental test carried out on a full-scale masonry panel, with aspect ratio of 1.325:1 

(2.65x2.00x0.25m – height, length and thickness), made of solid clay bricks, extracted from an old 

masonry building. Further details can be found in [24]. 

4.3 Floor diaphragms modelling 

Floor diaphragms were modelled as a two-dimensional orthotropic membrane element, defined by four 
nodes with two displacement degrees of freedom each, and characterized by the equivalent mechanical 

properties: equivalent thickness – teq, modulus of elasticity of the diaphragm in the principal direction 

– E1 – and perpendicular direction – E2, shear modulus – G, that influence the horizontal force 

distribution between walls, and Poisson ratio – ʋ. 

Two types of floor diaphragms, rigid and flexible, were considered. Rigid diaphragms were modelled 

by RC slabs and assuming a load distribution in the walls proportional to the influence area. In this case, 

it was assumed a good connection between the walls to ensure equal planar displacements at floor level, 
simulated through rigid links beams. A typical timber floor was adopted for flexible diaphragms, 

constituted by timber sheathing and timber joists perpendicular to the facades. In this case, the load was 

distributed by the main timber joists and the connections between walls were modelled through 

equivalent elastic link beams at the floor level to simulate medium to weak connections, according to 
[25]. Table 3 and Table 4 summarize the mechanical properties for the membrane elements (rigid and 

flexible) and for the connection between walls, respectively. 

Table 3 Mechanical properties adopted for the floor diaphragms 

Type of floor Equivalent 

thickness teq  

[m] 

Elastic modulus 

E1 

[GPa] 

Elastic modulus 

E2  

[GPa] 

Shear Modulus 

G  

[GPa] 

Poisson 

coefficient ʋ  

[-] 

Rigid 0.20 30.0 30.0 13.0 0.20 

Flexible [25]  0.022 29.0 12.0 0.011 - 

Table 4 Parameters adopted to simulate the connections between walls [25] 

Type of connections Area A  
[m2] 

Inertia I  
[m4] 

Elastic modulus E  
[GPa] 

Good (rigid) 10.0 5.0 30.0 

Medium to weak (flexible) 0.0004 0.0002 

4.4 Representative buildings models 

Considering the assumptions related to geometry layout and discussed in previous sections, 45 

archetypes of buildings were modelled (A1, A2, A3, B1, B2, B3, C1, C2 and C3 ), up to 5 stories high, 

as shown in Figure. 3. Attending to materials variability and different type of floor diaphragms (rigid 
and flexible), a population of 18000 buildings was generated, based on the modelling assumptions 

previously described. With regard to gravity loads applied, the prescriptions of Eurocode 8 [26] are 

followed, combining the nominal values of permanent loads G with the quasi-permanent live loading 

ѰEQ. The permanent loads are defined by the self-weight of the masonry, timber floors (1.10 kN/m2) 
and timber roof (1.30 kN/m2). The live loads depend on the building category, which is assumed for 

domestic and residential purpose (category A). 
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Figure. 3 Archetypes of masonry old buildings modelled in TREMURI 

5. Numerical analysis and seismic behavior 

5.1 Methodology for seismic assessment 

In order to develop the fragility curves compatible with the current version of EC8-3, the methodology 

to evaluate the seismic behavior of the buildings follow the recommendations of the standards for the 

in-plane global safety verification using nonlinear methods. 

The general methodology of EC8-3 uses a performance- and displacement-based approach to assess the 

safety level of a given structure. Regarding the required performance levels for Portugal, implicitly 

related to the seismic hazard, three limit states (LS) are defined to assess the structural performance of 
an existing building, depending on its importance class: Damage Limitation (DL), Significant Damage 

(SD) and Near Collapse (NC). The return periods (RP) prescribed by EC8-3 for these LS are defined in 

accordance with levels of protection, having values of 73, 308 and 975 years for the DL, SD and NC 

limit states, respectively, corresponding to probabilities of exceedance of 50%, 15% and 5% in 50 years. 
For residential buildings (importance class II) the safety verification is only mandatory for the SD limit 

state. 

5.2 Nonlinear static analysis 

The buildings’ capacity was predicted from nonlinear numerical static analysis (pushover), through 

monotonic horizontal forces, which requires particular attention on the choice of load pattern. In 

general, design codes propose to assume two load patterns (e.g., uniform and triangular) to simulate the 

distribution of inertial forces during the seismic loading on the deformed shape of the buildings. 
However, the deformed shape depends on the damage on the building and may change during the 

loading scenario. To overcome this limitation, [29] propose an adaptive pushover algorithm for masonry 

buildings, wherein the load pattern is proportional to the displacement shape in the previous step. This 
approach revealed to be more suitable for masonry buildings with rigid floors, comparing with time-

history analysis. However, for flexible floors, given the local mechanisms and the mass participation of 

each single wall in the vibration mode, that approach does not provide significant improvements. In that 
case, the pseudo-triangular load pattern is better suited to assure that all mass is mobilized [30]. For the 

present study, adaptive pushover analyses with inverse triangular first ratio pattern were adopted for 

buildings with rigid floors and an inverted pseudo-triangular for flexible floors. The control node was 

selected at the top level and the shear was measured on the base up to reaching 20% decay of the 
maximum shear strength (NC limit state), as recommend by the EC8-3 for a global safety verification. 

Figure. 4 presents the capacity curves normalized for spectral acceleration Sa and spectral displacement 

Sd for the archetypes A1, B2, and C3, with 3 to 5 stories high. The red and blue dots correspond to the 
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maximum shear strength and the ultimate displacement for the NC limit state, respectively. The results 
are presented for the seismic action in the longitudinal direction (parallel to the facade walls), which 

revealed to be more critical for the geometry layout defined by exterior lateral walls without openings. 

 

   

   

   

Figure. 4 Capacity curves for archetypes A1, B2 and C3, with 3, 4 and 5 stories heigh and rigid floors 

5.3 Seismic performance-based assessment 

In this study, the seismic performance was evaluated for each building, adopting the response spectrum 

for the seismic action offshore (seismic action type 1) and inland (seismic action type 2) defined in 
EC8-1 for Portugal, an equivalent viscous damping equal to 5%, soil amplification factor corresponding 

to a soil type A, B and C, and a wide range of return periods (RP) up to 5000 years. Taking the 475-

years RP as the reference period RPref, the acceleration on the ground 𝑎𝑔 can be scaled to other RP as 

suggested in the comments to the Portuguese version of EC8-1: 𝑎𝑔 = 𝑎𝑔𝑟(𝑅𝑃𝑟𝑒𝑓/𝑅𝑃)
−1/𝑘, where 𝑎𝑔𝑟 

is the acceleration for the RPref and k take the values of 1.5 and 2.5 for seismic action in mainland 
offshore and onshore, respectively, and 3.6 for Azores. These coefficients assume the mean values 

obtained in the counties and a first-order power law approximation for the seismic hazard. 
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6. Seismic fragility analysis 

In the present work, the limit state (LS) thresholds follow the global scale criterion as a percentage of 

maximum shear (Fmax) defined in the capacity curves, which are in line with the LS proposed by the 
EC8-3. Therefore, the LS are expressed in terms of spectral displacement (Sd) as a function of the base 

shear measured, according to criteria indicated in Table 5. The LS1 was defined at the yielding point of 

the idealized capacity curve and LS2 and LS3 correspond to the peak of maximum shear and post-peak 

range, respectively. 

Table 5 Damage state definition for unreinforced masonry buildings 

Limit state Performance Level Description Criteria 

LS1 – DL Immediate Occupancy: 

Damage Limitation 

Minor structural damage;  

moderate non-structural damage 

Sdy 

LS2 – SD Life Safety:  

Significant Damage 

Significant structural damage;  

extensive non-structural damage. 

Sd (Fmax) 

LS3 – NC Collapse Prevention: 

Near Collapse 

Near collapse; 

repairing the building is not feasible 

Sd (0.80Fmax) 

 

The fragility curves proposed in this section were derived from empirical cumulative distribution 
functions (CDF) for the data analyzed, directly obtained from the nonlinear response of the buildings, 

considering the limit states indicated in Table 5. Therefore, the fragility curves presented are 

independent of the seismic action, or spectrum format, and represent the capacity exceedance 

probability conditioned on a value of demand for the three limit states adopted. 

For this purpose, the archetypes were grouped and analyzed by number of stories, typology (Type I and 

Type II) and type of floor diaphragm  rigid (RD) or flexible (FD). The best cumulative analytical 

function was fitted to the data based on Kolmogorov-Smirnov tests, and follow, in a reasonable manner, 
a LogNormal (LN) and Weibull (W) distribution for typologies Type I and Type II, respectively. Figure. 

6 presents the proposed fragility curves, expressed as a function of interstorey drift 𝜃𝐶 , by number of 

floors, typology and type of floor diaphragm. Table 6 summarizes the median values of 𝜃𝐶  and 

dispersion 𝛽𝐷 for the analytical fragility functions proposed for the buildings’ capacity. Note that, the 

values of dispersion achieved in this section include the randomness in material properties defined for 

each typology and the variability in the geometry layout of the archetypes, allowing to account both 

variables in the capacity of the buildings for seismic risk studies or seismic assessment. 

Bar chart of Figure. 5 presents a comparison of the moments proposed for the different typologies, type 

of floor diaphragm and number of stories, to support the discussion of results. For the mean values 𝜃𝐶  

(%) computed, the main differences are observed between typologies and type of floor diaphragm: Type 
I/RD  0.09 to 0.12 (DL), 0.37 to 0.47 (SD), 0.45 to 0.70 (NC); Type II/RD  0.07 to 0.09 (DL), 0.22 to 

0.31 (SD), 0.38 to 0.70 (NC); Type I/FD  0.21 to 0.40 (DL), 0.65 to 0.91 (SD), 0.70 to 1.09 (NC); Type 

II/FD  0.23 to 0.33 (DL), 0.51 to 0.75 (SD), 0.70 to 0.91 (NC). As can be noticed, high values of 𝜃𝐶  are 

attained for structures with FD and mostly for type I typology. In contrast, the type II-rigid presents 
minor drifts, followed by the type I-rigid. In general, buildings with good quality masonry (Type I) 

present higher values of 𝜃𝐶 , except for one storey height with FD. 

Regarding the dispersion 𝛽𝐷, the range of values vary from: Type I/RD ¬ 0.30 to 0.33 (DL), 0.12 to 
0.26 (SD), 0.15 to 0.32 (NC); Type II/RD ¬ 0.41 to 0.51 (DL), 0.50 to 0.58 (SD), 0.20 to 0.50 (NC); 

Type I/FD ¬ 0.20 to 0.40 (DL), 0.19 to 0.30 (SD), 0.22 to 0.33 (NC); Type II/FD ¬ 0.27 to 0.62 (DL), 

0.34 to 0.60 (SD), 0.30 to 0.50 (NC). Thus, in general, the values of dispersion attained are higher for 

typology Type II. For the same typology, minor differences between the number of floors are noticed, 
except for buildings with one story. For the SD limit state, the dispersion has a slight range between the 

number of floors, comparing to the other limit states, excluding the Type II-flexible typology with 

relatively similar dispersion. Finally, for the DL seems to be some trend for lower dispersion in low-

rise buildings, in contrast to the higher dispersion computed in taller buildings for the NC limit state. 
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Figure. 5 Analytical fragility curves proposed for the buildings’ capacity: comparison of the median 𝜽𝑪 and 

dispersion 𝜷𝑪 values by number of stories, typology and type of floor diaphragm. 

Table 6 Moments of the analytical fragility curves proposed for the buildings’ capacity. 

No of 

stories 

Typology Function LS1 – DL 

DS1 

DS1 

LS2 – SD 

 

LS3 – NC 

 θC 

[%] 

βC 

[-] 

a b θC 

[%] 

βC 

[-] 

a b θC 

[%] 

βC 

[-] 

a b 

1 Rigid-Type I LogN 0.09 0.32 - - 0.39 0.12 - - 0.45 0.15 - - 

Rigid-Type II Weibull 0.07 0.51 0.08 2.05 0.23 0.57 0.26 1.83 0.50 0.20 0.54 5.80 

Flexible-Type 

I 

LogN 0.21 0.38 - - 0.65 0.19 - - 0.70 0.22 - - 

Flexible-Type 

II 

Weibull 0.33 0.62 0.43 1.75 0.72 0.60 0.87 2.63 0.89 0.50 1.04 2.91 

2 Rigid-Type I LogN 0.10 0.32 - - 0.37 0.26 - - 0.45 0.24 - - 

Rigid-Type II Weibull 0.07 0.44 0.07 2.41 0.22 0.56 0.25 1.85 0.38 0.33 0.42 3.33 

Flexible-Type 

I 

LogN 0.35 0.40 - - 0.91 0.30 - - 1.00 0.33 - - 

Flexible-Type 

II 

Weibull 0.32 0.29 0.36 3.92 0.75 0.37 0.82 3.07 0.90 0.33 1.03 3.60 

3 Rigid-Type I LogN 0.10 0.33 - - 0.44 0.17 - - 0.55 0.23 - - 

Rigid-Type II Weibull 0.07 0.44 0.08 2.42 0.26 0.58 0.29 1.79 0.45 0.43 0.50 2.47 

Flexible-Type 

I 

LogN 0.40 0.21 - - 0.91 0.28 - - 1.09 0.24 - - 

Flexible-Type 

II 

Weibull 0.27 0.29 0.30 3.84 0.54 0.36 0.59 2.79 0.70 0.30 0.80 3.80 

4 Rigid-Type I LogN 0.11 0.33 - - 0.46 0.17 - - 0.63 0.25 - - 

Rigid-Type II Weibull 0.08 0.42 0.09 2.56 0.30 0.57 0.34 1.83 0.59 0.49 0.67 2.17 

Flexible-Type 

I 

LogN 0.38 0.21 - - 0.82 0.23 - - 1.05 0.22 - - 

Flexible-Type 

II 

Weibull 0.25 0.29 0.27 3.84 0.51 0.37 0.55 2.71 0.72 0.35 0.82 3.36 

5 Rigid-Type I LogN 0.12 0.30 - - 0.47 0.20 - - 0.70 0.32 - - 

Rigid-Type II Weibull 0.09 0.41 0.10 2.61 0.31 0.50 0.34 2.09 0.70 0.50 0.79 2.12 

Flexible-Type 

I 

LogN 0.36 0.20 - - 0.81 0.22 - - 1.07 0.24 - - 

Flexible-Type 

II 

Weibull 0.23 0.27 0.25 4.28 0.51 0.34 0.53 3.55 0.91 0.41 0.90 2.84 

a, b are, respectively, the scale and shape parameter for the Weibull distribution 
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Figure. 6 Analytical fragility proposed curves for the buildings’ capacity expressed by 𝜽𝑪. 
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7. Final comments and conclusions 

Seismic risk studies are of extreme importance in regions with moderate to high seismicity, such as 

Portugal, to estimate losses and establish policies for risk mitigation. This kind of studies requires 
knowledge about the building stock, which is often characterized by empirical methods and expert 

opinion when performed at large scale. The main purpose of the present paper was to derive analytical 

fragility curves that can be used to conduct more detailed seismic risk studies or employed for seismic 

assessment of pre-code masonry buildings. 

The development of the proposed fragility curves considered a synthetic database of 18.000 masonry 

buildings, based on statistical information previously collected about the geometry, allowing to define 

nine archetypes (A1, A2, A3, B1, B2, B3, C1, C2, C3), which were further combined with a wide range 
of material properties (Type I – good quality and Type II – poor quality) and type of floor diaphragm 

(rigid and flexible). 

Based on the previous analyses, analytical fragility curves for the buildings’ capacity were derived for 
both typologies and type of floor diaphragm. Among the results gathered, the following stand out: i) 

buildings with good quality materials and flexile diaphragm (Type I  FD) reach higher drift values (up 

to 0.41%DL, 0.91%  SD and 1.09%  NC). In contrast, smaller drifts (up to 0.09%DL, 0.31%  SD and 

0.70%  NC) are attained for structures with poor quality masonry and rigid diaphragm (Type II  RD); 
ii) the dispersion achieved is higher in Type II  FD buildings (up to 0.62 DL, 0.60  SD and 0.50  NC) 

and smaller in Type I  RD buildings (up to 0.33 DL, 0.26  SD and 0.32  NC); iii) in general, drift values 

and respective dispersion seems to be higher with the increase in number of floors. 

The proposed fragility curves are not linked to a ground motion intensity, or spectrum format, and can 

be applied in a more general context to characterize the capacity of the building stock considering the 

randomness in the material properties and the variability in the geometry. 
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Abstract 

Highrise buildings that have structural irregularities are in general more susceptible to damage from earthquakes. 

Such damage is primarily due to the coupling of torsional and translational vibrational response whereby the 

building twists even though it is being excited in translational modes only. For optimal earthquake design and 

retrofit of such structures, several cycles of iterations of structural analysis followed by design change are often 

needed. To provide efficiency and accuracy of iterative assessment-adjustment cycles in the design process, this 

study proposes an integrated seismic design and assessment framework. The ‘Revit Structure’ platform from 

Autodesk, a prominent member of the Building Informational Modeling software family, and ZEUS-NL from 

Mid-America Earthquake Center, one of the most advanced earthquake simulation programs, are utilized for 

seismic design and analysis tools, respectively. An advanced bi-directional linkage interface is developed so that 

two distinct and complex computer codes can exchange essential structural or non-structural member data in both 
directions without any loss of information. This coupled approach also provides improved earthquake analysis 

and design guidelines which can address damaging torsional effects. The feasibility of the proposed framework 

and its components are successfully evaluated and verified through an application example. It is observed and 

verified that more reliable and better seismic design for irregular buildings can be achieved using the proposed 

framework. 

Keywords: Building Information Modeling (BIM), Seismic Design, Earthquake Damage, Irregular Structures 

1. Introduction 

In highrise buildings with structural irregularities, seismic deformation demand can be considerably 

increased due to the additional torsional moment caused by non-coincident centers of mass and rigidity, 
resulting in significant earthquake damage. In fact, this type of seismic damage to structures has been 

commonly observed during numerous past earthquakes [1,.2, 3, 4, 5]. As the dynamic response of 

highrise irregular buildings is complicated owing to the nonlinear lateral-torsional coupling effect, their 

earthquake retrofit designs usually require more iterative seismic performance assessments and 

structural design adjustments. 

In earthquake design and retrofit development, structural engineers often generate multiple analytical 

models from the architectural design, and adjust the structural design based on the results from a series 
of earthquake simulations. It is critical to keep in sync all analytical models resulting from different 

design stages because any structural analysis using inconsistent analytical models would not be valid. 

To overcome the consistency concern in different analytical models throughout the earthquake design 
process, this study proposes an integrated seismic assessment and design framework that ensures a 

closed loop of structural adjustment and assessment. The proposed platform enables the pursuit of more 

reliable and optimal seismic design and retrofit, especially for highrise buildings having structural 

irregularities requiring many design and analysis iterations. 

2. Integrated Seismic Assessment and Design Framework 

To ensure fine-tuning of earthquake design, a seamless interaction should be guaranteed between the 
structural analysis and design software packages. This can be done by developing a bi-directional link 

interface that can transfer required data from one program to the other flawlessly. The Building 
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Informational Modeling software program, Revit Structure [5], was chosen as the design tool while one 
of the most advanced earthquake simulation analysis programs, ZEUS-NL [7] from Mid-America 

Earthquake Center, was utilized as the structural analysis tool. Then, this study developed an advanced 

bi-directional linking module which can communicate between two different programs using the Revit 
Structure API (Application Programming Interface) [8]. This linking tool can export and update both 

structural and non-structural components in each software. Thus, any structural members as well as 

non-structural members that may affect the overall structural behavior can be included in the analysis. 

The export function accesses the structural model data in Revit Structure, mines it, and writes a ZEUS-
NL input file. With this export feature, various analytical models can be easily created from the physical 

model in the design software. The update function works in the opposite way. It interprets the data in 

ZEUS-NL, converts it into the format that can be accessed by Revit API, and then updates structural or 
non-structural components in Revit Structure. The affected components are highlighted in Revit 

Structures so that designers can visually check which members are modified. The update tool can not 

only modify/update the data in Revit Structure, but also create/store structural analysis results in its 

database. This could be very beneficial for structural engineers as the stored analysis data can be re-
utilized for subsequent structural analysis. This advanced linking interface also has added functionality 

for irregular structures; it can show how severe torsional response would be, and it guides how to 

achieve better seismic performance by providing suggested seismic assessment and design guidelines. 
Fig. 1 shows the integrated seismic assessment and design platform introduced in this study. Iterative 

seismic performance assessment and structural design modification procedure under the proposed 

framework is described in Fig. 2. The developed framework offers several advantages including easy 
analytical model generation, elimination of model inconsistency in the design process, and better 

visualization capability to check structural analysis results. It is expected that more reliable and optimal 

seismic design and retrofit can be achieved under the proposed platform. 

 
Figure 1. Proposed integrated seismic assessment and design framework. 

 
Figure 2. Seismic design process under the proposed framework. 

Import sets of components from design software and generate a structural model

Run inelastic dynamic analysis and assess inelastic seismic response

with the help of the torsional response prediction tool

pre-defined criteria are satisfied?

Export analysis results to design software

with instructions for which components need adjustment and how

Find suitable components from its library to add in design software

Import into inelastic dynamic analysis again

Finish the design

Yes
No
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3. Framework Verification 

In order to verify the proposed integrated framework and its components, a three-story, two-bay by one-

bay, reinforced concrete moment resisting building is utilized. The bay length and story height are 4 m 
and 3 m, respectively, and each story is assumed to have five percent mass eccentricity in its initial 

design. The studied structure is first created in Revit Structure, and its analytical model for earthquake 

simulations is automatically generated in ZEUS-NL via the advanced bi-directional link interface 
developed in this study. As the link tool provides various exporting options, users can create various 

numerical models depending on their analysis needs. For example, two different analytical models can 

be developed with and without non-structural components such as infills. Fig 3 depicts the initial design 

of the target structure in Revit Structure and its corresponding analytical model created in ZEUS-NL. 

 

Figure 3. Analytical model generation from initial design in Revit Structure. 

Inelastic dynamic response-history analysis (RHA) with the generated analytical model is conducted to 

evaluate its seismic performance. The concrete material was represented by a uniaxial model that 

follows the constitutive relationship proposed by Mander et al. [9] and the cyclic rules proposed by 
Martinez-Rueda and Elnashai [10]. The confinement effect provided by the transverse reinforcement is 

incorporated while constant confining pressure is assumed. For reinforcing steel, a bilinear elasto-

plastic model with a kinematic hardening rule is employed [11,12]. The concrete compressive strength 
and steel yield strength were 18.7 MPa and 383 MPa, respectively. The contribution of the slab to the 

beam stiffness and strength was considered by using the effective flange width of the T-shape beam and 

diagonal diaphragm; lumped masses corresponding to the seismic weights were placed only at beam-

column connections to reduce mass matrix size. Ten simulated ground motion records were utilized to 
represent the design uniform earthquake hazard spectra, and more detailed descriptions about ground 

motion records can be found in Mid-America Earthquake (MAE) Center report by Wu and Wen [13]. 

The selected input motions were scaled to have peak ground accelerations of 0.1g, 0.3g and 0.5g. 
Additionally, equivalent lateral force (ELF) analysis is conducted; ELF is the static analysis procedure 

allowed in IBC (International Building Code) [14] and code-adopted design eccentricities were utilized 

in the analysis. 

The analysis results with the original design model are reported in Table 1; they are maximum ductility 

demand values of lateral-resisting members in the first story obtained from the dynamic RHA and static 

ELF procedure. The ductility demands in flexible and stiff-side members are not the same as the studied 

structure experiences added torsional vibration originated from its mass irregularity. It is observed that 
the static analysis increasingly underestimates the ductility demands for both flexible- and stiff-side 

members as the earthquake intensity increases; it is expected that the structure designed based on static 

analysis would not well perform under strong earthquake shaking. 
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Table 1 – Maximum ductility demand of initial design 

PGA 
Flexible-side Stiff-side 

RHA ELF RHA ELF 

0.1g 1.78 1.92 1.34 1.51 

0.3g 3.35 2.73 2.07 1.73 

0.5g 4.51 3.17 3.85 2.31 

 

The developed platform recommended that the rigidity center needs to move toward the mass center for 

better seismic performance; it suggested to increase flexural rigidity of the lateral load-resisting 
members on the flexible side by changing their cross-sectional dimensions. Then, the linking module 

found suitable structural components from the Revit library, and it updated the corresponding structural 

members and highlighted them. Fig. 4 shows the new Revit design model and its analytical model 
exported to ZEUS-NL for another structural performance evaluation. Note that analysis results as well 

as dynamic characteristics such as structure periods and mode shapes were stored in the Revit database 

with the update tool. The dynamic RHA and static ELF results with the new design are shown in Table 

2. It is proved that the new structure performs better than the old one when comparing the results from 

the new and original designs. 

 

Figure 4. Analytical model generation from new design in Revit Structure. 

Table 2 – Maximum ductility demand of new design 

PGA 
Flexible-side Stiff-side 

RHA ELF RHA ELF 

0.1g 1.44 1.63 1.38 1.52 

0.3g 2.36 2.26 2.18 2.01 

0.5g 3.45 2.81 3.29 2.89 

 

4. Conclusion 

An integrated environment for seismic assessment and design of highrise irregular structures is 
introduced in this study to address the iterative process of effecting design changes to reduce torsional 

effects arising from non-coincidence of centers of mass and stiffness. The proposed framework and its 

components are described and verified through realistic design and assessment scenarios. To establish 
the integrated computational platform, structural analysis and design tools are determined, and an 

advanced bi-directional linkage interface is developed. The Building Informational Modeling software 
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‘Revit Structure’ and the structural analysis program ZEUS-NL are employed for seismic design and 
analysis, respectively. To achieve a seamless interaction between the two selected programs, a robust 

bi-directional linkage interface is developed. This interface has functionality of exporting and updating 

structural components as well as non-structural ones and of providing guidance for seismic assessment 
that addresses the damaging effects of torsional coupling in high-rise buildings. An application example 

confirms the feasibility and effectiveness of the proposed framework and its components are 

successfully evaluated and verified. 
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Abstract 

In comparison with far-field (FF) ground motions, near-fault (NF) ground motions with forward directivity or 

fling-step effect are characterized by large pulses. These pulse-like (PL) ground motions have pronounced 

coherent pulses in velocity and displacement histories. Even though these prominent pulses generally have very 

few cycles in a PL ground motion, the destruction they cause to structures is severe and distinctive compared with 
non-pulse-like (NPL) ground motions. The present study suggests power demand as an alternative engineering 

demand parameter for reflecting the severity of the risk posed by PL ground motions. The proposed parameter is 

simply a product of story shears and inter-story velocities. Through an investigation using a three-story building 

subjected to ensembles of PL and NPL ground motions, this study confirms that power demand satisfactorily 

elucidates the destructive potential of PL ground motions. In contrast, force demand, which is the cornerstone laid 

in building seismic design codes, cannot adequately reflect the destructive potential of PL ground motions. In 

addition to power, power density and normalized power density were introduced to obtain a sense of the magnitude 

of power demand relative to the degree of structural damage. 

From the energy response histories of a three-story building, extraordinary increments of kinetic energy under a 

PL ground motion are closely followed by significant increments of strain energy, indicating large structural 

deformations. It was found that damping energy is not effectively built up at the first significant increment of 
strain energy. This implies that inherent or supplemental damping hardly protects building structures against the 

first crucial strike of PL ground motions, which usually cause the most damage to structures. 

Keywords: near-fault ground motion, power response, seismic response, velocity pulse, vertically irregular 

building 

1. Introduction 

In comparison with far-field (FF) ground motions, near-fault (NF) ground motions with forward 

directivity or fling-step effect are characterized by large pulses [1-4]. These pulse-like (PL) ground 

motions have pronounced coherent pulses in velocity and displacement histories. Even though these 
prominent pulses generally have very few cycles in a PL ground motion, the destruction they cause to 

structures is severe and distinctive compared with non-pulse-like (NPL) ground motions. 

Kalkan and Kunnath [4] demonstrated that the velocity pulse of an NF ground motion causes structures 
to dissipate considerable input energy in relatively few large deformation cycles. They questioned the 

validity of the process of amplifying elastic design spectra with NF factors to reflect NF effects, which 

is commonly stipulated in design codes [5]. They also pointed out that the maximum inter-story drift 

ratio is a function of the ratio of pulse period to fundamental structural period. The study concluded that 
acceleration and velocity response spectra should be collectively examined to rationally assess the 

damage potential of NF ground motions [4]. Through conducting incremental dynamic analyses (IDA), 

Sehhati et al. [6] showed that neither the PGA nor the spectral acceleration corresponding to the first-
mode period are an ideal intensity measure (IM) for capturing structural responses to PL ground 

motions. They found that the PGV seems to be the only IM valid for both NF and FF ground motions. 

Enderami et al. [7] showed that the hysteretic energy caused by FF ground motions increases gradually, 
whereas in NF ground motions most hysteretic energy occurs in the first two yield excursions. This was 

believed to be the main difference between the effects of FF and NF ground motions on structures. 

Accordingly, they proposed an energy-based pushover analysis approach to estimate the NF ground 
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motion-induced seismic demands of structures [7]. Recognizing that structural seismic damage is 
associated with input energy and the ability of structural components to dissipate energy, Kalkan and 

Kunnath [8] proposed an energy measure to correlate with peak seismic demands. That energy measure 

is defined as the energy demand imposed on a structure over an effective duration, namely the time 

between two zero-crossings of the effective velocity pulse. 

Because many densely populated cities of Taiwan are near active faults, the seismic responses of a 

three-story reinforced concrete (RC) building (Fig. 1) to NF ground motions were investigated through 

a shaking table test [9]. The three-story building was vertically irregular, with a soft bottom story due 
to an elevated first story and additional RC walls only on the two exterior sides of the third story. The 

three-story building purposely mimicked many existing buildings, where the first stories are elevated 

and used for stores or parking lots; the other stories with many partition walls are used for residences. 
The numerical model of the three-story building was satisfactorily calibrated and verified with 

experimental results [9]. By performing IDA on the numerical model, it was found that when the 

building is collapsed, the total input energy from an amplified NF ground motion record was 

approximately half of that from an amplified FF ground motion record. This finding demonstrated that 
the amount of input energy is not a measure that appropriately reflects the potential damage caused by 

NF ground motions. Moreover, a notable two-sided spike with almost equal positive and negative 

displacement magnitudes was observed when the amplified NF ground motion collapsed the building. 
Meanwhile, the kinetic energy of the building, which reflects structural velocity, drastically increased 

[9]. This observation suggests that outstanding structural velocity accompanying a prominent structural 

displacement (i.e., a large restoring force) is one of the characteristics of buildings responding to NF 
ground motions, compared with FF ground motions. It is thus reasonable to infer that great power 

demands are imposed on buildings under NF ground motions. 

A useful analogy is that the work done by an adult carrying a 30 kg object up three stories in ten minutes 

is the same as that done in ten seconds, whereas the power demand in the latter case is 60 times the 
power demand of the former case. It is reasonable to presume that the former case is achievable, or even 

simple, for an ordinary adult, but most adults would be hard pressed or unable to achieve the second 

effort. Another analogy is to consider two identical steel boxes, one containing coals, the other bombs. 
Assuming that the energy dissipated by burning the coals and exploding the bombs are equal, the degree 

of damage is expected to be substantially different because of the discrepancy between the power, rather 

than the energy imposed on the two boxes. Accordingly, it seems intuitive and desirable to distinguish 
the threats of PL and NPL ground motions to buildings by examining their respective induced power 

demands. The present study therefore examines the power responses of the validated numerical model 

of the abovementioned three-story building to PL and NPL ground motions. The results are expected to 

provide a window into the understanding of the distinctive threat to buildings under PL ground motions. 

 

 

Figure 1. a) The three-story RC building (the white part) on an 8 m × 8 m shaking table; b) the numerical model. 

 

(a) (b)

beam-column element

with degrading material

panel element with 
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2. Power responses of a three-story building 

Power response, denoted by P(t), of an N-story building is defined as: 

 

(1) 

where Pi(t), hi, and Vi(t) are the power, story height, and story shear of the ith story, respectively. 

Parameter ( )i t   is the time derivative of the ith inter-story drift ratio ( )i t . Thus, ( )i ih t  represents 

the inter-story velocity of the ith story. Under a ground motion excitation, both Vi(t) and ( )i t  , of an 

elastic building structure vary linearly as the ground motion intensity (e.g., PGA) varies. Consequently, 

the power response is a quadratic function in terms of the ground motion intensity (Eq. 1). 

2.1 Numerical model 

To maintain the integrity of the present paper but avoid duplications, the details of the three-story 

building [9] are supplied in Appendix A. In addition to the elastic panel elements for simulating the RC 

walls, the numerical model of the three-story building consists of beam-column elements for simulating 

the beams and columns. A degrading material capable of reflecting strength degradation, stiffness 
degradation, and pinching is used for the columns. A bilinear material is adopted for the beams, and all 

the floor slabs are assumed to be rigid diaphragms. The calibration and verification of the numerical 

model have been conducted through shaking table tests, in which the three-story building went into a 
significant inelastic excursion with a peak inter-story drift of 2.49% rad [9]. The shaking table tests also 

confirmed that the building had a first-mode vibration period (T1) of 0.395 s in the short direction (i.e., 

x-direction). The effective modal participation mass ratio of the first vibration mode is 98.63%. The 
first vibration mode thus overwhelmingly dominates the seismic vibrations of the building, whose 

deformation is concentrated in the soft bottom story. Moreover, Rayleigh damping, with the damping 

ratios of the first two x-directional vibration modes equal 3%, is used to represent the inherent damping 

of the building [9]. 

2.2 Selected ground motion records 

The present numerical study considers an ensemble of 19 PL ground motion records and an ensemble 

of 19 NPL ground motion records. All the selected records were from seismic events in Taiwan. Ten 
records in each ensemble are from the 1999 Chi-Chi earthquake, which created an abundance of PL 

ground motion records. Table 1 shows the details of the selected PL and NPL records. The identification 

of ground motions with PL velocities is based on the wavelet approach proposed by Shahi and Baker 

[10]. The ground motion is classified as PL when the proposed pulse indicator is positive and the pulses 
arrive early in the time history. Moreover, the period associated with the maximum Fourier amplitude 

of the extracted wavelet, also known as the pseudoperiod of the wavelet, is estimated as the pulse period 

Tp [10].  Figure 2a–2f illustrates the 5%-damped displacement response spectra (Sd), pseudo-velocity 
response spectra (PSv), and pseudo-acceleration response spectra (PSa) of the two ground motion record 

ensembles. Figure 2a–2f clearly shows that PL records generally have greater spectral values at medium 

and long periods compared with NPL records. Figure 2g–2i plots the PL and NPL medians of Sd, PSv, 
and PSa to facilitate comparison. It should also be noted that four PL records (No. 2, 5, 6, and 7 in Figure 

2a and 2b) possess outstanding Sd and PSv values at medium and long periods. With all the selected 

ground motion records applied in the x-direction of the building, the IDA [11] were carried out. The 

pseudo-spectral acceleration at the first-mode period, denoted by Sa(T1), was used as the IM, and was 
scaled from 0.15 g to 3.0 g with increments of 0.15 g. With the IDA results, it was found that No. 9 of 

the PL records and No. 6 of the NPL records (CHY080_EW listed in Table 1a and TCU076_NS listed 

in Table 1b) resulted in the most significant seismic demands, which will be addressed in the following 
section. Besides the PL and NPL medians, the spectra of PL No. 9 and NPL No. 6 are also illustrated 

in Figure 2g–2i. Figure 2g–2i clearly indicates that all the PL medians of Sd, PSv, and PSa at the first-

mode period (T1 = 0.395 s) are lower than their NPL counterparts. The PSv and PSa of PL No. 9 at the 
first-mode period are also lower than their counterparts of NPL No. 6, whereas their Sd values are 

( ) ( ) ( ) ( )
1 1

N N

i i i i

i i

P t P t h t V t
= =

= = 
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essentially equal. Moreover, the median PL PSa has a substantial and wider plateau, compared with the 
NPL median. The median PL PSv has an outstanding ridge at a period of one-second, whereas the 

median NPL PSv is not obviously ridge-shaped. 

Table 1 – Ensembles of selected (a) PL and (b) NPL ground motion records. 

(a) 

GM 

No. 
EQ Event 

Magnitude 

(Mw) 
Station Component 

Rrup 

(kM) 

Vs30 

(m/s) 

Duration 

(s) 

Tp 

(s) 

1 1999_ChiChi 7.65 CHY006 EW 9.158 422.68 100 2.57 

2 1999_ChiChi 7.65 CHY101 NS 9.150 252.37 90 5.34 

3 1999_ChiChi 7.65 TCU045 NS 26.060 706.96 90 9.33 

4 1999_ChiChi 7.65 TCU047 EW 35.095 522.97 90 12.31 

5 1999_ChiChi 7.65 TCU052 EW 1.040 589.22 90 12.29 

6 1999_ChiChi 7.65 TCU065 EW 0.176 290.11 90 5.74 

7 1999_ChiChi 7.65 TCU068 EW 0.429 490.00 90 12.29 

8 1999_ChiChi 7.65 TCU095 EW 45.076 454.10 90 8.69 

9 1999_ChiChi 6.3 CHY080 EW 22.398 499.17 90 1.38 

10 1999_ChiChi 6.19 TCU084 EW 15.919 733.78 34 1.44 

11 1999_Chiayi 5.86 CHY073 EW 7.549 201.48 90 1.13 

12 2006_Taitung 6.17 TTN027 EW 9.104 318.22 71 1.27 

13 2010_Jiaxian 6.29 CHY063 EW 4.806 287.66 103 1.16 

14 2013_Nantou 6.01 TCU143 EW 23.626 465.91 75 1.27 

15 2013_Nantou 6.3 TCU167 EW 14.518 363.85 83 1.19 

16 2016_Meinong 6.4 CHY062 EW 21.519 597.85 80 0.90 

17 2016_Meinong 6.4 CHY063 EW 16.829 287.66 106 1.44 

18 2016_Meinong 6.4 CHY089 NS 19.013 396.20 120 2.58 

19 2018_Hualien 6.4 HWA028 NS 0.900 404.91 120 4.17 

GM = ground motion, EQ = earthquake; Rrup is the distance from the station to the ruptured fault; VS30 is the 

average shear-wave velocity at depths between 0 and 30 m. 

(b) 

GM 
No. 

EQ Event 
Magnitude 

(Mw) 
Station Component 

Rrup 
(kM) 

Vs30 
(m/s) 

Duration 
(s) 

1 1994_Nanao 6.35 ILA031 EW 13.758 657.39 90 

2 1999_ChiChi 7.65 CHY028 NS 2.049 546.91 90 

3 1999_ChiChi 7.65 CHY041 NS 19.411 488.12 90 

4 1999_ChiChi 7.65 TCU071 NS 5.793 614.75 90 

5 1999_ChiChi 7.65 TCU072 EW 6.731 471.88 90 

6 1999_ChiChi 7.65 TCU076 NS 1.945 573.23 90 

7 1999_ChiChi 7.65 TCU078 EW 8.664 444.54 90 

8 1999_ChiChi 7.65 TCU079 EW 11.401 353.94 90 

9 1999_ChiChi 7.65 TCU084 NS 11.714 733.78 90 

10 1999_ChiChi 7.65 TCU129 EW 0.990 506.46 90 

11 1999_ChiChi 6.3 TCU078 EW 7.768 444.54 105 

12 1999_Chiayi 5.86 CHY035 EW 17.814 554.22 68 

13 1999_Chiayi 5.57 CHY106 EW 17.092 227.63 94 

14 2003_Taitung 6.83 TTN041 EW 24.718 431.59 186 

15 2003_Taitung 6.83 TTN042 NS 14.340 824.52 186 

16 2003_Taitung 6.83 TTN046 EW 15.200 529.10 183 

17 2010_Jiaxian 6.29 CHY047 EW 45.941 183.52 80 

18 2016_Meinong 6.4 CHY061 EW 19.917 499.94 82 

19 2018_Hualien 6.4 HWA051 NS － 449.74 104 
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Figure 2. (a) Sd, (b) PSv, and (c) PSa PL response spectra; (d) Sd, (e) PSv, and (f) PSa NPL response spectra; (g) 

Sd, (h) PSv, and (i) PSa response spectra of PL No. 9, NPL No. 6, PL median, and NPL median. 

3. Seismic responses to ensembles of ground motion records 

Fig. 3a–3d illustrates the peak values of the inter-story drift, inter-story velocity, story shear, and story 

power of the first story (denoted by 1,peak, 1 1,peakh  , V1,peak, and P1,peak, respectively) when the three-story 

building is subjected to the PL ground motions (No. 1 to 19 in Table 1a). The value of h1 is 300 cm (Fig. 

A1). Fig. 3e–3h represents the counterparts when the building is subjected to the NPL ground motions 
(No. 1 to 19 in Table 1b). In each plot of Fig. 3, there are twenty lines or layers, each of which is the 

structural response corresponding to a certain value of Sa(T1), which varies from 0.15 g to 3.0 g with 

increments of 0.15 g. The value of Sa(T1) essentially increases from the bottom line to the top line. In 
fact, Fig. 3 shows few crossings between different lines. This phenomenon reflects “structural 

resurrection”, which means that a greater IM (Sa(T1)) results in less structural response [11]. Comparing 

the ordinates of Fig. 3a–3d with Fig. 3e–3h indicates that, except for V1,peak, the seismic responses (1,peak, 

1 1,peakh  , and P1,peak) resulting from the PL records are noticeably greater than those resulting from the 

NPL records when Sa(T1) approaches 3.0 g. This indicates that force demand is not an appropriate 

measure for distinguishing the seismic risks posed by PL and NPL ground motions. In other words, 
structural damage caused by PL ground motions is more likely to be due to power demand or velocity 

demand. Further, compared with inter-story velocity demand, power demand seems to be a physical 

quantity that is more straightforward and explicit for representing destructive potential of PL ground 

motions. 

Because of structural softening, Fig. 3a clearly shows that the spacing between layers with greater 

values of Sa(T1) is generally and noticeably larger than that for lower values of Sa(T1). In contrast, 
because of the gradually saturated story shear, Fig. 3c shows that the spacing between the layers with 

greater values of Sa(T1) is generally less than that compared with smaller values of Sa(T1). As Sa(T1) 
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increases, curves in Fig. 3a, 3b, and 3d are strikingly alike, whereas those in Fig. 3e, 3f, and 3h are not 
as alike as their PL counterparts. Speaking in detail, there are four outstanding peaks in each of Fig. 3a, 

3b, and 3d, which correspond to the No. 5/6, 9/10, 12/13, and 17 PL ground motions, and which are not 

necessarily the same as the four ground motion records with outstanding Sd and PSv values shown in 
Fig. 2a and b (No. 2, 5, 6, and 7). Furthermore, the magnitude sequence from large to small of the four 

peaks in Fig. 3a, 3b, and 3d are identical (No. 9/10, 5/6, 17, and 12/13). As for the NPL records, there 

are seven outstanding peaks in Fig. 3e, 3f, and 3h. The seven peaks correspond to No. 2, 4, 6, 8, 11, 13, 

and 18 NPL ground motions. Nevertheless, the magnitude sequence of the seven peaks is rather 
inconsistent. These observations again confirm that power demand is an effective measure that reflects 

the damage potential of PL ground motions. However, the effectiveness decreases when power demand 

is used as a measure for reflecting the damage potential of NPL ground motions. In other words, power 
demand plays a critical role in the seismic damage to buildings under PL ground motions, which usually 

only exhibit two or three extraordinarily large excursions in the corresponding hysteretic loops. In 

contrast, in the seismic damage to buildings under NPL ground motions, where gradually increasing 

hysteretic loops (i.e., cumulative damage) are more common, power demand is not as crucial. 

 

Figure 3. (a) 1,peak , (b) 1 1,peakh  , (c) V1,peak, and (d) P1,peak of the three-story building subjected to the PL ground 

motions scaled from Sa(T1) = 0.15 g to 3.0 g; (e)–(h) are the counterparts of (a)–(d) subjected to the NPL ground 

motions. 

Fig. 4a–4d shows the IDA curves of 1,peak, 1 1,peakh  , V1,peak, and P1,peak for the three-story building under 

the PL excitations. The 16%, 50% (median), and 84% percentiles of the IDA curves are shown together. 
Fig. 4e–4h shows the counterparts under the NPL excitations. Comparison of these graphs indicates 

that the PL ground motions impose greater seismic threats to the building than the NPL ground motions. 

In addition, the variation in seismic demand among the PL ground motions is more significant than 

among the NPL ground motions. For clarity, Fig. 4i–4l compares the medians of the 1,peak, 1 1,peakh  , 

V1,peak, and P1,peak IDA curves resulting from the two ground motion record ensembles. Fig. 4i and 4k 
indicates that the building is essentially elastic when Sa(T1) is less than 1.0 g. Note that the first vibration 

mode of the building overwhelmingly dominates the seismic vibrations [9]. Therefore, as long as the 

ground motion records are scaled to an identical pseudo-spectral acceleration Sa(T1), i.e., (2/T1)
2Sd(T1), 

the elastic drift response 1,peak (Fig. 4a, 4e, and 4i) of the building is mostly unvaried from ground 

motion to ground motion. On the other hand, the values of 1 1,peakh  , V1,peak, and P1,peak are much more 

diverse from ground motion to ground motion even when the building is elastic (Fig. 4b–4d and 4f–4h). 

This phenomenon possibly results from varying spectral values of 1 1,peakh  , V1,peak, and P1,peak among 

ground motion records, although all the ground motion records are scaled to an identical Sa(T1). In 

addition, higher-mode effects may be more substantial in these three types of seismic responses ( 1 1,peakh  , 

V1,peak, and P1,peak) compared with 1,peak. 

428

https://doi.org/10.5592/CO/2CroCEE.2023.3


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.3 

When the building is elastic (Sa(T1) ≦ 1.0 g), the quadratic variation of P1,peak (Fig. 4l) appears unique 

in comparison with the linear variations of 1,peak , 1 1,peakh  , and V1,peak (Fig. 4i–4k). Moreover, the 1 1,peakh   

and P1,peak of the building responding to the PL ground motions are initially lower but eventually much 

greater than their NPL counterparts (Fig. 4j and 4l). As the seismic intensity of the PL ground motion 

increases, the rapidly increased P1,peak poses a severe threat to the building (Fig. 4l). This threat is clearly 

reflected in the median 1,peak  of the building in response to the PL ground motions, which remarkably 

surpasses its NPL counterpart as the Sa(T1) gradually approaches 3.0 g (Fig. 4i). In contrast, the 

discrepancy between the maximum base shears, i.e., the peak first story shears (V1,peak), resulting from 

the PL and NPL ground motions (Fig. 4k) is not so significant in comparison with the discrepancy 

between the corresponding 1,peak  medians (Fig. 4i) when Sa(T1) = 3.0 g. This phenomenon indicates that 

force demand is not adequate for differentiating the seismic risks posed by PL and NPL ground motions. 

 

 

Figure 4. (a) 1,peak , (b) 1 1,peakh  , (c) V1,peak, and (d) P1,peak IDA curves for the three-story building subjected to the 

PL ground motions. (e)–(h) are the counterparts of (a)–(d) subjected to the NPL ground motions. The medians of 

the (i) 1,peak , (j) 1 1,peakh  , (k) V1,peak, and (l) P1,peak IDA curves for the three-story building subjected to the PL and 

NPL ground motions. 

Conclusions 

Pulse-like (PL) ground motions with prominent velocity pulses usually pose a severe risk to building 

structures. The present study suggests power demand as an alternative engineering demand parameter 
for reflecting the severity of the risk posed by PL ground motions. The proposed parameter is simply a 

product of story shears and inter-story velocities. Through an investigation using a three-story building 

subjected to ensembles of PL and non-pulse-like (NPL) ground motions, this study confirms that power 
demand satisfactorily elucidates the destructive potential of PL ground motions. In contrast, force 

demand, which is the cornerstone laid in building seismic design codes, cannot adequately reflect the 

destructive potential of PL ground motions. 
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Appendix A 

Fig. A1a–A1c shows the top view, front elevation, and side elevation of the three-story building. There 

is one bay in the x-direction and two bays in the y-direction of the building. The span of each bay is 

350 cm. The walls are infilled only on the two exterior sides of the third story along the x-direction (Fig. 
A1c). The first story height, measured from the top of the pedestals (footings) to the top of the first floor 

slab, is 300 cm. The other story heights, measured from slab top to slab top, are 150 cm (Fig. A1b and 

A1c). The size of all beams is 25 cm × 40 cm. The size of the three columns in column line A, denoted 

by C2, is 75 cm × 30 cm, and the size of the three columns in column line B, denoted by C1, is 30 cm 
× 30 cm (Fig. A1a). Fig. A1d and A1e shows the details of the reinforcements for beams and columns. 

The materials used for the #3 (10) and #6 (19) reinforcements are SD280W and SD420W, 

respectively, and the nominal yielding strengths of these reinforcements are 280 MPa and 420 MPa, 

respectively. The 28-day compression strength of the concrete, denoted by fc
’, is 21 MPa. According to 

the material tests on the reinforcements and concrete cylinders, the actual yielding strengths of the #3 
and #6 reinforcements are 355 MPa and 454 MPa, respectively. In addition, the average 28-day 

compression strength is 21.96 MPa. The thickness of the slabs and walls are 10 cm and 15 cm, 

respectively. The details of the reinforcements for walls and slabs are #3@15 cm on two sides and in 
two directions. The size of each concrete pedestal is 75 cm (length) × 115 cm (width) × 70 cm (height). 

The pedestal is connected to a steel base plate with shear studs. The base plates are fixed to the shaking 

table by bolts (Fig. A1f). Two additional concrete mass blocks, each of which is 110 cm (length) × 110 
cm (width) × 50 cm (height), are embedded in the second and third story slabs (Fig. A1a). Because the 

50 cm height of the mass blocks is greater than the thickness of the slab (10 cm), the 30 cm and 10 cm 

heights of the mass blocks protrude from the bottom and top surfaces of the slabs, respectively. This 

three-story building was modularly constructed, using a combination of modules A, B, and C connected 
via steel connection plates (Fig. A1g). The vertical bars of the columns and walls were welded to steel 

connection plates. Consecutive modules were connected by having their respective steel plates bolted 

together (Fig. A1g). The resultant weight of the three-story building is 505 kN, which consists of 183.8 

kN, 168.9 kN, and 152.3 kN for the first, second, and third stories, respectively. 
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Figure A1. (a) Top view, (b) front elevation, and (c) side elevation of the three-story building; (d) cross sections 

of beams and columns; (e) reinforcements along beam length; (f) detail of the pedestal; and (g) detail of a steel 

connection plate. 
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Abstract 

This paper presents the methodology for seismic analysis of masonry structures that can be employed in 

commercial software packages such as SAP2000. The concept of elementary block which combines non-linear 

spring and linear shell elements is used for discretization of masonry walls. The proposed modelling technique 

with localized nonlinearity can successfully simulate in-plane wall failure modes induced by compressive or 

tensile axial force and transverse force. It can also be used to investigate out-of-plane collapse which makes it a 
good candidate for 3D static and dynamic analysis of buildings. The modelling approach is tested on two examples 

where pushover analysis was performed: a single slender cantilever masonry wall and a family house. The 

response was verified against the results delivered by 3MURI and MINEA, and reasonable agreement was 

obtained. It is demonstrated that the transverse walls have significant contribution to the load bearing capacity of 

buildings.  

Keywords: masonry structures, elementary block, nonlinear spring elements, SAP 2000. 

1. Introduction 

There are at least two motives for the research presented in this paper. First, during the two previous 

decades it has become a common practice to upgrade the existing multi-story masonry buildings for 
one or two new floors. One example is showed on figure 1, presented the former existing masonry 

building and the upgraded one, situated in the vicinity of the Faculty of Civil Engineering in Sarajevo. 

Second, a large number of masonry buildings in our country were built before the introduction of the 

first seismic codes. These buildings don’t fulfill most of design requirements set by modern seismic 
regulations. However, the experiences gained during past earthquakes in the region of the South-East 

Europe showed us that the existing masonry buildings possess higher resistance than one might 

conclude from the everyday engineering analysis. It is obvious that the masonry structure should be 
modelled as a whole. 

 

Figure 1. Masonry building before reconstruction (left), after reconstruction (right).  
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This paper presents the concept of seismic analysis based on macro-element named “elementary block” 
and non-linear link elements. Such model is then implemented in software SAP2000 [4]. Numerical 

analysis of the building is based on a 3D model with transversal walls that carry a seismic load in their 

plane and to some extent out-of-plane. Model comprises the interaction of reinforced concrete slab with 
masonry walls as well as torsional effects. Verification of suggested concept is performed comparing 

the results of the analysis with results obtained from finite element programs 3MURI [1] and MINEA 

[3]. Comparing the results, it is shown that masonry building behavior can be successfully described 

through numerical models, composed of the proposed elementary blocks and nonlinear link elements. 
The proposed procedure could be implemented into other finite element software, which provides the 

masonry wall models composed of elementary blocks and nonlinear connection elements [7]. 

2. Elementary block 

It is known from the theory of structures that the most stressed places in structure due to the ordinary 

loads are in the joints of the structure, such as beam-column connections, wall and slab connections, 
foots of the walls and columns etc. It is therefore possible to predict the locations in structures where 

nonlinear deformations would appear. Less stressed structural parts are modelled as linear elastic, while 

nonlinear behavior is restricted to the most stressed parts. This is the approach applied in this work, 

where we investigate the behavior of masonry structures under seismic loading. However, in everyday 
engineering practice non-linear behavior of the structure is assumed only in the case of moderate or 

stronger earthquake loadings. The structure exposed to gravity loads alone, including combination with 

usual wind loads, should remain elastic. 

The simple engineering model that can simulate the participation of all elements in the structure in 

taking over the seismic load is presented. Assumed that we know the stress state in a wall (Fig. 2 left). 

We divide the wall cross-section into segments. The normal force in each of those segments is the 
product of the mean value of the stress and the cross-sectional area of that segment. The total normal 

force in the wall is the sum of the normal forces in the segments, and the total moment in a cross-section 

of the wall is the sum of the product of the distance of an individual force and the intensity of that force. 

 

Figure 2. Distribution of normal stresses (left) and finite element discretization (right).  

The division of the wall into the segments corresponds with the mesh of finite elements. The position 

of each finite element in the wall is known (Fig. 2 right). Between the wall and the close surroundings 

(could be another wall or wall segment), an element with zero-length (L→0) is introduced. Each node 
of the finite element network above the joint (ji) can be connected to the other part of the structure by 

nonlinear spring in the nodes (ji). The geometric properties of the spring correspond to the surface of 
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the connecting wall, and the material properties of the spring correspond to the material properties of 
the wall. The calculated load capacities of individual connecting elements Ni, Rd are determined as the 

product of the area of the wall segment Ai connected by these link elements and the calculated strength 

of the wall fd. There are two types of adopted axial connecting elements (Figure 3). Type A (E) is a 
connecting element on the edge of the coupling. Types of connecting elements B (C, D) are located 

inside the coupling. Specific role of the connecting element (C, D, E) will be clarified later. For the 

adopted types of connecting elements, the calculated axial load capacity is: 

 𝑁𝐴,𝑅𝑑 = 𝑁𝐸,𝑅𝑑 =
𝐿𝑤⋅𝑑𝑤

2⋅𝑛
⋅ 𝑓𝑑  (1) 

 𝑁𝐵,𝑅𝑑 = 𝑁𝐶,𝑅𝑑 = 𝑁𝐷,𝑅𝑑 =
𝐿𝑤⋅𝑑𝑤

𝑛
⋅ 𝑓𝑑 (2) 

Axial forces in individual connecting elements are a function of the stiffness and displacement of the 

nodes of the finite elements used to model the wall: 

 𝑁𝑖 = 𝑓(𝑘, 𝑢) ≤ 𝑁𝑖,𝑅𝑑  (3) 

With the gradual increase of the design load, which can be set by the software, the design forces in the 

connecting elements also increase, that is, the stresses σi increase in the part of the wall where the 

connecting elements are introduced. Upon reaching the given computational strength of each link 
element, the nonlinear behavior of the model begins. Upon reaching the calculated bearing capacity of 

all connecting elements in the coupling, the model will yield. The total calculated bearing capacity of 

the wall under the action of the normal force NRd represents the sum of the calculated bearing capacities 

of all connecting elements of the joint: 

 𝑁𝑅𝑑 = ∑ 𝑁𝑖 ,𝑅𝑑 = 2 ⋅ 𝑁𝐴,𝑅𝑑 + (𝑛 − 2) ⋅ 𝑁𝐵,𝑅𝑑
𝑛+1
𝑖=1 + 𝑁𝐶,𝑅𝑑 = 𝐴 ⋅ 𝑓𝑑  (4) 

The number of finite elements n along the length of the wall depends on the geometry of the wall and 

cannot be determined in advance. Therefore, it is not possible to determine the number of connecting 
elements in the coupling. Two connecting elements of type A and one connecting element of type C 

represents basic connection model. The number of connecting elements of type B depends on the ratio 

of height and length of the wall. The minimum number of finite elements per connector is n=4, and the 

number of connecting elements is n+1. 

The model can also simulate the behavior of a wall exposed to normal pressure force with eccentricity. 

The calculated bearing capacity of the wall under the action of the bending moment in the plane of the 
wall, expressed through the axial forces in the connecting elements and the position of the connecting 

elements in the wall, is: 

 𝑀𝑅𝑑 = ∑ 𝑁𝑖
𝑛+1
𝑖=1 ⋅ 𝑒𝑖 (4) 

The connection element C is used to simulate the behavior of the wall exposed to the transverse loads 

in the plane of the wall. In the direction of the axis 1 of the n-link element, this connecting (link) element 

has properties like connection element B. However, in the direction of axis 2, it describes the in-plane 

shear capacity of the wall. Connecting elements A and B are pure axial elements. Depending on the 
height the wall could be modelled as an elementary block with connecting elements at the bottom and 

top of the wall, In the case of relatively higher masonry walls, a few elementary blocks and connection 

levels could be modelled along the height of the wall. In that case, on possibility is to introduce 

connecting elements E and D, which are transversely rigid, and axially behave like elements A and B. 
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Figure 3. Concept of elementary block. 

Simulation of out of plane behavior is possible by coupling elements “A” and “D”. For a known normal 

force in the wall, the components of M2 can be calculated and limited, so that, for example, the normal 

force remains in the core of the section. Couplings “A”, “B”, “C” and “D” are axially non-linear. They 
simulate the collapse of a wall under the action of a centric or eccentric normal force in wall plane. 

Couplings “A”, “B”, and “C” assume a linear transverse force, while nonlinearity to transverse forces 

is introduced in coupling “D” with link C. For the case of analysis in and out of plane of the wall, 

couplings “A” and “D” are rotationally limited in their plane. 

One such composition of finite elements and connecting (links) elements is called an elementary block. 

Finite elements within the elementary block provide linear behavior of the wall, while connecting 

elements in the joints (connection) provide nonlinear behavior. That means, non-linear behavior is 

limited to the connection elements. 

3. Verification of the modelling approach 

3.1 Behavior of the model 

The following figure shows the collapse situation of the wall in the plane according to FEMA[5]. The 

different behavior of the model, on the example of a cantilever wall, each of these responses are 
illustrated is also shown on the right side of the Figure 4. At the top floors of the building, where the 

normal and transverse forces in the wall are relatively smaller, we have the behavior of the wall as a 

rigid body, due to the bending, opening of the joints for tension without crushing at the edges. Similar 

behavior is also on the floor below, but with crushing at the edge in pressure. If the transverse forces 
are dominant, then the collapse occurs due to sliding. Diagonal cracks that are typical damages of the 

masonry wall, appears when the principal stresses reach the tensile strength of the wall cannot be 

directly simulated by the proposed model because the joints of elementary blocks are introduced 
horizontally. Nevertheless, indirectly, through the limitation of the transverse force for the known 

normal force, this fracture can also be simulated, and in the model it manifests itself as sliding.  
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a) b) 

Figure 4. a) Failure modes according to FEMA, b) response capacity of the model. 

3.2 Analysis of a family house 

This example analyses a typical German family house which has a system of bearing walls in two 

orthogonal directions (x and y). The whole urban settlements are formed by the rows of these simple 
buildings. Building lies side by side; separated by joints, so each building represent structurally 

independent unit. At the building lay-out the walls are marked as W1, W2...and W9 and their cross-

sections are constant from the ground to the roof of the building (Figure 5). Other walls are partition 
walls and do not have vertical continuity as well. Seismic load in x direction is resisted mainly by walls 

W2, W3, W5, W6, W7 and W8. According to building tradition at similar buildings, slabs are 

monolithic casted in situ and without beams. It is obvious that the building is more vulnerable in a 

shorter (transverse) direction, view in the plane of the building. 

Capacity curves obtained by software 3MURI are a function of effective plate area. Due to the absence 

of the usual beams, the space frames are modelled with the effective width of the reinforced concrete 

plate. Capacity curve obtained by software SAP2000 presents the result of the analysis where the walls 
are modelled in plane with elementary blocks. Limited out-of-plane behavior is included in curve SAP-

b. Good matching of results obtained by different analysis is obvious. Capacity curve obtained from 

software MINEA has almost the same capacity as curve obtained from software SAP2000, but quite 
different form, because the capacity determined by MINEA software is based on experimental data on 

different masonry wall’s bearing capacity, incorporated in software. Comparing with experimental 

results of the tests conducted in research project ESECMASE [3], it can be concluded that the proposed 

model shows significant advantages over traditional modelling of masonry structures in commercial 

software. 

   
Figure 5. a) Lay-out of the 

building 
b) Capacity curve obtained by different 

analysis 
c) Comparison with experiment 
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3.3 Some specifics of the model 

Implementing the proposed modeling procedure different performances of masonry walls can be 

included. On the left side of the Figure 6 the rocking of the masonry wall pier is presented. The uplifting 

is prevented by floor structure. Due to the restraint an additional normal force could be imposed on the 
wall structure. The effect can be covered by proposed modelling strategies using commercial software.  

On the right side of the Figure 6 the shear behavior of the wall is dominant, characterized by typical 

diagonal cracks mostly through mortar joints. The former effect of uplifting and increased axial force 

is missing.  

 

Figure 6. Rocking with increase in normal force (left) and sliding (right). 

The response of the walls in the direction of the earthquake can also lead to the collapse of the 
connecting perpendicular walls due to tension and uplifting. In the Figure 7 below, for the positive 

direction of the push in wall W1, there is a decrease in the normal (vertical) force, opening of joints in 

wall W1, strong rocking behavior that detaches the floor structure from wall W2, which results in a 

tensile fracture of wall W2. For the opposite direction of pushing, in wall W1 there is an increase in the 
normal force, which results in its higher bearing capacity for the transverse forces. These affects can be 

successfully modelled by presenting procedure and it is shown on the right side of the Figure 7 through 

the deformation of the elements mesh. 

 

 

 

 

Figure 7. Interaction of longitudinal and transversal wall [6]. 
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It should be emphasized that the model take in account torsional effects for structures where the center 

of mass does not coincide with the center of stiffness. 

4. Conclusion 

With this relatively simple engineering approach, it is possible to successfully simulate the behavior of 

buildings up to the point of failure implementing finite element software that contains connecting or 

link element capable to describe non-linear behavior. If the incremental dynamic analysis is included, 
the history of stresses and crack formations could be followed step by step. The proposed procedure is 

suitable for every day engineering praxis and more user friendly comparing to highly specialized 

software. This is even more true if one wants to build three-dimensional model of the masonry structure 

and wants to include the major effects produced in a masonry building exposed to the stronger 
earthquake motion. The concept of elementary blocks and reduction of non-linear behavior to the 

known critical areas facilitates the review and analysis of the usually very extensive results of three-

dimensional structural analysis, especially if the non-linear behavior of the structure is included. And, 
the inclusion of the whole building structure (3-D analysis) gives us better insight into the seismic 

response and the capacity of the building, if it’s exposed to moderate or stronger earthquake. 
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Abstract 

Rubberized concrete is a promising material for the structural elements, created by replacing sand with rubber 

particles in order to significantly reduce environmental impacts from large tyre waste with improved behaviour 

under earthquake loads.  

Experimental studies on nine columns and three frames were carried out in order to determine the capacity of 

different structural elements in regard to conventional concrete. The specimens were subjected to a cyclic loading 
following loading protocol used for the seismic performance assessment of structural and non-structural 

components, as it allows all damage states to be quantified to develop the corresponding fragility models. The 

results indicated that rubberized concrete columns and frames made of rubberized concrete can delay and reduce 

the amount of damage occurring under seismic loading. This is attributed to the higher deformability of rubberized 

concrete compared to conventional.  

With these contributions, an increased use of rubberized concrete in global construction can promise a reduction 

of the significant environmental impacts caused both from waste tyres and the exploitation of natural resources 

with promotion of environmentally friendly alternative to conventional concrete in structural applications in 

earthquake prone areas. 
 

Keywords: rubberized concrete, seismic performance, cyclic testing, structural applications 

1. Introduction 

Tire waste is a significant global concern for a number of reasons, including its propensity to 
spontaneously combust, the non-biodegradable nature, and the difficulties associated with landfilling 

it. The construction industry was identified as having a possible application for waste tyres. Since 

concrete is the material that is utilised the most in this sector, one of the research directions that has 
been taken recently is the use of recycled tyre waste to produce rubberized concrete [1]. This may be 

done as a partial substitute for natural aggregate and/or cement. 

Concrete has a low ductility and a high brittleness, both of which lead this material to fracture without 

major deformations. The behaviour of concrete structures can be particularly unreliable under certain 
stresses, most notably seismic loads, because of these properties. On construction sites, this fact, 

however, does not make concrete any less appealing due to the many other advantages it offers. 

Reviewing previous studies [2] on rubberized concrete, which included both normal and self-
consolidating concrete, showed that the addition of recycled rubber particles caused decreased density, 

increased hardness and ductility, improved dynamic properties, and resistance to crack propagation [3–

8]. This has been observed after the recycled rubber particles were mixed into the normal and self-
consolidating concrete. According to the advantages of rubberized concrete, it is possible to reach the 

conclusion that recycled rubber particle have a great potential in the production of light-aggregate 

concrete in structural elements. This is the case despite the fact that a decrease in compressive strength 

and the modulus of elasticity was also observed [9–12]. Especially those that are likely to be exposed 
to the effects of earthquakes, and the objective is to lower the probability of spalling on the concrete 

surface as well as the concrete cover [13, 14]. 

In order to ensure that a structure can resist a certain amount of ground shaking, it is highly necessary 
to know how reinforced concrete structures react to earthquakes. Regarding the seismic behaviour of 
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reinforced rubberized concrete columns, there have only been a few experimental investigations 
conducted. Youssf et al. [13], [15], Hassanli et al. [16], [17], Li and Li [18] and Elghazouli et al. [19] 

investigated the behaviour of rubberized concrete columns when subjected to cyclic activity. Their 

findings suggested that by partially replacing the mineral aggregate with recycled rubber particles, the 
hysteretic damping ratio and energy dissipation were enhanced. This was the case even though the total 

amount of mineral aggregate remained the same. Additionally, it was discovered that both the flexural 

and compressive toughness of the material had greatly improved, as had its hysteretic curve and its 

ductility. First shake-table tests on two large size cantilever reinforced concrete columns were carried 
out by Moustafa et al. [14]. Columns were tested by going through a series of ground motions that were 

calibrated to a certain design spectrum. It was shown that the capacity for lateral drift and the amount 

of energy lost in a column made of rubberized concrete were both enhanced. Because of the greater 
energy dissipation, the fracture of the rebar was delayed. Higher values were observed for both 

hysteresis and viscous damping. Study [2] provided a collection that is more extensive and goes into 

further depth regarding these experimental results. 

This study's major objective was to present general results from an experimental evaluation of 
reinforced concrete columns and frames made using partially replaced aggregate and recycled rubber 

particles with a cyclic loading used to evaluate their seismic response. 

2. Experimental program 

A total of three different self-compacting concrete mixes were used to cast a total of nine column 

specimens and three frames. The target compressive strength for all specimens was 30 MPa; however, 
the first mixture was made from conventional self-compacting concrete (SCC-0CR), while the other 

mixtures, 10% and 15% (with 5% of silica fume) of the fine aggregate volume was replaced by rubber 

particles (RP).  

2.1 Material properties 

The production of concrete mixes required a number of different components, including Portland 

cement 42.5 R, which was manufactured in accordance with HRN EN 197-1:2005, mineral and recycled 

aggregates, dolomite powder, water, and admixtures as it is presented in Table 1. The mineral 
aggregates comprised fine aggregates (FA) with a particle size range of 0–2 mm and 2–4 mm, as well 

as coarse aggregates (CA), which included gravel with a particle size range of 4–8 mm and 8–16 mm. 

In place of a 10% volume ratio of fine mineral aggregate, recycled aggregate crumb rubber (CR) with 
particles ranging in size from 0.5 to 4 millimetres and with a density of 1050 kilogrammes per cubic 

metre was utilised as a replacement in concrete mixtures. In addition, dolomite powder was included in 

the mixture of concrete in order to cover any pores that were present.  

Table 1 – Concrete mixture proportions 

Mixture ID w/b 

Cement  

42.5R  

[kg/m3] 

VMA 

[kg/m3] 

DP 

[kg/m3] 

CR 

0-4mm 

[kg/m3] 

FA 

0-2mm 

[kg/m3] 

FA 

2-4mm 

[kg/m3] 

CA 

4-8mm 

[kg/m3] 

CA 

8-16mm 

[kg/m3] 

SCC-0CR-0SLF 0,4 450 1,35 80 0 324,45 614,00 362,18 452,72 

SCC-10CR-0SLF 0,4 450 1,13 80 66 324,45 438,42 362,05 452,56 

SCC-15CR-5SLF 0,4 427,5 1,07 80 98,75 323,51 349,84 361,13 451,41 

 

Table 2 contains the results of tests conducted to determine compressive strength, modulus of elasticity, and 

flexural strength. These data include mean values (), as well as the coefficient of variation (CoV). It is clear 

from this that the addition of up to 15% rubber particles can result in a reduction of compressive strength and 

modulus of elasticity of up to 29.34% and 27.2%, respectively, when compared to the original value (RP). When 
it comes to compressive strength, it can be observed that the difference between SCRC mixes M2 and M3 is 

extremely modest. The reason for this is most likely due to the addition of silica fume to the M3 mixture, which 

enhances compressive strength. The modulus of elasticity, on the other hand, does not seem to have changed 

noticeably as a result of this improvement. The results concerning flexural strength revealed a beneficial affect 

441

https://doi.org/10.5592/CO/2CroCEE.2023.119


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.119 

by adding RP and raising it up to 7.47%, which is in contrast to the fact that the addition of RP had a detrimental 

effect on the qualities of the prior concrete. 

Table 2 - Hardened concrete’s properties  

Mixture ID 

Compressive Strength fck 

[MPa] 
Modulus of Elasticity 𝑬𝒄 

[MPa] 

Flexural Strength fct 

[MPa] 

 CoV   CoV   CoV 

SCC-0CR-0SLF (REF) 43.70 REF 0.058 38576.62 REF 0.077 4.95 REF 0.065 

SCC-10CR-0SLF (R10) 31.25 -28.5% 0.092 35256.04 -8.61% 0.036 5.15 +4.04% 0.020 

SCC-15CR-5SLF (R15) 30.88 -29.3% 0.067 28061.61 -27.26% 0.120 5.32 +7.47% 0.045 

 

It was selected to use ribbed reinforcement B500B for the longitudinal column reinforcement, with a 

diameter of 12 millimetres, and 8 millimetres for the transverse column reinforcement. Reinforcing 

steel has a nominal yield strength of 500 MPa, and its elongation under ultimate strength is equivalent 
to 15%. The fym value represents the nominal yield strength. It is anticipated that the ultimate strength 

will be 600 MPa, and the ultimate elongation will be 20%. 

2.2 Specimen’s geometry 

When measured from the end that is fixed to the location where the transverse force is applied, the 

length of the column is equal to two hundred centimetres. The square cross-section of the column 

measures 30 centimetres by 30 centimetres, giving the column a slenderness of 23, which is the 

consequence of this measurement. The element has a critical length of 35 centimetres when measured 
from the end of the column that is fixed, which suggests that the formation of the plastic hinge is most 

likely to occur at that location. The longitudinal reinforcement of the column is comprised of eight bars, 

each of which has a diameter of twelve millimetres. These bars take up exactly one percent of the 

column's gross cross-section.  

 
 

Figure 1. a) Column specimen geometry; b) Frame specimen geometry 

 

The transverse reinforcement, on the other hand, is made up of square and diamond hoops with a 
diameter of eight millimetres at a distance of seventy-five millimetres inside the critical zone and one 

hundred fifty millimetres beyond the critical zone. 
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The axial dimensions of the frames are 3.5 metres by 2.55 metres; the cross-sections of the columns are 
30 centimetres by 30 centimetres; and the cross-sections of the beams are 20 centimetres by 30 

centimetres. All of these measurements are in centimetres. When you include the foundation beam in 

the measurement, the entire width and height of the frame comes out to 4.8 metres on each side and 
3.25 metres in height. Because the column-beam nodes are wider than the columns, they offer an upper 

surface that is 40 centimetres by 50 centimetres in size for the application of vertical forces. The total 

weight of a single frame was 5 tonnes. 

2.3 Testing protocol 

All specimens went through a cyclic loading method (Fig. 2). This was done in accordance with the 

loading approach that was recommended by FEMA 461. (2007). Because it enables the quantification 

of all damage states, this procedure is frequently used for the seismic performance evaluation of 
structural and non-structural components and equipment. This is necessary for the development of the 

related fragility models, and it is one of the reasons why it is frequently used. The loading procedure 

involves a large number of repetitions of cycles, each of which has an amplitude that steadily increases 

by 1.4 times at each stage. At each amplitude level, two cycles of loading are carried out in order to 
load the system. The process needs to be carried out a minimum of six times before there is any evidence 

that an injury has occurred. As a consequence of this, a total of fourteen distinct amplitude levels were 

selected, and the procedure resulted in a final lateral displacement of 6%, which is equivalent to 120 
millimetres. The load application rate is initially set at 0.05 mm/s for the first few cycles of the test, and 

then it gradually increases to 0.5 mm/s for the final few cycles. This brings the overall amount of time 

for the testing procedure per specimen up to ninety minutes. 

 

Figure 2. Loading protocol for columns and frames 

Instead of being tested in the vertical orientation that was initially planned, the columns were tested in 

the horizontal orientation at Laboratory in Faculty of Civil Engineering and Architecture Osijek. The 
availability of a Shimadzu device for universal compressive-tensile testing in the vertical direction is 

the impetus for this move. The apparatus for compressive-tensile testing that has the potential for 

accurate computer control permits uncompromising control of the application of force and control of 
displacement to the test sample, which for this type of testing must be positioned horizontally. As a 

result, the test specimens are fastened into place with the column foundation beam positioned on the 

vertical reactive wall and the column body arranged in a horizontal orientation as it is presented in Fig. 

3. 
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Figure 3. a) Scheme for column testing; b) Testing of columns 

 

  

Figure 4. a) Scheme for frame testing; b) testing of frames 

The testing setup was prepared in Laboratory in ZAG Ljubljana for cycle tests on reinforced concrete 

frames consisted of a rigid testing floor with a modular system of steel structural parts and a 6 x 7 m 

huge reaction wall, both of which have a load-carrying capability of 1000 kN/m2 and were spaced apart 
by a distance of 7 metres. The specimen was fastened to the testing floor using a structure of steel beams 

and rods that were positioned at both the beginning and the end of the foundation block for the frame. 

The vertical load of 300 kN on each concrete column was applied by a system consisting of two vertical 

rods M42, a short beam, and a hydraulic servo-controlled actuator with a capacity of 600 kN. There was 
a distance of 3.6 metres between the centre lines of the two vertical systems. 

Horizontal load (compression and tension) was delivered by a hydraulic servo-controlled actuator with 

a capacity of 1000 kN and a stroke extension of +/-500 mm, which was part of the horizontal loading 
system. Yoke is used to make the connection between a specimen and an actuator, which is positioned 

on the reaction wall. Yoke was constructed using two steel plates and two M42 rods as the component 

parts. The displacement serves as the controller for the hydraulic actuator. 

The system of supports that prevents the specimen from rotating around the vertical axis consisted of 
two steel frames with four steel modular consoles that block the concrete frame's ability to spin around 

the vertical axis.  

 

3. Results 

By comparing columns in terms of global capacity (Fig. 5) REF specimens reached a maximum shear 
force of 56 kN at a drift of 3,1% before it reached an ultimate drift of 6% with the force of 48kN. 
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Figure 5. Global hysteresis for columns 

   

Figure 6. Crack propagation in columns: a) REF column; b) R10-1 column; c) R15-2 column 

 

The R10 and R15 column specimens, attained a maximum force of 51 kN at a drift of 3% with the same 
ultimate force. As a result, the use of the rubber in the concrete may decrease the maximum force while 

maintaining the ultimate. The REF specimen had an average fc of 43,7 MPa in comparison to fc of 

31,25 MPa for the R10 specimen, indicating that the rubberized column would have higher 
deformability.  

Concrete cover spalling in columns began at a drift of 2,2% in the bottom-most 200 mm of the column 

above the footing and progressed to 250 mm height above the footing at the end of the test (6% drift). 

According to the Figure 6 it is visible that plastic hinge area is much smaller and crack are much more 
cracks are much narrower compared to columns made of conventional concrete. 

The results of the frame’s tests (Fig. 7) reveal that all three frames have a fairly similar global behaviour. 

Frame REF, which is made of traditional concrete without additions of rubber aggregates, had the 
highest load capacity, but the difference between the two is insignificant in comparison to the difference 

in the compressive strength of the material. When compared to frame REF, frames R10 and R15 (with 

silica fume), had a load capacity that was only 3% lower than frame REF. What is distinctive about 
frame REF is that the reinforcement cracked, although in the other frames, there was no such behaviour. 

In spite of the material's reduced compressive strength, it is feasible to deduce, based on the hysteresis 

curves, that concretes containing rubber can fully take up the entire load just as well as conventional 

concretes can.  
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Figure 7. Global hysteresis for frames 

   

Figure 8. Crack propagation and damage in frames 

When the frames were inspected after tests have been finished (Fig. 8), the discrepancies become 
considerably more apparent. That was done by characterising the damage in terms of the location and 

size of the plastic joints, as well as the position and width of any cracks that have been formed. When 

compared to frame REF, frames R10 and R15 had less damage (a smaller region of the plastic joint), 

less falling off of the protective layer, and in the end, there was no breakdown of the reinforcement in 
the case of the frames with the rubber particles.  

Therefore, it is necessary to conclude that there are no restrictions on the use of rubber aggregates as a 

replacement for one part of the total volume of aggregates (up to 20%) in load-bearing structures at any 
level. This includes the control of bending, load-bearing capacity, stiffness, while undergoing cyclic 

loading, and behaviour that corresponds to the action of an earthquake. 

In regions that are prone to seismic loads, constructions made of concrete with the addition of rubber 
can be fully utilised for load-bearing elements and all parts of load-bearing structures. This is especially 

true in regions where there is a greater risk of damage to structures on a local level from earthquakes, 

as compared to the case with conventional concrete. 

4. Conclusions  

The objective of this study is to determine whether or not the incorporation of crumb rubber concrete 

into reinforced concrete structures, which serves as a material that has the potential to increase the 
structure's ability to disperse energy, would be beneficial. During the course of the testing procedure, 
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each of the three frames and each of the six reinforced concrete columns were put through axial 
compression in addition to being subjected to reversed cyclic loads. 

In spite of the fact that the compressive strength of rubberized elements was 28% lower than that of 

conventional concrete components, the system as a whole was able to withstand a lateral load that was 
approximately 92% of what traditional concrete elements were capable of managing. This was the case 

even though the rubberized elements had the ability to withstand a load. This demonstrated that rubber 

can be used in concrete columns despite having a lower axial compressive strength without having a 

detrimental impact on the final lateral strength or deformability of the columns. This was demonstrated 
by the fact that there was no change in either of these characteristics as a result of using rubber. This 

came to light as a consequence of the investigation that was outlined up top. In addition, the use of 

rubberized concrete might delay the commencement of the damage caused by an earthquake, which in 
turn can help to serve to decrease the degree of the damage. The concrete cover spalling was delayed 

due to the increased flexibility of rubberized concrete in comparison to conventional concrete, and the 

amount of concrete cracking that occurred was reduced to a minimum. Both of these benefits can be 

attributed to the fact that rubberized concrete is more elastic than conventional concrete. Because of 
this, the column cross-section was able to keep its integrity for a greater portion of the test than would 

have been conceivable in the event that it had not been subjected to this modification. Rubberized 

concrete is an alternative better for the environment than regular concrete and has the potential to be 
used in structural sections that are susceptible to the impacts of seismic loading. 
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Abstract 

Conventional bolts fillet-welded to steel and embedded in concrete have been a common method of force transfer 

between steel and concrete materials in composite construction in some Latin American countries. Welded bolt 

shear connectors have been used in both low-rise and mid-rise constructions replacing headed steel stud shear 

connectors. Whereas the installation of headed studs requires the use of a special high voltage equipment, welded 

bolts can be welded with fillet welds using shielded metal arc welding process more economically. 

Welded bolt shear connectors are also used in lateral load resisting composite systems. Natural cyclic loads from 

earthquakes cause connectors to be subjected to alternating shear forces. For this reason, the cyclic behavior of 

shear connectors is particularly important in these systems. 

In this study, a series of experimental tests on composite push-out specimens with welded bolt shear connectors 

were performed to investigate the behavior of shear connectors subjected to fully reversed cyclic loading. Of 

specific interest was the behavior under low-cycle fatigue. Results show up to 57 % reduction in connector shear 

capacity under reversed cyclic loading compared to static capacity. 

Keywords: shear connectors, welded bolts, low-cycle fatigue, composite structures, push-out tests. 

1. Introduction 

Composite steel-concrete structural systems are commonly used worldwide to resist both gravity loads 

and seismic forces due to the high strength and stiffness these systems provide. In both cases, it is 
essential that shear connectors can transfer the shear forces between the steel and concrete. In composite 

beams, for example, shear connectors must transfer the longitudinal shear forces between the steel beam 

and the concrete slab to provide higher strength and stiffness, thus reducing the mid-span deflection 
with a higher span-to-depth ratio compared to the bare steel or the concrete counterparts [1]. In collector 

elements of a seismic resistance system, the shear connectors must transmit diaphragm shear forces, 

even when the overall structure is designed without composite action [2]. In seismic resistance systems, 
such as in the system called steel frame with reinforced concrete infill wall and semirigid joints 

(SRCW), with headed studs as shear connectors in all around the infill wall perimeter, the composite 

interactions are achieved by the headed studs that transfer the shear forces between the steel frames and 

infill walls. According to [3], the headed studs are responsible for transferring most of lateral load (80-

100 %), while the steel frames transfer around 10-20%, and the diagonal struts transfer around 10-15%. 

The inertial forces induced in buildings during seismic events are cyclical with similar magnitudes in 

both directions. This is a significant difference from the cyclic loading expected on highway bridges 
where, even when loading is reverse, one direction loading is dominant. Furthermore, the number of 

cycles in a seismic event is much lower than those examined in fatigue studies. Low-cycle fatigue 

generally refers to loads that approach or exceed the yield capacity of a section, with failure occurring 

prior to 1000 load cycles [2]. In this research, the behavior of low-cycle fatigue of headed studs was 
studied from modified push-out tests and its results showed that there is a significant reduction in shear 

stud capacity when subjected to reverse cyclic loading. This reduction in capacity is due to a 

combination of strength degradation in the stud combined with concrete crushing, which causes the 
stress distribution to migrate up the shank of the stud. This increased bending stresses in the stud causing 
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earlier failures. Strength degradation occurred at less than 5 mm, so the authors recommended applying 

a reduction factor of 0.6 or less to the ultimate strength of the corresponding static push-out tests.  

In [1], the cyclic behavior of bolted shear connectors in steel-concrete composite beams was 

experimentally studied from push-out tests. One conclusion of this research was that the load capacity 
of the bolted shear connectors in the monotonic specimens are much higher than that in the cyclic 

specimens at the same level of slip.  

This paper focusses on the low-cycle fatigue behavior of welded bolts from push-out tests since, in 

some low-rise and mid-rise constructions in some Latin American countries (e.g., Colombia and 
Mexico), standard steel headed stud anchors are replaced by conventional steel bolts that are manually 

welded (SMAW) to the steel beam with fillet weld around the shank. Steel headed studs are replaced 

due to logistical issues in the installation process, particularly for the need of special high voltage 
equipment, and consequently, construction costs with welded bolts are expected to be less than with 

steel headed studs. 

 

2. Materials and methods 

Push-out tests with welded bolt shear connectors was performed at the Structures Laboratory of the 

Department of Civil Engineering at the National University of Colombia, campus Manizales. Bolts were 
fillet welded to the beam flange using shielded metal arc welding with E7018 electrode. The variables 

considered were diameter of bolt and the type of load (i.e., static, and cyclic). Three bolt diameters were 

considered: 12.7 mm (1/2 in), 15.9 mm (5/8 in) and 19.1 mm (3/4 in). Each specimen was tested with 

monotonic static loading and with reverse cyclic loading. A total of 18 specimens were tested.  

2.1. Specimens 

The specimens in this research are fabricated and tested in accordance with the modified tests of Annex 
B of Eurocode 4 [4]. They consist of two reinforced concrete slabs and an IPE200 steel beam with SAE 

grade 2 headed hexagonal bolts (Fu = 510 MPa = 74 ksi) welded by manual procedure (SMAW) 

according to the AWS D1.1. [5]. All concrete slabs have a strength of 27.6 MPa (4000 psi), reinforced 

by two electro-welded mesh with 6 mm bars spaced 150 mm apart, and dimensions of 120×500×600 
mm. Figure 1 and Table 1 shows details of the specimens. The effective height-to-diameter ratio (hef /d) 

of the bolt was at least 4.0 (where hef is measured to the bottom of the bolt head), so failure is expected 

to occur in the bolt connector. 

 

 

Figure 1. Specimen details (units: mm) 
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Table 1 – Tested specimens 

Specimen 

No of 

connectors 

per slab 

Diameter 

(mm – in) 

Effective height 

(hef) 

(mm – in) 

hef / d 

Dimensions of 

concrete slabs 

(mm) 

PT1 1 12.7 – 1/2 72.6 – 3.0 6.0 120×500×600 

PT2 1 15.9 – 5/8 72.6 – 3.0 4.8 120×500×600 

PT3 1 19.1 – 3/4 72.6 – 3.0 4.0 120×500×600 

PT1-RC 1 12.7 – 1/2 72.6 – 3.0 6.0 120×500×600 

PT2-RC 1 15.9 – 5/8 72.6 – 3.0 4.8 120×500×600 

PT3-RC 1 19.1 – 3/4 72.6 – 3.0 4.0 120×500×600 

 

2.2. Experimental setup 

The vertical force was applied in displacement control by the hydraulic jack having the capacity of 500 
kN. In the first series of tests, the load was applied continually until failure. In the seconds series of 

tests, the specimens were loaded with cyclic loading according to the test method B of ASTM E2126 

standard [6]. Displacement controlled loading procedure involves displacement cycles grouped in 

phases at incrementally increasing displacement levels. Loading schedule consists of two displacement 
patterns. The first displacement pattern consists of five single fully reversed cycles at displacements of 

1.25%, 2.5%, 5%, 7.5%, and 10% of the ultimate displacement Δm. The second displacement pattern 

consists of phases, each containing three fully reversed cycles of equal amplitude, at displacements of 
20%, 40%, 60%, 80%, 100%, and 120% of the ultimate displacement Δm. The sequence of amplitudes 

is a function of the mean value of the ultimate displacement (Δm) obtained from specimens in the 

monotonic tests. 

In monotonic tests, compressive load was applied through contact between plate of loading and the 

beam of the specimen as shown in Figure 2a. In reversal cyclic tests, with the aim to avoid any vertical 

displacement of the concrete slabs when tension load is applied, two steel beams were placed on the top 

of the concrete slabs and eight steel rods were used to connect these steel beams to the base steel beam 

as shown in Figure 2b.  

a) b) 

  

Figure 2. Experimental setup: a) monotonic test b) cyclic test 
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3. Results and discussion 

The results were analyzed just in terms of load because the slip at the interface of both materials couldn’t 

be measure. The displacement measured was the displacement of all system. Table 2 shows the 
maximum load results of the experimental monotonic tests. Figure 3 presents the load-displacement 

curves from monotonic push-out tests. We can see increases in capacity with the increase in diameter. 

Table 2 – Load results of experimental monotonic tests 

Specimen 
Maximum 

load (kN) 

Maximum load per 

connector (kN) 
Failure mode 

PT1-1 101.2 50.6 Shank failure 

PT1-2 116.8 58.4 Shank failure 

PT1-3 112.5 56.3 Shank failure 

Mean 110.2 55.1  

PT2-1 153.2 76.6 Shank failure 

PT2-2 151.0 75.5 Shank failure 

PT2-3 164.7 82.4 Shank failure 

Mean 156.3 78.2  

PT3-1 213.4 106.7 Shank failure 

PT3-2 223.3 111.7 Shank failure 

PT3-3 214.2 107.1 Shank failure 

Mean 217.0 108.5  

 

Table 3 – Main results of experimental cyclic tests 

Specimen 

Maximum 

compression 

load (+) (kN) 

Maximum 

tension load 

Failure 

load Failure cycle 
Δm 

(mm) 

Failure 

mode 
 (–) (kN) (kN) 

PT1-RC-

1 
75.8 -72.8 -48.4 

Phase 80% Δm  

2nd cycle tension 
  Shank failure 

PT1-RC-
2 

78.1 -81.6 -81.6 
Phase 80% Δm  
1st cycle tension 

 Shank failure 

PT1-RC-

3 
72.3 -71.1 -54.5 

Phase 80% Δm  

1st cycle tension 
  Shank failure 

Mean 75.4 -75.2   11.0  

PT2-RC-

1 
157.8 -134.5 -109.8 

Phase 100% Δm  

2nd cycle tension 
  Shank failure 

PT2-RC-

2 
124.3 -109.3 -105.4 

Phase 100% Δm  

1st cycle tension 
 Welding 

failure 

PT2-RC-

3 
120.6 -101.1 -67.3 

Phase 100% Δm  

1st cycle tension 
  

Welding 

failure 

Mean 134.2 -115.0   12.8  

PT3-RC-
1 

203.8 -128.6 173 

Phase 100% Δm  

1st cycle 
compression 

  Shank failure 

PT3-RC-

2 
178.9 -128.2 -96.5 

Phase 100% Δm  

1st cycle tension 
 Shank failure 

PT3-RC-

3 
152.7 -160.7 152.7 

Phase 100% Δm  

1st cycle 

compression 

  Shank failure 

Mean 178.5 -139.2   16.0  
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Figure 3. Load-displacement curves for monotonic tests 

 

Table 3 summarizes the results of the experimental cyclic tests. This table contains the maximum load 
reached in both compression and tension, the value of the failure load, and the cycle in which failure 

occurs. Figure 4 shows the behavior from cyclic push-out tests compared to maximum monotonic mean 

load (Figure 4a-4c). Most of the specimens subjected to reversal cyclic loading did not reach the 
maximum monotonic loading as seen in these figures. The failure occurred before reaching the 

maximum monotonic capacity in 8 of the 9 cyclic tests. Figure 4d shows typical behavior for cyclic 

loading. A decrease in load for each cycle can be clearly seen. This decrease starts at the first phase, 

i.e., at displacements of ±20% of the ultimate displacement Δm. As seen in Figure 4d, the specimen 
PT1-RC-1 reached a displacement of ±80% Δm (±8.8 mm) in the first cycle and fails in the second cycle 

in tension load (-48.4 kN) as indicated in the “failure cycle” column in Table 3. In the first cycle of 80% 

Δm, the specimen reached 75.8 kN in compression and 72.8 kN in tension. At the second cycle of 80% 

Δm, the specimen reached 59.8 kN in compression and failed with 48.4 kN in tension.  

 

Figure 5 shows the comparison between the envelope curves of the cyclic tests with the monotonic 

curves. As general trend, cyclic specimens have shown a reduction in strength capacity. Figure 6 shows 
the percentage reduction due to the cyclic loading effect. The reduction of the compression load with 

respect to the monotonic loading reaches 34% for the PT1 specimens (d = 12.7 mm), 23% for the PT2 

specimens (d = 15.9 mm), and 30% for the PT3 specimens (d = 19.1 mm), while the tension load reaches 
35% for the PT1 and PT2 specimens, and 41% for the PT3 specimens. The reduction in failure load 

was even greater, reaching 56% for the PT1 and PT3 specimens, and 57% for the PT2 specimens. In 6 

of 9 cyclic tests, the failure load was below the maximum load achieved in early cycles of the series 

due to low-cycle fatigue in the steel or degradation in the concrete. 
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a) Diameter 12.7 mm

 

b) Diameter 15.9 mm 

 

c) Diameter 19.1 mm 

 

d) Typical cyclic load-displacement curves 

 

Figure 4. Load-displacement curves for cyclic tests 
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Figure 5. Comparison between envelopes of the cyclic test with the monotonic curves 

 

Figure 7 shows the typical failure modes for the three diameters with both monotonic and cyclic loading. 
As seen in this figure, two failures modes occurred, where one mode of failure was shear rupture 

between the threads at the bolt shank at the top of the welding, and the other mode was welding failure. 

Except for the PT2-RC-2 and PT2-RC-3 specimens, all series of tests have the same shear failure at the 

bolt shank (see Table 2 and Table 3). There is no evidence of concrete crushing, except for the concrete 
located at the base of the bolt. Inspection after the tests revealed that the maximum bolt slip in 

monotonic loading was around 4 mm for the PT1 specimens, around 5 mm for the PT2 specimens, and 

around 6 mm for the PT3 specimens. An evident reduction of slip capacity of bolt due to cyclic loading 
for all diameters can be observed in Figure 7. Inspection after the tests revealed that the slip achieved 

in cyclic loading was around 2 mm for all the specimens.  
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Figure 6. Percentage reduction in capacity due to cyclic loading 

 

 

Figure 7. Typical failure modes 
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4. Conclusions 

A series of experimental tests on push-out specimens with variable bolt diameter were performed to 
investigate the behavior of welded bolts shear connectors subjected to fully reversed cyclic loading. 

The obtained results showed that the diameter is a significant variable to increase the shear capacity of 

welded bolts in both monotonic and cyclic loading. The load capacity and slip capacity increased with 
the increased of diameter. When welded bolts were subjected to fully reversal cyclic loading, a 

significant reduction in shear capacity was observed. This reduction was up to 57% of the failure load. 

Therefore, it is recommended that a reduction factor less than or equal to 0.43 be applied to the 

monotonic shear capacity of welded bolts when considering low-cycle fatigue. This factor may need to 

be reviewed when applied to prediction models of capacity.   
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Abstract 

Due to recent developments in net-zero policy, cross-laminated timber (CLT) structures, with their low carbon 

footprint and potential competitiveness with steel and concrete structures, have gained popularity and are also 

considered in earthquake-prone regions. The present study analyses whether a seismically inadequate 12-storey 

residential building from the 1960s can be replaced with a 12-storey platform-type CLT building. The structural 

model is developed in two steps. In the first step, a nonlinear model of a single shear wall is calibrated against 

experiments and data from the literature. The CLT shear walls are modelled as elastic orthotropic shell elements 

and the various connections (wall-to-foundation and wall-to-floor) as nonlinear spring-link elements. The model 

is expanded in the second step to the entire structure and analysed using the basic and extended N2 method and 

displacement-based design (DBD). Response and seismic behaviour are assessed by analysing global and local 

limit states. The critical results of the analyses reveal large lateral displacements and local failures of 

connections. Based on the nonlinear analysis and the assumptions used in the model, it is demonstrated that a 

multi-story CLT platform-type building could be considered also for regions with moderate seismic risk, such as 

Ljubljana. 

 

Keywords: CLT, timber engineering, multi-storey timber buildings, earthquake engineering, displacement-

based seismic design, pushover analysis, seismic design, N2 method. 
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1. Introduction 

The potential of Cross laminated timber (CLT) can play a vital role in meeting the challenges of the 

21st century construction industry. As a result, it is increasingly being used for mid-rise multi-story 
buildings such as condominiums, commercial buildings, offices and public buildings. Nevertheless, 

seismic design of taller timber buildings has only been a topic of mostly isolated research for less than 

20 years, with the current state of knowledge still lagging behind that of concrete or steel and 

currently not included in the EN 1998-1:2004 [1]. 

The most extensive experimental studies of full-scale single and multi-story CLT structures have been 

conducted as part of the SOFIE project (e.g. [2]–[4]). Experimental shake table tests were carried out 

on one, three and seven-story platform-type buildings. All investigated structures were erected with 
narrow or segmented CLT panels with typical hold-downs (HD) and angle brackets (AB). Other test 

programmes included full-scale CLT buildings and CLT as a seismic force resisting system (e.g., [5]–

[7]), monotonic and cyclic loading tests of CLT walls (e.g., [8]–[10]), cyclic behaviour of HD and 
AB, and presence of shear-axial interaction (e.g., [11]–[15]). Nevertheless, the overall performance of 

CLT based structural systems is not fully understood and tested in real earthquake scenarios. 

Therefore, further experimental and numerical investigations of CLT structures, substructures, and 

connections are necessary to fully identify the potential undesirable behaviour.  

Considering that CLT panels are relatively rigid and delivered prefabricated or in modules on the 

construction site, connections play a critical role in the assembly and behaviour of the structure. In 

addition, the properties of the connections (e.g., stiffness, slip modulus, orientation) affect the final 
stiffness of the system and thus the vibration period and mode shapes of the structure, which 

indirectly affects the seismic forces. Thus, it cannot be argued that the behaviour of CLT structures 

and the ability to dissipate energy are directly affected and modified by all types of connections. 
Several studies and manuals have introduced linear and nonlinear modelling techniques for the 

design. The mechanical connections have been modelled by elastic and nonlinear springs, links, 

trusses, and frame elements, however friction has not been directly considered (e.g., [10], [16]–[20]).  

The new generation of Eurocodes, Chapter 8 within Eurocode 8, will address many topics and areas 
of the design process that are not present in the current version, including CLT-based structural 

systems with definitions of dissipative and non-dissipative zones, and q - behaviour factors 

recommendations based on different dynamic analyses for different ductility classes, see e.g. [21], 
[22]. Such an approach will lead to an optimisation of the design process, since the current practice, 

for linear analysis assumes parameters based on engineering judgement, which in most cases, for a 

more accurate investigation, requires implementation of the nonlinear analysis. Finally, a new 

procedure for the application of nonlinear static or pushover analysis will be defined [23]. 

This paper aims to provide basic information on the mechanical performance of CLT platform type 

structures consisting of CLT panels for high-rise buildings subjected to seismic loads. The response of 

individual walls and ductile connections was simulated based on literature data and previously 
conducted experiments on the cyclic shear resistance of individual walls and connection elements. A 

nonlinear computational shear wall model with material orthotropy and the nonlinear behaviour of the 

connection elements was developed and further validated. The modelling principle was later on 
utilised in a three-dimensional nonlinear model used for the nonlinear analysis of the case study high-

rise building. The structure consisted of large monolithic walls with low to moderate energy 

dissipation capacity. Three types of traditional connection systems were implemented: hold-downs 

(HDs), angle brackets (ABs) and screwed or nailed panel-to-panel vertical joints. The spectral 
displacements obtained by the N2 method were compared with the predefined limit states for the 

global and local limit states. Finally, the extended N2 and the calculated correction factors were used 

to estimate torsional effects. 
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2. Model description and assumptions 

In this study, the nonlinearities that occur in a CLT building during a seismic action are represented 

by nonlinear springs and link elements combined with rigid frame elements. In the proposed model 
for numerical simulations, which adopts a combination of approaches by Yasumura et al. [9] and 

Follesa et al. [16], they are represented by spring or link elements with negligible length between two 

nodes. Depending on the options provided by the software used - RFEM 5.24 or ETABS 19 – spring or 
link elements were selected. RFEM was chosen for the design as it is more commonly used by 

practising engineers in the design of CLT structures, however, for the pushover analysis of the case 

study building, the used version lacked an appropriate force lead - displacement controlled solver. 

Therefore, ETABS was implemented as a substitute for the nonlinear pushover analysis. 

As shown in Fig. 1 with a pair of CLT wall panels and connections at the base of the building and 

connections with the walls of the upper floor, five types of FE elements are used for a 3D model: 

• 4-noded, 24 DOFs, shell elements with membrane and bending capabilities for the CLT wall 

panels with a typical mesh of 0.5 x 0.5 m and appropriate material properties, 

• nonlinear tension-only link or spring elements as a ductile HD connection, 

• nonlinear shear-only link or spring elements as a ductile AB connection, 

• nonlinear compression and friction elements as parallel to grain compression and friction, 

• linear link or spring elements with suitable stiffness as self-tapping screws (STS).  

 

Figure 1. a) Proposed modelling principle and input parameters used for the shear-only and tension-only 

connection elements; b) Model application – a 12-storey case study building. 

The model is based on some simplified assumptions: 

• connections between perpendicular walls are assumed to be rigid, 

• connections between floors and supporting walls are assumed to be rigid, 

• perpendicular and parallel to grain compression properties of timber are not considered, 

• the simultaneous presence of shear-axial interaction in the HDs and ABs is not addressed, 

• the friction model is based on constant friction coefficient values from experimental data [24],  

• the obtained vertical load from the top reactions of every wall panel, based on the linear 

analysis for vertical loads, is applied directly on wall panels, 

• masses are concentrated at mass centres of floors, 

• floors are considered as in-plane rigid diaphragms. 

For more detailed information on the model principles and assumptions please refer to [25]. 
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The hysteretic and monotonic behaviour of six different configurations of tested CLT wall panels in 
the OPTIMBERQUAKE project was used to validate the proposed model, as listed in Table 1 and 

shown in Fig. 2. Please refer to [9] and [13] for further reading and additional data. 

Table 1. List of the wall setups for model validation [9]. 

Test series Test Anchoring Support Vertical load Protocol 

I + II 

W-CLT-1.1 2 HD, 3 AB rigid (steel) 10 kN/m monotonic 

W-CLT-1.2 2 HD, 3 AB rigid (steel) 10 kN/m ISO 

W-CLT-2.1 2 HD, 3 AB rigid (steel) 50 kN/m monotonic 

W-CLT-2.2 2 HD, 3 AB rigid (steel) 50 kN/m ISO 

IV W-CLT-4.3 2 HD, 3 AB rigid (steel) 100 kN/m ISO 

For the sake of comparison, the numerical models reproduced the geometry, mechanical properties, 
loading, and boundary conditions of the tested specimens and were analysed using a multi-step 

nonlinear static analysis. The numerical model in RFEM was used for the purpose of investigating the 

influence of friction and contribution to overall top displacement, while the suitably adapted ETABS 

model was used further for analysing the case study building. The models were validated by 
comparing the shear load-displacement curve and contribution to the average total top displacement, 

as shown in Table 2. As expected, the deformations from the numerical simulations showed that if 

friction is considered, the resistance to shear and slip is higher. Moreover, a lower bearing capacity 
and a decrease in deformation capacity were also observed in models without friction, although the 

difference on a global scale was insignificant. The maximum deviation from the average test value of 

each contributor was ≈ 10 %. However, in the last test series, the observed strong nonlinear behaviour 
on both comparison levels is slightly different, indicating that the model is more suitable for low to 

midrange vertical loads since it does not include irreversible (plastic) deformation of CLT. 

Nevertheless, the observed numerical results were sufficiently accurate for using on a CLT building 

modelling scale, since as mentioned the margin of error between comparable values from experiments 

and numerical analysis was in the range of 10%.  

 

Figure 2. a) Example of a wall panel test setup [9] and nonlinear FE models [25]; Experimental and numerical 

shear load-displacement curves for series I, II & IV with vertical load: b) 10 kN/m, c) 50 kN/m & d) 100 kN/m. 
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Table 2. Comparison of average numerical and experimental results for the overall deflection - rocking, slip and 

CLT deformation as a percentage of the total shear displacement at the top. 

Test 
Experimental value Models 10/50/100 u1 Models 10/50/100 u2 

Slip: Rocking: CLT: Slip: Rocking: CLT: Slip: Rocking: CLT: 

W-CLT-1.1 
26% 69.5% 4.5% 18 % 66 % 16 % 23 % 60 % 17 % 

W-CLT-1.2 

W-CLT-2.1 
42% 47.5% 10.5% 37 % 44 % 19 % 45 % 33 % 22 % 

W-CLT-2.2 

W-CLT-4.3 43 % 44 % 13 % 64 % 9 % 27 % 66 % 7 % 27 % 

*models u1 - friction coefficient = 0.5 *models u2 - without friction  

Based on the validated results, the proposed model and input data for the link and spring properties 

were used as a suitable approximation for the modelling and numerical simulations of the case study 
CLT building, which was considered as a replacement possibility of seismically inadequate 

unreinforced concrete and masonry multi-story apartment buildings built in the 1960s in Ljubljana, 

when suitable earthquake codes did not exist. The case study corresponds to the gross dimensions of 

the old building, with a typical floor plan in a rectangular shape of 21.7 m x 19.6 m used in all floors 
and a maximum height of 39.6 m with a storey height of 3.0 m. The CLT building was proposed due 

to its fast erection time and improved sustainability aspects when compared to other alternatives. 

The main load-bearing structure of the proposed platform type building consists of massive CLT wall 
and floor panels with various thicknesses and lamellae layout (CLT cross-section reduces with storey 

level), and steel beams along the edges or the cantilever balconies for larger spans, as illustrated in 

Fig. 3. The vertical means of communication, elevators and stairs, are located in the CLT core, which 
consists of panels subdivided according to the maximum available production length and width. 

Transport logistics are also taken into account. Thus, the core is divided into three vertical segments, 

two segments of 16.0 m and 7.0 m, with different widths between 2.4 – 3.5 m and a total height of 39 

m. This warrants a rigid box-like behaviour of the core. The perimeter of the building consists of 
panels with openings, while the other CLT panels are massive - without any openings. The complete 

design process of the cross-sections was carried out in three separate phases: initial selection with 

preliminary design tables, RFEM FE analysis for vertical loads, and final 2D check and utilisation of 
CLT panels performed in Calculatis [26]. In addition, the structure is assumed to be placed on a rigid 

reinforced concrete platform on soil type A. Finally, a conservative behaviour factor of 2.0 (as for 

monolithic shear walls) was assumed for the analysis. 

 

Figure 3. Final sizes of structural elements, CLT wall and floor panels type, CLT core segments and connection 

types considered for the design & seismic analysis of the case study building. 
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3. Results 

3.1 Linear analysis 

The behaviour of the structure was studied with the numerical models in RFEM 5.24. and ETABS 19. 
Initially, only the vertical load model was created, followed by the modified seismic model that takes 

into account the stiffness parameters of the connections, the seismic joint masses and the mass 

moments of inertia. All CLT panels were modelled as 2D shell elements with respect to their principal 
bearing direction. The core was modelled as a continuous element along the length of one segment, 

connections between adjacent core panels were completely hinged. The steel members were modelled 

as 1D frame elements with moment end releases, while the connections between adjacent panels were 

modelled by releasing the corresponding rotational DOFs for moment transfer by implementing line-
hinges. AB and HD stiffness parameters were assigned within the line hinges or line releases as linear 

springs. The rigid, box-like behaviour of the core was replicated with a nodal constraint inserted as a 

diaphragm at each floor level of the CLT core. All of the supports were hinged line supports. The 

automatic FE mesh size was set to 0.5 x 0.5 m. 

The seismic design for the assumed location in Ljubljana, corresponding to a seismic action of 0.25g, 

was performed in three phases, as shown in Fig. 4. First, the lateral force method provided the 

required number of shear connectors calculated from the distributed base shear per story. This was 
followed by optimisation using the response spectrum method, which provided the final arrangement 

of AB connections: storey 1 – 5 at ≈ 0.5 m, storey 6 – 10 at ≈ 0.5 - 1.0 m, and storey 11 – 12 at ≈ 1.0 - 

1.5 m with a shear stiffness of 5000 kN/m per AB connection. HD connections were placed only at 
panels edges with an axial stiffness of 10000 kN/m per connection. Finally, vertical step joints 

between wall panels with a stiffness of 1500 kN/m per spring or 10500 kN/m per wall-to-wall 

connection were introduced as Self-tapping screws (STS) connections. 

 

Figure 4. Phases of the seismic design procedure, with LFM as lateral force method and RSA as response 

spectrum analysis. 

 

Figure 5. a) Displacements (U) of mass centres (cm/i) in X and Y direction for the ETABS and RFEM model – 

elastic response spectrum analysis; b) Limitation of interstorey drift check for damage limitation requirement as 

specified in EN 1998-1:2004 in X and Y direction for the ETABS model. 
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The obtained results from the linear analysis, as shown in Fig. 5, as expected indicate that the model 
in RFEM which incorporates line-hinges as linear springs is stiffer than the one made in ETABS with 

individual joint links. The difference is even more evident in higher stories, where the distance 

between individual elements becomes larger. Furthermore, the modal mass participation factor of the 
RFEM model is lower for the first two periods of vibration than in the ETABS model, which could 

also lead to an overall decrease of top storey displacements. Finally, the intersotey drift check as 

defined in EN 1998-1:2004 satisfied the selected design criteria.  

3.2 Pushover analysis 

The input parameters of the nonlinear ductile connection elements of the nonlinear model in ETABS 

were assumed to be the same as in the validated nonlinear modelling proposal. In addition, the typical 

wall scheme of the proposed model, as shown in Fig. 1, was extended to the entire structure. The first 
step of the pushover analysis was to apply gravity loads, followed by the lateral loads, which were 

displacement controlled at every storey centre of mass for X and Y direction separately and were 

monotonically increased in proportion to the predefined load pattern, uniform or modal, as specified 

in Chapter 4.3.3.4.2.2 of EN 1998-1:2004. The reference point, which was selected as the specified 
displacement control node for automatic termination of the analysis, was located at the roof slab. The 

pushover curve was created using the base shear, which was calculated as the sum of all reaction 

forces in the direction of lateral load application, and the top displacement at the reference point, 

which was recorded at each incremental step during the analysis, see Fig. 6. 

 

Figure 6. (above) Capacity curves from nonlinear pushover analysis in the positive (P) and negative (N) X (left) 

& Y (right) -direction for modal (M) and uniform (U) load pattern, model with friction (F) and without (N); 

(below) Bilinear approximation of transformed SDOF capacity spectrum curves (Sa – Sd)  in positive (P) and 

negative (N) X (left) & Y (right) -direction for modal (M) and uniform (U) load pattern with friction (F) and 

without (N). 

An important step before determining the performance points, as the intersection between the demand 
spectrum and the capacity spectrum, is to convert the capacity curves into a capacity spectrum type 

curves, i.e., Sa - Sd diagram. The method is based on the idea that an MDOF system of a multi-story 

building can be transformed into an equivalent SDOF system [27]. This is necessary because it allows 
the response spectra to represent the seismic action and the building capacity curve to be compared 

with the demand. In addition, to determine the performance points using the N2 method based on the 

inelastic spectrum and the Rμ−μ − T relationship given in EC8, a bilinear idealisation that applies the 

equal energy principle is required. 

The performance evaluation of the reference building was performed using limit states predefined at 

two levels: (i) locally on individual elements and (ii) globally as structure occupancy levels. The local 
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levels were defined as specified in FEMA 356 (IO – Immediate Occupancy, LS – Life Safety and NC 
– Near Collapse) and are based on the achieved deformation of the implemented nonlinear ductile 

connections, AB and HD units, respectively. On the other hand, the global occupancy levels are 

associated with the predefined local levels, where: IO - the first element reaches the LS acceptance 
limit; LS – the first element reaches the NC acceptance limit; NC – more than 10 elements reach NC 

acceptance limit. 

Based on the obtained results, listed in Table 3, it is noticeable that the performance points are mostly 

in a range where the period is higher than the upper limit of the period of the constant spectral 
acceleration branch – TC. At the same time, performance points for the modal load pattern in the X-

direction were mainly found near the branch with constant spectral displacement. 

Table 3.  Calculated spectral displacement values of performance points for different demand spectra, direction 

and load pattern – uniform (E) and modal (M) for an equivalent SDOF system – N2 method. 

Demand 

ag max 

[g] 

Spectral displacement of the performance point [mm] 

XM+ XM- YM+ YM- XE+ XE- YE+ YE- 

0.250 122.7 122.5 104.0 105.0 111.7 108.1 80.3 93.8 

0.325 159.9 159.3 135.3 136.5 145.0 140.5 102.7 121.9 

0.350 172.7 171.9 145.7 146.8 159.2 151.3 110.8 131.5 

The capacity curves shown in Fig. 7 and Fig. 8 with the indicated global limit states and the calculated 

spectral displacements for different demand spectra – performance points, and the total base shear for 

different demand spectra, are used to show the behaviour of the building on a global level. The results 
confirm that both loading patterns – uniform and modal should be considered for design, as both 

could be critical for undesirable structural behaviour at both global and local level. The patterns 

implicitly account for the different deformations considered in the simplified model – bending, 

rocking, shear, and sliding – inherent for CLT structures. Nevertheless, the spectral displacement from 
the N2 method is significantly higher for the modal load pattern. As we can see from the obtained 

capacity curves in both perpendicular directions, the analysis in positive and negative direction is 

mandatory since the curves differ significantly. 

 

Figure 7. a) Capacity curves in positive (P) & negative (N) X-direction for uniform (U) and modal (M) load 

pattern with friction (F) and without (N), indicated global limit states, N2 p.p., and total base shear obtained 

based on different design spectrum; b) Yielding of connection elements with reference to local limit states for 

p.p. N2 ag 0.25 g & 0.35 g and pushover analysis in positive X – direction with a modal load pattern. 
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Figure 8. a) Capacity curves in positive (P) & negative (N) Y-direction for uniform (U) and modal (M) load 

pattern with friction (F) and without (N), indicated global limit states, N2 p.p., and total base shear obtained 
based on different design spectrum; b) Yielding of connection elements with reference to local limit states for 

p.p. N2 ag 0.25 g & 0.35 g and pushover analysis in positive Y – direction with modal load pattern. 

As further confirmation of the overall obtained results, the calculated values for the high peak ground 

accelerations were in agreement with the shake table tests conducted as part of the SOFIE project, 

where the unscaled Kobe (1995) earthquake - 0.91g resulted in horizontal displacements of the 
uppermost floors of about 1.0 % to 1.6 %. In comparison, the simplified numerical model and the 

spectral displacement determined by the N2 method were between 1.5 % and 1.7 %, and this for a 

much higher and heavier building. The analysis with reference to the local limit states of connections 
revealed that for both directions, on average, the highest degree of damage - above the IO state - of 

the connecting elements occurred on the outer walls with openings. As expected, the core segments 

were more subjected to rocking behaviour, resulting in an increased damage to the HD units, 
particularly those on the ground floor. In contrast to the core wall segments, pure shear behaviour was 

observed in the section with the highest number of shear walls, resulting in a greater number of 

damaged AB units. The earlier discussed performance evaluation with reference to the local limit 

states and the level of reached limit state of connection elements for selected axis and the least 
favourable load scenarios for 0.35g peak ground acceleration are illustrated in Fig. 9. However, as 

already discussed, the simplified model does not account for the shear-axial interaction, especially the 

uplift load capacity of the ABs, which partially increases the load bearing capacity and changes the 

overall behaviour. 

 

Figure 9. Yielding of connection elements for selected axes, AB and HD, with reference to local limit states for 

p.p. N2 ag=0.35g and pushover analysis in positive X and Y – direction with modal load pattern.  
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Although the effects of irregularities can have a significant impact on the behaviour of the structure, 
they are not well known for CLT structures. Here, the extended N2 estimates the possible 

unfavourable effect of irregularities in the geometry. The calculated correction factors differed 

depending on the subsets of the load pattern considered and the load direction. For both directions and 
patterns, the factors corresponded to values between 1.0 and 1.4, with the less stiff X - direction 

leading to higher values, as shown in Fig. 10. Since the extended method provides adequately 

conservative results for structures that are not too torsionally flexible, the estimations of the increase 

of the absolute displacements seem probable.  

 

Figure 10. a) Torsional effects in terms of normalised top displacements obtained by elastic modal analysis, by 

pushover analysis for modal (M) and uniform (E) load pattern for the positive (+) and negative (-) direction and 

the corresponding correction factors for the extended N2 method – X (left) and Y (right); b) Torsional effects in 
terms of absolute top displacements - 0.25 g, obtained by the normal and the extended N2 method for modal 

load pattern for the positive (+) and negative (-) direction with the associated correction factor – X (left) and Y 

(right). 

For further reading and more information regarding the modelling procedure and additional input data 

used for the case study building, as well as detailed representation of reached damage levels of 

connection elements with reference to local limit states please refer to [25].  

4. Conclusion and future work 

As architectural design proposals for tall timber buildings are becoming increasingly more present in 

earthquake-prone areas, seismic design is becoming increasingly important. Since multi-storey CLT-

based structures are a relatively new structural system, there is still a lack of experience, uncertainty 

about modelling assumptions, and insufficient references, thus it is a challenge to develop an accurate 
nonlinear model for the design. As a result, this study investigated the seismic performance of CLT 

structures by developing a nonlinear computational shear-wall model of a 12-storey platform-type 

building. The results presented met the predefined performance design objectives for a maximum 
considered earthquake on both levels. At local level, the connections damage level above the IO – 

state ranged between 5% and 11%. In addition, a satisfactory global behaviour with yielding of 

connection elements distributed throughout the whole structure was also observed. The extended N2 
lead to an increase of all relevant quantities on both edges in both directions, especially X. However, 

it was shown that the torsional effects are not significant and do not cause global failure of the 

analysed structure, even in cases where the global level limit states are decided upon rather 

conservative criteria (effects on non-structural secondary elements were not considered).  

Although the results of the nonlinear static analysis and the N2 method (for ag = 0.25 – 0.35 g), did 

not expose a significantly damaged CLT structure or an undesirable global failure mechanism, it 

should be noted that such structures in seismically active areas should be designed with caution. 
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Based on the findings, we assume that the building would have likely sustained the 2020 Petrinja 
earthquake, which in the epicentral area resulted in PGA bedrock values from 0.29 to 0.44 g [28], 

with mild to moderate damage levels. In this context, PGA is not a completely reliable indicator of the 

damaging capacity of the earthquake, as it does include its frequency. Nevertheless, a holistic design 
approach considering all accidental load situations might require contradictory solutions for high rise 

CLT buildings, such as for example an increase of mass at top stories in order to improve wind 

serviceability issues. Moreover, a direct comparison between the available test results acquired from 

simplified numerical models and real earthquake scenarios where the increase of the building height 
leads to complex material and geometric nonlinearities, is not always possible. Future experimental 

and numerical research should therefore aim at full-scale CLT structures testing campaigns, such as 

the ongoing NHERI Tall Wood Project of a 10-story timber building shake table test [29] and 
nonlinear time-history analyses with hysteric behaviour of the ductile connections implemented into 

the actual model, estimation of IDA curves, and calculation of fragility curves. Finally, a resilient-

based seismic design methodology for future tall timber buildings should be developed. 
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Abstract 

In this paper, the seismic response of a three 5 story reinforced concrete (RC) frame system buildings is analysed 

through the fragility and vulnerability analyses. The constructions are designed in accordance with the structural 

Eurocodes. All three buildings have the same area, but different shape in the base. For the analysis of the response 

of structural system to the earthquake actions, the method of nonlinear static (NSA) analysis was applied and 

based on the obtained results, fragility probability density functions and vulnerability curves were constructed 

using statistical methods. Structural damage state threshold parameters are determined based on the methodologies 

described in RISK-UE project. Comparative analysis of the structural damage probability for the three analysed 
RC buildings is applied in both main directions and as the whole as well. Based on the analysis results, final 

remarks and conclusions were formulated. 

Keywords: RC building, seismic nonlinear pushover analyses, fragility, vulnerability, RISK-UE 

1. Introduction 

The behavior of any building depends on the arrangement of structural elements present in it. The 

important aspects on which the structural configuration depends are geometry, shape and size of the 

building. Under seismic actions, inertial forces concentrated at the center of mass of the structure, and 
the vertical bearing element (columns and shear walls) resist the horizontal inertia forces which 

concentrated at a point called center of stiffness [1].  

During an earthquake, failure of structure starts at points of weakness. This weakness arises due to 
discontinuity in mass, stiffness and geometry of structure. The structures having these discontinuities 

are termed as irregular structures. Many results of seismic behaviour reinforced concrete (RC) buildings 

indicate that regularity of their structures considerably affects the structural response with respect to the 

regular configuration. Regular buildings perform better in earthquakes than do irregular buildings. 
Irregularities bring down the structural response under seismic loads. However incorporation of some 

irregularity in structures, during structural design, is inevitable.  

Location and size of structural elements have significant effect on torsional coupling which results in 
damage of structures. Regular structures have no significant discontinuities in plan or in vertical 

configurations. Structures shall be designed with a clearly defined load path, or paths, to transfer the 

inertial forces generated in an earthquake to the supporting ground. The building shall be designed to 

meet the requirements of this subsection and of the design standards referenced in Section 4.2. [2]. 

Basic principles shall be taken into account in the early stages of the conceptual design of a building 

and provide structural simplicity, uniformity, symmetry, torsional resistance and stiffness et other. 

Structural simplicity, characterised by the existence of clear and direct paths for the transmission of the 
seismic forces. [2] 

Uniformity in plan is characterised by an even distribution of the structural elements which allows short 

and direct transmission of the inertia forces created in the distributed masses of the building. A close 
relationship between the distribution of masses and the distribution of resistance and stiffness eliminates 

large eccentricities between mass and stiffness. [2] 
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A comparative analysis of the behavior of regular and irregular building structures is presented in [3]. 
Seismic analysis of plan irregular RC building frames is subject of paper [4]. In analysis multimode 

pushover procedure for the approximate estimation of the seismic response of asymmetric in plan 

buildings under biaxial seismic excitation described in [5]. 

This is why analysis of fragility and vulnerability analysis of an RC building is important wich is subject 

paper [6]. In doing so, extensive literature was cited and an overview of the situation was presented. 

The analysis of numerical analyzes in this paper refers to regular structures of buildings so this paper 

analyses the constructions of buildings with irregular structures of buildings.  

In this paper, the seismic response of a three 5 story RC frame system buildings is analysed through the 

fragility and vulnerability analyses. The constructions are designed in accordance with the structural 

Eurocodes: EN1990 [7]; EN1991 [8]; EN1992 [9]; EN1998 [2,10,11], as a ductility class high (DCH) 
system. All three buildings have the same area, but different shape in the base. For the analysis of the 

response of structural system to the earthquake actions, the method of nonlinear static (NSA) analysis 

was applied and based on the obtained results; fragility and vulnerability curves were constructed using 

statistical methods. Structural damage state threshold parameters are determined based on the 
methodologies described in RISK-UE project [12]. Comparative analysis of the structural damage 

probability for the three analysed RC buildings is applied in both main directions and as the whole as 

well. Based on the analysis results, final remarks and conclusions were formulated. 

2. Methodology of the analysis and structural modelling 

2.1 Geometric and material properties of the structure 

The subject of the analysis are three office-residential building (Fig. 1, 2 and 3) with 5 levels (ground 

floor+4 stories). The structural systems exhibits the properties of a frame structural system [2]. The plan 

view and the 3D model of the structures are shown in Fig. 1, 2 and 3. 

 

Figure 1. M1: a) Building plan; b) Numerical model [13] 
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Figure 2. M2: a) Building plan; b) Numerical model [13] 

 

Figure 3. M3: a) Building plan; b) Numerical model [13] 

The length of one span in both directions is 6.0 m. The height of the first story is 3.6 m and the height 

of the other stories is 3.2 m which makes the total height of the building 16.4 m. In order to simplify 

the modelling and calculation process, all vertical elements are fixed at the bottom level of the structure, 
i.e. soil-structure interaction is not included in the calculation and design. Characteristics of the 

structural elements are given in the Table 1. 
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Table 1 – Geometric characteristics of structural elements  

Model 

Column Beam Plate 

bc / dc 

[cm] 

bb / db 

[cm] 

dpl 

[cm] 

M1 50 / 50 30 / 40 16 
M2 50 / 50 30 / 40 16 

M3 50 / 50 30 / 40 16 

Long. 

reinf. 

Column Beam Plate 

ØbL [bar nr. - mm] ØbL [bar nr. - mm] ØbL [mm / cm] 

M1 16 Ø14 
3 Ø22 
3 Ø20 

Ø12/15 

M2 16 Ø14 
3 Ø25 

3 Ø22 
Ø12/15 

M3 16 Ø14 
3 Ø25 
3 Ø22 

Ø12/15 

Stirrups 
Column Beam Plate 

Øsw [bar nr. – mm / cm] Øsw / 

M1 3 Ø10/10 2 Ø10/10 / 

M2 3 Ø10/10 2 Ø10/10 / 
M3 3 Ø10/10 2 Ø10/10 / 

3. Methodology of the analysis and structural modelling 

3.1 Geometric and material properties of the structure 

Tables For calculation and design of the structure in [13], a spatial (3D) model was used. The following 

parameters, assumptions and simplifications were adopted: 

• The calculation includes the effects of second order logic (P-Δ); 

• Occurrence of cracks in structural elements was included in the calculation with the stiffness 

reduction of the elements according to [2]. 

• The elastic bending stiffness and shear stiffness of columns and beams was reduced to 50%; 

• Torsion stiffness of columns and beams was reduced to 10% of their elastic stiffness; 

• The elastic stiffness of the RC plate was reduced to 50%. 

3.2 Model for nonlinear analysis 

In models for post-elastic analysis of structural response to the removal of individual vertical elements, 

the following assumptions and simplifications were used: 

• The calculation includes the effects of second order logic (P-Δ); 

• To describe the nonlinear behaviour of the material, the nonlinear properties of the material 

were used to describe the behaviour of concrete (Fig. 4, left) and reinforcement steel (Fig. 4, 

right)  [2], [10], [14]; 

• Columns and beams were modelled as confined RC elements with a protective layer of concrete 

(Fig. 4, left) [10]. [14]; 

• RC plates are modelled as rigid diaphragms in seismic analysis. 
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Figure 4. Material properties of concrete (left) and rebar (right) 

3.3 Properties of plastic hinges 

Plastic hinges are modelled as fiber cross sections. They are modelled by automatic selection of fiber 
division in the cross section of elements [13] for seismic analysis. The lengths of plastic hinges, are 

equal to the relative lengths of columns and beams of 0.2L, where L is the length of the element. 

Therefore, the locations of the hinges are assigned as 0.1L and 0.9L to columns and beams. 

4. Non-linear analysis results and calculation of fragility curves 

4.1 Nonlinear static pushover analysis 

The results of NSA for modal (MOD) load distribution are shown in Fig. 5. Modal pushover curve was 

chosen as a referent curve for the calculation of fragility curves, according to [12].  

 

Figure 5. Pushover curves for X (left) and Y direction (right) 

The results of pushover analysis for MDOF systems show different responses in both main directions. 

In the X direction, the structural response of M3 will be somewhat stronger than M2 and in the end M1, 

while in the Y direction, the response of M2 is better than M3 and then M1. 

To calculate damage state (DS) threshold values, it was necessary to do a bilinear approximation of 

NSA pushover curve, using Equivalent Energy Elastic-Plastic (EEEP) method and determine yielding 
(SdY,SaY) and ultimate capacity (SdU,SaU) points on capacity (spectral displacement – spectral 

acceleration) curve of SDOF system for M1, M2 and M3 (Fig. 6).  
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Figure 6. Capacity curves and their bilinear approximation for X (left) and Y direction (right) 

The capacity curve comparison results for SDOF systems show different responses in both main 

directions. In the X direction, the structural response of M2 will be somewhat stronger than M1 and in 
the end M3, but M3 will give the most ductile response, while in the Y direction, the response of M1 is 

better and more ductile than M2 and then M3, which are very similar. 

The results of NSA are shown in Figure 7. for target displacement (dt) and target spectral displacement 
(Sdt), for the design PGA = 0.2g. The displacement and spectral displacement values for the three 

models for the design PGA can be described through the relations: 𝑑𝑡,𝑋
𝑀3 > 𝑑𝑡,𝑋

𝑀1 > 𝑑𝑡,𝑋
𝑀2 in X and 𝑑𝑡,𝑌

𝑀3 >

𝑑𝑡,𝑌
𝑀2 > 𝑑𝑡,𝑌

𝑀1 in Y direction for MDOF and 𝑆𝑑𝑡,𝑋
𝑀3 > 𝑆𝑑𝑡,𝑋

𝑀1 > 𝑆𝑑𝑡,𝑋
𝑀2 in X and 𝑆𝑑𝑡,𝑌

𝑀3 > 𝑆𝑑𝑡,𝑌
𝑀2 > 𝑆𝑑𝑡,𝑌

𝑀1 in 

Y direction for MDOF. 

 

Figure 7. Target displacement and spectral target displacement points 

4.2 Damage state performance points 

Damage of a structural system may be quantified through threshold performance points (small damage 
– SD; moderate damage – MD; extensive damage – ED; complete damage – CD), which are determined 

according to [12] for seismic fragility analysis (Table 1).  
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Table 1 – Seismic structural DS threshold values, according to [12] 

DS SD [M1 / M2 / M3] MD [M1 / M2 / M3] RD [M1 / M2 / M3] CD [M1 / M2 / M3] 

μDS 𝟎. 𝟕 ∙ 𝑺𝒅𝒀 𝑺𝒅𝒀 
𝑺𝒅𝒀 + 𝟎. 𝟐𝟓
∙ (𝑺𝒅𝑼 − 𝑺𝒅𝒀) 

𝑺𝒅𝑼 

σLN,DS 𝟎. 𝟐𝟓 + 𝟎. 𝟎𝟕 ∙ 𝒍𝒏(𝝁𝑼) 𝟎. 𝟐 + 𝟎. 𝟏𝟖 ∙ 𝒍𝒏(𝝁𝑼) 𝟎. 𝟏 + 𝟎. 𝟒 ∙ 𝒍𝒏(𝝁𝑼) 𝟎. 𝟏𝟓 + 𝟎. 𝟓 ∙ 𝒍𝒏(𝝁𝑼) 

 X direction 

μDS
Sd [cm] 8.92 9.00 8.10 12.75 12.85 11.58 16.06 15.80 19.48 25.99 24.64 43.20 

μDS
PGA [g] 0.122 0.128 0.107 0.172 0.179 0.150 0.213 0.216 0.249 0.331 0.329 0.590 

σLN,DS [g] 0.300 0.296 0.342 0.328 0.317 0.437 0.385 0.360 0.627 0.506 0.475 0.808 

 Y direction 

μDS
Sd [cm] 8.92 6.69 6.84 12.75 9.56 9.77 16.06 12.20 12.43 25.99 20.10 20.40 

μDS
PGA [g] 0.122 0.085 0.085 0.172 0.118 0.119 0.213 0.148 0.148 0.331 0.239 0.239 

σLN,DS [g] 0.300 0.302 0.302 0.328 0.334 0.333 0.385 0.395 0.394 0.506 0.521 0.518 

4.3 Statistical analysis of the results 

It is generally assumed that fragility curve is a lognormal distribution function, which means that “If a 
variable is log-normally distributed, its natural logarithm is normally distributed. Which means it must 

take on a positive real value, and the probability of it being zero or negative is zero.” [15] For seismic 

fragility analysis, lognormal distribution is adopted [12].  

4.4 Calculation of fragility curves 

In case of the calculation of fragility curves, using spectral displacement (Sd) as a referent IM value for 

the DS threshold [12], the fragility functions are calculated as analytical cumulative distribution 

functions (CDF) for lognormal (LN) distribution: 

 𝑃𝐷𝑆𝑖|𝐼𝑀(𝐼𝑀𝑗 , 𝜇𝐿𝑁|𝐷𝑆𝑖

𝐼𝑀 , 𝜎𝐿𝑁|𝐷𝑆𝑖

𝐼𝑀 ) = Φ [
1

𝜎𝐿𝑁|𝐷𝑆𝑖
𝐼𝑀 ∙ ln (

𝐼𝑀

𝜇𝐿𝑁|𝐷𝑆𝑖
𝐼𝑀 )] = Φ (

ln 𝐼𝑀−𝜇𝐿𝑁|𝐷𝑆𝑖
𝐼𝑀

𝜎𝐿𝑁|𝐷𝑆𝑖
𝐼𝑀 )  (1) 

where Φ is the cumulative distribution function of the standard normal distribution, 𝜇𝐿𝑁|𝐷𝑆𝑖

𝐼𝑀  and 𝜎𝐿𝑁|𝐷𝑆𝑖

𝐼𝑀  

are the mean and standard deviation of LN distribution values shown in Table 2. However, because it 

is possible to determine the relation between Sd and PGA, it is possible to present the fragility curves 

with the PGA as the IM. 

Probability density function values for the exceedance of different states of damage for the design PGA 

= 0.2g (Fig. 10, 13 and 16) are calculated using the equations [15], [16]: 

 𝑃𝐷𝑆0
= 1 − 𝑃𝐷𝑆1

[𝐼𝑀𝑗 , 𝜇𝐿𝑁|𝐷𝑆1
, 𝜎𝐿𝑁|𝐷𝑆1

]  

 𝑃𝐷𝑆𝑖
= 𝑃𝐷𝑆𝑖

[𝐼𝑀𝑗 , 𝜇𝐿𝑁|𝐷𝑆𝑖
, 𝜎𝐿𝑁|𝐷𝑆𝑖

] − 𝑃𝐷𝑆𝑖+1
[𝐼𝑀𝑗 , 𝜇𝐿𝑁|𝐷𝑆𝑖+1

, 𝜎𝐿𝑁|𝐷𝑆𝑖+1
]  (2) 

 𝑃𝐷𝑆𝑛
= 𝑃𝐷𝑆𝑛

[𝐼𝑀𝑗 , 𝜇𝐿𝑁|𝐷𝑆𝑛
, 𝜎𝐿𝑁|𝐷𝑆𝑛

]   

where 𝑃𝐷𝑆0
 is a probability of no damage to occur and 𝑖 = 1, … , 𝑛 and 𝐼𝑀𝑗 = (0.1𝑔 − 1.0𝑔]. 𝑖 is an 

index of a particular DS, and 𝑗 is an index of a particular IM (PGA). 𝑛 is a total number of damage 

states. Probability density functions for damage state exceedance in both main X and Y directions are 

shown in Figures 8 - 12. As a result, the values of probability for the exceedance of each damage state 

for all three models in both main directions are given in Figures 13 and 14, for the design PGA = 0.2g. 
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Figure 8. Probability density functions for damage state exceedance probability for ND in X (left) and Y 

direction (right) 

 

Figure 9. Probability density functions for damage state exceedance probability for SD in X (left) and Y 

direction (right) 

  

Figure 10. Probability density functions for damage state exceedance probability for MD in X (left) and Y 

direction (right) 
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Figure 11. Probability density functions for damage state exceedance probability for ED in X (left) and Y 

direction (right) 

 

Figure 12. Probability density functions for damage state exceedance probability for CD in X (left) and Y 

direction (right) 

Damage state exceedance probability values in X direction for the design PGA = 0.2g are shown in 

Figure 13. From the aspect of damage states, it can be noticed that M1 and M2 show the similar response 

for the seismic action in X direction for the design PGA intensity. However, M1 is a bit more prone 
than M2 to ED (3.4%) and to CD (8.1%). M3 shows much better response than M1 and M2 for the 

seismic action in X direction for the design PGA intensity. While it is much more prone to exceed the 

level of MD than M1 (56.1%) and M2 (68.6%), it has much lower probability to exceed CD than M1 (-

43.8%) and M2 (-39.2%). 
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Figure 13. Damage state exceedance probability in X direction for the design PGA 

Damage state exceedance probability values in Y direction for the design PGA = 0.2g are shown in 
Figure 14. From the aspect of damage states, it can be noticed that M2 and M3 show very similar or 

almost the same response for the seismic action in Y direction for the design PGA intensity. The 

difference between the response of M2 and M3 varies from 0.1% - 0.3% in probability. M1 shows much 
better response than M2 and M3 for the seismic action in Y direction for the design PGA intensity. 

While it is much more prone to exceed the level of SD and MD than M2 (-79.3% and -32.0%) and M3 

(-79.6% and -32.8%), it has much lower probability to exceed ED and CD than M2 (-32.9% and -56.3%) 

and M3 (-33.4% and -56.0%). 

 

Figure 14. Damage state exceedance probability in Y direction for the design PGA 

Damage state exceedance probability values in Y direction for the design PGA = 0.2g are shown in 

Figure 14. From the aspect of damage states, it can be noticed that M2 and M3 show very similar or 

almost the same response for the seismic action in Y direction for the design PGA intensity. The 
difference between the response of M2 and M3 varies from 0.1% - 0.3% in probability. M1 shows much 

better response than M2 and M3 for the seismic action in Y direction for the design PGA intensity. 

While it is much more prone to exceed the level of SD and MD than M2 (-79.3% and -32.0%) and M3 
(-79.6% and -32.8%), it has much lower probability to exceed ED and CD than M2 (-32.9% and -56.3%) 

and M3 (-33.4% and -56.0%). 

In order to calculate the seismic response of each model for both directions, the values of probability of 

damage state exceedance and vulnerability mean damage values (MDF) are calculated using geometric 

mean equation: 
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 (∏ 𝑥𝑖
𝑛
𝑖=1 )

1

𝑛 = √𝑥1 ∙ 𝑥2 ∙ … 𝑥𝑛
𝑛   (3) 

 

Figure 15. Probability density functions for damage state exceedance probability for ND (left) and SD (right), 

geometric mean for both directions 

 

Figure 16. Probability density functions for damage state exceedance probability for MD (left) and ED (right), 

geometric mean for both directions 
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Figure 17. Probability density functions for damage state exceedance probability for CD, geometric mean for 

both directions 

Damage state exceedance probability geometric mean values for both directions for the design PGA = 

0.2g are shown in Figure 18. From the aspect of damage states, it can be noticed that in general, M1 has 

better response than M3, which has a similar, but slight better response than M2. The percentual 

comparation of values of M2 and M3 to M1 as a referent model is given in Table 3. 

 

Figure 18. Damage state exceedance probability for the design PGA, geometric mean for both directions 

Table 3 – Comparation of PoE values of M2 and M3 to M1 

DS [%] NDμ SDμ MDμ EDμ CDμ 

M1 0.00 0.00 0.00 0.00 0.00 

M2 -33.75 -34.93 -19.83 22.67 60.88 

M3 -64.47 -48.39 11.58 24.47 42.24 

4.5 Vulnerability analysis 

Calculation process of vulnerability curves was performed according to the method described in [17]. 
Calculation of the vulnerability curves, based on the fragility results was done according to the equation 

and process described in paper [17]:  

𝐸(𝐶|𝐼𝑀) = ∑ 𝐸(𝐶|𝐷𝑆𝑖) ∙ 𝑃(𝐷𝑆𝑖|𝐼𝑀)

𝑛

𝑖=0

 (3) 

where n is the number of considered DS (𝐷𝑆𝑖), 𝑃(𝐷𝑆𝑖|𝐼𝑀) is the damage probability; 𝐸(𝐶|𝐷𝑆𝑖)and 

𝐸(𝐶|𝐼𝑀) are the cumulative distribution of cost (or loss) according to [17]. The values of 𝐸(𝐶|𝐷𝑆𝑖) are 

adopted from [17]. The results are compared and displayed in Figures 19 and 20. 

Table 4 – Damage factor functions of building typology according to [17] 

Damage Scale 𝑬(𝑪|𝑫𝑺𝒊) 

Damage State 
Slight (SD) Moderate (MD) Extensive (ED) Complete (CD) 

2% 10% 50% 100% 

 

Vulnerability MDF values in X and Y direction for the design PGA = 0.2g are shown in Figure 20. It 

can be noticed that M1 and M2 have very similar or almost the same response for the seismic action in 

X direction (Figure 19, left and Figure 21, left) for the design PGA intensity and that M3 have much 
better response than both M1 and M2. In Y direction (Figure 19, right and Figure 21, left), M1 has 
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better response than both M2 and M3, which both have almost the same response for the seismic action. 
Regarding the comparison of the models in both directions from the aspect of geometric mean values 

(Figure 20 and Figure 21, right), M1 has the best response, after which is M3 and then M2. However, 

for the value of PGA > 0.3g (Figure 20). the response of M3 is better than M1 and M2 

 

Figure 19. Vulnerability curves for X (left) and Y direction (right) 

 

Figure 20. Vulnerability curves geometric mean values for both directions 

 

Figure 21. MDF for both directions (left) and MDF values mean for both directions (right) for design PGA 
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5. Conclusions 

In this paper, the fragility and vulnerability of a three 5 story RC frame system buildings exposed to 

seismic action is analysed through their nonlinear response. The constructions are designed in 
accordance with the structural Eurocodes, as DCH systems. The common characteristic of all three 

buildings are: the same area and the same number of stories, but different shape in the base. For the 

analysis of the response of structural system to the earthquake actions, the method of nonlinear static 
(NSA) analysis was applied and based on the obtained results; fragility functions, probability density 

functions for damage state exceedance probability and vulnerability curves were calculated using 

statistical methods. Comparative analysis of the structural damage probability for the three analysed 

RC buildings is applied in both main directions and as the whole as well, using the geometric mean 

values. Based on the analysis results, some conclusions may be formulated: 

- In the main X direction, M2 shows a bit better characteristics than M1, which can be explained by 

the arrangement of the elements in the structure and the distribution of mass and inertial forces 
induced by seismic action. M3 has much better performance in the X direction than both M1 and 

M2, because it’s resisting to seismic action with a longer, stiffer frames in the part of the structure. 

- In the main Y direction, M1 shows much better response than both M2 and M3, which can be 

explained by the arrangement of the elements in the structure and the distribution of mass and 
inertial forces induced by the seismic action. However, it is noticable that both M2 and M3 have 

almost the same response in the Y direction.  

- As expected, the building which is regular in plan (M1) will in general have better response than 
the other two models (M2 and M3), which can be seen through the geometric mean fragility and 

vulnerability results. 
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Abstract 

Increasing energy efficiency of final energy consumption is a very actual and important topic, in parallel with 

activities and measures worldwide targeting an increased share of renewable energy sources. Despite recent 

expansion in building construction, old buildings characterized by high energy consumption still represent a great 

majority of both residential and public building stock in many countries in the Balkan region. Located in seismic-

prone countries, such as the Republic of North Macedonia, these old buildings are also characterized by the high 

risk of partial or complete destruction during earthquakes. This imposes the need for mandatory screening at the 

outset of an energy efficiency program, which will categorize buildings according to seismic risk and thus 

determine which buildings are suitable for energy efficiency investments. This paper presents how the 

methodology for high-level seismic screening, originally proposed in the World Bank's Country Report (North 

Macedonia), is extended and customized by the Institute of Earthquake Engineering and Engineering Seismology, 

IZIIS, Skopje to correspond to the country specificities, i.e., to be based on overall knowledge on aseismic design 
and construction practice in the country, detailed on-site inspection of each particular building, and to be carried 

out by structural engineers with appropriate knowledge and experience in earthquake engineering. The high-level 

seismic screening was performed in the Republic of North Macedonia, applying this extended and customized 

methodology,  for a total number of 27 medical facilities, dominantly healthcare centers, and 50 municipality 

buildings (schools, kindergartens, and municipal buildings).  

Keywords: seismic performance of existing structures, knowledge level, aseismic design practice, construction 

practice, nondestructive testing, public buildings 

1. Introduction 

Situated in the southern part of the Balkan Peninsula, the territory of the Republic of North Macedonia 

belongs to the Mediterranean seismic belt. It is characterized by extensive neotectonics and recent 
destructive processes resulting in several regions' intensive seismic activity. According to the 

earthquake catalog, several hundreds of earthquakes have occurred on the territory of Macedonia over 

the last century, most of them with destructive nature and some even with catastrophic consequences. 
However, the studies related to seismic design, vulnerability and exposure modeling, and enactment of 

seismic code generally started after the Skopje earthquake in 1963, following the need for damage 

assessment, reconstruction, and recovery of the city of Skopje. 

As there is no regular inventory of buildings in the country, official data can be obtained from 
the population and dwellings censuses (the last one was carried out in 2021 but is still without official 

data on dwellings). Summarizing cross-analysis of the statistical data from the last censuses (1991, 

2002.) and the available data from the State Statistical Office, it can be concluded that in 2002 the 
percentage of buildings built before 1970, out of the total number of the particular type of facilities, is 

35% for residential, 82% for school, 81% for tourist and 39% for health facilities [1, 2]. Based on the 

trend of newly built residential buildings in the last two decades, it can be estimated that the percentage 
of residential buildings built before 1970 is undoubtedly reduced, but the percentage of school and 
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health facilities is still high. Thus, for a significant percentage of the construction stock in the country, 
the level of seismic protection is unknown. Besides their high seismic risk, these old buildings are also 

characterized by high energy consumption.  

As а signatory of the EU and International Energy Charters as well as the Protocol for Energy 
Efficiency and Relevant Environmental Protection Aspects, North Macedonia is funding several energy 

efficiency programs through available financial instruments to reduce the energy consumption of public 

buildings. Since the vast majority of target buildings are characterized by high energy consumption and 

seismic risk, integration of seismic risk considerations into energy efficiency programs should be 
mandatory. This can be achieved by providing the high-level seismic screening process at the outset of 

an energy efficiency program, which will categorize buildings according to seismic risk based on 

knowledge of aseismic design and practice in the country, thus determining which buildings are suitable 

for energy efficiency investments.  

2. Aseismic Design and Construction Practices in North Macedonia 

The existing building stock in North Macedonia reflects the history of urban development, which, until 

1990, is typical for the whole territory of former Yugoslavia. The prevailing building types differ from 

the building function to different regions where they have been built according to local traditional 

practices. Standard legislation defines the procedures and the demands for seismic protection and 
dominantly refers to problems of acceptable risk for buildings [3]. Briefly, there were three significant 

threshold changes in seismic standards during the Yugoslav (pre-1991) period. 

• The first standards addressing the seismic requirements were the "Temporary Technical 

Provisions for Loading of Buildings" (PTP-2), adopted in 1948, that prescribed structural 
analysis by additional horizontal forces (representing effects of wind) taken as 2% of the total 

building weight. However, it was required only for higher buildings, and no specific 

reinforcement detailing was defined. 

• Prompted by the devastating Skopje earthquake of July 26, 1963, the first seismic design code, 
"Temporary Technical Provisions for Building in Seismic Regions," was adopted in 1964, 

which improved methods for determining design loads on buildings and introduced quality 

requirements for materials and construction. Significant progress in structural design, 

construction practice, and scientific development in the field of earthquake engineering took 
place in the entire region in the 1970s, led by the Institute of Earthquake Engineering and 

Engineering Seismology (IZIIS) established in 1965 upon UN recommendation for the recovery 

of Skopje and conducting research, education, training, development, and improvement of 
technical regulations in the field of earthquake-resistant structures. 

• In the 1981 "Rulebook on Technical Regulations for Construction of Buildings in Seismic 

Regions," a significant update was made to the seismic design, partly in response to the 1979 

Montenegro earthquake, and it was mandatory for any type of building. Along with the 
amendments from 1982, 1983, 1988, and 1990, it is still an official and valid regulation in the 

country. Macro-seismic maps for several characteristic return periods were incorporated to 

comply with the seismic hazard levels. The seismic shear base coefficient was introduced and 

calculated according to building importance, structural system, local soil conditions, and region 
seismicity. Limits on permissible heights of masonry construction, introduced in 1964, were 

further revised based on the construction method. Importantly for reinforced concrete moment 

frame systems, detailing requirements in the heavily loaded zones at the end of beams and 
columns were introduced. Also, the regulations that were adopted in the designated period and 

are still in power are the "Code for Repair and Strengthening of Earthquake Damaged 

Buildings" (1985) and the "Rulebook on Concrete and Reinforced Concrete" (1987). 

The period from 1964 to 1991 is considered a period of exceptionally high-quality structural 

design and control that resulted in safe buildings with a seismic risk equal to or lower than the maximum 

acceptable. However, the period from 1991 to 2005, after the country gained independence, was a 

transition period in which many individual initiatives for the design and construction of residential and 
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business areas were taken. Although seismic design regulations existed, Macedonian society struggled 
with the strict implementation of technical standards that regulated the construction of building 

structures. Material and construction quality control was not mandatory by any regulations. As a result, 

there is no clear picture of the building quality during this period. 

This period ended in 2005 with the enactment of the Law of Construction. This law established the 

Technical Chamber of Architects and Engineering to control professional competencies by enforcing the 

certification requirements for structural design, project revision, construction execution, and supervision. 

There are no laws mandating seismic assessment of existing structures unless they are undergoing 
structural modification, nor specific licensing process or qualification for demonstrating competency in 

the seismic assessment of existing buildings. Structural engineers with appropriate knowledge and 

experience must carry out seismic assessments and strengthening designs. Many structural engineers who 
are highly experienced and skilled in designing new buildings may not have experience in assessing old 

buildings or the field of seismic assessment. The effective implementation of seismic assessment and 

design of strengthening requires a range of specialist skills characteristic of the discipline of earthquake 

engineering. 

In 2013, an Annex to the Law on Construction of Building Structures was adopted, further 

improving the construction regulation process mandating the expert review of the scientific institution 

with respectful experience (IZIIS, http://www.iziis.ukim.edu.mk/en/) to obtain a construction permit 

for all buildings and usage permit for buildings above 300 m2 area. 

In 2020, Eurocodes were adopted in the Republic of North Macedonia as parallel legislation to 

the currently valid Codes, after which the building design and construction practice is expected to be 

more harmonized with the European practice. 

Taking the above into account, the roughest general building categorization could be done 

according to the main structural system and year of construction, meaning three basic types: 

• Non-Earthquake Resistant Masonry Buildings (pre-Code) involving unreinforced, plain 

masonry buildings with several sub-categories that were implemented dominantly in urban and 
rural areas up to 1964 when the first seismic code was enforced 

• Moderate Earthquake Resistant Confined Masonry Buildings (Low-Code) involving plain 

masonry structures strengthened by vertical and horizontal reinforced concrete belts or by 

jacketing of the bearing walls, frequently implemented after the Skopje earthquake for seismic 
upgrading of existing buildings as well as the construction of new houses, dwellings, and low-

rise public buildings 

• Earthquake Resistant Reinforced Concrete Buildings (High-Code) involving low, mid, and 

high-rise public and residential buildings, residential complexes in urban areas, with extensive 

usage after 1970 until nowadays 

3. High-level Seismic Screening Methodologies 

3.1. High-Level Screening – Level 1 according to the World Bank's Country report 

Within the Public Sector Energy Efficiency Project (REP No: MK-MOF-001-2021-CS-SC), financed 

by the International Bank for Reconstruction and Development (IBRD) with the Ministry of Finance of 

the Republic North Macedonia as the implementing agency, IZIIS has been assigned to provide 
technical assistance for seismic screening of public facilities in the country, following the methodology 

described in the Country Report (North Macedonia) on Integrating Seismic Risk Consideration into 

Energy Efficiency Investments World Bank #1265632, applying Level 1 seismic screening and using 

the template data record Level_1_Data_Record_form [3]. 

This screening process, according to the given methodology, includes two types of information that 

should be filled in the Form: (1) General information that anyone could gather and does not require 
specialist expertise (construction date, location, input information from hazard maps and a number of 

storeys) and (2) Specific information that requires engineering judgment (general structural type, 
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structural irregularities, evidence of strengthening, and other structural issues). Several methods are 

proposed that could be used to collect data depending on the quality of existing records: 

• Desk study and remote data collecting (if there is good coverage of Google Street-view or 

Google 3D buildings in the region being studied) 

• Building manager questionnaire  

• A rapid visual survey by a structural engineer (if data and photo records are incomplete). 

According to the Country Report, two different seismic hazard information are required in the 
screening form to obtain a hazard comparison rating of A, B, C, or D, irrespective of the knowledge of 

local seismicity (Table 1): 

• The seismic hazard at the building location is defined using the current earthquake hazard map 

produced for the country's Eurocode National Annex.  

• The seismic hazard value that was applicable at the time of the building's construction. This 

value can be obtained from the historic hazard maps published in 1964, 1982, and 1990. 

Table 1 - Hazard comparison rating (according to Country Report) 

  Eurocode peak ground acceleration agR 

  

Band 

0.05 0.10 0.12 0.15 0.20 0.25 0.30 0.35 0.40 

  0.04-0.08 0.09-0.11 0.12-0.13 0.14-0.18 0.19-0.23 0.24-0.28 0.29-0.33 0.34-0.38 0.39+ 
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pre1964  A C C C D D D D D 

VI  A C C C D D D D D 

VII  A B B C D D D D D 

VIII  A A B B C C C D D 

IX  A A A B B B C C C 

Table 2 - Seismic risk rating (according to Country Report) 

 Green: The building is suitable for the EE programme without further seismic assessment.  

This is either because it has acceptable document records to indicate that the building meets current 

building standards or because the building is in a region of low earthquake hazard and is judged likely to 

have good earthquake resilience, although document records are not available to formally validate this 

status. 

 Yellow: The building could progress in the EE programme, but compliance with modern standards is not 

guaranteed.  

A further assessment is likely to conclude that the building has reasonable seismic performance. However, 

there are some uncertainties. A deficiency-based or detailed assessment is needed to confirm seismic risk 

status and identify recommended strengthening interventions.  

The building may require localized earthquake-strengthening work to achieve acceptable seismic 

performance, and these may be achievable for a cost within 10% of the building value. 

 Orange: The building could progress in the EE programme, but building performance is likely below 

modern standards.  

A further assessment will likely conclude that the building has moderate seismic performance. 
However, there are some uncertainties, and the building may contain critical weaknesses that are not 

detectable in the high-level screening. A deficiency-based or detailed assessment is needed to confirm 

seismic risk status and identify recommended strengthening interventions.  

The building may require strengthening to reach acceptable seismic performance. Bringing the building 

closer to modern standards is likely to require moderate costs in the range of 10 to 50% of the building value. 

 Red: A detailed assessment is likely to conclude that this building has a high vulnerability which may 

include a critical structural weakness.  

Strengthening the building to meet a reasonable benchmark performance level would likely require 

significant investment exceeding 50% of the building value. 
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Building structural systems should be classified, and eventual structural irregularities or evidence 
on structural strengthening should be noted following the given guidance. Then, using the rating 

schedule, preliminary color classification (red, orange, yellow, green) should be chosen by selecting the 

row matching the characteristics of the building. If there are unknowns in the building data, the rating 
corresponding to the most conservative (highest vulnerability) assumption has to be used. A preliminary 

color classification might be revised in relation to the seismic risk rating descriptions for each color 

(Table 2), thus leading to the final color status. 

3.2. IZIIS' Approach for customized seismic screening 

Data requirements for the screening process according to the given methodology in the Country report 

have been established to balance the effort required to collect the data with the benefit in terms of 

reliability of seismic assessment. This will undoubtedly lead to more conservative decisions if the 
screening takes place rapidly, based on a desk study and remote data collection, and especially without 

trying to increase the knowledge level for the particular structure, thus minimizing the uncertainties. 

Despite precise general building classification, for reliable seismic safety assessment, the method of 

detailed site inspection of the building is indispensable and irreplaceable. 

To achieve a more reliable seismic risk rating, IZIIS proposed and carried out the extended and 

upgraded technical approach for customizing the high-level seismic screening to correspond to the 

specifies of medical facilities in the country, represented by the following steps, [4]: 

STEP 1:  Desk study, remote data collecting, putting efforts in providing the technical design 

documentation and reviewing it; 

STEP 2: On-site screening inspection by survey teams involving the following activities: 

• conducting the interview with the facility representatives who has sufficient knowledge of the 

facility since its commissioning, 

• outdoor/indoor visual inspection with control measurements of building geometry, 

• indoor visual inspection for identification of overall integrity of the structural system, 

irregularities, structural and non-structural changes during exploitation, damages to the bearing 
elements, evidence of strengthening, other operating and maintenance problems, and control 

measurements of structural elements geometry,  

• nondestructive measurements (NDT tests) of selected structural members (were available) 
applying the following testing equipment: 

o SCLEROMETER Digi Schmidt, a mechanical device designed to define the 

compressive strength of a material (primarily concrete) 
o PROFOMETER, a rebar detection system for identifying the presence of the columns 

hidden in the walls and obtaining data on the built-in reinforcement 

o TROMINO portable ultra-mobile seismometers for a definition of structural 

fundamental dynamic characteristics (natural frequencies); 

• filling the Level 1_Data_Record_Form during the survey with the preliminary seismic color 

rating (green, yellow, orange, red) for each structural unit within the medical facility. 

(STEP 3): Post-screening desk study involving: 

• Reconsidering the information obtained during the survey, 

• Definition of the final color status in accordance with complete findings and observations on 

existing seismic structural stability.+ 

(STEP 4): Repeated on-site screening involving more detailed (destructive) control investigation of the 

quality and quantity of built-in materials (concrete grade, reinforcement type) in case this additional 

information was needed to justify the final color rating. 

To realize the activities mentioned above, IZIIS engaged the following teams: 

489

https://doi.org/10.5592/CO/2CroCEE.2023.108


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.108 

• One supervising team, consisting of four key experts in the field, who set up the criteria for seismic 

screening, coordinated all the activities, revised and harmonized the survey data, and confirmed the 
screening rating of each building assigned by the survey teams,  

• Five survey teams, consisting of two to three structural engineers (one expert as team leader and 

collaborators), who interviewed the representatives of each of the selected medical facilities to 

obtain the necessary information and better organize the on-site visual survey, reviewed the 
technical documentation, provided the on-site visual survey along with NDT tests and filled-in the 

Level_1_Data_Record_Form. 

Structural analysis of the surveyed structures was not carried out, so the seismic assessment was 

qualitative and based on the IZIIS' knowledge and expertise in addition to the conducted interviews, 
project and drawing reviews, visual observations, nondestructive measurements, and limited control 

investigations (destructive testing). 

4. Comparative Presentation of the Seismic Screening Results 

4.1. Results for 27 medical facilities 

The high-level seismic screening was performed for a total number of 27 medical facilities with 

different functions, selected by the Ministry of the health of North Macedonia, including dominantly 

healthcare centers, but also infirmaries and pharmacies [5]. The vast majority of the selected healthcare 

centers represent complexes with several separate structural units, thus, the total of 65 structural units 
with a total floor area of 54005 m2 was surveyed. Among them, 47 are reinforced concrete structures, 

14 are masonry structures, three are reinforced concrete ground floor upgraded with additional steel 

structures, and one is wooden. 

According to the relevant standard when the structures were designed (Table 3), which according 

to the methodology is one of the deciding factors for the color rating, the facilities have been dominantly 

designed according to the first seismic code in the country, while only small part of them have been 

designed according to current standards. However, there is not an insignificant number of facilities older 
than 60 years, which have not been designed as earthquake-resistant structures, and, according to Table 

1, are automatically excluded from the energy efficiency program, irrespectively the existing state of 

their structural systems. 

Table 3 - Distribution according to the relevant standard when the medical facilities were designed 

year of issuing the 

relevant standard  

number of 

 facilities 

number of  

structural units 

total floor area 

in m2 

1948 7 14 8119 

1964 16 43 40298 

1981 4 8 5588 

 

An on-site visual inspection of the medical facilities was carried out in August –September 2021. 

During the visual survey and inspection (step 1 and part of step 2), the Level_1_Data_Record_Forms 

for all the buildings were filled in by adopting the color rating status in accordance with the 
methodology given in the Country Report (North Macedonia). Results for color rating presented in 

Fig.1 show that none of the structural units is categorized as green, meaning that no one is suitable for 

progression in the EE program without further seismic assessment. 22 (yellow) units with about 35% 
of the total floor area could enter the EE program if further assessment satisfies the criteria. For the 32 

(orange) units, with 54% of the total floor area, it is not cost-effective to enter the EE program since it 

will require structural strengthening, while the rest 11 (red) units, with about 10% of total floor area are 

automatically excluded from the EE program. 
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number of units                               total floor area 

Figure 1. Distribution of medical facilities according to Country report' methodology 

 

   
number of units                               total floor area 

Figure 2. Distribution of medical facilities according to IZIIS' methodology 

However, implementing IZIIS' extended and upgraded methodology, (steps 2, 3 4) which gives 

the possibility to take into account and reconsider the in-situ situation of each of the structural unit, 

confirmed with the site inspection and nondestructive measurement, as well as the elaborated acceptable 
level of risk from the deficiencies to meet the current seismic code, results in significantly different 

building categorization, (Fig. 2). Due to these reconsideration, vast majority of the structural units are 

categorized with lower seismic risk by at least one level, although there is one structural unit which 

turned in "red" from "orange" since it was seriously damaged.  

4.2. Results for 50 municipal buildings 

The high-level seismic screening was also performed for a total number of 50 municipal buildings 
selected by 14 Municipalities in the Republic of North Macedonia (Mogila, Kavadarci, Ohrid, Dojran, 

Valandovo, Gostivar, Resen, Kichevo, Skopje Centar, City of Skopje, Pehchevo, Struga, Rankovce and 

Kisela Voda), including dominantly elementary or high schools, but also kindergartens, administrative 
municipality buildings, fire stations, libraries, and cultural centers, [6]. Most of the selected municipal 

buildings represent complexes with several separate structural units or enlargements. Thus, 115 

structural units with a floor area of 123339 m2 were surveyed. Among them, 85 are reinforced concrete 

structures, 19 are masonry structures, 7 are steel structures, 2 are wooden structures, and 2 are mixed 

structures with masonry and RC parts. 

According to the relevant standard when the structures were designed (Table 4), the structural 

units within the municipal building complexes have been dominantly designed according to the first 
seismic code in the country, while only a tiny part has been designed according to current standards. 

However, a significant number of facilities older than 60 years have not been designed as earthquake-

resistant structures and, according to Table 1, are automatically excluded from the energy efficiency 

program, irrespectively the existing state of the structural system. Typical for many primary schools 
and kindergartens are enlargements, which were usually built in different periods compared to main 

buildings and often with different structural systems and according to different standards. 

22

32

11

35%

54%

11%

26

26

6 9

40%

53%

4% 3%

491

https://doi.org/10.5592/CO/2CroCEE.2023.108


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.108 

Table 4 - Distribution according to the relevant standard when the municipal buildings were designed 

year of issuing the 

relevant standard  

number of  

structural units 

total floor area 

in m2 

1948 16 13437 

1964 75 85601 

1981 24 24302 

 

An on-site visual inspection of the municipal buildings was carried out in March –April 2022. 

During the visual survey and inspection (step 1 and part of step 2), the Level_1_Data_Record_Forms 

for all the buildings and units were filled in by adopting the color rating status in accordance with the 
methodology given in the Country Report (North Macedonia). Results for color rating presented in 

Fig.3 show that none of the structural units is categorized as green, meaning that no one is suitable for 

progression in the EE program without further seismic assessment. 55 (yellow) units with about 52% 
of the total floor area could enter the EE program if further assessment satisfies the criteria. For the 42 

(orange) units, with 34% of the total floor area, it is not cost-effective to enter the EE program since it 

will require structural strengthening, while the rest 18 (red) units, with about 14% of the total floor area 

are automatically excluded from the EE program. 

    
number of units                               total floor area 

Figure 3. Distribution of municipal buildings according to Country report' methodology 

 

   
number of units                               total floor area 

Figure 4. Distribution of municipal buildings according to IZIIS' methodology 

However, implementing IZIIS' extended and upgraded methodology, (steps 2, 3 4) which gives 

the possibility to take into account and reconsider the in-situ situation of each of the structural unit, 
confirmed with the site inspection and nondestructive measurement, as well as the elaborated acceptable 

level of risk from the deficiencies to meet the current seismic code, results in significantly different 

building categorization, (Fig. 4). Due to this reconsideration, almost all of the structural units are 
categorized with lower seismic risk by at least one level, resulting in 73 (green) units with 66% of total 

floor area suitable for progression in the EE programme without further seismic assessment, and another 

34 (yellow) units with 27% of total floor area if the further assessment satisfies the criteria, i.e. only 8 

(6 orange and 2 red) units with 7% of total floor area were excluded from the EE programme. 
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It has to be noted that, besides the Ministry of Finance of North Macedonia, this approach resulted in 
the categorization of more than 90% of both the medical facilities and municipal buildings with the 

lowest seismic risk (green and yellow final color status) was accepted and approved by the World Bank 

too, which provide the financial support for overall energy efficiency program.   

5. Conclusion 

Improving existing buildings' energy efficiency is a very important and "hot" topic worldwide. For the 
seismic-prone regions, it is recommended to perform seismic screening before deciding whether the 

structure is suitable for energy efficiency investment. However, the seismic screening must be based on 

overall knowledge on aseismic design and construction practice in the country, detailed on-site 

inspection of each building, and to be carried out by structural engineers with appropriate knowledge 
and experience in earthquake engineering. Applying seismic screening, which is developed without 

considering the country specificities and allows only desk study and remote data collection, often leads 

to conservative and nonrelevant decisions. 
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Abstract 

The viscous damper produces a force proportional to the velocity by moving the fluid inside their cylinder and, 

causes energy dissipation due to the dynamic vibrations by converting mechanical energy into heat. Viscose 

dampers with their three special features as powerful passive control devices have been widely studied in recent 

decades. The ability to improve the seismic performance of the structures with significant energy loss, 

production of out-of-phase damping force relative to displacement, and the increase of the structural damping 

without making major changes in the stiffness characteristics of the structure are its distinguishing features in 
comparison with other passive control methods. In this study, the seismic performance of viscous dampers is 

investigated to control the vibration of three benchmark steel buildings (i.e. 3-, 9-, and 20-story buildings 

designed for the SAC project) under two sets of recorded near-fault (NF) ground motions possessing forward-

directivity (FD) or fling-step (FS) features and compared with the building responses under a suite of far-fault 

(FF) accelerograms. The results indicate the superior performance of viscous dampers in low-rise buildings and 

under FF earthquakes, i.e. 59% and 53% reduction in the mean of the maximum roof displacement and velocity, 

respectively. However, to control the mean of the maximum roof acceleration, the best performance was 

obtained in the high-rise buildings and under FF earthquakes, showing a maximum of 84% reduction. In 

general, it can be concluded that the damper has the highest reduction in acceleration response under the FF 

records, and under the NF records with FD has the least decrease in the velocity response. 

Keywords: Passive Control, Viscous Dampers, SAC Benchmark Buildings, Near-Fault Ground Motions, Far-

Fault Ground Motions. 

1. Introduction 

Conventional seismic design establishes the desired performance levels based on a combination of 

resistance and ductility for the structural elements. In this approach, structural engineers determine the 

resistance capacity and ductility of the structures to provide the life safety performance of the 

designed buildings under earthquakes [1]. In parallel and in a different approach, the seismic 
performance of the structure can be improved by using control strategies under lateral dynamic loads. 

According to Lu et al. [2], the idea of control was first proposed more than 130 years ago by John 

Milne, whose idea was to use a seismic isolator as a passive control device to reduce the vibration of 

structures under earthquake loads. 

Viscous fluid dampers are one of the well-developed passive control devices invented to dissipate 

energy caused by vibration or impact for the first time in military and aerospace sciences [3]. In the 

last few decades, these dampers have been widely studied and applied to improve the seismic 
performance of the structures. As a well-recognized design advantage, viscous dampers do not alert 

the inherent stiffness of the host structure compared to other passive control devices (such as 

viscoelastic dampers, tuned mass dampers, and seismic isolators) [4], which eliminates the need for an 
iterative design method based on trial and error. In addition, the ability to dissipate significant energy 

and improve the seismic performance of the structure, out-of-phase damping force compared to the 

displacement and elastic force, easy installation, low sensitivity to a wide band of excitation 
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frequencies and temperature changes, as well as the need for limited space compared to the amount of 

displacement and obtainable force are the main advantages of this passive control system [5]. 

In recent years, investigating the statistical and probabilistic performance of the viscous damper under 

FF and NF records has received more attention [6]. In 2020, the performance of the viscous damper in 
a single-degree of freedom system and three shear buildings of 4, 8, and 12 floors has been 

investigated under a set of NF records with FS features. The results showed the proper performance of 

the damper in reducing the acceleration of the high-rise building compared to its displacement [7]. 

About half a century ago and due to the Bolt's opinion, earthquakes were categorized into FF and NF 
according to the distance from the building site to the active fault, and after the occurrence of 

destructive NF earthquakes such as Loma Prieta (1989), Northridge (1994), Kobe (1995) and Chi Chi 

(1999), identifying the areas near the fault became important [8, 9]. Based on the interest of structural 
engineers, the NF earthquakes can be divided into three categories of records with FD, FS and without 

pulse characteristics [10].   

In this study, the statistical performance assessment of viscous damper on two-dimensional steel 

frames of 3-, 9- and 20-story benchmark buildings has been investigated under the FF and NF 
earthquakes. Therefore, three suites of 7 records of FF and NF with FD or FS features have been 

applied to the benchmark buildings investigating the seismic performance of the controlled buildings 

with viscous dampers subjected to NF and FF earthquakes. The viscous damping at the height of the 
building was distributed using inter-story drift proportional distribution determined on the basis of the 

first mode deformations. In the following, the results of the analysis of the buildings with and without 

dampers are studied statistically under all types of earthquakes. Finally, the ability of the viscous 
damper has been investigated to reduce the response of buildings with different heights and under the 

FF and NF records with different characteristics.  

The difference of this article from the previous studies in this field are: (1) in this study, three 

benchmark buildings with different heights have been modeled to investigate the seismic performance 
of viscous damper in steel buildings. (2) Six different performance criteria have been compared 

including the maximum and norm of different responses (i.e., absolute acceleration, velocity, and 

displacement) which respectively represent the best performance and the mean performance of the 
damper in the entire length of the record. (3) Statistical seismic performance of the viscous damper 

has been evaluated under the effect of a suitable number of benchmark natural ground motions (21 

records with different characteristics) with reporting not only the mean of responses but also their 

standard deviation.  

2. Viscous Fluid Dampers 

Viscous fluid dampers consist of a cylinder and a stainless steel piston with a bronze cap. When the 

piston rod moves inside the cylinder, the liquid is forced through the orifices built into the cap (piston 

head), and mechanical energy is consumed by converting it into Heat [11]. As the fluid passes through 

the orifices, the pressure difference created on the both sides of the damper creates the damper force 
[12]. Viscous fluid dampers are velocity-dependent devices that dissipate energy by changing the 

shape of a viscous fluid [13]. The shape, size, configuration, and arrangement of these orifices are the 

most important factors in the design of viscous dampers, which are the result of experimental tests. 

Various components of a viscous damper are presented in Fig. 1. 
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Figure 1. Various components of a viscous damper 

3. Verification and numerical study 

In this section, first, the verification of modeling and analysis results has been discussed to ensure the 
accuracy of the obtained results. Then, the benchmark natural ground motions has been presented. 

Finally, the applied design strategy of the viscous dampers has briefly been reviewed based on the 

acknowledged literature.    

3.1 Verification of benchmark buildings 

The benchmark buildings are modeled according to the study of Ohtori et al. [14]. Then a comparison 

has been made between the frequencies of the buildings based on Ohtori et al.'s article and the 

frequencies calculated in Table 1. Then, the comparison between the responses under the effect of 

50% of the Hachinohe (1968) earthquake is reported in Table 2. 

 

Table 1- Comparing the natural frequencies of the SAC buildings with Ohtori et al. [14] 

 

  frequency (Hz)   

No.mode Ohtori et al calculated Erorr (%) Struc. 

1 0.990 0.980 1.010  

3 

 

2 3.060 3.050 0.230 

3 5.830 5.577 4.340 

1 0.440 0.442 0.452  

9 

 

2 1.180 1.186 0.508 

3 2.050 2.032 0.880 

1 0.260 0.253 2.700  

20 2 0.750 0.720 4.000 

3 1.300 1.240 4.610 

 

Table 2- Comparing the roof response of the SAC buildings with Ohtori et al. [14] 

 

  Parameter   

Roof Response Ohtori et al calculated Erorr (%) Struc. 

Disp. (m)    0.090 0.091 1.420  

3 Vel. (m/s)   0.537 0.535 0.370 

496

https://doi.org/10.5592/CO/2CroCEE.2023.86


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.86 

)2Acc. (m/s   3.930 4.004 1.850  

Disp. (m)    0.186 0.188 1.060  

9 

 

Vel. (m/s)   0.656 0.627 4.420 

)2Acc. (m/s   2.590 2.750 5.800 

Disp. (m)    0.174 0.166 4.700  

20 Vel. (m/s)   0.451 0.424 6.700 

)2Acc. (m/s   1.830 1.832 0.110 

 

3.2 Benchmark natural ground motions 

The response history analysis of the benchmark buildings has been performed under 21 benchmark 
earthquake records composed of 3 suites of 7 records with various characteristics. This category 

includes records of NF with FS or FD effect and FF records. The specifications of these records are 

presented in Table 3. Numbers 1 to 7 are the NF with FS, numbers 8 to 14 are NF records with FD, 

and numbers 15 to 21 are FF records.  

Table 3- Benchmark ground motions 

 

Records are scaled due to the ASCE7-10 regulations. In this method, first, all records are scaled to 
their maximum value, so that the maximum acceleration of all records reaches the g value. Then, by 

plotting the response spectrum of 5% damping of the records, the average spectrum for all the records 

is obtained in such a way that it is not lower than the spectrum of the design for type D soil in the 

period range of 0.2 to 1.5 T [4]. Notably, in the SAC project, soil type D has been selected [15]. For 
example, the response spectrum of the records and their average spectrum along with the spectrum of 

the regulation plan for a 3-story building are presented in Fig. 2. 

No. year Eq. Station PGA (g) No. year Eq. Station PGA (g) 

1 1999 Kocaeli Yarimca(YPT) 0.23 12 1984 Morgan Hill Anderson Dam 0.29 

2 1999 Chi-Chi TCU052 0.44 13 1987 Superstition Hills Parachute Test Site 0.45 

3 1999 Chi-Chi TCU068 0.50 14 1979 Imperial-Valley Brawley Airport 0.16 

4 1999 Chi-Chi TCU074 0.59 15 1952 Kern County Taft 0.18 

5 1999 Chi-Chi TCU084 0.98 16 1979 Imperial Valley Calexico 0.27 

6 1999 Chi-Chi TCU102 0.29 17 1989 Loma Perieta Presidio 0.10 

7 1999 Chi-Chi TCU128 0.14 18 1994 Northridge Century CCC 0.26 

8 1992 Cape Mendocino Petrolia 0.66 19 1994 Northridge Moorpark 0.29 

9 1994 Northridge Olive View 0.84 20 1994 Northridge Montebello 0.18 

10 1992 Erzincan Erzincan 0.50 21 1971 San Fernando Castaic 0.27 

11 2004 Park field Fault Zone 1 0.50      
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Figure 2. Response spectrum of scaled records for a 3-story building 

3.3 Design of viscous dampers 

The overall damping required for each building is calculated by Eq. (1) [16]. Then, the calculated total 

damping should be distributed at the height of the building using a well-approved method. In this 
study, the first mode shape method [17] has been preferred for the damping distribution through the 

height of buildings. 

 

e( ) T K
C

 −  
=


 (1) 

In Eq. (1), C, ξe, and ξ are the damping coefficient of the damper, the target damping ratio and the 

inherent damping ratio of the structure, respectively. To and K are equal to the period of the first mode 

and the stiffness of the structure, respectively. Inherent damping of SAC project buildings is 2% and 
target damping for dampers is adopted 20%. The stiffness of the buildings is obtained by the stiffness 

calibration method. In this method, first, the building is subjected to a lateral load with a triangular 

distribution, then, the shear and deformation of the floors are calculated, and the stiffness of each floor 
is extracted from the ratio of the shear of the floors to the relative deformation of the floors, and the 

stiffness of the whole building is derived from the sum of the stiffness of the floors.  

The schematic arrangement of dampers at the height of the examined frame is presented in Figure (3). 

For information on the complete sections of the buildings, refer to the article by Ohtori et al. [14]. 
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Figure 3. Viscose damper configurations in 3-, 9- and 20-story buildings 

 

In the following, the distribution of viscous dampers at the height of the buildings based on the first 

mode shape method is briefly described in a simple flowchart in Fig. 4. 

 

 

Figure 4. Viscous damper design flowchart 

 

4. Seismic performance assessment and comparison  

In this section, the response history results of the uncontrolled and controlled buildings are obtained 
under the benchmark earthquakes and compared based on the maximum and norm of responses. As an 

example, the 40 seconds of the response history of all three benchmark buildings is presented in Fig. 5 
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under one of the records. Notably, after 25 seconds from the start of the excitation time, the 
displacement response has decreased by 50, 60, and 75%, for 3-, 9- and 20-story buildings, 

respectively.  

 

Figure 5. Response history of the roof displacement in 3-, 9- and 20-story buildings under record number 1 

4.1 Comparing maximum and norm of responses 

In the previous section, the performance of the viscous damper was shown under a specific record and 

qualitatively during the excitation time. In this section, the maximum and norm of different responses 
of the building, including displacement, velocity, and absolute acceleration of the building roof are 

calculated and compared for both uncontrolled and controlled buildings under 3 categories of records. 

The results for 3-, 9-, and 20-story buildings are presented in Figs. 6-8, respectively. In all figures, the 

responses of the controlled buildings are normalized to the responses of the uncontrolled ones. The 
maximum and norm of displacement, velocity, and acceleration responses of the buildings are plotted 

in the subplot of a-c for each figure, respectively under all records (3 suites of 7 records).  The red, 

green, and blue colors show the responses under NF records with FS, FD, and FF records, 
respectively. Also, in the subplot of d-e of the figures, the mean and standard deviation of each 

response under 7 records are presented in column diagrams and the value of these criteria is reported 

over each column. 

In Fig. 6 (d-f), results show that for the 3-story building, the mean of maximum reduction for roof 
displacement, velocity and acceleration is 59%, 53% and 63%, respectively under FF records. Also, 

the minimum reduction in the mean of maximum response for displacement, velocity, and 

acceleration responses was obtained by 48%, 50%, and 52%, respectively under NF records with FD. 
Therefore, the effect of viscous damper in reducing the acceleration response was the highest under 

the FF records in reducing the velocity response was the least under NF records with FD. 
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Figure 6. The maximum and the norm of response for 3-story building under 21 benchmark records 

In Fig. 7, the performance of the viscous damper is presented in the control of the 9-story building. 

Vividly, the effect of the damper in reducing the acceleration response is obvious compared to 

reducing the displacement and velocity responses. According to Fig. 7 (d-f), the maximum reduction 
of the mean response for the roof displacement, velocity, and acceleration were 52%, 53%, and 75%, 

respectively under the FF records. Additionally, the minimum reduction in the mean response for 

displacement, velocity and acceleration responses was obtained by 46%, 44%, and 64% under the NF 

records with FD. 

Remarkably, in the 9-story building, there is a slight difference between the performance of the 

building under FF and NF records in the reduction of the displacement and velocity responses. 

However, a noticeable reduction could be obtained in the reduction of the acceleration response, 
especially under the FF records. 

 

Figure 7. The maximum and the norm of response for 9-story building under 21 benchmark records 
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In Fig. 8, for the 20-story building as well as the 9-story building, due to the reduction of 46%, 44%, 
and 84% respectively for the response of displacement, velocity, and acceleration under the FF 

records, it can be attributed to the role of improved control in reducing the acceleration response of 

the building. He pointed to two other answers. Also, the minimum reduction in the mean of maximum 
response has been obtained for the roof displacement, velocity, and acceleration to the amount of 

35%, 42%, and 65%, respectively under the NF records with FS. 

 

 

Figure 8. The maximum and the norm of response for 20-story building under 21 benchmark records 

In general, regarding the mean of maximum response reduction, the viscous damper has the greatest 
effect in reducing acceleration under the FF records, and the least effect is almost in reducing the 

velocity response under NF records with FD. 

In Table 3, the mean and standard deviation of the maximum and norm of different responses are 

presented for all three benchmark buildings under 3 suites of ground motions with different 
characteristics. In general, all responses have decreased between 30% and 85%, where absolute 

acceleration experienced the greatest reduction while displacement and velocity experience the least 

and almost similar reduction. Notably, the maximum and minimum reduction is obtained in the 20-
story building related to the mean of the maximum of the roof acceleration and displacement, 

respectively. Additionally, the damper almost showed the predominant performance under the FF 

records, while the inferior performance has almost been obtained under the NF records with negligible 

difference between records with FD or FS.  

Table 3- The mean and standard deviation of the maximum and norm of responses for 3-, 9- and 20-story 

buildings 

Performance Ceriteria   

Acceleration  Velocity  Displacement   ζ = %2   

Norm Max  Norm Max  Norm Max    

S.d Mean S.d Mean  S.d Mean S.d Mean  S.d Mean S.d Mean  
Eq. 
Ch. 

Strct
. 

0.10 0.30 0.16 0.49  0.11 0.26 0.19 0.46  0.09 0.29 0.17 0.50  FS 

3 0.08 0.27 0.09 0.48  0.08 0.25 0.11 0.50  0.09 0.27 0.07 0.52  FD 

0.09 0.28 0.07 0.37  0.11 0.30 0.11 0.47  0.11 0.29 0.06 0.41  Far 
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0.06 0.26 0.12 0.36  0.06 0.28 0.07 0.47  0.09 0.29 0.08 0.48  FS 

9 0.05 0.20 0.12 0.36  0.05 0.21 0.08 0.56  0.07 0.22 0.07 0.54  FD 

0.06 0.20 0.11 0.25  0.27 0.38 0.07 0.47  0.09 0.27 0.15 0.48  Far 

0.06 0.20 0.11 0.35  0.24 0.30 0.21 0.58  0.10 0.26 0.13 0.65  FS 

20 0.05 0.19 0.10 0.30  0.05 0.26 0.10 0.63  0.10 0.31 0.07 0.62  FD 

0.06 0.18   0.05 0.16  0.04 0.30 0.09 0.56  0.05 0.29 0.07 0.54  Far 

 

5. Conclusion 

In this study, the performance of viscous dampers to control the seismic vibration of steel benchmark 

buildings i.e., short-, mid-, and high-rise buildings were investigated under natural ground motions 

with different characteristics. Generally, the mean of the norm of responses experienced more 

reduction than the mean of the maximum of responses. Remarkably, in terms of the mean of the norm 
of responses (through the whole earthquake time), the maximum reduction is related to the 

acceleration response, and its values for the 3-, 9-, and 20-story buildings are 73%, 80%, and 82%, 

respectively, and under FF earthquakes. Also, in terms of the mean of the maximum of responses, the 
minimum percentage of reduction is related to the velocity response, which values are 50%, 44%, and 

37%, respectively, and under NF earthquakes with FD. However, in terms of the mean of norm 

responses, it is possible to see a maximum decrease in the velocity response to 75% in a 3-story 
building and under NF earthquakes with FD, and in 9 and 20-story buildings to a maximum decrease 

in the acceleration response to values of 80% and 82% under the FF earthquakes. Therefore, the 

viscous damper has a commendable performance in all buildings and under all earthquake records. 

However, the performance of the viscous damper in reducing the velocity or displacement responses 
in short-rise buildings and under FF records outperforms the mid-rise buildings, and in mid-rise 

buildings, it is far better than high-rise buildings. In contrast, in reducing the acceleration responses, 

the viscous damper has a profound effect on high-rise buildings. 
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Abstract 

The purpose of this study is to investigate the seismic performance of a new type of yield metal dampers. 

Drilled plates are used in these metal dampers. These plates use holes with different diameters. Various drilling 

arrangement have also used to evaluate and improve the seismic performance of these types of dampers. For this 

study used a reference sample and 15 proposed models.  The overall numerical results show that the proposed 

metal dampers have similar hysteretic curves. According to the hysteresis curves of drilled plate metallic 
damper (DPMD) under in-plane seismic loading; obtained mechanical parameters such as ductility ratio, initial 

stiffness, effective stiffness, total dissipated energy, dissipated energy in the last cycle, elastic strain energy, 

equivalent viscous damping (EVD) and equivalent plastic strain (EPS). Also, a formula is proposed to estimate 

the EVD value based on the ductility ratio of the proposed samples. The analytical results showed that the 

amount of stiffness, ductility ratio and equivalent viscous damping depends on the location and diameter of the 

holes. Also, the concentration of plastic strain between the holes increases the ductility ratio and EVD value of 

these types of dampers. 

Keywords: Drilled Plate Metallic Damper (DPMD), Mechanical parameters, Ductility ratio, Equivalent viscous 

damping 

1. Introduction 

The occurrence of devastating earthquakes can cause life and financial losses. Especially the 
devastating earthquakes that have occurred in recent years around the world emphasize require of a 

suitable and reliable solution to this natural phenomenon. The performance of metallic dampers based 

on nonlinear behavior of metals is one of the most effective mechanisms of damping and absorption 

of input energy to structures during earthquakes. Kelly et al [1] used the idea of metallic dampers to 
absorb earthquakes energy in the structure. They introduced several hysteretic energy absorption 

mechanisms in structures. Skinner et al [2, 3] proposed several yielding metal dampers, including 

torsion beam dampers, bending beam dampers, and U-shaped dampers. Kasai and Popov [4] 
presented yielding damper using steel plate and stiffener. They tested it and introduced the hysteresis 

curve. Bergman and Goel [5] proposed flexural yielding metallic dampers. They tested added damping 

and stiffness (ADAS) and Triangular-ADAS (TADAS) systems. In ADAS and TADAS dampers are 

used parallel X and V shaped steel plates, respectively. Whittaker et al [6] tested X-shaped metallic 
dampers as ADAS under cyclic load. Tsai et al [7], in order to fix the defects of the XADAS dampers, 

studied TADAS triangular steel plate dampers. Also, they developed a simple mathematical model for 

force-displacement, which was reasonably accurate compared to laboratory work. Dargush and Soong 
[8] conducted a more detailed study of the phenomenon of fatigue in low cycles based on the 

behavioral theories of TADAS dampers and developed their analytical models. Gang Li and Hongnan 

Li [9] presented a new idea for designing metallic damper. They tested dual functions metallic damper 
(DFMD) with quasi-static loading. Soni and Sanghvi [10] described a technique to find out combined 

stiffness of model equipped with ADAS damper. They proposed a mathematical model. Teruna et al 

[11] investigated four steel damper specimens with specific geometry. They obtained energy 

absorption capabilities, hysteresis loop and stiffness in specimens. Sahoo et al [12] investigated 
passive energy dissipation of steel plates in both flexure and shear yielding under cyclic loading. 
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Their specimens consist of two flexure (end) plates of X-shape and a shear (web) plate of rectangular 
shape. Garivani et al [13] introduced a new type of flexural yielding metallic damper and they called 

comb-teeth damper (CTD). Their damper included number of teeth steel plates that absorb energy 

through in-plane flexural yielding. Ghaedi et al [14] introduced a new hysteretic metallic bar damper 
that they named bar damper (BD). BD included three simple steel plates and a number of solid bars 

which dissipate input energy due to vibration loads through flexural yielding. 

This research aims to introduce a new type of shear yielding metallic damper. In this type of dampers 

are used the shear plate with hole. Forasmuch as in this idea it is easy to construct and perform 
samples in the structure, various dampers can be produced by changing the location and diameter of 

the holes. Based on the hysteresis curves of DPMD sample under in-plane cyclic load; mechanical 

parameters such as ductility ratio, initial stiffness, effective stiffness, total dissipated energy, 
dissipated energy in the last cycle, elastic strain energy, equivalent viscous damping (EVD) and 

equivalent plastic strain (EPS) are determined. 

2. Drilled Plate Metallic Damper 

2.1. Geometry of DPMD 

ADAS dampers are usually used in steel bracing frames, as shown in Figure 1. The DPMD consists of 

a series of drilled steel plates. In this new type of damper can produce a variety of DPMD with 

changing location and diameter of the holes. 

 

 

 

(a) (b) 

Figure 1. a) Frame system and DPMD position, b) Connection of DPMD to beam and bracing 

The 15 different models were proposed based on the various arrangements and diameter of the holes. 
All of samples have the same width, height and thickness 210, 300, 20 millimeters, respectively. Also 

thickness of end plate assumed 50 mm. In samples used diameter of holes 31.5, 42 and 52.5 mm 

which are equivalent to 30%, 40% and 50% reduction of cross sectional areas in plate, respectively. 

Figure 2 shows the drilling arrangement and the hole diameters of the samples. 
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DPMD1-1 DPMD2-1 DPMD3-1 DPMD4-1 DPMD5-1 

     

DPMD1-2 DPMD2-2 DPMD3-2 DPMD4-2 DPMD5-2 

     

DPMD1-3 DPMD2-3 DPMD3-3 DPMD4-3 DPMD5-3 

     

Figure 2. Details of samples 

2.2. Loading pattern and material properties 

In order to evaluate the performance of drilled plate metallic dampers; quasi-static cyclic loading 

pattern was used. Cyclic loading pattern specified by ATC 24 [15] was used for the cyclic loading of 
the analytical in this research. The loading pattern, magnitude of displacement and number of cycles 

are illustrated in Figure 3-a. There are seven steps with three cycles and other steps with two cycles. 

Displacement amplitude is from 1 to 84 mm. This general loading protocol is common for metallic 

damper. In this research mild steel plate was used with specifications that conform to JIS-SS400 [11]. 
The amount of yield stress, tensile strength and modulus of elasticity are 292, 456 and 2.06×105 MPa 

respectively. Also, the measured yield strain and elongation are 1.42×10-3 and 16% respectively. 

Figure 3-b shows material strength curve [11]. 
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(a) (b) 

Figure 3. a) The applied cyclic displacement loading protocol based on ATC-24[15], b) Stress-strain 

curve obtained from a coupon test [11] 

3. Finite Element Modeling procedure 

3.1. FEMs of DPMD 

To study the mechanical parameters of the drilled plate metallic damper, nonlinear finite element (FE) 
analyses were carried out using ANSYS R16 FEM [16] software. Fifteen FEMs with different 

configurations and diameters were modeled. Steel plate elements were modeled using a 3D solid 

element. SOLID 185 (brick 8 node 185) element was used for modeling of proposed samples. Multi 
linear kinematic hardening plastic model [16] was used to model the plasticity and cyclic inelastic 

behavior of steel material, respectively. In order to prevent out of plane buckling of the end plate, the 

transitional degree of freedom in the Z and Y directions are closed. Mesh sensitivity analysis was 

performed to find proper element sizes in the FEMs. Mesh size was used 10x10 mm, and they are the 
same in all FEMs. Figure 4 shows the FEMs of the DPMD1-1, DPMD2-1, DPMD3-1, DPMD4-1 and 

DPMD5-1 used in this study. 

     

DPMD1-1 DPMD2-1 DPMD3-1 DPMD4-1 DPMD5-1 

Figure 4. Finite element models of DPMD samples 

3.2. FEM of DHSD-1 experimental specimen 

In order to validate the FEMs, the experimental specimen (DHSD-1[11]) was modeled  in ANSYS 

R16 FEM [16] software. Maximum displacement applied at top sample is 50.1 mm. Figure 5 

illustrates details of test specimen, specimen shape and FEM in ANSYS software. 
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(a): Details of test specimen [11] (b): Specimen shape [11] (c): FEM 

Figure 5. Experimental and Finite element models [11]  

The results of analytical and experimental analysis were compared. According to Figure 6, there is an 

acceptable agreement between the results of analytical and experimental studies. 

     

   

(a): Failure of specimen [11] (b): Total mechanical strain  (c): Hysteresis curve of experimental and FEM of DHSD-1[11]   

Figure 6. Failure of specimen, distribution of Total mechanical strain at maximum displacement and 

Comparison of hysteresis curves  

3.3. Hysteresis behavior of DPMDs  

Hysteresis curves are needed to determine the mechanical parameters of the DPMD proposed damper. 

In the force-displacement hysteresis curve such as yield force, yield displacement, ultimate force, and 
ultimate displacement can be obtained parameters. For this purpose, force-displacement hysteresis 

curves of analytical samples were determined. Figure 7 shows the force-displacement hysteresis 

curves of the DPMD dampers. 
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Figure 7. Force-displacement hysteresis loops of the DPMD and backbone curves  

4. Mechanical parameters of DPMD dampers 

4.1. Ductility ratio, effective and initial stiffness, total dissipated energy and equivalent viscous 

damping 

Ductility ratio can be defined as the ratio of maximum deformation capacity to the deformation level 

corresponding to a yield deformation. The value of ductility ratio is given by:  

 
y


= max  (1) 

Where max and y are ultimate displacement and yield displacement, respectively. In each loop of 

the force-deformation hysteresis curve the secant or effective stiffness can be defined. The effective 

stiffness for maximum displacement was obtained as the average from minimum and maximum force 
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over the average from minimum and maximum displacement, respectively. According to Figure 8, 

effective stiffness equation is obtained as follows: 

 
ave

ave
eff

P

PP

K


=
+

+

=

2

2

minmax

minmax

 (2) 

Where max , min , ave , maxP , minP  and aveP  are ultimate displacement, minimum displacement, 

average displacement, ultimate force, minimum force, average force in each loop, respectively. In this 
research, effective stiffness was calculated for maximum displacement and last loop of the force-

displacement hysteresis curves of the DPMD samples. Also, initial stiffness is calculated as follows: 

 
y

y

initial

P
K


=  (3) 

Where y and yP  are yield displacement and yield force, respectively. In this paper, initial stiffness 

was calculated for first loop of the force-displacement hysteresis curves of the DPMD samples. 

Effective stiffness represents the damping force in response to the desired displacement. The ultimate 
displacement and yield displacement values were obtained from the force-displacement hysteresis 

curve. Table 1 illustrates the ductility ratio, effective stiffness and initial stiffness for the DPMD 

samples.  

The rate of damage in structures under seismic load depends on transfer seismic energy. By using 
passive dampers a large amount of seismic energy can be absorbed. Therefore, the amount of seismic 

energy absorbed by the principal structural members is reduced, and structure elements have elastic 

behavior. The amount of energy absorption per cycle is the area under the force-displacement 
hysteresis curve for one loop. Figure 8 shows amount of energy dissipated in last cycle and elastic 

strain energy. The amount of total dissipated energy in each force-displacement hysteresis curve 

includes the sum of the areas under the curve of all cycles. In this study, ET, ED and ES are total 

dissipated energy, dissipated energy in the last cycle and elastic strain energy, respectively. According 
to the description given and existing hysteresis curves, it is possible to calculate total dissipated 

energy, dissipated energy in the last cycle and elastic strain energy. The ET, ED and ES values are 

shown in Table 2. 

 

 

Figure 8. Definition of effective stiffness and energy dissipated in the last cycle and elastic strain 

energy 
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Table 1 – Ductility ratio, effective stiffness and initial stiffness of DPMD samples 

Series 
FEMs 

Pattern 

y  

(mm) 

max  

(mm) 

min  

(mm) 

ave  

(mm) 

yP  

(kN) 

maxP  

(kN) 

minP  

(kN) 

aveP  

(kN) 

  
initialK  

(kN/mm) 

effK  

(kN/mm) 

DPMD1 

DPMD1-1 1.75 75.1 -74.4 74.8 603 1112 
-

1113 
1113 

42.91 
344.6 14.883 

DPMD1-2 1.67 70.9 -70.9 70.9 585 1077 
-

1078 
1078 

42.46 
350.3 15.197 

DPMD1-3 1.66 75.2 -75.2 75.2 513 850 -850 850 45.30 309.0 11.303 

DPMD2 

DPMD2-1 1.84 79.2 -79.3 79.3 579 1087 
-

1087 
1087 

43.04 
314.7 13.716 

DPMD2-2 1.82 83.6 -79.4 81.5 519 939 -938 939 45.93 285.2 11.515 

DPMD2-3 1.81 83.6 -79.4 81.5 428 774 -774 774 46.19 236.5 9.497 

DPMD3 

DPMD3-1 1.86 83.5 -79.3 81.4 549 988 -987 988 44.89 295.2 12.131 

DPMD3-2 1.84 83.6 -79.4 81.5 452 813 -812 813 45.43 245.7 9.969 

DPMD3-3 1.83 83.7 -79.5 81.6 338 608 -607 608 45.74 184.7 7.445 

DPMD4 

DPMD4-1 1.19 54.1 -54.1 54.1 543 1028 
-

1028 
1028 

45.46 
456.3 19.002 

DPMD4-2 1.65 75.1 -75.1 75.1 537 984 -984 984 45.52 325.5 13.103 

DPMD4-3 1.38 62.6 -62.6 62.6 458 839 -839 839 45.36 331.9 13.403 

DPMD5 

DPMD5-1 1.68 75.1 -75.1 75.1 543 987 -987 987 44.70 323.2 13.142 

DPMD5-2 1.64 71.0 -71.0 71.0 464 841 -841 841 43.29 282.9 11.845 

DPMD5-3 1.58 71.1 -71.1 71.1 392 699 -699 699 45.00 248.1 9.831 

 

The highest and lowest ductility values are for DPMD2-3 and DPMD1-2 samples, respectively. As 

can be seen, the proposed samples have high ductility values. Due to the high ductility of the proposed 

samples, it is possible to tolerate non-elastic deformations without significant degradation of strength 

and stiffness in the structures. 

The equivalent viscous damping (EVD) or effective damping is effective index in evaluating the 

seismic performance of passive energy dissipation systems. The EVD has defined the combined 

effects of elastic and hysteretic damping. The EVD concept was first proposed by Jacobsen [17, 18]. 
The value of EVD based on Jacobsen's approach can be calculated with equation 4. The ξhyst 

represents the dissipation energy due to the hysteretic behavior. 

 
2

24
aveeff

D

S

D
hyst

K

E

E

E


 ==  (4) 

  

Table 2 presents equivalent viscous damping for the fifteen samples of DPMD. It is calculated at the 

maximum displacement. The EVD of DPMPs can be calculated using the proposed formula below.  

 
58.0055.0  =equ  (5) 
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The calculated error values can also be computed as follows: 

 100% 
−

=
hyst

hystequ
e




 (6) 

Also, Table 2 shows the values of equ  and error values of proposed formula with Jacobsen’s 

approach. 

Table 2 – Total dissipated energy, dissipated energy in the last cycle, elastic strain energy and EVD of DPMD 

samples and proposed formula 

Series 
FEMs 

Pattern 

TE  

(N.m) 

DE  

(N.m) 

SE  

(N.m) T

D

E

E
 

T

S

E

E
 

EVD  

(%)hyst
 

Proposed 

formula 

(%)equ
 

%e 

DPMD1 

DPMD1-1 4546533.1 300509.2 41579.7 6.6% 0.9% 57.5 48.67 -15.4 

DPMD1-2 3895810.1 228666.5 38197.4 5.9% 1.0% 47.6 48.37 1.5 

DPMD1-3 3938765.4 222333.9 31960.0 5.6% 0.8% 55.4 50.22 -9.3 

DPMD2 

DPMD2-1 4840810.6 258172.2 43072.4 5.3% 0.9% 47.7 48.76 2.2 

DPMD2-2 4508396.9 241985.7 38243.9 5.4% 0.8% 50.4 50.63 0.5 

DPMD2-3 3838292.5 210534.2 31540.5 5.5% 0.8% 53.1 50.79 -4.4 

DPMD3 

DPMD3-1 4662833.4 259236.2 40191.3 5.6% 0.9% 51.3 49.96 -2.7 

DPMD3-2 3957426.1 219552.2 33109.4 5.5% 0.8% 52.8 50.31 -4.7 

DPMD3-3 3029986.1 164074.1 24786.0 5.4% 0.8% 52.7 50.50 -4.1 

DPMD4 

DPMD4-1 2104193.4 160074.9 27807.4 7.6% 1.3% 45.8 50.33 9.9 

DPMD4-2 3835282.4 219018.9 36949.2 5.7% 1.0% 47.2 50.36 6.8 

DPMD4-3 2360628.2 156908.4 26260.7 6.6% 1.1% 47.5 50.26 5.7 

DPMD5 

DPMD5-1 4047102.7 233607.3 37061.9 5.8% 0.9% 50.2 49.84 -0.6 

DPMD5-2 3309210.9 194731.8 29855.5 5.9% 0.9% 51.9 48.92 -5.8 

DPMD5-3 2706086.6 163682.2 24849.5 6.0% 0.9% 52.4 50.03 -4.6 

 

Due to the maximum displacement value of 79.3 mm and maximum force value of 1087 kN, the most 

total energy absorption occurred in DPMD2-1 sample. On the other hand, the total energy absorption 

of the samples decreases by increasing the amount of cross-sectional area reduction from 30% to 50% 
in the series samples. Also, elastic strain energy decreases by increasing the cross-section reduction in 

the series samples. The almost in all series increased the EVD amount with increasing cross-sectional 

area reduction. DPMD1-1 sample have most of equivalent viscous damping. Increasing the amount of 

damping ratio  increases the damping in the structural system. On the other hand, increasing 

damping in structure causes decreases response spectra under severe seismic load. 

4.2. Equivalent plastic strain 

The equivalent plastic strain (EPS) is calculated from the component plastic strain. The equivalent 

plastic strain is a scalar parameter that ANSYS output label is EPEQ. The EPS describes the degree of 
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work hardening in a material. Increasing the equivalent plastic strain increases the fracture potential. 
Reduction of equivalent plastic strain indicates a decrease in strain as well as an increase in the 

ductility of the material. The EPS inappropriate distribution causes stress concentration and rapid 

crack growth. The equivalent plastic strain can be defined as follows: 

 
pl

ji

pl

ij

pl

eqvEPS 
3

2
==  (7) 

Where
pl

ij  and 
pl

ji are components of plastic strain. Figure 9 illustrates distribution of equivalent 

plastic strain in maximum displacement of DPMD samples. Also, in figure 10 comparison of the 

maximum equivalent plastic strain of DPMD samples is shown.  

 

DPMD1-1 DPMD2-1 DPMD3-1 DPMD4-1 DPMD5-1 

     

DPMD1-2 DPMD2-2 DPMD3-2 DPMD4-2 DPMD5-2 

     

DPMD1-3 DPMD2-3 DPMD3-3 DPMD4-3 DPMD5-3 
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Figure 9. Distribution of equivalent plastic strain in maximum displacement of DPMD samples 

 

 

Figure 10. Comparison of the maximum equivalent plastic strain of DPMD samples in each 

displacement 

 3.8307.14639.6529.1104.0)( 234 −+−+−=MEPS  (8) 

Where )(MEPS  and  are the maximum equivalent plastic strain and applied displacement top of 

sample, respectively. In all the proposed samples, with changing the location of the holes changes the 

distribution of equivalent strain. The contour plots show that the plastic strain and failures started to 
grow from corners of shear plate and beside the holes. In each series of samples proposed, with 

increasing cross section reduction changes the location of occurrence of the maximum equivalent 

plastic strain. The location of the maximum equivalent plastic strain changes from the corners of the 
shear plate to the intermediate between the holes. The lowest amount of EPS occurs in the DPMD2-1 

sample. 

5. Conclusions 

In this study, a new shear yielding metallic damper is introduced. The advantage of this type of 

damper is simple implementation procedure using the drilling of the plate. Changing the drilling 
arrangement and the diameter of the holes are effective on the mechanical parameters of the dampers. 

By studying the finite element analysis of the proposed samples, it is observed that the ductility ratio 

and EVD can be increased by increasing the diameter of the holes. Total dissipated energy, dissipated 

energy in the last cycle, elastic strain energy, initial stiffness and effective stiffness decrease as the 
increasing diameter of the holes. The DPMD2-3 sample has a ductility ratio of 46.19 which is the 

maximum amount among the other samples. Also, the maximum EVD occurs in DPMD1-1 sample. 

The maximum error between the values of EVD based on Jacobsen's approach and the values of EVD 
based on proposed formula is less than 15.4%. In most cases the EVD of proposed formula values 

have good accuracy. The location and increasing the diameter of the holes can be effective in 

changing the location of the start rupture from the corner of the shear plate to beside of the holes. 
Given the amount of maximum EPS and contour plot, the start location and growth of crack in 

samples with high EVD than others begins near the holes. 
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Abstract 

The response of structures exposed to earthquakes is mainly defined by the stiffness, capacity and ductility of the 
structural elements which is governed by their dimensions and the material properties. The buildings’ seismic 

performance is essential for their earthquake resilience especially beyond safety point defined by the building 

code. The main philosophy of modern codes is to increase the earthquake resiliency of the buildings. 

Unfortunately, Macedonia is one of the last European countries where designing the structures according to 

outdated codes is allowed. The older national seismic codes have not been modified in view of the implementation 

of the most recent knowledge. In this sense, there are no strict limits to prevent the design of rectangular columns 

with an unsuitable ratio of the section sides. Mainly, due to the need for greater open space and flat interior walls, 

the columns are designed as rectangular where the lower section side is oriented along a larger span. This results 

in decrease of the global structural capacity in that direction affecting its response under earthquake excitation. In 

order to investigate the influence of the ratio of section sides of a rectangular column on seismic performance of 

building structures, an existing RC frame structure was chosen for analysis. The results of the performed seismic 
assessment of the selected structure by nonlinear static analysis, emphasize the importance of choosing square 

shaped columns or rectangular columns with appropriate arrangement in plan even for low-rise buildings. Based 

on the analysis’ results, we conclude that designers need to pay more attention when choosing columns’ cross 

section dimensions and orientation to achieve an acceptable building resilience against earthquakes. 

Keywords: nonlinear static analysis; RC buildings; column cross-section; global response; element behavior 

1. Introduction 

The whole territory of N. Macedonia is in a seismically prone region where earthquakes with intensity 

between VII and IX according to European intensity scale can occur. Since Macedonia is located in the 

central Balkan Peninsula, a region often in the history exposed by the devastating nature of strong 
earthquakes [1], there have been several earthquakes in recent history that have resulted in considerable 

economic damage and social disruption. The building stock in the country is generally characterized by 

two types of existing buildings. The first type includes the buildings constructed prior to 1969 which 
do not meet the current seismic design standards. The second type covers newly build structures which 

are designed according to different seismic design standards and have different seismic capacity. 

Because the buildings’ seismic performance is essential for their earthquake resilience, especially 
beyond safety point defined by the building code, it is crucial to make a proper arrangement of the 

columns during building design. The response of structures exposed to earthquakes is mainly defined 

by the stiffness, strength, and ductility of the structural elements, resulting in varying seismic capacity. 

Therefore, the seismic capacity of characteristic existing buildings should be evaluated. 

Unfortunately, N. Macedonia is one of the last European countries where the design of structures 

according to outdated codes is allowed. The national seismic codes have not been modified yet, in view 

of the implementation of the most recent advancements in the earthquake engineering field. In this 
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sense, there are no strict limits for design of beam-columns joints for satisfying the moment capacity 
and achieving an acceptable level of ductility through ‘strong column/weak beam’ principle. Nowadays, 

due to the architectural demand for more open space, the columns are designed as rectangular where 

the shorter cross-section side is oriented along a larger span. This results in decrease of the column 
capacity in that direction, which affects the global response of the structure under earthquake excitation. 

In order to investigate the influence of the ratio of section sides of a rectangular column on the seismic 

performance of building structures, an existing RC frame structure designed according to the 

Macedonian seismic codes of practice was chosen for analysis. The analyzed structure is a three-story 

residential building which is regular in plan and elevation. 

The analysis of the structure involves applying nonlinear static analysis to the designed structure and 

evaluating the performance through a pushover curve. In order to demonstrate the differences between 
the design of the structure following Macedonian codes of practice and more sophisticated capacity-

based design procedure, pushover curves comparison is performed. Initially, the structure is analyzed 

as designed, with the existing column arrangement and direction – Model 3. Then, three models (Model 

1, 2 and 4) based on the designed structure, but with different column arrangements are developed. 
Subsequently, pushover curves are calculated for each model and the comparison of the results is 

performed. 

2. Analysis Procedure 

Recently, there has been an increase in the use of nonlinear static analyses, in contrast to the ductility-

modified spectra analyses. The nonlinear static analysis, also called pushover analysis, perfectly defines 
the deformation curve of a structure and shows its capacity through a pushover curve. This method is 

considered a step forward from the use of linear analysis and ductility-modified response spectra 

because it is based on a more accurate estimate of the distributed yielding within a structure, rather than 
an assumed, uniform ductility [2]. According to the NEHRP classification [3], the nonlinear response 

аnalysis is performed for many reasons including the designing of new buildings and assessing the 

performance of new and existing buildings. Additionally, a number of codes and guidelines have 

indicated it as a preferred assessment procedure [4]. 

For the evaluation of the performance of the investigated structural configurations, static pushover 

analyses were performed. A predefined set of lateral forces was applied to the structures stepwise, as a 

function of their masses and first mode shape vectors. At each step of the analyses, the yielding of 
beams or columns was accounted for by updating their stiffness matrices. The pushover analyses were 

performed until the structures reached collapse. 

Considering the outdated Macedonian seismic design code, the performance levels for the assessment 
of the structures were obtained from more advanced contemporary codes of practice. For example, the 

Italian National Code defines 4 limit states: Operational, Damage Control, Life Safety and Collapse 

Prevention [5]. Based on FEMA 273 recommendations [6] for concrete frames, drift limit indicators 

are provided following the structure’s response to different performance levels. FEMA 273 categorizes 
the drift limitations in three classes: 1) immediate occupancy, represented with 1% transient and 

negligible residual drift, 2) life-safety, exhibiting maximum of 2% transient and 1% residual drifts, and 

3) collapse prevention, limited with 4% of transient and residual drifts. Therefore, in this study, a 
combination of the codes of practice can be observed as the FEMA 273 performance assessment limits 

are used for concrete frames designed following the Macedonian code of practice. 

3. Case Study  

3.1 Structural description of the building 

The residential building that is the subject of this research is an RC frame structure. Due to the need for 

greater open space and flat interior walls, the columns were designed as rectangular, with shorter section 
side oriented along a larger span. The shape of the building in the plan is rectangular, and can be 

classified as regular. There are three floors with a story height of 2.9m. The spans in x-direction are 6.4 
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and 5.65m, while the spans in y-direction are 3.4 and 4.5m. The beams are rectangular with dimensions 
25/40cm and 25/45cm, while all columns are with dimension 25/45cm. This structural configuration is 

in accordance with the analytical model 3. 

 

Figure 1. Layout of the building (Model 3). 

Four structural analytical models were used to study the effect of column cross-section orientation on 

structural seismic capacity. The need for the layout given in Figure 1 is due to an architectural demand. 

Some columns are oriented with shorter section side along the longer span. In Model 1, the shorter 

section side of all columns is oriented along direction Y (C1 - 45/25 cm), while in Model 2, the shorter 
section side of all columns is oriented along direction X (C2 - 25/45 cm). The third analytical model 

represents a mixed arrangement of columns C1 and C2 (Figure 1) as it was designed. The last model - 

Model 4, is a structure where the cross-section of all columns is square (C4 - 35x35cm). 

3.2 Numerical modeling 

Perform3D software for nonlinear analysis and design was used to model and analyze the structure [7]. 

It offers several different types of elements for use, depending on the modeling requirements. Each 

element consists of numerous basic components that are used to simulate the nonlinear behavior of all 
types of structural elements. For this case study, the basic components used for the modelling are as 

follows: 

- Inelastic non-buckling steel material was defined for the reinforcement according to the 
provisions given in the national standard. The stress-strain relationship of the reinforcement 

was modelled as trilinear, with strength loss (at point L), without cyclic stiffness degradation. 

The model curve is shown in Figure 2 (left). 
- A macro model with Mander stress-strain relationship is most frequently used to describe the 

working condition of confined concrete in uniaxial compression [8], which is related to section 

shape and the configuration condition of the stirrup. By the program, the model is transferred 

in the standard force-deformation (F-D) relationship. Hence, for the design quality of concrete, 
a concrete model curve was computed according to the Mander model, mean value of concrete’s 

strength and elastic modulus (Figure 2 - right). 

The steel material properties are characterized with yield strength of fy=400MPa, yield strain of εy=2‰, 
ultimate strength of fu=500MPa and the ultimate strain of εu =25‰. The concrete material properties 

are obtained from the Mander stress-strain model for confined concrete. Therefore, the characteristic 

values are fco’=30MPa, fcc’=35MPa, εco=2‰, εco=3.5‰ and εcu=17.5‰ (the ultimate compressive strain 

εcu is obtained at first hoop fracture). 
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Figure 2. Material models for reinforcement (left) and confined concrete (right). 

The columns were modelled using inelastic fiber sections that were assigned at the corresponding 

lengths of the elements to simulate the plastic hinge region, with the rest of the element remaining 

elastic. Concentrated (lumped) plasticity approach was used for the beams using inelastic moment 

hinges, rotation type. Beam-column joints were considered as rigid elements. 

The deformation capacities for the components or the so-called performance acceptance criteria 

corresponding to different building performance levels are generally defined in terms of plastic rotation 

capacities. In the present study, plastic rotation capacities for Immediate Occupancy (IO), Life Safety 
(LS) and Collapse Prevention (CP) levels given in ASCE-41[9] were used for the column and beam 

elements (Table 1). In the analysis, only one criterium was used for performance-based evaluation. 

Namely, the performance of the structure was evaluated based on the flexural behavior of the columns 
only. It was assumed that the flexural behavior of the columns governs the structure's behavior, and the 

columns define the structure's failure mechanism. For the analysis, the rotation capacities in columns 

were used as referent. The damaged state of the structure corresponded to reaching the specified level 

of rotation in columns. 

Table 1 – Rotation capacities for the structural elements used in the analysis 

Level 

Column 

Rotation 

Capacities 

(rad) 

Beam 

Rotation 

Capacities 

(rad) 

Color 

IO 0,005 0,005  

LS 0,025 0,025  

CP 0,035 0,05  

 

3.3 Evaluation of the seismic performance 

The moment-curvature relationships of a column section are highly important to assess the ductility of 

the element, the amount of the possible redistribution of stresses and its resistance against dynamic 
loading. The tool developed by Bentz and Collins [10] is used to calculate the moment-curvature 

relationship of the three implemented column cross sections. Moment-curvature relationships of the 

column cross-sections were calculated along the local x-axis for columns C1(45x25cm), C2(25x45cm) 

and C4(35x35cm) for predefined axial force from the gravity loads (Figure 3). 

 

Figure 3. Moment-curvature relationships of the column cross-sections for axial force from gravity loads. 
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As seen from Figure 3, the column C1 has the largest moment capacity, whereas the column C2 has the 

lowest moment capacity. The yield moment My for column C1 is 134kNm for C2 is 76kNm and for C4 

is 112kNm. The ultimate moment Mu for column C1 is 167kNm for C2 is 92kNm and for C4 is 141kNm. 

The calculated curvatures at yield and ultimate moments of the columns for three different levels of 

axial force are given in Table 2. The curvature ductility of all concrete columns is calculated 

accordingly. It is defined as the ratio of ultimate curvature to yield curvature and it presents a metric for 

warning of failure. The ductility for design gravity axial load for C1 is 5.05, while for C2 and C3 it is 
6.73. The columns C2 and C4 have larger ductility than column C1. Therefore, the square column C4 

shows balanced behavior regarding the ductility and moment capacity along both axes compared to the 

rectangular columns investigated. Table 2 consists of two additional axial load levels that show the 
variations in axial load in the column due to the pushover analysis. 

Table 2 – Rotation capacities for the structural elements used in the analysis 

Column 

N = 380kN N = 300kN N = 550kN 

φy 

[rad/m] 

φu 

[rad/m] 
µφ 

φy 

[rad/m] 

φu 

[rad/m] 
µφ 

φy 

[rad/m] 

φu 

[rad/m] 
µφ 

C1 (45x25cm) 0.00767 0.03878 5.05 0.00767 0.03525 4.59 0.00844 0.03878 4.59 

C2 (25x45cm) 0.01141 0.07678 6.73 0.01141 0.07678 6.73 0.01256 0.07678 6.12 

C4 (35x35cm) 0.00741 0.04986 6.73 0.00741 0.04986 6.73 0.00815 0.04986 6.12 

 

The results obtained from the nonlinear static analysis in terms of Pushover curves (Base shear vs. Top 

Drift) for the four models in both x and y orthogonal directions are shown in Figure 4. On the diagrams, 

several top drift levels arranged in regions (cyan, orange, red) are marked. The lines that lie in these 
regions were set by following the response of the structure under the increasing displacement in the 

analysis and the nonlinear response of the columns, as they are governing the stability of the building 

structure. The acceptance criteria directly follow the rotation capacities given in table 1. Top drift when 

the structure reaches IO, LS and CP damage states (acceptance criteria) is marked. 

 

Figure 4. Pushover curves for Models 1, 2, 3 and 4 in x-direction (left) and y-direction (right). 

It is observed from Figure 4 that the base shear capacity is highly dependent on the column cross-section 

orientation in plan. Therefore, Model 1 shows highest base shear capacity in x-direction (the direction 

of the longer column cross-section side), while Model 2 shows highest base shear capacity in y-
direction. It is noted that Models’ 3 and 4 base shear capacity is similar and demonstrates uniform 

capacity in both directions. This is a demonstration of balanced choice of column cross-section 

orientation for Model 3 and accordingly good choice of rectangular column cross-sections for Model 4. 
On the other hand, Models’ 1 and 2 base shear capacity in both orthogonal directions shows differences 

of more than 30%. 
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Regarding the Macedonian code of practice and its total horizontal deflection limitations (H/600, where 
H is the total height of the structure), it is observed that the IO performance criteria are reached at 

greater drift level for every model. This demonstrates the stringency of the Macedonian seismic code 

of practice since the total drift limitation is at 1/3 of the earliest plastic rotation capacity of a column as 

per the IO performance criterium. 

Another parameter investigated is the design base shear according to the Macedonian seismic code. The 

structures are designed with a total base shear load of 350kN, for which the previously mentioned total 

drift limitation is assessed. This study demonstrates that the drift of the lowest capacity models in each 
direction is closest to the H/600 limitation, while Models 3 and 4 exhibit lower drifts for the same base 

shear load. 

The performance criteria levels also show varying response of the models. For instance, the IO 
performance level region is quite narrow, showing similar results for each model with the highest 

difference being 16%. The LS and CP regions, on the other hand, demonstrate greater variation in the 

models’ behaviour. They show wider drift regions associated with the plastic rotation capacities of the 

columns for LS and CP performance levels. The width of the LS and CP regions along with the 
narrowness of the IO performance level region indicate varying global structural ductility of the models 

investigated. 

Figure 5 contains the damage state of the structure and the performance of the columns when the IO 
damage state is reached. It should be noted that the color when a column reaches certain rotation 

capacity limit is given in table 1 and it corresponds to the colors given in the diagrams and figures. 

 Model 1 Model 2 Model 3 Model 4 

x 

    

y 

    

Figure 5. IO damage states in x and y direction for Models 1, 2, 3 and 4. 

Figure 5 demonstrates some similarities between the investigated models. Previously, it was established 

that for IO performance level, the response of the four models is showing similar results. Thus, figure 

5 additionally shows that IO is reached only for the ground floor columns for every model. However, 

the pattern for each model is different and governed by the column cross-section orientation and span 
length. The three-dimensional analysis additionally allows for different redistribution of loads for each 

model and affects the varying plastic rotation demand pattern. 

After the evaluation of the global response of the four models, the study focuses on the response of a 
selected column (green circled in Figure 1). The response of the selected column is investigated in order 

to discuss the influence of the choice of different type of column on its response under the pushover 

loading. Figure 6 presents two graphs depicting the relationship between the ground floor interstorey 

drift and bending moment of the selected column for each direction. The graphs contain four curves 
that correspond to the four models and the appropriate regions of yielding moment for the selected 
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column. The yielding moment regions are defined by the boundary values of calculated yielding 
moment for different levels of axial force. The graphs also contain two limit states defined in the 

national regulations, namely h/150=0.667% (allowable interstorey drift for design earthquake i.e. 

moderate nonlinear deformation in the structure), and h/350=0.2857% (allowable interstorey drift for 

linear behavior of the structure). 

  

Figure 6. Moment in column vs. Interstorey drift in x–direction (left) and y–direction (right). 

Generally, the results from Figure 6 demonstrate that when the ground level reaches the linear allowable 

interstorey drift limit, the selected column is already yielding. The column in Models 2 and 3 in x-
direction reaches the yielding moment after reaching the allowed interstorey drift, which can be 

considered as favorable response. It is also important to note that the model with a square shaped column 

(M4) gives certain level of balanced behavior. The column reaches yielding in both orthogonal 
directions before the ground floor reaches linear interstorey drift limit. The hatched regions represent 

the yielding moment boundaries for varying axial force levels in the column caused by horizontal 

loading. The yielding moment associated with greater axial force in x-direction for all four models 

occurs after the code’s linear interstorey drift limit. In the case for y-direction, all models experience 

yielding before linear interstorey drift limit (H/350). 

Figure 7 contains two graphs showing the relationship between total base shear and bending moment 

in selected column (7 - left - pushover in X direction, 7 - right - pushover in Y direction). Four curves 
(M1, M2, M3 & M4) corresponding to the four models and the yielding moment regions of the column 

are shown. The yielding moment regions for each model (Model 1, 2, 3 & 4) are defined by the boundary 

values of calculated yielding moment for different levels of axial force, same as above (Figure 6). The 
results in x-direction showed that the yielding moment for M2 occurs at the lowest base shear, while 

for the other models, the yielding moment occurs at similar base shear. Considering y-direction, the 

yielding moment for M1 occurs at the lowest base shear. For the other models, there is a slight difference 

in base shear at which the yielding moment occurs. The yielding moment for M3 and M4 occurs at a 
similar base shear force in the x and y directions, indicating that both structural configurations behave 

similarly. Also, it can be noticed that the yielding moment for M3 is lower than the yielding moment 

for M4 for the same base shear force. 

 

Figure 7. Moment in column vs. Base shear in x–direction (left) and y–direction (right). 
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The results of the performed seismic assessment of four structural configurations by nonlinear static 
analysis, emphasize the importance of choosing the appropriate column arrangement in plan even for 

low-rise buildings. Therefore, the designers need to pay more attention when choosing columns’ cross 

section dimensions and their orientation to achieve acceptable building resilience against earthquakes. 
The investigated influence of the column section orientation on seismic performance of building 

structures showed that the model with squared column cross-section demonstrated the most balanced 

behavior in both directions. 

4. Conclusions  

A comparison arising from an ongoing problem in the structural engineering field was portrayed in this 

study. Using a more sophisticated nonlinear static analysis for the assessment of the structural response 

of low rise reinforced concrete residential buildings, several cases were examined. 

The results of the performed seismic assessment of the selected structures by nonlinear static analysis, 

emphasize the importance of choosing square shape columns or rectangular columns with appropriate 
arrangement even for low-rise buildings. When choosing rectangular shaped columns with relatively 

small dimension of a single cross-section side, greater attention should be paid to the layout and 

distribution of columns in plan, in order to provide sufficient bearing capacity and deformability of the 

structure in both orthogonal directions. Although the structure's global behavior can be optimized with 
these measures, it remains questionable if the rectangular shaped columns provide sufficient resilience 

against earthquakes. In any case, the square shaped columns also demonstrated more optimal balanced 

element behavior. Based on the analysis results, we conclude that designers need to pay more attention 
when choosing columns’ cross section dimensions in order to achieve acceptable building resilience 

against earthquakes. This also points out that although the national codes do not explicitly describe the 

behavior at a local level, following these regulations leads to good design. 
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Abstract 

The structural response due to the seismic load depends on the dynamic structural properties and incoming ground 

motion. Although for low amplitude ground motions the material behaviour is assumed to be linear, as the 

amplitude increases the dynamic properties of the structures are changed so that the nonlinear effects should be 

considered. In determining the nonlinear characteristics of structures, the vibrational periods are important step to 

be followed. On the other hand, the local site effects have impact on earthquake motion alteration which in most 
cases contribute to the dynamic amplification of the ground motions. The definition of natural periods of existing 

buildings including the foundation structure of the whole system can be done by in-situ experimental methods. 

These experimental methods being cost-effective are constituted by various techniques relating the measurement 

of structural natural vibrations. This work sums up the experience of UKIM-IZIIS in measuring the in-situ 

dynamic characteristics of different types of buildings in N. Macedonia. The measurements are based on ambient 

vibration using the newest technological methods. The established database apart from the vibrational periods 

includes the geometrical and structural properties of the measured structures which are shown in this paper. The 

results have shown that apart from geometry the material characteristics play important roles in definition of 

dynamic characteristics of the structures. The inclusion of brick masonry infills in the final establishment of the 

dynamic properties plays important role and should be considered in the analysis of the structural analysis. Last 

but not least is the definition of representative hazard which indirectly influences the dynamics of the structures. 

Keywords: Ambient vibration measurements; Period of vibration, RC Buildings, N. Macedonia 

1. Introduction 

Overall behaviour of structures is directly affected by their dynamic characteristics, for instance 

eigenvalues, eigenvectors, and damping. In this sense, non-destructive techniques appear as useful tools 

to provide information about the structural behaviour of the building. In particular, dynamic properties 

provided by ambient vibration techniques have proved to be quite well-suited to validate and update 
numerical models. In the last years this technique has attracted the interest of many researchers [1, 2], 

because no excitation equipment is needed, involving minimum interference with the normal use of the 

structure. The experimental “in situ” testing method has very wide application especially in structures 
from where identity card of the structure can be obtained accounting for all dynamic characteristics [3, 

4]. The advantages of this method are the light equipment easy for transportation and management and 

the non-destructive procedure without altering the normal operation of structures. So, using this non-
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destructive method fundamental dynamic characteristics for the structure can be obtained, such as 
natural frequencies and corresponding mode shapes, as well as damping in each mode, without altering 

their normal operation [5-9]. Having this data as a valuable parameter, leads in the correlation of 

experimental and analytical results as a confirmation for accurate mathematical model formulation. In 
the beginning of this century, significant improvement of sensors and data acquisition system 

technologies was evident. The analogue recording and acquisition of data were replaced by digital 

systems providing the large analytical possibilities. Also, the software’s for data processing were 

adequately upgraded. Considering “in situ” experimental testing, ambient vibration testing methods 
prevailed, being applicable for all types of structures, components, and materials in practice as a reason 

for getting more realistic evaluation of dynamic properties of structures. This method is based on 

recording and processing of structural response to wind and other ambient excitations, like traffic noise, 
some other microtremor and impulsive forces like wave loading or periodical rotational forces of some 

automatic machines. The experimental and theoretical procedure is based on the assumption that the 

exciting force is a stationary stochastic process with a relatively flat amplitude spectrum. In such 

conditions, the structures will vibrate and their response will contain all their normal modes. The 
Institute of Earthquake Engineering and Engineering Seismology (UKIM-IZIIS) from Skopje has an 

extensive experience in the field of ambient vibration testing starting from 1978 with more than 500 

tests performed during this period [10-14]. The subject of this paper is to present the summary of natural 
vibration period measurements from ambient vibration signal records for 169 representative buildings 

with different structural characteristics. The influence of height of the building and infill wall effects 

are evaluated and commented further.  

2. In-situ ambient vibration measurements 

UKIM-IZIIS in the last decade has been performed several hundreds of in-situ measurements of ambient 
vibrations on buildings for different investigations and research purposes. For the need of this paper, 

169 representative measurements have been selected and analysed. It must be pointed out that those 

measurements were performed for the purpose of rapid screening with one three-component 

measurement mostly on the highest assessable level of the related buildings. Dominantly, the recording 

instrument was placed in a central position with respect to the layout, where applicable.  

The measurements were performed with a portable TROMINO® velocimeter 

(https://moho.world/en/tromino/) from the first generation (Fig. 1) with measurement duration of 10 

minutes and certain pre-defined parameters as given in Tab. 1.  

  

Fig. 1. Some photos from the performed measurements with TROMINO instrument 

TROMINO® instruments, originally conceived for the dynamic characterization of subsoils, has been 
increasingly used for the operational modal analysis of structures to such an extent that this has become 

its primary application over the years. TROMINO® has been extensively used worldwide for ambient 

vibration measurements, not only on regular structures but also on some of the most iconic structures 
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worldwide, such as the Eiffel tower, the Golden Gate Bridge in San Francisco, the Shanghai tower, the 

leaning tower of Pisa, the landmark skyscrapers in Abu Dhabi and many more.  

Table 1 - Standard Site Measurement and Processing Parameters 

Site Measurement Parameters Processing Parameters 

Record (trace) length 10 min Window length 20 sec 

Sampling frequency 128 Hz No. of windows 60 

Nyquist frequency 64Hz Tapering 
Bartlett window (20 sec, 2561 

points) 

Frequency range of interest 0.1 - 32 Hz Smoothing function 

Konno – Omachi, b=20, or  

Triangular window (5% 

smoothing) 

Amplitude spectra of the different components (channels N-S, E-W, Z) of the recorded ambient 

vibration motion are computed by MOHO’s software package GRILLA™ (http://www.tromino.it/soft-

database.htm). The results derived in terms of average velocity amplitude spectra, have been studied in 

all details for defining the building modal parameters. They are relevant for linear (elastic) behaviour 
of studied structural system, only. The ambient vibration measurements have been performed on a fully 

constructed structure, thus incorporating not only the fundamental modal characteristics of the structural 

system itself, but also the influence of internal and external walls and other non-structural elements. 

The results are summarized in the direction for which the vibration periods are obtained. For the 

analysed buildings, a correlation analysis was performed with the dynamic characteristics, i.e., the basic 

periods of vibration extracted from the design documentation. The created database was composed in 

tabular format in which, in addition to the dynamic characteristics of the buildings, the type of structure, 
total area of the building and the number of stories were included as well. For a certain number of 

buildings, two types of vibration periods from the project documentation were presented i.e., on a fixed 

and on an elastic base. 

3. Analysed and inspected structures 

The database established in UKIM-IZIIS for this study allows detailed classification of the structures. 
The types of structures considered are mainly reinforced concrete (RC) buildings built in the last decade 

while the biggest part of the buildings are located in the Skopje area. The reinforced concrete structures 

are predominantly frame structures with and without shear walls. All the buildings in the established 
database are build and constructed according to the latest design regulations. In the last years, efforts 

have been made to improve detailing and increase inelastic capacity of the building to resist potential 

earthquake ground motions. Although not very common but in some cases the buildings have been built 

over soft soil deposits in which the dynamic characteristics of the structures are influenced by the 
presence of soil stiffness characteristics making the soil structure interaction phenomenon important to 

be considered. Moreover, the ground floor in some of the structures is used for commercial purposes, 

thus increasing the height and decreasing the stiffness of the ground floor, creating the conditions for 

appearance of soft-story effect. The height of the analyzed buildings varies from one to 14 floors.  

The majority of analyzed buildings are of frame type structures in which the column-beam connections 

have been given special importance in order to resist the seismic forces, thus preventing the columns of 
collapse assuring life safety design criteria. The principal structural system for buildings with 1-3 levels 

is reinforced concrete frame with beams and columns, and the structures with more than 4 storeys are 

reinforced concrete frame with shear walls in both directions. The dynamic characteristics of these 

domestic RC buildings show periods in relation of 0.1 times the number of the floors which is a rule of 

thumb and is a widely accepted worldwide practice.  

All investigated structures are designed according to the Code of Technical Regulations for the Design 

and Construction of Buildings in Seismic Regions (OGoSFRY No. 31/81 of June 5, 1981 with 

527

https://doi.org/10.5592/CO/2CroCEE.2023.64
http://www.tromino.it/soft-database.htm
http://www.tromino.it/soft-database.htm


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.64 

Amendments 49/82, 29/83, 21/88 and 52/90), where the total horizontal seismic force acting on a 

building is given with the equation (1)  

S= 𝐾 ∙ 𝐺    (1) 

where: 

K = the total seismic coefficient for the horizontal direction 

G = the total weight of the building and its equipment 

The seismic coefficient for the horizontal direction K depends directly by the coefficient of building 
category, coefficient of seismic intensity, coefficient of dynamic response, and coefficient of ductility 

and damping. The coefficient of ductility and damping, depends on the type of structure under 

consideration (modem reinforced-concrete structures, steel structures, reinforced masonry, and for 
braced steel structures masonry structures, strengthened by means of vertical reinforced-concrete tie-

beams’ for reinforced-concrete shear-wall structures etc). 

4. Investigations results 

A total number of 169 newly built reinforced concrete structures are considered in this study. All the 

structures were measured using ambient vibration testing method. Ambient vibration collected data 
have been used to extract dynamic characteristics of the structures. As an addition, numerical analyses 

were performed for all examined structures.  

       

(a)      (b)   (c)    (d) 

Fig. 2. Selected measured structures in Skopje (a) Bitola (b), Veles (c) and Ohrid (d) 
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The buildings are with 1 to 14 storeys. The principal structural system for buildings with 1-3 levels is 
reinforced concrete frame with beams and columns, and the structures with more than 4 storeys are 

reinforced concrete frame with shear walls in both directions.  

Some photos of the measured buildings are shown on Fig. 2. Regarding the number of stories, most of 
the buildings have between 2-9 levels. Larger number of them are with 4 (16.7%) and 6 stories (12.8%) 

(Fig. 3).  

Ambient vibration spectrum graphs of some selected sample buildings are shown in Fig. 4. 

 

 

 
Fig. 4 Two-component ambient vibration spectra’s of selected buildings in from database (N-E: north-

east, E-W: east-west) 

The vibration periods obtained from ambient vibration measurements were compared with the periods 

obtained by analytical models. The buildings were modeled with infill walls as dead loads in 3-D 
models. Aerated concrete blocks are used in the buildings as infill wall elements. All other infill walls 

with openings that prevent diagonal strut formation were considered as dead loads. Other dead loads 

such as slab weight were also considered as a distributed load.  

Concrete compressive strength, steel properties, and size of structural members were taken from 
construction drawings. Most of the buildings higher than 3 levels were reinforced concrete frame-type 

structures with shear walls. Structures with lower heights are without shear walls. 

A database with all measurement results and results from the numerical analyses which contains the 
fundamental characteristics of those structures and their most important geometric and structural 

properties with the aim of setting correlations between structural typologies and fundamental periods 

or frequencies has been created. The distribution of natural vibration periods obtained for all structures 
with respect to the building's height is shown in Fig.5. These results are related to building structures 

with infill walls. As expected, building periods increase with respect to height. Fig.5 shows that the 

measured fundamental periods are higher than the analyzed (numerically obtained), what is expected 

due to level of the construction of the infill walls. 
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Fig.5. Fundamental period of measured and analyzed structures as a function of building height (m) 

The height-period curve parameters are defined in many design regulations as well as in Eurocode 8 

[15]. Ambient vibration signal measurements were compared to evaluate the consistency of obtained 
data with other results available in the literature (Fig. 6). Empirical equation derived by Eurocode 8 is 

given in equation (2). T defines the building period and H defines the building height in the following 

equation 

𝑇 = 0.075𝐻0.75        (2) 

 

Gallipoli et al. [16] derived equation (3) by using ambient vibration signal records taken from 244 

buildings located in various regions in Europe: 

𝑇 = 0.016𝐻            (3) 

 

Based on the measurements in this study, we propose an empirical equation (4) with respect to height-

period parameters given in the following form 

𝑇 = 0.0651𝐻0.5069         (4) 

 
Fig. 6 Distribution of fundamental periods with respect to building height 
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When results are compared, it is observed that the data obtained from these measurements have a similar tendency 

to the equation proposed by Gallipoli et al. [16]. The Eurocode 8 code height-period curve resulted in estimations 

much higher than expected for all ranges due to omitting the stiffness contribution of infill walls. Another 

significant point is that buildings used in this study are residential buildings of similar characteristics. These 

buildings have reinforced concrete frame structures, are constructed in accordance with current design codes and 
do not have great differences. For buildings with a higher amount of shear walls, lack of such a high-level 

relationship between height and period can be expected depending on the amount of shear walls [17].  

The period/height ratio of the measured and analytically obtained results are given in Tab. 2. 

Table 2 - Period/height ratio 

Period/height 

ratio 
Analytical Measured 

max 0.118 0.065 

min 0.001 0.006 

The strength of infill walls is influenced by many parameters such as material and mortar properties 
and production quality. Therefore, it is reasonable that under large displacements, building periods even 

in elastic regions can be higher than the period values determined based on ambient vibration records.  

5. Notes and conclusions 

The ambient vibration measurements from the 169 new buildings have been evaluated. More than, half 

of the residential buildings that have been tested were measured after the construction of infill walls. 
All the obtained results and the authors experience during many years of work in this field with in-situ 

measurements of structures under the most varied conditions (in construction, full occupancy, using 

various sources of excitation, etc.) and numerical modelling for typical structures, has led to the 

following conclusions: 

- The measured fundamental periods of all structures are lower than the analytically obtained, 

which is expected due to the influence of general stiffness contribution of infill walls.  

- There is a close correlation between natural vibration periods and building height in RC frame 

buildings with and without constructed infill walls.  

- Based on the measurements in this study, an empirical equation with respect to height-period 
parameters is derived as eq. (4). 

- Тhe obtained results revealed a similar distribution with height-period equations in the selected 

literature by using ambient vibration signal records, especially to the Gallipoli et al. [16]. The 
relationship used in Eurocode 8 (1) revealed higher natural vibration period estimates than the 

measured periods.  

- The highest period/height ratio from analytical results was found to be 0.096 and the value for 

minimum ratio is 0.008. The measured minimum and maximum values are 0.005 and 0.060 

respectively. The uppermost values are so low, that are appropriate for newly building 

structures. 

- It is relatively easy to identify the two basic modes using a single instrument for the structures 

which are regular to a certain extent, the first two modes in each horizontal direction. 

- The effect of infill brick walls in RC structures, is larger for more flexible structures. 

- Analytical modelling can reach results remarkably close to the measured ones if infills and 

stairways are modelled. 
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Abstract 

Unreinforced unconfined solid brick masonry walls were experimentally tested in full scale (233x241x25cm) and 

reduced scale (100x100x25cm) at the laboratory of the Institute for materials and structures, Faculty of Civil 

Engineering in Sarajevo. Cantilever walls were loaded in cyclic shear or pushed monotonically. In order to study 

the nonlinear behavior in a detailed and global manner, finite element meso- and macro-models of the tested walls 

were created using the finite element software Diana FEA. Brick units are discretized by continuum elements in 
a meso-model and discontinuity in displacement field is introduced by interface elements between units. In order 

to account for brick cracking, an additional interface element was added in the unit middle. Continuum macro-

models approximate heterogeneous masonry wall by a single material and discretization is independent of brick 

layout, i.e., bricks, mortar and unit-mortar interface are smeared out in the continuum. The recently developed 

engineering masonry model is an orthotropic total-strain continuum model with smeared cracking and it was used 

with shell elements. Numerical results are verified against the data obtained from the experimental research 

program. The walls exhibit rocking failure mode in low precompression, while diagonal cracking occurs for higher 

vertical stresses. The results show good matching with the experimentally obtained curves regarding the ultimate 

load and ductility.  

Keywords: masonry walls, finite elements, meso- and macro-models, experimental testing.  

1. Introduction 

Bosnia-Herzegovina is situated in a seismically active region of South-East Europe, and it is divided 
into seismic zones with peak ground acceleration (PGA) ranging from 0.1-0.2g for 475 years return 

period in most parts of the country up to a PGA of 0.30-0.35g in some regions. The majority of multi-

story residential buildings erected in the years following World War II were unreinforced unconfined 
masonry buildings with 4-6 floors. Concerning seismic vulnerability classification (EMS), masonry 

structures belong to classes B and C, which means that heavy and hefty damages, including partial 

collapse, could occur in the case of stronger earthquake motions. Unfortunately, this was proven during 

several regional earthquakes, Skopje 1963, Banjaluka 1969, and Montenegro Coast 1979 [1].  

According to EC 8 compared to the old national standard, increased seismic demand poses new 

challenges in verifying existing buildings' load-bearing capacity. Faculty of Civil Engineering in 

Sarajevo initiated a specific research program with experimental testing and computational modeling 
to assess masonry behavior and risk [2]. Masonry is a composite material consisting of units and joints 

usually filled with mortar, and it is a complex material with a 3D internal arrangement (bond). Not only 

varying material characteristics but also building technology can significantly influence masonry 

response, making modeling a demanding task for structural engineers. The low tensile strength of 
masonry imposes nonlinear constitutive laws in assessment of existing structures and seismic analysis 

of new buildings [3]. 

Experimental testing of masonry is essential in understanding structural behavior; however, numerical 
modeling can complement experimental research and provide new insights. Masonry structures are 

usually analyzed by finite elements (FEM), and based on the level of detail, computational strategies 

are traditionally divided into the following categories: micro-, meso- or macro-modeling techniques. 
One modeling strategy cannot be preferred since different application fields exist for each model type. 
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Linear elastic methods like the lateral force method or response spectrum analysis do not seem adequate 

to describe the quite nonlinear response of masonry and estimate global ductility.  

This paper focuses on the nonlinear quasi-static cyclic analysis of individual masonry walls using 

smeared continuum models discretized by shell elements. Additionally, several meso-models were 
created, where nonlinear behavior was lumped into traction-displacement relation in interface elements 

at joints. The numerical models were verified against experimental data obtained from the tests 

performed at the Institute for materials and structures laboratory in Sarajevo. Unreinforced unconfined 

masonry walls were built in full scale (233x241x25cm) and reduced scale ca. 1:2 (100x100x25cm). The 
walls were loaded in cyclic shear under constant vertical pressure or pushed monotonically. Mechanical 

properties of masonry components (brick, mortar, and interface) and homogenized masonry 

(compressive strength and elastic modulus) were determined using appropriate specimens [4]. 

Dispersion of material properties that can be found in literature is considerable [5-8] 

Nonlinear static pushover analysis of an old masonry building carried out under constant gravitational 

load and monotonous horizontal loads in the form of displacement increments is also presented. The 

building was heavily damaged during the war in Sarajevo, and the floors were destroyed. Pushover 
analysis verifies the nonlinear behavior of newly-designed structures and the existing ones. Two 

numerical macro-models were created. The first model represents the existing damaged structure. In 

the second model, which represents the rehabilitated structure, R.C. floors, and internal walls were 

added to the building in order to increase the load-bearing capacity. 

2. Experimental tests of wallets and walls 

In the first step, a testing program was designed to identify the mechanical properties of masonry and 

its components. Compressive and tensile strength, elastic modules of brick and mortar, and the 

properties of their mutual contact were investigated separately. The compressive strength and the 
modulus of elasticity of the solid brick masonry were determined on the reduced wall samples – wallets. 

In the next step, physical models of plain (unconfined unstrengthened) masonry walls were constructed 

in the full scale (233x241x25cm) (Fig. 1) and the reduced scale (100x100x25cm) [2, 4].  

 

Figure 1. Test set-up. 

The chosen wall geometry introduces a complex response to seismic action because the walls cannot 

be classified as slender or squat. Two plain walls statically modeled as cantilevers were tested for the 

horizontal static cyclic in-plane load under a vertical pressure of 0.4 N/mm2. A vertical load was applied 
to the wall centerline via a steel loading beam, and then displacements were incrementally and cyclically 

imposed at the RC top tie beam. The walls failed at almost equal horizontal load levels with the 
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appearance of the characteristic diagonal crack pattern (Fig. 2). The measured force at failure agrees 
well with the ultimate load obtained using the expression from EC 6. Unexpectedly, plain masonry 

walls have considerably greater ductility than recommended in seismic codes using behavior factors. 

Reduced model walls were exposed to a cyclic loading program under variable values of vertical 
pressure. For compressive stress of 0.4 N/mm2, the wall rotates in a rigid body mode without cracking. 

On the other hand, under 0.6 N/mm2 pressure, the wall rotates, but with the occurrence of cracks that 

develop on the compressed toe and extend diagonally through the wall. For a stress level of 1.0 N/mm2, 

a crack appears in the middle of the wall, which is characteristic of shear failure. 

  
a) b) 

Figure 2. Diagonal failure pattern of the tested walls: a) W1, b) W2. 

3. Nonlinear finite element modeling and results 

3.1 Macro-model of the tested wall 

Masonry is homogenized in a macro-model employing the recently developed Engineering Masonry 

model [9]. The Engineering Masonry model is an orthotropic total–strain continuum model with 
smeared cracking, and it can be used with membrane or shell elements. The model can simulate 

compression, tensile and shear failure modes and crack in bed joints, head joints, and diagonally. The 

crushing, shear, and tensile behavior of the Engineering Masonry constitutive model is illustrated in 

Fig. 3 [10]. Parameters of the constitutive model for the wall analysis are given in Table 1. All nodes 
on the upper edge were rigidly connected to have the same horizontal displacement and free rotation. 

The walls were discretized using 2D plane stress elements with eight nodes of an average size of 0.1 m. 

A quasi-static implicit nonlinear analysis was performed with the Newton-Raphson iterative scheme 
involving both material and geometric nonlinearity. The loading program is shown in Fig. 4, and each 

cycle consists of three runs. The model was run until the model ceased to converge or the maximum 

displacement of the actual experimental test was attained. 

A comparison of hysteretic curves of the macro-model and the results of the previously described 
experiment are shown in Fig. 5 where one can notice a pretty good matching. Wall displacement 

patterns and accumulated shear strains that pertain to the major cracks are shown in Fig. 6. The damage 

pattern is diagonal, which complies with the experimental observations. 
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a) b) 

 
c) 

Figure 3. Engineering masonry model: a) crushing behavior, b) shear behavior, c) cracking behavior. 

 

 

Table 1 – Parameters of engineering masonry model used for the wall analysis 

Parameter Value Parameter Value Parameter Value 

Ex 4e+09 N/m2 Gft 10 N/m Gfs 20 N/m 

Ey 4e+09 N/m2 HEADTP NO fc 6.48e+06 N/m2 

Gxy 1.6e+09 N/m2 h Rots n 4 

ρ 1850 kg/m3 c 90000 N/m2 Gc 40000 N/m 

ftx 90000 N/m2 ϕ 0.78 rad λ 1 

 
 

 

Figure 4. Loading program for wall W1. 
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Figure 5. Comparison of hysteretic curves of the macro-model and the experiment for W1. 

  
a) b) 

Figure 6. Results of the numerical analysis: a) wall displacements, b) accumulated shear strains. 

 

In the case of low precompression, rocking failure mode was detected on reduced-scale walls. Since the 

wall behaves as a rigid body, masonry was modeled as a linear elastic material in this case. Nonlinearity 

is concentrated in the interface element at the contact between the wall and the foundation, with the 

properties listed in Table 2. An opening mode (gap) was set for the interface. Wall displacements and 

comparison of experimentally obtained hysteresis and numerical pushover curve are given in Fig. 7. 

Table 2 – Parameters of Mohr-Coulomb interface for rocking failure mode 

Parameter Value 

kn 1e+06 N/mm3 

ks 1e+06 N/mm3 

c 0 N/mm2 

ϕ 0.38 rad 

ft 0 N/mm2 
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a) b) 

Figure 7. Results of the numerical analysis in case of rocking: a) wall displacements, b) comparison of 

experimentally obtained hysteresis and numerical pushover curve. 

3.2 Meso-model of the tested reduced scale wall 

The contact material model, also known as the “Composite Interface model,” is appropriate for the 

simulation of fracture, frictional slip, and crushing along material interfaces, for instance, at joints in 
masonry. Usually, the brick units are modeled as linear elastic continua, while the mortar joints are 

modeled with interface elements, which obey the nonlinear behavior described by this combined 

cracking-shearing-crushing model (acronym CCSC). Fig. 8a shows the elements of a meso-model, with 
an additional interface element in the unit middle [9]. This interface was modeled in order to enable the 

cracking of bricks which was experimentally observed. A plane stress interface model was formulated 

by Lourenço [11]. It is based on multi-surface plasticity, comprising a Coulomb friction model 
combined with a tension cut-off and an elliptical compression cap (Fig. 8b). Softening acts in all three 

modes, and it is preceded by hardening in the case of the cap mode.  

 

 
a) b) 

Figure 8. Meso-model of masonry: a) locations of interfaces, b) multi-surface plasticity for CCSC model. 

Parameters of CCSC interface (horizontal and vertical joints) and Coulomb interface with zero-tension 

gapping mode (brick contact) are listed in Table 3. The brick behavior was assumed linear elastic with 

Young’s modulus equal to 20 000 N/mm2 and Poisson ratio of 0.15. The input parameters were based 

on measured material properties [2] or previous numerical and experimental studies [11, 12]. Mesh, 
loading, and boundary conditions for the meso-model of the reduced-scale wall are shown in Fig. 9a. 

The resulting normal interface tractions are given in Fig. 9b. It can be noticed that the mortar joint opens 

at the tension side and that rocking governs the failure mechanism. The comparison of experimentally 
and numerically obtained pushover curves is given in Fig. 10, and it can be concluded that the curves 

match pretty well. 

-200

-150

-100

-50

0

50

100

150

200

-18 -14 -10 -6 -2 2 6 10 14 18

H
o
ri

zo
n

ta
l 
fo

rc
e 

[k
N

]
Displacement at the top [mm]

Experimental hysteresis vs. pushover curve 

538

https://doi.org/10.5592/CO/2CroCEE.2023.102


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.102 

Table 3 – Parameters of CCSC interface (joints) and Coulomb interface (brick contact) 

CCSC Value CCSC Value Coulomb Value 

kn 50 N/mm3 σu - 0.75N/mm2 kn 1000 N/mm3 

ks 10 N/mm3 δ 1.8 ks 500 N/mm3 

ft 0.1 N/mm2 a - 0.8 ft 3.6 N/mm2 

Gt 0.003 N/mm b 0.05 Gt 0 N/mm 

c 0.09 N/mm2 fc 6.5 N/mm2 c 1.2 N/mm2 

ϕ 0.785 rad Cs 9 ϕ 0 rad 

Ψ 0.540 rad Gc 10 N/mm Ψ 0 

ϕ r 0.785 rad κp 0.015 ϕ r 0 

 

 

 

  
a) b) 

Figure 9. Meso-model of reduced-scale masonry wall: a) mesh, loading, and boundary conditions, b) normal 

interface tractions. 

 

 

 

Figure 10. Comparison of pushover curves obtained experimentally and numerically. 
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4. Conclusion 

Different classes of numerical models are presented in the paper. Two modeling approaches were used 

to simulate the tested walls: the macro-model, where the structure is a homogeneous continuum, whose 
behavior is described with the engineering masonry model, and the meso-model where the structure is 

discretized using the continuum elements (bricks) and contact elements (joints, cracks). In the discrete 

model, the bricks are linear elastic, and nonlinear behavior is possible on the contact elements where 
the composite CCSC (combined cracking-shearing-crushing) model is employed for the joints and 

Mohr-Coulomb for cracks in the bricks. The models are planar so that the 3D character of the masonry 

structure is neglected (longitudinal and transverse layout of brick elements).  

The advantage of the macro-model lies in the simplicity of the finite element mesh and the construction 
of the model, so the requirements for computer time are much lower than in the meso-model. It is 

possible to apply the complete loading program without divergence at large displacements, resulting in 

a failure mode with cross-diagonal cracks. On the other hand, the macro-crack is most often diagonally 
localized, while the models' cracks are smeared along a specific width or the cracking pattern is diffuse. 

When using macro models, it is tacitly assumed that the structure, load, and boundary conditions are 

such that the mortar and the brick do not have to be separately discretized, which is also the lack of a 

macro-model. The element and the joint are no longer distinguished, so it is impossible to determine 

the degree of stress of the brick or mortar.  

Generally, different failure modes can be obtained using macro-models. In case of low precompression, 

rocking, and local crushing occurs. Shear failure with a diagonal cracking pattern develops for higher 
precompression levels. Depending on the loading program, the force-displacement relationship shows 

a pushover or a hysteretic curve. Linear force increase with displacement increment is typical for the 

initial phase of the obtained pushover curves. The other part of the curve is almost horizontal, implying 
stiffness degradation and yielding. However, in the case of rocking, yielding is not caused by material 

degradation but by reducing the compressed zone as imposed displacement increases. Hysteretic curves 

are full and significant energy is dissipated when shear governs failure. The slope of the hysteretic curve 

decreases when unloading, which means that, aside from plastic deformations typical for joint failure, 
bricks fail in tension, and damage occurs. The numerically obtained hysteretic curve agrees reasonably 

well with the one determined by the experimental program. The initial elastic stiffness, ultimate 

resistance, failure mode, and cracking pattern were predicted quite well by the nonlinear finite element 
analysis. However, further numerical investigations related to mesh sensitivity and variability of 

material properties are necessary.  

The bending failure mode of reduced-scale masonry walls loaded with horizontal force and low vertical 
precompression can be modeled with meso-model quite well. When tensile strength is reached, the joint 

opens, and the wall rotates around the compressed toe. Generally, this failure pattern is obtained 

regardless of the changes in model parameters, and the reason is that the wall geometry and the 

boundary conditions between the bricks are correctly modeled, so the weak spots can easily be 
identified. The level of detail of a discrete model cannot be achieved by using a homogenized 

continuum, such as in the case of separating individual bricks from the rest of the structure. Also, the 

stress state in bricks and contacts is well described. Regardless of the many advantages of the discrete 
model, there are several significant shortcomings. It is necessary to invest considerably more time in 

modeling geometry and analyzing the results than with the continuum model. The analysis is more 

demanding ("expensive") due to additional contact elements.  
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Abstract 

Since the prediction of the seismic response of structures is highly uncertain, the need for the probabilistic 

approach is clear, especially for the estimation of critical seismic response parameters. Considering the 

uncertainties present in the material and geometric form of reinforced concrete (RC) structures, reliability analyses 

using the Finite Element Method (FEM) were performed in the context of Performance-Based Earthquake 

Engineering (PBEE). This study presented and compared the possibilities of nonlinear modelling of the reinforced 
concrete (RC) planar frame and its reliability analysis using different numerical methods, Mean-Value First-Order 

Second-Moment (MVFOSM), First-Order Reliability Method (FORM), Second-Order Reliability Method 

(SORM) and Monte Carlo simulation (MCS). The calibrated numerical models used were based on the previous 

experimental test of a planar RC frame subjected to cyclic horizontal load. Numerical models were upgraded by 

random variable (RV) parameters for reliability analysis purposes, and, using implicit limit state function (LSF), 

pushover analyses were performed by controlling the horizontal inter-storey drift ratio (IDR). Reliability results 

were found to be sensitive to the reliability analysis method. The results of reliability analysis reveal that, in a 

nonlinear region, after exceeding the yield strength of the longitudinal reinforcement, the cross-sectional geometry 

parameters were of greater importance compared to the parameters of the material characteristics. The results also 

show that epistemic (knowledge-based) uncertainties significantly affected dispersion and the median estimate 

parameter response. The MCS sampling method is recommended, but the First-Order Reliability Method (FORM) 

applied to a response model can be used with good accuracy. Reliability analysis using the FEM proved suitable 
for directly implementing geometric and material nonlinearities to cover epistemic (knowledge-based) 

uncertainties. 

Keywords: reinforced concrete (RC) frame; cyclic response; reliability analysis; MVFOSM/FORM/SORM; 

Monte Carlo; OpenSees 

1. Introduction 

The structural design aims to achieve structures that satisfy safety criteria, serviceability, and durability 

under specified service conditions. Since uncertainty is an inherent characteristic that cannot be avoided 

in engineering design, incorporating uncertainties in engineering design is required [1]. Reliability 
analysis offers a well-established theoretical framework for considering uncertainties in the engineering 

decision scheme. We can define reliability as the probability that a structure or system can perform a 

required function (or limit state function, LSF) under specified service conditions during a given period 

and stated conditions [2]. Conversely, the failure probability, pf (or probability of failure) is the 
probability that a structure does not perform satisfactorily within a given period and stated adverse 

conditions [3]. In the context of seismic risk analysis, the probability of exceeding the given LSF, 

obtained from the reliability analysis, is integrated with the seismic risk of the locality. The related term 
used in conjunction with seismic reliability analysis and structural risk is fragility analysis. The fragility 

analysis is aimed at finding the probability of a particular structural failure for different levels of 

intensity measures (IM) such as PGA (peak ground acceleration) or SA(T1, 5%) (5%-damped elastic 

first-period spectral acceleration), and analysis is closer to the actual estimation of structural seismic 
risk. Despite these fine distinctions, seismic risk, reliability, safety, and structural fragility analysis are 

used in various ways to denote the seismic probability of structural failure, so that the failure is defined 

by different structural limit state conditions [4]. 
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The most important aspect of the structural reliability analysis is the consideration of uncertainties that 
make a structure vulnerable to failure for a pre-defined limit state condition. The accuracy of the 

reliability analysis depends on how exactly all the uncertainties are considered during the analysis. First, 

the challenge is identifying all the sources of uncertainties; therefore, crucial uncertainties must be 
identified. Second, the techniques of explicit or implicit modelling are difficult to implement, therefore 

a certain degree of uncertainty is associated with the modelling method, with some necessary 

simplifications. Finally, the analytical formulation of the limit state equations and integration of the 

probability density function (PDF) in this domain is complex and results in various approximations. 
Consequently, there are different degrees of simplification in the reliability analysis leading to various 

reliability analysis methods, as explained below [5,6]. 

Considering the foregoing, the bearing capacity of the structure or element can be obtained in many 
ways, being the most simple and direct to use an explicit design equation, when the LSF g(x) can be 

expressed as an explicit form or simple analytical form in terms of the basic variables x, which 

characterise the structural behaviour, relating the many variables, defined by probabilistic distributions. 

If an explicit function capable of defining the behaviour of the structure is not available, it is possible 
to use the FEM with implicit LSF to compute the behaviour of the structure. Such implicit LSF are 

encountered when the structural systems are complex and numerical analysis such as FEM must be 

adopted for the structural response prediction. 

We can simplify the safety assessment procedure with implicit functions, by getting an explicit 

alternative LSF that allows a significant decrease in the response calculation time. We can obtain this 

function through the Response Surface Method (RSM) by fitting a surface to various realisations, for a 
set of variables, based on an MCS using an implicit LSF provided by the FEM [7,8]. In addition to all 

the well-established postulates of individual reliability methods, one of the hypotheses of this study is 

that even when using the FEM, the least numerical model settings can have a relatively significant 

impact on the reliability analysis results. These settings relate to the type of element, the plastic hinge 
length, the number of integration points along the element, numerical integration options for the force-

based beam–column element, geometric transformation type, etc. 

The described procedures in this study are compatible with the implementation of the model in the 
PEER PBEE framework (Pacific Earthquake Engineering Research Performance-Based Earthquake 

Engineering) [9,10], which besides structural responses considers the consequent functions and 

interaction with the Performance Assessment Calculation Tool (PACT P-58) [11]. A flexible feature of 
this approach is two-way communication with Python and MATLAB, which is important for applying 

sophisticated sampling techniques. 

This paper presents the numerical calibration of the experimental RC frame model, which was later 

upgraded for reliability analysis. The methods of reliability analysis of MVFOSM, FORM, SORM and 
MCS were used, after which the basic results and conclusions were presented. All numerical analyses 

presented in this paper were carried out by combining OpenSees and MATLAB with customisable 

algorithms. 

2. Experimental Model 

In accordance with the prototype of a typical mid-rise building, the central bay RC frame from the 

ground floor was chosen and constructed at a scale of 1:2.5, which makes an aspect ratio of 1.4 
[4,12,13]. Geometry, cross sections, and the amount of main longitudinal and transverse reinforcement 

are shown in Figure 1. The prototype of a typical building [14], from which the central frame on the 

scale was separated, was designed in accordance with the relevant codes [15,16], for ductility class 
DCM, which required concrete grade C30/37 and reinforcement B500B. The actual mechanical 

properties, modulus of elasticity, yielding strength, and ultimate strengths were determined in 

accordance with the applicable norms. After the frames were made and concrete samples were tested, 

the average compressive strength of the concrete cubes was 50 MPa, while the yielding and ultimate 
tensile strength, and the modulus of elasticity of the reinforcement were 550, 650 and 210000 MPa 

respectively. All these parameters of material characteristics were determined by standardised 
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compressive and tensile tests, whose values were rounded off from a series of nine repeated tests. The 
model was cyclically tested in a horizontal direction, with a constant total vertical force in columns of 

730 kN, i.e., 365 kN per column, to ensure an axial load ratio of 18% in each column, as defined by 

design (9 MPa of the axial stress relative to the gross cross-section of the column). During testing, the 
horizontal force was controlled, i.e., beam level displacement up to 1.0% of inter-storey drift ratio (IDR) 

or 14 mm, by repeating each cycle twice, resulting in damage to the ends of the columns and the beam 

by crushing the concrete and reaching the yield strength of individual longitudinal reinforcement. 

 

Figure 1. Schematic representation of geometry, cross sections, and the amount of reinforcement (left) and crack 

development during the cyclic test (right). 

Figure 2 shows the hysteresis curve as a basic view of the system’s behaviour, with insight into the 
secant stiffness (K), bearing capacity and ductility of the system and the trend of component stiffness 

degradation. When describing the behaviour of such models, it is necessary to evaluate the stiffness, 

strength, and deformation properties of individual components to numerically model the same effects 
and expand the analysis, such as sensitivity or reliability analysis. The specimen was not tested until 

the collapse but up to the targeted drift of 1.0% to preserve the specimen for further testing. The 

distribution and the type of cracks showed a clear flexural behaviour, with no shear failures. 

The definition of the trilinear backbone curve (i.e., bearing capacity curve), which represents the three 

different areas of behaviour, is based on the mean value of the bearing capacity of the positive and 

negative horizontal direction, as shown in Figure 3.  

 

Figure 2. The hysteresis curve (left) and the average of two backbone curves as well as the secant stiffness curve, 

K (right). 

When defining the trilinear backbone curve, the formation moment of the first significant crack was 
considered (1), as well as the continuation of cracks development up to the level of the global model 
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yielding, i.e., temporary lack of bearing capacity (2) and the targeted drift (3). The characteristic points 
of the trilinear backbone curve and the stiffness curve were: IDR = [0.0, 0.036, 0.286, 1.0]%, FH = [0.0, 

30, 137.5, 174] kN, and K = [60, 34.375, 12.428] kN/mm. 

3. Numerical Model  

The numerical model is constructed in two ways by the OpenSees (Figure 4) to construct as simpler a 

model as possible to describe the frame behaviour in relation to experimental testing. In the first part of 
modelling hysteresis response, a well-known approach to the theoretical semi-empirical model of 

concentrated plasticity (CP) was used, with hysteresis rules for RC elements according to Takeda [17], 

for easier and robust control of hysteresis behaviour. It should be noted that both concentrated plasticity 

(CP) and distributed plasticity (DP) numerical models are, by definition, suitable for reliability analysis. 
For this study, the DP model was chosen only because of engineering comprehension and the easier 

understanding of RVs and their associated coefficients of variation (COV). The nonlinearities in the CP 

model are defined based on the moment–rotation relationship (M–θ), which may be less understandable 
for practitioners, especially due to the lack of knowledge about the dispersion of these parameters at the 

yielding limit and ultimate bearing capacity. The nonlinearities in the DP model are defined by fibre 

sections, which have implemented uniaxial material behaviour parameters, based on which RVs are 

defined. All variables in the DP model are engineer understandable, and the dispersion of these 

parameters is well documented in the literature.  

BeamWithHinges element was used for modelling columns and beams, which considers force-based 

distributed plasticity over specified plastic hinge lengths near the element ends. Two-point Gauss–
Lobatto integration rule was used over the hinge regions, where the bending moments were largest, 

which gave the desired level of element integration accuracy [23,24]. The basic uniaxial material 

models were attributed to fibre cross sections to keep the model as simple as possible, but also due to 
certain limitations in the OpenSees program’s sensitivity module at the time of the study. These uniaxial 

materials are Concrete01 (Kent–Scott–Park) for concrete and Steel01 (Bi-linear) for reinforcing steel. 

It should be emphasised that the initial modulus of elasticity of concrete directly depends on the peak 

strength and the associated deformation, expressed as Ec = 2·fc1C/εc1C. Fracture energy in compression 
for the Kent–Scott–Park concrete model can be expressed as Gf

c/Lp = 0.6·fc1C (ε20,C1C – εc1C + 

(0.8·fc1C)/Ec). Additional introduced model parameters for the Kent–Scott–Park concrete model are 

elastic modulus, Ec, strain corresponding to 20% of the compressive strength, ε20,C1C. The parameter Gf
c 

is the concrete fracture energy in compression (plain concrete crushing energy), which often serves for 

material regularisation and Lp is the plastic hinge length, which acts as the characteristic length for the 

purpose of providing an objective response.  

 

Figure 3. Distributed plasticity numerical model configuration scheme for reliability analysis 
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The plastic hinge length was specified using an empirically validated relationship, such as the [18] 
equation for reinforced concrete members Lp = 0.08·L + 0.022·fy·db [kN, mm], where L is the length of 

the member and fy and db are yield strength and diameter, respectively, of the longitudinal reinforcing 

bars. The advantage of this approach is that the plastic hinge length includes the effect of strain softening 
and localisation as determined by experiments. Finally, the plastic hinge length was adopted as 150 mm 

for columns and beam. Since the parameters Ec and Gf
c are directly related to fc1C and εc1C, they are not 

further considered RVs, as defined below. The confinement factor for columns and beams was adopted 

as a rounded value of 1.15, for a given cross-sectional configuration and transverse reinforcement 
spacing (which is closed at 135 degrees). The corotational geometric transformation was also applied 

in the DP model to consider the second-order effects [19–22]. The beam–column joints were considered 

rigid, as well as the base of the columns with a foundation. Detailed information on the parameters and 

settings for reliability analysis are given below. 

   
Figure 4. Comparison of hysteresis curve with pushover curve for distributed plasticity model (DP), with 

corresponding drift limit and horizontal load level at reinforcement yielding. 

4. Reliability Analysis Results 

The calibrated numerical model shown was upgraded with defined RVs of normal (N) and log-normal 

(LN) distributions and defined parameters associated with RVs. It should be emphasised that the 

numerical model was adapted to the extent that its elements or sections were defined as fibre sections, 
therefore not defined by springs, whose characteristics were also derived from the fibre cross-sectional 

analysis. This was an easier understanding of RVs and their associated parameters. As RVs, we wanted 

to define the parameters of material characteristics, cross-sectional geometry, depth of the concrete 
cover, etc. compared to the parameters of the concentrated plasticity or the pair of the moment–rotations 

(which is not a limit, but an intuitive approach has been adopted). The definition of RVs primarily refers 

to parameters of material properties of concrete and reinforcing steel and then the geometrical 

characteristics of the cross-section and the width and height of the RC frame. The mean values of all 
RVs were obtained from the experiments and calibrations, while their coefficients of variation (COV) 

were obtained partly from experimental material testing by comparing available literature (Table 1). 

To present the possibilities of reliability analysis by FEM, a correlation between individual parameters 
or RVs was introduced. For example, a correlation was introduced between the yielding strength and 

the modulus of elasticity of reinforcing steel as 60% correlation, as obtained from the literature 

[25,29,30]. A complete correlation was found between the peak compressive strength of concrete for 
the concrete cover and core (i.e., unconfined and confined concrete section) and for the associated 

deformation, as 100% [25]. Thus, the importance of some RVs for the LSF could be ranked according 

to two parameters: α and γ (Importance vectors). Thus, the importance vector α does not consider the 

correlation between RVs, while the importance vector γ considers the defined correlation. In Table 1, 
the symbols of the parameters show the reinforcing steel yield strength (fy), the elasticity modulus of 

the reinforcing steel (Es), the compressive strength of the confined concrete core with corresponding 
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deformation (fc1C, εc1C), the compressive strength of the unconfined concrete with corresponding 
deformation (fc1U, εc1U), the confined concrete crushing strength with corresponding deformation (fc2C, 

εc2C), the unconfined concrete crushing strength with corresponding deformation (fc2U, εc2U), the vertical 

load per column (Fv), the length of the columns and beam (Lcolumn, Lbeam), the depth of the concrete cover 
for both columns and beams (ccover), the cross section depth of the columns and beam (Hcolumn, Hbeam) and 

plastic hinge length for both columns and beam (Lp). 

 

Table 1. Summary of RVs with their mean values (μi), standard deviations (σi) and coefficients of 
variation (COV). 

 
RVi  Param. Mean, μi St. Dev., σi COV Units Distr. References for COV 

101 fy 550 44 0.08 [MPa] LN Exp. + [9–11] 

102 Es 210 000 12 600 0.06 [MPa] LN Exp. + [8,9,12] 

103 fc1C –57.5 –8.63 0.15 [MPa] N Exp. + [9,13–16] 

104 εc1C –0.005 –0.0008 0.15 [–] N Exp. + [9,13–17] 

105 fc1U –50 –7.5 0.15 [MPa] N Exp. + [9,12,15,16] 

106 εc1U –0.002 –0.0003 0.15 [–] N Exp. + [9,13,17] 
107 fc2C –11.5 –2.3 0.20 [MPa] N Exp. + [9,13–16] 

108 εc2C –0.0085 –0.0017 0.20 [–] N Exp. + [9,13–17] 

109 fc2U –10 –2 0.20 [MPa] N Exp. + [9,13,15,16] 

110 εc2U –0.0035 –0.0007 0.20 [–] N Exp. + [9,13,17] 

111 Fv 365 36.5 0.10 [kN] N Exp. + [11,14] 

112 Lcolumn 1400 – 0.01 [mm] N [9,14,18] 

113 ccover 15 – 0.25 [mm] N [9,14,18] 

114 Hcolumn 200 – 0.05 [mm] N [9,14,18] 

115 Hbeam 200 – 0.05 [mm] N [9,14,18] 

116 Lbeam 2000 – 0.01 [mm] N [9,14,18] 

117 Lp 15 – 0.10 [mm] N [9,14,18] 

 

Material and geometric nonlinear parameters, formulation of boundary conditions, static indeterminacy, 

and several DOF are already defined within the numerical model, so the evaluation of RVs and the 
implicit LSF for the calculation of structural responses is more straightforward regarding defining 

explicit LSF. Figure 4 (right) shows the pushover curve of a fibre-based numeric model regarding the 

cyclic response of the experiment. In the exact figure, the IDR limit is defined for the ultimate LSF. In 

addition, the constant horizontal load value of 150 kN was adopted, which for this deterministic model 
is the amount of horizontal load at which the yielding strength is exceeded of reinforcing steel, after 

which the RC frame progressively loses its horizontal load bearing capacity. Thus, the limit state of the 

displacement is limited to 14 mm or 1.0% IDR. 

The aim of all reliability analyses is to verify their comparability and applicability; thus, for Monte 

Carlo simulation (MCS), we expect the probability of pf for a reasonable number of simulations (NMCS 

≥ 105) close to FORM and SORM analyses. The SORM method improves the assessment given by 

FORM by including information about the curvature, approximating the nonlinear LSF (related to the 
second-order derivatives of the LSF with respect to the basic variables), while FORM approach 

approximates the LSF with a linear function. 

 
4.1. MVFOSM, FORM, and SORM Analyses 

 

Table 2 shows the difference in the order of importance vectors with and without a defined correlation. 
The values of Xi

* show the values of individual parameters for the same horizontal load of 150 kN 

reaching exactly the Design Point response, defined by the LSF and in this case was 14 mm or 1.0% of 

IDR. The pushover curves with the mean values of all parameters, and the design point values, are 

shown below for all MCS. The values of Xi
* can also optimise the system in such a way that the iterative 

procedure monitors the mean value difference μi regarding design point values Xi
*, thereby rationalising 
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specific cross-section dimensions, frame geometry or mechanical properties of the material (reliability-
based design optimisation). It is important to emphasise that the list of parameters of RV, ranked by the 

importance vectors, is certainly sensitive to specific implicit LSF, i.e., the order of importance vectors 

does not apply to any other pre-defined LSF, which is visible from the Tornado Diagram Analysis 
(TDA). In addition, most design solutions will remain in the linear range of behaviour throughout their 

lifetime, where the optimisation of such linear systems would be even more straightforward, and there 

would be no significant between individual LSFs regarding the importance of some RVs if the structure 

behaves linearly. Correlation affects not only the parameters it relates but also all the parameters with 
which they interact within a numerical model. 

 

Table 2. The rank of RVs and parameters by importance vectors, obtained from the FORM analysis, 
according to the γi vector, i.e., considering the correlation between the defined RVs for the LSF g(x) = 

14.0 – u3.  

 
RVi Param. Units Mean, μi Design Point, Xi

* Importance, γi Importance, αi 

103 fc1C [MPa] –5.750 · 101 –3.789 · 101 0.460179 –0.714091 

114 Hcolumn [mm] 2.500 · 102 2.322 · 102 –0.449068 –0.374476 

104 fc1U [MPa] –5.000 · 101 –3.296 · 101 0.400155 –0.047072 

116 Lbeam [mm] 2.000 · 103 2.023 · 103 0.346749 0.289152 
101 fy [MPa] 5.500 · 102 5.092 · 102 –0.336795 –0.324799 

113 ccover [mm] 1.500 · 101 1.733 · 101 0.245127 0.204410 

115 Hbeam [mm] 2.000 · 102 1.922 · 102 –0.220742 –0.184076 

109 εc2C [–] –8.500 · 10–3 –8.500 · 10–3 0.214387 –0.251653 

111 Fv [mm] –3.650 · 105 –3.420 · 105 0.116115 –0.096828 

112 Lcolumn [mm] 1.400 · 103 1.405 · 103 0.092027 0.076741 

110 εc2U [–] –3.500 · 10–3 –3.500 · 10–3 0.088277 –0.010384 

102 Es [MPa] 2.100 · 105 1.992 · 105 –0.087742 –0.058500 

107 fc2C [MPa] –1.150 · 101 –1.150 · 101 0.015339 –0.023803 

108 fc2U [MPa] –1.000 · 101 –1.000 · 101 0.013338 –0.001569 

105 εc1C [–] –3.500 · 10–3 –4.001 · 10–3 0.008499 –0.011096 
117 Lp [mm] 1.500 · 102 1.507 · 102 0.007419 0.006187 

106 εc1U [–] –2.000 · 10–3 –2.286 · 10–3 0.004856 –0.000571 

 

At the cross-sectional level, maximum compressive strength of the confined and unconfined concrete, 

fc1C and fc1U, the total height of the beam and columns cross-section, Hcolumn and Hbeam, the depth of the 
concrete cover for both columns and beams affecting the effective height of the cross sections, ccover and 

yield strength of reinforcing steel, fy were the most sensitive parameters for the main LSF, considering 

the correlation between the parameters. Since the characteristics of reinforcing steel affect the behaviour 
of the confined concrete, the parameter fc1C became the most important parameter for the LSF g(x) = 

1.0%·Lcolumn – u3.  

SORM analysis was also performed in two ways: by adopting the First Principal Curvature, SORM-FP, 

and by applying Curvature Fitting by combining 10 curvatures for a better approximation of the SORM-
CF reliability index. The difference in the reliability index of βFORM and βSORM–CF was only 0.13%, thus, 

the probability of the limit state exceeds pf,FORM = 0.079% or pf,SORM-CF = 0.078%. 

In Table 3, the reliability indexes for MVFOSM, FORM, SORM-FP and SORM-CF were compared 
for the 14 mm, 10 mm, and 6 mm horizontal displacements as LSF. During these analyses, it was 

concluded that the ranks of important parameters based on αi and γi vectors were not the same for all 

three LSF, which is common for nonlinear systems since not all parameters equally affect the 
predominantly linear and nonlinear part of the model response. Based on these conclusions, a tornado 

diagram is constructed [32,41–43], by applying displacement control as deterministic sensitivity. 

It is worth mentioning that the values of the reliability index, β in Table 4 for FORM and SORM 

analysis, are less than the guidelines for Eurocode 0 for residential and office buildings. 
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Table 3. Comparison of the reliability indexes (and their probabilities) for MVFOSM, FORM, SORM-
FP and SORM-CF analysis for three different LSFs.  

 

Analiza Indeks pouzdanosti, β 
LSF #1, 

DH = 14 mm 

LSF #2, 

DH = 10 mm 

LSF #3, 

DH = 6 mm 

MVFOSM βMVFOSM (pf,MVFOSM) 4.816 (7.338·10−4) 2.511 (6.028·10−3) 0.205 (4.186·10−1) 

FORM βFORM (pf,FORM) 3.161 (7.868·10−4) 2.304 (1.062·10−2) 0.318 (3.751·10−1) 

SORM–FP βSORM–FP (pf,SORM–FP) 3.161 (7.868·10−4) 2.304 (1.062·10−2) 0.318 (3.751·10−1) 

SORM–CF βSORM–CF (pf,SORM–CF) 3.165 (7.752·10−4) 2.310 (1.045·10−2) 0.321 (3.741·10−1) 

 

According to Eurocode 0 [44], the recommended minimum value for the reliability index, β (ultimate 

limit states) for Consequences Class 2 (CC2), that is Reliability Class 2 (RC2) and 50 years reference 

period is βEC0,RC2 = 3.8 or pf  ≈ 7.2·10 5. 
 

4.2. Monte Carlo Simulations 

 
The results of the Monte Carlo analysis (conventional brute-force Monte Carlo) for the 10,000 

simulations are presented below, carrying out a nonlinear analysis with Load Control (LC) of 150 kN 

in 40 steps per 5 kN (Figure 7). Figure 7 shows values of log-normal (LN) mean (βLN) and standard 

deviations (θLN), and the diagrams are normalised based on horizontal force. The difference between 
the red and blue pushover curves should be noted. The red pushover curve was derived using the 

arithmetic mean values of all RV parameters.  

 

Table 4. Comparison of the number of Monte Carlo Simulation (MCS-LC), together with the FORM 

analysis, on the exceedance probability of an LSF.  

 
Total MCS, 

NMCS 

LSF #1, 

DH = 14 mm, pf,MCS 

LSF #2, 

DH = 10 mm, pf,MCS 

LSF #3, 

DH = 6 mm, pf,MCS 

Running Time 

MCS (h:m:s) 

1 000 (103) 0.0008 0.0048 0.3288 0:00:04 

10 000 (104) 0.0006 0.0064 0.3077 0:00:39 
100 000 (105) 0.0008 0.0068 0.3058 0:06:23 

500 000 0.0008 0.0072 0.3024 0:35:20 

pf,MVFOSM 0.0000 0.0060 0.4186 0:00:01 

pf,FORM 0.0008 0.0106 0.3751 0:00:03 

pf,SORM–FP 0.0008 0.0106 0.3751 0:00:06 

pf,SORM–CF 0.0008 0.0105 0.3741 0:00:19 
 

 

  
Figure 5. Illustration of MCS, for NMCS = 104 simulations, load control MCS-LC (left) and 

displacement control MCS-DC (right)  
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The blue pushover curve was based on the RV parameters obtained by FORM analysis (Xi
* values based 

on the Design Point) regarding the default LSF g(x) = 1.0%·Lcolumn – u3. As a by-product, FORM 

analysis provided importance measures (αi and γi vectors in Tables 2 and 3) to rank the uncertain 

parameters according to their relative influence on the structural reliability index, β. Based on these 
importance vectors, FORM optimised the values of all RVs (Xi

*values), in which combination exactly 

reached the Design Point (DP) or Most Probable Point (MPP). Thus, the difference between red and 

blue pushover curves is necessary and presents a useful product of the FORM analysis. 

The tornado diagrams (Figure 6) were also constructed by applying the displacement control (DC) 
pushover analysis for deterministic sensitivity, which has become commonplace in reliability analysis 

of the field of earthquake engineering [31,32,41–43,47,48]. The TDA is a first-order sensitivity 

analysis. It comprises a set of horizontal bars, one for each input RV, whose lengths represent the 
variation of the EDP due to each considered input RV. The diagram is intuitive to read, and it helps the 

analyst identify which parameters to focus on. Each input variable is set to its median value (50th 

percentile), and the output is measured, establishing in this way a baseline output. One by one, each 

input parameter is fixed to both high and low extreme values of their probability distributions (generally 
corresponding to the 16th and 84th percentile, especially if the input distributions are different). The 

input parameters are ranked according to their absolute response difference (also called “swing”) so 

that the larger swing belongs to the variable producing the most significant uncertainty [43]. Repeated 
analyses observe the difference in the model response; in this case, the horizontal bearing capacity was 

represented in the percentage of response difference regarding the median pushover curve. 
 

 
 

Figure 6. Tornado diagrams for three LSFs, showing the contribution of individual variables to 

horizontal bearing capacity, for IDR = 0.4% (left) and IDR = 1.0% (right)  

 
Figure 7 shows the sensitivity of individual RV in the form of a standard deviation relative to the 

horizontal displacement, DH. It is interesting to see when specific parameters were activated with their 

contribution to the system’s bearing capacity. Notice the parameter fy at a horizontal displacement of 6 
mm (0.43% IDR). Almost the same trend had the crushing concrete parameters fc2C, fc2U, εc2C, εc2U. It is 

interesting that almost none of the parameters related to the properties of concrete had a linear median 

curve due to significant softening effects. The following limits are also shown in Figure 7: the maximum 
reached compressive strength limit of the unconfined concrete, fc1U and εc1U, the reinforcement yield 

strength limit, fy, and the limit as the beginning of concrete crushing, fc2C, fc2U, εc2C and εc2U. 
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Figure 7. Overview of the sensitivity of individual RV on the nonlinear response of the RC frame 

(MCS-DC)  

 

In the predominant linear range of system behaviour (0.4% IDR), the effect of significant parameters 

responsible for influencing the initial stiffness of the system, such as Hcolumn, Hbeam, fc1U, εc1U, Es, FV, 
Lcolumn and ccover is visible. Parameters of crushed confined concrete did not contribute to any of the LSFs 

shown. For 0.4% IDR, the parameter fy did not affect the system’s bearing capacity, as expected, while 

for 1% IDR it was the main significant parameter affecting the system’s capacity. In the linear range, it 

is evident that the geometrical characteristics of the cross sections were the main contributors to the 
system’s bearing capacity (Hcolumn and Hbeam) and the stiffness of constituent materials expressed as 

elastic modulus (Es and Ec defined as Ec = 2 · fc1C/U/εc1C/U). 
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5. Conclusions 

 

This paper describes the reliability analyses of the RC frame by the FEM. The numerical model was 

based on and calibrated based on experimental testing of the single-bay single-storey planar RC frame 
at a scale of 1:2.5. The numerical model is shown in two variants, the nonlinear elements of which are 

defined by rotational springs (concentrated plasticity), and by the uniaxial fibre cross sections 

(distributed plasticity). The calibration of the numerical model was based on the cyclic hysteretic 

response of the frame, while the reliability analyses were based only on the pushover bearing curve 
obtained by pushing the frame monotonously and unilaterally. 

The ability to apply reliability analysis on a completely nonlinear numerical model using FEM and the 

comparability of MVFOSM, FORM, SORM-FP and SORM-CF methods with MCS is what makes this 
study innovative. The MVFOSM analysis overestimated the reliability index βMVFOSM by up to 52% 

compared to the FORM and SORM analyses that have proven comparable to the MCS. The FORM 

analysis gives insight into the importance of some parameters through the importance vectors without 

considering correlation (αi) and considering correlation (γi). The SORM analysis with respect to the 
FORM analysis gave a smaller difference in the reliability index of the individual LSF, and that order 

was 0.13%, which is negligible. MCS gave accurate exceedance probabilities (pf) of LSF for the number 

of simulations greater than NMCS ≥ 105, whereas this required number of simulations is expected to be 
significantly reduced by using sophisticated sampling techniques such as LHS. Significant parameters 

for the main LSF that is g(x) = 1.0% – u3 (horizontal statistics), based on the importance vectors γi, are: 

fc1C peak compression strength of the confined concrete (core), Hcolumn total depth of the column cross-
section, fc1U peak compression strength of the unconfined concrete (cover), Lbeam beam length, fy tensile 

yield strength of reinforcing steel, and ccover depth of the concrete cover directly affecting the effective 

cross-sectional depth.  

As shown in Table 2, it is interesting that the beam length, Lbeam, and thus the frame span, was the fourth 
most significant parameter, showing the importance of imperfections in the frame’s geometry, even 

with the low COV of 1%. In addition, parameters Hcolumn, Hbeam and ccover were the main and leading 

geometric parameters that control the frame response to the targeted design point. These results indicate 
the high influence of geometrical imperfections on the reliability of the RC structure. It was also noted 

that the depth of the concrete cover ranked high in importance, which is not surprising since its COV 

was 25% due to uncertainty in the construction of such structures. This finding may justify further 
investigation of the dispersion in the amount of cover in RC structures. The importance ranking of 

geometrical imperfections relative to other structural parameters indicated a significant influence of 

uncertain geometrical parameters on reliability assessments, even when the dispersion in the probability 

distribution is small. 
These analyses can be used to minimise the total volume or the total expected cost of the structure 

subject to structural reliability constraints, to maximise the structural security subject to a given 

structural cost or simply to achieve a target structural reliability. This approach is particularly suitable 
for the possible implementation of geometric and material nonlinearities, the implementation of static 

and dynamic analysis, the simple coverage of aleatory (data-based) variability and epistemic 

(knowledge-based) uncertainty in terms of material and geometric characteristics, and earthquake time 

history records in the case of dynamic analysis. It is also possible to optimise significant Design Point-
based parameters and define multiple LSFs during the same analysis, which can be based on local or 

global system responses, following internal forces and displacements or deformations. As a guideline 

for future researchers, for similar construction systems, it is enough to conduct FORM analysis, where 
importance vectors are available, while, for greater flexibility and especially parametric studies in 

earthquake engineering, we prefer the use of MCS. MVFOSM proved to be very proximate and as such 

incorrect for the nonlinear model response, while the two SORM variants did not contribute much to 
the accuracy of the reliability index. 
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Abstract 

Experience from previous earthquakes have shown that wall structural systems experience less damage during 

earthquake compared to frame systems. Wall systems for functional and architectural reasons frequently have 

openings (windows, doors, elevators, esc.). Wall systems with regularly distributed openings represent efficient 

system for resisting earthquake loads. Coupling beams connecting the walls, if designed and detailed properly, 

increase seismic resistance of the building by distribution of inelastic deformations both vertically and in plan. 

Eurocode 8 introduced set of rules for design and detailing of coupled walls and coupling beams. 

In order to access performance of coupled walls and beams designed in accordance with EC8, linear and 

nonlinear analysis of 11 story building was performed. Linear elastic modelling was done using software for 

linear analysis. The walls and coupling beams were designed and detailed in accordance with the provisions of 

Eurocode 8, part 1. Nonlinear model and assessment of inelastic response was conducted using Perform 3d CSI 

software for nonlinear analysis. For the modelling of coupled walls, wall section with fibers is used. The 

confined constitutive relationship is used for concrete edge elements, and unconfined relationship for concrete 

for the rest part. The reinforcement constitutive model was defined with bi-linear curve. Coupling beams are 

modelled using frame elements with shear hinge elements. Deformation capacities of elements was defined in 

accordance with EC8 provisions. Considering that EC8 doesn’t provide provisions for deformation capacities of 

diagonally reinforced coupling beams, deformation capacities for these elements is defined in accordance with 

the provisions of ASCE 41-06 standard. Static nonlinear analysis  is performed in accordance with EC8 
provisions and deformation capacities of wall elements and coupling beams checked in accordance with the 

provisions EC8 part 1 and part 3, where applicable. Characteristic results are presented on the end of paper, with 

conclusions and recommendations. 

Keywords: coupler walls, coupling beams, diagonal reinforcement, pushover analysis, shear hinge 

1. Introduction 

Coupled walls are shear walls intermittently connected with beams (coupling beams) along the height. 

Shear walls are designed to allow dissipative inelastic behaviour at the base of the walls. By 

connecting shear walls with beams, dissipative behaviour can also be enabled in the locations of 
coupling beams along the height of structure. The proportions of walls and stiffness of coupling 

beams determine the response of the coupled walls. 

The difference in behaviour of shear and coupled walls can be explained by comparing the shear 
forces in base of the walls (Fig. 1). It can be noted that in addition to bending moments, additional 

axial forces are registered in coupled walls which are result of shear forces in the coupling beams. For 

the same external loads the forces at the base of coupled walls must be in equilibrium with the 

moment in equivalent shear wall as shown in equation below. 

     (1) 

The ratio between moment T·L of the coupled wall and moment M for the wall without openings, 

indicates the impact of the coupling beams on the coupling wall response. The contribution of strong 
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coupling beams to the seismic response of coupled wall is significant because the above mentioned 
ratio is larger. 

 

 

Figure 1. Comparison of internal forces at the base of different type of walls 

2. Definition and provisions for coupled walls in accordance with EC8 

In accordance with EC8 [1], coupled wall is structural element composed of two or more single walls, 

connected in a regular pattern by adequately ductile beams ("coupling beams"), able to reduce by at 

least 25% the sum of the base bending moments of the individual walls if working separately. 

EC 8 prescribes capacity design provisions for the design of coupling walls and beams. The coupling 

beams can be designed with the same provisions as conventional beams when cracking in both 
directions in unlikely to happen (verified by formula 5.48 in EC8 [1]), and prevailing flexural mode of 

failure is ensured with the acceptable application rule is: 

                                (2) 

If neither of the conditions are met, the resistance to seismic actions should be provided by 

reinforcement ensured along both diagonals of the beam. When this type of detailing is applied the 
inelastic behaviour of beam is expected along the entire length of the beam and whole beam is plastic 

region for dissipation of energy. Considering that beams is subjected on large shear forces, diagonally 

reinforced beams behave like a truss, no protection from shear failure is needed. Redistribution of 

seismic effects between coupling beams of different floors up to 20% is allowed, provided that the 
seismic axial force at the base of each individual wall (the resultant of the shear forces in the coupling 

beams) is not affected. Formula for calculating the required amount of reinforcement in diagonal 

columns according to EC8 [1] is given in following expression: 

      (3)

  

          
Edν  is the design shear force in the coupling element ( lM Ed /2νEd = ); 

sjA  is the total area of steel bars in each diagonal direction; 

   is the angle between the diagonal bars and the axis of the beam. 
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3. Modelling and building data for linear analysis 

Analysis of coupled walls system was performed on the example building with 11 storeys. The layout 

of building is rectangular with dimensions 30x30 m. Ground floor height is 4.0 m, and for other 
storeys is 3.2m. The structure has reinforced concrete slab with thickness d = 16 cm. The beams are 

with dimensions b/d = 30/60 cm, columns have square cross section dimensions b/d = 60/60 cm and 

coupling beams are with dimensions b/d = 30/100 cm. All shear walls and have the same thickness of 

d=30cm. Characteristic layout of structure and characteristic frame are given on Fig. 2 and Fig. 3.  

 

Figure 2. Characteristic layout of structure 

       

Figure 3. Characteristic cross section in axes A 

Linear model was prepared in software for linear analysis. Geometric characteristics of elements and 
material properties are adopted in accordance with European regulations. Columns and beams are 

modelled as prismatic 3D beam elements and shear walls as shell elements. Stiffness properties are 

taken as one-half of the corresponding stiffness of the un-cracked elements including the coupling 

beams. It is noted that most of modern regulations give particular formulas for stiffness properties of 
coupling beams considering that the level of stiffness degradation of coupling beams is higher than on 

other elements [2]. For the adopted return period for the reference earthquake of 475 years, the peak 

ground acceleration . The ground type at the structure location is A. The structure is 

designed for high ductility class DCM. The structure is classified as coupled walls structure with 

behaviour factor .  
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Lateral force analysis was performed in accordance with EC8 [1]. Total mass of structure was 

obtained from software with value 9597,92 ton and total seismic force . 

2.1 Dimensioning of coupled walls 

The dimension of considered coupled wall is given in the Fig. 4. 

 

Figure 4. Characteristic cross section of coupled wall 

In accordance with EC8 [1], the control was performed if coupling beams reduce by at least 25% the 

sum of the base bending moments of the individual walls if working separately.  

Total base moments obtained with lateral force method for coupled walls and uncoupled walls are 

given below: 

Coupled walls:  

Un-coupled walls:  

The difference is 45%, which satisfies criterion for the walls to be treated as coupled. 

During the action of strong earthquakes in (selected) critical regions, significant non-linear 

deformations should be allowed to occur (in the case of shear walls, this is zone in the base of the 

wall. It is possible, even desirable, for the cross-sectional forces-moments and shear force to be  

redistribute between the walls in order to obtain better utilization and more uniform stressing of 

the elements. It is also possible to perform redistribution of forces in coupled walls including 

axial forces that are result of seismic loads. In wall no.1 there is an axial tensile force that reduces 

the bending capacity of the wall and increases edge longitudinal reinforcement, while in wall 2 

there is an axial compressive force with the opposite effect. For this reason, it makes sense to 

redistribute part of the moment M1 and entrust it to wall no.2, which will result in equalizing the 

load capacity and amount of reinforcement in both walls.  

It is recommended that the percentage of redistribution does not exceed 30% according to EC8 

[1], so that crack openings and damage during the impact of earthquakes of minor and medium 

intensity remain within acceptable limits. EC8 [1] (5.4.2.4 (2)) provides a procedure for 

redistribution the effects is walls, with condition that the total required bearing capacity is not 

reduced. The shear forces are redistributed together with the bending moments, in such a way that 

it does not have a significant impact on the relationship between bending moments and transverse 

forces in individual walls. In walls subjected to large fluctuations of axial force, as e.g. in coupled 

walls, moments and shears should be redistributed from the wall(s) which are under low 

compression or under net tension, to those which are under high axial compression. Due to this 

effect, often confinement of whole section of wall has to be performed because of high axial 

forces in critical regions of the coupled walls.  

The adopted reinforcement for the critical region of coupled wall is given on Fig. 5. It is noted 

that the reinforcement is not symmetric on both sides and this is result of axial forces in the walls. 
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Figure 5. Reinforcement of coupled wall in the critical region 

2.2 Dimensioning of coupling beams 

In EC8, there are rules for reinforcing coupling beams as primary structural elements. Coupling 

beams act as high beams with shear forces as dominant load. According to EC8 [1], coupling beams 

are usually reinforced with diagonal reinforcement in the form of elements that resemble pillars. 
Classic reinforcement of connecting beams is done only if the shear forces are small. Experiments 

have shown that diagonally reinforced coupling beams have significantly better inelastic behaviour 

than classically reinforced.  

Assessment of criterions given in formula 5.48 in EC8 [1] is done and it is noted that coupling beams 

are supposed to be reinforced with diagonal reinforcement. 

Redistribution of seismic effects between coupling beams for different floors up to 20% is performed 

and the results are shown in the table 1. The difference is exceeded only on the last four floors. This 
can be ignored because the coupling beams on the last four floors can be classically reinforced. Also, 

the calculation of seismic forces performed by lateral force method, which doesn’t take effect of 

higher mode effects on seismic response. Considering this redistribution and diagonal reinforcement 

is justified also on higher floors. 

Table 1 – Redistribution of effects in coupling beams 

Storey 
VED 

(kN) 

Required 

reinforcement 

Adopted  

bars 

Reinforcement 

cm2 

Actual 

force 

Difference 

(%) 

11 144 3,12 4ø12 4,52 208,31 -44% 

10 54 1,17 4ø12 4,52 208,31 -285% 

9 131 2,84 4ø12 4,52 208,31 -59% 

8 291 6,31 4ø12 4,52 208,31 29% 

7 439 9,52 4ø18 10,18 469,17 -7% 

6 574 12,45 4ø18 10,18 469,17 18% 

5 701 15,21 6ø18 15,27 703,75 0% 

4 820 17,79 6ø18 15,27 703,75 14% 

3 933 20,24 6ø22 22,81 1051,24 -13% 

2 1036 22,48 6ø22 22,81 1051,24 -1% 

1 1078 23,39 6ø22 22,81 1051,24 3% 
 Σ=6201    Σ=6332,8 2,1% 

The adopted reinforcement in the coupling beams, for the first three floors, is given on Fig. 6.  
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Figure 6. Reinforcement of coupling beam on lower storeys 

4. Nonlinear analysis 

Planar model of coupled wall is created in PERFORM 3d software package [3] (Fig. 7). The floor 
diaphragms were modelled as rigid with the masses lumped at the corresponding centre of gravity. 

The mass is modelled in accordance with the results of linear analysis for combination of dead load 

and 30% of live load.  

4.1 Modelling for nonlinear analysis 

The modelling of coupled walls is performed by modelling wall section with fibers. The confined 

constitutive relationship is used for concrete edge elements, and unconfined relationship for concrete 

for the rest part. The reinforcement constitutive model was defined with bi-linear curve.  

The coupling beams are modelled using frame elements with shear hinge.  

 

Figure 7. Reinforcement of coupling beam on lower storeys 
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Main location for dissipation of seismic energy is in the base of the wall. Nonlinear behaviour in the 
base of the wall is gained by yielding of vertical reinforcement on the edges of the walls. Modelling of 

wall elements is done  with Shear Wall elements consisting of number of fiber elements 

(reinforcement, confined and unconfined concrete). For analysed coupled wall, 10 characteristic cross 
sections were defined in accordance with adopted reinforcement from linear analysis. Fiber section of 

wall is consisted from two components. First component includes concrete (confined and unconfined) 

and reinforcement of edge elements. Second component includes shear reinforcement. Length of 

plastic hinge is defined in accordance with the provisions of EC8, part 3 [4]. The rotation is controlled 

with Rotation Gage elements. 

4.2 Modelling of coupling beams 

In PERFORM [3], coupling beams for shear walls can be modelled using Frame elements or Wall 
elements in accordance with the guidelines from CSI [5]. Considering dimensions of coupling beams 

b/d=30/100 and the length of 120cm, the coupling beams can be considered moderately deep. In 

accordance with model with frame elements was adopted.  

 

Figure 8. Schematic representation of nonlinear model of coupling wall on first floor 

Moderately deep coupling beams were modelled using Frame elements, as shown in Fig. 8. The 
coupling beam was modelled with shear hinges because the shear behaviour governs and the coupling 

beams are diagonally reinforced. The coupling beam compound component consists of two elastic 

beam segments and a rigid-plastic shear hinge. The coupling beam element must be connected to the 
piers by "imbedded" beam elements. If this is not done, the coupling beam will be effectively pin-

connected to the wall. These beams should be stiff enough in bending to provide a stiff connection to 

the piers and have negligible axial stiffness to avoid stiffening the piers. Bending in the coupling 

beam is transferred to the piers by these vertical beams (as a tension-compression couple). 

4.3 Deformation capacities and limit states 

Length of plastic hinge and rotation capacity is calculated in accordance with EC8 part 3 provisions. 

The calculated length of plastic hinge is , and the rotation capacity is 0.09 rad. 

In EC8, the deformation capacity of coupling beams is not defined, so the deformation capacities were 
taken from the American regulations, ASCE 41 [5], for diagonally reinforced coupling beams. For 

Collapse Prevention, the level of object damage plastic shear rotation (shear dilation) is 0.03 radians. 

For the beam span of 120cm displacement across the shear hinge is 3.6cm. 
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Following deformation limit states are defined: 

o Bending rotation in shear walls was checked with rotation gages for the location within 

plastic hinge and outside – Check was performed in accordance with no-collapse 
requirement defined in EC8-part 1; 

o Coupling beam shear deformation. This covers the shear hinges in all coupling beam 

elements in accordance with no-collapse requirement defined in EC8-part 1 ; 

o Tension strain, hinge region, 1%. This covers tension strain in all strain gages in the hinge 

regions. The D/C ratio for any gage is the tension strain in percent. This is mainly for 

interest, but also checks that the steel strains are not excessive. 

o Compression strain, hinge, crushing. This covers compression strain in walls hinge 

regions. This checks that there is no significant concrete crushing in the hinge regions. 

o Tension strain-This covers tension strain in all strain gages above the bottom story. This 

checks that there is no significant hinging outside the hinge regions; 

o Compression strain, upper stories, crushing. This covers compression strain in all strain 

gages above the bottom story. This checks that there is no significant concrete crushing 
outside the hinge regions. 

Following strength limit states are defined: 

o Shear force capacity for walls in accordance with the no-collapse requirement defined in 

EC8-part 1 (2004) corresponding to NC. The shear capacity of walls is checked whether 
the elements remain in the elastic range regarding shear during the seismic action; 

4.3 Nonlinear static (PUSHOVER) analysis 

Pushover analysis is a nonlinear static analysis carried out under conditions of constant gravity loads 

and monotonically increasing horizontal loads in accordance with N2 method [6] from EC8.  

 

Figure 9. Total base shear force F with a) modal pattern; b) uniform pattern of forces. 

According to EC8 at least two vertical distributions of the lateral loads should be applied. After 

obtaining the results, the most unfavourable results obtained by these two analyses are used in the 

design. For this case study, vertical distribution was done with "modal" and uniform pattern.  The 
relation between base shear force and the control displacement (the "capacity curve") was determined 

for values of the control displacement ranging between zero and the value corresponding to 150 % of 

the target displacement and presented on the Fig. 9a and Fig. 9b.  
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5. Results 

In the Fig. 10a and Fig. 10b presents plastic deformations at the target displacement and displacement 

when plastic mechanism is formed for the modal load distribution. From the figure it can be seen that 
preferred mechanism of plastic deformations was formed. At lower intensities of horizontal forces, 

plastic deformations occurred in the coupling beams, and with the increase of forces, plastic 

mechanisms are additionally formed at the base of the walls. 

 

Figure 10. Plastic deformation at the a) target displacement; b) displacement when plastic mechanism is formed 

for the modal load distribution. 

In the Fig. 11a and 11b presents plastic deformations at the target displacement and displacement 

when plastic mechanism is formed for the uniform load distribution. From the figure it can be seen 

that plastic deformations occurred simultaneously in the coupling beams and at the base of the walls. 

From the Fig. 10 and Fig. 11 it can be seen that with the uniform distribution of forces along the 

height of the structure, plastic deformations appear earlier at base of the walls. The subject 

distribution of forces along the building height serves to present the possibility of the appearance of a 
"weak storey" in the structure. From the analysis of this structure it can be concluded that the 

deformation capacity of the coupling beam will be exhausted before deformation capacity plastic 

hinge at the base of wall is exhausted. 

With pushover analysis, it is also possible to check the value of the ratio  given in EC8, which 

directly affects the value of the behaviour factor q. Analogous to the definition given in EC8, Article 

5.2.2.2(4), the values  and   multiplier of horizontal seismic design action at formation of global 

plastic mechanism and at formation of first plastic hinge in the system, respectively. Equation below 

provides value of ratio. 

  (4) 

It can be concluded that the recommended value corresponds to the recommended value in EC8 for 

DCM which is 1.2. The value of the ratio for the structure with non-coupled walls is 1.0, so this 
increase is the ratio is product of additional locations for energy dissipation within the shear plastic 

hinges in coupling beams. 
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Figure 11. Plastic deformation at the a) target displacement; b) displacement when plastic mechanism is formed 

for the uniform load distribution. 

In accordance with the “no collapse” requirement, load bearing capacity of brittle elements and 

deformation capacity dissipative zones (e.g. rotation of plastic joints) should be checked. Brittle 
failure of elements is shear failure of walls. Deformation capacity of plastic hinge rotation at the base 

of the walls and capacity of shear hinge in coupling beams was checked. Results are given in table 2.   

Table 2 – Maximum D/C values for Redistribution of effects in coupling beams 

 D/C ration for 

shear in wall 

D/C ration for 

plastic hinge at the 

base of the wall  

D/C ration for 

shear hinge in 

coupling beam 

Pushover - 
uniform pattern  

0.65 0.64 0.6 

Pushover - modal 

pattern  

0.57 0.62 0.58 

 

6. Conclusions 

Following conclusions and recommendations are obtained from results: 

• Eurocode 8 recognizes coupled walls as a special type of structural elements that, with proper 

calculation and reinforcement details, have excellent ductility capacity. Connected walls 

enable the distribution of inelastic deformations at the base and in height; 

• Dimensioning of coupled walls is done according capacity design method EC8, part 1. 
Redistribution of seismic effects between coupling beams of different floors up to 20% is 

allowed in order to obtain a more uniform reinforcement on the floors. It is possible, even 

desirable, for the cross-sectional forces-moments and shear force to be  redistribute 

between the walls in order to obtain better utilization and more uniform stressing of the 

elements; 

According to EC8, connecting beams are usually reinforced with diagonal reinforcement in 
the form of elements that resemble columns. Classic reinforcement of connecting beams is 

applied only if the shear forces are with lower intensity; 
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• It is noted that most of modern regulations give particular formulas for stiffness properties of 

coupling beams, which is not the case with EC8. Considering that the level of stiffness 
degradation of coupling beams is higher than on other elements this should be defined in next 

version of EC8. 

• There are limited guidelines in EC8 for nonlinear analysis of coupled walls. There are no 

information related to selection of model for coupling beams with diagonal reinforcement and 
connections of coupling beams with coupled walls so the guidelines from ASCE 41 and CSI 

knowledge base were used. Also, EC8 part 3 guidelines for determination of plastic hinge 

length are the same as for uncoupled wall which should be investigated. Considering the 

extensive use of coupled walls the guidelines for nonlinear modelling of coupling beams 
should be provided in next versions of EC8. 

• Results of nonlinear static (pushover) analysis show generally very good behaviour of 

coupled wall designed in accordance with “no collapse” requirement given in EC8. The brittle 

elements remained in elastic region of deformation and elements for dissipation have shown 
that D/C ration is below 1. The critical region at the base of the wall is two storey in 

accordance with the EC8 and it is noted that for subject structure plastic deformations have 

been noted also on the third storey so further investigation is necessary in order to check if 
critical regions should be extended for coupled walls in higher buildings.  

• Value of the ratio  was checked and it can be concluded that the recommended value 

corresponds to the recommended value in EC8 for DCM which is 1.2. The value of the ratio 
for the structure with non-coupled walls is 1.0, so this increase is the ratio is product of 

additional locations for energy dissipation within the shear plastic hinges in coupling beams. 
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Abstract 

Seismic performance evaluation of buildings represents a basis for seismic vulnerability and risk assessment. 

Considering the importance of seismic risk assessment nowadays, as one of the most actual topics in earthquake 

engineering, in this paper, a seismic performance evaluation of an existing RC high-rise building with walls on 

the Montenegrin coast, an area with high seismic risk, is conducted. The aim of the paper is to evaluate the 
performance of this type of buildings built on the Montenegrin coast and thus contribute to their vulnerability 

assessment. Two EN 1998-1 fundamental requirements are examined for seismic performance evaluation: non-

collapse and damage limitation requirements. 

A non-linear 3D building model is defined in the PERFORM 3D software. Modelling is performed by taking into 

account realistic characteristics of used materials, constructed geometry of structural elements and realistic loads. 

Non-linear time history analyses are performed using 112 ground motion records, from which 56 are used for 

evaluation of non-collapse requirement and the other 56 for evaluation of damage limitation requirement. Ground 

motion records were selected and scaled according to EN 1998-1. Peak horizontal ground acceleration of 0.34g 

for ground motions with a return period of 475 years for checking non-collapse requirement is adopted, and 0.15g 

for ground motions with a return period of 95 years for checking damage limitation requirement. Inter-storey drift, 

wall rotations, dilatations in structural elements and shear capacity are the main parameters that are analysed to 

obtain conclusions on acceptable seismic performance. 

Useful conclusions related to the seismic performance of existing RC high-rise buildings of structural systems 

with ductile walls built on the Montenegrin coast are pointed out. 

Keywords: non-linear time history analyses, non-collapse requirement, damage limitation requirement, seismic 

performance, damage state, EN 1998-1 

1. Introduction 

Montenegrin coastline is a seismically active area, with the highest earthquake potential of IX degrees 

on the Mercalli scale. The rapid development of coastal tourism caused the construction of many multi-

storey residential buildings and hotels, which now represent the characteristic urban scenery of that part 
of the country. A very dense built-up urban environment warns of significant seismic risk and 

consequences of seismic hazard. For that reason, it is imperative to assess the seismic performance 

and safety of existing high-rise buildings on the Montenegrin coast, improve vulnerability 

assessment, and reduce seismic risk. 

EN 1998-1 [1] defines two fundamental requirements prescribing acceptable seismic performance 

of the buildings: non-collapse requirement and damage limitation requirement. Performance 

assessment and fulfilment of EN 1998-1 [1] basic requirements can be reliably assessed using non-

linear time history analysis (NTHA). Applying NTHA gives insight into the intensity of damage 

and damage locations, which creates the possibility for qualitative and quantitative damage 

assessment. In the existing literature, there is a large number of papers where NTHA has been used 

to evaluate building's vulnerability. Luco, Bazzuro and Cornell [2] implemented NTHA on case 

study building to assess the damage state and remaining lateral capacity. Aghagholizadeh and 

Massumi [3] examined the behaviour of RC frames using NTHA, where they evaluated damage 

grade and period elongation. Reuland, Lestuzzi and Smith [4] examined the vulnerability of 
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constructions after the main shock for buildings with limited data on previous damages. Orlacchio, 

Baltzopoulos and Iervolino [5] examined the possibility of creating an SDOF model to evaluate 

residual displacements. Trevlopoulos et al. [6] analysed the damage state after the main shock, 

where they simulated the impact of several aftershocks after the damage made by the main shock.  

In this paper, the existing high-rise RC building (Fig. 1a) built in Budva, part of the Montenegrin 

coastline with high seismic risk, is selected as a case study. Construction of the building took place 

in the 2010-2015 period, and the design was done according to EN 1992-1-1 [7] and EN 1998-1 

[1] provisions. 

Performance assessment of case study building and fulfilment of the basic requirements prescribed 

in EN 1998-1 [1] was obtained using NTHA on 3D non-linear building model. CSI PERFORM 3D 

software was used for non-linear modelling. One hundred twelve ground motion time histories 

were used for NTHA, 56 for the evaluation of non-collapse requirement and the other 56 for the 

damage limitation requirement. Ground motion time histories have been scaled according to EN 

1998-1, to peak horizontal acceleration of 0.34g for earthquakes with a return period of 475 years 

and 0.15g for earthquakes with a return period of 95 years, appropriate for the Budva’s location. 

Inter-storey drifts, dilatations in structural elements, wall rotations and shear strength have been 

the main parameters for seismic performance evaluation.  

2. Basic information on case-study building 

The building consists of 19 storeys, i.e., two underground garage storeys, a basement, ground level, a 
mezzanine, thirteen residential floors and a roof. MEST EN 1998-1 [8] provides that in the location of 

Budva, earthquakes with a return period of 475 years have a peak horizontal acceleration of 0.34g, 

while earthquakes with a return period of 95 years have a peak horizontal acceleration of 0.15g. The 
height of the building is 55.9m, out of which 13.4m is below ground level. Non-structural walls are 

made out of bricks and gypsum boards. Plans of the characteristic floor below and above ground level 

are shown in Fig. 1b and Fig. 1c. The thicknesses of the designed walls are 20cm, 25cm, 30cm and 

40cm. Structural elements are founded in the foundation slab, which thickness is 120cm. Frames have 
negligible stiffness compared to walls, which makes the structural system of the building a system with 

ductile walls. The ductility class is medium (DCM). All slabs have a thickness of 15cm. Walls ZP1, 

ZP2, ZP3 and ZP4, are passing all floors consistently from garage walls up to the roof, while ZP5 and 

ZP6 are passing all floors from the foundation slab up to the roof.  

The used concrete class is C30/37, and the rebar reinforcement class is B500B. Concrete class C30/37 

has Young’s modulus E=3300 𝑘𝑁/𝑐𝑚2, with characteristic unconfined strength fck=3.00 𝑘𝑁/𝑐𝑚2. The 

designed yield stress of B500B is fyd=50.00 𝑘𝑁/𝑐𝑚2 and Young’s modulus E=20500 𝑘𝑁/𝑐𝑚2. 
Reinforcement yield dilatation is 0.000234, while maximum dilatation is 0.05. Structural elements have 

been designed on dead, live and seismic loads. Seismic analysis has been conducted using multimodal 

spectral analysis according to EN 1998-1 [1], where masses of dead loads and 30% live loads with an 

eccentricity of 5% have been used. 
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Figure 1. a) existing RC high-rise building; b) floor plan for floors above ground level; c) floor plan for floors 

below ground level. 

3. Non-linear model of existing RC high-rise building 

Modelling of the building is conducted in CSI PERFORM 3D [9] software. Modelled structural 

elements are walls, floor slabs and foundation slab. The foundation slab is modelled with restraints in 
the base. Slabs are modelled as rigid diaphragms, with accompanying mass of dead loads and 30% of 

live loads. According to Powell's recommendations [10], walls are modelled as fibre elements, except 

garage walls, which are modelled as elastic elements. The walls are modelled using two components 

which are acting in parallel. The first component contains vertical reinforcement fibres and concrete 
fibre with negligible strength and Young’s modulus, in order not to interfere with the behaviour of the 

concrete fibres from the second component. The second component contains bending reinforcement 

and concrete fibres. Concrete of the boundary elements is modelled with confined concrete 
characteristics, while web concrete is modelled with unconfined concrete characteristics. The area and 

coordinates of each reinforcement or concrete fibre are separately defined. Shear behaviour is 

considered elastic, where the shear D/C ratio is examined. Out of plane behaviour of the walls is 
modelled as elastic without considering P-Δ effects. Columns and beams are not modelled since frames 

stiffness compared to walls are negligible. Fibres of both reinforcement and concrete are modelled with 

bilinear stress-strain relationships. 

 
In order to evaluate the non-collapse requirement and damage limitation requirement, a few limit states 

have been defined and analysed: the strength limit state, the limit state of inter-storey drifts and limit 
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states for deformations. The strength limit state is analysed for shear loads. Shear strength has been 
assigned as the elastic strength of concrete. Inter-storey drifts have been analysed for both planar 

directions. Capacity for inter-storey drifts has been assigned according to EN 1998-1 [1] from the 

damage limitation requirement for the non-structural brittle elements. Deformation limit states have 
been examined in two ways. The first way is the evaluation of the dilatations in the fibres of boundary 

elements on tension and compression. The examination is conducted using axial strain gauge elements 

in the software. These elements measure dilatations on node spans where they have been assigned. It 

has been examined if there was concrete cracking in the wall, i.e., was there any yielding of the 
reinforcement. The second way of evaluation is the examination of the rotations in the walls. On facade 

walls, plastic hinges have been modelled on the ground floor and above garage walls, while on the 

inside walls, plastic hinges have been modelled on the base and ground levels. The plastic hinge's height 
has been assigned according to recommendations of FEMA 356 [11], i.e., depending on the planar 

length, they have been assigned as one-half of the length. In cases when the plastic hinge length has 

been greater than the floor height, then the floor height has been assigned as plastic hinge length. 

Rotations have been checked using rotation gauge elements from software. Rotation capacities have 
been assigned according to FEMA 356 [11]. 

4. Analysis of non-collapse requirement 

EN 1998-1 [1] prescribes that „Construction has to be designed and constructed, so that resists to 

seismic loads without local or global collapse, i.e., to hold its capacity, construction integrity and 

remaining lateral capacity after seismic events “. In order to define precise criteria based on which 
would be evaluated acceptable seismic behaviour, damage locations and damage states have been 

analysed. Following this provision, D/C of rotations, dilatations and shear strength have been evaluated. 

For non-collapse requirement, 56 NTHA analyses have been performed, 7 for each planar direction, 
and soil types A, B, C and D. 7 ground motions by the group for each direction and soil type have been 

chosen because it is the minimum number of analyses prescribed in EN 1998-1 [1] for using mean 

values. REXEL v 3.5 software [12] has been used for scaling ground motions to the referent peak 

horizontal acceleration of 0.34g. In Figs. 2-9, the D/C ratios of all deformations are shown. White 
represents the D/C ratio from 0 to 40%, blue from 40% to 60%, green from 60% to 80%, yellow from 

80% to 100%, and red is the state when the ratio goes beyond 100%. D/C ratios have been examined 

through the following parameters:  RM/RC,M, which represents the D/C ratio for rotations, DCO/DC,CO, 

which represents the D/C ratio for compression dilatations, DT/DC,T which represents the D/C ratio for 

tension dilatations and VS/VC,S which represent shear capacity D/C ratio. In Table 1, results for 

deformations D/C ratios are presented. Maximum wall rotations are defined for LS damage state 

according to FEMA 356 [11], in the amount of 0.006 radiations. 

 

       

Figure 2. D/C deformation ratio for soil    Figure 3. D/C deformation ratio for soil  
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type A in the X direction.     type A in the Y direction. 

      

Figure 4. D/C deformation ratio on soil    Figure 5. D/C deformation ratio on soil  

type B in the X direction.     type B in the Y direction. 

      

Figure 6. D/C deformation ratio on soil    Figure 7. D/C deformation ratio on soil  

type C in the X direction.     type C in the Y direction. 

      

Figure 8. D/C deformation ratio on soil    Figure 9. D/C deformation ratio on soil  

type D in X direction.     type D in the Y direction. 

Table 1 – Demand capacity ratios of deformations for non-collapse requirement analysis 
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D/C ratios for soil type A in the X direction D/C ratios for soil type A in the Y direction 

Ground motion DT/DC,T DCO/DC,CO RM/RC,M Ground motion DT/DC,T DCO/DC,CO RM/RC,M 

Montenegro 1,56 0,39 0,50 South Iceland 2 0,94 0,25 0,28 

Vrancea 0,48 0,17 0,16 Campano Lucano 1,57 0,32 0,43 

South Iceland 1,89 0,43 0,54 Montenegro 1,5 0,31 0,41 

Tabas 0,55 0,16 0,16 Vrancea 1,89 0,33 0,51 

South Iceland 2 1,58 0,43 0,47 South Iceland 1,07 0,25 0,28 

South Iceland 1 2,87 0,59 0,85 Tabas 0,76 0,23 0,23 

Campano Lucano 0,89 0,28 0,30 South Iceland 1 2,88 0,39 0,77 

D/C ratios for soil type B in X direction D/C ratios for soil type B in Y direction 

Ground motion DT/DC,T DCO/DC,CO RM/RC,M Ground motion DT/DC,T DCO/DC,CO RM/RC,M 

Tabas 1,89 0,46 0,56 Montenegro 1,4 0,3 0,38 

Montenegro 0,77 0,2 0,24 Campano Lucano 0,88 0,19 0,24 

Campano Lucano 1,08 0,31 0,30 Biga 3,4 0,46 0,91 

Biga 5,06 1,39 1,49 Racha aftershock 0,92 0,26 0,31 

Racha aftershock 0,79 0,27 0,27 Strofades aftershock 0,79 0,2 0,25 

Strofades aftershock 1,04 0,31 0,35 Aigion 5,35 0,9 1,30 

Aigion 4,82 1,16 1,39 Tabas 6,22 1,02 1,50 

D/C ratios for soil type C in X direction D/C ratios for soil type C in Y direction 

Ground motion DT/DC,T DCO/DC,CO RM/RC,M Ground motion DT/DC,T DCO/DC,CO RM/RC,M 

Azores 3,45 0,68 1,04 Kefallinia aftershock 0,7 0,19 0,20 

Kefallinia aftershock 0,83 0,26 0,25 Umbria Marche 1 0,86 0,22 0,26 

Umbria Marche 1 1,04 0,31 0,37 Umbria Marche 2 0,45 0,12 0,13 

Umbria Marche 2 1,09 0,28 0,33 Dinar 3,24 0,54 0,86 

Dinar 1,74 0,35 0,50 Izmit 4,31 0,74 1,04 

Izmit 3,34 0,88 1,04 Strofades aftershock 1,13 0,31 0,39 

Strofades aftershock 0,79 0,25 0,26 Azores 0,91 0,22 0,25 

D/C ratios for soil type D in X direction D/C ratios for soil type D in Y direction 

Ground motion DT/DC,T DCO/DC,CO RM/RC,M Ground motion DT/DC,T DCO/DC,CO RM/RC,M 

Umbria Marche 1,31 0,35 0,42 Umbria Marche 1,38 0,31 0,38 

Izmit aftershock 1 x 0,92 0,28 0,31 Izmit aftershock 1 x 1,29 0,23 0,35 

Izmit aftershock 1 y 0,86 0,26 0,24 Izmit aftershock 1 y 1,36 0,26 0,37 

Izmit aftershock 2 4,11 0,8 1,24 Izmit aftershock 2 1,83 0,37 0,49 

Izmit aftershock 3 1,05 0,28 0,35 Izmit aftershock 3 1,11 0,28 0,31 

Duzce aftershock 1,48 0,4 0,43 Duzce aftershock 2,28 0,37 0,61 

Duzce aftershock 1,15 0,32 0,39 Duzce aftershock 1,76 0,31 0,47 

 

From D/C rotation ratios can be seen that on 9 from 56 ground motions, the D/C ratio has exceeded 

value 1, i.e. that the probability of overcoming LS state is 9/56=16.7%. However, considering mean 
values for each group then can be concluded that obtained rotation haven’t exceeded the LS damage 

state. Considering that rotation capacities have been assigned according to FEMA 356 [11], in Table 2 

are shown rotation capacities prescribed with EN 1998-3 [13]. Moment and shear forces for calculating 
rotation values have been taken from a linear model made in the software CSI ETABS [14], based on 

seismic forces for referent horizontal peak acceleration 0.34g and elastic response spectrum. Rotation 

capacities have been calculated for the most vulnerable cross sections from Figs. 2-9. θSD represents 

rotation capacity for significant damage limit state, which is the counterpart for LS damage state rotation 

according to FEMA 356 [11].  
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Table 2 – Rotation capacity for limit state significant damage 

Rotation 

capacity 

Z2x Z3x Z4x Z5x Z6x Z1y Z2y Z3y Z4y Z5y Z6y 

θSD 0,0072 0,0079 0,0072 0,0088 0,0109 0,009 0,0076 0,0065 0,0067 0,0058 0,0082 

 

From Table 2, rotations obtained according to EN 1998-3 [13] are somewhat greater than those obtained 

by FEMA 356 [11], which means that D/C ratios for rotations are acceptable by EN 1998-3 [13]. 

Compression dilatations have exceeded limit values for certain load cases, but according to mean values 

for each group, compression dilatations are below limit values. 

For most load cases, mean tension dilatations have exceeded the yield point. That kind of behaviour is 
desirable and expectable because it represents the ductile non-linear behaviour of structural walls. The 

desirable non-linear behaviour of the structural system with ductile walls, which is the case here, is 

when energy dissipation occurs in the plastic hinges zone above the foundations. From Figs. 2-9 can be 

observed that reinforcement yielding mainly occurred on higher floors. 

Mean values for shear D/C ratios are presented in Table 3 for each wall and planar direction. It can be 

seen that all D/C ratios are below 1, except on wall 4 where it is 1.00. Since shear capacity is defined 
in software as concrete shear capacity and that horizontal reinforcement also takes a certain percentage 

of shear loads, the non-collapse requirement is also fulfilled in this wall.  

Table 3 – Demand capacity ratios of shear forces for non-collapse analysis 

Shear mean 

value 

Wall 

1 

Wall 

2 

Wall 

3 

Wall 

4 

Wall 

5 

Wall 

6 

Ground 

motion 

Wall 

1 

Wall 

2 

Wall 

3 

Wall 

4 

Wall 

5 

Wall 

6 

D/C ratios for soil type A in X direction D/C ratios for soil type A in Y direction 

Vmean 0,32 0,71 0,82 0,90 0,85 0,47 Vmean 0,39 0,4 0,48 0,42 0,61 0,55 

D/C ratios for soil type B in X direction D/C ratios for soil type B in Y direction 

Vmean 0,38 0,8 0,95 1 0,93 0,56 Vmean 0,42 0,43 0,62 0,56 0,8 0,25 

D/C ratios for soil type C in X direction D/C ratios for soil type C in Y direction 

Vmean 0,34 0,76 0,88 0,93 0,91 0,52 Vmean 0,37 0,34 0,48 0,44 0,67 0,54 

D/C ratios for soil type D in X direction D/C ratios for soil type D in Y direction 

Vmean 0,39 0,73 0,83 0,90 0,88 0,49 Vmean 0,23 0,24 0,31 0,33 0,30 0,22 

5. Analysis of damage limitation requirement 

For damage limitation requirement, EN 1998-1 [1] prescribes that "construction shall be designed and 

constructed to withstand a seismic action having the larger probability of occurrence than the design 
seismic action, without the occurrence of damage and the associated limitations of use, the costs of 

which would be disproportionately high in comparison with the costs of the structure itself". The return 

period of considered earthquakes to examine damage limitation requirement is 95 years. Therefore, D/C 
ratios have been examined through the following ratios:  RM/RC,M, which represents the D/C ratio for 

rotations, DCO/DC,CO, which represents the D/C ratio for compression dilatations DT/DC,T which 

represents the D/C ratio for tension dilatations and DR/DC,R which represents D/C ratio for inters-storey 

drifts (Table 4, Figs. 10-17). 

Capacity rotations for the walls have been taken for the state IO according to FEMA 356 [11], in the 

amount of 0.003 rad. Damage limitation requirement evaluation for dilatations implies that no 

reinforcement yielding should be present in the wall, nor the concrete cracking. 
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Figure 10. D/C deformation ratio on soil              Figure 11. D/C deformation ratio on soil  

type A in X direction.    type A in Y direction.  

     

Figure 12. D/C deformation ratio on soil                  Figure 13. D/C deformation ratio on soil  

type B in X direction.    type B in Y direction.  

     

Figure 14. D/C deformation ratio on soil                   Figure 15. D/C deformation ratio on soil  

type C in X direction.                     type C in Y direction.  
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Figure 16. D/C deformation ratio on soil                 Figure 17. D/C deformation ratio on soil  

                               type D in X direction.                  type D in Y direction.  

The limit state for inter-storey drift has been adopted in value 0.05 from design criteria for damage 

limitation when non-structural elements on the building are brittle. 

Table  4 – Demand capacity ratios of deformations for damage limitation requirement analysis 

 D/C ratios on soil type A in X direction D/C ratios on soil type A in Y direction 

Ground 

motion 
DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R 

Campano 

Lucano 1 
0,54 0,17 0,32 0,55 0,66 0,14 0,36 0,75 

Campano 

Lucano 2 
0,48 0,17 0,32 0,41 0,59 0,16 0,33 0,65 

Izmit 0,46 0,16 0,34 0,50 0,59 0,14 0,33 0,50 

South Iceland 

1 
0,74 0,23 0,5 0,95 0,48 0,09 0,26 0,45 

Mt. 

Vatnafjoll 
0,39 0,13 0,29 0,4 0,46 0,12 0,25 0,60 

Kalamata 0,42 0,13 0,25 0,35 0,47 0,10 0,26 0,75 

South Iceland 

2 
0,49 0,18 0,35 0,55 0,55 0,14 0,30 0,65 

 D/C ratios on soil type B in X direction D/C ratios on soil type B in Y direction 

Ground 

motion 
DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R 

Friuli 0,49 0,16 0,29 0,55 0,48 0,14 0,31 0,8 

Montenegro 0,41 0,14 0,30 0,45 0,41 0,12 0,25 0,75 

Campano 

Lucano 
0,56 0,16 0,40 0,60 0,50 0,11 0,27 0,70 

Izmir 0,57 0,18 0,38 0,65 0,43 0,11 0,24 0,70 

Biga 0,36 0,11 0,25 0,3 1,13 0,25 0,62 0,65 

Aigion 1 1,44 0,37 0,85 1,25 1,43 0,30 0,78 1,05 

Aigion 2 2,04 0,50 1,19 2,05 0,68 0,20 0,45 1,55 

 D/C ratios on soil type C in X direction D/C ratios on soil type C in Y direction 

Ground 

motion 
DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R 

Friuli 

aftershock 
0,45 0,16 0,31 0,55 0,40 0,11 0,21 0,55 

Azores 0,76 0,21 0,52 0,85 0,44 0,11 0,24 0,50 

Kefallinia 

aftershock 
0,73 0,22 0,42 0,55 0,45 0,10 0,25 0,90 

Umbria 

Marche 
0,39 0,14 0,23 0,35 0,45 0,10 0,25 1,30 
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Dinar  0,62 0,18 0,41 0,60 0,89 0,23 0,51 0,55 

Izmit 1,49 0,42 0,94 1,85 1,57 0,27 0,85 0,60 

Griva 0,78 0,24 0,54 1,00 0,59 0,16 0,33 0,55 

 D/C ratios on soil type D in X direction D/C ratios on soil type D in Y direction 

Ground 

motion 
DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R DT/DC,T DCO/DC,CO RM/RC,M DR/DC,R 

Izmit 

aftershock 1 
0,49 0,15 0,30 0,50 0,43 0,11 0,25 0,90 

Izmit 

aftershock 2 
0,51 0,17 0,30 0,65 0,47 0,13 0,28 0,70 

Izmit 

aftershock 3 
0,55 0,15 0,30 0,50 0,44 0,14 0,30 1,40 

Izmit 

aftershock 4 
1,37 0,40 0,83 1,50 1,65 0,33 0,90 1,00 

Izmit 

aftershock 5 
1,11 0,28 0,2 1,00 0,96 0,18 0,48 0,60 

Izmit 

aftershock 6 
0,61 0,17 0,35 0,50 0,54 0,14 0,30 1,25 

Duzce 

aftershock  
0,87 0,25 0,52 1,00 0,94 0,20 0,51 0,70 

 

The mean values of inter-storey D/C ratios are below 1.00 for each group, which means that the damage 

limitation requirement is fulfilled from this point of view. 

Considering the tension dilatations D/C ratios, it can be seen that for each load case, those values are 

below 1, except on 5 load cases. That means that the probability of reinforcement yielding is 5/56=8.9%. 

On the other hand, considering the mean values for each group, yielding did not occur. 

Limit values haven't exceeded state IO. In Figs. 10-17, several cross-section rotations are between 40%-

60% (cross-sections marked with blue colour). For those cross-sections, rotation capacities have been 
calculated according to EN 1998-3 [13], as in chapter 4, for damage state damage limitation θy. Results 

are presented in Table 5. Based on the ratio θy/θ(IO) and the exact value of rotations, rotation capacity 

according to EN 1998-3 [13] is not exceeded. 

Table 5 - Rotation D/C ratios according to EN 1998-3 [14] 

Cross-section θ(IO) θy θy/θ(IO) 

Z2x 0,003 0,0017 56,7% 

Z4x 0,003 0,0017 56,7% 

Z6x 0,003 0,0021 70% 

6. Conclusion 

Based on the conducted analysis, it can be concluded following: 

- The case study building has shown satisfactory performance for seismic loads with a return 

period of 475 years. Mean values of rotations did not exceed capacities for significant damage 

limit state. In addition, compression dilations did not exceed the capacity of concrete 
deformations, and shear capacity was not exceeded. Therefore, the non-collapse requirement is 

fulfilled. 

- Yielding of the reinforcement in the higher floors occurred for seismic loads with a return 
period of 475 years, which did not represent desirable building performance.  

- The damage limitation requirement is fulfilled since construction damage did not occur for 

seismic loads with a return period of 95 years. 
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Abstract 

Expansion joints on bridges are devices that enable relative displacements of the superstructure spans from the 

effects of temperature, traffic load and long-term effects. They are placed at the ends of the bridge, where they 

bridge the space between the superstructure and the abutment, while on very long bridges they are installed at all 

places where the superstructure breaks between individual sections of the bridge, in order to enable safe and 

unhindered traffic. They are the “weak points” of the bridge, as their “leakage” can seriously threaten the function 

of the bridge. In the seismic prone areas, encompassing seismic action in their design and selection is inevitable. 

This paper will overview the types of expansion joints, design approach in their selection for new bridges and 

problems that may arise during their replacement in the rehabilitation process of existing bridges. Movements due 
to traffic load, seismic movements, movements due to long term effects of the deck (creep and shrinkage) and 

thermal movements will be considered. Based on practical examples, design for either no damage due to seismic 

action or partially damaged expansion joints for seismic action, will be contemplated. 

Keywords: bridge, expansion joint, bearing, movements, earthquake, creep, shrinkage, temperature, traffic 

1. Requirements, types and causes of defects of expansion joints 

Expansion joints on bridges must sustain the loads and accommodate movements without causing 

failure to itself or other section of the structure. They must assure water does not enter the structure and 

accumulate in the joint, and they must be compatible with the waterproofing system of the roadway. 
They should allow smooth traffic flow while remaining safe for all categories of road users. Noise 

generated when crossing the joint should be kept to a minimum, especially if the bridge is located in a 

populated area. They should be easily accessible for inspection and maintenance [1] and regularly 

inspected and maintained to ensure that they continue to operate in accordance with all the requirements. 

Guideline for European technical approval of expansion joints for road bridges specifies numerous 

requirements on expansion joint such are mechanical resistance, resistance to fatigue, seismic 

behaviour, movement capacity, cleanability, resistance to wear, watertightness, safety in case of fire, 
release of dangerous substances, safety in use, protection against noise, energy economy and heat 

retention, aspects of durability, serviceability and identification of products [2]. In this paper movement 

capacity and seismic behaviour will be overviewed and discussed. 

According to typical movement ranges, expansion joints may be categorised as (i) joints for minimum 

movements of up to 20 mm (±10); (ii) joints for small movements of up to 40 mm (±20); (iii) devices 

for medium movements of up to 150 mm (±75); (iv) devices for large movements of up to 300 mm 
(±150) and (v) devices for very large movements over 300 mm (≥ ±150) [1, 3]. The new approach [2, 

4] specifies families of expansion joints according to their principle of operating as described in columns 

left and middle of the Table 1. The right column of the Table 1 specifies equivalent joint types. 
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Table 1 – Families and types of expansion joints according to [2 & 4] 

Joint family Short description Joint type 

Buried 

expansion 

joints 

This expansion joint is formed in place with components such as 

waterproofing membranes or an elastomeric pad to distribute the 

deformations over a wider width and support the pavement that runs 

continuously across the deck joint gap. The components of the 

expansion joint are located under the pavement. 

Buried joint under 

continuous surfacing 

Flexible plug 

expansion 

joints 

An in-situ poured joint consisting of a band of specially formulated 

flexible material (binder and aggregate) that also forms the pavement 

and is held in place over the joint gap of the pavement by thin metal 

plates or other suitable components. The joint material is flush with 

the pavement surface. 

Asphaltic plug joint 

Nosing 

expansion 

joints 

The gap between the edges prepared with concrete, resin mortar or 

elastomer is filled by a flexible profile, which is not traffic load 

carrying. 

Nosing joint with 

poured sealant 

Nosing with preformed 

compression seal 

Mat 

expansion 

joints 

The expansion joint uses the elastic properties of a prefabricated 

elastomeric strip or pad to allow for the expected movements of the 

structure. The strip is attached to the structure with bolts. The 

subcomponent of the joint is flush with the running surface. 

Reinforced Elastomeric 

Cantilever 

expansion 

joints 

The expansion joint consists of cantilevered symmetrical and 

asymmetrical subcomponents (such as comb or sawtooth panels) 

anchored to one side of the deck joint gap and interpenetrating to 

bridge the deck joint gap. The subcomponents are flush with the 

running surface. 

Cantilever comb or 

tooth joint 

Supported 
expansion 

joints 

The expansion joint consists of one subcomponent flushed with the 

running surface, secured on one side by hinges and on the other (by a 

second element) by sliding supports, spanning the deck joint gap. The 
expected movement of the structure is enabled by sliding on the 

unattached side of the hinged substructure member, i.e., on the support 

element anchored to the substructure. 

Not covered 

Modular 

expansion 
joints 

The expansion joint consists of a sequence of watertight 

subcomponents (in the direction of travel) consisting of motion- 

controlled metal girders supported by movable substructures that 
bridge the structural gap (i.e., cross girders, cantilevers, and current 

collectors). The metal girders are flush with the pavement surface. 

Elastomeric in metal 
runners 

 

Example of joint for small movements of up to ±20 mm is asphaltic plug expansion joint made of 

flexible bituminous material (thorma joint, Figure 1a). Nosing expansion joints permit a movement 

range of up to ±6 mm with poured sealant and up to ±20 mm with a performed compression seal (Figure 

1b). Example of device for medium movements (although there are various sizes giving movement 
range of up to ±165 mm) is reinforced elastomeric expansion joints (Figure 1c). Movement range of 

elastomeric in metal runners expansion joints is up to ±40 mm for single element joint consists of a 

profiled elastomeric seal fitted between two metal runners, one fixed to each side of the deck joint gap. 
Multi element modular joints (Figure 1d) can accommodate much larger movements of up to ±480 mm.  

Cantilever comb or tooth joints (Figure 1e) have a movement range of up to ±300 mm which puts them, 

together with multi element modular joints, into to category of devices for very large movements. 

If a regular expansion joint closes more than the design allows during an earthquake, severe damage to 
the joint and the bridge could result. This could be avoided by using fusible links (fusible box, Figure 

1f), which act as a predominant predetermined breaking point and allow for a controlled failure. 

577

https://doi.org/10.5592/CO/2CroCEE.2023.75


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.75 

Depending on the design of the fusible link, the link moves either vertically upward or horizontally in 
a specific, defined space. During seismic opening movements, the extended support bars protect the 

expansion joint from falling into the construction gap. After the earthquake, a quick and easy repair of 

the predetermined breaking points within the fuse box and its roadway surface is easily and quickly 

possible [5]. 

 

a) b) 

 

c)                                                                                   d) 

 

 

e)                                                                                  f) 

Figure 1. Examples of expansion joints: a) bituminous, b) nosing, c) reinforced elastomeric d) elastomeric in 

metal runners, e) cantilever comb or tooth expansion joint, f) fuse box; reproduced based on [2 & 5] 

During the use of the bridge, the expansion joints are exposed to various defects. Defects can be the 

result of eight main causes systematised in [6]: (i) inadequate design, i.e., in relation to the movements 

of the structure; (ii) defects in the technical specifications, such as insufficient adaptation to the service 

conditions or lack of connection between the joint and the rigid element; (iii) defects in the production, 

i.e., inadequate anti-corrosion treatment or incorrect geometry; (iv) errors during installation, such is 

for example incorrect definition of the neutral point of the joint or inadequate anchoring; (v) lack of 
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proper maintenance resulting in accumulation of debris or moisture from vegetation on the deck and 

water leaks; (vi) changes from the intended conditions of use, such as a deck with a different long-term 

behaviour than predicted, settlement of abutments or foundations, a higher traffic load than expected; 

(vii) environmental effects such as higher or lower temperatures (which may already occur during 

device installation), freeze-thaw cycles; and finally (viii) random impacts due to natural events or 

human influences.  

The studies summarised in the above-mentioned study [6] conclude that a large part of the costs in 

bridge management (up to 20% in some cases) is related to the repair and replacement of expansion 

joints. In addition, rehabilitation measures that result in disruption, slowing, or detour of traffic flow 

can cause inconvenience to users and significant indirect costs. 

2. Design approach in seismic prone areas 

In bridge design, thus in displacement calculation, it is necessary to assimilate temporary procedures of 

Eurocodes. For the total design displacement under seismic conditions in accordance with EN 1998-2, 
an adequate structural gap is required to protect critical or major structural elements from damage.  The 

total value of the design displacement under seismic conditions dEd [7] is determined as follows: 

dEd = dE + dG + 2dT 

where: 

dE is the design seismic displacement; dG is the displacement due to the permanent and quasi-permanent 
actions measured over the long term (e.g. post-tensioning, shrinkage and creep for concrete decks); dT 

is the displacement due to thermal movements; 2 is the reduction factor for the quasi-permanent value 

of thermal action to be taken as 0,5. 

In order to receive expansion joints without damages due to seismic action, they need to be select to 

undertake full design seismic displacement as described above. But this is reasonable only when seismic 
displacements are not very high. Namely, expansion joints are non-critical structural elements expected 

to be damaged due to other actions besides seismic action and changed few times in the design work 

life of bridge. Therefore, Eurocode gives correction of full seismic displacement with the recommended 
value of factor 0,4 dE which means that local damage of the expansion joint will be admissible and 

damages under frequent earthquakes are still avoided. But damages due to seismic action should be 

predictable, without the need for immediate repair and with no influence to the emergency traffic safety. 

Design requirements for expansion joints under seismic conditions consider the importance of the 
bridge and the expansion joint. A declaration of seismic performance is not required for buried and 

flexible plug expansion joints, while two main approaches with several subdivisions are provided for 

all other families of joints. 

Movement capacity design is to be applied for bridges with small seismic displacements (i.e. dEd ≤ 200 

mm) allowing expansion joints with movement capacity (possibility to allow the displacement of the 

parts of the main structure) under serviceability conditions even during the earthquake for the total 

displacement dEd. When the design includes provisions limiting movements of the bridge, thus 
preventing the joint from being affected by seismic effects, no combination for seismic design situations 

exists (approach A1). The seismic design combination for approach A2 is selected for seismic actions 

with a high probability of occurrence or with smaller values for AEd [2]. 

For larger seismic displacements, dEd > 200 mm, former design according becomes uneconomic, so 

restricted movement and load capacity design is to be applied, accepting controlled damage for severe 

earthquakes (with a low probability of occurrence). Still, the damage under frequent earthquakes is to 
be avoided by providing structural gaps for long term creep and shrinkage effects plus appropriate 

fractions of the design seismic displacement (40%) and thermal movements (50%) [2]. 
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Table 2 – Design requirements during and after design earthquake according to [2] 

D
e
si

g
n

 

a
p

p
r
o
a

c
h

 Requirements posed at 

the expansion joints 

Actions to be considered during 

design earthquake 

Load bearing capacity 

and serviceability 

after design 

earthquake 

Expected 

repair 

work 

A Movement capacity design 

A1 

Movement capacity exists 

under serviceability 
condition even during the 

earthquake. 

The expansion joint is not affected by 
seismic actions. Fundamental 

combination is used as per EN 1990. 

The expansion joint is 

assumed to be resistant 

to any kind of effects 

after the design 

earthquake. Load 

bearing capacity and 

serviceability are as 
before the earthquake. 

No repair 

work has to 

be applied. 

 
A2 

The seismic movement 

capacity of the joint exists 

for total displacement dEd 
 

The resistance to static actions during 

the earthquake shall be checked for the 

frequent combination of actions: 

CULS-SEISMIC = Gk "+" Fik "+" 1k [Q1k 

"+" Qlk1 "+" Qtk1] "+"AEd 

 

where 1k = 0,4 is a combination factor 

for frequent value of a variable action; 

AEd = dE "+" dG "+" 3 dTk is design 

seismic situation (imposed 

displacements for the derivation of 

internal forces);  

3 = 0,5 is the reduction factor for the 

quasi-permanent value of thermal 

action 

B Restricted movement and load capacity design 

B1 

No damage with reduced 

load bearing capacity and 

increased gap width during 

earthquake. 

The resistance of load carrying 

structural elements shall be checked for 

the seismic design situation: 

CULS-SEISMIC = Gk "+" Fik "+" 2k [Q1k 

"+" Qlk1 "+" Qtk1] "+"AEd  
 

where 2k is a combination factor for 

quasi-permanent value of a variable 

action:   

2k = 3 = 0,3 for B1 

2k = 3 = 0,1 for B2 

2k = 3 = 0,1 for B3 

2k = 3 = 0,0 for B4 
 

After earthquake → 

2k = 3 = 0,2 for B3  

2k = 3 = 0,2 for B4 on the joint 

2k = 3 = 0,0 for B4 on the fuses  
 

Gk = self weight; 

Fik = internal force – expansion joints 

may show internal forces from imposed 

displacements, rotations and/or 
prestress caused by e.g. compression or 

elongation, and/or relative movements;  
Q1k = vertical traffic in lane 1, axle 300 

kN; Q1k1 horizontal traffic direction, 

axle 120kN; Qtk1 horizontal 

perpendicular to traffic direction, axle 

60kN 

 

Load bearing capacity 

and serviceability are as 

before the earthquake. 

No repair 

work has to 

be applied. 

B2 

Minor damages to 
secondary elements are 

allowed. 

Load carrying elements are 

allowed to have a reduced 

load bearing capacity and 

increased gap width during 

earthquake. 

Load bearing capacity 

as before the 

earthquake. 

Secondary 
elements 

shall be 

replaceable 

or 

repairable 

after the 

earthquake. 

B3 

Minor damage to structural 

elements or fusible devices 

due to a combination of 

reduced traffic load 

bearing capacity and 
increased gap width during 

earthquake. 

The expansion joint is 

assumed to be resistant 

to frequent traffic loads 

according to EN 1990 

after the earthquake and 

to fulfil all the ULS and 
SLS requirements after 

small repairs. 

Small 

repairs on 

structural 

elements 

and fusible 
devices. 

B4 

Major damage to fusible 

devices and minor damage 

on the joint. 

Fusible devices should 

avoid or minimize damage 

on the structural elements 

of the bridge reducing at 

the mean time the required 

size of the expansion joint. 

No remaining load 

bearing capacity and 

increased gap width. 

In the case of 

emergency traffic, the 

expansion joint shall 

comply with approach 

B3 load and the width 

of possible gaps shall 

be as a max 300 mm. 

The 

possibility 

of 

permanent 

repair shall 

be 

described. 
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3. Performance of expansion joints of the existing bridge 

The bridge we consider below, with 17 spans of 24.5 m, an end span of 18.92 m and a total length of 

435.42 m, was built half a century ago and was the subject of the student master’s thesis [1]. The bridge 
deck is 3x3.5=10.50 m wide with 2.55 m wide corridors on the west side and 0.90 m on the east side. 

The total width of the bridge is 13.95 m. The span is a grill type girder concrete structure consisting of 

transversely prestressed reinforced concrete deck slab, post-tensioned main longitudinal T-section 
girders and transverse reinforced concrete beams. The grill type girders are connected to each other in 

continuous systems over three spans. In total, there are six continuous superstructure sections on the 

bridge, separated by expansion joints. 

During examinations of the structure and laboratory tests of samples of the structure, numerous damages 
were found, especially to the protective layer of the reinforcement. In 2007, a project was launched to 

rehabilitate the bridge. First, the entire upper structure and then the lower structure of the bridge were 

repaired. A major part of the rehabilitation involved the restoration of the protective reinforcement 
layer. Using hydro demolition, the crumbling surface concrete was removed, the corroded 

reinforcement was cleaned, repair mortar was applied, and all concrete surfaces were coated with a 

protective layer of polymer cement coating, which prevented carbonation of the concrete and corrosion 

of the reinforcement. 

The most demanding measure was the rehabilitation of the bridge deck. This involved the process of 

deepening the concrete by 2 cm, and then installing new reinforcement and concreting. Altogether 4 cm 

of new concrete was poured, 2 cm of concrete below the installed reinforcement, and 2 cm above it. 
The entire renovation process of the slab was carried out using the counterweight method, the most 

demanding renovation method in terms of time and technology. 

After the completion of the repair work on the bridge deck, the installation of waterproofing and asphalt, 
expansion joints were installed. It should be noted that in the original rehabilitation project of 2007 

reinforced elastomeric expansion joint with a total movement of 50 mm were foreseen (Figure 2a). The 

connection with the reinforced concrete structure was to be made with bolts, and the connection of the 

corridor with the pavement was to be welded. 

However, in practice, these devices did not prove to be of high quality because they allowed water to 

penetrate the structure, so during the rehabilitation in 2012, it was decided to install flexible seamless 

expansion joints (asphaltic plug joints) with a total movement of 40 mm, made of highly polymerized 
asphalt, reinforced with anchor elements (Figure 2b). The advantage over other devices of the same 

type is the simplicity and speed of installation. And what was considered very important for 

rehabilitation, this device can be installed halfway, that is, one lane can always remain free for traffic. 
Selected expansion joint consists of polymer-modified bitumen, structural reinforcement with a 

neoprene insert that allows the operation of the device (the length of the element is 1.5 m) and anchors 

Φ13 mm, a base coat (primer), bitumen tape for reinforcement, bitumen adhesive tape and foam rubber 

sealant insert.  

The width of such an expansion joint is 400 mm and the depth is 80 mm with a possible displacement 

of 40 mm (+-20 mm), and it was considered suitable for new concrete bridges, viaducts and overpasses 

with a span of up to 40 metres. For old concrete bridges, where the rheology of the concrete is complete, 
the work of the span structure is 0.4 mm/1m (three times less than for new bridges). For this bridge, the 

work is 70 m x 0.4 mm/m = 24 mm, and it was assumed that a device that allows displacement of 40 

mm is suitable. 

But this solution turned out to be extremely bad after implementation. Because the contractor was late 
in procuring the equipment from Japan, the equipment was installed in December at a temperature of 

about 0⁰C, in high humidity, and on a wet concrete slab, and subsequently the expansion joint leaked in 

almost all seven places where it was installed. This is because elastic expansion devices, which are 
made of bituminous mixes, require higher temperatures to bond aggregates and binders during 

installation. 
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Asphalt mixture is installed only when weather conditions are favourable. Paving asphalt in the rain 
and on a wet surface is not allowed. During the production of the wearing layer, the temperature of the 

substrate and the air must be higher than 10⁰C, and during the installation of the bonding and bearing 

layer higher than +5⁰C. At higher temperatures, asphalt mixtures are prone to plastic deformation, 
including the appearance of rutting, which can cause considerable counter-impact forces at low 

temperatures, but also limit their use in areas with a moderate climate. In practice, asphalt expansion 

joints often fail at the joints to the pavement. This can lead to the formation of cracks and leakage of 

liquids, which is due to the extremely high hardness of the material at low temperatures. 

The design of the bridge in accordance with modern European guidelines for the assessment of suitable 

expansion joints was carried out as a student master’s thesis [1]. Design included bridge self-weight, 

additional dead load, traffic load, temperature effects, wind and seismic action and their relevant 
combinations. A grill model of the bridge consisting of beam elements in longitudinal and transverse 

direction, and spring elements for the bearings (elastomeric bearings without steel restraints which 

freely deform horizontally in all directions depending on the values of the horizontal and vertical 

reaction and enter the model via the defined stiffness of the springs) and KF connections for points with 
the same boundary conditions (the node at the upper end of the support has the same displacements and 

rotations as the node at the lower end of the support). 

Effects of temperature are considered through: uniform temperature load: maximum temperature 

difference of the bridge (highest temperature – construction temperature 44−15=29°𝐶); uniform 

temperature load: minimum temperature difference of the bridge (construction temperature – minimum 

temperature 15−(−15)=30°𝐶); uniform temperature load for the selection of expansion joints and 

bearings (with an addition of ± 20°C which increased the maximum/minimum temperature difference 

of the bridge 30 + 20 = 50°𝐶 and 29 + 20 = 49°𝐶); non-uniform temperature load along the height of 

the concrete superstructure: the upper edge is warmer (negative value); non-uniform temperature load 

along the height of the concrete superstructure: lower edge warmer (positive value); with the 

simultaneous effect of uniform and non-uniform temperature components through eight combinations. 

Seismic loading is determined by the response spectra for ground acceleration for the return period 𝑇 = 

475 years 𝑎g = 0.23 𝑔, elastic non-ductile behaviour of columns without the possibility of developing 

plastic joints with the behaviour factor 𝑞 = 1.0, structure importance factor 1.0 and soil category C. 
Multimodal analysis, combining eigenfrequencies and design spectra for the three directions of 

earthquake action, was applied. 

The displacements for the selection of expansion joints were determined in a combination of 40% 
seismic and 50% temperature action according to the EC8 guidelines, which allow damage to the 

expansion devices under severe earthquakes, while damage under frequent values can still be avoided, 

as explained in the previous chapter of this paper. Full temperature load displacements and full wind 

load displacements were calculated separately as well. 

Based on the calculations, the largest horizontal displacements of about 56 mm in the longitudinal 

direction of the bridge were determined for the seismic combination. Based on the determined 

displacements, the type of expansion joint was proposed that would allow displacements of at least ± 
60 mm in the longitudinal direction. Large transverse displacements, exceeding 40 mm at the first pier 

dilatations from both sides, should be covered with the appropriate expansion joint capability in the 

transverse direction (see proposed example in Figure 2c) or transverse restraint in the form of 
earthquake-resistant blocks would be required. Of course, it is necessary to assess and confirm the 

installation possibility of the selected device. 

Bearings are selected for the relevant combination of vertical reaction and displacement at a particular 

bearing location. On the abutments and columns under the expansion devices, except for the central 
column, bearings are selected for the largest displacements of 75 mm, along the central spans of the 

entire bridge for spans between 50 and 65 mm, and in the edge spans for the smallest displacements of 

up to 25 mm. 
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This example shows how important and demanding the choice of expansion joints is in bridge 
rehabilitation. It should be based on knowledge of modern load requirements for bridge structures and 

of the expansion joint devices themselves and the current knowledge of how they work and perform 

during the use of bridge. But, replacing the expansion joint on the existing bridge also depends on 

moving capacity existing bridge poses and the space allowable for installation of the expansion joint. 

Apart from the extremely important correct installation under appropriate climatic conditions, which 

was not suitable during the installation of the transition device foreseen in the rehabilitation project of 

the above bridge, the calculation in accordance with the modern earthquake design guidelines showed 
that these devices would not provide sufficient movement capacity during earthquake of frequent 

occurrence without damages and especially during serious earthquakes of low probability of 

occurrence. 

    

a)                                                                              b) 

      

c)                                                                               d) 

Figure 2. Expansion joints for existing bridge: a) reinforced elastomeric expansion joint 50 mm selected by the 
original rehabilitation project, b) asphaltic plug joints 40 mm installed during actual rehabilitation process and c) 

elastomeric in metal runners girder grid expansion joint proposed by the valid contemporary seismic design of 

the bridge in the master’s thesis, figures reproduced based on [8, 9 & 10]; d) section of the bridge model in the 

area of transversal beam at the supports 

4. Expansion joint selection in the design of the new bridges  

The following section considers the selection of expansion devices in the construction of two semi-

precast prestressed concrete grillage type bridges. Both bridges span four spans 26+31+31+26 m, one 

of which is designed as a system of simply supported girders and the other as a continuous 

superstructure. 

Models of the bridge consisting of beam elements in longitudinal and transverse directions and spring 

elements with a defined stiffness for the bearings and KF fixed connections for points with the same 

boundary conditions. 
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Figure 3. Cross section of case study bridges 

The difference between the model of the bridge consisting of a series of girders and the bridge with a 

continuous superstructure is visible in the Figure 4. The simply supported girders have two cross beams 
above the piers, one for connecting left span main girders and one for the right span. The continuous 

superstructure consists of a common cross member at each pier. The first variant is easier to build, while 

the second is a more durable and robust construction. Expansion joints in both cases are provided above 

the abutments.  

    

a)                                                           b) 

    

c)           d) 

Figure 4. Extract from the bridge models in the software: a) set of simply supported girders supported at the 

abutment, b) set of simply supported girders supported at the pier, c) continuous superstructures supported at the 

abutment, d) continuous superstructure supported at the pier 

2.5%
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The design according to the Eurocodes includes the self-weight of the bridge, additional dead loads, 
long-term effects (creep and shrinkage), traffic loads, temperature effects, earthquake effects and their 

relevant combinations.  

Creep and shrinkage were observed at all stages of bridge construction. The calculation of displacement 
due to these long-term effects was performed for a relative humidity of 80% and a temperature of 20 

°C, with the end of the bridge's service life set at 50 years. 

Traffic load is represented with the Model 1 from EN 1991-2 as a vertical load comprising both 

continuous and concentrated load and adequate braking and accelerating forces as a horizontal traffic 

load.  

Uniform temperature load is considered as maximum temperature difference of the bridge (highest 

temperature – construction temperature 42−10=32°𝐶) and minimum temperature difference of the 

bridge (construction temperature – minimum temperature 10−(−18)=28°𝐶). Uniform temperature load 

for the selection of expansion joints and bearings increases the maximum/minimum temperature 

difference of the bridge by ± 20°C: 32 + 20 = 52°𝐶 and 28 + 20 = 48°𝐶).  

For the multimodal analysis, combining eigenfrequencies and design spectra for the three directions of 
earthquake action, seismic loading is determined by the response spectra for ground acceleration for the 

return period 𝑇= 475 years 𝑎g = 0.241 𝑔, elastic non-ductile behaviour of columns with the behaviour 

factor 𝑞 = 1.0, structure importance factor 1.0 and soil category B. 

For the calculation of the vertical, horizontal longitudinal and horizontal transverse reactions as well as 

the displacements in longitudinal and transverse direction, all relevant combinations of the above loads 

are considered. The displacements for the selection of expansion joints were determined in a 

combination of 40% seismic, 50% temperature action and 100 % long-term effects of creep and 
shrinkage according to the EC8 guidelines, which allow damage to the expansion joints under severe 

earthquakes, while damage under frequent values can still be avoided, as explained in the previous 

chapter of this paper. 

The table 3 gives an overview of the results in terms of reactions and displacements for the selection of 

bearings and expansion joints.  

For bridge composed of simply supported girders in each span, five reinforced elastomeric bearings are 

provided at each abutment (Figure 4a) and altogether ten bearings at the pier, five for the left and five 
for the right part of the superstructure (Figure 4b). In the longitudinal direction, displacements due to 

seismic loading are equal, within acceptable limits for these types of bearings and it could be considered 

that the bridge will “float” during an earthquake. In transversal direction displacements are of course 
the smallest at the abutments and the largest at the middle pier due to the expected vibration in the 

transverse direction of the bridge. For the selected bearings layout, expansion joints are to be selected 

to provide both longitudinal and transversal displacements during an earthquake. 

Note that the horizontal stiffness of the bearings for the model is calculated based on the shear modulus, 

the area of the bearing surface, and the total thickness of the elastomer layers, while the vertical stiffness 

is calculated based on the elastic modulus, the area of the bearing surface, and the total thickness of the 

elastomer layers for selected bearing types. 

In the case of the continuous bridge, where only two bearings movable in all directions are used at the 

abutment and on the piers (Figure 4d), the large response due to seismic loading in transversal direction 

(2135 kN) at the abutment required an additional middle bearing designed as a seismic transverse 
bearing (see Figure 4c). This bearing limited the movement in the transverse direction, so that the 

selection of the expansion joints was based only on the longitudinal movements. 

This example shows that the final choice of expansion joint is highly dependent on the intended 

behaviour of the bridge system, which includes the arrangement of the selected bearings.  
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Table 3 – Selection of bearings and expansion joints in design of new bridges 

Simply supported girders 

position U1 EX. J U1 B S2 B S3 B S4 B U4 B U4 EX. J 

Vmax  2295 3010 2750 3010 2295  

Hx,max  405 358 333 358 405  

Hy,max  235 335 430 335 235  

dx,max + 63, -25 72 72 72 72 72 + 63, -25 

dy,max 19 46 66 85 66 46 19 

possible 

selection 

D160* 

with 2 sealing 

elements 

 

5x  

EB 400x500 

(3000/74)  

10x  

EB 450x600 

(4210/74) 

10x  

EB 450x600 

(4210/85) 

10x  

EB 450x600 

(4210/74) 

5x  

EB 400x500 

(3000/74) 

D160* 

with 2 sealing 

elements 

 

*D160 stands for expansion joint for movement component rectangular to the gap axis of 130 mm according to 

[10]. 

**EB 400x500 (3000/74) stands for elastomeric bearing for the maximum load of 3000 kN and displacement of 

74 mm according to [11] 

Continuous Superstructure Bridge 

position U1 EX. J U1 B S2 B S3 B S4 B U4 B U4 EX. J 

Vmax  4315 8460 8605 8460 4315  

Hx,max  778 813 780 813 778  

Hy,max  (2135) 485 800 485 (2135)  

dx,max + 87, -59 145 145 145 145 145  87 

dy,max 0 0 90 140 90 0 0 

possible 

selection 

D240*  

with 3 sealing 

elements 

 

2x  

V2S5800 

(74/158) **  

+  

transverse 

restraint 

seismic 

bearing  

2x  

V2S8500 

(63/180) 

2x  

V2S9500 

(63/180) 

2x  

V2S8500 

(63/180) 

2x  

V2S5800 

(74/158)  

+  

transverse 

restraint 

seismic 

bearing 

D240  

with 3 sealing 

elements 

*D240 stands for expansion joint for movement component rectangular to the gap axis of 195 mm according to 

[10] as the first lower D160 allows only 130 mm. 

**V2S5800 (74/158) stands for seismic isolator/elastomeric bearing for the maximum load of 5800 kN, service 

displacement of 74 mm and seismic displacement of 158 mm according to [12] 
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5. Conclusion 

After carrying out the overall design of the bridge in accordance with Eurocode standards, including 

seismic design in earthquake prone areas and calculation of displacement for relevant combinations of 
actions, the final choice of expansion joint should be the optimal solution in terms of performance, the 

cost of the equipment itself and its maintenance, additionally using an appropriate choice of design 

approach for the expansion joints. 

For the bridges analysed in this paper and the selected expansion joints, this is the A1 approach for the 

transverse direction, where the movements of the bridge should be limited with anti-seismic blocks or 

seismic restraint devices, and the A2 approach for the longitudinal or transversal direction, which allows 

the seismic movement capacity of the joint for the total displacement dEd calculated for earthquakes 

with frequent values, that is, for seismic actions with a high probability of occurrence.  

If the design of longer bridges under severe earthquakes will result in larger seismic displacements (i.e. 

dEd > 200mm, see example bridge in [13]), then restricted movement and load capacity design B1-B4 
approaches of expansion joints could be investigated. These approaches could also be beneficial for old 

bridges designed without seismic activity, when installing a new expansion joint for adequate seismic 

movement according to current seismic demands will not be possible. 
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Abstract 

Masonry structures are commonly used for building residential buildings throughout the Balkans and worldwide, 

in urban and rural areas and areas with seismic risk. For masonry construction in regions with seismic risk, 

confined masonry (CM) construction offers an appealing alternative to unreinforced masonry (URM) due to its 

better seismic performance. The numerical simulation of CM is often based on the Equivalent Strut Model (ESM). 

Such a model provides a very reasonable compromise between accuracy and efficiency and is simple enough for 

use in design. The purpose of this paper is to compare the results of an experimental shear compression test on a 

modern CM wall with different ESM models. Five ESM models proposed by various authors are compared. The 
numerical pushover analyses were performed in the SAP2000 software, and the reference points of the model that 

gave the best alignment with experimental results were estimated using regression analyses. The results show that 

the simple modelling of CM walls with an equivalent diagonal strut, which carries load only in compression, can 

accurately simulate the global seismic response and is suitable for practical applications.  

Keywords: Confined masonry, Equivalent strut model (ESM), Numerical modelling, Pushover analysis, SAP2000. 

1. Introduction 

Masonry structures are traditionally used for low- to mid-rise buildings, particularly in regions 

characterised by high seismic hazard. Although unreinforced masonry structures did not perform well 
during the past earthquakes in Italy, the Balkans (Croatia, Slovenia, Serbia and Albania), Latin America 

(Chile, Peru and Mexico), the Middle East and South Asia, masonry is still one of the most commonly 

used building materials in earthquake-prone areas. Field observations after major earthquakes showed 

that earthquakes could cause significant damage to structures or even total collapse. Therefore, many 
researchers are working to prevent or reduce the consequences of earthquakes with alternative 

construction technologies with improved seismic performance.  

One such technology is confined masonry, consisting of masonry walls and reinforced concrete (RC) 
confining elements. The confining tie-columns and tie-beams fully enclose the walls in vertical and 

horizontal directions [1]. These RC ties effectively improve the integrity and stability of masonry walls 

to in-plane and out-of-plane earthquake effects [2]. In the past decades, CM buildings have withstood 

major earthquakes, such as the 2010 Chile earthquake, which caused substantial damage to URM 
masonry and RC buildings without collapse [3]. It should also be noted that properly constructed 

confined masonry buildings performed very well and substantially better than URM buildings in the 

recent Petrinja, Croatia M 6.4 earthquake [4].  
Confined masonry technology presents a viable alternative for unreinforced masonry (URM) and 

reinforced concrete (RC) frames with masonry infills because it does not require advanced construction 

skills and equipment. The increasing use of confined masonry requires reliable methods for structural 
response analysis, not only for the design of new construction but also for evaluating existing buildings 

[5].  

Most research on CM is based on experimental testing of walls subjected to in-plane lateral loading [6, 

7]. In contrast, there appears to be less research on the numerical modelling of CM walls. However, it 
is essential both for research and design to supplement and extend experimental results and to derive 
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appropriate computational models. Marques et al. [8] discussed several numerical models currently 
available for the seismic analysis of CM structures. Confined masonry walls exhibit complex and highly 

inelastic behaviour during seismic loading. Therefore, their proper consideration requires sophisticated 

computational techniques, which are usually not practical for designers. The finite element method-
based approaches differ in degrees of refinement and accuracy. They can generally be divided into three 

groups: detailed micro model, simplified micro model and macro model. An appropriate approach is 

chosen depending on the analysis's purpose and the required detail level.  

The numerical simulation of CM is often based on a macro-modelling approach, i.e. Equivalent Strut 
Model (ESM). This most straightforward type of modelling requires less computational effort and is 

suitable for routine design, wherein a compromise between accuracy and efficiency is needed [9]. The 

aim of this paper is to compare five nonlinear ESM models proposed by different authors with the 
experimentally obtained response of modern CM walls. The experimental tests were in-plane cyclic 

shear compression tests.  

The following section presents the Equivalent Strut Models used in the analyses, with an additional 

theoretical explanation. The experimental investigation of two modern CM walls, as well as the results 
of the experiment, are briefly described in section 3. The numerical model was built in the SAP 2000 

software [19]. Model calibrations and a comparison between experimental and numerical results are 

presented in section 4, followed by conclusions. 

2. The Equivalent Strut Models (ESMs) 

The Equivalent Strut Model (ESM) is one of the most known macro models, which was first proposed 
in the 1960s to model masonry infills in RC frames with diagonal struts. The diagonal strut model arose 

from the observation that during horizontal in-plane loading of an RC frame with masonry infill, the 

compression field in the masonry infill develops mainly along its diagonal (see Fig. 1b). Several 
researchers have later proposed using the ESM to model CM structures [10]. The present work was 

guided by the assumption that failure modes in CM walls and RC frames with infills are similar.  

In case the ESM model is used in a linear analysis for, e.g. design, the only required parameters are the 

modulus of elasticity and the strut dimensions. For nonlinear analysis, on the other hand, the whole 
axial force-displacement curve is needed [11]. In the past decades, many researchers [12-16] have 

proposed approaches to model the lateral force-displacement relationship. These can represent the 

masonry wall's monotonic or cyclic behaviour, both of which are calculated based on the mechanical 

and geometrical characteristics explained below. 

A multilinear relationship usually describes the constitutive law of an equivalent strut. Various models 

[13, 16, 17] have been proposed that take into account multiple failure modes and, based on the expected 
failure mode, calculate the lateral strength of the panel. However, other proposed models [12, 14, 15] 

seem to be easier to apply because they only require knowledge of the mechanical properties of the 

wall, even if they do not predict failure modes. It should be noted that in the proposed models, the initial 

stiffness and strength refer to the horizontal direction and have to be transformed to the diagonal (strut) 
direction. The models used in this study and corresponding equations to determine the envelope of the 

force-displacement curve for the lateral strength F or the strut axial strength N are shown in Table 1. 

If the strut axial strength N is determined first, the lateral strength of the wall F is obtained using the 

following equation: 

cosF N =  (12) 

The model by Panagiotakos and Fardis [12] used a four-linear lateral force-displacement curve that 
describes the cracking force, peak strength and residual strength after the failure of the masonry infill, 

as shown in Fig. 2a. The maximum lateral strength (Fm in Fig. 2a) is assumed equal to 1.3 times the 

cracking strength, while the lateral residual strength (Fu in Fig. 2a) is taken as 10% of the peak strength. 

The ultimate strength of the wall is a function of the masonry shear strength determined from the 

diagonal compression test τcr (Eq. (1)). 
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Table 1 – Equations for the strut axial strength or lateral strength  

Reference Lateral strength F / Strut axial strength N  

Panagiotakos and Fardis [12] max 1.3 ms m mF f l t=  (1) 

Decanini et al. [13] ( )0 00.6 0.3dt m wN t d = +  (2) 

 ( )( )0 01.2sin 0.45cos 0.3s wN t d   = + +  (3) 

 
( ) ( )

00.12 0.88

1 2

1.12sin cos
cc m w

h h

N t d
K K

 


 
−

=
+

 (4) 

 
0

1 2

1.16 tanm

dc w

h

N t d
K K

 


=

+
 (5) 

Dolšek and Fajfar [14] ( )20.818 1 1
in w tp

m I

I

L t f
F C

C
= + +  (6) 

Teni et al. [15] max 1.3 cr w wF l t=  (7) 

Liberatore et al. [16] ( )( )01.2sin 0.45cos 0.3s yN td   = + +  (8) 

 ( )00.6 0.3dt m y mN tl = +  (9) 

 
11.16 tandc m hN f  −=  (10) 

 
0.881.12sin coscc m hN f   −=  (11) 

maxF - maximum strength of masonry wall; 
dtN - strength in the diagonal tension failure mode; 

sN - strength in 

the bed-joint sliding failure mode; ccN - strength in the corner compression failure mode; dcN - strength in the 

diagonal compression failure mode; , , , , ,w in ml d L l   - geometrical characteristics (see Fig. 1); , ,w mt t t – wall 

thickness; 0, ,cr m msf  - shear strength evaluated through diagonal compression tests; 0 - shear strength of bed 

joints; 
tpf - referential tensile strength of masonry; 0,m mf  - compression strength of masonry; 

0 , y  - vertical 

stress of the applied load; IC - coefficient of interaction between the wall and the surrounding frame; h - non-

dimensional parameter (Eq. (18)); 1 2,K K - empirical coefficients (see Table 2). 

  

Figure 1. Equivalent strut model: (a) in-plane geometrical characteristics and (b) equivalent diagonal strut [16]. 

The most physically sound approach considers all possible failure mechanisms in masonry. Therefore, 

it is necessary to calculate the strength associated with each mechanism and then adopt the lowest value, 
which is the most likely failure mode that can occur when the wall is loaded. That value is then the 

assumed strength of the equivalent diagonal strut. The model by Decanini et al. [13] adopted a four-

branched backbone curve that describes: (a) the linear elastic uncracked phase Hmf; (b) the post-cracking 
stage until reaching the maximum strength Hmfc; (c) the descending branch until Hmr and (d) the residual 

strength characterised by a horizontal line as shown in Fig. 2b. Decanini et al. [13] consider four 
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different possible failure mechanisms shown in Table 1 (Eqs. (2) – (5)). The strength values related to 
diagonal tension, Ndt, and to sliding shear failure, Ns, depend on the masonry shear strength and the 

vertical stress acting on the infill. The resistance associated with corner compression, Ncc, and diagonal 

compression, Ndc, are a function of the masonry compressive strength. 

 

Figure 2. The multilinear force-displacement curve of (a) model by Panagiotakos and Fardis [12]; (b) model by 

Decanini et al. [13]; (c) model by Dolšek and Fajfar [14]; (d) model by Teni et al. [15] and (e) model by 

Liberatore et al. [16]. 

The envelope of the force-displacement curve adopted in the model of Dolšek and Fajfar [14] is 

presented by three branches (see Fig. 2c). To calculate the maximum strength of the wall Fmax (Eq. (6)), 

the expression proposed by Žarnić and Gostič [18] was used. The cracking force Fc is obtained assuming 

the ratio of Fc/Fmax of 0.6.  

Teni et al. [15] proposed the model shown in Fig. 2d. The behaviour of the diagonal strut is defined 

with an envelope of horizontal force and displacement, which is adopted from Panagiotakos and Fardis 

[12]. The difference is that the residual strength (Fres in Fig. 2d)) is taken as 30% of Fmax.  

Finally, Liberatore et al. [16] proposed a model that considers uncertainties in its "backbone" curve. 

The proposed force-displacement curve is defined by four characteristic points (Fig. 2e) with different 

shear values: 40% of Vp, 85% of Vp, Vp and zero, where Vp is the peak load. The corresponding 
displacements are d40, d85, dp and dc, respectively. For the estimation of the peak load, Vp, Liberatore et 

al. [16] consider four failure mechanisms (Eqs. (8) – (11)), the same as in the model of Decanini et al. 

[13]. The strut axial strength, N, is the minimum value among the different failure mechanisms. In 

addition to the mechanical characteristics of the masonry, this advanced model also takes into account 
various characteristics, such as the presence of vertical or horizontal holes in the units, the type of test 

(monotonic or cyclic), etc. 

The axial stiffness of the diagonal strut, Ks, is generally calculated as a function of the strut width, bw, 

according to the following equation: 

m w w

s

E t b
K

d
=  (13) 
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where Em is Young's modulus, tw is the thickness of the masonry wall, and d is the length of the strut. 
The secant stiffness associated with the load capacity of the wall (Ksec in Fig. 2d), determined from the 

axial stiffness of the equivalent strut, is given by the following equation: 

2

sec cosm w wE t b
K

d
=  (14) 

The equations used to determine the equivalent strut width that the authors used in their models are 

shown in Table 2.  

Table 2 – Equivalent strut width predictive equations 

Reference Equivalent strut width 𝑏𝑤   

Panagiotakos and Fardis [12] ( )
0.4

0.175w hb d
−

=  (15) 

Decanini et al. [13] 
1

2w

h

K
b K d



 
= + 
 

 
for 3.14h   

1 23, 0.178K K= = −  
(16) 

  
for 3.14 7.85h   

1 20.707, 0.01K K= =  
 

  
for 7.85h   

1 20.47, 0.04K K= =  
 

Teni et al. [15] ( )
0.4

0.175w cb h d
−

=  (17) 

wb - the width of the strut; ch - the column height; d - the length of the compressive diagonal; λh – see below  

The formula used to calculate the equivalent strut width (Eq. (15)) in the study by Panagiotakos and 

Fardis [12] is straightforward. The strut width bw from Eq. (16) is calculated from the non-dimension 
parameter λh and two constants, K1 and K2, calibrated from experimental tests [13]. To calculate the strut 

width bw, Teni et al. [15] use a slightly modified formula (15), as shown in Table 2 (Eq. (17)). 

The width of the strut is based on the dimensionless parameter λh, which takes into account the material 

and geometric characteristics of the frame-infill system  

4
sin 2

4

m w

h

c c m

E t
h

E I h


 =  (18) 

Where Ec is the elastic modulus of concrete, Ic is the moment of inertia of columns, hm is the height of 

the masonry panel, and θ is the slope of the strut relative to the horizontal axis. 

Teni et al. [15] use the parameter λ according to a modified equation that has the following form: 

4
sin 2

4

m w

c c m

E t

E I h


 =  (19) 

The formulas listed in Table 1 require knowledge of the mechanical and geometric parameters of the 

masonry wall. Among others, the parameters needed to determine the maximum lateral strength of the 

wall are the compressive strength of masonry, fm, the shear strength evaluated through diagonal 
compression tests, τm0, and the shear strength of bed joints, τ0. When parameters τm0 and τ0 are not 

available, Liberatore et al. [16] in their study propose the following equations for determining these 

parameters: 

0 0.285m mf = (MPa) (20) 

0 0

2
0.211

3
m mf = = (MPa) (21) 
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3. Experimental cyclic shear test 

The seismic response of modern CM walls was tested in a cyclic shear compression test on two samples 

(W7 and W8, see Table 3). In the test, the compressive stress state due to the weight above is modelled 
by additional vertical forces applied before the lateral load. The seismic load is imposed on the wall in 

the form of prescribed displacements, which act cyclically in positive and negative directions (three 

times) and with increasing amplitude until collapse. Finally, the boundary conditions in the test were 

the so-called fixed-fixed boundary conditions (no rotation at the top with constant vertical force). 

Table 3 – Confined masonry walls for cyclic shear tests (dimensions in cm) 

Label 

 

W7, W8 

Dimensions 

Height [cm] 

Length [cm] 

Thickness [cm] 

175 

175 

38 

Tie-columns 

yes 

No. of samples 

2 

 

The walls were constructed from modern large chamber blocks (nominal dimensions of the unit are 250 

x 249 x 380 mm) with insulation material in the chambers and polyurethane (PU) glue instead of mortar. 
They were built on RC foundations for transport and later fixing to the laboratory floor. There was first 

a 1–2 cm thick layer of general-purpose mortar on the foundation to provide a level surface for 

constructing the wall. Wall above was built using PU glue, which was applied to bed joints in four 
strips. The units were laid into the PU glue, and the final thickness of the bed joint was less than 1 mm. 

Head joints were unfilled and interlocked with the feather and groove type of contact. Perfect 

overlapping of units was used (overlap equal to half the length of the unit). RC bond beams were 

constructed on top of the walls to distribute vertical and horizontal loads during testing. The dimensions 

of the tested CM walls are shown in Table 3. 

3.1 Material properties  

Material properties were measured using dedicated tests. Some of the parameters were determined by 
calculation. Because the diagonal compression test was not performed in the experimental cyclic shear 

tests of CM walls, the shear cracking strength of masonry τcr was calculated as 0.285 times the square 

root of compressive strength of masonry fm (see Eq. (20)). The shear strength of bed joints, τ0, was also 

calculated using Eq. (21). The reference tensile strength of masonry (ftp) can be derived from the 
diagonal tension test, which was also not performed in this experiment. Žarnić and Gostič [18] predict 

that this value is usually in the range between 4 % and 8 % of the compressive strength of the wall. In 

this study, it is assumed that this value was 8 % of fm. 

All relevant parameters are shown in Table 4. 
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Table 4 – Material property values used for concrete, masonry and reinforcement steel. 

Concrete Value Source 

Elastic modulus of concrete Ec [MPa] 33000 
Standard 

EC2 

Masonry   

Elastic modulus of masonry Em [MPa] 2200 Experiment 

Shear strength of masonry τm0 [MPa] 0.556 Calculated 

Referential tensile strength of masonry ftp [MPa] 0.304 Calculated 

Compressive strength of masonry fm [MPa] 3.8 Experiment 

Basic shear strength of bed joints τ0 [MPa] 0.411 Calculated 

Vertical stress of the applied load σ0 [MPa] 0.63 Experiment 

Reinforcement steel   

Elastic modulus of reinforcement steel Es [MPa] 200 000 Experiment 

Yield tensile strength fy [MPa] 551 Experiment 

Ultimate tensile strength fu [MPa] 658 Experiment 

3.2 Experimental results  

The comparison between the numerical pushover analysis and experimental tests is performed on the 

envelope curves of the response. Fig. 3 shows the envelope curves for both tested walls (W7 and W8) 

and the average pushover curve used to compare with the results from the numerical simulations. 

 

Figure 3. Experimental envelope curves of the tested confined walls.  

4. Numerical simulations 

4.1 Description of the numerical model 

As mentioned in chapter 2, the Equivalent Strut model was used to model the CM wall. The model 

consists of a frame, which can develop plastic hinges at the corners (Fig. 4a) and a diagonal strut to 
model the effect of masonry (Fig. 4b). For the frame, interacting P-M2-M3 hinges were used in the tie-

columns, and moment M3 hinges were used for the bond beam. Plastic hinges were defined at relative 

distances of 0.05 and 0.95, as seen in Fig. 4a. The strut is modelled using the "link" elements in 
SAP2000 [19]. This type of element is used because it can connect two joints (RC ties and wall) and 

behaves non-linearly. The link element consists of six springs for each of the six degrees of freedom, 

and different linear or nonlinear properties can be assigned to each spring [19].  

The nonlinear characteristics of hinges in the frame were calculated based on the characteristics of the 

materials taken from experimental tests. Mander's model [20] was used for concrete when defining the 
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stress-strain curve, which was automatically defined by the program. A stress-strain curve was specified 

for the rebars based on the mechanical characteristics of the steel (see Table 4). 

  

Figure 4. a) Hinge locations in the numerical model [19]; b) Numerical model with diagonal strut [19].  

The multilinear plastic "link" element connects two diagonally opposite corners and has defined only 

the properties in the U1 direction because the equivalent diagonal strut "works" only in compression. 
The force-displacement multilinear curve is the nonlinear property assigned to the "link" element. The 

parameters and formulas that define the force-displacement curves and corresponding constitutive 

models are shown below.  

Fig. 5 shows the final axial force-axial displacement curves for strut proposed by different authors, 

which serve as input data in numerical analyses. 

 

Figure 5. Final axial force-axial displacement curves for strut proposed by various authors.  

4.2 Comparison of the results 

The results from the numerical pushover analyses were compared to the envelope curve of the test in 
Fig. 6. The Panagiotakos and Fardis (red) model significantly overestimates peak strength (the relative 

percentage error er=148%). Based on the softening branch of the numerical curve, it can be concluded 

that these authors' model is more suitable for walls with extremely brittle failure. A similar observation 

can be made for the Dolšek and Fajfar model (green curve). However, the overestimation of peak 

strength is smaller, at about 82%. 
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Figure 6. Comparison of the results between the numerical and experimental curves.  

The model by Decanini et al. (orange) similarly overestimates peak strength by about 90% and 

underestimates drift at peak strength. The softening stiffness after reaching peak force is much better 

estimated, as it aligns with the experiment quite well.  

Teni et al. (purple) model significantly overestimates peak strength (153%). However, this model is the 
only one that overestimates drift at peak resistance (0.63% in the model and 0.49% in the experiment). 

The model predicts a more brittle response than what was observed in the test. 

Finally, the model proposed by Liberatore et al. shows a remarkable resemblance between the numerical 
model (light blue) and the experimental one (black dashed), as seen in Fig. 6. After the elastic phase, 

the numerical model curve's peak is reached around 8.9 mm (drift 0.51%). The experimental one peaked 

at 8.6 mm (drift 0.49%). Moreover, the numerical results match the initial stiffness, peak load capacity 

and stiffness degradation quite well. Therefore, it can be said that the model proposed by Liberatore et 

al. [16] is suitable for confined masonry walls of this type. 

Relatively bad alignment of models [12-15] with the experiment indicates they should be calibrated to 

give better results.   

4.3 Calibration of models and results 

This subsection presents the improved numerical curves of calibrated models [12-15]. The results of 

the calibrated strut envelopes are shown in Fig. 7. 

 

Figure 7. Modified axial force-axial displacement curves for equivalent diagonal strut. 
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Analysis of experimental values from cracking-to-peak strength (Fpeak) suggests that such a ratio can be 
fixed and equal to 0.6 in the models [12] and [15], while the peak strength of the wall is equal to 0.5 τcr 

Aw. The residual strength Fres is calculated as 15% of the peak strength. The secant stiffness Ksec is 

corrected by factors of 0.2 and 0.5 for models [12] and [15], respectively. Secant-to-cracking stiffness 
Kel and softening stiffness Kdeg are finally presented as a fraction of Ksec. The elastic stiffness was 

obtained as 3.0 Ksec and 2.7 Ksec for models [12] and [15], respectively, while the degrading stiffness 

for both models was adopted as 0.15 Ksec.  

To better match the experimental results with the numerical results, the model of Dolšek and Fajfar [14] 
also had to be calibrated. The maximum force Fmax (see Eq. (6)) was corrected by a factor of 0.55. The 

cracking force Fc was calculated assuming a ratio between the cracking force and the maximum force 

of 0.35. Secant stiffness Ksec was corrected by a factor of 0.2, while the elastic stiffness K1 was obtained 
as 2.0 Ksec. It was also concluded that using a modified force-displacement curve for the strut model, 

the numerical (green) and experimental curves (black dashed) show good similarity, except that the 

numerical model gives an overestimation of peak strength as in models [12] and [15]. 

In the calibrated model by Decanini et al. [13], the minimum lateral strength Hmfc was considered to be 
only 45% of the lateral strength previously calculated via the most probable failure mode of the CM 

wall. The linear elastic uncracked strength Hmf is assumed as 50% of lateral strength, while the residual 

strength Hmr takes 35% of Hmfc. The stiffness of the wall at the stage of complete cracking Kmfc was 
corrected by a factor of 0.15, which directly affected the uncracked stiffness K0. A modification for the 

uncracked stiffness K0 is also proposed, considering 60% of the calculated elastic stiffness.  

Finally, the calibrated model by Decanini et al. shows slightly better results than the previous models 
in terms of overestimating peak strength (about 12%). The model by Liberatore et al. [16] was not 

modified because it considered all the uncertainties in its "backbone" curve that the previous four 

models did not consider. 

As in the previous subchapter, all five numerical pushover curves are shown in Fig. 8, and compared 

with the experimental envelope curve. 

 

Figure 8. Comparison of the calibrated numerical and experimental curves.  

5. Conclusions 

Confined masonry (CM) is a construction technology that has the potential for seismically resilient 

masonry construction. However, the broader application of this technology for the design of new 

construction and evaluation of existing buildings requires improving relevant codes and developing 

simple and reliable numerical models for seismic analysis. 
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The Equivalent Strut Model (ESM) proposed in this study can be used for nonlinear static analysis of 
CM structures as one of the most straightforward macro-modelling approaches. In this approach, the 

RC confining elements are modelled as horizontal (beam) and vertical (column) elements, while the 

masonry wall is modelled as a diagonal strut. 

The numerical analyses were performed in the SAP2000 software using five models of force-

displacement curves for the confined masonry wall proposed by the various authors. Straightforward 

use of the models showed significant discrepancies with the experiments, except in the case of 

Liberatore et al. model. In the next step, the models were calibrated, and the alignment with the 

experiments was much better. The following conclusions have been drawn based on this study: 

• Simple modelling with an equivalent diagonal strut, which carries load only in compression, 

can simulate the global seismic response of the CM walls and is suitable for practical 

applications. Unfortunately, this kind of model does not identify local effects or low ductility 

zones.  

• By comparing the experimental results and the results of the numerical pushover analyses, it 

was concluded that the strength and stiffness of the wall in the force-displacement curve models 

proposed by different authors must be calibrated. The calibrated models showed reasonably 

good agreement with the experimental results. The recommended models should be verified by 

additional experiments, which will be the subject of future work. 

• Good compatibility between the numerical and experimental curves was obtained by the 

Decanini et al. model, with a slight overestimation in the peak strength of 12%. On the other 

hand, the best alignment with the experimental results was obtained by the force-displacement 

curve model proposed by Liberatore et al. with a practically negligible overestimation of the 

ultimate strength (less than 5%). The reference points of the model were estimated using 

regression analyses in which the presence of holes in the units, the type of test (monotonic or 

cyclic), and the type of masonry material were taken into account. None of the remaining four 

models makes such considerations.  

• The considered modern confined masonry appears to have a very good seismic response and a 

large capacity for energy dissipation. 
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Abstract 

Within the literature, no examples of equations were found that account for out-of-plane inter-storey drift force 

resistance, nor any that tested RC frames under them. Moreover, no studies were even done that combined in-

plane forces. Consequently, this paper presents an equation development for estimating the resistance of RC 

frames containing infill walls with and without openings subjected to simultaneous IP and OoP loading. The 

equations were derived from data obtained from 3D high fidelity finite-element micromodels calibrated against a 

series of small- and large-scale experimental tests. An estimation of resistance is done by obtaining a coefficient 

based on the opening area and the angle of the resultant in-plane and out-of-plane load and multiplying it with the 

in-plane load-bearing capacity of a bare frame. The derived equation showed a good correlation with the 

computational data. 

Keywords: in-plane, out-of-plane, simultaneous load, RC frame, infill wall, openings, resistance estimation  

Abbreviations and notations 

Latin based 

IP In-Plane 

OoP Out-of-Plane 

𝑉𝑅 Shear resistance – resultant force 

𝑉𝑅,𝐼𝑃,𝐵𝐹 IP Shear resistance of a BF model 

𝑘𝑜 Coefficient used for calculating the shear resistance of an RC frame with an infill wall and an opening  

𝑘𝑖 Coefficient used for calculating the shear resistance of an RC frame with an infill wall (no opening) 

𝐴𝑜 Area of opening 

𝐴𝑖 Area of infill wall 
 

Greek-based 

𝛼 The angle of the resultant force 𝑉𝑅 

𝛽 The ratio of opening to infill wall area (𝐴𝑜 𝐴𝑖⁄ )  

1. Introduction 

Many modern, high-rise structures in Croatia and the rest of Europe are made of reinforced concrete 

(RC) frames with masonry infill walls. During an earthquake event, such structures are excited in Out-

of-plane (OoP) and In-plane (IP) directions. Simply by the geometry of frame structures, its IP 

behaviour is always governed by inter-storey drift forces. On the other hand, the OoP ones are governed 

by both the inter-storey drift and inertial forces. Inertial forces are carried out by the accelerated masses 

of the infill wall and the inter-storey drift ones -by the movement of the rigid slab i.e., the frames.  

The effects of the earthquake action on frame structures were investigated in IP and OoP directions 

separately and in combination. The combined IP and OoP loads were considered in three ways. Firstly, 
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previous IP damage followed by OoP load. This combination is the most prevalent in the literature. 

Secondly, previous OoP damage followed by IP load and thirdly simultaneous IP and OoP load. 

Namely, most of the research that combined the loads was done using inertial OoP load and IP load. 

Besides the contribution of the authors of this paper, only two were found that investigated the OoP 

inter-storey drift forces on the structural steel frames with masonry infill walls [1,2].  

Furthermore, no equations are avaliable to consider OoP inter-storey drift forces or their combination 

with IP loads. All the equations within the literature are either flexural or arching-action based i.e., 

grounded on research that used inertial force approaches [3–5]. 

Consequently, this paper presents a computational study and analytical model development based on 

the simultaneous inter-storey drift OoP and IP loads on RC frames with unreinforced masonry infill 

walls with and without openings.  

2. Methodology 

Prior to computational studies and their calibrations, a series of experimental tests were undertaken. 

Small-scale experiment tests were undertaken to obtain the mechanical properties of the materials 

involved (concrete, rebar, masonry units, mortar). Also, experimental tests were undertaken on scaled 

specimens of frames with and without masonry infill walls and openings. In these cases, masonry walls 

(shear, compression, bending) were subjected to IP [6] and OoP [7] drift-driven cyclic, quasi-static tests 

(Fig. Figure 1). The tested specimens included a bare frame (BF), fully infilled frame (FI), frame with 

centric door (CD), centric window (CW), eccentric door (ED) and eccentric window (EW) openings 

within the infill wall. 

The frame was designed using EN1998 provisions [8] following medium ductility class specifications. 

The masonry infill units were locally sourced and classified as Group 2 using the EN1996 provision 

[9], and by the same provision, a cementitious mortar was used and classified as M5 [9]. 

 

Figure 1. Experimental tests. a) OoP bend test on masonry infill wall [10]. b) IP cyclic, quasi-static test on 

frames with and without masonry infill walls and openings [11]. c) IP cyclic, quasi-static test on frames with 

and without masonry infill walls and openings [7] 

Based on the OoP wall bend experiments that were done with the load parallel and perpendicular to the 

bedjoints (Fig. Figure 1a) and by the IP (Fig. Figure 1b) and OoP (Fig. Figure 1c) cyclic, quasi-static 

tests, computational models were developed and calibrated against them [12]. The computational 

models were developed using a FEM 3D micromodel approach via Atena Engineering 3D [13] software 

with manually edited input files. 

a) b) c) 
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The micromodels used the 3D solid elements to simulate concrete and masonry, 2D elements for 

contacts (hed- and bedjoints) and 1D truss elements for rebar (Fig. Figure 2). Nonlinear cementitious 

material model was used for both concrete and masonry; interface – gap elements for head- and 

bedjoints, and cyclic reinforcement model for rebars. 

 

 

Figure 2. Parts of the 3D micromodel 

The calibration process started with IP tests, followed by the OoP bend tests and finally, OoP cyclic, 

quasi-static tests. If there were any corrections during the process, it would be reverted to the simulation 

of the earlier calibrated models.  Furthermore, the calibration process yielded the governing factors of 

each experiment. 

With the calibrated models, further simulations were carried out i.e., extrapolated to include 

simultaneous IP, OoP and gravitational load along with variating door and window opening sizes and 

positions.  

Based on the data available in the literature, a limit of opening to infill wall area ratio was found to be 

𝐴𝑜 𝐴𝑖⁄ ∈ [0.1, 0.3]. If the ratio is below 0.1, the opening has no influence [9]; whereas if it is above 0.3, 

the infill wall does not [14]. Therefore, the ratios that were included in the simulations were 

approximately the minimum, mean, and maximum of the limits (𝐴𝑜 𝐴𝑖⁄ ∈ ≈ {0.1,0.2,0.3}), an example 

of such variating size is visible in Figure 3 on a CW model. The dimensions of openings were chosen 

based on architectural standards that present common practices [15]. 

 

Figure 3. Example of opening size variation on CW model 

Unlike the calibrated models, the load was monotonic, i.e., the pushover method. This was done since 

the computational time was immense, especially considering that there were more than 250 models to 

compute.  

The simultaneous load was defined by varying the angle 𝛼 ∈ {0, 15, 30, 45, 60, 75, 80, 85, 90}° where 

0° is pure IP and 90° pure OoP load. The resultant shear load 𝑉𝑅 is calculated by the sum of squares of 

IP and OoP load-bearing resistance. 

1D Truss elements 

Interface elements with no 

interlocking function 

Interface elements with 

interlocking function 

3D solid elements 

𝐴𝑜 𝐴𝑖⁄ =  12.31 % 𝐴𝑜 𝐴𝑖⁄ =  21.54 % 𝐴𝑜 𝐴𝑖⁄ =  30.15 % 
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So, the models were further abbreviated as: 𝑚𝑜𝑑𝑒𝑙(𝐴𝑜/𝐴𝑖){𝑙, 𝑟}. Where the model is one of the BF, 

EW, etc.; l,r load direction in case of an eccentric opening. 

3. Results and discussions 

Since this paper aimed to present the equation development, only the primary outcomes of computations 

are presented. An example of load-bearing capacities is presented in Figure 4 in the form of a polar 

plot. The polar plot shows the values of load-bearing capacities within the polar coordinate system, 

where the angle of the system is also the angle of the resultant force 𝛼 and the distance from the null 

point is the load-bearing capacity. The load-bearing capacity is expressed with its value (vertical axis) 

and normalised to a BF model's pure IP load-bearing capacity. The blue-filled curve is the FI’s, yellow-

filled BF’s and cyan-filled of the referent model with openings. 

The other polar plots follow the same patterns as those in Figure 4. Namely, the load-bearing capacity 

starts as a maximum at pure IP load (𝛼 = 0°), and drop with the increase of 𝛼 whistl finally reaching 

the OoP load-bearing capacity of a BF. The decline in load-bearing capacity is gradual up to 45°, while 

afterwards, the decline is more rapid. The reason behind it is that up to 45°, the mechanical system is 

frame-dominated; afterwards, it is beam-dominated. Also, with the tension introduced by bending the 

wall caused by OoP drift-driven load, the beneficial IP-compression strut loses its effectiveness.  

 

Figure 4. Example of the load-bearing capacity of CW model with different area ratios 

Interaction curves were set up for one referent model e.g., CW and plotted against normalized load-

bearing capacity 𝑘𝑜, angle of the resultant force 𝛼, and the ratio of opening to infill wall area in surface 

and contour plots (topographical view of the surface) as visible in examples in Figure 5. Other models 

had similar plots, showing a mathematical pattern governing the curves.  

Hence, such a mathematical pattern could be exploited to create an equation that could estimate the 

load-bearing capacity of an RC frame with a masonry infill wall with or without openings. The equation 

(Eq. 1) was arranged in a way so that the IP load-bearing capacity of a bare frame (𝑉𝑅,𝐵𝐹,𝐼𝑃) is multiplied 

by a coefficient (𝑘) that considers the sizes of the openings and the angle of the resultant force. Since 

the FI models do not have an opening, the coefficient was then divided into that those that take openings 

into account (𝑘𝑜) and those that do not (𝑘𝑖). The IP load-bearing capacity of a bare frame was chosen 

as a bare frame is an elementary example and IP being more researched. Such a capacity could be 

obtained through calculations, numerical computations or experiments. 

𝑉𝑅,𝛼 = 𝑉𝑅,𝐵𝐹,𝐼𝑃 ⋅ 𝑘, 𝑘 ∈ {𝑘𝑜, 𝑘𝑖} (1) 

From the interaction curves in Figure 5, it is clear that the relation of 𝛼 and normalized force is of an 

exponential kind, while the area ratio 𝛽 = 𝐴𝑜 𝐴𝑖⁄  is linear. So, in order to formulate the coefficient 𝑘, 

first it was related to angle 𝛼 forming 𝑘(𝛼). Multiple equations were tested to fit the data, namely in 

the sphere of growth modelling (economic, natural, etc.). A Monomolecular, also known as Brody or 

Mitscherlich function, was implemented (Eq. 2). 

FI BF CW 
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𝑘 = 𝑐1 −
𝑐2

𝑐3

(1 − 𝑒−𝑐3𝑥) (2) 

 
Figure 5. Example of interaction curves. a) CD model. b) EW model. 

Again, the equation was then correlated to 𝛼 → 𝑘(𝛼) for each model of the same group by different 

area ratios 𝛽 (e.g., CW(0.1), CW(0.2), and CW(0.3)). Using a SciPy curve fit tool [16], the coefficients 

were optimised to produce the best fit with the data.  So, the coefficients 𝑐1, 𝑐2, and 𝑐3 were 𝛽 

dependable. Knowing that the 𝛽 to normalized force has a linear relation, a line equation was used to 

calculate their governing function. Finally, with some optimisations and simplifications, the coefficient 

for opening (Eq. 3) and without it (Eq. 4) were formed. For the coefficient 𝑘𝑜 That considers the 

openings, parameters 𝑎 and 𝑏 can be extracted from Table 1. 

𝑘𝑜 = 𝑎 + 𝑏𝛽(1 − 𝑒−0.05𝛼(𝛽−1)) (3) 

𝑘𝑖 = 1.53 + 0.003(1 − 𝑒−0.085𝛼) (4) 

∀ α ∈ [0, 90], β ∈ [0.1, 0.3] 

Table 1. Coefficients needed for Equation (3) 

Opening 
Load direction 𝑎 𝑏 

Type Position 

Door Centric / 1.29 0.071 

Window Centric / 1.30 0.075 

Door Eccentric 
 

1.30 0.065 

Door Eccentric 
 

1.24 0.070 

Window Eccentric 
 

1.27 0.070 

Window Eccentric 
 

1.23 0.070 
 

The equations show a good correlation with the simulation data, as visible in the examples in Figure 6. 

In Figure 6, the surface is the normalized force calculated using Equations (3,4) with the domain that 

Left 

Right 

Left 

Right 

a) 

b) 
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covers 𝛼 ∈ [0, 90] (°) and 𝛽 ∈ [0.1, 0.3]; while the red spheres are the datapoints from micromodel 

computations. 

 

 

Figure 6. Data fitting results. a) CD model. b) CW model. c) ED(l) model 

4. A worked example for determining the load-bearing capacity  

An example of determining load-bearing capacity is described here. 

Problem: Determine the load-bearing capacity of a frame with a URM infill wall and centric door 

opening under the angle of loading 𝛼 = 45° (equal IP and OoP load). The IP load-bearing capacity of 

the frame was calculated as 𝑉𝑅,𝐼𝑃.𝐵𝐹  = 400 kN, and the ratio of the opening and infill wall is 𝐴𝑜/𝐴𝑖 =

𝛽 = 0.24. 

Solution with equations: Using Equation (3), one can obtain a more refined answer when compared 

to the interaction curves. Firstly, one should obtain coefficients from Table 2: a = 1.29 and b = 0.071. 

Then use Equation 8 with the data from the problem and Table 1. 

ko =  a + bβ(1-e-0.05α(β-1)) 

= 1.29 + 0.071⋅0.24(1-e-0.05⋅45(0.24-1)) 

≈ 1.213 

Finally, multiply the BF’s IP capacity with ko, thus obtaining the requested capacity: 

VR,CD,α=45 = koVR,BF,IP 

= 1.213 ∙ 400 

= 485.20 kN 

Solution with interaction curves (graphical): The process is described in Figure 7. The first one 

should find the appropriate interaction curve. In this case, the CD one. Then find the Ao/Ai and draw a 

horizontal line, in this case, red. Next, find the angle and draw the vertical line, in this case, green–

coloured. The intersection of the red and green lines is the requested coefficient. A more conservative 

approach would read it as 1.2, more detailed would estimate it as 1.23. Finally, multiply the BF’s IP 

capacity with the coefficient, and follow the solutions below. 

Detailed approach:  

VR,CD,α=45= koVR,BF,IP 

= 1.23 ∙ 400 

= 492 kN 

Conservative approach:  

a) b) c) 
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= 1.2 ∙ 400 

= 480 kN 

 

Figure 7. Determination of coefficients for the example 

5. Conclusions 

Using the calibrated 3D FEM micromodels, a computational campaign was conducted that included 

applying simultaneous IP and OoP drift-force on RC frames with and without infill walls and openings. 

An angle defines the simultaneous load that the resultant of IP and OoP resistance closes with the IP 

resistance. It was found that the greatest load-bearing capacity is with pure IP load that drops with the 

angle change until it reaches pure OoP load. With pure OoP load, there is no difference between the BF 

or other models with infill walls or openings. The decline in the capacity is gradual up to 45° when 

afterwards it is more rapid. Such a decline is due to a shift from the frame- to a beam-based mechanical 

system, and by beneficial IP compression strut losing its effectiveness caused by tension from OoP 

loads. 

It was found that all models had similar angle-openings size-resistance interaction curves, i.e., the same 

mathematical pattern that accounts for the ratio of opening to infill wall area and the angle of the 

resultant force. Those patterns were used to derive an equation i.e., coefficients to calculate the load-

bearing capacity of an RC frame with a masonry infill wall with or without openings loaded under the 

desired angle. The derived equation revealed a good correlation with the computational micromodel 

data; yet, it could not be validated against others since there is no like research with OoP drift-force 

approaches. 
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Abstract 

The seismic design of reinforced concrete walls is greatly influenced by the selected ductility class. The ductility 

class directly determines the reduction of seismic loading by reducing the response spectrum using an appropriate 

behaviour factor. A higher ductility class can only be achieved by following more stringent design rules related 

to the type, amount, and detailing of reinforcement. In this paper, an overview of the differences in the design 

criteria required to achieve a medium (DCM) and high (DCH) ductility class is presented. The difference in 
behaviour factor between these two ductility classes is 50%. Three buildings of different heights (40 m, 50 m, and 

60 m) in which reinforced concrete walls are arranged around a central core are analysed. The dimensions of the 

core and the thickness of the walls were chosen primarily to achieve the required stiffness of the building and to 

meet the conditions for total and inter-story displacements. Seismic loads for ductility classes DCM and DCH 

were calculated for all buildings, and a seismic response spectrum analysis was performed. Finally, a seismic 

design of selected walls was performed for each ductility class according to EN 1998-1-1. The results show a 

difference in the required amount of reinforcement, and its placement, depending on the reinforcement type 

(B500B or B500C). The main difference in design was found to be the resistance to sliding shear failure, which 

requires additional angled reinforcement for DCH ductility class. Examples of reinforcement detailing are shown 

graphically for each ductility class. A conclusion is drawn regarding the advantages of choosing the highest 

ductility class, taking into account the cost of reinforcement. 

Keywords: tall building, shear walls, reinforced concrete, seismic analysis, ductility 

1. Introduction 

Given the resurgence of seismic activity in Croatia in recent years, there is increasing interest in 

researching various earthquake-related topics. In Croatian practise, the modelling and design of 

structures is usually done according to the DCM rules, which place the structure in the medium ductility 

class. The high ductility class DCH is not a common requirement for structures, and for this reason 

there are very few case studies on its benefits and related design challenges.  

The structural system with the reinforced concrete core and surrounding frames is one of the most 

widely used in high-rise building construction. The use of shear walls is equally represented in both 
high and low buildings. They are important parts of the structure that contribute significantly to lateral 

stiffness. They can be compared in their behaviour to vertical consoles, i.e., it can be said that these are 

''high consoles'' fixed to the foundation. Together with the columns, they contribute to the transfer of 
vertical loads, and thus have a significant normal force. In some structures, coupled shear walls may be 

required, where the beams and the floor system connect the two or more walls together as a coupled 

system to provide greater stiffness. In tall buildings, shear walls are usually located in the centre of the 

building and typically form a central core that houses the vertical communication system such as 
stairwells and elevators. As such, they are a very common form of lateral load support system in tall 

buildings [1].  

The response of high-rise buildings in earthquake areas is an essential criterion for seismic design. If 
the structure is ''too stiff'', greater internal forces will occur, and if it is ''too soft'', excessive 

displacements will occur. By properly selecting the type, quantity, position, and dimensions of 
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structural elements, we can achieve a balance between these two limitations. According to research [2] 
carried out on more than 2500 high-rise buildings in China, a diagram of typical relationships between 

building heights and fundamental vibration periods was given. Using this diagram, we can estimate how 

the building will react based on its stiffness. 

 

Figure 1. Relationship between fundamental periods and structural heights [2] 

2. Ductility classes DCM and DCH 

The ductility of the structure reflects its ability to maintain load-bearing capacity high in the plastic 
range, exhibiting high deformations before failure. Ductile structures are particularly important in 

seismic areas due to their energy dissipation properties, reflected by high enclosed area of the load-

displacement hysteresis loops. Ductile behaviour in reinforced concrete structures can be achieved by 
special reinforcement design and detailing which results in adequate longitudinal reinforcement, 

stirrups for confinement of the compressed sections, and transverse or inclined reinforcement to prevent 

shear failure. The goal is to achieve ductile wall failure mode by yielding of the tensile reinforcement 

and wide cracks in the tension zone, rather than brittle compressive failure with crushing of the concrete 
and buckling of the reinforcement. In addition, shear failure modes such as diagonal tension and 

diagonal compression, as well as sliding shear in the region of the plastic joint, must be prevented. 

Sliding shear is attributed to the relatively low allowable compression, which is limited to only 40% of 
the concrete compressive strength for DCH according to the provisions of the Eurocode. By applying 

the rules for design and detailing of a selected ductility class, the desired behaviour of the structure can 

be achieved. As far as ductility class is concerned, HRN EN 1998-1 [3] makes the biggest difference in 

the design for shear, where DCH has much stricter rules compared to DCM. The multiplication factor 
for the design seismic shear force derived from the analysis is 1.5 for DCM, while for DCH it is 

calculated according to the expression (Table 1) and is limited to a value less than or equal to the 

behaviour factor. According to EN 1998 [3], the resistance to sliding shear failure must be checked for 
ductility class DCH. This resistance is composed of three parts: the resistance of the vertical bars, the 

resistance of the inclined bars and the frictional resistance. According to these design rules, the design 

was carried out for two case study walls and the results are presented in the continuation.    

Table 1 (part 1) – EN 1998 rules for the detailing and dimensioning of ductile walls [4] 

 DCH DCM DCL 

Web thickness, bw0≥ max(150mm, hstorey/20) - 

critical region length, hcr 

≥ max(lw, Hw/6) 

≤ min(2lw, hstorey) if wall ≤ 6 storeys 

≤ min(2lw, 2hstorey) if wall > 6 storeys 

- 
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Table 1 (part 2)  – EN 1998 rules for the detailing and dimensioning of ductile walls [4] 

 DCH DCM DCL 

Boundary elements: 

a) in critical region:    

- length lc from edge ≥ 0.15lw, 1.5bw, length over which εc>0,0035 - 

- thickness bw over o lc ≥ 0.2m; hst/15 if lc≤max(2bw,lw/5), hst/10 if lc>max(2bw, lw/5)  

- vertical reinforcement:  

ρmin over Ac=lcbw 0,5% 0,2% 

ρmax over Ac 4% 

- confining hoops (w):  

dbw ≥ 6mm, 0.4(fyd/fywd)1/2dbL 6mm in the part of 

the section 

where ρL>2: 

as over the 

rest of the 

wall (case b, 

below) 

spacing sw ≤ 6dbL, b0/3, 125mm 8dbL, b0/2, 175mm 

ωwd ≥ 0,12 0,08 

αωwd ≥ 30μφ(νd+ωv)εsy,dbw/b0-0,035  

b) over the rest of the wall 

height: 

In parts of the section where εc>0,2%: ρv,min=0,5%; elsewhere 0,2% 

In parts of the section where ρL >2%: 

distance of unrestrained bar in compression zone from nearest 

restrained bar ≤150mm; 

hoops with dbw≥max(6mm, dbL/4) & spacing sw≤min(12dbL, 0.6bw0, 240mm) up to 

a distance of 4bw above or below floor beams or slabs, 

or sw≤min(20dbL, bw0, 400mm) ) beyond that distance 

Web: 

- vertical bars (v):  

ρv,min Wherever in the section εc>0,2%: 0,5%; elsewhere 0,2% 0,2% 

ρv,max 4% 

dbv≥ 8mm - 

dbv≤ bw0/8 - 

spacing sv≤ min(25dbv, 250mm) min(3bw0, 400mm) 

- horizontal bars:  

ρh,min 0,2% max(0.1%, 0.25ρv) 

dbh≥ 8mm - 

dbh≤ bw0/8 - 

spacing sh≤ min(25dbh, 250mm) 400mm 

axial load ratio νd=NEd/Acfcd ≤0,35 ≤0,4 - 

Design moments MEd: 

If Hw/lw≥2, design moments from linear envelope of 

maximum moments MEd from analysis for the “seismic 

design situation”, shifted up by the “tension shift” aI 

from 

analysis 

for design 

seismic 

action & 

gravity 
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Table 1 (part 3) – EN 1998 rules for the detailing and dimensioning of ductile walls [4] 

 DCH DCM DCL 

Shear design: 

Design shear force VEd = 

shear force V'Ed from the 

analysis for the design 

seismic action, times 

factor ε 

if  Hw/lw≤2: ε=1.2MRd0/MEd0≤q 

ε=1.5 ε=1.0 
if  Hw/lw>2: 

휀 = √(1.2
𝑀𝑅𝑑0

𝑀𝐸𝑑0

)
2

+ 0.1 (𝑞
𝑆𝑒(𝑇𝐶)

𝑆𝑒(𝑇𝐶1)
)

2

≤ 𝑞 

VRd,max  outside critical 

region 
As in EC2: 𝑉𝑅𝑑,𝑚𝑎𝑥 = 0,3(1− 𝑓𝑐𝑘(𝑀𝑃𝑎) 250⁄ )𝑏𝑤0(0,8𝑙𝑤)𝑓𝑐𝑑𝑠𝑖𝑛2𝛿, 1 ≤ 𝑐𝑜𝑡𝛿 ≤ 2,5 

VRd,max in critical region 40% of EC2 value As in EC2 

VRd,s in critical region; web 
reinforcement ratios: ρh, ρv 

 

(i) if  𝛼𝑠 = 𝑀𝐸𝑑/𝑉𝐸𝑑𝑙𝑤 ≥ 2: 

ρv= ρv,min , ρh from VRd,s: 
𝑉𝑅𝑑,𝑠 = 𝑏𝑤0(0,8𝑙𝑤)𝜌ℎ𝑓𝑦𝑤𝑑 

As in EC2: 

𝑉𝑅𝑑,𝑠 = 𝑏𝑤0(0,8𝑙𝑤)𝜌ℎ𝑓𝑦𝑤𝑑𝑐𝑜𝑡𝛿, 

1 ≤ 𝑐𝑜𝑡𝛿 ≤ 2,5 

(ii) if  𝛼𝑠 < 2: ρh from VRd,s 𝑉𝑅𝑑,𝑠 = 𝑉𝑅𝑑,𝑐 + 𝑏𝑤0𝛼𝑠(0,75𝑙𝑤)𝜌ℎ𝑓𝑦ℎ𝑑 As in EC2: 

𝑉𝑅𝑑,𝑠 = 𝑏𝑤0(0,8𝑙𝑤)𝜌ℎ𝑓𝑦𝑤𝑑𝑐𝑜𝑡𝛿, 

1 ≤ 𝑐𝑜𝑡𝛿 ≤ 2,5 ρv from: 𝜌𝑣𝑓𝑦𝑣𝑑 = 𝜌ℎ𝑓𝑦ℎ𝑑 − 𝑁𝐸𝑑/(0,8𝑙𝑤𝑏𝑤0) 

Resistance to sliding 

shear: via bars with total 

area Asi at angle α to the 

horizontal 

𝑉𝑅𝑑,𝑠 = 𝐴𝑠𝑖𝑓𝑦𝑑𝑐𝑜𝑠𝛼 + 

𝐴𝑠𝑣min(0,25𝑓𝑦𝑑 , 1,3√(𝑓𝑦𝑑𝑓𝑐𝑑))+ 

0,3(1 − 𝑓𝑐𝑘(𝑀𝑃𝑎)/250)𝑏𝑤0𝑓𝑐𝑑 

 

3. Worked examples 

3.1 Buildings for comparison – layout and height 

A comparison of the analysis and design is given for buildings with three different heights, all of which 

have the same fixed arrangement of elements in the floor plan. The heights vary between 40 m, 50 m 

and 60 m. Fig. 2 shows the arrangement of the elements in the floor plan of each building. The floor 

plan is symmetrical in both directions, with a central reinforced concrete core and frames arranged 
around it. The reinforced concrete core is the primary horizontal load-bearing element and consists of 

a closed walled section 8.0 x 8.0 m in size. Access to the core, which houses all vertical communications 

is provided through two openings in opposing walls, thus creating a coupled wall system. The openings 
in the walls of the core are 2.0 x 2.1 m in size. The height of the floor ranges from 2.95 m to 3.1 m, 

depending on the height of the building. Since the focus of the design is on the walls, their thickness 

varies depending on the height of the model and the position of the walls along the height of the building. 
For the 40-meter-high building, the walls of the first five floors are 40 cm thick, and the walls of the 

next eight floors have a thickness of 30 cm. In the 50-meter building model, the first seven floors have 

a wall thickness of 50 cm, and the remaining ten floors have a wall thickness of 40 cm. In the last model, 

the tallest building, the first eight floors have a wall thickness of 60 cm, and the remaining eleven floors 
have a wall thickness of 50 cm. These wall thicknesses were chosen according to the dynamic analysis 

to calibrate the behaviour of the building to the expected periods of the modal shapes and to limit the 

amount of compressive stress in the wall according to the ductility class requirements. Inter storey drift 
and displacements at the top of the buildings were also checked and limited to H/500 restriction. All 

columns have the same constant cross-section, 50 x 50 cm, throughout the entire height of the building 

in all models. The dimensions of the beams are 50 x 50 cm and are the same throughout the height of 
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the building. The horizontal diaphragms (slabs) are 16 cm thick. All vertical elements are fixed at the 
bottom to simulate a rigid underground foundation level, which was not modelled (Fig. 3). The material 

used was concrete of class C50/60.  

 

Figure 2. Characteristic floor plan of the building considered in the design 

 

h=40,04 m h=50,15 m h=60,00 m 

 

 

 

  

Figure 3. 3D view of three models 

612

https://doi.org/10.5592/CO/2CroCEE.2023.29


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.29 

3.2 Modal analysis and behaviour 

The behaviour factor q was determined according to the instructions given in EN 1998-1-1 and is 

calculated as 3.6 for DCM, and 5.4 for DCH. Based on these values, two spectres were defined, and a 

modal analysis was performed in the software. The 3D numerical model was developed using finite 
element method (FEM) in software for static analysis. All load bearing elements are defined in the 

model, while the non-bearing ones are taken into account with additional dead load. Walls and slabs 

are defined using shell elements, with the mesh size of 25x25 cm, while the 1D beam elements were 

defined with corresponding cross sections. All vertical elements are placed on rigid supports (in node 
for 1D and on bottom edge for 2D elements) on the bottom of the ground floor. The modulus of elasticity 

of the horizontal diaphragms, the slabs, is 37300 MPa. According to HRN EN 1998-1-4.3.1(7), the 

modulus of elasticity of all other concrete elements is to be taken as half the value, 18650 MPa, due to 
the assumption of the cracked concrete sections. Modal spectral analysis is performed, with 20 

eigenvalues for each of the three models, to be in accordance with the minimum number of modes, 

equal to the 3√n, where the n is the number of floors. Tables 2-4 show the results of the modal analysis, 

and Fig. 4 shows the design spectra with plotted corresponding values of buildings first periods. 

Table 2 – Modal analysis results for building h = 40 m 

 

Table 3 – Modal analysis results for building h = 50 m 

 

 

Mode Omega [rad/s] Period [s] Freq. [Hz] W_{xi}/W_{xtot} W_{yi}/W_{ytot} W_{zi}/W_{ztot} W_{xi_R}/W_{xtot_R} W_{yi_R}/W_{ytot_R} W_{zi_R}/W_{ztot_R}

1 6,87508 0,91 1,09 0,6911 0 0 0 0,2565 0,0001

2 7,4443 0,84 1,18 0 0,6507 0 0,2921 0 0,0005

3 8,22718 0,76 1,31 0,0001 0,0004 0 0,0002 0 0,7817

4 23,5615 0,27 3,75 0,1727 0 0 0 0,3901 0,0001

5 24,2208 0,26 3,85 0,0002 0 0 0,0001 0,0005 0,1198

6 28,1011 0,22 4,47 0 0,0921 0,001 0,3625 0 0

7 28,7503 0,22 4,58 0,0002 0,0003 0,6738 0,0005 0,0015 0

8 29,76 0,21 4,74 0,0081 0,0001 0,0152 0,0001 0,0496 0

9 32,158 0,2 5,12 0 0,1181 0,0001 0,0281 0 0

10 40,3878 0,16 6,43 0 0 0 0 0 0,0421

11 46,4411 0,14 7,39 0,0512 0 0 0 0,0939 0

12 55,93 0,11 8,9 0 0 0 0 0 0,0201

13 60,6207 0,1 9,65 0 0 0,0642 0 0,0005 0

14 60,8107 0,1 9,68 0 0,0258 0 0,0962 0 0

15 61,6163 0,1 9,81 0,0002 0 0,0026 0 0,0127 0

16 64,2709 0,1 10,23 0 0,0389 0 0,0286 0 0

17 68,8677 0,09 10,96 0,0226 0 0 0 0,0558 0,0001

18 69,1251 0,09 11 0,0001 0 0 0 0,0002 0,0128

19 69,8406 0,09 11,12 0,0001 0 0,0202 0 0,0001 0

20 71,5292 0,09 11,38 0 0 0 0 0 0

0,9466 0,9263 0,7773 0,8084 0,8616 0,9772

Mode Omega [rad/s] Period [s] Freq. [Hz] W_{xi}/W_{xtot} W_{yi}/W_{ytot} W_{zi}/W_{ztot} W_{xi_R}/W_{xtot_R} W_{yi_R}/W_{ytot_R} W_{zi_R}/W_{ztot_R}

1 5,16589 1,22 0,82 0,6806 0,0001 0 0 0,2878 0

2 5,5102 1,14 0,88 0,0001 0,6409 0 0,3242 0 0,0001

3 6,87628 0,91 1,09 0 0,0001 0 0,0001 0 0,7782

4 18,3599 0,34 2,92 0,1794 0 0 0 0,3623 0

5 20,501 0,31 3,26 0 0,0001 0 0,0002 0,0001 0,1158

6 22,8246 0,28 3,63 0 0,155 0 0,3286 0 0,0001

7 24,3841 0,26 3,88 0,0001 0,0001 0,6635 0 0,0006 0

8 25,4948 0,25 4,06 0,0048 0 0,0094 0 0,026 0

9 26,7396 0,23 4,26 0 0,052 0,0003 0,0023 0 0

10 34,9582 0,18 5,56 0 0 0 0 0 0,0423

11 37,2832 0,17 5,93 0,0506 0 0 0 0,0995 0

12 49,163 0,13 7,82 0 0 0 0 0 0,0218

13 51,6847 0,12 8,23 0 0,06 0 0,1335 0 0

14 54,1018 0,12 8,61 0,0002 0 0,0478 0 0,0018 0

15 54,5276 0,12 8,68 0,0007 0 0,0215 0 0,003 0

16 55,4021 0,11 8,82 0 0,0087 0,0001 0,0004 0 0

17 56,5972 0,11 9,01 0,0256 0 0 0 0,0657 0

18 61,5051 0,1 9,79 0 0 0 0 0 0,0129

19 66,9404 0,09 10,65 0 0 0,0216 0 0 0

20 69,0877 0,09 11 0,0001 0 0 0 0,0023 0

0,9422 0,9169 0,7643 0,7894 0,8492 0,9712
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Table 4 – Modal analysis results for building h = 60 m 

 

DCM DCH 

 

Figure 4. The relationship between the period and the response for each height of the building and ductility class 

4. Reinforcement comparison for different ductility classes 

Design and comparison of the results was done for two intersecting walls on the ground floor of each 

model - S1 shorter wall and S2 longer wall (Fig. 2). Reinforcement design results and comparison can 

be observed in Table 5. The main difference in the reinforcement concerning the ductility class is in the 
stirrups spacing. The curvature ductility factor μφ varies greatly depending on the final ductility of the 

structure we want to achieve, and it will affect the stirrups spacing. For DCM either B500B or B500C 

reinforcement can be used, while for DCH only B500C reinforcement is allowed. If B500B 

reinforcement steel is used, curvature ductility factor μφ must be taken 50% higher which places it close 
to curvature ductility factor μφ according to DCH design (Table 6). Thus, there is only a small difference 

in the stirrup spacing between DCM and DCH when B500B is used in DCM design compared to the 

case when B500C is used for both DCM and DCH design. Furthermore, to achieve a high ductility class 
(DCH) it is necessary to meet shear resistance requirements which are much demanding in relation to 

the requirements for the medium class of ductility (DCM). Conditions for both ductility classes are 

shown in Table 1 (part 3). Fig. 5 shows reinforcement for DCM design of a 50 m high building.   

Mode Omega [rad/s] Period [s] Freq. [Hz] W_{xi}/W_{xtot} W_{yi}/W_{ytot} W_{zi}/W_{ztot} W_{xi_R}/W_{xtot_R} W_{yi_R}/W_{ytot_R} W_{zi_R}/W_{ztot_R}

1 4,19184 1,5 0,67 0,6663 0,0002 0 0,0001 0,3126 0

2 4,31474 1,46 0,69 0,0002 0,6339 0 0,3422 0,0001 0

3 6,35601 0,99 1,01 0 0 0 0 0 0,7822

4 15,7529 0,4 2,51 0,1894 0 0 0 0,3382 0

5 18,9387 0,33 3,01 0 0,0206 0 0,0322 0 0,0981

6 19,0886 0,33 3,04 0 0,165 0 0,261 0 0,0124

7 21,9378 0,29 3,49 0 0 0,6545 0 0,0002 0

8 23,1493 0,27 3,68 0,0041 0 0,0059 0 0,0115 0

9 23,8354 0,26 3,79 0 0,0189 0,0003 0,0004 0 0

10 32,2195 0,2 5,13 0,0001 0 0 0 0,0003 0,041

11 32,7902 0,19 5,22 0,0525 0 0 0 0,1068 0,0001

12 44,318 0,14 7,05 0 0,0682 0 0,1349 0 0

13 45,5048 0,14 7,24 0 0 0 0 0 0,0216

14 48,943 0,13 7,79 0,0012 0 0,0193 0 0,0008 0

15 49,3369 0,13 7,85 0,001 0 0,0491 0 0 0

16 49,6946 0,13 7,91 0 0,0022 0,0004 0,0008 0 0

17 50,3042 0,12 8,01 0,0241 0 0,0003 0 0,0673 0

18 57,3445 0,11 9,13 0 0 0 0 0 0,013

19 63,8374 0,1 10,16 0 0 0,0215 0 0 0

20 65,1029 0,1 10,36 0,0002 0 0,0003 0 0,001 0

0,9393 0,9092 0,7517 0,7715 0,8387 0,9684
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Table 5 – Comparison of design reinforcement for DCM and DCH ductility class design 

Model/Wall 
Web Boundary elements 

Vertical bars Horizontal bars Vertical bars Stirrups Inclined bars 

H40/S1 (DCM) ±Ø12/10 cm ±Ø12/10 cm 14Ø16 Ø12/12 cm - 

H40/S1 (DCH) ±Ø12/10 cm ±Ø12/10 cm 12Ø16 Ø12/8 cm ±7Ø32 

H50/S1 (DCM) ±Ø12/10 cm ±Ø12/10 cm 16Ø16 Ø12/12 cm  - 

H50/S1 (DCH) ±Ø12/10 cm ±Ø12/10 cm 16Ø16 Ø12/9 cm ±9Ø32 

H60/S1 (DCM) ±Ø12/9 cm ±Ø12/9 cm 18Ø16 Ø12/12 cm  - 

H60/S1 (DCH) ±Ø12/10 cm ±Ø12/10 cm 18Ø16 Ø12/9 cm ±8Ø32 

H40/S2 (DCM) ±Ø12/10 cm ±Ø12/10 cm 28Ø16 Ø12/18 cm  - 

H40/S2 (DCH) ±Ø12/10 cm ±Ø12/10 cm 28Ø16 Ø12/9 cm ±16Ø28 

H50/S2 (DCM) ±Ø12/10 cm ±Ø12/10 cm 24Ø20 Ø12/18 cm  - 

H50/S2 (DCH) ±Ø12/10 cm ±Ø12/10 cm 24Ø20 Ø12/10 cm ±17Ø28 

H60/S2 (DCM) ±Ø12/9 cm ±Ø12/9 cm 28Ø20 Ø12/20 cm  - 

H60/S2 (DCH) ±Ø12/10 cm ±Ø12/10 cm 28Ø20 Ø12/12 cm ±15Ø28 

 

Table 6 – The curvature ductility factor and stirrups spacing for each ductility class and reinforcement type  

Model 
DCM/DCH 

(B500B/B500C) 
Wall 

Curvature 
ductility factor μφ 

Stirrups 

H40 DCM (B500B) S1 9,3 Ø12/8 cm 

  S2 9,3 Ø12/10 cm 

DCM (B500C) S1 6,2 Ø12/12 cm 

  S2 6,2 Ø12/18 cm 

DCH (B500C) S1 9,8 Ø12/8 cm 

  S2 9,8 Ø12/9 cm 

H50 DCM (B500B) S1 9,3 Ø12/9 cm 

  S2 9,3 Ø12/10 cm 

DCM (B500C) S1 6,2 Ø12/12 cm 

  S2 6,2 Ø12/18 cm 

DCH (B500C) S1 9,8 Ø12/8 cm 

  S2 9,8 Ø12/10 cm 

H60 DCM (B500B) S1 9,3 Ø12/9 cm 

  S2 9,3 Ø12/12 cm 

DCM (B500C) S1 6,2 Ø12/12 cm 

  S2 6,2 Ø12/20 cm 

DCH (B500C) S1 9,8 Ø12/9 cm 

  S2 9,8 Ø12/12 cm 

 

Sliding shear resistance is particularly important in this comparison because this proof is needed only 

in DCH design. Sliding shear can occur only in the region of a plastic hinge and particularly at the 
position of a construction joint (Fig. 6) [5]. The design shear force is to be multiplied with a factor ε 

which is 1.5 for DCM, while the expression for DCM yields a much larger factor equal to DCH 

behaviour factor of 5.4. To achieve a high sliding shear resistance needed for such a large design shear 
force, it is necessary to use an angled “X” shaped reinforcement in the region of the plastic hinge (Fig. 

6). Without this reinforcement it is impossible to meet the sliding shear design requirements for DCH 

ductility class. Fig. 7 shows DCH reinforcement with bidiagonal bars for a 50 m high building.  
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Figure 5. Reinforcement: boundary element and the crossing of two walls (DCM design, building height 50 m) 

 

 

Figure 6. Sliding shear failure and bidiagonal X shaped reinforcement for added resistance [5] 
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Figure 7. Bidiagonal X shaped reinforcement for sliding shear (DCH design) 

5. Conclusion 

Worked examples show that when the element is designed according to the DCM rules with the use of 

B500B reinforcing steel compared to the design of the same element according to the DCH rules with 

B500C reinforcing steel, the only major difference is the need for inclined reinforcement to prevent 
sliding shear failure. The DCM design, such verification is not required, so no inclined reinforcement 

is needed. When reinforcement steel class B500C is used for both designs, the possible stirrup spacing 

in the boundary element is significantly larger when designing according to the DCM rules. The reason 
for this is the required ductility, which is higher for the DCH design than for the DCM design when 

B500C class reinforcing steel is used. The required ductility depends on the behaviour factor and the 

first period. Since the behaviour factor for DCM and DCH is not the same, the required ductility is also 

not the same. Using B500B steel in the DCM design according to HRN EN 1998-1 [3] increases the 
required ductility by 50%, which brings it significantly closer to the ductility calculated for DCH. This 

ultimately leads to equal spacing of stirrups in the boundary element. 

As mentioned earlier, one of the main differences in the design between DCM and DCH is the design 

for shear. The DCH requires a much more stringent constraint on shear resistance compared to the DCM 
method. Under the DCH design, shear resistance must satisfy three checks: diagonal compression 

failure of the web due to shear, diagonal tension failure of the web due to shear, and sliding shear failure. 

The DCM method also provides checks for diagonal compression and diagonal tension failure of the 
web due to shear, but the major difference is in the factorization of the shear force. In DCM, the factor 

by which the design shear force from the seismic analysis is multiplied is 1.5, while in DCH it is much 

higher and is limited only to the maximum value of q (Table 1). 

At the time of writing, the price difference between B500B and B500C reinforcing steel is about 15%, 

with B500C being more expensive. If we add the necessary inclined reinforcement, the placement of 
which significantly complicates the execution and concreting, thus increasing the construction costs, 

the economic viability of such a design and construction for the seismic zone as analysed in this work, 

is questionable. 
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Abstract 

This contribution presents the central concepts of the swiss building code SIA 269/8 [1] for the verification of the 

seismic safety of existing structures. 

The first central concept of SIA 269/8 is the compliance factor. It indicates the degree of compliance of an existing 

structure in comparison with the requirements for new structures. The second central concept is the 

recommendation of measures based on the value of the compliance factor. If the seismic safety of an existing 

structure lies below a minimum threshold value of the compliance factor, retrofitting is mandatory to reach this 
minimum threshold whatever the costs. If the compliance factor is smaller than 1.0 and higher or equal to the 

minimum compliance factor, only efficient measures, with a risk reduction greater than the costs, have to be 

implemented. 

The third central concept of SIA 269/8 is the evaluation of the commensurability of measures through the explicit 

computation of their efficiency. The risk reduction is computed using a set of standardized curves linking the 

compliance factor with different risk unit values. The efficiency is computed as the ratio between the risk reduction 

in Swiss francs (CHF) per year and the annualized cost of measures. For the computation of the risk reduction for 

human life, a value of statistical life of 10 million Swiss francs is used.  

This elegant and relatively simple framework allows to focus retrofit measures for constructions with an 

unacceptable risk level as well as for constructions for which commensurate retrofit measures can be found. It has 

been widely applied in Switzerland since 2004 and is well accepted in practice. 

Keywords: building code, existing structures, seismic safety, retrofit, risk-based 

1. Introduction 

The prestandard SIA 2018 [2] for the seismic safety verification and retrofit of existing buildings in 
Switzerland was published in 2004 and updated as the SIA 269/8 building code [1] in December 2017. 

SIA 269/8 extends the application domain to other construction types than buildings and extends the 

available standardized methodologies to compute the risk reduction through seismic retrofit measures 
to other risks than the risk to human life. 

The risk-based concepts of SIA 2018 and SIA 269/8 have been applied since 2004 . They show an 

adequate balance between a consistent probabilistic risk-based framework and the necessary ease of use 
for a broad application in practice. A large number of seismic verifications and retrofits of existing 

buildings and bridges have been performed in Switzerland using these standards, such as documented 

in [3]. They usually happen in the framework of global retrofit or transformation projects. 

2. Compliance factor and recommendation of measures 

The first central concept of SIA 269/8 is the compliance factor eff, which indicates the degree of 

compliance of an existing structure with the requirements for new structures in the building code SIA 

261 [4].  

For constructions of importance class I (ordinary constructions, such as habitation and commercial 

buildings) and II (constructions with a higher human occupancy and content value), the minimum 

compliance factor min is 0,25. Below this minimum compliance factor, the safety of individuals is 
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deemed unacceptable with an expected annual probability of death exceeding 10-5 (see also Fig. 2a). 
For constructions of importance class III (vital infrastructure function), II-s (school buildings) and II-i 

(important infrastructure function), the minimum compliance factor min is 0,40.  

The second central concept of SIA 269/8 is the recommendation of measures, which is derived from 

the level of the compliance factor after a seismic safety verification (eff) such as depicted in Fig. 1.  

 

Fig. 1 - Recommendations of measures according to the new SIA building code 269/8. 

 

Three cases are distinguished: 

1. If the compliance factor eff is lower than min, retrofit measures are mandatory in order to reach 

a compliance factor after intervention (int) at least equal to min. The efficiency of possible 

further retrofit measures to achieve a higher compliance factor than min must be  evaluated 

according to case 2. 

2. If the compliance factor eff is between min and the  dashed curve , then concepts for retrofit 
measures must be developed and implemented if they are commensurate. The objective is to 

reach a compliance factor of 1,0. If this is not possible, measures must be implemented until 

the limit of commensurability is reached. If no commensurate measures can be found then the 

level of seismic safety can be accepted as is. 

3. If the compliance factor eff is above the dashed line in Figure 1, commensurate measures are 

probably impossible to find and the level of seismic safety can be accepted as is. 

3. Computation of the commensurability of measures 

In SIA 269/8 commensurate measures are defined as measures with an efficiency EFM ≥ 1. The 

efficiency of measures EFM is defined as the ratio between the annualized risk reduction RM in Swiss 

francs per year and the annualized cost of measures SCM (Eq. 1). 

 EFM = RM / SCM (1) 
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3.1 Computation of risk reduction 

To compute the different components of the yearly risk reduction RM, SIA 269/8 provides standardized 

curves that link the compliance factor with different risk units (Fig 2.) or the willingness to pay to 
protect the infrastructure function (Fig. 3). The curves in Fig. 2 were derived from probabilistic risk 

studies such as in [5] and [6]. The curves in Fig. 3 were set based on the empirical observation of the 

willingness to pay for seismic retrofit measures by constructions with an important or vital infrastructure 

function. The risk curves in Fig. 2 are only used for the domain of compliance factors ≥ min, to compute 

the commensurability of measures. 

 

                                            (a)                                                                                              (b) 

Fig. 2 – Human risk factor curve (a) and construction risk factor curve (b). 

 

 

Fig. 3 – Infrastructure rate curves to compute the willingness to pay to protect the infrastructure function 

 

Fig. 2a is a risk curve linking the compliance factor with the human risk factor PRF. PRF is the 

probability of death per year per unit of average human occupancy in the construction. The risk 

reduction related to human casualties RPM is computed according to Eq. (2) as the difference between 

the human risk factor PRFM before and after retrofit, multiplied by the average human occupancy in 

the construction PB and a value of statistical life GRK set as CHF 10 million.  

 RPM = PRFM . PB . GRK (2) 
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Fig. 2b has two risk curves linking the compliance factor with a construction risk factor BRF. BRF is 
the probability of loss per year per unit of the replacement value of the construction. The risk reduction 

related to the direct damage to the construction RBM is computed according to Eq. 3 as the difference 

between the construction risk factor BRFM before and after retrofit, multiplied by replacement value 
of the construction BW. For constructions with a high proportion of secondary elements, such as 

buildings, the upper curve in Fig. 2b is used. For constructions with a low proportion of secondary 

elements, such as bridges or retaining walls, the lower curve in Fig. 2b is used.  

 RBM = BRFM . BW (3) 

 

SIA 269/8 also provides methods to estimate the risk reduction for the content value RSM as well as 

the business interruption RUM. The computation of RSM and RUM is based on BRFM according to 

Fig. 2b. RSM is computed according to Eq. (4) as BRFM multiplied by the replacement value of the 

content SW that can be damaged by the construction collapse and a calibration factor SRF. Depending 

on the situation SRF take on value of 0.05 or 0.2. RUM is computed according to Eq. (5) as BRFM 

multiplied by the cost of business interruption UK over the estimated interruption time and a calibration 

factor URF of 0.5. For ordinary buildings, RSM and RUM are usually negligible. 

 RSM = SRF . BRFM . SW (4) 

 RUM = URF  . BRFM . UK (5) 

 

For constructions of importance class III (vital infrastructure function) and II-i (important infrastructure 

function), the efficiency of measures is computed using the concept of willingness to pay to protect the 

infrastructure function ZIM. ZIM is computed using Fig. 3, which relates a so-called infrastructure rate 

IS with the compliance factor. ZIM is computed according to Eq. (6) as the difference in infrastructure 

rate ISM before and after retrofit multiplied by the replacement value of the construction and the 

directly impacted goods BSW (usually the value of the construction and its content).  

 ZIM = ISM . BSW (6) 

 

The total risk reduction RM for constructions of importance classes COI, COII and COII-s is the sum 

of the risk reduction contributions such as given by Eq. (7). The total risk reduction RM for 

constructions of importance classes COII-i and COIII is given by Eq. (8). 

 RM = RPM + RBM + RSM + RUM (7) 

 RM = RPM + ZIM (8) 

 

According to SIA 269/8, it is mandatory to consider the risk reduction for human casualties RPM and 

the willingness to pay to protect the infrastructure function ZIM for the computation of the efficiency 

of measures. It is only recommended to consider other risk reductions such as RBM, RSM,  RUM.  

3.2 Computation of the yearly cost of measures 

The yearly cost of measures SCM is computed according to Eq. (9) as the cost of retrofit measures SICM 
multiplied by a discounting factor DF. DF is determined according to Eq. (10) using the remaining time 

of use of the construction dr in years and a discounting rate i of 2 % per year. 
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 SCM = SICM . DF (9) 

 DF = i . (1 + i)dr/ [(1 + i)dr - 1] (10) 

 

3.3 Computation of limit costs for commensurable measures 

Using the equations presented in 3.1 and 3.2, it is possible to compute the limit costs of retrofit measures 

so that EFM= 1.0 for a known initial situation and a target compliance factor after retrofit. The general 

formulation for these limit costs SICMlim is given in Eq. (11), with RM being the risk reduction that is 
obtained with the target compliance factor. SICMlim is useful to assess the approximate maximum budget 

that could be justified for commensurate retrofit measures. 

 SICMlim = RM / DF (9) 

 

4. Examples 

4.1 Office building 

The initial compliance factor for the office building is 0.3 (above the minimum required compliance 
factor of 0.25). For this example, the risk reduction for human life (mandatory) as well as the risk 

reduction for the direct damage to the building (owner’s decision) are considered in the evaluation of 

the efficiency of possible retrofit measures. The values of the relevant parameters are given in Table 1.  

Table 1 – Example of an office building 

Parameter Value Description / Comment 

Importance class I Office building 

dr 50 years Remaining life time of the building 

PB 21 persons Average human occupancy 

100 employees, 8 hours a day, 5 days a week, 47 weeks a year :  

PB = 100 . 8/24 . 5/7 . 47/52 ~ 21 

BW CHF 8 million  Building replacement value. 

eff 0.3 Compliance factor after seismic verification.  

int 0.8 Compliance factor after the considered retrofit measures. 

SICM CHF 150’000 Cost of the retrofit measures. 

SCM CHF 4’800 / year Yearly cost of the retrofit measures according to Eq. (9) with a 

discounting factor DF = 0.032 according to Eq. (10). 

RPM CHF 1’260 / year Risk reduction for human life. 

Eq. (2) with PRF ~ 6.10-6 per year according to Fig 2a. 

RBM CHF 4’800 / year Risk reduction for direct damage to the building. 

Eq. (3) with BRF ~ 6.10-4 / year according to Fig 2b, upper curve. 

RM CHF 6’620 / year RPM + RBM 

EFM 1.3 EFM ≥ 1.0. Measures must be implemented. 

SICMlim CHF 207’000 Limit costs for commensurable measures RM / DF 
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The proposed retrofit measures have an efficiency EFM = 1.3 (> 1.0) and must be implemented. If only 
the risk reduction to human life had been considered (owner’s decision), the efficiency of the proposed 

measure would be EFM = 0.3 (<< 1.0).  

4.2 School building 

The initial compliance factor is below the required minimum compliance factor of 0.4. A seismic retrofit 

to reach the minimum compliance factor of 0.4 is mandatory. In this example the efficiency of additional 

retrofit measures to try to reach a compliance factor of 1.0 is evaluated. As in example 1, the risk 

reduction to human life (mandatory) as well as the risk reduction for direct damage to the building 

(owner’s decision) are considered. The values of the relevant parameters are given in Table 2.  

Table 2 – Example of a school building 

Parameter Value Description / Comment 

Importance class II-i School building 

dr 50 years Remaining life time of the building 

PB 55 persons Average human occupancy 

BW CHF 4 million  Building replacement value. 

eff 0.4 Compliance factor after initial mandatory retrofit. 

int 1.0 Compliance factor after the considered additional retrofit 

measures. 

SICM CHF 60’000 Cost of the retrofit measures. 

SCM CHF 1’920 / year Yearly cost of the retrofit measures according to Eq. (9) with 

a discounting factor DF = 0.032 according to Eq. (10). 

RPM CHF 2’200 / year Risk reduction for human life. 

Eq. (2) with PRF ~ 4.10-6 per year according to Fig 2a. 

RBM CHF 1’600 / year Risk reduction for direct damage to the building. 

Eq. (3) with BRF ~ 4.10-4 per year according to Fig 2b, 

upper curve. 

RM CHF 3’800 / year RPM + RBM 

EFM 1.7 EFM ≥ 1.0. Measures must be implemented. 

SICMlim CHF 127’000 Limit costs for commensurable measures RM / DF 

 

In this case, the proposed additional retrofit measures have an efficiency EFM = 1.7 (> 1.0) and must be 

implemented. If only the risk reduction to human life had been considered, the efficiency of the 

proposed measure would be EFM = 1.1 (> 1.0), still justifying the additional retrofit measures to achieve 

a compliance factor of 1.0. 

4.3 Hospital building 

The initial compliance factor for the hospital building is 0.5 (above the minimum required compliance 

factor of 0.4). For this example, the risk reduction to human life (mandatory) as well as the willingness 
to pay to protect the infrastructure function (mandatory) are considered in the evaluation of the 

efficiency of possible retrofit measures. The values of the relevant parameters are given in Table 3.  
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Table 3 – Example of a hospital building 

Parameter Value Description / Comment 

Importance class III Hospital building with emergency and intensive care unit 

dr 50 years Remaining life time of the building 

PB 110 persons Average human occupancy 

BW CHF 135 million  Building replacement value. 

SW CHF 55 million Content’s value 

eff 0.4 Compliance factor in the initial condition eff ≥ min = 0.4.  

int 1.0 Compliance factor after the considered retrofit measures. 

SICM CHF 2 million Cost of the retrofit measures. 

SCM CHF 64’000 / yr Yearly cost of the retrofit measures according to Eq. (9) with a 

discounting factor DF = 0.032 according to Eq. (10). 

RPM CHF 4’400 / year Risk reduction for human life. 

Eq. (2) with PRF ~ 4.10-6 per year according to Fig 2a. 

ZIM CHF 380’000 / yr Willingness to pay to protect the infrastructure function. 

Eq. (6) with ISM = 0.2% per year according to Fig 3, upper curve 

and BSW = BW + SW.. 

RM CHF 384’400 / yr RPM + ZIM 

EFM 6.0 EFM ≥ 1.0. Measures must be implemented. 

SICMlim CHF 12 million Limit costs for commensurable measures RM / DF 

 

The proposed retrofit measures have an efficiency EFM = 6.0 (> 1.0) and must be implemented. The 

willingness to pay for the protection of the infrastructure function largely dominates the risk reduction 

in the computation of the efficiency of measures. The computation of limit costs for commensurable 
measures SICMlim amounts to CHF 12 million. This represents 6.3% of the building and content value. 

Only taking into account the risk reduction to people would reduce SICMlim to only CHF 137’000 (only 

around 0.1 % of the building replacement value). 

4.4 Highway bridge 

The initial compliance factor for the bridge is 0.4 (equal to the minimum required compliance factor of 

0.4). For this example, the risk reduction to human life (mandatory) as well as the willingness to pay to 
protect the infrastructure function (mandatory) are considered in the evaluation of the efficiency of 

possible retrofit measures. The values of the relevant parameters are given in Table 4.  

The proposed retrofit measures have an efficiency EFM = 2.0 (> 1.0) and must be implemented. The 

willingness to pay for the protection of the infrastructure function largely dominates the risk reduction 
in the computation of the efficiency of measures. The computation of limit costs for commensurable 

measures SICMlim amounts to CHF 800’000. This represents 4.0% of the bridge replacement value. 
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Table 4 – Example of a highway bridge 

Parameter Value Description / Comment 

Importance class II-i Highway bridge with an important infrastructure function 

dr 80 years Remaining life time of the building 

PB 1 person Average human occupancy is negligible 

BW CHF 20 million  Building replacement value. 

SW CHF 0.1 million Content’s value is negligible 

eff 0.4 Compliance factor in the initial condition eff ≥ min = 0.4.  

int 1.0 Compliance factor that can be reached with the considered 

additional retrofit measures. 

SICM CHF 400’000 Cost of the retrofit measures. 

SCM CHF 10’000 / year Yearly cost of the retrofit measures according to Eq. (9) with a 

discounting factor DF = 0.025 according to Eq. (10). 

RPM CHF 0 / year Risk reduction for human life. 

Eq. (2) with PRF ~ 4.10-6 per year according to Fig 2a. 

ZIM CHF 20’000 / year Willingness to pay to protect the infrastructure function. 

Eq. (6) with ISM = 0.1% per year according to Fig 3, lower curve 

and BSW = BW + SW. 

RM CHF 20’000 / year RPM + ZIM 

EFM 2.0 EFM ≥ 1.0. Measures must be implemented. 

SICMlim CHF 800’000 Limit costs for commensurable measures RM / DF 

 

5. Concluding remarks 

The building code SIA 269/8 was published in 2017 on the basis of the prestandard SIA 2018 from 
2004. Many buildings and other constructions have been verified and retrofitted using these standards 

in Switzerland. 

The minimum compliance factor ensures that constructions with a very insufficient seismic safety have 
to be retrofitted up to a minimum standard. For situations where the minimum compliance factor is 

reached, the computation of the efficiency of measures helps to discriminate situations for which a 

seismic retrofit is justifiable from situations where it is not. 

It should be stressed that the computation of the efficiency of measures is not the only criteria to decide 
a seismic retrofit. The ratio between the cost of a construction project (cost of global retrofit or 

transformation) and the cost of the seismic retrofit measures is also an important parameter to consider. 

If the cost of a seismic retrofit becomes negligible in relation to the cost of the whole construction 

project, the measures should be implemented regardless of the value of EFM.  

Further detailed information is available in French and German in a downloadable documentation of 

the Swiss Society for Earthquake Engineering and Structural Dynamics (www.sgeb.ch) 
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Abstract 

In this study, nonlinear static pushover and dynamic time-history analyses of a typical masonry building situated 

on Palmotićeva street in downtown Zagreb were performed. The building was erected in 1922 before any seismic 

codes were introduced in practice. It has a basement, four stories, an attic (total height equal to ca. 23m), and an 

asymmetric plan consisting of two connected parts: a street part (24.4x12 m) and a courtyard part (10.6x12 m). 

The floor structure consists mainly of wooden beams except above the basement, where the RC slab was installed. 

The solid brick masonry walls with variable thicknesses (15-90 cm) are evenly distributed in both directions. Two 

numerical macro-models were created employing Diana 10.4. Engineering masonry constitutive law was used to 
describe the highly nonlinear behavior of masonry walls which can crush, crack or fail in shear. Three numerical 

models were created describing the current damaged state and the possible strengthening with rigid floor 

diaphragms. The response of the building was assessed in terms of capacity curves, inter-story drifts, and cracking 

patterns.  

Keywords: damaged building, engineering masonry model, nonlinear analysis, seismic capacity 

1. Introduction 

Unreinforced masonry (URM) structures are made of brick units connected by mortar joints. The 

behavior of a masonry structure strongly depends on the type of brick, mortar composition, brick 
dimensions, and the way bricks are assembled [1]. In general, brick and mortar perform well under 

compression, but their tensile capacity is considerably lower. Three different in-plane failure 

mechanisms can occur in URM walls: diagonal cracking, shear sliding, and rocking [2,3]. Diagonal 

cracking and sliding are failure modes caused by shear, and rocking is a consequence of flexural 
behavior. The occurrence of different failure modes depends on the geometry of the pier, boundary 

conditions, axial load, mechanical properties of masonry, and geometrical characteristics of masonry. 

Several experimental tests have been performed to find the relation between different failure modes and 
the mentioned parameters. Generally, it has been concluded that rocking tends to occur in slender piers 

with lower precompression, shear sliding in squat piers, and diagonal cracking in moderately slender 

piers [4, 5].  

The Republic of Croatia is among the most earthquake-prone countries in Europe, yet the current 
activities related to assessing potential earthquake risk and its reduction can be characterized as 

individual and insufficient [6]. The city of Zagreb has a moderate seismic hazard, but it is highly 

exposed (densely populated), and the built environment is quite vulnerable, meaning the seismic risk is 
high. A severe earthquake hit Zagreb on March 22, 2020 (magnitude ML = 5.5, with an epicenter 7 km 

north of the city center). The event occurred during the COVID-19 lockdown and caused significant 

damage to the built environment and enormous disruption in everyday life [7].  

Since the old URM typologies were not designed to withstand seismic loads, they were heavily affected 

by the earthquake. In addition to the design characteristics, their age and often inadequate maintenance 

contributed to the poor performance of these buildings. Aggravating factors are the subsequent 

renovations, upgrades, and changes in function. The original up to 60 cm thick solid brick load-bearing 
walls, composed of two to three rows of molded clay bricks, are often reduced in thickness or partially 
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or even entirely removed at the ground level to install street store windows. Steel lintels are frequently 
installed to span new or extended openings. In certain cases, the upper floors' partitions and interior 

bearing walls are entirely disregarded as part of the structure and removed to gain space. Such 

interventions result in unsupported walls, initially continuous in the vertical direction, or out-of-plane 
critical walls, significantly weakening the structural system. These interventions are seldom 

documented, and the current condition of the building differs significantly from the original 

documentation [8, 9, 10]. 

Accurate assessment of masonry buildings is a challenge due to the nonlinear behavior of masonry and 
the dynamic nature of a seismic load. A Nonlinear Time History (NLTH) analysis considers both 

factors, but the computer resources and huge amount of time limit its everyday use. Another widely 

used method is the Modal Response Spectrum method, where the nonlinear material response is 
considered indirectly via a behavior factor. The results of the Response Spectrum method are considered 

too conservative [11]. A third method is the Nonlinear Pushover (NLPO) method. It considers nonlinear 

material behavior, and compared to NLTH, NLPO is computationally more efficient. An equivalent 

lateral load pattern is applied in a quasi-static fashion producing a capacity curve that is subsequently 
compared to demand in terms of an acceleration-displacement response spectrum. Pushover analysis is 

a practical alternative because it gives good insight into the seismic response. 

The structure's performance is studied by looking into the force-displacement response, displacement 
profile, and damage pattern. Another aspect that requires attention is the different modeling strategies 

used to execute an analysis [12,13]. This paper employed the continuum finite element approach by 

assuming shell elements in DIANA [14].  

The goal of the case study is to numerically describe the response of a typical unreinforced masonry 

building located at 64a Palmotićeva Street in Downtown Zagreb. All results pertain to the N-S direction 

of the ground motion (X-axis of the building). 

2. Building Description 

The building was built in 1922 and has a basement, ground floor, three floors, and an attic (Fig. 1). The 

plan dimensions of the building are 24.40x12 m (street part) and 10.6x12 m (courtyard part), and the 
floor area is about 407 m2. The total gross floor plan area of the building is 2440 m2, while its total 

height is 22.70 m (6x3.5+2.9), i.e., the building extends from -1.2 to 22.70 m. The street and courtyard 

sections of the building are connected and form one unit, but this is also the cause of asymmetry. The 
building meets the criterion of regularity in elevation, while the criterion of regularity in the plan is not 

met. A heterogeneous horizontal load-bearing structure does not act as a rigid floor diaphragm. Hence, 

an unfavorable and irregular structural response, where parts of the building behave independently, is 
expected during an earthquake. The structure consists of connected solid brick walls extending 

continuously from the foundation to the roof. 

The walls are evenly spaced in both directions. Load-bearing walls are made of the old format brick 

(290x140x65mm) and have a variable thickness (90, 65, 45, or 15 cm). Partition walls are made of solid 
brick with 7- and 15-cm thicknesses. The walls are tied by lintels, parapets, and beams, the composition 

and quality of which are not fully known. The parapets and lintels on the facade openings are thinner 

than the connecting walls and are usually 30 cm. The horizontal structure above the street part of the 
basement is an RC slab with a system of RC beams. Above the ground floor and upper floors, the 

structure consists of wooden beams with planks and loose filling inside the deck structure. On the south 

side of the building above the ground floor and the third floor, during subsequent reconstructions, RC 

slabs with a thickness of 8 cm were constructed and coupled to wooden beams. The roof structure is 
wooden and gabled, and the attic was converted into a living space over time. The building has an 

internal U-shaped staircase made of prefabricated RC elements supported on the walls and steel profiles 

with RC landings.  
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Faculty of Civil Engineering in Zagreb conducted the experimental investigation of mechanical 
properties of masonry and ambient vibration tests, the results of which were used as input parameters 

and calibration of numerical models [10].  

  
a) b) 

Figure 1. a) View of the building; b) Layout of the typical story (Courtesy of Zagreb City Archives). 

3. Numerical Modeling 

3.1 Engineering masonry material model 

Creating powerful micro-models, in which each constituent of composite masonry is described 
separately (brick, mortar, interface), is often not feasible in practice. Besides difficulties related to 

individual material properties, the considerable computational time is required even for small-scale 

models. The approach based on averaged constitutive equations seems suitable for large-scale finite 
element analyses by collating experimental data at an average level (macro-modeling) or from 

homogenization techniques [15]. A popular model for the simulation of quasi-brittle materials such as 

concrete and masonry where cracking is smeared over the finite element is the Total Strain Crack model 
[16]. However, two shortcomings when masonry is cyclically loaded were noted in the literature [17]. 

The model was derived for isotropic materials, and the secant reloading curves underestimate the energy 

dissipation under cyclic conditions.  

A type of masonry model that avoids the limitations of the Total Strain Crack model is the Engineering 
Masonry model (ENGMAS) [17]. This model has been proposed by DIANA FEA and the Technical 

University of Delft to evaluate the building masonry stock after a series of earthquakes caused by gas 

extraction in the Groningen area [18]. The Engineering Masonry model describes the unloading 
behavior more realistically than the Total Strain Crack model. It assumes a substantial stress decay with 

the initial linear stiffness. Anisotropy is included by considering different stiffness in the direction of 

the bed and head joints. Stresses in both directions are defined by their respective strain components 

and the maximum value of the strain that has been reached in the lifetime of an element.  

3.2 Model properties 

Three models with respect to the horizontal load-bearing structure were created: model 1 – rigid floor 

diaphragms, model 2 – wooden beams, and model 3 – modified RC floors coupled with wooden beams 
above the ground floor and the third floor (reconstruction). The gravity load is assumed to be 2.5 kN/m2, 

and the live load equals 1.5 kN/m2. Walls and slabs are discretized with curved shell finite elements 

CQ40S and CT30S with a high integration scheme [14]. The floor structure is elastic, while masonry is 

described with the ENGMAS material model. The properties of masonry are listed in Table 1.  
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Table 1 – Parameters of engineering masonry model for the analyzed building 

Parameter Value Parameter Value Parameter Value 

Ex 1500 MPa Gft 10 N/m Gfs 20 N/m 

Ey 1500 MPa HEADTP NO fc 3,4 MPa 

Gxy 500 MPa h Rots n 4 

ρ 1800 kg/m3 c 0,16 MPa Gc 16000 N/m 

ftx 0,114 MPa ϕ 32 ° λ 1 

The presented modeling strategy was validated by comparing analytical, numerical, and experimental 

results obtained from cyclic static tests of URM cantilever walls under constant vertical precompression 

[19, 20]. Vibration modes for model I are shown in Fig. 2. Eigenfrequencies for the three models in the 

initial (no damage) state are listed in Table 2. The reduction of frequencies for model II with wooden 

floor beams is as expected, while the eigenmodes basically retain the same shape for all models.  

   
a) b) c) 

Figure 2. Eigen modes for model I: a) mode I, f1 = 2,32 Hz; b) mode II, f2 = 2,52 Hz; c) mode III, f3 = 3,08 Hz. 

Table 2 – Eigen frequencies of the three models 

Model f1 [Hz] f2 [Hz] f3 [Hz] 

I 2,32 2,52 3,08 

II 2,08 2,39 2,71 

III 2,13 2,43 2,80 

3.3 Nonlinear time history analysis 

In NLTH, the seismic load is considered by applying a ground motion signal to the soil or directly to a 

structure. Several earthquake signals should be applied to scrutinize the substantial spread an earthquake 

scatter could have at a single location. Both material and geometric nonlinearity are considered. The 

analysis was executed for 38-sec duration of the Zagreb earthquake by applying the signal recorded at 
the Office of emergency management of the City of Zagreb. The PGA of the N-S component was 0.22 

g, whereas the peak ground acceleration of the E-W component amounted to 0.179g (Fig. 3). The model 

is shown in Fig. 4a, and the crack status for model II is provided in Fig. 4b.  

 

Figure 3. Zagreb earthquake record (March 22, 2020). 
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a) b) 

Figure 4. a) Model of the building with control points; b) Crack status for model II. 

 

Crack distribution should serve as an indication of potential damage or weak spots (e.g., lintels in Fig. 
4b). The displacement history of the center of mass (point T2 of model II) for the first 7 seconds of 

earthquake duration is given in Fig. 5. Maximum displacements of the control point T2 at h = 20m for 

all three models are listed in Table 3. The maximum attained displacement is approximately 4 cm. 

Maximum relative displacements (d/h), e.g., inter-story drifts, are shown in Fig. 6.  

 

 

Figure 5. Displacement history of point T2 (center of mass) for model II (dmax = 3.8 cm). 

 

Table 3 – Maximum displacements of the three models 

Model d [cm] – T1 d [cm] – T2 

I 3,88 3,12 

II 3,88 3,78 

III 4,09 3,94 
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Figure 6. Maximum inter-story drifts. 

Fig. 7 shows the western courtyard wall that was most damaged in the earthquake. It also compares the 

actual state and the results of numerical modeling. It has long diagonal cracks that run along the entire 

wall and end at the side window openings. The width of the cracks is up to 15mm - which means that 

the wall has failed and represents a great danger for the building and the tenants in case of subsequent 

earthquakes. The causes of the degradation of the walls are related to the following: 

a) The floor structure is not anchored to the perimeter walls; the beams are parallel to the western 

walls. There is a thin concrete slab, but the connection with the perimeter and western walls is 
missing. Additionally, the western wall is connected to perpendicular walls, which are 

weakened by large openings.  

b) The western wall is exposed to the highest seismic demand being far from the stiffness center. 

  
a) b) 

Figure 7. Degradation of the building: a) Actual state after Zagreb earthquake; b) Cracking pattern. 

3.4 Pushover method 

The pushover analysis is a nonlinear static procedure in which the magnitude of the lateral load excited 

in a structure increases monotonically until failure, while the load distribution remains constant. The 

lateral load is applied in a predefined load pattern that follows the fundamental mode from the elastic 
analysis. The relation between the control node displacement (usually the center of mass of the roof of 

the building) and base shear is plotted subsequently in a so-called capacity curve (pushover curve). 
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Pushover curves for three different models are provided in Fig. 8 (base shear vs. displacement of the 
center of mass CM/T2). As expected, the model I with rigid diaphragms representative of possible 

strengthening has the largest stiffness and load-bearing capacity.  

 

Figure 8. Pushover curves for three different models. 

This capacity curve is used to determine the seismic capacity of a structure. The earthquake demand is 

represented by the smoothed elastic response spectrum, which is formed considering the peak 
acceleration of the soil and the soil category. The design spectrum can be formed by introducing the 

behavior factor q=1.5 (most common for masonry structures), and thus reduce the earthquake 

requirement by considering the expected plastic deformations. The pushover curve and the response 
spectrum need to be transformed into the capacity spectrum using the structure's originally elastic 

dynamic properties (participation factor and modal mass) to compare the capacity with demand. This 

capacity spectrum is represented in the Acceleration Displacement Response Spectrum format (ADRS), 
using spectral displacements (Sd = Sa/ω

2) and spectral accelerations (Sa) (Fig. 9). The intersection of the 

capacity curve with the spectral curve is called the performance point.  

 

Figure 9. ADRS format. 

3.5 Influence of element type 

The influence of the finite element type is investigated by choosing linear and quadratic interpolation 

functions while keeping the average element area the same. In addition to previously shown results 
related to quadratic polynomials, triangular T15SH and rectangular Q20SH finite elements with linear 

shape functions are employed for pushover and NLTH analysis. The results show that linear elements 
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are generally stiffer and yield a larger load-bearing capacity. The difference in pushover curves for the 
two models is provided in Fig. 10. The same is valid regarding the NLTH and inter-story drifts. On the 

other hand, due to the reduced number of degrees of freedom for linear elements, the computational 

time is shorter and convergence faster.  

 

Figure 10. Pushover curves for linear and quadratic interpolation functions. 

4. Conclusion 

This paper employed DIANA FEA to conduct a nonlinear static and dynamic analysis of the existing 

residential masonry building in Zagreb Lower Town. The geometry of the building was adopted after 
drawings were made available by the Zagreb City Archives. Material properties and essential dynamic 

characteristics were taken from experimental investigations conducted by the Faculty of Civil 

Engineering in Zagreb. Recently developed Engineering Masonry Model was used to describe walls in 
a continuum macro model. Three models with respect to the horizontal load-bearing structure were 

created: model 1 – rigid floor diaphragms, model 2 – wooden beams, and model 3 – modified RC floors 

coupled with wooden beams above the ground floor and the third floor (reconstruction).  

Nonlinear dynamic analysis implies the application of ground acceleration records at the base level. 

This method requires more input parameters, memory, and computer speed. Therefore, it is limited for 

everyday engineering applications. On the other hand, true dynamic behavior can be examined at any 

time instance. The calculations for a limited earthquake duration (1/5 of the total record) lasted three 
days. Pushover analysis was proven helpful in monitoring the formation and distribution of cracks in 

load increments and controlling the global structural response. Limitation to buildings of a regular shape 

without particular eccentricities is the disadvantage of this method. The dynamic calculation should be 
taken with a grain of salt due to the incomplete input data required for such a calculation, but also the 

possibility that the ground motion records used did not sufficiently shake the building, leaving the 

possibility that another earthquake with the same peak ground acceleration could have a more 
devastating effect. As expected, the analysis showed that the model with RC slabs is the stiffest 

compared to the other two.   

The cracks occur in areas where the initial shear strength is reduced and the low tensile strength is 

exceeded (corners around the openings, joints of the walls, lintels, and junction of the main and the 
central/courtyard section). Damage is evident, especially on the courtyard wall. In the model with 

beams, cracks are visible at the contact of floors and walls. A rigid or partially rigid diaphragm is 

essential for favorable earthquake response. Damage is mainly concentrated on the higher floors due to 

the smaller thickness of the walls and lower compressive stress.  

Determining the stiffness of walls and lintels is a problem even for vertical loads, especially for cyclic 

seismic loads. The change in stiffness occurs in larger areas or locally due to cracking, crushing, or 
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sliding. Modal analysis was executed after NLTH, and the obtained fundamental frequency matches the 

experimental determined by ambient vibration tests after the earthquake.  

The influence of finite element type was investigated by choosing linear and quadratic interpolation 
functions while keeping the average element area the same. The results show that linear elements are 

generally stiffer and yield a larger load-bearing capacity. On the other hand, due to the reduced number 

of degrees of freedom for linear elements, the computational time is shorter and convergence faster.  
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Abstract 

Despite the moderate intensity, the series of earthquakes in Zagreb (2020) caused significant social and 

economic impacts and damage to the built environment. The city of Zagreb has a moderate seismic 
hazard, but it is highly exposed (densely populated) and the built environment is quite vulnerable (age 

of structures, low maintenance, illegal construction, and numerous reconstructions). The greatest 

damage was sustained by unreinforced masonry (URM) buildings for residential use in the historic 

downtown of Zagreb built in the late 19th and early 20th centuries. In addition to material deterioration, 
the transformations suffered by these buildings – often without being driven by anti-seismic standards  

- may increase their seismic vulnerability. Within this context, the main goal of the paper is to analyse 

the seismic response of an unreinforced masonry residential building selected to be representative of 
the existing historical masonry heritage in Zagreb downtown, built in the early twentieth century. The 

URM building has a rectangular floor plan and a 4-story elevation. Numerical investigations are carried 

out by using the equivalent frame method implemented in Tremuri software and by performing both 

nonlinear static and dynamic analyses. Since it is part of a typical residential block in the centre of 
Zagreb, the case study was analysed in two configurations: considering it isolated from the rest of the 

aggregate and sandwiched between two adjacent structural units. The results reported in this paper must 

be intended as a preliminary step for addressing future developments oriented to deepen the effects of 
interaction with adjacent buildings varying the position of the structure into the aggregate as well as 

those due to possible transformations and strengthening interventions.  

Keywords: unreinforced masonry structures, equivalent frame model, nonlinear static and dynamic analyses, 

seismic vulnerability 

1. Introduction 

On 22 March 2020, at 6.24 a.m., the Zagreb city area was hit by an earthquake of magnitude 5.5 (ML) 

and intensity VII according to the EMS-98 scale (Figure 1). The epicentre was approximately 7 km 
north-east of the centre of Zagreb, in Podsljeme district, at a depth of 10 km. This seismic event caused 

significant damage to existing structures in the city of Zagreb, in fact approximately 25,000 buildings 

were damaged [1]. The city centre, known as Lower Town, is mainly composed of traditional masonry 
structures arranged in aggregate conditions. The potential high seismic vulnerability of masonry 

structures to both in-plane and out-of-plane actions has been already proved by many seismic events 

[2]–[4]. Moreover, when they are included in a building aggregate, the vulnerability factors may 
potentially increase because the structural units that compose it date back to different periods, present 

different construction techniques, different degrees of maintenance and different structural systems. All 

these factors contribute to a great structural variability that makes very difficult the behavioural analysis 

of this structural typology as well as to define at priori if the “aggregate effect” (meant as the effect 
played by the boundary conditions provided by adjacent structural unit with respect to the same structure 

analyses as “isolated”) may be beneficial or detrimental. Following the earthquake that struck the city 
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of Zagreb on 22 March 2020, numerous inspections were conducted to assess the damage. The 
assessment was carried out regarding the usability criteria to ensure the safety of the residents and to 

prevent further human casualties. Non structural damage in the form of local separation and decay of 

the plaster was registered very often. In plane mechanisms for bearing walls rarely appeared, mostly it 
was just for partition walls. On the other hand, out of plane mechanisms appeared most often due to the 

disconnection between the structures and the wooden beam floors. The damage in Zagreb is described 

in [5] and [6]. The database about buildings was obtained by collecting documentation from archives, 

performing visual inspections and gaining access to post-earthquake assessments.  

In this paper, we chose to analyse a building in Zagreb's Lower Town, belonging to a building aggregate, 

of which we have information on mechanical and geometric parameters, but also information on post-

earthquake damage. The examined building was modelled both by considering it isolated from the rest 
of the building aggregate and by modelling the two buildings adjacent to it. Two events were considered 

in order to conduct the non-linear dynamic analyses and thus obtain the damage level of the building: 

the Zagreb earthquake (22 March 2020), measured at a distance of 10 km from the case study, and the 

earthquake that struck the city of Petrinja (29 December 2020), 50 km from the city of Zagreb where 
the building is located (Figure 2). Numerical investigations are carried out by using the equivalent frame 

method implemented in Tremuri software and by performing both nonlinear static and dynamic 

analyses. Only the in-plane response is considered at this stage of the research, consistently also with 
the actual response of the examined building. Since the structure is part of a typical residential block, it 

was considered both as isolated and in aggregate through two adjacent structural units; however, in this 

paper, only a possible position within the aggregate has been considered and by assuming only one of 
possible interlocking conditions among adjacent units. In fact, the purpose of this study is preparatory 

research for a wider parametric evaluation of the seismic response of typical buildings in the city of 

Zagreb constructed in the late 19th and early 20th centuries.  

 

Figure 1. Preliminary Earthquake Intensity Map (left) from the 22nd of March 2020, at 6:24 (CET) compared 

with expected peak ground accelerations (right) for a return period of 475 years [7] 

 

Figure 2. Response spectra of the Zagreb earthquake (22 March 2020) and the Petrinja earthquake (29 

December 2020) in EW direction (a) and NS direction (b) 
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2. Features of the building stock in Zagreb and selected case study 

The case study presented here is a typical residential building in the city of Zagreb belonging to a 

building aggregate with a very recurring shape in the centre of Zagreb - Lower Town.  

In the Zagreb Lower Town, most of the buildings are constructed in aggregates, built after the 1880 

earthquake. These buildings of unreinforced masonry are built in relatively large aggregates or 'row 

aggregates' and were built until about 1920. There are at least 5 buildings on each side of the aggregate, 
and the side length of the aggregates ranges from 50 meters to as much as 150 meters. Although they 

do not have a common wall, they are built side by side without gaps or seismic dilation. It should be 

noted that the horizontal structures are mostly made of the timber joists with a rubble filling and rest on 

the longitudinal walls parallel to the street. Other horizontal structures used are shallow masonry vaults 
with steel beams or solid concrete slabs, usually used above the basement. The longitudinal direction is 

generally the stronger bearing direction for horizontal actions, while the weaker direction is the 

transverse direction, which usually includes only the staircase walls and perimeter transverse walls that 

are not adequately connected to the floor structures [8].  

The case study building shown in Figure 3 was built in 1908 and is one of the representative examples 

of a building typology built in long row aggregates in the Lower Town in the centre of Zagreb. It has a 

basement, ground floor, 3 floors and an attic. The floor plan dimensions are 19.20 x 12.35 m, the height 
of the basement is 3 m, ground and upper floors are 3.85 m and the attic is 4.2 m, while the total height 

of the building is 22.70 m. The load- bearing walls are made of solid bricks with a thickness of 30, 45, 

60 and 75 cm without any confinement RC elements. The thickness of the walls decreases with the 
height of the building. The basement floor structures are shallow vaults with steel beams and the upper 

floors are timber joists between planks with rubble material between the beams. The joist is oriented 

transversely and rest on the facade and the central longitudinal walls. 

The building was modelled both in the configuration in which it is isolated from the rest of the aggregate 

and in the case in which the two adjacent buildings are also present Figure 3. For simplicity's sake, as 

we did not have detailed information, we chose to model the neighbouring buildings with the same 

footprint, geometric and mechanical characteristics as the building under study. The mechanical 

characteristics assumed in both models are as follows: 1400E = Mpa, shear modulus 462G = Mpa, 

compressive strength 2.89mf =  Mpa, tensile strength 0 0.09 =  Mpa and density of 18  kN/m3.  

 

Figure 3. On the left - typical aggregate of the Lower Town of Zagreb to which the case study belongs; in the 

centre - elevation of the structural unit under study; a on the right - 3Muri model of the case study building in 

both isolated and aggregate configuration 

In this paper, reference will be made to the east-west (EW) direction, i.e., the direction of development 

of the aggregate under consideration, and the north-south (NS) direction perpendicular to it. 
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3. Modelling criteria 

The structural model of both configurations was performed according to the equivalent frame (EF) 

modelling strategy implemented in Tremuri software [9], which considers masonry walls as a 
combination of piers (vertical elements) and spandrels (horizontal elements), connected by rigid areas 

(nodes).  

The model of the isolated building and the model of the building connected to adjacent structures are 
shown in Figure 3. In the models, the non-linear response of the panels is described by a constitutive 

law based on a phenomenological approach and a piecewise-linear beam model (i.e. NLBEAM) 

proposed in Figure 4 [10]. The NLBEAM is characterised by a constitutive law describing the non-

linear response up to very severe damage levels (DL, from 1 to 5) through the definition of a relationship 
between the drift value δE,i and the corresponding fraction of the residual shear strength βE,i upon 

reaching the i-th DL differentiated for piers, spandrels, bending and shear behaviour Table 1. Please 

refer to [11] and [12] for further details on the formulation of NLBEAM and its potential in executing 
NDA. Diaphragms are modelled as orthotropic membrane elements. The moduli of elasticity describe 

the connection degree between diaphragms and vertical wall parallel to its reference direction, whereas 

the shear modulus represents the shear stiffness of the floor and the horizontal force transfer among the 

walls. 

Table 1. Main parameters adopted in the non linear analyses 

  

SHEAR 

dirft Ɵ [%] residual strength β [%] hysteretic response 

DL3 DL4 DL5 DL3 DL4 c1 c2 c3   

PIERS 0.47 0.73 0.94 0.6 0.2 0.8 0.8 0   

SPANDRELS 0 1 1.5 0.6 0.6 0.2 0 0.3   

  

FLEXURAL 

dirft Ɵ [%] residual strength β [%] hysteretic response 

DL3 DL4 DL5 DL3 DL4 c1 c2 c3 c4 

PIERS 0.6 0.9 1.2 1 0.85 0.9 0.8 0.6 0.5 

SPANDRELS 0.6 1 1.5 1 0.6 0.2 0 0.3 0.8 

 

 

Figure 4. Piecewise-linear constitutive law and hysteretic response of the model 

To explicitly account for the interaction effect between adjacent units, in the aggregate configuration, 

the procedure proposed in [12] has been implemented. Thus, the units were modelled separately to each 
other by introducing a finite-length gap represents the semi-length of the shared wall and, then, 

connected by elastic truss elements (sectional area of 0.00164 m2 and elastic modulus E of 210,000 

MPa with null tensile behaviour) as well as orthotropic membranes (thickness of 0.05 m, E = 39,420 

MPa, G = 13,112 MPa) to simulate possible transversal sliding between structural units (Figure 5). 
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Struts, on the other hand, allow for the modelling of the ability of structural units to spread apart while 

avoiding the interpenetration of elements. 

 

Figure 5. (a) Tremuri model of the aggregate configuration - (b) detail of the model elevation at the connection 
between two adjacent structural units and detail of the elastc truss elements with null tensile behavior and of the 

fictious floor connecting two adjacent units. 

 

4. Main outcomes of numerical analyses 

Modal analyses were conducted on the 3D equivalent frame model in order to obtain the dynamic 
behaviour of the building in the two configurations by identifying the main vibration modes, the 

corresponding periods and the participating mass.  

Based on the results of the modal analysis for the isolated case (IB) and those for the aggregate case 

(AGG), it is possible to estimate the damping coefficients of the Rayleigh model needed for the NDAs 

[13]. These coefficients were found to be α = 0.364243 s-1 and β = 0.002196 s-1 for the isolated 

configuration (IS) case and α = 0.377368 s-1 e β = 0.00212 s-1 for the configuration in aggregate (AGG) 

case. 

 
Table 2. Period, participant mass in x-direction (EW) and y-direction (NS) for both the isolated and aggregate 

case 

 Isolated configuration Aggregate configuration 

Mode Period (T) Mx [%] My [%] Period (T) Mx [%] My [%] 

1 0.345 0.003 68.269 0.333 0.001 70.417 

2 0.295 24.353 0.167 0.321 0.728 0.483 

3 0.242 43.072 0.076 0.275 0.012 0.003 

4 0.17 0.085 0.170 0.259 57.902 0.018 
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Figure 6. Modal forms. (a, b, c) first, second and third modal forms of the isolated configuration. (d, e, f, g) first, 

second, third and fourth modal forms of the configuration in aggregate. 

 

Figure 7 and Figure 8 show the comparison between the pushover curves of the two configurations in 

terms of base shear-average last plane displacement (V-d). NSAs were performed for X and Y direction, 

both in the positive and negative directions, considering uniform load distributions proportional to the 

masses. NSAs were performed to estimate the capacity in terms of displacement in order to compare 
the results obtained from the NDAs. The NDAs were obtained by simultaneously applying the two 

components of the accelerogram along the X and Y direction. The Petrinja earthquake signal was 

reprocessed to take into account the variation of macroseismic intensity with distance from the epicentre 

[14]. The vertical component of the accelerograms was not considered. 
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Figure 7. Overlapping of the non-linear static analyses (NLSAs) and non-linear dynamic analyses (NLDAs) of 

building A in both the isolated and aggregate case for the EW direction, i.e. that of the development of the 

aggregate. 

 

Figure 8. Overlapping of the non-linear static analyses (NLSAs) and non-linear dynamic analyses (NLDAs) of 

building A in both the isolated and aggregate case for the NS direction, i.e. the direction perpendicular to the 

development of the aggregate. 

In order to synthetically interpret the data from the NLDAs, the multiscale approach originally proposed 

in [15], and then further developed in [16] and in [17] was adopted to assign a specitfic damage level 

to the building compatible with the EMS98 scale (i.e. from DL1 ti DL5) [18]. In particular, the adopted 
multiscale approach is associated to the wall scale. It is based on the extension of the “minimum DL” 
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that occurred to piers (DLmin,P), weighted on their shear stress contribution. The concept of the 
“minimum DL” was originally proposed in [19] to replace the adoption of the interstorey drift thresholds 

at the wall scale, as previously adopted in [15]; in particular, such a proposal assigns a damage level to 

the wall based on the minimum damage level attained by all the elements of a certain floor [18]. 

 

Table 3. Average damage level of walls in both directions 

  

Event Isolated configuration 
Aggregate 

configuration 

Dir X Dir Y Dir X Dir Y 

Level Damage 
Zagreb earthquake 0 1 0 1 

Petrinja earthquake 0 0 0 0 

Cum DL wall DL1 
Zagreb earthquake 16.79 52.51 7.26 51.73 

Petrinja earthquake 2.71 1.56 7.26 5.81 

Cum DL wall DL2 
Zagreb earthquake 4.76 28.72 4.47 5.82 

Petrinja earthquake 0 0 0 5.81 

 

As Table 2 shows, the Y component of the earthquake does not lead to changes in modal behaviour 
between the isolated and the aggregate configuration. In that direction, the participating mass remains 

more or less the same. What does vary is what happens in the X direction. The second mode is a mode 

in X with a participating mass of 24.35% in the isolated configuration and which is reduced to 1.73% 

in the aggregate configuration, so the earthquake does not excite this torsional mode in the aggregate 
configuration. In the isolated configuration the torsions are instead activated by the second and third 

modes of vibration. In the aggregate configuration, on the other hand, only the first and fourth modes 

do not torsionally operate. This explains what is shown in the table, i.e. the fact that in the Y direction, 
in the isolated configuration, the walls are damaged more than in the aggregate configuration, since 

they are more stressed by the torsional component.  

 

Figure 9. Wall in NS direction of building A. (a) Schematisation of actual damage - (b) damage obtained with 

the NLDA considering the aggregate configuration - (c) damage obtained with the NLDA considering the 

isolated configuration 
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Figure 10. Wall in EW direction of building A. (a) Schematisation of actual damage - (b) damage obtained with 

the NLDA considering the aggregate configuration - (c) damage obtained with the NLDA considering the 

isolated configuration 

The simulated damage in X direction appears more consistent with the actual one in the case of AGG 

configuration. Moreover, the overall damage level is substantially in agreement with that observed. 

3. Conclusions 

The study presented here proposes an evaluation of the seismic behaviour of an unreinforced masonry 

building located in an aggregate with a typical configuration in the historic centre of Zagreb Lower 

Town. The building in question was analysed both in the case in which it is considered isolated from 
the rest of the aggregate, and in the case in which it is included in the aggregate by considering the 

influence of the two buildings adjacent to it. The aggregate model showed a lower level than that of 

isolated building and generally gives a better description of the actual damage to the building.  

This work is intended as a preparatory study for a broader analysis of the behaviour of the entire 
structural aggregate and the effect of different position of the structural units within it. In fact, it should 

be noted that buildings in a row aggregate during the Zagreb earthquake proved to be more resistant, as 

minor to moderate damage was found on these buildings. Buildings that are taller than the adjacent 
buildings proved to be more vulnerable, with significant damage occurring on the 'freestanding' floors 

above the adjacent buildings. On the other hand, it is common for a row unit to be interrupted for some 

reason (demolition of an adjacent building, opening of parking lots and access roads, etc.). Such 
buildings, which do not have an adjacent building on one side, sustained severe damage in some cases. 

Clearly, further research is needed on the properties of the connection between the buildings, as well as 

on the position within the aggregate and on the relative geometric and material properties of the adjacent 

buildings, to allow better calibration of the numerical models and realistic damage assessment. In fact, 
in the analysis presented here, the presence of orthotropic membranes of far from negligible stiffness 

has been assumed between the units. This assumption may not be always representative of reality, thus 

a future development will consist in carrying out sensitivity analyses on the various types of connections 
between adjacent units and also, if possible, performing in-situ dynamic identification investigations to 

validate assumptions made in numerical models. 
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Abstract 

The historic building of “Sokolski dom” in Kumanovo belongs to the plain masonry type of buildings. Built in 
the thirties of the last century for the needs of the “Sokolski Society”, this building was once the main impetus for 

enrichment of cultural, entertainment and sports life, enabling the proper development of many generations. Due 

to its significance it was put under the protection as cultural-historic heritage in the country. 

The subject of this paper is a detailed analysis of the stability of existing structure, which proved the need for its 

repair and seismic upgrading. With detailed analysis of the bearing and deformation capacity it was determined 

that the existing structure does not meet the requirements according to the national regulations. Therefore, the 

need for repair and strengthening was imposed, with the main goal of ensuring seismic stability of the building. 

Considering the possibilities and certain limitation for structural interventions from one hand, and the required 

bearing and deformation characteristics of the elements and the structure as whole from other hand, a traditional 

solution for strengthening was adopted, by reinforced concrete jackets and horizontal belt course. This technical 

solution provides increase of the structural bearing and deformation capacity of the system, as well as its ductility 
capacity, which is especially important for this type of buildings in case of seismic excitations. By increasing the 

deformation capacity, the input energy in the system would be consumed, which would greatly increase the 

seismic safety and security of the building. 

Keywords: Repair, Strengthening, Masonry Structures, Capacity Analysis. 

1. Introduction 

Masonry structures, as a traditional type of construction, are especially present in the Balkan region. 

With cross-analysis of the statistical data from the last censuses from 1991 and 2002 and the available 

data from the State Statistical Office, it can be summarized that one third of the buildings in the Republic 
of North Macedonia belong to this type of constructions. Most of them were built in the second half of 

the XX century, before enactment of first seismic code in the country, and constructed on the basis of 

experiential knowledge. The most important and undeniable fact is that these buildings are still 
operating as buildings of vital importance for the society (schools, hospitals, cultural-historical 

monuments, etc.), Shendova et al. (2019). 

The building of “Sokolana” in Kumanovo (Fig. 1), belongs to this type of buildings. Built in the thirties 

of the last century for the needs of the “Sokolski Society” from Kumanovo, this building was once the 
main impetus for enrichment of cultural, entertainment and sports life, enabling the proper psycho-

physical development of many generations.  

This paper presents a detailed analysis of the stability of the existing structural system of the “Sokolana” 
building, the need for repair and strengthening of the “Sokolana” building, the selection of the most 

adequate solution for repair and strengthening, as well as an analysis of the stability of the strengthened 

structural system of the building. For that purpose, the multidisciplinary approach was applied, 
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developed in the Institute of Earthquake Engineering and Engineering Seismology in Skopje (UKIM-
IZIIS) based on gathered experience in the field of earthquake protection. This approach includes 

detailed technical and experimental investigations of the facility, in order to determine the actual input 

parameters for the analysis, and then analysis for the load-bearing elements in order to determine the 
limit state of strength, deformability and ability of load-bearing elements and the system as a whole to 

dissipate seismic energy, Bozinovski et al. (2019).  

 

Figure 1. Front view of the building “Sokolski dom” in Kumanovo 

2. Analysis of the existing building 

2.1 Description of the structural system of the existing building 

For the purposes of the analysis visual inspection of the building was carried out, with outdoor visual 

inspection, control measurements of building dimensions and structural elements, indoor visual 

inspection for identification/verification of the structural system.  

The building consists of a central part (sports hall), with a maximum height on the load-bearing walls 
up to level + 9.60m, and total floor area of 525m2. In one part, above the main entrance there is a gallery 

(level + 3.86m). The building also has three additional ground floor structures of lower height that were 

built through the years of exploitation, with a total area of approximately 440m2. (Fig. 2, 3). 

 

Figure 2. Ground floor of the building  
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 a)  b)  

Figure 3. a) Longitudinal cross section of the building, c) Transverse cross section of the building 

The principal structural system consists of bearing walls made of brick, in both orthogonal directions. 

The wall thickness varies from 75cm, for the main hall, and 35-60cm for the annex ground floor 
structures. The foundations are made of stone. For the gallery, there is a wooden floor structure. The 

main entrance is covered with a reinforced concrete slab. The roof for both the hall and the 

accompanying ground floor parts is made as a wooden structure, only on small part there is a ribbed 
reinforced slab. Many years ago an attempt for strengthening intervention was made, with reinforced 

concrete jackets. This process was stopped, so for the new solution as a starting point was reviewing 

and analysing the existing construction interventions. 

During the inspection, significant damage was observed on the load-bearing wall elements, manifested 

with large cracks on the walls. Heavy damage was observed also in the roof - wooden structure and 

ribbed reinforced slab, in the annex ground floor structures. (Fig. 4) After the visual inspection it was 

concluded that, in order to bring the building in functional condition, it is necessary to make a repair 

and strengthening. 

a)  b)   

c)  d)  

Figure 4. a), b), c), d) Severe cracks on the load-bearing wall elements 

The input values for quality of the masonry of the load-bearing walls of the building, expressed through 

the modulus of elasticity, compressive and tensile strength, were assumed based on the experiences of 

examined elements of similar quality and construction time, and were confirmed by experimental 
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testing. Therefore, the following input parameters are adopted: modulus of elasticity E = 680MPa, shear 

modulus G = 170МPa, compressive strength fc = 12MPa, tensile strength ft = 0,12MPa. 

2.2 Analysis of bearing and deformation structural capacity 

Based on the defined geometry of the structural systems of the building, the physical-mechanical 
characteristics of the embedded materials and the load of the elements, an analysis was performed to 

determine the load-bearing capacity and deformability of the building, with the main purpose of 

defining its behaviour under seismic action. 

To determine the real strength and deformation characteristics depending on the quantity and quality of 
the embedded materials, the computer program developed in UKIM-IZIIS was used. The program 

determines the displacement and the lateral force at yielding point (Δy and Qy), the ultimate 

displacement and lateral force (Qu and Δu), for each individual element of the storey, i.e., the initial 
stiffness and the stiffness at yielding point. In this way, the force-displacement relationship is obtained 

for each element of each storey separately, whereby, the load-bearing and deformation capacity of each 

storey is defined. The deformation capacity also defines the displacement ductility capacity for each 

floor as μ = Δu / Δу. The load-bearing and deformation capacity are determined for both orthogonal 
directions. The strength capacity is shown in the form of the ultimate storey shear force, which 

compared to the equivalent seismic force gives the safety factor.  

 

 

Figure 5. Storey Q-Δ relationship (existing state) for both orthogonal directions 

The results of the analysis, in the form of summary storey Q - Δ diagrams for the two orthogonal 
directions respectively, are shown in Fig.5. The bilinear diagrams with the characteristic yield points 

"Y" and the ultimate point "U" are shown in blue, while the required load capacity of each floor is 

marked in red. Table 1 summarizes the obtained and required load-bearing capacities of the structure 

for each storey. 
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Table 1 – Structural bearing capacity for the existing structure 

Existing state, x-direction 

Level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 

1st floor 1250 1454 1280 0.97 1.13 

GF 3573 3892 2259 1.58 1.72 

Existing state, y-direction 

Level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 

1st floor 680 690 1293 0.52 0.53 

GF 2868 3804 2259 1.26 1.68 

 

Based on the performed analysis of the existing structure and the obtained results, it was concluded that 

the strength capacity of the building for the ground floor for x-direction and y-direction is higher than 

the required according to the regulations, but for the first storey in both directions, it does not meet the 

requirements according to the regulations, PIOVS (1981). The ductility capacity for both directions in 
height is relatively small. The structure does not have sufficient strength for the ground floor for both 

directions, also the bearing capacity and deformability is relatively small for both directions, 

Bozinovski, Shendova et al. (2021). Given that structural interventions are going to be made, it is 
necessary to provide adequate strength and sufficient deformability, providing structural elements with 

greater ductility and increasing the integrity of the structure in both directions. From the above, the need 

for repair and strengthening is justified and necessary to improve the strength and deformation 

requirements and to achieve the desired dynamic response during future earthquakes. 

3. Repair, strengthening and analysis of the structural system 

3.1 Description of the technical solution for strengthening of the existing structure  

Based on the required strength and deformation characteristics of the elements and the whole structural 

system, several variant solutions for strengthening of the structure were considered. During the selection 

of the repair and strengthening solution a few aspects were considered including the possibilities for 
interventions in the building and the economic aspect. Also, for each variant solution a preliminary 

analysis was obtained (for the structure stability for the two orthogonal directions). Comparison was 

made of the strength and deformability characteristics obtained with the required by the regulations. 

From several variant solutions, a traditional solution for strengthening has been selected, the most 

appropriate from the economic aspect and from the aspect of assuring the strength and deformation 

requirements, according to the current technical regulations.  

The solution for strengthening of the structural system includes the following, Bozinovski, Shendova 

et al. (2021): (i) strengthening of load-bearing walls with reinforced concrete jacketing in longitudinal 

and transverse direction along with the new foundations (shown with red color in figures 6, 7, 8); (ii) 

connecting the RC jacketings with horizontal reinforced concrete belt courses (shown with blue color 
in figures 7, 8) or rectangular steel profiles (shown with green color in Figures 7, 8), in transverse and 

longitudinal direction; (iii) strengthening of wooden joists from the roof truss with steel profiles (shown 

in figures 7,8 with green color) in order to form ties for connecting the elements in the transverse 
direction; (iv) local repair of the cracks manifested in the bearing walls; (v) local remove and 

replacement of the damaged wooden roof structure; (vi) local remove and replacement of the damaged 

ribbed reinforced slab above the ground floor. Figures 6, 7 and 8 show the formwork plans and 

characteristic cross-sections of the proposed technical solution for strengthening the “Sokolana” 

Structure. 

The new reinforced concrete elements are intended to be of quality MB30 concrete (Ec = 31500Mpa, fc 

= 21.5MPa) and reinforcement of the type RA400 / 500-2 (Ea = 210000MPa, fta = 400Mpa). Reinforced 
concrete elements of the structure are proportioned according to the theory of limit loads, i.e., according 

to PBAB (1987). 
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Figure 6. Formwork plan of the ground floor for the proposed strengthening solution 

 

Figure 7. Characteristic cross sections for the proposed strengthening solution: transverse cross section  

 

Figure 8. Characteristic cross section for the proposed strengthening solution: longitudinal cross section  
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3.2. Analysis of bearing and deformation capacity for the strengthened structural system 

For verification of the proposed technical solution for repair and strengthening of the building, the 

procedure shown in Chapter 2.2 was applied again, through which the load-bearing and deformation 

capacities are defined, but this time of the strengthened structure. The computer program recalculates 
the displacement and shear force at yielding point (Qy and Δy), as well as at the ultimate point (Qu and 

Δu) for each individual element of each storey, but for the integrated structural system of masonry and 

reinforced concrete elements, with the corresponding characteristics of the built-in material. The results 

are presented in the form of summary storey Q - Δ diagrams for the two orthogonal directions 

respectively.  

 

 

Fig. 9 - Storey Q-Δ relationship (strengthened structure) for both orthogonal directions 

The bilinear diagrams with the characteristic yield points "Y" and the ultimate point "U" are shown in 

blue, while the required load capacity of each floor is marked in red (Fig. 9). Table 2 summarizes the 
obtained and required load-bearing capacities of the building by storey and directions, showing the new 

calculated safety factor. 

Table 2 – Structural bearing capacity for the strengthened structural system 

Strengthened structure, x-direction 

Level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 

1 floor 6048 8090 1280 4,725 6,32 

GF 6035 7003 2259 2,67 3,10 

Strengthened structure, y-direction 

Level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 

1 floor 4091 4403 1293 3,16 3,40 

GF 6054 6854 2259 2,67 3,03 
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From the results of the analysis of the repaired and strengthened structure, it is noted that the capacity 
of the strength in both orthogonal directions of the building is significantly greater than the required 

limit capacity according to the regulations, PIOVS (1981). The bilinear diagrams show an increase in 

the deformation capacity of each of the storeys in both directions respectively, with an increase in the 
ductility capacities. This leads to the conclusion that the strengthening will increase the ability of the 

system for greater dissipation of energy, Bozinovski, Shendova et al. (2021). This is especially 

important for this type of buildings in case of seismic excitations. By increasing the deformation 

capacity, the input energy in the system would be consumed, which would greatly increase the seismic 

safety and security of the building, Bozinovski et al (2021). 

4. Conclusions 

The building of “Sokolana” in Kumanovo is a historic building built in the thirties of the last century. 

During the visual inspection, significant damage was observed on the load-bearing walls, due to the 

negligence of the building, manifested with large cracks on the walls. Heavy damage was observed also 

in the roof-wooden structures, and ribbed reinforced slab in the annex ground floor structures. 

Based on the results form performed analysis of the existing structure it was concluded that the strength 

capacity of the building for the ground floor is higher than the required one according to the regulations, 

but for the first storey it does not meet the requirements for both directions. The ductility capacity for 
both directions is relatively small. The structure does not have sufficient strength, also the deformation 

capacity are relatively small, for both directions. Given the results of the existing structure, the need for 

repair and strengthening is justified and necessary in order to improve the strength and deformation 

capacity and achieve the desired dynamic response during future earthquakes. 

From several analysed variants, a traditional solution for strengthening has been selected, the most 

appropriate from the economic aspect, satisfying the strength and deformation requirements according 
to the current technical regulations. The analysis of the repaired and strengthened structure of the 

“Sokolana” building, clearly shows that the strengthened system has significantly increased strength 

(load-bearing capacity) in both orthogonal directions and satisfies the required limit load capacity in 

accordance with current regulations. At the same time the results of the strengthened structure show an 
increase in the deformation capacity of each of the storeys in both directions respectively, i.e. an 

increase in the ductility. This leads to the conclusion that the proposed strengthening will increase the 

ability of the system to greater dissipation of energy, which is especially important for this type of 

buildings in case of seismic excitations. 
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Abstract 

The potentially high vulnerability and poor performance of the existing buildings, after past seismic events, 

including exploitation period has raised awareness of the need to improve their seismic performance. Repair and 

strengthening gives new life to existing or ageing structures that might otherwise be demolished and replaced. 

This paper will address the issues related to repair and strengthening techniques for the first category building in 
Skopje, N Macedonia dated from 1924. Structural and nonstructural damages were observed due to the 

inappropriate foundation and maintenance of the building, which have increased during exploitation period and 

seismic actions. In order to define the stability of the building, non-destructive tests were applied for definition 

the material characteristics, further used in numerical analysis. Based on the performance assessment, retrofit 

schemes were proposed to address the main structural deficiencies and to meet national code requirements in N. 

Macedonia.  

The results of the overall investigations and analyzes for the capacity of the building are presented in this paper. 

Also summarized are the necessary structural interventions to ensure the necessary stability and reliability of the 

building for gravitational and seismic actions in accordance with the existing legislation in the Republic of North 

Macedonia. Since it is a first category, the dynamic response of the structure to real seismic actions, expected at 

site, is also considered according to the valid legislature which defines the assessment of seismic force considering 

local soil conditions.  

The outcomes from this project indicate the efficiency of the retrofit options utilized in reducing both the economic 

losses and collapse vulnerability of the building.  

Keywords: repair, strengthening, non-destructive tests, structural and non-structural damages, dynamic analysis   

1. Introduction 

This paper is part of a project that was realized for the needs of the army of the Republic of North 

Macedonia.[1] In this paper a detailed analysis of the stability of the existing structural system has been 

presented, the necessity for repair and strengthening of the building has been proven, and an analysis 
of the stability of the repaired and strengthened structural system of the building has been performed. 

In the following, the results of the overall investigations and analyzes for the capacity of the building 

are presented. Also summarized are the necessary structural interventions to ensure the necessary 
stability and reliability of the building for gravitational and seismic actions in accordance with the 

existing legislation in the Republic of North Macedonia. The building is analysed as first-category 

building according to the current technical regulation, including the dynamic response of the structure 

to real seismic actions expected at the site. 
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2. Existing structural system 

The building consists of ground floor, first floor and an attic with a relatively low height. The principal 

structural system represents brick masonry in lime mortar load-bearing perimeter walls, in combination 
with reinforced concrete frames in the interior of the building. Reinforced concrete slabs are constructed 

above the ground and first floor, which are supported on longitudinal and transverse beams. The 

foundation structure of the perimeter walls consists of strip foundations made of brick masonry in lime 
mortar without extensions, which represents an unusual foundation for this type of building. The 

columns located in the middle longitudinal line of the building are constructed on individual reinforced 

concrete footings. Façade of the building and building interior is shown in Fig. 1. 

    

Figure 1. Façade of the building and building interior 

Structural and non-structural damages were observed due to the inappropriate foundation and 

maintenance of the building, which have increased during the exploitation period and seismic actions 

(Fig. 2, Fig. 3). 

    

Figure 2. Horizontal and diagonal cracks 

    

Figure 3. Cracks in masonry walls    
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In order to define the stability of the building, non-destructive tests (Fig. 4) were applied[1] for 

definition the material characteristics, further used in numerical analysis. 

 

Figure 4. Non-destructive tests 

3. Analysis of the existing structure 

An analysis of the existing structure was performed, due to the gravitational and equivalent seismic 

forces in accordance with the existing legislation in the Republic of North Macedonia. Seismic forces 

are defined based on the characteristics of the building and its purpose, as well as the characteristics of 

the location where the building is placed. 

The analysis up to strength and deformability limit states was performed, with aim of defining the actual 

capacity of the structure and comparing it with the requirements in accordance with the existing 

legislation. Since it is a first-category building, the dynamic response of the structure to real seismic 

actions, expected at site, is also considered. 

3.1 Quality and characteristics of the embedded materials 

For the purposes of the analysis, a visual inspection of the structure was performed. The inspection 

defined the type and condition of the embedded material for the masonry walls, the quality of the 
materials, its strength and deformation characteristics. The quality of the masonry, for the structural 

walls, expressed through the limit bearing capacity of pressure (c) and tension (t) is evaluated based 

on the experiences of tested elements of similar quality and construction time. From the experimental 

tests carried out by the Institute of Earthquake Engineering and Engineering Seismology (IZIIS) on 

other buildings, the following characteristics of the existing masonry were determined: t =100 – 300 

kPa; c =1000 – 3000 kPa.  

For the existing condition, when we have clean masonry with vertical horizontal and diagonal cracks, 

as in the case, the analysis used t = 100 kPa and c = 1000 kPa, which according to the condition of 

the masonry and the degree of damage, are real. 

With the strengthening, the masonry gets horizontal and vertical cerclages, reinforced concrete 

foundations and jackets, which significantly improves the strength and deformable characteristics of 

the structural elements, so in the analysis for the strengthened state, slightly higher characteristics were 

used, namely: t = 150 kPa and c = 1500 kPa.  

The quality of the concrete and the embedded reinforcement is defined through non-destructive tests 
(Fig. 4). From the results, it was determined that the strength of the embedded concrete in the columns 

ranges from 22-25MPa, while in the beams from 19-22MPa. Reinforcement bars in the columns with a 

diameter of 16Ф, 18Ф, 20Ф, longitudinal, as well as 10Ф, 12Ф, 14Ф transverse, were found, and it was 

determined that smooth reinforcement GA240/360 was used. 
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3.2 Analysis of the strength-deformation characteristics of the existing structural system 

The existing structural system presents a combined system of load-bearing walls made of solid brick in 

lime mortar, combined with reinforced concrete frames inside the building. The results of the analysis 

are given in the form of floor diagrams Q-Δ, separately for the two orthogonal directions (Fig. 5). 

   

   

Figure 5. Floor Q-Δ diagrams for x and y direction 

The summary strength and deformation characteristics are given in Table 1 and Table 2. 

Table 1. Strength and deformation characteristics 

Mass and seismic forces of the building by floors - existing structure 

level Hi m Sx QSx Sy Qsy 

  [m] [kN] [kN] [kN] [kN] [kN] 

1st F 3,72 12530 5034 5034 5034 5034 

GF 3,72 11643 2218 7252 2218 7252 

Existing structure (x-direction) 

level К δY L.P. δU D_cap Qy Qu 

 [kN/cm] [cm]  [cm]  [kN] [kN] 

1st F 4286 0,70 0,817 1,00 1,43 3000 4050 

GF 5000 0,80 0,440 1,30 1,63 4000 5100 

Existing structure (y-direction) 

level К δY L.P. δU D_cap Qy Qu 

  [kN/cm] [cm]   [cm]   [kN] [kN] 

1st F 3333 0,60 0,450 0,80 1,33 2000 2300 

GF 3636 0,55 0,963 0,85 1,55 2000 3050 

3.3 Analysis results and conclusions on the necessity for strengthening 

Based on the performed analysis of the existing structure and the obtained results, it was concluded: 

Table 2. Strength and deformation characteristics 
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Existing structure (x-direction) 

level Qy Qu Qs Qy/Qs Qu/Qs 

  [kN] [kN] [kN]     

1stF 3000 4050 5034 0,525 0,551 

GF 4000 5100 7252 0,804 0,703 

Existing structure (y-direction) 

level Qy Qu Qs Qy/Qs Qu/Qs 

  [kN] [kN] [kN]     

1stF 2000 2300 5034 0,397 0,275 

GF 2000 3050 7252 0,457 0,421 

The structure's strength capacity for both directions is lower than required by the regulations, PIOVS 

81, which is 16.5% for the X-X direction and 8.27% for the Y-Y direction of the total weight of the 

building. The required capacity according to regulations is 30%. Consequently, the structure does not 
have sufficient strength for the longitudinal direction and significantly insufficient strength for the 

transverse direction. The deformability capacity is relatively small for both directions. In addition to 

the requirements for seismic stability of the building, which have not been met, the building also has 
severe structural damage due to settlements of the foundation structure. The above mentioned 

demonstrates the necessity of improving the strength and deformation characteristics, in order to satisfy 

the basic requirements according to the existing technical regulation. 

4. Selection of the Most Adequate Repair and Strengthening Solution for the 

Principal Structural System 

Out of a number of variant solutions, the most appropriate solution has been selected from both low-

cost aspect and the aspect of satisfying the strength and deformation requirements in compliance with 

the valid technical regulations.  The solution for strengthening of the principal structural system mainly 
anticipates strengthening of the structural bearing elements, walls, columns and beams, creating lines 

of defence against external seismic effects in both orthogonal directions (Fig. 7, Fig. 8). Repair of cracks 

in bearing walls and reinforced concrete elements as well as partial repair of the floor structure is done 

additionally.  More specifically, this involves the following: 

• Strengthening of the foundation structure and recommendations for drainage of atmospheric 

waters from the structure; 

• Strengthening of the bearing walls by reinforced concrete jackets in longitudinal and transverse 

direction; 

• Strengthening of reinforced concrete columns mainly along strengthening lines of external 
walls; 

• Strengthening of transverse beams along the strengthening line of walls and columns; 

• Foundation of reinforced concrete jackets into own footings. The same also holds for the 

strengthened reinforced concrete columns; 

• Inter-connection of jackets by horizontal reinforced concrete belt courses mainly along the 

perimeter of the structure and at the level of the floor structure over the ground floor and over 

the storey; 

• Local repair of cracks manifested in bearing walls and reinforced concrete elements; 

• Local repair of the deformed floor structure at the ground floor. 
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Figure 6. Strengthened and existing state at plan of foundations (left), ground floor and storey (right) 

  

Figure 7. Cross-section of the strengthened and existing structure. 

5. Analysis of the repaired and strengthened structural system 

For the strengthened structural system, analysis of strength and deformability to strength and 
deformability limit states was performed, for the structural elements and the global structural system, 

for its dynamic response under real expected seismic actions.  

On the basis of the performed analysis of the strengthened structural system the following condition 

was established.  

5.1 Storey diagrams Q-Δ 

On the basis of the defined diagrams base shear-displacement and moment-curvature for every element 

and their transformation in diagrams force-displacement, the following floor diagrams force- 

deformation were defined (Fig. 8).   
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Figure 8. Floor diagrams force- deformation in X and Y direction (strengthened structure) 

The total strength and deformability characteristics are given in the Table 3 and Table 4:  

Table 3. Total strength and deformability characteristics 

Strengthened structure Direction X-X 

 Qy [kN] dy [cm] Qu [kN] du [cm] 
K1 

[kN/cm] 

K2 

[kN/cm] 
L. P. Ductility 

1st F 5106 0.7 7394 2.075 7294 1664 0.228 2.964 

GF 6095 0.8 8824 2.275 7619 1850 0.243 2.844 

Strengthened structure Direction Y-Y 

 Qy [kN] dy [cm] 
Qu 

[kN] 
du [cm] 

K1 

[kN/cm] 

K2 

[kN/cm] 
L. P. Ductility 

1st F 4000 0.525 5072 1.675 7619 932 0.122 3.190 

GF 4961 0.6 6314 1.775 8268 1151 0.139 2.958 

Table 4. Total strength and deformability characteristics 

Strengthened structure Direction X-X 

level Qy Qu Qs Qy/Qs Qu/Qs 

  [kN] [kN] [kN]     

1st F 5106 7394 3362 1,52 2,20 

GF 6095 8824 4825 1,26 1,82 

Strengthened structure Direction Y-Y 

level Qy Qu Qs Qy/Qs Qu/Qs 

  [kN] [kN] [kN]     

1st F 4000 5072 3362 1,18 1,51 

GF 4961 6314 4825 1,03 1,31 

The analysis of strength and deformability characteristics of the structure show that the capacity of 

strength at the base of the stracture totals 36.5% of the total weight of the structure for X-X direction 
and 26.12% of the total weight of the structure in Y-Y direction. The demand capacity from the codes 

is 19.5% because of the change in the coefficient of ductility and damping for strengthened masonry. 

These data are from manually schematized diagrams force-displacement. From the diagrams, it is clear 
that the capacity of strength and deformability are larger, as well as the capacity for dissipation of 

seismic energy. The capacity of the strength of the structure in both directions is larger than the demand 

according to technical regulations. 

5.2 Dynamic response for real seismic actions 

For the location of the structure, a maximal acceleration of 0.25g was defined, together with 

recommended accelerograms (time- history records):  

• Ulcinj (Albatros) N-S; 
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• El Centro; 

• Ulcinj (Olimpik) N-S; 

• Bar (municipality parliament) N-S; 

• Robic- excitation with wide frequency range; 

The results are shown as diagrams floor- displacement and floor- ductility (Fig. 9). 

       

    

   Figure 9. Diagrams floor- displacement and floor – ductility for X and Y direction  

With the repair and strengthening of the structural system, a significant increase in ductility capacity 

and dissipation of seismic energy capability of the elements and the structural system as a whole can be 

noted.  The dynamic response for real expected seismic actions for the location confirms that too.  

5.3 Dynamic response for real seismic actions 

Proportioning of new RC elements according to the theory of limit states i.e. current technical 

regulations in the country was performed. For part of the elements, reinforcement is placed gradually 

from 0.6% to reach the necessary strength and deformability. 

6. Technology of Construction 

The strengthening effect depends on the consistency of the performance of the construction works.  The 

preparation works are not carried out simultaneously for the jackets, the foundation of the external walls 

and the foundation of the central column. The foundation of the external wall beyond the jacket is 
performed in parts of 2 – 3 m. Prepared and constructed simultaneously is a jacket on the left front wall, 

a jacket on the rear external wall, one column and 4 parts of the foundation of the external walls 

according to the construction plan approved by the Engineer following the excavation for the first jacket 

and assessment of the rockfall hazard and possibility for performance of simultaneous activities in a 
long run. One of the reasons for controlled construction is also a possible earthquake that may affect 

the weakened structural system. Parallel to the preparation works, injection of cracks in the solid brick 

walls is performed. The crack is cleaned and widened upon the surface of the cracked and damaged 
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bricks and is injected with repaired concrete or strong cement mortar. Local strengthening is done 
irrespective of strengthening because global strengthening of the structure prevents further opening of 

cracks. 

Preparation works consist of:  chase cutting of mortar on the walls made of solid bricks in lime mortar 
at places of their strengthening with reinforced concrete jackets. Then, half bricks are taken from the 

wall at distance of 40 cm along horizontal and vertical line, in a chess shape, in order to provide a better 

connection between the masonry and the concrete part. 

As an example, the figure below shows a detail of a jacket with minimal reinforcement and way of 
efficient connection with a solid brick wall. In addition to dowels, the wall is additionally connected to 

the jacket  by a reinforcing wire and a metal plate on the opposite side. The next step is excavation for 

the foundation of the jacket. The excavation is done beside the wall, at depth down to the lower edge 
of the existing foundation plus 30 cm for the tooth, 8 cm for the lean concrete and 30 cm for the gravel 

layer. Details of the technology of performance of repair are shown on Fig. 10. 

       

Figure 10. Details of the technology of performance of repair.  

Following the excavation, compaction of the base is done by means of a light rammer (the so called 
frog rammer). Consolidation is done by light compaction. Upon the base, a layer of lean concrete is 

poured. With this, conditions are created for the construction of the jacket. The wall and the foundation 

are prepared for the placement of the anticipated reinforcement.  Following placement, connection and 

checking of the reinforcement, shuttering of the jacket and the foundation into the planned shape is 
done. Concreting is done per phases, the first phase - upper edge of the foundation, i.e., down to the 

lower edge of the connecting foundation beam, second phase – connecting foundation beam, third phase 

– down to the lower edge of the transverse beam and longitudinal belt course. In the fourth phase, 
concreting of belt courses and transverse beams is done. The fifth phase involves the jackets over the 

storey and the last one includes the end belt courses over the storey. After concreting of the foundation, 

the earth is returned over the foundation and conditions are created for the construction of the footways. 
Simultaneously with these activities, preparations for the connection of the transverse beam and the 

external jackets are made, leaving sufficient space for embeddment of reinforcement and the jacket–

transverse beam concrete connection. Details of  repair of end column and central column are shown 

on Fig.11. 

 

Figure 11. Details of  repair of end column and central column  
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A similar procedure is applied in strengthening of a central column. Chase cutting of the mortar from 
the column and roughening  of the external surface are done in order to create a better connection 

between the old column and the jacket. Excavation for the foundation follows. The base is compacted, 

the gravel layer and the lean concrete are placed. Further on, reinforcement, shuttering and concreting 
are done in a number of phases. The transverse beam is constructed as entirely continuous. The same 

holds also for the external horizontal belt courses. 

7. Conclusions 

With its strength and deformability characteristics, the existing structural system does not satisfy the 

requirements pertaining to the Regulations and recent knowledge on behaviour of masonry structures 

exposed to gravity and seismic effects.  

A number of variant solutions have been proposed and analyzed for repair and strengthening of the 

principal structural system.  

Selected out of a number of variant solutions has been the most appropriate one from low-cost aspect 
and from the aspect of satisfying the strength and deformability requirements of the valid technical 

regulations.  

The repair and strengthening of the bearing structural system have been done in such a way as to satisfy 

the requirements of valid technical regulations and enable a favourable dynamic response to the realistic 

seismic effects defined for the considered location.  

Strengthening practically enables greater stiffness, strength and deformability by optimizing these three 

characteristics, obtaining thus optimal quantities and providing the required seismic safety.  

A greater percentage of the strengthening activities refers to strengthening due to inappropriate 

foundation resulting in diagonal cracks in bearing walls made of solid bricks in lime mortar, whereas 

strengthening against seismic effects is done to a relatively lesser extent. 

This report contains the minimal necessary elements for repair and strengthening of the principal 

structural system, by means of dimensions and reinforcement. 

Out of own reasons, the Contractor may adopt, according to the possibilities for performance or 

available equipment and material, different dimensions of elements or different reinforcement provided 
that the dimensions and the reinforcement are not lesser than those defined in this report.  Each change 

should be reported to us in order that we can check whether the change affects the level of seismic 

protection and stability of the structure.  

The analysis of the strength and deformability capacity of the repaired and strengthened structure has 

proved that it satisfies the strength and deformability requirements of the valid regulations and the most 

recent knowledge on behaviour of masonry structures exposed to static-gravity and dynamic-seismic 

loads. 
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Abstract 

A numerical study is done to determine the seismic performance of G+1 industrial RC building after retrofitting 

beams and columns. Deterioration of building has occurred due to excess chemical spillage over structural 

elements. Distressed beams and columns were retrofitted using jacketing techniques. The building is located in 

Indian Seismic Zone IV, so there is a need to understand the global seismic behaviour of the building after 

retrofitting. Nonlinear static pushover analysis is carried out to and the results indicate a decrease in the storey 

shear values.  

Keywords: Compressive Strength, Seismic Retrofitting, Push-over Analysis, Base Shear, Displacement, Jacketing  

1. Introduction 

The G + 1 building was constructed 15 years ago. It is an industrial production plant where due to 
chemical spillage, the deterioration of beams and columns has occurred. A visual inspection is done 

along with Non-destructive testing. The results indicated that the compressive strength decreased to 

10MPa and longitudinal reinforcement corroded up to 25 percentage. The structure is located in 
Indian Seismic Zone IV. Since the building was industrial plant with hazardous materials, there is a 

need for checking the seismic safety of the structure concerning the safety of the occupants. 

In the detailed report after Non-destructive Testing, it was mentioned that the distress in beams was 
majorly due to chemical spillage. In columns due to penetration of chemicals into the concrete substrate, 

large cracks were formed which lead to the corrosion of longitudinal reinforcement.  

To bring the structural elements to original strength, concrete jacketing of 100mm thickness on all 

sides for columns and 75mm thickness on three sides were suggested. The additional longitudinal and 
transverse reinforcement is added in the jacketed beams and columns. A total of 6 columns and 5 

beams were retrofitted. Figure 1a and 1b represent the jacketed columns and beams respectively. 

 

 

 

 

 

 

 

 

 

 

Figure 1a: Column with 100mm concrete jacket 
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Figure 2b: Beam jacketed with 75mm on three sides  

 

The Nonlinear static pushover (NSP) analysis predicts the seismic forces and deformation demands of 

the structure. For this purpose, NSP analysis is performed and the seismic safety of the industrial 

structure was done to check the reliability of the strengthening design of distressed structural 

elements.  

The results indicated that after strengthening the columns and beams, the elements are able to 

withstand the demand.  

By encasing the distressed beams and columns, the seismic stability of the structure increased which 

can be observed from the decrease of storey shear and deformation values after strengthening.  

2. Details of existing structure 

The building plan and elevation is mentioned in the below figures.  

 

             

 
 

Figure 2 : Plan of the Building 
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 Figure 3: Elevation of Building 

The existing condition of the structure is shown in the below figure 4.  The results of the Non-destructive testing 

using rebound hammer, ultra-sonic pulse velocity and Core cutting are presented in Table1 of appendix for 

reference.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Existing condition of  Columns and Beams 

The height of ground floor is 6m and first floor is 3m. Plan area is 34.8 x 11.4 square meters. Live load 

is considered as 5 kN/m. The slab thickness is 150mm, the beams dimension is 300mmx360mm and 
column dimension is 400mmx480mm. The reinforcement details of beams and columns are tabulated 

in table of Appendix. The grade of concrete for beams is M20 and for column is M30.  

3. Analysis procedure: 

As the first step of analysis, Equivalent static analysis is performed. The lateral force distribution at 

various floors levels is represented in figure 5. To determine the lateral forces at each floor the design 
seismic base shear value Vb must be calculated. The total seismic weight of the building is 13745 kN. 

The importance factor is taken as 1.5, since the building is industrial building.  

The fundamental Natural Period is 0.133 seconds. The design acceleration coefficient (Sa/g) for 

medium stiff soil is 2.5. The design base shear is calculated as 1237 kN. 
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In the below table 1 given, Wi is the seismic weight of the building. Wi is calculated by considering full 
dead load and part live load acting on the structure. Since the structure is industrial type, load of the 

machinery is included as well along with the floor finishing load. As per the IS: 1893(Part1):2016, 

percentage of imposed load is calculated using Clause 7.3.1. 

Table 1 – Vertical Base Shear Details 

Floor Wi hi Wihi
2
 Wihi

2
/∑

Wihi
2
 

Vb Qi 

1 13745 9 1240486 0.715 1237 884 

2 13745 6 494820 0.285 1237 353 

       

 

Lateral force distribution at each floor is shown in figure 5. 

 

 

 

 

 

 

 

 

 

Figure 5: Loading Diagram 

Non linear static pushover analysis is carried out for the structure after strengthening beams and 

columns. The displacements of the each floor is plotted with the storey height for strengthened building 

and original existing structure. The results indicate that the máximum storey displacement has decreased 

for retrofitted building.  
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The drift values are plotted for Push X direction and Push Y direction. The drift value of retrofitted building is 

less than original building in both X and Y directions.  

This proves that after strengthening columns and beams, the global displacement of retrofitted structure reduced 

improving the seismic capacity of structure. The drift values in X and Y directions for retrofitted structure are 

4mm and 10mm respectively which are less than the maximum allowable drift value of 0.4 percent of storey 
height i.e., 36mm.  

 

 

                  

Figure 7. Maximum Storey Drift 

The Base shear and roof displacement are plotted for original and retrofitted structure for X direction. 

 

Figure 8: Pushover analysis in X direction for retrofitted and original structure. 
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4. Conclusion 

The distressed elements are treated using concrete jacketing for beams and columns. For beams due to 

accessibility three sides 100mm concrete jacket is applied and for columns 100mm concrete jacket on 
four sides is encased with additional longitudinal and transverse reinforcement. For economical design, 

concrete jacketing is used as strengthening technique. The jacketed elements are modelled in ETabs19 

and Nonlinear static pushover analysis is performed. From the pushover analysis the results indicated 
that the after strengthening the roof displacement of retrofitted structure is reduced in X and Y direction. 

The pushover analysis results in X direction indicate that the base shear value is increased by 1500kN 

improving the seismic capacity. The drift values in Y direction are more when compared to X direction 

and less than the maximum allowable drift value. The overall global seismic performance of structure 

is affected by strengthening. 

 

5. Appendix 

Table 1 – NDT Results 

S. No. Identifications 

Rebound 

Value 

(NDT) 

Ultrasonic 

Pulse 

Velocity 

Value 

Concrete 

Quality 

Approx. 

Compressive 

Strength 

(N//mm2) 

1 Column A1 34.5 3.78 Good 30 

2 Column A2 35 3.9 Good 31 

3 Column A3 25 3.1 Doubtful 16 

4 Column C2 24.5 3.45 Doubtful 15.25 

5 Column C3 26 3.3 Doubtful 17.5 

6 Column D2 28 3.15 Doubtful 20 

7 Column D3 26 3.2 Doubtful 17.5 

8 Column E2 27 3.55 Doubtful 19.5 

9 Column E3 35 3.96 Good 31 

10 Column F2 31.25 3.83 Good 32 

11 Column F3 27.5 3.5 Doubtful 19.75 

12 Beam A2-A3 31.5 4 Good 25 

13 Beam C1-C2 25.5 3.23 Doubtful 16.75 

14 Beam C2-C3 25 3.6 Doubtful 16 

15 Beam D1-D2 24 3.3 Doubtful 14.5 

16 Beam D2-D3 26 3.35 Doubtful 17.5 

17 Beam E1-E2 34 4.1 Good 29 

18 Beam E2-E3 34 4.2 Good 29 

19 Beam C2-D2 26 3.61 Doubtful 17.5 

20 Beam D2-E2 23 3.14 Doubtful 13 

21 Beam E2-F2 24.5 3.42 Doubtful 15.25 

22 Beam E2-E3 23.5 3.5 Doubtful 13.75 

23 Beam F2-G2 31.5 4.3 Good 25 

24 Beam F2-F3 22 3.6 Doubtful 12 

 

 

 

Beam Dimensions and Reinforcement Details: 

Table 2 – Beam Details 
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S. No. Details 

1 Width 300 mm 

2 Depth 460 mm 

3 Diameter of main bar 16 mm 

4 Number of bars 8  

5 Concrete Cover 25 mm 

6 Spacing of Ties 200 mm 

7 Diameter of Ties 8 mm 

 

Column Dimensions and Reinforcement Details: 

Table 3 – Column Details 

S. No. Details 

1 Width 400 mm 

2 Depth 480 mm 

3 Diameter of main bar 16 mm 

4 Number of bars 12 

5 Concrete Cover 40 mm 

6 Spacing of Ties 200 mm 

7 Diameter of Ties 8 mm 

 

Concrete Jacketing Details: 

Table 4 – Column Jacketing Details 

S. No. Details 

1 Grade of Concrete 30 MPa 

2 Diameter of main bar 20 mm 

3 Number of bars 10 

4 Spacing of Ties 200 mm c/c 

5 Diameter of Ties 10 mm 

6 Spacing of Shear Keys 200 mm c/c 

7 Diameter of Shear Keys 10 mm 

 

 

 

 

 

 

Beam Jacketing Details: 

Table 5 – Beam Jacketing Details 

S. No. Details 

1 Grade of Concrete 30 MPa 

2 Diameter of main bar 16 mm 

3 Number of bars 5 

4 Spacing of Ties 200 mm c/c 

5 Diameter of Ties 8 mm 

6 Spacing of Shear Keys 200 mm c/c 

7 Diameter of Shear Keys 8 mm 
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Abstract 

Recent earthquakes have shown that existing older buildings are not sufficiently safe against seismic loads. This 
applies to both structural and non-structural elements of buildings. Damage to so-called 'heavy' façade structures 
is of particular concern, as falling components can cause personal injury and block important traffic and escape 
routes. 
Heavy facades made of masonry, natural stone cladding or concrete panels with dead loads exceeding 100 kg/m² 
are usually anchored to the supporting structure by steel anchors that transfer the loads from the cladding panels. 
Although new façades are very secure against earthquakes, the field of seismic strengthening of heavy façades is 
largely unproven, although several product systems are available on the market that enable repair and 
strengthening. 
These systems will be investigated to see if they are suitable to take the additional loads caused by earthquakes. 
Ongoing trials are expanding the range of fastening systems suitable for heavy façade retrofitting as well as repair. 
This will utilise the experience already presented at the last 1CroCEE conference. An independent test series will 
allow the knowledge already gained to be reflected in a range of products for repair. 
This paper presents a method for repairing existing facades. This method can be used to preserve the fabric of 
historic buildings but can also be used to strengthen façade structures with the aim of meeting seismic design 
requirements, such as protecting human life after an earthquake or enabling rescue operations. As an alternative 
to large-scale shake table tests, so-called mesoscale tests for checking load-bearing capacity are described. The 
technical background is explained, and the test results are presented. 
 

Keywords: seismic retrofitting, seismic repair, façade systems; testing methods, non-structural elements 

1. Introduction 

The façade of a building not only defines the building's appearance by harmonising it with other 

buildings or making it stand out, but also serves a number of other purposes, such as protecting the 
internal structure and occupants from the effects of weather, including rain and wind. For example, 

cavities can improve ventilation and thermal performance can be improved by adding a layer of 

insulation. 

Facade fixings are an integral part of this structure and must safely transfer dead loads (of the facade 

itself) and loads (wind, earthquake, etc.) to the structure, while at the same time maintaining the distance 

between the support layer and the facade layer. 'Heavy' façades, such as brickwork, natural stone and 
concrete, with dead loads in excess of 100 kg/m² which place high demands on the façade fixings. Not 

only do fixings need to carry high point loads back to the structure, but the nature of the structure means 

that the distance the fixings have to span between the inner and outer layers can be significant (up to 

300 mm or even more). 

BS EN 1998-1 [2013] classifies façades and façade fixings as non-load-bearing components, i.e. lumps 

without inherent stiffness attached to load-bearing structures. Such items can be designed against 

seismic loads by using static equivalent horizontal loads acting in the most unfavourable direction. 
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In the following, as a first step, only masonry facades will be considered, as the range of these repair 
products has been examined. However, the lessons learned can also be applied to other façade materials, 

such as natural stone and concrete. 

Hairline cracks and other minor damage can occur to masonry facades as a result of earthquakes. 
Although the aesthetics of the building will be compromised, such damage does not usually pose an 

imminent hazard. However, major damage, such as the partial or total collapse of a façade, creates 

greater risks and hazards for occupants attempting to escape and for emergency services trying to access 

a building. As well as the imminent danger from falling masonry, important access routes in and around 
the building may be blocked. Damage to facades and falling stones is evident in post-earthquake 

photographs from Christchurch (2011) and Zagreb (2020),  see Figure 1. 

 

 

Figure 1. Masonry façade damage – Zagreb 2020 (Photo credit REUTERS/Antonio Bronic). 

 

Damage to the façade may indicate that the structure itself has been weakened, reducing its potential 

seismic performance during aftershocks and subsequent earthquakes. In order to restore the seismic 

integrity of the building and the façade, damage (including to the structure and façade itself and 

associated fixings) should be assessed quickly to identify where repairs are required. 

Once damaged, the seismic performance of a building can be restored through repairs, but retrofitting 

existing facades with new components can improve their seismic performance and reduce the likelihood 
of damage occurring in the first place. This reduces the human risk in the event of an earthquake and 

reduces the time and cost of repairs. 

Seismic retrofitting is particularly applied to older historic facades that were built before modern 
standards were introduced and usually do not include any seismic fixings. Retrofit methods can be 

carried out with minimal or no visual impact, which can improve seismic performance while preserving 

the aesthetics of the façade. 

Rather than assessing façade fixings in isolation, the interaction of fixings with other components such 
as the structural frame and façade should be considered. Analysing fixings in this way allows load-

bearing capacity and ductility to be assessed. In addition, different scale tests can be carried out to assess 

the load-bearing capacity of the system in different scenarios. Macroscale testing offers the opportunity 
to accurately replicate field conditions, but requires large, expensive test facilities and can be very time-
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consuming. On the other hand, small-scale testing, such as mesoscale and microscale testing, provides 

a viable alternative where representative results can be obtained at a lower cost. 

This paper discusses methods for seismic repair and retrofitting of existing masonry facades. Different 

approaches for testing façade fixings are presented and evaluated. 

 

2. Brickwork Façades 

Modern buildings with brick facades usually rely on several layers to achieve the necessary weather 

resistance, thermal performance and ventilation. The external-facing façade layer is generally separated 

from the insulation layer by a clear air gap or cavity, with the structural frame located behind the 

insulation layer. Shelf angles or brick support brackets (Fig. 2) are used to support the dead loads on 
brick façades, and these must span between the layers and be firmly fixed to the frame through the 

insulation. They are usually designed as cantilever or tension members with spacers and are fixed using 

suitable anchor bolts or channels. 

Loads acting perpendicular to the façade, such as wind loads, are separately accommodated by 

horizontal restraints. These members transfer tensile and compressive loads between the masonry 

facade and the structure and limit movement between them. The anchorage method shown in Figure 2 

is not designed to transfer loads parallel to the façade layers. If seismic loads are anticipated, load-
bearing members must be added. This is important not only for new buildings, but also for repairs and 

refurbishments. 

 

 

Figure 2. Examples of brickwork support brackets and movement-tolerant wall ties [xxx]. 

3. Seismic strengthening Methods 

Strengthening methods fall into two main categories: repair and retrofit; BS EN 1990 [2005] defines 

repair as 'activities undertaken to maintain or restore the function of a structure that fall outside the 

definition of maintenance'. Whereas repairs are carried out in response to damage to a building, 
retrofitting is a more proactive approach and is carried out in anticipation of the occurrence of an event, 

such as an earthquake. The ultimate aim is to reduce or completely eliminate damage. This has the dual 

benefit of lower risk to health during an event and reducing the amount and cost of repairs required 
after the event. A variety of retrofit strategies exist, ranging from simple single components to more 
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complex connected systems. Many methods can be installed sympathetically and with minimum 
disruption to the existing façade – this can be of great importance when working with older buildings 

of historic significance. A number of such methods are presented below and assessed for their ability 

to secure masonry façades against seismic loads.. 

3.1 repair methods for masonry façades 

Repair methods are important to restore the structural integrity of stone facades after damage has 

occurred. If building damage is left unchecked, the facade's seismic integrity will be compromised in 

the event of a subsequent earthquake, increasing the likelihood of damage and loss of life. It is therefore 

important to repair cracked, damaged or collapsed masonry as soon as possible. 

 

One method of repairing cracked masonry is to insert long twisted (helical) stainless steel bars into 
horizontal mortar joints and grout them in place (see Figure 3). The helical bars and thixotropic 

cementitious grout bond tightly to the existing masonry, redistributing the tensile load down the length 

of the panel and minimising the occurrence of cracks. With careful consideration of the mortar to be 

used in the grouting process, façades can be repaired technique in a very aesthetically sympathetic 

manner. 

 

 

Figure 3. Thixotropic cementitious grout applied to a horizontal slot in preparation for insertion of helical bar. 

 

Another use of helical stainless steel bar for façade repair is the creation of deep masonry beams. In a 

similar way to crack stitching, bars are grouted in place in horizontal slots cut in the mortar joints. By 

using pairs of bars installed a number of courses apart, structural integrity and load-bearing capacity of 

the façade can be restored. 

Masonry façades which are bowing out of plane can be repaired by using threaded or helical stainless 

steel bars to reinstate the connection between the façade and the structural frame – see Figure 4. By 

driving the bars through the façade and into the internal timber joists (either into the ends or the sides), 
the masonry can be stabilised and further movement prevented. As external spreader plates are not 

required, this method is again easily concealed and presents a quick, permanent repair solution. 

For masonry façades which have suffered more significant damage or have high load applications, a 

more robust system of threaded stainless steel bar, heavy duty mesh fabric sleeves and cementitious 
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grout may be required. The bars and sleeves are inserted into the walls through drilled holes, grout is 
then pumped into the sleeves which expand and form a strong chemical/ mechanical bond with the 

existing masonry ad internal structure – see Figure 4. Again, with good detailing and workmanship to 

fill the drilled cores this solution is fully concealed and can leave the façade looking virtually un-

touched. 

 

 

Figure 4. Brickwork façade restrained from bowing out of plane and heavy duty repair to masonry façade. 

If complete masonry collapse has occurred and the façade is to be re-built, cavity wall ties can be 

employed to join the leaves of masonry together. This improves the wall stability by tying the layers 

together and allowing them to act as one homogenous unit. Many different wall tie profiles and end 

types are available to suit different applications – ties can be bedded in mortar at both ends, 

mechanically fixed using screws or bolts, or resin-bonded directly to the masonry. Typically wall ties 

are made from stainless steel but pultruded basalt fibre ties are also available when even lower thermal 

conductivity is required. 

3.2 retrofit methods for masonry façades 

When retrofitting stone facades to improve their seismic performance, a different philosophy is utilised. 

Instead of waiting for damage to occur and then repairing it, retrofitting is a proactive approach that 

spends time and money up front, with a view to reducing future expenditure. 

On brick facades, a similar effect to crack stitching can be achieved by installing stainless steel helical 

bars at mortar joints. These long bars can be connected via stainless steel components to short helical 

ties driven vertically through the façade and into the internal structure (see Figure 5). By connecting the 

bars and ties in this way, long repair masonry can be installed to improve the in-plane and out-of-plane 

performance of the façade with minimal increase in seismic strength. If required, the anchorage strength 

can be verified in situ by a simple tensile test. 

Stainless steel helical ties may also be used to mechanically (or chemically) fix brick facades, render 

and masonry to the structural frame. Ties are driven into small pre-drilled holes inside the bricks to hold 

the brick layers together and prevent the masonry from collapsing due to earthquakes (see Figure 5). 

Depending on the application, cementitious grout or fabric sleeves can also be used with ties. The 

technology can be used on both cavity walls and solid walls and is suitable for fixing to brick, block, 

concrete and timber. 

Tests have shown that retrofitting stainless steel helical ties can effectively improve the out-of-plane 

performance of masonry walls [EQ Struc. 2013], and Newcastle Innovation [2010] found that the 

Australian Standard AS/NZ2699.1 medium load for earthquake It has also been shown that the 

requirements for ties can be met in this way. 
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Figure 5. Long helical bars connected to perpendicular helical ties and a mechanically pinned masonry façade. 

 

Seismic performance can be further improved by the use of ‘rigid’ and ‘ductile’ anchors. Typically 

these require more invasive installation procedures; individual masonry support brackets (‘rigid’ 

anchors) can be installed to carry horizontal seismic loads whilst angled wall ties (‘ductile’ anchors) 

can transfer both transverse and longitudinal loads back to the structure. This has been shown to be an 

effective method of limiting damage to heavy façades during shake-table testing [Roik and Piesker, 

2017]. 

4. Testing of Repair & Retrofit for Masonry Façades 

4.1 Introduction 

Roik and Piesker [2019] describe the different test scales that are suitable for heavy façade fixings; 

macro, meso and micro. Each scale has various advantages and disadvantages but, generally, the larger 

the scale, the greater the expense and time required. For this reason, meso-scale testing presents a good 

compromise where the full representative façade system and inter-linked components can be evaluated 

without requiring large-scale testing facilities. 

4.2 Meso-scale Testing 

Mesoscale tests are much easier to carry out than large-scale shake table tests, as they utilise an area of 

approximately 1 m2 representative of the façade. Importantly, even with an area of 1 m2, all components 

of the façade anchorage system can be assessed together, so that important interactions between 

elements are not lost. The low cost makes it more practical to carry out project-specific tests with 

relevant predefined static equivalent loads. 

As there are no specific regulations on test methods for façade systems subjected to seismic loads, the 

regulations in Annex E [2013] of ETAG 001 are proposed. The only exception is that the calculated 

horizontal equivalent loads (taken from the relevant seismic design standards) are used as the maximum 

load N max in tension and compression and V max in shear. 
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Figure 6 shows an example of a mesoscale test where a 1 m2 masonry façade section was supported on 

brickwork support brackets and fixed back to a concrete frame. Vertical wall ties were placed as the 

bricks were stacked and the mortar was left to cure. Once the design strength was reached, two helical 

bars were driven diagonally from the bricks into the concrete frame and resin-fixed with 'ductile' 

anchors to accurately represent the retrofit scenario. Horizontal loads were applied in the plane of the 

wall, in accordance with ETAG 001, Annex E [2013], at a continuous loading rate, with load 

increments. Horizontal displacements of the facade were measured using displacement transducers. 

Figure 6. Meso-scale test concept and installation of helical bar through brickwork. 

The test results show minimal horizontal displacement (less than 1mm) is exhibited with load 

application Vmax = ±2.0kN (equivalent to 1 x G). Plastic deformation starts to become apparent around 

Vmax = ±4.0kN (2 x G) with horizontal displacement of ±9mm. With further load increases the 

displacement grows strongly up to around 50mm (applied loading in the region of 4 x G). However, 

even at ‘failure’ when the wall ties have buckled and bent the masonry is still held together and does 

not collapse – suggesting that in the event of an earthquake such a design would reduce the risk of 

falling masonry. 

4.3 Macro- & Micro-scale Testing 

Macroscale tests are usually carried out on a one-to-one scale using a shake table, allowing the entire 

façade and anchorage system to be tested in as-built conditions. The behaviour under load can be 

accurately investigated, giving a very good representation of the building's performance in the 'real 

world'. However, due to the large scale of the tests, it is very costly and time-consuming to repeat them 

in new scenarios. 

Microscale testing, on the other hand, focuses on a single component only and analyses its behaviour 

and performance individually. Microscale testing can be easily carried out in the laboratory or on site, 

is quick and inexpensive, and can test many different scenarios. However, the results do not take into 

account interactions with other building components and should therefore be considered carefully. 

4. Conclusion 

The latest seismic design standards classify façades and façade fixings as non-structural members. Static 

equivalent horizontal loads acting in the most adverse direction are used in the design of these members. 
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Damage to façades caused by earthquakes can range from small hairline cracks to more dangerous 

partial or total collapse. It is crucial to prevent major damage in order to reduce the risk of injury to 

people in the vicinity of the building and to aid rescue efforts in the immediate aftermath. Following an 

earthquake, any damage sustained by the stone façade must be assessed and repaired as soon as possible. 

Even if the damage is apparently not aesthetically displeasing, the building's seismic resistance may 

have been compromised and must be addressed as soon as possible. The longer a building remains in a 

damaged state, the greater the risk of future earthquakes, including danger to human life and increased 

repair costs. Depending on the use of the masonry, different repair methods are available. 

Seismic strengthening of existing buildings can reduce the risk to human life by taking action before 

damage occurs, or at least reduce repair work after an earthquake. By combining components such as 

stainless steel helical bars, resin, grout and sleeves, a suitable seismic reinforcement system can be 

constructed and installed quickly and with minimal disruption. 

When assessing the seismic performance of façade fixings, the interaction of all components in the 

system should be considered. Elements such as the façade fixings, the façade itself and the structural 

frame must all be included in the assessment to ensure that the load-bearing capacity and ductility meet 

the requirements. Physical testing is a valuable way of determining the actual performance of an element 

or system, whereas theoretical calculations can only give a partial picture. Tests can be carried out to 

local standards if required, and specifications can be modified to suit specific project conditions. 

Testing can be carried out at different scales, depending on the space, time and cost limitations applied; 

macroscale testing, carried out at 1:1, can give a very accurate representation of overall load-bearing 

performance, but is very time-consuming and costly. Microscale tests tend to be much easier and 

cheaper to carry out, but focus only on isolated components and may miss important system interactions. 

Mesoscale testing is a compromise between the two. A facade test area of approximately 1 m2 is used 

to keep costs low, but it is still possible to analyse the interactions between different elements. 

Tests carried out at the meso-scale have been used to show the success of retrofitted façade fixings in 

limiting deflection of brickwork when subjected to cyclical horizontal loading. Even when taken to 

‘failure’ with large plastic deformations, the façade fixings were able to provide sufficient integrity to 

the test wall to prevent any collapse of the masonry. 
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Abstract 

Strengthening and increasing the capacity of load-bearing walls of buildings after an earthquake is a challenge 
that requires special study. A viable option is strengthening using standard cement-based materials.  

This paper will first present and discuss the buildings with load-bearing walls that have shown earthquake survival 
ability, as well as some methods to improve their performance. 

The example that is used for discussion is a building that has suffered significant damage from the 2019 earthquake 
in Albania. The paper will present the calculation of the performance and load-carrying capacity of this building 
with the load-bearing walls made of clay and silicate bricks after an earthquake of magnitude M=6.2 Richter. The 
building comprises load-bearing walls and was built in the 1960s-70s. The materials characteristics used in 
calculations are derived from laboratory tests and on-site non-destructive testing. The results obtained from the 
calculation of the building before and after the earthquake and after the reinforcing of the building will be 
compared. The strengthening of walls is made using cement-based materials. The calculations are performed using 
SAP2000 and ETABS software and include static and dynamic performance. 

The results of the calculations will be analyzed to conclude the effectiveness of the rehabilitation of the buildings. 
The environmental and socio-economic impacts on society from the strengthening of buildings damaged by 
earthquakes will also be presented. 

Keywords: earthquake, buildings, damage, strengthening, materials, impact. 

1. Introduction 

Early constructions in most cases are made of load-bearing walls with clay, silicate or stone bricks. 

Masonry is one of the oldest types of construction. The building material brick was easy to produce [1]. 

Taking into account structural-physical properties and the quite easy construction process, this 

construction system is used until today. This paper will present the results obtained from the software 
calculations of the building that survived the M=6.3 earthquake in Albania in 2019. Earthquakes are 

often accompanied by aftershocks which may cause additional damage to an already damaged structure 

or lead to failure [1]. The reason to analyse the building which suffered damage – vertical and diagonal 
cracks in the walls, is to identify the possibility of its survival and use after the earthquake. During the 

treatments, samples were taken and the walls were tested with destructive methods. The paper presents 

dimensions, the static system and linear and non-linear analysis of the building. During the analysis, 
the reduction of mass is taken into account by eliminating heavy layers, heavy non-constructive walls 

and replacing them with lighter material. Reductions in mass result in direct reductions in both the 

forces and deformations produced by earthquakes and therefore can be used in lieu of structural 

strengthening and stiffening [2]. From the obtained results, the dynamic characteristics of the building 
and the bearing capacity were calculated. The building was built from load-bearing walls in the years 

1960-70. All the findings are presented in tabular form. Pre-earthquake performance was analyzed using 

the laboratory results, while the post-earthquake performance analysis took into account reducing the 
bearing capacity of the cracked walls based on the codes and technical norms for this type of objects 

such as FEMA 273, EC6 & EC8. The analysis was also made for the case of rehabilitation and 

improvement of building performance. Its rehabilitation is made with ordinary cement-based material. 
The strengthening is executed in two layers of 25 mm on each side of the wall. Then the performance 
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and bearing capacity of the building was calculated using the linear and nonlinear calculations of the 
ETABS and SAP2000 software. During the calculations, the dynamic and static parameters were taken 

as a basis spectrum data for the area of Tirana where the facility is built. The results obtained in the 

three cases are analyzed and important conclusions are drawn. From the performance calculations, a 
great stiffness of the building can be seen. With the addition of mesh reinforcement, the ductility of the 

building increases. In such cases, the results can be of great benefit for executing rehabilitation at an 

optimal cost. Rehabilitation and reinforcement from standard materials also has a socio-economic 

impact. The investment will be returned in a shorter time than the cost of expensive modern materials. 
The purpose of the reinforcement is sufficiently achieved and the building will survive the challenges 

in the future and meet the demands of the community. It also has an important impact on the 

environment. The renovation preserves the green space and the pollution from the demolition of the 
entire building. A total demolition would have a high cost and environmental pollution from waste. 

Such treatment would emit a significant amount of carbon dioxide. 

2. Geometric and mechanical characteristics of the building 

The geometric and mechanical characteristics of the building members and materials are presented in 

the following sections. This includes a description of the old and new design and the materials that have 

been used and have an impact on the structure and its behaviour to seismic impacts. 

2.1 Geometric characteristics 

The building was built in 1966 and serves as a hospital in Tirana. The foundations are made of stone 

and are unreinforced with different dimensions for balancing the stresses and the depth of the foundation 
is hf=1.30m. The soil has a good bearing capacity σ=0.25 MPa. The walls can be classified as primary, 

secondary and dividing or tertiary walls: primary walls are the bearing walls which also carry external 

loads and are longitudinal with thicknesses t1=50 cm, t2=40 cm, t3=30 cm, secondary walls are most of 
the transverse walls that have a thickness of t1=30 cm and t2=25 cm, while the dividing walls, that have 

the purpose of dividing spaces only and can be removed and replaced with lighter walls, are t1=20 and 

t2=12 cm. The floor structure or floor slab system is made of clay elements filled with concrete in a 

patterned shape every 20 cm and ribs t=8 cm, plate thickness d=4 cm. There are beams on the walls 
from a C-16/20 concrete grade along the building’s perimeter and the columns inside the building, in 

the elevator and installation space, dimensions w/h = 40/40 cm, w/h=40/25 cm and w/h =25/25 cm. The 

loads from the floor layers and internal walls are g=3.70 kN/m2 on the floors and g=3.50 kN/m2 on the 

roof. 

2.1.1 Design of old existing building 

The plan view of the old existing building is shown in Fig. 1, while Figs. 2 and 3 show some photos of 
damage after the earthquake, prior to and after the mortar layer was removed. Before removing the 

mortar, vertical cracks, tending diagonally, can be seen, and they were temporarily closed until the 

building was completely repaired. After the mortar was removed, diagonal cracks can be seen. 

2.1.2 Renovation design of the building 

During the renovation, it was taken as a basis that the materials that will be used in the floor and the 

tertiary or dividing walls should have a lighter specific weight. Partition walls are taken from Knauf 

walls, and now we have a floor load reduction of g=2.80 kN/m2 on floors and of g=1.50 kN/m2 on the 
roof. The other walls were not damaged, they were only reinforced with two layers of compressed or 

cast plaster with a thickness of t=25 mm, class C-25/30. Fig. 4 shows the renovation design plans with 

the walls' changes. Fig. 5 illustrates the renovation execution of the building which is the subject of the 

analysis. 
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a)  

 
b)  

 

Figure 1. Design of the old building: a) Basement story, ground story; b) First story, second story. 

 

   

Figure 2. Cracks in the wall from the earthquake in 2019 Tirana, Albania. 

 

    

Figure 3. Wall after demolishing mortar. 
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a) 

 
b) 

 

Figure 4. Design of renovated building: a) Basement story, ground story; b) First story, second story. 

 

     

Figure 5. Renovated building. 

 

2.2 Mechanical characteristics 

The mechanical characteristics of materials used in the existing building are given in Table 1. These 

characteristics are derived from testing results. Concrete tested by destructive methods and taking 

samples on-site turns out to be class C-20/25, and the steel used is class S 240/360. The samples were 
taken and the results were obtained for the silicate and clay bricks, the paste for plastering, and the type 

of the wall masonry and its mechanical characteristics according to the technical norms (e.g. EN 772) 
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were also obtained. The characteristics of materials composing the structure are input data for structural 
analysis. Namely, the compressive-tensile strength of the materials, their modulus of elasticity and their 

Poisson ratio are of primary importance [3]. 

Table 1 – Mechanical characteristics of materials in MPa 

Materials fck 

(MPa) 

fb  

(MPa) 

fm 

(MPa) 

fk  

(MPa) 

fyk 

(MPa) 

E  

(MPa) 

G  

(MPa) 

C-20/25 20     30 000 12 000 

S-240/360     240 200 000 80 000 

Silicate Brick  20.6    20 600 8 240 

Clay Brick  13.67    13 670 5 468 

Mortar   7   7 000 2 800 

Masonry clay    6.15  6 150 2 460 
Masonry silicate    8.37  8 370 3 348 

C-25/30-Cement mortar 25     31 000 12 400 

S-400/500-steel mesh     400 200 000 80 000 

 

The calculation of the characteristic value of the masonry using the characteristic values for brick and 
mortar is taken from EC6, the characteristic compressive strength of masonry should be determined 

from [4]: 

𝑓k = 𝐾 𝑓b
𝛼  𝑓m

𝛽
 (1) 

 

fk – characteristic compression strength of masonry 

K – is constant from tab.3.3 page 37, EC 6-1-1 2006 [3] 

α, β – are constants 

fb – normalised mean compressive strength of units 

fm – is the compressive strength of mortar. 

 

3. Results of Case Analysis 

To calculate the performance and bearing capacity of the building, linear and non-linear analyses were 

used. In the analysis, the permanent live loads were applied. The modal and seismic analysis was based 

on the seismic conditions of Tirana, from the data extracted after the 2019 earthquake. The acceleration 
was obtained ag=0.29g, the object of importance γI=1.40, while the soil is of category C and the 

behaviour factor is q=2.50 for buildings with unreinforced retaining walls according to EC8 [5]. Table 

2 presents the loads before and after renovation. 

Table 2 – Comparison of loads on the building 

 Building before 

renovation 

Building after  

renovation 

Comparison (%) 

Dead Load of Layer in floor 3.70 kN/m2 2.80 kN/m2 -24.30 

Live Load in Floor 5.0 kN/m2 5.0 kN/m2 0.00 
Dead Load of Layer in roof 3.50 kN/m2 1.50 kN/m2 -57.14 

Seismic acceleration ag 0.24 g 0.29 g 20.83 
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3.1 Linear analysis 

The linear analysis of the building was carried out based on the data extracted and presented in Tables 

1 and 2. Table 3 summarizes the dynamic data of the building and the participation of the mass in 

vibration modes. Four cases were analyzed by changing the construction and loading conditions in this 
analysis. Practically most of the structural and non-structural damage sustained in such buildings is 

produced by lateral displacements [7]. Therefore, the focus of calculations and design of the buildings 

is to eliminate as much as possible lateral displacements. Table 3 shows the results for the first three 

periods for each case. 

Table 3 – Periods and mass participation 

Building Modes Periods (s) Mx My MRz 

Old Building  
before the earthquake 

1 0.214 0 0.721 0.007 
2 0.172 0.001 0.005 0.741 

3 0.083 0.736 0 0.741 

Old Building  

after the earthquake 

1 0.237 0 0.651 0.025 

2 0.21 0.02 0.02 0.68 

3 0.108 0.664 0 0.68 

Renovated Building  

with cement mortar 

1 0.208 0 0.677 0.01 

2 0.171 0 0.008 0.7 

3 0.086 0.71 0 0.7 

Renovated Building  

with cement mortar and 

reinforced mesh 

1 0.215 0 0.687 0.009 

2 0.174 0 0.007 0.71 

3 0.088 0.719 0 0.71 

 

In Fig. 6, the cases after the earthquake are presented as follows: the type of cracks encountered; the 

form of repair with cement mortar t=25 mm with casting; and repair using the grid Ø 3/100/100 mm 

reinforcement, each with connecting anchors (5 pieces in m2 of cement mortar t=25 mm). 

 

Figure 6. a) Cracked wall after the earthquake; b) Repaired wall; c) Proposed reinforced wall. 

 

Center of mass and centre of rigidity were calculated using ETABS 19 software. Their values are 

listed in Table 4 along with the eccentricity in both orthogonal directions x and y for each story. 
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Table 4 – Centre of rigidity and centre of mass for each story, and each of the cases considered – before the 

earthquake, after the earthquake, renovated with mortar only, and renovated with added reinforcement  

(XCCM, YCCM, XCR, YCR and ex, ey) 

 Story XCCM YCCM XCR YCR ex ey 

  (m) (m) (m) (m) (m) (m) 

Building  

before 
earthquake 

1 44.971 13.330 47.135 13.048 2.164 0.282 

2 45.109 13.488 46.307 12.663 1.198 0.825 

3 45.128 14.027 46.163 13.021 1.035 1.006 
4 45.064 14.046 46.172 13.258 1.108 0.788 

Building  

after 

earthquake 

1 44.011 13.293 47.370 12.820 3.3591 0.473 

2 45.028 13.552 46.377 12.453 1.3492 1.099 

3 45.042 14.327 46.162 12.877 1.1192 1.450 

4 44.976 14.156 46.118 13.171 1.1413 0.985 

Renovated 

building with 

cement mortar 

25 mm 

1 44.288 13.351 46.523 13.577 2.235 0.226 

2 45.312 13.442 46.143 13.430 0.832 0.012 

3 45.284 14.224 46.326 13.576 1.042 0.648 

4 45.073 14.063 46.463 13.666 1.390 0.397 

Renovated 

building with 

cement mortar 

25 mm and 

steel mesh 

1 44.327 13.362 46.581 13.580 2.254 0.219 

2 45.306 13.451 46.186 13.428 0.880 0.023 

3 45.270 14.225 46.346 13.577 1.076 0.648 

4 45.063 14.069 46.477 13.662 1.414 0.408 

 

Repairing walls using layers of cement plaster and metal mesh as reinforcing elements also changes the 

performance of the wall out of its plane. This type of wall cross-section works like composite elements. 

The mesh on the surface absorbs the tensile stress caused by the seismic impacts on the wall. 

3.2 Nonlinear analysis 

Non-linear analysis was also done for all cases. By adopting pushover analysis as a nonlinear analysis 
tool, the behaviour of damaged buildings may be simulated with suitable modification of plastic hinges 

for damaged elements. Such modification is based on stiffness, strength, and displacement reduction 

factors accounting for the achieved damage states for the structural elements, as could be detected by 

visual inspection of post-earthquake damage [8]. Therefore, the results show that we are dealing with a 
heavy object. The failure mechanism did not depend on the materials of construction but depended on 

structural configuration [6]. The configuration of the static system and the design of the bearing walls 

of the buildings have a major role in the collapse of buildings from the action of seismic loads. The 
representation of the displacement of the building in the direction of the y-axis by the action of the force 

is shown in Fig. 7, indicating performance for each of the cases. 
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Figure 7. Pushover Curve – Base Shear vs Displacement for all cases. 

 

Table 5 shows the comparison of the force for a base displacement by turning it into a percentage for 

each analysed case. From EC8 the designed displacement is: 

𝑑g = 0.025 ∙ 𝑎g ∙ 𝑆 ∙ 𝑇C ∙ 𝑇D (2) 

𝑎g = 𝛾I ∙ 𝑎gR (3) 

 

Therefore, the comparison is made for the following value of the designed displacement: 

𝑑g = 0.025 ∙ 0,354 ∙ 𝑔 ∙ 1,15 ∙ 0,6 ∙ 2,0 = 119,81 mm 

 

Table 5 – Comparison of results in percentage 

Cases 
dg  

(mm) 

Shear Force 

(kN) 

Comparison with 

the building before 

the earthquake 

(%) 

Comparison with 

the building after 

the earthquake 

(%) 

Building before the earthquake 119.81 656 436.14 0 24.276 

Building after the earthquake 119.81 528 210.152 -19.534 0 

Renovated building  

with cement mortar 25 mm 
119.81 718 618.65 9.473 36.048 

Renovated building with cement 

mortar 25 mm and steel mesh 
119.81 749 484.071 14.175 41.891 
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Pushover capacity curves in y direction, from ETABS and according to EC8, are shown in Fig. 8 for 
four considered cases. Y-direction is presented because stiffness is lower in that direction than in x 

direction, and most major damage during the earthquake in Tirana, Albania came from the earthquake 

action in y direction. Comparison of capacity in percentage at the target displacement in y direction is 
provided in Table 6. Target displacement is read from ETABS 19, and is according to EC8 2004. Shear 

forces and performance percentages are calculated for the target displacement. 

 

Figure 8. Pushover capacity curve SD-spectral displacement vs SA-spectral acceleration as EC8 2004. 

 

Table 6 – Comparison of case capacities in percentage according to EC8 2004, dt – target displacement 

Cases 
dt  

(mm) 

Shear Force 

(kN) 

Comparison 

(%) 

Old building before the Earthquake  3.826 20 979.225 0 

Old building after the Earthquake 4.989 22 017.828 -25.447 

Renovated building with cement mortar 25 mm 3.772 22 638.734 9.322 

Renovated building with cement mortar 25 mm and 

steel mesh 
4.189 26 216.363 15.476 

 

4. Discussion of the results 

The results from the linear and non-linear approaches are discussed in this chapter. The loads that were 
used in the renovated building are lighter than those that were in the building before the earthquake. 

Comparatively, for the floors (as presented in Table 2), it can be seen that there is a 24.30% decrease, 

while for the roof the load is 57.14% lighter. The seismic load for calculation for the return period of 
10% in 475 years has increased from 0.24g to 0.29g, after the 2019 earthquake in Durres, Albania, 

which is an increase of 20.83%. The calculations were carried using these values. The results show an 

impressively positive effect of interventions considered – every variant leads to better performance than 

the one before the earthquake. The building has high stiffness, which is also demonstrated by the periods 
obtained from the linear analysis. There is a large eccentricity in the direction of the x-axis, which in 

the results is reflected by twisting in the direction of the translatory oscillations x and y. Because of 

this, the second period appears as the angular period. The periods and the centre of mass and stiffness 
are presented in Tables 3 and 4. The results from the non-linear analysis using pushover analysis were 
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shown in Tables 5 and 6. Fig. 7 presents the comparison of the displacement curves and the shear force 
of the building. It can be seen from those results that the building has the best performance in the case 

of renovation which is made with two layers of plaster with cement mortar and metal mesh 3/100/100 

mm. For comparison, the displacement of a point dg=119.81 mm was calculated according to EC8 
(Table 5). To achieve this displacement, the necessary force was calculated, and performance was 

compared to that of the building before the earthquake. After the earthquake, the building loses in load-

carrying capacity and stability by about 19.534%, while after renovation using the standard material 

plaster with 25 mm cement mortar, the building shows a better performance than the building before 
the earthquake by 9.473%. If the plastering of the walls is done with cement mortar, but we also add 

the metal mesh 3/100/100 mm and anchor with 5 anchors per square meter according to Fig. 6. c, then 

the performance in bearing capacity of the building increases compared to that before the earthquake 
by 14.175%. These comparisons were made using the method of displacement and shear force in 

pushover in the direction of the y-axis because, in the direction of the x-axis, we have great inertia and 

the displacements are negligible. Fig. 8 shows the diagrams of the four cases using the diagrams of the 

capacity curves according to EC8 2004 using the displacement and the shear force and setting the target 
displacement. Table 6 presents the results for the target displacement, which force it can withstand and 

the capacity is extracted in percentage, again in comparison to the building before the earthquake. From 

the results presented, the building after the earthquake loses capacity by about 25.447%, while after 
interventions with the plastering of the walls with 25 mm thick cement varnish on both sides of the 

walls, the capacity increased by 9.322%. If the steel mesh 3/100/100 mm is also used in the building, 

then the capacity of the building compared to the building before the earthquake increases by 15.476%. 

It can be seen that the intervention results are impressive and it is possible to achieve a lot in the 

socio-economic aspect and in the preservation of the environment and the emission of carbon dioxide, 

as discussed earlier. 

5. Conclusion 

From the obtained and analyzed results, we conclude that by reducing the specific weight of the layers 

of materials used, they positively affect the response of the building by reducing the impact force from 
the earthquake. Lightening the weight of the materials and reducing the impact force from the 

earthquake enables smaller-scale damage to buildings. From the results obtained with the use of plaster 

reinforcement with a cement base and mesh reinforcement, good performance of the building may be 

observed, especially when it is known that the acceleration ag has also increased. 

The results show that the buildings that were repaired with cement mortar on both sides of the 

wall with 25 mm increased the performance (1.1-9.3) % from the performance of the building before 

the earthquake, depending on which method is evaluated. 

The results obtained for the walls repaired with 25 mm cement mortar and reinforced with 

3/100/100 mm steel mesh anchored on both sides of the wall increase the performance of the building 

(3.8-15.4)% from the building before the earthquake. 

With the restructuring of the internal tertiary walls, which were made of clay bricks and their 

replacement with modern light walls such as canvas, also affect the reduction of eccentricity and 

improve the behaviour of the building against the earthquake, which reduces the rotational strength of 

the building and reduces the damage. 

The use of steel mesh increases the ductility of the walls and eliminates cracks from earthquakes 

on the surface of the walls and increases the stability of the wall outside its plane. 

After an earthquake, quick intervention is always required, and the use of standard materials is 
an ideal solution. Whereby using the plastering of the walls with cement plaster cast to create great 

compactness, not only the sturdiness and the initial capacity of the building obtained but also the 

absorption capacity of the earthquake is increased. But one of the benefits is how quickly remediation 
can be made and the building put into use, reducing the financial costs of remediation and rent for 

residents who need to be sheltered after the earthquake. The impact on the environment is evident 
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because the pollution from the collapse of the building is eliminated, the cost of waste treatment is 

eliminated, and with it the emission of carbon dioxide and gases that affect global warming. 
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Abstract 

An experimental campaign, followed by a numerical research, aimed at evaluating the in-plane seismic behaviour 

of an innovative steel modular system (named “Resisto 5.9”, designed by Progetto Sisma s.r.l.) for the 

reinforcement of load-bearing masonry walls, has been performed at the EUCENTRE Foundation in Pavia. 

Different masonry typologies, selected among the most common solutions in Italian existing buildings, were 

considered in this study. In this paper, the results related to a solid clay bricks masonry, assembled using lime 

mortar in “header bond” pattern, are reported. A complete mechanical characterization of units, mortars, masonry 

typologies and of the strengthening system components (i.e. steel elements and anchors) has been carried out. In-

plane cyclic pseudo-static tests were then performed on full-scale specimens to investigate the influence of the 

proposed reinforcement system on the lateral in-plane response of the walls, compared to their unreinforced 

conditions. The main parameters which characterized the cyclic behaviour of the masonry piers, i.e. elastic 

stiffness, lateral strength and displacement capacity, were analysed in relation to the achieved damage mechanism. 

The numerical study of the research consisted of a series of parametric non-linear analyses on advanced 

discontinuous models based on the Distinct Element Method (DEM). Different wall dimensions, vertical load 

levels and boundary conditions, in addition to those tested experimentally, were considered. Moreover, the 

numerical campaign was also extended varying the bond pattern and the mechanical properties with respect to the 

experimentally tested solutions. In this paper, the results of the experimental tests on solid brick masonry together 

with the calibration of the related numerical DEM models were reported. 

Keywords: unreinforced masonry walls, masonry seismic strengthening, experimental tests, in-plane cyclic 

response, non-linear analyses, Distinct Element Method 

1. Introduction 

The increased interest in improving the energy efficiency of buildings and the seismic performance of 

structures have recently led to the development of innovative combined reinforcement systems for 

existing masonry buildings (for example, see [1] and [2]). In this context, Progetto Sisma s.r.l. designed 

“Resisto 5.9”, an external steel modular reinforcement system integrated with a thermal coating made 

up by insulation panels (e.g., polystyrene, see Fig. 1b). The reinforcement system, reported in Fig. 1a, 

consists of steel frames, made up of cold formed L-shaped sections and plate elements (obtained from 

galvanized steel thin sheets), connected to each other by means of steel bolts and to the masonry through 

chemical anchoring with threaded bars. The modules should be positioned on the external surface of 

the wall and connected to each other and to the masonry with regular pitch, in order to guarantee the 

continuity of the reinforcing elements in all directions, as shown in Fig. 1c. More details on the 

reinforcement system can be found in [3]. Focusing on the structural aspects, the proposed system aims 

to guarantee an improvement in the connection between orthogonal walls and among walls and 

horizontal elements, a better redistribution of the seismic actions among the different structural 

elements, a limitation of the out-of-plane overturning of strengthened walls and an improvement of their 

in-plane performance. 
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(a) 

 

(b) 

 

(c) 

Figure 1. “Resisto 5.9” system: a) retrofit module details; b) insulation panel; c) example of retrofitted facade. 

 

The study of the in-plane seismic behaviour of the “Resisto 5.9” reinforcement system is the main 

objective of the experimental and numerical research currently underway at the EUCENTRE 

Foundation in Pavia. Two different masonry typologies, representing common solutions in Italian 

existing buildings, have been considered so far in the campaign. This paper focused on a typology made 

up by solid clay bricks and lime mortar, assembled in “header bond” pattern.  

The experimental campaign comprised firstly the complete mechanical characterization of units, 

mortars, masonry and of the reinforcement system components (i.e. steel sections and chemical 

anchors). Subsequently, the lateral performance of existing masonry piers has been evaluated through 

cyclic in-plane pseudo-static tests on different sets of full-scale specimens, comparing unreinforced 

walls with strengthened ones, in order to investigate the effects of the proposed reinforcement system. 

The cyclic behaviour of the masonry walls was analysed in terms of elastic stiffness, lateral strength, 

displacement capacity and energy dissipation, associated to the different failure modes.  

The experimental results were then supported and extended through an extensive numerical study, 

which consisted in the development of advanced discontinuum models based on the Distinct Element 

Method (DEM). Past works in the literature have demonstrated that such models are able to 

satisfactorily predict the response of unreinforced masonry structures (e.g., [4], [5], [6], [7] and [8]), 

but the inclusion in DEM framework of possible retrofit solutions represents a topic that has not yet 

been fully explored. In this study, a numerical procedure to explicitly consider in the models the 

proposed retrofit system is outlined, and experimental and numerical results are then compared to 

validate the proposed modelling strategy.  

2. Experimental campaign 

2.1 Performed tests 

The cyclic in-plane pseudo-static shear-compression tests on full-scale masonry specimens were 

performed at EUCENTRE Foundation, whose experimental laboratory provides a three-dimensional 

configuration for these type of tests, composed of a strong floor and two orthogonal strong walls. The 

set-up, reported in Fig. 2a, includes a horizontal actuator, fixed to the strong wall perpendicular to the 

specimen, that applied the horizontal force, and two vertical actuators, reacting on a steel frame fixed 

on the strong wall parallel to the specimen, which controlled the applied vertical load and the different 

boundary conditions. The specimens are built on reinforced concrete (RC) footings, clamped to the 

strong floor by means of post-tensioned steel bars, while the connection with the actuators is realized 

through a steel spreader beam connected with the RC beam at the top of the wall. The forces are 
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measured by load cells in the different actuators, while the horizontal displacement (δ) of the RC beam 

at the top of the wall is controlled by an external linear potentiometer. Additional displacement 

transducers were installed on each wall, in order to evaluate the internal deformations of the masonry 

pier and, in the case of the strengthened specimens, of the reinforcement system and the relative 

displacements between them.  

The applied testing protocol includes, for all the tests, an initial force-controlled phase followed by 

displacement-controlled cycles, in which programmed displacements of increasing amplitudes are 

imposed in both directions, up to the attainment of ultimate conditions of the specimens. At each level 

of force/displacement amplitude, three cycles were performed, as usually done in similar experimental 

tests in the past (see [9]). More information about the test set-up, the instrumentation and the testing 

protocol are reported in [3].  

As already stated in the previous section, only solid brick masonry specimens, among the tested ones, 

are considered in this paper. Specifically, two squat specimens, one unreinforced (Fig. 2b) and the other 

strengthened (Fig. 2c), with the same mechanical and geometrical properties, were tested. Double-fixed 

boundary conditions were imposed, along with a realistic value of vertical stress (on this topic, see 

[10]), in order to achieve a shear failure, according to predictions evaluated with the relevant codified 

formulations (more information on this issue can be found in [11]). The nominal dimensions and the 

applied vertical stress level for the considered walls are summarized in Table 1, as well as the already 

mentioned boundary conditions and failure mode.  

 

Table 1 – Considered masonry specimens subjected to cyclic in-plane tests. 

Specimen 
Masonry 
typology 

Reinforcement l (mm) t (mm) h (mm) 
σv 

(MPa) 
σv/fcm 
(%) 

Boundary 
conditions 

Failure 
mode 

UBPS01 Brick No 2330 250 2435 0.50 7.1 Double fixed Shear 

RBPS01 Brick Yes 2330 250 2435 0.50 7.1 Double fixed Shear 

 

 

   
a) b) c) 

Figure 2. Experimental in-plane tests: a) set-up; b) unreinforced specimen UBPS01; c) retrofitted specimen 

RBPS01. 
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2.2 Experimental results 

The experimental results, in terms of hysteretic curves and related global force-displacement envelopes 

for the considered tests, are reported in Fig. 3.  

As correctly estimated, both specimens, UBPS01 and RBPS01, displayed pure shear failures, with a 

typical crack pattern characterized by bi-diagonal cracks spreading from corner to corner of the pier. In 

both cases, cracks were concentrated mostly in the mortar bed- and head-joints with a limited amount 

in the clay bricks. The shear cracking started developing from a drift ratio (θ = δ/h) of 0.10% in specimen 

UBPS01 and 0.15% in the case of specimen RBPS01. Cracks grew in number and width with the 

increase of the lateral displacement amplitude, progressively reducing the lateral strength and stiffness 

of the specimens up to their ultimate conditions. Test UBPS01 was stopped at θ = 0.25%, while RBPS01 

at θ = 1.00%, in both cases to prevent the collapse. Hence, the retrofit system allowed to increase the 

ultimate displacement capacity of the specimen by about four times, as evident comparing the curves 

in Fig. 3. The comparison of the results also demonstrates that the initial stiffness was not affected by 

the presence of the retrofit, as well as the maximum base shear Vmax, which resulted to be around 240 

kN for both specimens. It is evident that, once shear cracks formed, the retrofit contributed in holding 

the masonry together, significantly reducing and delaying the damage, and thus exploiting the 

compressive strength of masonry.  

 

Figure 3. Experimental results, force-displacement curves. 

 

3. Numerical simulation 

A simplified micro-modelling strategy, based on DEM, was employed to simulate numerically the in-

plane lateral response of the tested specimens. In this type of simplified micro-models, masonry units 

are expanded up to the half-thickness of the mortar joints (both horizontal and vertical). Bricks are then 

modelled as continuum blocks, while mortar joints as zero-thickness interface springs. For the complete 

description of the chosen modelling approach and comprehensive definitions of all the considered 

parameters it is possible to make reference to [12]. 

Note that the boundary RC elements, i.e. the fully-fixed foundation and the top beam, were modelled 

as an assembly of linear elastic FD regions (with E = 40000 MPa). Equivalent densities were assigned 

to the top beam to reproduce the compressive load actually imposed to the specimens. 

All the presented numerical models have been implemented within the software 3DEC [13]. 

3.1 Modelling of the masonry 

In this work, masonry units are modelled as deformable blocks, divided into multiple finite-difference 

(FD) regions, each of them consisting in constant-strain tetrahedral elements. When two blocks are 
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detected to be in contact, subcontacts are generated along their interface and zero-thickness springs, 

characterized by both normal and shear contact stiffnesses (named respectively kn and ks) are assigned 

to these subcontacts. Contact stresses are then calculated in the normal (σ) and shear (τ) directions 

depending on the related contact stiffnesses. In Fig. 4a a schematic outline of the adopted modelling 

strategy is reported. 

A Coulomb-slip model is employed to represent the contact spring shear behaviour, whereas in the 

normal direction only a tensile failure is admitted, while no compressive failure is allowed for the joint. 

In this study, a contact model recently proposed by Pulatsu et al. [7] is employed. This constitutive 

model allows to account for softening regimes in tension and shear through the definition of fracture 

energies. Actually, shear (Gs) and tensile (Gt,j) fracture energy values can be specified to control the 

contact post-peak behaviour, as shown in Fig. 4c. 

The masonry compressive behavior has to be accounted for in the constitutive model defined for 

masonry units since, as stated previously, no failure in compression is allowed at the interface springs. 

Therefore, a Mohr-Coulomb plasticity model (MPM) was assigned to the blocks to account for both 

masonry crushing and unit flexural-splitting failure, as reported in Fig. 4b. It is worth to underline that 

the proposed strategy combines a discrete modeling approach with masonry units modelled 

independently, constitutive laws describing their mutual interaction, and a smeared modeling approach 

to account specifically for masonry crushing and unit failure. 

 
a) 

 
b) 

 
c) 

Figure 4. Distinct element modelling of masonry: a) unit-joint interface model; b) block constitutive model; c) 

joint constitutive model.  

 

Before modelling the response of the tested full-scale specimens, the proposed modelling strategy was 

validated against the characterization tests performed on small-scale assemblages. Specifically, uniaxial 

compression tests on wallets and shear tests on triplets were reproduced numerically to calibrate the 
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required properties, as shown in Fig. 5a,b. Table 2 summarizes all the experimental and inferred 

properties assigned in the models to blocks and interface springs. 

Table 2 – Experimental and inferred material properties employed in the DEM models. 

Masonry  

&  

Units 

Em 

[MPa] 

Gm 

[MPa] 

fcm 

[MPa] 

ρm 

[kg/m3] 

fcb 

[MPa] 

Eb 

[MPa] 

cb 

[MPa] 

ϕb 

[°] 

ftb 

[MPa] 

4265a,b 1706a 7.03a 1300a 19.22a 7207 3.51 0 1.79 

Joints 

kn 

[GPa/m] 

ks 

[GPa/m] 

c 

[MPa] 

ϕ 

[°] 

ftmo 

[MPa] 

Gc 

[N/m] 

Gtb 

[N/m] 

Gs 

[N/m] 

Gtj 

[N/m] 

126 50 0.15a 31.38a 0.05a 11248 60 50 10 

a Value determined through material characterization tests 
b Evaluated in the direction perpendicular to bed joints as secant value between 10% and 33% of fcm 

 

 
a) 

 
b) 

Figure 5. Verification of the modeling strategy with characterization tests on small masonry assemblages: a) 

vertical compression test; b) shear tests. 

3.2 Modelling of the retrofit system 

The modular steel frames were numerically reproduced by explicitly modelling each component as a 

one-dimensional beam finite element (FE) with an isotropic elastic behaviour, with no failure limit. 

Although this represents a simplified modeling assumption, it was deemed reasonable since 

experimental evidences demonstrated that the retrofit behaviour was mainly controlled by the failure of 

the retrofit-to-masonry anchors rather than the attainment of the axial or flexural strength of the steel 

components (for a complete description, see [14]). FE beams were defined according to the 

experimental retrofit scheme, connecting the actual positions of the retrofit-to-masonry anchors, as 

sketched in Fig. 6a. Cross-sectional areas and moments of inertia were then properly assigned, 

reproducing the actual stiffnesses of the steel members. Moreover, rigid links were inserted in the model 

in the actual positions to simulate the steel bolts connecting adjacent modular frames (Fig. 6a). 

It is important to point out that the thin plate elements employed for the diagonal and horizontal braces 

(i.e. 40x3 and 50x3 mm sections, respectively) experimentally evidenced buckling phenomena that can 
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significantly limit their effective compressive strength. For this purpose, an out-of-plane initial 

deformation was assigned in the numerical models at the mid-length of each diagonal and horizontal 

brace to account for buckling effects in their compressive behaviour. 

As anticipated above, the retrofit system effectiveness was mainly affected by the behaviour of retrofit-

to-masonry anchors. Therefore, to simulate correctly the retrofit influence on the pier lateral response, 

an accurate modelling strategy was required to characterize the connections between the FE beams and 

the masonry block assembly. In detail, deformable links were defined in correspondence of the actual 

position of anchors, as shown in Fig. 6a. A shear-yield constitutive model was assigned to each link for 

the translational in-plane degrees of freedom (directions x and z, Fig. 6b), while a normal-yield model 

was assigned for the translational out-of-plane degree of freedom (direction y): rotational degrees of 

freedom were considered as free. The structural link behaviour was calibrated against the results of 

characterization tests (both shear and pull-out tests) performed on retrofit-to-masonry anchors during 

the same experimental campaign [3]. A comparison between the experimental shear force-displacement 

behaviour of anchors and the in-plane numerical model assigned to the structural links is reported in 

Fig. 6c. Similarly, referring to the experimental results of pull-out tests, a simplified bilinear force-

displacement rule was assigned to the out-of-pane translation degree of freedom of the links. 

 
a) 

 
b) 

 
c) 

Figure 6. Modelling of the retrofit system: a) retrofit numerical layout; b) retrofit-to-masonry anchors model; c) 

experimental and numerical anchors shear behaviour along x and z directions. 
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3.3 Numerical results 

The computational procedure of 3DEC is based on a dynamic time-integration algorithm that solves the 

equations of motion by an explicit finite difference method. Quasi-static phenomena can be solved with 

the same algorithm adopting an approach conceptually similar to dynamic relaxation [15]. Specifically, 

the equations of motion are damped to quickly reach a force equilibrium state through a numerical 

servo-mechanism, named adaptive global damping [16]. Size, density and time-scaling techniques were 

also employed according to [6] to obtain an acceptable compromise between the accuracy of results and 

the computational effort.  

The capability of the numerical models to replicate the experimental response was assessed through 

cyclic and monotonic (i.e. pushover) in-plane analyses. It is important to point out that only one cycle 

for each target displacement has been implemented in cyclic analyses, instead of the three performed in 

the experimental tests, in order to reduce the computational expense.  

The comparison between the numerical and experimental responses of the unreinforced pier (UBPS01) 

is reported in Fig. 7. Although the numerical model underestimated the initial peak force in both cyclic 

and monotonic analyses (due to the current inability to capture the tension component of the lateral 

response of this masonry typology), satisfactory results were obtained in terms of initial stiffness, post-

peak response and progressive stiffness and strength degradation (Fig. 7a,b). This latter aspect is 

particularly relevant, considering that the investigated retrofit solution allowed the wall to reach higher 

drifts without substantially increasing its lateral strength [14]. Moreover, a good agreement was found 

between the numerically predicted and the experimental in-plane failure mechanisms, with bi-diagonal 

stair-stepped cracks adequately simulated by the DEM model crack pattern, as shown in Fig. 7c. 

 
a) 

 
b) 

 
c) 

Figure 7. UBPS01 results: a) experimental and numerical hysteresis; b) experimental envelope and numerical 

pushover; c) experimental and numerical (cyclic and pushover) failure mechanisms. 
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The addition of the retrofit frames in the models and the larger target displacements reached in the 

experimental test of the retrofitted specimen, significantly increased the computational effort resulting 

in a prohibitive analysis time required for the simulation of the entire experimental cyclic tests. Since 

the results presented in Fig. 7 demonstrated that monotonic pushover analysis satisfactorily captured 

the in-plane behaviour of the unreinforced wall, also the numerical performance of the retrofitted one 

was investigated through this type of analysis. However, the experimental cyclic test was also 

numerically simulated, but only up to the drift ratio corresponding to the ultimate conditions of the 

unreinforced specimen (i.e. 0.25%). 

Fig. 8a compares the numerical and experimental in-plane cyclic responses of the retrofitted pier, 

simulated, as explained above, only up to the ultimate conditions of the unreinforced specimens, 

whereas in Fig. 8b, the numerical pushover curve for the retrofitted pier is compared with the 

experimental envelope. Although the model was not able to capture the specimen maximum lateral 

strength, as consistently observed for the unreinforced model the numerical response matched 

satisfactorily the experimental one and reproduced the overall behaviour change caused by the retrofit 

system. In fact, the comparison between the numerical pushover curves of unreinforced and retrofitted 

specimens, reported in Fig. 8b, demonstrates that the retrofit system is able to increase the pier ultimate 

displacement capacity, postponing the strength degradation observed in the unreinforced models, 

without significantly affecting the pier initial stiffness and strength, as observed experimentally. The 

ultimate drift of piers subjected to increasing monotonic loads was identified on the pushover curves at 

a strength reduction of 20% of the maximum base shear. This resulted in an ultimate drift ratio of 0.41% 

for UBPS01 and of 1.40% for RBPS01. 

The retrofit performance can be also appreciated in Fig. 8c (for cyclic analysis) and Fig. 8d (for 

pushover), with the comparison of the numerical damage patterns at the same level of drift 

corresponding to the ultimate conditions of URM pier. The damage patterns of the retrofitted wall 

presented only few diagonal shear cracks with a decreased number of failures in the masonry units, if 

compared to the unreinforced ones. In Fig. 8c, the cyclic numerical crack pattern of the retrofitted wall 

is also compared with the corresponding experimental one: the DEM prediction of the effects of the 

retrofit system on the in-plane behaviour of the specimen closely simulated the reduction of the damage 

observed in the experimental test. Fig. 8d reports also the damage pattern of the retrofitted piers at its 

ultimate conditions; the presence of the reinforcement did not alter the diagonal shear failure mechanism 

exhibited by the unreinforced specimen but, once the mechanism formed, the steel frames restrained 

the relative displacement of the masonry portions created by the diagonal cracks, reducing the joint 

opening and spreading the damage over the masonry pier surface. 

In Table 3, a comparison between the experimental and numerical values of some of the most relevant 

parameters of the in-plane lateral response of the investigated specimens is reported, as well as the ratio 

between retrofitted and unreinforced results. In detail, the maximum absolute base shear (Vmax), the 

associated drift ratio (θVmax), and the ultimate drift ratio (θ20%), evaluated at a strength reduction equal 

to 20% of Vmax, are considered. Although the numerical ultimate conditions of the retrofitted pier were 

studied using a monotonic analysis rather than a cyclic one, the experimental response improvement 

was satisfactorily simulated by the numerical models, especially in terms of displacement capacities, 

thus confirming the effectiveness of the proposed modelling approach.  

 

Table 3 – Comparison of experimental and numerical retrofit performance. 

Specimen 
Experimental (Cyclic) Numerical (Pushover) 

Vmax [kN] θVmax [%] θ20% [%] Vmax [kN] θVmax [%] θ20% [%] 

UBPS01 239.4 0.08 0.14 184.1 0.06 0.41 

RBPS01 238.9 0.10 0.57 200.5 0.20 1.40 

R/U ratio [-] 1.00 1.25 4.07 1.09 3.33 3.50 
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a) 

 
b) 

 

 
c) 

 

 
d) 

Figure 8. RBPS01 results and comparison with UBPS01: a) experimental and numerical hysteresis; b) 

experimental envelope and numerical pushover; c) experimental and numerical (cyclic) failure mechanisms; d) 

numerical (pushover) failure mechanism. 
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4. Conclusions 

In this paper, an innovative steel strengthening system for the seismic retrofit of unreinforced masonry 

piers is discussed. The proposed system consists of modular steel frames connected to each other with 

steel bolts and to the masonry panels through chemical anchors, and aims at enhancing the in-plane and 

out-plane response of masonry piers. In the experimental campaign, the retrofit was applied to a 

masonry made of clay bricks arranged in a header bond pattern. Pseudo-static in-plane cyclic tests were 

performed on both unreinforced and strengthened piers. The tested retrofit solution allowed to increase 

the displacement capacity of the specimen by approximately four times, while no significant 

improvement was observed in terms of stiffness and strength.  

Advanced discontinuum models based on the Distinct Element Method (DEM) were developed to 

assess the behaviour of the tested unreinforced and retrofitted piers. A strategy to model unreinforced 

masonry, simulating all the possible failure mechanisms of masonry components (i.e. mortar joint 

tensile and shear failure, unit flexural and splitting failure, unit crushing) was developed and validated 

against experimental tests.  

A specific modelling strategy to explicitly include the contribution of the investigated steel retrofit 

solution in DEM framework was then defined. In particular, the retrofit system was modelled as finite-

element frames which were connected to the masonry by means of three-dimensional structural links. 

Despite some differences in terms of maximum lateral strength, the developed model for the 

strengthening system was able to satisfactorily capture the experimental improvement of the lateral 

response. Numerical cyclic and pushover analyses demonstrated the capability of the implemented 

retrofit in delaying the strength degradation and enhancing the pier displacement capacity, without 

modifying the unreinforced masonry initial failure mechanism, in accordance with the experimental 

evidences.  

In order to generalize the experimental results and to further investigate the effectiveness of the retrofit 

system, the proposed DEM modelling strategy will be employed to perform a series of parametric 

analyses aimed at assessing the benefits of the investigated retrofit solution for different pier aspect 

ratios, vertical loads, boundary conditions, bond patterns, and masonry typologies, as well as retrofit 

system details.  
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Abstract 

This paper presents the preliminary results of the project called Establishment of the national training centre for 

nearly Zero Energy Buildings (nZEB). The project is funded by EEA Grants (Energy and Climate Change 

Programme). Seismic condition assessment and upgrading of existing RC structures are presented with a case 

study building in Zagreb. New technologies were applied and followed by numerical modeling and verifications. 

A strategy for energy retrofitting will be presented. As the integrated approach should be respected in the 

renovation of existing buildings, this case study can represent an example of good practice in seismic and energy 

retrofitting. 

Keywords: assessment, RC, renovation, case study, energy 

1. Introduction 

Devastating earthquakes recently struck Southern Europe, and the same problems regarding the 
vulnerability of the building stock appeared in Italy [1], Albania [2], Greece [3], Turkey [4], and Croatia 

[5]–[10]. Most damaged objects are older masonry buildings built according to older codes without 

proper consideration of seismic loads. However, in all the countries, there was also slight damage to 
RC buildings [11]–[17]. In Croatia's scenario, these buildings were built in1960s, with plain bar 

reinforcement and lightly reinforced shear walls.  

The poor energy efficiency of public buildings in Croatia has been addressed in the main energy 

policy documents, the National Energy and Climate Plan (NECP) for the period 2021-2030 (adopted at 
the end of 2019) [18] and the Long-Term Strategy for Energy Retrofit of the National Building Stock 

by 2050 (adopted at the end of 2020). The latter document introduced the concept of comprehensive 

renovation, which includes not only energy renovation measures but also optimal measures to improve 
the overall regulatory requirements for the building. Instructions were published on assessing the 

existing condition and what measures should be considered to increase fire safety, ensure a healthy 

indoor environment, and improve the mechanical resistance and stability of the building, especially to 

reduce the operational seismic risk. This analysis was introduced as a mandatory document to be 
submitted when applying for public grants. It is up to the building owner to decide on the scope of the 

retrofit and the savings target. A higher savings target and a larger scope of improvements allow for a 

higher percentage of capital cost funding. This leads to one of the problems hindering nZEB renovation 
potential in Croatia today, namely how to efficiently communicate the relevant regulations and recently 

developed methodologies related to nZEB standards to all key stakeholders involved in the renovation 

of the existing building stock. nZEB projects lead to complex partnerships where there is not only one 

investor, but the active participation of the local government and the neighborhood is required. 

In 2021, a comprehensive pilot project to renovate a public office building was initiated to apply 

the nZEB standard [19]. The entire process of developing the design documentation, as well as the steps 

of the regulatory approval process and construction work, is thoroughly documented and monitored by 
the expert group and has the role of a living laboratory for all stakeholders. The project's overall 

objective is to improve the knowledge of professionals dealing with buildings and to raise the awareness 

708

https://doi.org/10.5592/CO/2CroCEE.2023.95
mailto:mvajdic@eihp.hr
mailto:karlo.ozic@grad.unizg.hr
mailto:mislav.stepinac@grad.unizg.hr


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.95 

of other stakeholders on all aspects of building renovation by introducing innovative technical solutions 

that meet nZEB requirements. This will be achieved by establishing a national training center for nZEB. 

 

2. PDP-nZEB project 

The project is financed from the „Energy and Climate Change“ Fund, part of the Financial Mechanisms 

2014 – 2021 in Croatia, courtesy of the European Economic Area (EEA). The PDP aims to raise 
awareness and increase the relevant stakeholders’ capacities in the field of the energy performance of 

buildings to implement innovative technical solutions of the nearly zero energy standards. The goal 

will, inter alia, be achieved by establishing a national training center targeting experts’ education tied 

to the nearly Zero Energy Buildings (nZEB). 

Addressing the poor energy performance of public buildings is at the core of Croatian energy strategies 

and action plans. The newly implemented building standard – nearly zero energy building (nZEB)- has 

been adopted; however, the actual implementation is still lagging behind. One of the growing issues in 
Croatia today is how to transfer the respective regulations efficiently and recently developed 

methodologies regarding nZEB standards to all the key stakeholders. This project will therefore support 

the key stakeholders in realizing all the benefits of nZEB standard. The project will prove that nZEB 

approach, although innovative, is the optimal and cost-effective solution for the renovation of public 
buildings. The project also aims to capitalize on the results of the key Norwegian initiatives developed 

by the well-known research institution SINTEF, regarding nZEB and zero-emission neighbourhoods 

(Figure 1).   

This objective will be explicitly achieved by the following main activities: 

• Development of all the required documentation needed for achieving nZEB standard while 

retrofitting the existing public building 

• Deep retrofit of the existing public building with state-of-the-art technologies which will be 

thoroughly documented and monitored by the group of nZEB experts 

• Design of the training programme and project development assistance for nZEB projects for 
the neighborhood with the action plan on how to achieve the zero-emission neighborhood 

• Established cooperation with Norwegian scientific institutions and other nZEB initiatives. 

In this manuscript, just the idea of seismic upgrading will be presented. The energy evaluation of the 

real case study is still ongoing. It pertains to the advantages of seismic retrofitting of existing building 

stock according to the "full Eurocode 8" [20], as well as the discussion of evaluation methods of RC 
structures and the implementation of new technologies in the evaluation process. The processes are 

demonstrated through a specific case study and a detailed plan of activities for the specific case study. 

709

https://doi.org/10.5592/CO/2CroCEE.2023.95


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.95 

 

Figure 1. nZEB vision 

3. Case study building 

For the successful renovation of buildings damaged by the earthquake, appropriate measures must be 

taken to repair and strengthen the building without compromising the mechanical properties of the 

material and the properties of the structure, which contribute to the durability of the building. Following 
the obtained results, a proposal of measures for repair and reinforcement of buildings is given. Measures 

should follow the seismic design and be in line with the conservation and restoration rules [21],[22] but 

also be in line with energy demands [18],[23]. 

The office building was built in 1975 and was refurbished for the first time in 2001. Energy 

consumption, energy costs, and associated CO2 emissions for the existing facilities were analyzed. The 

specific annual electricity consumption is 90.51 kWh/m2, district heating consumption is 65 kWh/m2, 
and CO2 emissions are 90 tCO2. The total annual energy cost is 30,775 EUR or 14.93 EUR/m2. All 

energy efficiency indicators show a high potential for energy and cost savings. A detailed energy study 

to determine the energy retrofit concept has been conducted. This includes modelling of the building's 

energy demand, assessment of energy performance, and identification and analysis of cost-effective and 
technically feasible energy efficiency measures combined with the integration of on-site available 

renewable energy sources suitable to meet the nZEB target. The maximum savings potential estimated 

can achieve energy consumption and CO2 emissions reduction by ten times and energy consumption 
reduction by five times. There were 720 combinations of energy efficiency measures tested for specific 

technical systems (including subsystems) such as heating, ventilation, and air conditioning (HVAC), 

lighting system, and building envelope improvement [11]. Next, a multicriteria analysis provided 

insight into specific criteria such as primary energy, global cost, CO2 emission, and operational costs to 
define the optimal nZEB solution. Along with the energy demand and CO2 emission reduction, further 

building system digitalization and energy storage systems are planned. 
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Figure 2 Methodology for selection of optimal nZEB solution  

The case study building is divided into three structural sections, labeled as sections A to C. The 

structural system of sections A and C is a combination of uncoupled shear walls and frames, while 
section B is comprised only of shear walls. Reinforced concrete walls are 20 cm thick (except in the 

basement, where the walls are 30 cm thick), and the columns have a cross-section of 30 × 40 cm on 

which the beams with a height of 40 cm are supported. Floor structures are RC slabs with a thickness 

of 14 cm. There are six stories, including the basement and attic, with a total height of 18.53 m. The 
foundations are constructed as pad foundations for the columns and foundation beams for the shear 

walls. In the following figures, the building is shown (Figure 2), followed by the laser scanning 

procedure with Leica Bulk 360 (Figure 3) and BIM model (Figure 4). 

 

Figure 3. Front view of the case study building 
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Figure 4. Laser scanning procedure: case study building (a) and scanning locations for one floor (b) 

 

 

Figure 5. BIM model 

In order to determine the material mechanical properties of the constructive elements, a detailed visual 

inspection, and non-destructive and semi-destructive investigative works, were required. 

The compressive strength of concrete was determined with the standard test method for obtaining and 

testing drilled cylindrical specimens. The numerical model for the case study building was developed 
in the SCIA software for static analysis using the finite element method (FEM). All load-bearing 

elements were defined in the model, including RC shear walls, columns, beams, slabs, and the steel 

structure of the roof. 
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Figure 6. FEM model 

In situ testing showed that the shear walls are reinforced with rectangular meshes on each side of the 

wall, consisting of Ø8 bars spaced 15 cm in the vertical and 25 cm in the horizontal direction. The 

whole FEM procedure with the results is shown by Stepinac et al. [11]. The summary of the results 
showed that the shear failure of walls (basement and ground floor), and the shear failure of columns are 

the main issues that need to be addressed with the strengthening project. Additionally, global modal 

analysis proved that all three sections lack lateral stiffness in direction X. In accordance with the results, 

several preliminary solutions for strengthening are given and presented in Figures 7-9. 

 

Figure 7. Strengthening solution no.1 (Elements in red require FRP jacketing) 
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Figure 8. Strengthening solution no.2 – additional steel bracing,  

 

Figure 9. Strengthening solution no.4 – additional steel frames 

4. Discussion and conclusions 

Determining the actual seismic behavior of existing structures is of great importance for future 

management and the economic and purposeful strengthening of the load-bearing structure [11]. Modern 

software solutions and design methods are an essential part of the assessment, but they are only as useful 
as the input parameters are reliable [24]. So, precise information is crucial from condition assessment 

to FEM modelling and seismic and energy upgrading. Assessing existing buildings is always connected 

to many epistemic and aleatory uncertainties, and reducing them often requires extensive on-site testing. 
The critical aspect is knowing if gathering additional information is worthwhile. A Value of Information 
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(VoI) analysis is introduced to answer this question, as seen in [25]. It quantifies the expected utility or 
benefit increase due to additional or predicted information. It allows decision-makers to know each 

assessment's benefits before deciding while maximizing the utility. 

The integrated nZEB refurbishment approach is based on improving the building elements and systems 

performance. The airtight building envelope is a major requirement for the nZEB standard and is 

investigated by relevant measurements. When refurbishing existing buildings, a detailed investigation 
of the existing structure helps define the best air-tightness and heat retention systems. Building systems 

should be based on on-site renewable energy generation to reduce operational costs and CO2 emissions. 

It remains to be determined if the optimal nZEB solution can be implemented, as the administrative 

barriers have hindered the permitting procedure. The groundwater wells are located on publicly owned 
property, and the consent of the City of Zagreb is required to perform the investigation works for the 

groundwater use and later on for implementation of infrastructure works. It took many stakeholders' 

careful and lengthy discussions to determine the competent City Office to issue the consent. If 
administrative barriers remain unresolved, a less effective nZEB solution will need to be implemented, 

not using available on-site renewable energy to its fullest potential. 

In this short overview of one case study building, the authors wanted to show the whole procedure and 

the complexity of the processes.  

In addition to seismic upgrading, energy updating is significant, and these two approaches must be 

presented as integrated procedures. PDP-nZEB project is trying to show it primarily to the Croatian 
audience. The first part of the seismic assessment procedure is presented in this paper, together with 

numerical modeling based on laser scanning and the implementation of BIM. Subsequently, more 

complex analyzes, including the nonlinear pushover method, are performed, and the reinforcement 
proposals are updated accordingly. The project team has been selected, and design documentation for 

the specific building systems is being prepared. The design process has been documented for training 

designers for nZEB retrofits. The goal of this project is also to promote the nZEB standards to local 

governments so that the strategic value and environmental benefits of such projects are recognized, and 

local governments can take ownership as initiators and participants in improving the built environment. 
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Abstract 

More and more buildings need to be repaired and strengthened, both for durability and for the effects of natural 

disasters such as earthquakes. The repair material should ensure compatibility with the substructure materials and 

contribute to their improvement. The continuous development of materials has led to their excellent properties 
and application possibilities. In addition, the new generation of materials offers more environmentally friendly 

solutions, which is certainly in line with repair as part of sustainable development. In an effort to meet all these 

requirements, the use of mortars with exceptional properties and environmental efficiency can be the key to 

solving repair works.  

Materials such as ultra-high performance concrete (UHPC) are characterised by exceptional mechanical and 

durability properties. In its usual composition, it contains large amounts of cement, which can be reduced by using 

waste materials to improve its environmental performance. One of the properties of UHPC worth highlighting is 

its toughness, which is achieved through the use of fibres that ensure a cement composite with ductile behaviour. 

Therefore, this paper presents a general overview of UHPC and the possibility of its application as a repair 

material. The evaluation of UHPC as a repair material is based on the studies carried out. These are divided into 

tests of interfacial properties, which include bond strength, microstructure, and permeability. The influence of 

additional cementitious materials on the interfacial microstructure is presented. Finally, the importance of fibres 
and the potential self-healing effect of UHPC in repair are highlighted and opportunities for new studies are 

identified. 

 

Keywords: repair, ultra-high performance concrete, waste materials, fibres, self-healing, interface microstructure  

1. Introduction 

There is an increasing need for the repair of concrete structures built in the 20th century, as well as 

newly constructed structures that are deteriorating rapidly due to adverse effects of weathering and 

mechanical loads [1]. These negative influences include freeze-thaw cycles, de-icing salts, marine 
influences, and increased live loads, all of which cause serious deterioration of concrete structures [2]. 

This raises the question for civil engineers of how to rehabilitate, retrofit, and maintain these structures 

in an efficient and cost-effective manner [2]. Although many repair materials have been developed, 
such as high flow concrete, resin-based repair mortar and concrete, polymer-modified mortar and 

concrete, etc., and many different repair techniques, such as patching, overlaying, spraying, and 

pressure grouting, it is devastating that nearly half of all concrete repair systems fail in use [3]. However, 
to ensure a successful repair, two factors must be considered: a suitable repair material and good 

adhesion of the repair interface [4]. The weakest zone in the repair system is the interface between the 

repair material and the concrete substrate [1], [4], [5]. It is important to mention that this bond, i.e. the 

bond between the substrate and the  repair material, depends on some factors that can be divided into 
the surface condition of the substrate, the curing process, the compaction method, the use of binders, 

the age of the chemical bonds and the mechanical properties of the material [6].  

As mentioned earlier, the challenge in repair systems is to find a durable and efficient repair material. 
One possible solution to this challenge lies in ultra-high performance concrete (UHPC). With its 

excellent mechanical and durability properties, UHPC offers many advantages in the rehabilitation of 
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concrete structures. These advantages include shorter rehabilitation times and longer service life and 
durability of the structures, so that sustainable construction can be achieved with a minimum of 

intervention and maintenance [7]. On the other hand, there are also some challenges in using UHPC as 

a rehabilitation material, such as interfacial adhesion and interaction with the subgrade [8]. Therefore, 
most of the studies [1]–[4], [6], [8]–[24] on the use of UHPC in repair works are concerned with the 

interfacial properties and adhesion.  

 

In this paper, the possibilities of using UHPC are presented based on a brief general overview of UHPC 
and the studies found evaluating UHPC as a repair material in cementitious composites. 

 

2. UHPC in general 

UHPC represents a new generation of cementitious materials with improved strength, ductility, and 

durability [25], with compressive strength greater than 100 MPa and tensile strength greater than 15 
MPa [26]. Due to its durability, it is resistant to acids and alkalis [27]. As for the name, it is important 

to point out that it is not concrete but mortar, since it does not contain large aggregates and the name 

concrete is due to the presence of steel fibres in the usual composition [25]. The main principles for the 

production of ultra-high performance concrete are to reduce porosity, improve microstructure, improve 
homogeneity, and increase toughness [28]. Thus, the reduction of porosity is the reason for the high 

durable properties of UHPC [29] and is achieved by compacted composition and reduction of water-

cement ratio (0,15-0,25) [30]  using superplasticizers [28], [31]. Reducing the size of the aggregate 
leads to a homogeneous microstructure, i.e. a reduction in the size of the cracks and a more similar zone 

of the interface and the cement matrix [28], [31], [32]. To improve the toughness properties, fibres are 

added, which also increase the impact strength [28], [32]. Since the usual composition of UHPC 
contains large amounts of cement (800-1000 kg/m3), the unfavorable environmental impact of UHPC 

production is highlighted, as the estimated CO2 emissions from cement account for 7% of global CO2 

emissions [33]. Therefore, the use of supplementary cementitous materials, i.e. industrial by-products, 

is emphasised [33], [34]. UHPC can be used in structural and non-structural applications. In the 
structural field it allows the production of smaller, lighter and thinner elements, while the non-structural 

application is in the field of repairs, improving the properties of the repaired parts with less maintenance 

[25]. 

 

3. Evaluation of UHPC as a repair material 

 

3.1 Application of UHPC in repair 

With its excellent properties mentioned above, UHPC is particularly suitable for the rehabilitation or 

repair of concrete structures in the form of an overlay [19], [24] and offers the possibility of thinner 

surface layers, which reduce the self-weight of the structure and improve structural efficiency [16], 

[17]. Due to its resistance to weathering, chemical treatment and mechanical loads typical for bridge 
decks, it is a particularly suitable material for bridge decks [13], [17], but also for the lateral and lower 

bridge elements [13]. In addition to rehabilitation, the application of a UHPC overlay to existing or new 

structures represents a potential for modification [2]. In the study [35], UHPC was used as a repair 
material for repairing lock walls because they need frequent repair due to their exposure to ship impact 

and UHPC is a material that can dissipate more energy during impact loads compared to normal strength 

concrete (NSC) [29]. 

To ensure monolithic behavior of the repaired system, a strong and durable bond is required [19]. 

Although there is a major modulus mismatch between UHPC and NSC that can cause local stress 

concentrations at the interface, leading to a reduction in strength, the bond properties also depend on 

the microstructure of the interface, creep and shrinkage of the repair materials, etc [4]. The 
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incompatibility of two materials, i.e., non-uniform expansion and shrinkage, cause stress concentrations 
at the interface and thus delamination of the interface (Figure 1) [5]. Therefore, UHPC has a denser 

microstructure at the interface between UHPC and substrate and lower creep and drying shrinkage, 

which makes it a promising material for improving bond strength [4]. 

 

 

Figure 1 Schematic representation of the shrinkage of repair materials in patch repair [5] 

 

3.2 Testing interface properties 

Various test methods are available to evaluate the bond strength between two concrete materials, which 
can be divided into three categories depending on the stress state: Tension (splitting, direct tension, 

pull-off), shear (L-shaped shear, direct shear, bi-surface shear), combined shear and compression (slant 

shear) [4]. Of the test methods listed, only the pull-off test is the standard test for evaluating adhesion 
strength [8]. Adhesive bond evaluation is also the main study in the found papers/articles on UHPC for 

rehabilitation works, as shown in Table 1, where the substrate material was normal strength concrete 

(NSC). It can be seen that the most commonly performed tests are pull-off, splitting tensile and slant 
shear tests. The reason for the pull-off test, apart from being the only standard test, is that it can be done 

in situ [20]. However, some studies [8], [22] have highlighted the unsuitability of these test methods for 

evaluating the bond strength of interface. In [22], a new test method has been developed, namely the 

debonding test, which ensures debonding failure at the interface and has been shown to be a suitable 
solution to the problems of other test methods, such as user influences and sensitivity to eccentricity. 

On the other hand, [8] has pointed out that the slant-shear test is the most suitable of all test methods to 

evaluate bond performance, since complex loading conditions occur in the actual overlay application 

of UHPC material.  

 

Table 1 Studies on the bond propertis of UHPC as a repair material 

Studied interface properties 
Bond parameters 

Mechanical  Durability Microstructure 

Pull-off  [8], [12], [15], [20]–[22] 
Spiltting tensile [2]–[4], [8], [10], 

[12], [17], [19]–[21] 
Slant-shear [2]–[4], [6], [8], [10], 

[12], [17], [19], [21] 
Indirect tensile [22] 

Direct tensile [19] 
Push-off [16] 

Modified pull-off [22] 
Third-point flexure [6] 

Direct shear [6] 
Bi-surface shear [8], [13] 
Double-sided shear [11] 
Single-side shear [24] 

 

Gas permeability [3] 
Rapid chloride 

permeability [2], [3] 
Water permeability [3] 

 

SEM-EDS [15], [20] 
SEM [2], [3] 
BSE-EDX [4] 

BSE [24] 

Surface roughness [8], [10]–[13], 
[16]–[21] 

Moisture degree [11], [12], [19] 
UHPC age [11], [19] 

Curing conditions [11], [19] 
Substrate strength [4], [11], [19] 

Bonding agent [13], [19] 
Expansive agent [11], [19] 

Age of composite [12] 
Stress state of the interface [11] 

Interface shear reinforcement [16] 
Mechanical connector [13] 
Formwork  influence [15] 
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As shown in Table 1, some studies have also investigated durability properties and interface 
microstructure, and some have included bonding parameters to evaluate all of these bonding properties. 

Testing permeability properties is especially important for repaired concretes, as the presence of 

degraded chemicals through the adhesive joints can cause irreversible damage to the structure [1]. The 
bond parameters considered in most studies are substrate properties: surface roughness, moisture 

degree, and strength. This was to be expected, since surface preparation is the key to effective adhesion 

[9] and the properties of the repair are highly dependent on the nature of the substrate surface [17]. Also 

in [19], the test results have shown that the surface roughness, the degree of moisture and the strength 
of the substrate are the most important factors affecting the interfacial adhesion, with higher strength, 

suitable roughness preparation and complete moisture of the substrate ensuring reliable bond 

performance. This was also confirmed in [22], where the test results showed excellent adhesion between 
UHPC and substrate with proper surface preparation and no binder. On the other hand, UHPC has 

shown good bond with old concrete in [20], regardless of surface roughness. This can be partially 

confirmed in [12], where the importance of adequate wetting of the substrate is emphasized, since then 

the roughness of the surface of the substrate is not decisive in ensuring a good bond. The influence of 
the saturated surface of the substrate on the improvement of bond strength described in [12] can be 

explained by the fact that UHPC is a material with a low w/c ratio, containing a large amount of non-

hydrated particles that can be hydrated by the substrate and generate hydration products in the transition 
zone, creating cohesion between the two materials during the curing time. The addition of binders has 

been shown to increase adhesion on smooth substrate surfaces, while weakening it on rough substrate 

surfaces [13], [19]. It is worth noting that these bond parameters, such as surface roughness, depend on 
the test methods used, i.e. it has no influence in the case of the pull-off test, while in other test methods, 

such as the split tensile and shear tests, surface preparation plays a role [21]. In the case of the pull-off 

test , the insensitivity of the test to the surface preparation parameters can be explained by the effect of 

a stronger chemical bond than the effect of the mechanical bond on interfacial adhesion [21].  

 

The adequate bond performance of UHPC for a wide range of surface conditions was demonstrated by 

test results in [17], while also in [3], [10]  UHPC overlays showed excellent bond quality in split tensile 
test, with most of the failure modes caused by the NSC substrate, indicating a higher bond strength 

between UHPC and NSC substrate than the strength of NSC. Concrete repaired with UHPC is stronger 

by a factor of two compared to concrete substrate repaired with NSC [13]. The slant shear test results 
also showed a strong bond between UHPC and NSC substrate, as the failure of the interface occurred 

after the substrate was damaged  [3]. In terms of permeability properties, UHPC shows high resistance 

to degradation processes such as the penetration of carbon dioxide, chloride, sulfate, etc., which was 

also confirmed when UHPC was used as an overlay in [23]. The durability tests (capillary absorption, 
air/gas permeability, freeze-thaw resistance, chloride penetration) have shown that the quality of the 

interfacial composite can withstand severe environmental conditions [23]. This was also proved in [2], 

where the results of the rapid chloride test confirmed the low permeability of UHPC, resulting in higher 
chloride resistance of the composite, so the better mechanical bond between UHPC and NSC substrate 

could improve the chloride resistance of the composite, resulting in longer service life of the repaired 

structures (Figure 2). As for the interface microstructure, the SEM /EDS results showed that UHPC 

improves the microstructure by forming a C-S-H gel that fills the voids, resulting in a dense, strong and 

uniform composite bond [20]. 
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Figure 2 Comparison of the rapid chloride permeability [2] 

 

3.2 Economic aspects 

In addition to bond strength, service life and economic aspects are also decisive in assessing the 

suitability of repair systems for concrete rehabilitation. For example, in [36], the service life of concrete 

structures in chloride-stressed environments repaired with UHPC was calculated. The results show that 

the service life increases by 7 to 9 times when a UHPC layer is applied [36]. In another study [14], the 
effect of UHPC as a repair material on the service life of the repaired system was investigated based on 

the time required for chloride ions to reach the surface of the reinforcement. In this case, the service life 

was also extended, by 5 to 10 times, depending on the environment (Table 2). 

Table 2 Comparison of the protective layer of UHPC and NSC based on service life [14] 

Chloride Concentration 

(C0) (kg/m3) 
Protective Layer 

Material 
Protective Layer 

Thickness (cm) 
tcritical (years) 

10 

UHPC 
2 31 

5 140 

NSC 
2 6 

5 19 

20 

UHPC 
2 21 

5 95 

NSC 
2 4 

5 13 

30 

UHPC 
2 17 

5 80 

NSC 
2 3 

5 11 

 

3.3 Fibre influence 

Steel fibres have been shown to increase the bond strength of the repaired system through a "dowel 

effect" [5], [24]. On the other hand, repair materials with steel fibres ensure the toughness properties of 

the repaired system compared to ordinary cement-based repair materials. However, other types of fibres, 

such as polypropylene fibres, have been shown to improve the bond strength and contribute to the anti-
cracking effect [5]. Another study [35], in which a lock wall was repaired with UHPC and the behaviour 

of the repaired system after one year showed that UHPC was firmly bonded to the structure due to the 
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anchoring effect of the fibres (Figure 3). In this case, the fibres were metal fibres with a diameter of 0.2 

mm and a length of 13 mm. 

 

Figure 3 UHPC repair layer after one year [35] 

In general, fibre-reinforced cementitious composites meet all the requirements demanded of a repair 

material, i.e. impermeability to aggressive liquids and gases, adequate bonding to the substrate and 

ensuring structural integrity, durability and resistance to severe environmental conditions, and 

compatibility with the substrate concrete [37]. Apart from these few studies, the exact influence of fibres 
on the properties of the repair interface when using UHPC repair material has not yet been found, so 

this is a potential that needs to be investigated. 

3.4 Cementitous materials influence 

As mentioned earlier, it is not only the mechanical properties that affect the bonding between two 
materials, but also the chemical properties. Therefore, some studies [2]–[4], [15], [20], [24] have 

investigated the microstructure of the UHPC/substrate interface. The usual composition of UHPC 

contains silica fume, which refines the pore system of the transition zone, making it dense and uniform. 
It alsoprovides stronger bonding through the reaction of the contained silica (SiO2) with the Ca(OH)2 

of the substrate, forming a C-S-H gel [21]. This was confirmed by SEM-EDS test results showing the 

influence of silica fume from UHPC in generating C-S-H gel products at the interface reacting with 

Ca(OH)2, but also the possibility of a secondary reaction with the Ca(OH)2 to further improve the 
microstructure of the transition zone and thus increase the bond strength [4]. The reaction of silica fume 

in UHPC with the Ca(OH)2 in the substrate in the formation of C-S-H gel was also confirmed in [24], 

due to the lower Ca/Si ratio of the UHPC-NSC interface, as shown in the results of EDS. SEM Images 
of UHPC-NSC interface have shown very good interlocking of UHPC with NSC, leading to strong 

bonding and consequently efficient repair  [2], [3]. Since UHPC contains a large amount of unhydrated 

particles, exposure to freeze-thaw cycles could favour the hydration of these particles at the interface 

and in this way also improve cohesion [12]. When using UHPC, there is always the possibility of 
creating an eco-UHPC that is also suitable for use as a repair material. This was done in the study [15], 

where 50% limestone filler was used for UHPC repair material. In this way, the use of supplementary 

cementitious materials in repair UHPC materials reduces CO2 emissions and production costs. 
However, with the exception of [15], no studies on UHPC with waste materials, i.e. cementitious 

materials, were found. This opens new possibilities in the study of UHPC in repair works. 

3.5 Self-healing effect 

In the study [15], another important property of UHPC materials was briefly investigated. This is 

autogenous self-healing, which is defined as the process that occurs when materials recover themselves 

after damage [38], [39]. In the case of UHPCs, which contain a significant amount of unhydrated 

cementitious materials, self-healing is expected to be an efficient process for autogenous self-healing 
when continued hydration is considered [38]. In [15], among other tests conducted to test UHPC as a 
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repair material, self-healing effectiveness was also investigated, which showed limited healing, with 
only cracks smaller than 50 µm being completely healed. However, the potential for self-healing was 

highlighted due to the high content of unhydrated cement and limestone particles, which could be 

further improved by a more efficient curing process [15].  

 

Figure 4 Self-healing of surface cracks on the UHPC layer: a) completely healed cracks; b)-f) partially healed 

cracks [15] 

In this way, self-healing is a valuable property of UHPC that should also be investigated in the case of 

UHPC repair material, as it could further reduce the costs and improve durability and service life along 

with supplementary cementitious materials and fibres. 
 

4. Conclusion  

UHPC has demonstrated its potential as a material for future repair work due to its mechanical 

properties and permeability. In this paper, a brief overview of the most important of these properties 
that are and could be important for rehabilitation works is presented. Most studies investigated the bond 

strength when using UHPC as a repair material for NSC substrates, and the results showed very good 

or excellent interfacial adhesion in most cases. For better adhesion, different adhesion parameters were 
investigated, and different test methods were used depending on the stress of the repaired system, of 

which the pull-off test is a standard method. Since most failure modes occur in the substrate material, 

this emphasises a strong mechanical and chemical bond between UHPC and substrate. From the studies 
found, there is a lack of further studies to understand this chemical bond, i.e., the microstructure of the 

interface and the potential that the materials in UHPC offer in creating this bond. In this sense, there is 

also the possibility to investigate the use of other supplementary cementitious materials in the 

composition of UHPC repair materials. On the other hand, few studies have investigated the effect of 
fibres on interfacial adhesion, which also opens new opportunities for using other types of fibres and 

improving the microstructure of the interface, as well as providing mechanical bonds as an anchoring 

effect. Finally, abundant cement and supplementary cementitious materials in the composition of UHPC 
always provide the possibility of a self-healing effect, for which there is a lack of studies on repair 

materials. 

Acknowledgements 

The presented research is a part of the project "Development of new technologies and services in the 

field of special construction works" (K.K.01.2.1.02.0297), funded by the European Regional 
Development Fund and the project "Cement Composites Reinforced with Waste Fibers" - ReWire (UIP-

2020-02-5242) funded by the Croatian Science Foundation.  

References 

[1] W. L. Baloch, H. Siad, M. Lachemi, and M. Sahmaran, “A review on the durability of concrete-to-concrete 

724

https://doi.org/10.5592/CO/2CroCEE.2023.111


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.111 

bond in recent rehabilitated structures,” J. Build. Eng., vol. 44, no. September, p. 103315, 2021, doi: 

10.1016/j.jobe.2021.103315. 

[2] B. A. Tayeh, B. H. Abu Bakar, and M. A. Megat Johari, “Characterization of the interfacial bond between 

old concrete substrate and ultra high performance fiber concrete repair composite,” Mater. Struct. Constr., 

vol. 46, no. 5, pp. 743–753, 2013, doi: 10.1617/s11527-012-9931-1. 

[3] B. A. Tayeh, B. H. Abu Bakar, M. A. Megat Johari, and Y. L. Voo, “Mechanical and permeability 

properties of the interface between normal concrete substrate and ultra high performance fiber concrete 

overlay,” Constr. Build. Mater., vol. 36, pp. 538–548, 2012, doi: 10.1016/j.conbuildmat.2012.06.013. 

[4] S. Feng, H. Xiao, and H. Li, “Comparative studies of the effect of ultrahigh-performance concrete and 

normal concrete as repair materials on interfacial bond properties and microstructure,” Eng. Struct., vol. 

222, no. January, p. 111122, 2020, doi: 10.1016/j.engstruct.2020.111122. 

[5] X. Song et al., “Cement-Based Repair Materials and the Interface with Concrete Substrates: 

Characterization, Evaluation and Improvement,” Polymers (Basel)., vol. 14, no. 7, 2022, doi: 

10.3390/polym14071485. 

[6] M. Farzad, M. Shafieifar, and A. Azizinamini, “Experimental and numerical study on bond strength 

between conventional concrete and Ultra High-Performance Concrete (UHPC),” Eng. Struct., vol. 186, 

no. December 2018, pp. 297–305, 2019, doi: 10.1016/j.engstruct.2019.02.030. 

[7] B. A. Tayeh, B. H. Abu Bakar, M. A. Megat Johari, and Y. L. Voo, “Utilization of ultra-high performance 

fibre concrete (UHPFC) for rehabilitation a review,” Procedia Eng., vol. 54, no. April 2014, pp. 525–538, 

2013, doi: 10.1016/j.proeng.2013.03.048. 

[8] D. K. Harris, M. A. Carbonell Muñoz, A. Gheitasi, T. M. Ahlborn, and S. V. Rush, “The challenges related 

to interface bond characterization of ultra-high-performance concrete with implications for bridge 

rehabilitation practices,” Adv. Civ. Eng. Mater., vol. 4, no. 2, pp. 75–101, 2015, doi: 

10.1520/ACEM20140034. 

[9] A. Ibrahim, B. Farouk, and S. I. Haruna, “Evaluation of Bond Strength between Ultra-High-Performance 

Concrete and Normal Strength Concrete: An Overview,” J. Kejuruter., vol. 32, no. 3, pp. 397–407, 2020, 

doi: 10.17576/jkukm-2020-32(3)-04. 

[10] B. A. Tayeh, B. H. Abu Bakar, M. A. Megat Johari, and Y. L. Voo, “Evaluation of bond strength between 
normal concrete substrate and ultra high performance fiber concrete as a repair material,” Procedia Eng., 

vol. 54, no. Farhat 2010, pp. 554–563, 2013, doi: 10.1016/j.proeng.2013.03.050. 

[11] Y. Zhang, C. Zhang, Y. Zhu, J. Cao, and X. Shao, “An experimental study: various influence factors 

affecting interfacial shear performance of UHPC-NSC,” Constr. Build. Mater., vol. 236, p. 117480, 2020, 

doi: 10.1016/j.conbuildmat.2019.117480. 

[12] M. A. Carbonell Muñoz, D. K. Harris, T. M. Ahlborn, and D. C. Froster, “Bond Performance between 

Ultrahigh-Performance Concrete and Normal-Strength Concrete,” J. Mater. Civ. Eng., vol. 26, no. 8, pp. 

1–10, 2014, doi: 10.1061/(asce)mt.1943-5533.0000890. 

[13] A. Valikhani, A. J. Jahromi, I. M. Mantawy, and A. Azizinamini, “Experimental evaluation of concrete-

to-UHPC bond strength with correlation to surface roughness for repair application,” Constr. Build. 

Mater., vol. 238, p. 117753, 2020, doi: 10.1016/j.conbuildmat.2019.117753. 

[14] M. Farzad, A. Sadeghnejad, S. Rastkar, A. Moshkforoush, and A. Azizinamini, “A theoretical analysis of 

mechanical and durability enhancement of circular reinforced concrete columns repaired with UHPC,” 

Eng. Struct., vol. 209, no. June, p. 109928, 2020, doi: 10.1016/j.engstruct.2019.109928. 

[15] A. Kothari, M. Rajczakowska, T. Buasiri, K. Habermehl-Cwirzen, and A. Cwirzen, “Eco-uhpc as repair 

material—bond strength, interfacial transition zone and effects of formwork type,” Materials (Basel)., 

vol. 13, no. 24, pp. 1–19, 2020, doi: 10.3390/ma13245778. 

[16] S. Sharma, V. S. Ronanki, S. Aaleti, and P. Okumus, “Experimental Investigation of Surface Preparation 

on Normal and Ultrahigh-Performance Concrete Interface Behavior,” J. Bridg. Eng., vol. 26, no. 4, pp. 

1–13, 2021, doi: 10.1061/(asce)be.1943-5592.0001697. 

[17] D. K. Harris, J. Sarkar, and T. T. M. Ahlborn, “Characterization of interface bond of ultra-high-

performance concrete bridge deck overlays,” Transp. Res. Rec., no. 2240, pp. 40–49, 2011, doi: 

725

https://doi.org/10.5592/CO/2CroCEE.2023.111


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.111 

10.3141/2240-07. 

[18] A. Valikhani, A. J. Jahromi, I. M. Mantawy, and A. Azizinamini, “Numerical modelling of concrete-to-

UHPC bond strength,” Materials (Basel)., vol. 13, no. 6, pp. 26–29, 2020, doi: 10.3390/ma13061379. 

[19] Y. Zhang, P. Zhu, Z. Liao, and L. Wang, “Interfacial bond properties between normal strength concrete 

substrate and ultra-high performance concrete as a repair material,” Constr. Build. Mater., vol. 235, p. 

117431, 2020, doi: 10.1016/j.conbuildmat.2019.117431. 

[20] B. A. Tayeh, B. H. Abu Bakar, M. A. Megat Johari, and A. M. Zeyad, “Microstructural analysis of the 

adhesion mechanism between old concrete substrate and UHPFC,” J. Adhes. Sci. Technol., vol. 28, no. 

18, pp. 1846–1864, 2014, doi: 10.1080/01694243.2014.925386. 

[21] B. A. Tayeh, B. H. A. Bakar, M. A. M. Johari, and M. M. Ratnam, “The relationship between substrate 

roughness parameters and bond strength of ultra high-performance fiber concrete,” J. Adhes. Sci. Technol., 

vol. 27, no. 16, pp. 1790–1810, 2013, doi: 10.1080/01694243.2012.761543. 

[22] M. Valipour and K. H. Khayat, “Debonding test method to evaluate bond strength between UHPC and 

concrete substrate,” Mater. Struct. Constr., vol. 53, no. 1, pp. 1–10, 2020, doi: 10.1617/s11527-020-1446-

6. 

[23] Y. Huang, S. Grünewald, E. Schlangen, and M. Luković, “Strengthening of concrete structures with ultra 
high performance fiber reinforced concrete (UHPFRC): A critical review,” Constr. Build. Mater., vol. 

336, no. September 2021, 2022, doi: 10.1016/j.conbuildmat.2022.127398. 

[24] S. Feng, H. Xiao, R. Liu, and M. Liu, “Single-Side Shear Bond Strength and OTZ Microstructure of 

UHPC Repair Materials with Concrete Substrate,” J. Mater. Civ. Eng., vol. 34, no. 9, pp. 1–15, 2022, doi: 

10.1061/(asce)mt.1943-5533.0004360. 

[25] N. M. Azmee and N. Shafiq, “Ultra-high performance concrete: From fundamental to applications,” Case 

Stud. Constr. Mater., vol. 9, 2018, doi: 10.1016/j.cscm.2018.e00197. 

[26] R. Pernicova, D. Dobias, and T. Mandlík, “Mechanical properties of UHPC with different kinds of glass 

fibres,” Proc. Int. Conf. FIBRE Concr., vol. 2015-Janua, pp. 353–359, 2015. 

[27] S. R. Rosseli et al., “Ultra High-Performance Concrete as Alternative Repair Method: A Review,” J. Fail. 

Anal. Prev., vol. 21, no. 6, pp. 2072–2080, 2021, doi: 10.1007/s11668-021-01296-3. 

[28] C. Shi, Z. Wu, J. Xiao, D. Wang, Z. Huang, and Z. Fang, “A review on ultra high performance concrete: 
Part I. Raw materials and mixture design,” Constr. Build. Mater., vol. 101, pp. 741–751, 2015, doi: 

10.1016/j.conbuildmat.2015.10.088. 

[29] S. Abbas, M. L. Nehdi, and M. A. Saleem, “Ultra-High Performance Concrete: Mechanical Performance, 

Durability, Sustainability and Implementation Challenges,” Int. J. Concr. Struct. Mater., vol. 10, no. 3, 

pp. 271–295, 2016, doi: 10.1007/s40069-016-0157-4. 

[30] J. Du et al., “New development of ultra-high-performance concrete (UHPC),” Compos. Part B Eng., vol. 

224, no. August, p. 109220, 2021, doi: 10.1016/j.compositesb.2021.109220. 

[31] O. Mishra and S. P. Singh, “An overview of microstructural and material properties of ultra-high-

performance concrete,” J. Sustain. Cem. Mater., vol. 8, no. 2, pp. 97–143, 2019, doi: 

10.1080/21650373.2018.1564398. 

[32] Shweta Mishra, “Reviewing Some Properties of Ultra High Performance Concrete,” Int. J. Eng. Res., vol. 

V9, no. 06, pp. 108–121, 2020, doi: 10.17577/ijertv9is060156. 

[33] M. A. Hamad et al., “Production of ultra-high-performance concrete with low energy consumption and 

carbon footprint using supplementary cementitious materials instead of silica fume: A review,” Energies, 

vol. 14, no. 24, pp. 1–26, 2021, doi: 10.3390/en14248291. 

[34] R. Yu, Q. Song, X. Wang, Z. Zhang, Z. Shui, and H. J. H. Brouwers, “Sustainable development of Ultra-

High Performance Fibre Reinforced Concrete (UHPFRC): Towards to an optimized concrete matrix and 

efficient fibre application,” J. Clean. Prod., vol. 162, pp. 220–233, 2017, doi: 

10.1016/j.jclepro.2017.06.017. 

[35] A. Maltais, N. Petrov, M. Thibault, and B. Bissonnette, “UHPFRC for concrete repair,” MATEC Web 

Conf., vol. 199, pp. 1–8, 2018, doi: 10.1051/matecconf/201819907007. 

726

https://doi.org/10.5592/CO/2CroCEE.2023.111


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.111 

[36] C. P. Gu, W. Sun, L. P. Guo, and Q. N. Wang, “Ultrahigh performance concrete: A potential material for 

sustainable marine construction in view of the service life,” Appl. Mech. Mater., vol. 438–439, no. 

October, pp. 108–112, 2013, doi: 10.4028/www.scientific.net/AMM.438-439.108. 

[37] N. Banthia, C. Zanotti, and M. Sappakittipakorn, “Sustainable fiber reinforced concrete for repair 

applications,” Constr. Build. Mater., vol. 67, no. PART C, pp. 405–412, 2014, doi: 

10.1016/j.conbuildmat.2013.12.073. 

[38] M. Rajczakowska, L. Nilsson, K. Habermehl-Cwirzen, H. Hedlund, and A. Cwirzen, “Does a high amount 

of unhydrated Portland cement ensure an effective autogenous self-healing of mortar?,” Materials 

(Basel)., vol. 12, no. 20, 2019, doi: 10.3390/ma12203298. 

[39] E. Cuenca and L. Ferrara, “Self-healing capacity of fiber reinforced cementitious composites. State of the 

art and perspectives,” KSCE J. Civ. Eng., vol. 21, no. 7, pp. 2777–2789, 2017, doi: 10.1007/s12205-017-

0939-5. 

 

 

727

https://doi.org/10.5592/CO/2CroCEE.2023.111


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.69 

RETROFIT OF MASONRY BUILDINGS WITH CRM - COMPOSITE 

REINFORCED MORTAR - SYSTEM: PRACTICAL DESIGN 

CONSIDERATIONS ABOUT SEISMIC CAPACITY 

 
Mr Allen Dudine (1), Ms Alessia Bez (1), Mr Mihel Bosankić (2), Mr Pierpaolo Turri (1) 

 
(1) Fibre Net S.p.a., Via Jacopo Stellini, 3 - Z.I.U., 33050 Pavia di Udine (UD), Italy 
(2) Röfix d.o.o., Ulica Lusci br. 3, HR-10294 Pojatno, Croatia 
 
 

Abstract 

Ancient masonry buildings are characterized often by a high seismic vulnerability: innovative intervention 
strategies for strengthening, based on the use of FRP composite materials are gradually spreading. In particular, 
the coupling of FRP preformed elements (meshes, angles and connectors) with mortar layers (Composite 
Reinforced Mortar techniques - CRM) evidenced a good physical, chemical and mechanical compatibility with 
the historical masonry and experimental campaigns proved to be effective for the enhancement of both in-plane 
and out-of-plane performances of masonry, contrasting the opening of cracks and improving both resistance and 
ductility. The resistant mechanisms that are created in CRM reinforced masonry walls subjected to in-plane 
horizontal actions are analyzed in the paper and a practical design approach to evaluate their performances is 
illustrated, evidencing the dominant collapse mode at the varying of the masonry characteristics. Some masonry 
walls are analyzed numerically and analytically, as “case study”. 

Keywords: CRM Reinforcement, existing masonry structures, full-scale experimental test, Composite structures, 

Glass fibre reinforcement. 

1. Introduction 

Masonry is one of the most widespread structural systems in Europe for ancient buildings. This 

principally due to an easy constructions process and due to the availability of materials involved. Since 

many of these buildings have been realized in the past century, seismic actions have not been considered 
in the design and, for this reason, structures are dangerously inadequate to resist seismic events. Typical 

structural weaknesses that can be observed in existing structures are poor lime mortar in masonry joints, 

irregular or multi-leaf masonry, lack of keying between perpendicular walls or between walls and 
ceilings and the absence of story diaphragms. The current design challenge is to find a way to make 

existing structure seismically safer and reduce these deficiencies. 

An innovative strengthening technique is the application of the CRM System, namely Composite 

Reinforced Mortar. This system consists of a coupling of FRP preformed elements and a mortar layer. 
As a first important benefit, the application of this reinforcement allows to reach very high levels of 

resistance and ductility, often with a negligible impact on the structure stiffness. Furthermore, the 

system can be effective even when applied on one side only, and for this reason the intervention does 
not require occupant to move out of their buildings and can represent an effective solution for the ancient 

structures with architectural or monumental restrictions. To investigate the behaviour of this 

technology, several studies have been carried out on the CRM System. Gattesco N., Boem I. (2017): 
Characterization tests of GFRM coating as a strengthening technique for masonry buildings. Composite 

Structures, vol. 165, 39-52, doi: 10.1016/j.compositesb.2017.07.006.) [1] have carried out several test 

on CRM elements, to understand the behaviour of the system individually. Moreover, shear 

compression tests, diagonal compression tests and bending tests on reinforced masonry elements have 
been developed experimentally and then studied numerically in Gattesco N., Boem I. (2017): Out-of-

plane behavior of reinforced masonry walls: Experimental and numerical study. Composites Part B, 

vol. 128, 209-222, doi: 10.1016/j.compstruct.2017.01.043. [2] and Boem I., Gattesco N. (2021): 
Rehabilitation of Masonry Buildings with Fibre Reinforced Mortar: Practical Design Considerations 
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Concerning Seismic Resistance. Key Engineering Materials, vol. 898, 1-7, doi: 
10.4028/www.scientific.net/KEM.898.1. [3]. Among all studies, an experimental and numerical 

analysis on a full-scale masonry building test is missing. 

In the present paper, the recent findings about experimental tests on masonry elements (Gattesco N., 
Rizzi E., Bez A., Dudine A. (2022). Out-of-plane behavior of reinforced masonry walls: Experimental 

and numerical study, XIX ANIDIS Conference, Seismic Engineering in Italy, Turin, Italy. [4]) and on a 

full-scale test on a masonry building (Gattesco N., Rizzi E., Facconi L., Minelli F., Dudine A. (2022). 

Investigating the effectiveness of a CRM system: full scale reverse cyclic tests on a two-storey 
rubblestone masonry building, XIX ANIDIS Conference, Seismic Engineering in Italy, Turin, Italy. [5]) 

are reported. Moreover, several considerations on design approach and an overview of the case studies 

will be reported.  

2. CRM System 

The Composite Reinforced Mortar system is a modern reinforcement technology. Modern means that 
FRP technologies and reinforced mortars replaced the traditional materials like steel and concrete. The 

modern technologies have the aim to provide the same or better performance with cleaner and faster 

realization (and lower environmental impact). This system is particularly compatible with masonry.  

The reinforcement system consists of a GFRP mesh embedded in a mortar layer. The GFRP (Glass 
Fiber Reinforced Polimer) mesh is a pre-formed grid composed by horizontal parallel fibers and vertical 

twisted fibers wires (Fig. 1a), spaced 33 mm, 66 mm or 99 mm. The mortar layer is normally 30-50 mm 

thick, and it is constituted by a hydraulic lime-based mortar (with a tensile strength determined based 
on the existing masonry strength). The mortar coating is made effective with a mixed mechanism, by 

means of adhesiveness and the presence of GFRP connectors.  

a)  b)  c)  

 Figure 1. a) GFRP mesh detail (weft wires in vertical direction and warp wires in horizontal direction); 

b) Fibre Net system application on one side and c) on two sides. 

The phases of the system application are briefly reported: 

1. Preliminary study of the masonry in its existing conditions (geometry and materials); 
2. Removal of eventual existing plasters and scarification of the surface, with high-pressure cleaner; 

3. Wetting the masonry surface; 

4. Initial stretch coat laying. Under certain conditions, the coat layer is scratched (depending on the 
conditions of the wall support and mortar characteristics); 

5. Prepare the holes for the connectors. The holes, from the diameter of approx. 12 mm, must cross the 

entire thickness of the masonry so that the two connectors are inserted: a long connector and a short 
connector. The connectors must overlap inside the hole; 

6. Placement of the mesh and insertion of the connectors. In correspondence of the connectors, a stress 

distributor device must be placed. The stress distributors consist in a GFRP mesh sheet. 
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7. Placement of the mesh on the other side of the wall, resin injection in the enlarged zone of the hole. 
Placement of the other stress distributor device and the connector; 

8. Application of the mortar coating after the complete hardening of the injected resin, in one or more 

subsequent layers. The mesh must be placed in the middle of the thickness; 
9. Placement of finishing layer and, after the maturing, the paintings and final coverings. 

The CRM application allows to achieve higher resistance, because of the mesh which provides tensile 

strength (otherwise quite low in the unreinforced masonry). Moreover, the system guarantees higher 

ductility. In fact, the mesh has the capability to confine the cracks and limit their opening. 

3. Experimental Campaign 

Within the CONSTRAIN project, several experimental tests have been carried out to learn more about 
the CRM system. As a first step, several tests have been carried out on masonry specimens, on the 

mortar used for strengthening, on the GFRP mesh in order to investigate on single materials.  

3.1 Materials 

The stone masonry specimens were realized with rubble limestone blocks. Simple Compression tests 

carried out on some samples provided average values for the Young’s modulus and the compressive 

strength equal to Emasonry = 1074 MPa and fc,masonry = 2.48 MPa, respectively. The experimental tests 

provided an average compressive strength of the mortar equal to fc,mortar = 0.93 MPa and an average 
tensile strength of ft,mortar = 0.17 MPa. The brick masonry tests provided Emasonry = 2183 MPa and fc,masonry 

= 6.43 MPa for the double leaves specimens, Emasonry = 2341 MPa and fc,masonry = 6.70 MPa for the single 

leaf specimens. 

For the reinforcement, a regular 66x66 mm2 pattern of the square shape GFRP mesh has been installed. 

The single parallel wire has a cross section of 11.6 mm2 and the twisted wire has a cross section of 8.9 

mm2. The GFRP mesh has an average Young’s modulus Ebar ≥ 25 GPa, an ultimate characteristic tensile 
resistance Fub,bar = 4.3 kN and an ultimate tensile strain εu,bar = 1.45%. The 30 mm thick mortar coating 

is based on natural hydraulic lime and has an elastic modulus Emortar ≤ 10 GPa and a compressive 

strength at 28 days ageing ≥ 15 MPa. Six L-shaped GFRP elements connectors per m2 have been placed. 

Their average ultimate tensile resistance Fub,conn = 21 kN  and an average Young’s modulus Econn = 21.4 
GPa. The distribution GFRP mesh sheets (150x150 mm2 with mesh dimension 33x33mm2) have been 

placed in correspondence of the connectors. Diatons have been also placed, by drilling a 50mm diameter 

hole and by positioning a steel threaded bar M16, injected with high strength thixotropic mortar. 

3.2 Test on Masonry Specimen 

Several tests have been made on masonry elements, piers and spandrels, to characterize the behaviour 

of the entire system. An overview of all the tests carried out is reported below. 

Table 1 – Experimental tests overview 

Test Specimen dimension Masonry type Reinforcement 

Shear 

compression test 
on piers 

B = 1.50 m 

H = 1.96 m 

T = 0.35 m 

 

Double leaves stone masonry - 

DLSM  

NO 

CRM on one side 

CRM on two sides 

Double leaves brick masonry - 

DLBM 

NO 

B = 1.50 m 

H = 1.96 m 

T = 0.25 m 

CRM on one side 

CRM on two sides 

Single leaf brick masonry - SLBM 
NO 

CRM on one side 

Out-of-plane 

bending tests on 
piers 

B = 1.03 m 

H = 2.48 m 

T = 0.35 m 

Single leaf brick masonry CRM on one side 

B = 1.03 m Double leaves brick masonry CRM on one side 

730

https://doi.org/10.5592/CO/2CroCEE.2023.69


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.69 

H = 2.48 m 

T = 0.25 m 
Double leaves stone masonry CRM on one side 

3.2.1 Shear Compression Test 

Each specimen was laid over a reinforced concrete element, which is rigidly bounded to the floor. A 

second reinforced concrete element was placed on the top of the masonry specimens and connected to 

the steel beam, able to apply both vertical and horizontal forces to the masonry walls. During the tests 
the out-of-plane displacements were avoided by proper restrain. Firstly, a vertical compression was 

applied, in order to simulate the loads from the floors (and after that maintained constant during the 

test). Then, the horizontal force at the top of the specimens was applied to obtain a quasi-static response. 

The force was varied cyclically in a displacement-controlled test protocol.  

Comparing top displacement - applied force trend for the different specimens can give a useful 

evaluation of the upgrade in resistance provided by the CRM System. The trends obtained for the 

different masonry specimen are reported in Fig. 3. 

a)  b) c) 

  

Figure 2. a) Front view of the test setup; b) section view and c) example of a loading time history. 

a) b) c) 

  

Figure 3. a) Force-displacement trends for DLSM; b) for SLBM; c) for DLBM 

Table 2 - Experimental test main results for the shear compression test 

Sample 

Peak 

resistance 

[kN] 

Drift at peak 

resistance 

[%] 

Ultimate Drift 

[%] 

Rubblestone - Unreinforced 107.8 0.24 0.75 

Rubblestone – Reinforced on one side 159.5 0.66 1.76 

Rubblestone - Reinforced on two sides 229.4 0.99 3.01 

Single leaf Brick - Unreinforced 101.9 0.32 0.91 

Single leaf Brick – Reinforced on one side 166.4 0.7 1.558 

Double leaves Brick - Unreinforced 78.3 0.19 15.03 

Double leaves Brick – Reinforced on one side 160.5 1.04 41.12 
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Sample 

Peak 

resistance 

[kN] 

Drift at peak 

resistance 

[%] 

Ultimate Drift 

[%] 

Double leaves Brick – Reinforced on two sides 201.1 1.24 70.21 

a) b)  c) d) e) 

     

Figure 4. Stone masonry specimen at the end of the shear compression test on unreinforced (a) and reinforced (b) 

side; brick masonry specimen on the unreinforced (c) and reinforced side (d); detachment of the coating (e) 

3.2.2 Out of plane Bending Test 

Once again in these tests, the specimens were laid over a reinforced concrete element, which was rigidly 

bounded to the floor both in vertical and in horizontal directions. A second reinforced concrete element 

was placed on the top of the masonry specimens and connected to the steel structure of the setup 
structure. Three-point bending tests were carried out by applying a horizontal force at the mid-height 

section of the specimen and by varying it cyclically in a displacement-controlled test protocol, until a 

certain damage was reached in the unreinforced side of the wall. The test was then pursued 

monotonically until failure of the reinforced side. The test setup is reported in Fig.5. 

a)  b) c) 

  

Figure 5. a) Front view of the test setup; b) rear view and c) example of a loading time history. 

Comparing top displacement - applied force trend for the unreinforced and reinforced specimens can 

give a useful evaluation of the upgrade in resistance provided by the CRM System. The trends obtained 

in the different cases are reported in Fig. 5. 

Table 3 - Experimental test main results for the three-point bending test 

Sample 
Pcr 

[kN] 

Pu(R) 

[kN] 

Mcr 

[kNm] 

Mu 

[kNm] 
Mu/Mcr 

[-] 

dcr 

[mm] 
du 

[mm] 
du/dcr 

Rubblestone – Double leaves 6.5 52.0 4.4 35.5 8.01 2.81 63.0 22.41 

Brick – Single leaf 3.4 35.1 2.3 24.0 10.36 4.31 58.6 13.59 

Brick – Double leaves 3.4 29.0 2.3 19.8 8.50 3.13 44.5 14.23 

a)  b)    c)  
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Figure 5. a) Force-displacement trends for rubblestone masonry specimen (unreinforced, reinforced on one side 
and on two sides); b) Force-displacement trends for single leaf brick masonry specimen (unreinforced, and 

reinforced on one side); c) Force-displacement trends for double leaves brick masonry specimen (unreinforced, 

reinforced on one side and on two sides) 

 

 

a) b)  c) d) e) 

     

Figure 6. Stone masonry specimen at the end of the bending test on reinforced side (a); detail of the cracks on the 

specimen (b), (c); brick masonry specimen on the reinforced side (d) and lateral side (e) 

3.3 Test on Pilot Building 

To conclude the campaign, two experimental tests have been carried on a full-scale building. The 
structure consists of two-story stone masonry building, composed of four walls (referred to as North, 
West, South, and East wall), a wooden floor and an ordinary wooden gabled roof. The in-plane 
dimensions are 5.75 m x 4.35 m, the total height is 6.733 m. The positioning of the openings was design 
to have different piers aspect ratio, in order to have both shear and flexural collapse mechanisms. During 
the construction the materials involved were tested and characterized. As can be noted from Fig.7, the 
loading was applied in the plane of West and East walls (North-South direction) at the first and second 
story levels, through a vertical stiff steel device connected to the actuator. Load was applied 
proportionally to the floor mass of every floor level. Vertical loads were applied at floor levels through 
concrete blocks (first floor) and clay bricks (roof). The structure was strengthened with the CRM System 
on the external side. The reinforcement system was composed by: GFRP mesh with 66x66 mm2 grid 
dimension; 30÷40 mm thick mortar coating, L-shaped connectors (4/m2), 16 mm diameter steel bar 
which represents the artificial diatons (fixed with thixotropic cement-based mortar and set in the number 
of 2/m2); 8 mm steel bars with a fixed spacing had the aim to connect the coating to the concrete 
foundation.  
The behaviors in terms of Base Shear - 2nd story av. lateral displacement are reported below. 
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a) b) 

 
Figure 7. North-East view of the Pilot Building (a); Test setup (b) 

The experimental tests give the following results. The crack pattern at the end of the two tests on the 

East Walls are reported in Fig.9. 

a) b) c) 

 
Figure 8. Base Shear – 2nd story displacement curves for the unreinforced building (a), reinforced building (b) 

and comparison between reinforced and unreinforced behaviors (c) 

Table 4 - Experimental test main results for the three-point bending test 

Sample 
Load 

direction 

Vb,max  

[kN] 
2,max  

[mm] 

2,max  

[%] 

Unreinforced 

Building 

Positive 267 19.68 0.35% 

Negative 256 17.17 0.30% 

Reinforced Building 
Positive 645 78.95 1.55% 

Negative 590 45.35 0.89% 

a) b) 

    

Figure 9. Crack pattern on the East wall loaded in negative and positive direction for the unreinforced building 

(a) and reinforced building (b) 
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4. Design Formulas 

In order to evaluate the improvement provided by the reinforcement system in the practical design, a 

correct formulation to be used can be the one contained in the CNR DT 215/18 [6]. The relations can 

be related to the ones valid for the reinforced concrete or the reinforced masonry. 

 

Figure 10. Scheme of a reinforced pier according to [6]. 

Three cases are considered for the bending resistance of the piers: i) compressive crushing on the 

compressive edge (𝜀𝑚 = 𝜀𝑚𝑢), ii) tensile fracture of mesh (𝜀𝑓 = 𝜀𝑓𝑑) and non-linear stress distribution 

in compression (𝜀�̅� ≤ 𝜀𝑚 ≤ 𝜀𝑚𝑢), and iii) tensile fracture of mesh (𝜀𝑓 = 𝜀𝑓𝑑) and linear stress 

distribution in compression (𝜀𝑚 ≤  𝜀𝑚̅̅ ̅̅   ). The solution is the lowest of the three cases. 

For the case i), failure due to compressive crushing of masonry, the equations are: 

𝑀𝑅𝑑(𝑁𝑆𝑑) = 𝑓𝑚𝑑 ∙
𝑡∙𝑦𝑛

2
∙ [𝐻 ∙ (1 − 𝑘) − 𝑦𝑛 ∙ (1 − 𝑘)2 + 𝑘 ∙ (

𝐻

2
− 𝑦𝑛 +

2

3
∙ 𝑘 ∙ 𝑦𝑛)] +

𝜀𝑚𝑢

𝑦𝑛
∙ 𝐸𝑓 ∙ 𝑡2𝑓

(𝑑𝑓−𝑦𝑛)
2

12
∙ (2 ∙

𝑦𝑛 + 4 ∙ 𝑑𝑓 − 3 ∙ 𝐻) (1) 

𝑘 =
�̅�𝑚

𝜀𝑚𝑢
 (2) 

𝑦𝑛 =
𝑁𝑆𝑑−𝐸𝑓∙𝑡2𝑓∙𝑑𝑓∙𝜀𝑚𝑢+√𝑁𝑆𝑑

2+𝐸𝑓∙𝑡2𝑓∙𝑑𝑓∙𝜀𝑚𝑢[(2−𝑘)𝑡∙𝑑𝑓∙𝑓𝑚𝑑−2𝑁𝑆𝑑]

𝑡∙𝑓𝑚𝑑(2−𝑘)−𝐸𝑓∙𝑡2𝑓∙𝜀𝑚𝑢
 (3) 

For case ii), failure due to tensile fracture of mesh (𝜀𝑓 = 𝜀𝑓𝑑) and non-linear stress distribution in 

compression (𝜀�̅� ≤ 𝜀𝑚 ≤ 𝜀𝑚𝑢) the equations are: 

𝑀𝑅𝑑(𝑁𝑆𝑑) = 𝑓𝑚𝑑 ∙
𝑡

12
∙ [2 ∙ 𝑑𝑓 ∙ 𝑦𝑛 ∙ ξ ∙ (2 ∙ ξ + 3) + 3 ∙ 𝐻 ∙ [𝑦𝑛 ∙ (2 + ξ) − ξ ∙ 𝑑𝑓] − 2 ∙ 𝑦𝑛

2 ∙ (ξ2 + 3 + 3 ∙ ξ) − 3 ∙

ξ2 ∙ 𝑑𝑓
2] + 𝜀𝑓𝑑 ∙ 𝐸𝑓 ∙ 𝑡2𝑓

𝑑𝑓−𝑦𝑛

12
(2 ∙ 𝑦𝑛 + 4 ∙ 𝑑𝑓 − 3𝐻) (4) 

ξ = 𝜀�̅�/𝜀𝑓𝑑 (5) 

𝑦𝑛 =
2∙𝑁𝑆𝑑+𝑡∙ξ∙𝑓𝑚𝑑∙𝑑𝑓+𝐸𝑓∙𝑡2𝑓∙𝑑𝑓∙𝜀𝑓𝑑

𝑡∙𝑓𝑚𝑑(2+ξ)+𝐸𝑓∙𝑡2𝑓∙𝜀𝑓𝑑
 (6) 

Finally, for case iii), tensile fracture of mesh (𝜀𝑓 = 𝜀𝑓𝑑) and linear stress distribution in compression 

(𝜀𝑚 ≤  𝜀𝑚̅̅ ̅̅   ) the equations are: 

𝑀𝑅𝑑(𝑁𝑆𝑑) =
𝑡∙𝐸𝑚∙𝜀𝑓𝑑

12
∙

𝑦𝑛
2

𝑑𝑓−𝑦𝑛
(3 ∙ 𝐻 − 2 ∙ 𝑦𝑛) + 𝜀𝑓𝑑 ∙ 𝐸𝑓 ∙ 𝑡2𝑓

𝑑𝑓−𝑦𝑛

12
(2 ∙ 𝑦𝑛 + 4 ∙ 𝑑𝑓 − 3 ∙ 𝐻) (7) 

𝑦𝑛 =
𝑁𝑆𝑑+𝐸𝑓∙𝑡2𝑓∙𝑑𝑓∙𝜀𝑓𝑑−√𝑁𝑆𝑑

2+𝐸𝑚∙𝜀𝑓𝑑∙𝑑𝑓∙𝑡∙(𝐸𝑓∙𝑡2𝑓∙𝑑𝑓∙𝜀𝑓𝑑+2𝑁𝑆𝑑)

𝜀𝑓𝑑∙(𝐸𝑓∙𝑡2𝑓−𝑡∙𝐸𝑚)
 (8) 

For the definition of quantities, it can be useful to refer to the standard. For the shear resistance, the 

standard refers to the Turnšek - Čačovič formulation as follows: 
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𝑉𝑅𝑑(𝐶𝑅𝑀) =
1.5∙𝜏0(𝑅)∙𝑏∙𝑡

𝛼
∙ √(1 +

𝜎0

1.5∙𝜏0(𝑅)

) (9) 

where 𝜏0(𝑅)
 is the equivalent resistance value that takes into account also the reinforced coating: 

𝜏0(𝑅) = 𝛽 ∙ (𝜏0(𝑈) + 𝑚 ∙
𝑡𝑐

𝑡
∙

𝑓𝑡,𝑐

1.5
) (10) 

The last part of the project will concern the validation of the analytical formulas proposed by CNR DT 

215/2018 [1] with the results obtained in the ongoing experimental tests. 

5. Conclusions 

The present paper had the principal aim to give an overview of the experimental tests carried out during 
the project CONSTRAIN, to better understand the role of the CRM System in existing masonry 

structures. The reinforcement guarantees very good performance, increasing both resistance and 

ductility. As a practical design advice, the relations to be used are reported in the paper, these relations 
provided consistent results with the experimental findings. All these considerations can be very useful 

to further improve the CRM System. 

Acknowledgements 

The experimental tests presented have been developed within the Italy-Slovenia Interreg project 

CONSTRAIN, leaded by the University of Trieste (Italy - Prof. N. Gattesco, Eng. I. Boem, Eng. E. 

Rizzi and Eng. Franco Trevisan), alongside with the University of Ljubljana (Slovenija - Prof. M. Gams, 
Eng. V. Pučnik and Eng. M. Farič) and the companies Fibre Net S.p.A. (Italy - Eng. C. R. Passerino and 

S. Grassia), Igmat d.d., Veneziana Restauri Costruzioni S.r.l. and Kolektor CPG d.o.o.. 

References 

[1] Gattesco N., Boem I. (2017): Characterization tests of GFRM coating as a strengthening technique for 

masonry buildings. Composite Structures, vol. 165, 39-52, doi: 10.1016/j.compositesb.2017.07.006. 

[2] Gattesco N., Boem I. (2017): Out-of-plane behavior of reinforced masonry walls: Experimental and numerical 

study. Composites Part B, vol. 128, 209-222, doi: 10.1016/j.compstruct.2017.01.043. 

[3] Boem I., Gattesco N. (2021): Rehabilitation of Masonry Buildings with Fibre Reinforced Mortar: Practical 

Design Considerations Concerning Seismic Resistance. Key Engineering Materials, vol. 898, 1-7, doi: 

10.4028/www.scientific.net/KEM.898.1. 

[4] Gattesco N., Rizzi E., Bez A., Dudine A. (2022). Out-of-plane behavior of reinforced masonry walls: 

Experimental and numerical study, XIX ANIDIS Conference, Seismic Engineering in Italy, Turin, Italy. 

[5] Gattesco N., Rizzi E., Facconi L., Minelli F., Dudine A. (2022). Investigating the effectiveness of a CRM 

system: full scale reverse cyclic tests on a two-storey rubblestone masonry building, XIX ANIDIS Conference, 

Seismic Engineering in Italy, Turin, Italy. 

[6] CNR DT 215/2018 (2020) ‘Guide for the Design and Construction of Externally Bonded Fibre Reinforced 

Inorganic Matrix Systems for Strengthening Existing Structures’. National research Council, Rome, Italy.  

736

https://doi.org/10.5592/CO/2CroCEE.2023.69


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 
Zagreb, Croatia - March 22 to 24, 2023 

Copyright © 2023 CroCEE 
DOI: https://doi.org/10.5592/CO/2CroCEE.2023.90 

SEISMIC RETROFITTING OF POST-WWII MID-RISE UNREINFORCED 

MASONRY RESIDENTIAL BUILDINGS IN THE BALKANS  

 
Svetlana Brzev (1), Predrag Blagojević(2), and Radovan Cvetković (3) 

 
(1) Adjunct Professor, Department of Civil Engineering, University of British Columbia, Canada, sbrzev@mail.ubc.ca 
(2) Faculty of Civil Engineering and Architecture, University of Niš, Serbia, predrag.blagojevic@gaf.ni.ac.rs 
(3) Assistant Professor, Faculty of Civil Engineering and Architecture, University of Niš, Serbia, radovan@gaf.ni.ac.rs 
 

Abstract 

There is a significant building stock of the existing low- and mid-rise unreinforced masonry (URM) buildings 

constructed after World War II in Serbia and neighbouring countries. Numerous buildings of this typology 

collapsed in the devastating 1963 Skopje, North Macedonia earthquake, causing fatalities, injuries, and property 

losses, and experienced damage in a few recent earthquakes in the region, including the 2010 Kraljevo, Serbia 

earthquake and the 2020 Petrinja, Croatia earthquake. These buildings are 3- to 5-storey high, have URM walls 
and rigid reinforced concrete (RC) or semi-prefabricated concrete and masonry floor slabs, usually with a RC ring 

beam at each floor level. The paper will provide an overview of seismic retrofitting approaches for these buildings, 

starting from provisions of design codes which were previously followed in Serbia and former Yugoslavia as well 

as Eurocode 8 (Part 3). Conventional seismic retrofitting technologies based on RC wall overlays which were 

applied in past earthquakes, including the 2010 Kraljevo earthquake, will be presented and their advantages and 

disadvantages will be discussed. Finally, a case study of a building in Kraljevo which was damaged in the 2010 

earthquake and subsequently retrofitted, will be presented, including the results of seismic analysis and design 

solution. The paper should be of interest to engineers and academics interested in seismic retrofitting of masonry 

buildings. 

Keywords: unreinforced masonry buildings; earthquake damage; seismic retrofitting; residential buildings.  

1. Introduction 

Masonry construction technology has been traditionally used for residential construction in European 
countries, including Serbia and the Balkan region [1,2]. Since the second half of 19th century 

construction of residential and public buildings in Serbia and the region has been performed using clay 

brick masonry. Reinforced concrete (RC) has been a technology of choice for construction of mid- and 
high-rise buildings since 1950s, however masonry has been widely used for low- to mid-rise residential 

construction in the region. According to the 2011 Census of Serbia [3], low-rise single family buildings 

constitute 95% of the national residential building stock, corresponding to 65.9% of all housing units. 

Multi-family housing accounts for only 2.6% of the housing stock in terms of the number of buildings, 
but the proportion is significantly higher (33%) in terms of the number of housing units. According to 

the Census, 72% of all residential buildings in Serbia were constructed between 1946 and 1990, when 

Serbia was a part of the Socialist Federal Republic of Yugoslavia (SFRY), also known as “former 
Yugoslavia”. According to the Census, 72% of all residential buildings in Serbia were constructed 

between 1946 (after WWII) and 1990, when Serbia was a part of the Socialist Federal Republic of 

Yugoslavia (SFRY), referred to as “former Yugoslavia” in this paper (note that Croatia, Slovenia, North 

Macedonia, Montenegro, and Bosnia and Herzegovina were also a part of the former Yugoslavia). The 
majority of pre-1960 multi-family residential buildings were unreinforced masonry (URM) buildings, 

with load-bearing masonry walls as a structural system for resisting both gravity and lateral loads. Most 

of URM multi-family residential buildings of post-WWII vintage have semi-prefabricated RC floor 
systems. Buildings of this type constitute a significant fraction of the building stock in urban areas of 

Serbia and neighbouring countries and are the focus of this study. Examples of urban URM multi-family 

residential building from Serbia are shown in Fig. 1. 
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a) b) 

Figure 1. Examples of URM multi-family residential buildings in urban areas of Serbia: a) Belgrade and b) Niš. 

 

Buildings of this typology were exposed to several damaging earthquakes in the region, including the 

1963 Skopje, North Macedonia earthquake (M 6.0) (Fig. 2a), the 2010 Kraljevo, Serbia earthquake (MW 
5.5), and the 2020 Petrinja, Croatia earthquake (M 6.4) (Fig. 2b) [4, 5]. The buildings of this type which 

performed poorly in the 1963 Skopje earthquake were designed according to standardized designs, with 

load-bearing walls provided only in one horizontal direction (longitudinal or transverse) [6].  

 

  
a) b) 

Figure 2. Performance of URM multi-family residential buildings in past earthquakes in the region: a) a 

collapsed building due to the 1963 Skopje earthquake (credit: Z. Milutinović) and b) a damaged building due to 

the 2020 Petrinja earthquake (credit: SUZI-SAEE). 

 

Urban areas of Serbia were not affected by major damaging earthquakes in the last 100 years, with the 
exception of the 2010 Kraljevo earthquake. A few other damaging earthquakes tool place in Serbia 

during the same period, namely the 1980 Kopaonik earthquake (M 5.8) and the 1998 Mionica 

earthquake (M 5.7), but they affected mostly rural areas. Consequently, design and construction 
experience in Serbia related to repair and seismic retrofitting of buildings in post-earthquake situations 

has been rather limited. The 2010 Kraljevo earthquake prompted a need for the repair and retrofitting 

of a significant number of damaged URM residential buildings. The main objective of the post-
earthquake recovery was to restore damaged building infrastructure to its original pre-earthquake 

condition within a relatively short time frame and with limited financial resources. An additional 

constraint was to minimize the impact of construction activities on building occupants. As a result, the 

design and execution of seismic rehabilitation projects related to residential buildings used simple 
retrofitting techniques which were suitable for easy on-site implementation on a large scale. RC 

jacketing was selected because it was a well-established technique used for the structural strengthening 

of URM buildings in Serbia before the 2010 earthquake.  

After the devastating 1963 Skopje earthquake, the first comprehensive seismic design code in 

the SFRY was published in 1964 [7]. A subsequent edition of the same code, PTN-S [8], issued in 1981, 

was the governing design code in Serbia until 2019. It was reported that the PTN-S code was at a similar 
level of advancement like other international seismic design codes at the time [9]. In 1982, deterministic 

seismic hazard maps for SFRY were issued as a companion to the PTN-S code, and were updated in 

1987. The territory of Serbia was divided into zones VI to IX based on the MCS-64 seismic 

macrointensity scale. According to that map, majority of sites in Serbia, including Kraljevo, were 

assigned seismic zone VIII. 
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Eurocodes were adopted as official codes for the design, construction, and maintenance of 
building structures in Serbia in 2019 [10]. As a result, Eurocode 8 – Part 1 [11] (also referred to as EC8-

1 in this paper) is currently applied for seismic design of new buildings (SRPS EN 1998-1/NA:2018) 

[12]. An official seismic hazard map for Serbia was developed for design according to Eurocode 8 [13]. 
According to the map, the Peak Ground Acceleration (PGA) for a rock site (ag) for design level 

earthquake with 10% probability of exceedance in 50 years is largest for Southern and Central Serbia 

(0.25g and 0.20g respectively), while other sites in Serbia were assigned lower PGA values. For 

example, Kraljevo was was assigned ag value of 0.2g. Seismic design requirements for masonry 
buildings for Serbian codes and a comparison with the corresponding Eurocode 8 provisions were 

presented elsewhere [1], [2]. 

The first Yugoslav design code for repair, rehabilitation, and retrofitting of existing buildings 
was issued in 1985 (PTN-R) [14] based on the experience gained after the 1979 Montenegro earthquake, 

and it had been followed in Serbia until 2019. The code addressed seismic retrofitting of masonry and 

RC buildings and the foundations. Eurocode 8, Part 3 [15] (also referred to as EC8-3 in this paper) has 

been followed for seismic assessment and retrofitting of existing buildings in Serbia since 2019 (SRPS 
EN 1998-3/NA:2018, 2018) [16]. Annex C of EC8-3 contains specific provisions related to masonry 

buildings. In addition to the PTN-R code, which was the governing code for seismic retrofitting of 

buildings in Serbia until 2019, all masonry structures had to be designed or evaluated according to the 
PTN-Z code which was issued in 1991 [17]. Similarly, Eurocode 6 (EN 1996-1-1:2004) [18], which is 

currently used in Serbia [19], contains design provisions for masonry buildings. 

In this paper, the authors have shared lessons related to seismic retrofitting of URM buildings 
damaged in the 2010 Kraljevo, Serbia earthquake. Various seismic retrofitting techniques for URM 

buildings have been discussed, but the focus is on of RC jacketing, a common seismic retrofitting 

technique for URM buildings which has been used in Serbia and other countries. The authors have 

presented selected results of seismic analysis and retrofitting design for a typical URM building in 
Kraljevo, which was damaged due to the 2010 earthquake and subsequently retrofitted. A comparison 

of the capacity/demand ratios has been performed for the original and retrofitted building, according to 

both the Yugoslav seismic design and retrofit codes and Eurocode 8. The results of the study showed 
that the implemented retrofit solution satisfied the Yugoslav seismic code requirements, but it is not 

adequate according to the Eurocode 8 requirements. Findings of the paper may be particularly of interest 

to engineers in the Balkan countries, which recently adopted Eurocode 8 as the governing code for 

seismic design of new buildings and evaluation/retrofitting of existing buildings. 

2. Seismic retrofitting techniques for URM buildings  

2.1 Seismic retrofitting objectives and goals  

Seismic retrofitting solutions should be effective in enhancing the performance of existing structures to 

achieve predetermined performance objectives. Performance ob-jective(s) for a specific structure are 

either set by a seismic design code or project-specific criteria. In some countries, technical 
codes/standards for existing buildings may permit relaxed seismic performance objectives for the 

evaluation and retrofitting of existing buildings relative to the design of new structures, e.g. ASCE/SEI 

41-17 code in the USA [20]. In the context of a specific project, these performance objectives are either 
prescribed by the seismic codes, or they are defined by project-specific criteria.  According to the PTN-

R code, similar to other older seismic codes, the main performance objective for rehabilitated or 

strengthened buildings was same as for new structures: structural damage due to a major damaging 

earthquake was acceptable, but the collapse had to be avoided. On the other hand, EC8-3 contains 
elements of modern approaches such as Performance-Based Earthquake Engineering (PBEE), hence 

performance objectives have been specified by the code. For example, capacity models for assessment 

of existing buildings considered for the limit states “near collapse”, “significant damage”, and “damage 

limitation”, as outlined in Eurocode 8. 
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One of the key design aspects of a seismic retrofitting project is to identify retro-fitting goal(s). 
After the seismic evaluation of a building is performed and the defi-ciencies have been identified, a 

designer should be able to determine the retrofitting goal(s). Is the main goal of the retrofitting to 

enhance the lateral load-resisting capacity and/or stiffness and/or ductility of the existing structure - or 
perhaps a combination of those structural characteristics? An appropriate seismic retrofitting solution 

may be selected after the goals have been established. 

Retrofitting may be able to enhance lateral load-resisting capacity and/or stiffness and/or ductility 

of the existing structure, as shown in Fig. 3 [21]. In many cases, the primary goal of retrofitting is to 
enhance the ductility of the existing structure, which may be feasible for retrofitting of older RC 

structures (Fig. 3a). Alternatively, stiffness and capacity enhancement (Fig. 3b) may be feasible for 

retrofitting of an existing non-ductile structure. Stiffness, capacity, and ductility enhancement 
(illustrated in Fig. 3c) may be feasible for existing buildings with high seismic demand, which prompts 

a need for increased lateral load-resisting capacity. In the context of URM structures, it is important to 

note that it is unlikely for a retrofitting solution to achieve a significant increase in ductility due to the 

brittle nature of masonry. It is expected that a typical global retrofitting solution for a URM structure 
should primarily be effective in increasing its lateral load-resisting capacity. Several researchers have 

studied different seismic retrofitting techniques for masonry buildings and compared their effectiveness 

[22-25]. 

 
Figure 3. Seismic retrofitting goals [22]. 

2.2 An overview of seismic retrofitting techniques for masonry buildings  

Seismic retrofitting projects in the Balkan region were initiated after the 1979 Montenegro earthquake 

(M 6.9), which caused damage and collapse of buildings in coastal areas of Montenegro and Croatia. 
Engineers and academics from all parts of the former Yugoslavia participated in the planning, design, 

and construction supervision of post-earthquake recovery. The earthquake also prompted a few relevant 

regional projects, which engaged experts from neighboring countries, such as the UNIDO-sponsored 

project “Building Construction Under Seismic Conditions in the Balkan Region”. A series of 
comprehensive technical resources were produced as a result of the project, including the guidelines for 

seismic retrofitting of existing RC and masonry buildings [26]. Notable experimental research studies 

and field applications of seismic retrofitting on existing masonry buildings were performed by Prof. 
Miha Tomaževič and his colleagues at ZAG, Slovenia [25, 27]. Comprehensive technical guidelines 

have recently been developed for repair and retrofitting of masonry buildings affected by the March 

2020 Zagreb, Croatia earthquake [28]. A valuable resource is available in Serbia for engineers engaged 

in structural and seismic rehabilitation of buildings [29]. 

The most common retrofitting approaches for URM structures include: i) retrofitting of existing 

masonry walls by means of thin overlays, ii) construction of new RC walls attached to the existing 

masonry walls, iii) retrofitting of intersecting wall connections, and iv) retrofitting of the existing floor 
and/or roof structures and the wall-to-floor connections. In some cases, retrofitting of existing 

foundations may also be required (when shear and/or flexural capacity of the retrofitted wall have 

increased as a result of the retrofit). It should be noted that approaches i) and ii) are related to enhancing 
lateral load-resisting capacity of individual masonry walls, while approaches iii) and iv) are related to 

enhancing the integrity of entire building. Since the focus of this study are URM buildings constructed 
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with clay brick masonry walls and rigid floor systems, it can be expected that in most cases only 
approaches i) and ii) need to be implemented. Approach iii) may need to be implemented in case of 

low-strength masonry (e.g. stone masonry structures), or when bond between the intersecting walls is 

inadequate (which is often the case in building expansions). Finally, approach iv) may be required in 
case of flexible (timber) diaphragms, or prefabricated hollow-core RC slabs. Therefore, this section is 

focused mostly on approaches i) and ii), with the main focus on RC jacketing as a widely used seismic 

retrofitting technique in the region, as well as in other parts of the world. 

2.3 Common retrofitting techniques for the existing URM walls 
Seismic retrofitting of URM walls is performed to enhance their in-plane and/or out-of-plane seismic 

capacity/resistance. As discussed in the previous section, common retrofitting techniques involve application 

of new coatings/overlays, which are attached/bonded to an existing masonry wall. These overlays can be 
classified based on their thickness into thin and thick. Thin overlays (also known as surface coatings) consist 

of cement-based coating reinforced with steel mesh reinforcement, which is also known as RC jacketing or 

reinforced plaster; alternatively, a thin coating may consist of Fiber Reinforced Polymer (FRP) strips or 

fabrics which are bonded to an existing wall by means of epoxy resin (or alternative). Thick overlays are in 
the form of new RC walls which are attached to an existing masonry wall by means of steel anchors 

embedded into the wall. There is no hard rule regarding the maximum thickness for thin cement-based 

coatings, but the thickness usually ranges from 3-8 cm, while the thickness of thick RC overlays may range 

from 10-30 cm.  

RC jacketing technique (Fig. 4) consists of constructing one- or two-sided RC jackets attached to 

exterior and/or interior wall surfaces [22, 27]. A jacket consists of a 3 to 8 cm thick concrete overlay with 
reinforcement in the form of steel mesh (usually small-sized bars, 4 to 10 mm diameter). RC jackets are 

usually attached to an existing masonry wall via steel anchors inserted in pre-drilled holes, which are 

subsequently filled with cement- or epoxy-based grout. The required size and spacing of anchors depends 

on seismic demand (shear force) that needs to be transferred from the jackets to the original masonry wall. 

Either cast-in-place concrete or sprayed concrete (shotcrete) can be used for construction of RC jackets. 

  

a)                                                                                 b) 

Figure 4. RC jacketing: a) vertical section of a retrofitted wall in Kraljevo, Serbia and b) shotcrete application in 

a retrofitted school building in Kyrgyzstan [22]. 

 

Several experimental research studies on masonry wall specimens subjected to monotonic and/or reversed 
cyclic lateral loading have shown a significant increase in the shear capacity and stiffness of URM walls 

retrofitted using RC jacketing [31-36]. The results confirmed that RC jacketing was able to increase  lateral 

capacity of the specimens by a factor of 2.0 to 3.0.  Specimens with two-sided jacketing showed higher 
ductility and energy dissipation capacity compared to one-sided jacketing. The results of extensive 

experimental research studies on masonry walls with RC jacketing by Prof. Miha Tomaževič in 

Slovenia showed an increase in shear strength by 1.3 to 3.6 for retrofitted walls [27]. A research study 
involving shaking table testing of a four-storey masonry building model retrofitted with RC jacketing was 

performed at IZIIS, Skopje [37]. 
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Seismic retrofitting of masonry walls can also be achieved by applying thin Fiber Reinforced Polymer 
(FRP) overlays or strips on wall surfaces that were previously saturated by epoxy resin (or alternative) [22, 

38]. A FRP overlay is typically made of glass or carbon fibers in an adhesive matrix. FRP overlays may 

cover the entire wall surface, or applied in the form of strips aligned in horizontal, vertical, or diagonal 
directions (Fig. 5). FRP overlays and strips can be used either as one-sided or two-sided applications. These 

overlays are very thin and light-weight (overall thickness on the order of few milimeters). To ensure an 

adequate anchorage, these FRP overlays/strips can either be wrapped (extended) at the wall ends, or custom-

designed fiber anchors can be installed along the wall perimeter. Polymer fibers act as tension reinforcement 
for the wall and should be aligned in the direction of tensile stresses. The required effective area of fibers per 

unit width and the FRP contribution to shear capacity of a retrofitted wall are governed by bond and 

anchorage strength at the FRP-to-wall interface. Design procedures for FRP-based retrofitting of masonry 
structures are well established [39]. Experience related to the application of FRP technology in Serbia and 

the region is limited, however this technology has been recently used for retrofitting of masonry buildings 

after the 2020 Zagreb, Croatia earthquake [40]. 

When an existing URM wall has a deficient gravity and lateral load-resisting capacity, it can be 
retrofitted by constructing a thick RC overlay (new RC shear wall) which is attached to the existing masonry 

wall [41]. The concept is essentially similar to RC jacketing. Addition of a new RC wall results in a 

significant increase in lateral stiffness, shear and flexural capacity of the existing wall. A new RC wall is 
attached to the existing masonry wall in the same manner as previously explained for RC jacketing, except 

that the amount of wall reinforcement and anchors may be different. Retrofitting of wall foundations is 

usually required due to a significant increase in the shear and flexural capacity of a retrofitted wall. 

 

 

 

 
 

 

 
 

 

 
a)                                                                         b)  

Figure 5. Techniques for seismic retrofitting of masonry walls: a) thin overlays – FRP strips [22] and b) thick 

overlay (new RC shear wall) [38]. 

 

Design of a masonry wall retrofitted by overlays is performed by considering stiffness of the retrofitted wall 

as the sum of the stiffnesses of the original masonry wall and the overlays. An example of a retrofitted URM 
wall with two-sided RC jackecting is presented in Fig. 6. Internal shear force in an RC jacket (QB) is obtained 

when the total force Q is multiplied by a ratio of the jacket stiffness (KB) relative to the total wall stiffness 

(KZ+2 KB). Note that the stiffness of an RC jacket is influenced by its thickness and the mechanical properties 
of concrete (modulus of elasticity Ec and modulus of rigidity Gc) – stiffness of reinforcement does not need 

to be considered.  

Verification of lateral load-resisting capacity of a retrofitted wall with RC jackets needs to be 

performed by verifying the capacity of a composite section. For example, capacity of a masonry wall 
needs to be determined based on the applicable code equations and subsequently compared with the 

corresponding demand (shear force QZ and the corresponding axial force and bending moment). On the 

other hand, shear capacity of an RC jacket needs to be determined based on the shear contribution of 
steel mesh, while the concrete contribution may be ignored. The corresponding shear demand for an 

RC jacket is QB (as explained earlier in this section). It should be noted that PTN-R code prescribed a 

simplified procedure for determining shear capacity of an URM wall with RC jackets, which considered a 
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retrofitted wall as an equivalent masonry section, with the thickness equal to the sum of thicknesses of 

masonry wall (tZ), plus thickness of each RC jacket (tB). 

 

Figure 6. Internal force distribution in a retrofitted URM wall with RC jackets [23]. 

3. Seismic retrofitting of damaged URM buildings after the 2010 Kraljevo 

earthquake 

3.1 Performance of mid-rise URM buildings in the earthquake 

Several multi-family URM buildings (3- to 5-storey high) constructed after WWII (1945-1963) were 
damaged in the earthquake and required repair and retrofit [41, 42]. Masonry walls were typically 

constructed using solid clay bricks and their thickness ranged from 25 cm (interior walls) to 38 cm 

(exterior walls). The floors were ribbed RC slabs, and RC tie-beams (ring beams) were provided at each 
floor level. In most cases the walls experienced moderate damage in the form of cracks due to in-plane 

or out-of-plane seismic loads. The damage patterns observed in these buildings after the earthquake 

were discussed in a few publications [4, 41]. Some of the damaged buildings had vertical extensions 
(additional floors). It was reported that the extensions which were not compliant with the technical 

regulations were damaged in many cases [43].  

This section discusses a typical URM building in Kraljevo which was damaged in the 2010 

earthquake and was subsequently retrofitted by applying RC jacketing, in compliance with the PTN-R 
code that was used in Serbia and former Yugoslavia since 1985. The building is located in the Njegoševa 

Street No. 2 in Kraljevo, and was constructed around 1950 as a 3-storey residential building with a 

basement and a half-floor at the top, and a typical storey height of 2.8 m, see Fig. 7. Walls at the lower 
3 floors were constructed using 25 cm solid clay bricks in 1:3:9 cement:lime:sand mortar, while non-

structural walls at the top floor were constructed using 120 mm thick modular (multi-perforated) clay 

blocks. In the absence of material testing data M25 class bricks (2.5 MPa compressive strength) were 

assumed for the original building and M100 class modular blocks (10 MPa compressive strength) for 

the extended top floor. 

Floors and roof were constructed using semi-prefabricated composite masonry and concrete 

system (see Fig. 4a), and were considered to act as rigid diaphragms. RC tie-beams were provided at 
each floor level. Since the building was constructed around 1950,  seismic actions were likely not 

considered in the original design. The building was damaged in the 2010 earthquake. Structural damage 

in lower portion of the building was mostly in the form of inclined cracks due to in-plane seismic effects. 
Refer to [2] for more details related to seismic performance of the building in the 2010 Kraljevo 

earthquake and a detailed seismic evaluation of the damaged structure according to the PTN-S code and 

Eurocode 8. 

The building was retrofitted according to the PTN-R code. The main goal of seismic retrofitting 
was to enhance the overall structural integrity, by constructing vertical RC jackets along the façade, 

embellished in blue colour on the floor plan in Fig. 8. The main reason for performing exterior 

retrofitting (at the façade) was to minimize disruption to the building occupants. Many earthquake-
damaged URM buildings in Kraljevo were retrofitted using the same approach. Refer to [44] for more 

details related to the seismic evaluation and retrofitting design for this building. 
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a) 
b) 

 

c) 

Figure 7. URM building located in the Njegoseva Street No.2, Kraljevo: a) west façade; b) typical floor plan, 
and c) severe cracking in a longitudinal wall at the 2nd floor level (gridline 5). 

 

 
Figure 8. Typical floor plans showing locations of RC jackets. 

3.3 Seismic analysis of the original and the retrofitted building  

Seismic evaluation and retrofit design of earthquake-damaged buildings in Kraljevo was performed in 

line with the technical regulations which were enforced in Serbia at the time of the 2010 earthquake, 

that is, PTN-S and PTN-R. These codes prescribed linear elastic analysis for both the original and 
retrofitted structures. The effect of nonlinear seismic response of cracked URM walls was considered 

in line with the EC8-3 provisions for masonry buildings (by reducing the wall stiffness), but nonlinear 

seismic analysis was not performed. 

 

Figure 9. Design response spectra for Kraljevo, Serbia according to Eurocode 8 and PTN-S code. 

 

Equivalent static seismic analysis according to the PTN-S code was performed using the following 
parameters: seismic intensity coefficient Ks of 0.05 (seismic intensity zone VIII), building category 

coefficient Ko of 1.0 corresponding to Category I, dynamic response coefficient Kd of 1.0, and the 

ductility and damping coefficient Kp of 2.0 (corresponding to URM building). The soil was classified 

as Category II according to the PTN-S code. It should be noted that seismic hazard parameters for 
Kraljevo were revised after the earthquake, hence the building site is currently located in seismic 

intensity zone IX. Multi-modal seismic analysis was performed for both the original and retrofitted 
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structure according to EC8-1. The design ground acceleration for soil type A was 0.2g, while ground 
type B was considered for the site. Spectral accelerations for the elastic design spectrum Sd(T) 

according to Eurocode 8 were divided by the behaviour factor q of 1.5 for URM structures designed 

without seismic provisions (for original structure) and q= 2.5 (for retrofitted structure). Type 1 
spectrum was deemed appropriate, given the seismic hazard setting for the building site. Design 

response spectra for Kraljevo, Serbia, based on the PTN-S code and Eurocode 8 are presented in Fig. 

9. 

A 3-D numerical model of the building was created using the Tower software package by 
considering the walls as shell finite elements and slabs as plate elements. Floor and roof structures 

were treated as rigid diaphragms, which the foundations were simulated as fixed-base restraints. A 

cantilever numerical model, which considered only wall piers (no spandrels) was developed for the 
original structure because it resulted in a more conservative seismic force demand compared to an 

alternative Equivalent Frame Model. Modulus of elasticity for masonry was taken as 2410 MPa. 

Dynamic properties of the numerical model were obtained as a result of modal analysis. The seismic 

masses were calculated according to the PTN-S code. Fundamental period for the longitudinal (N-S) 

and transverse (E-W) directions were 0.267 sec and 0.20 sec respectively.  

According to the PTN-R code, a retrofitted masonry wall with an RC jacket was modelled as an 

equivalent masonry wall with the thickness equal to thickness of the original wall plus additional 
thickness (equal to 4 times the thickness of an RC jacket). According to the EC8-3 code, the designer 

is expected to simulate the effect of an RC jacket by modelling it as a separate shell layer, or a part of 

a composite equivalent column section, where masonry and concrete materials would be simulated 
using appropriate mechanical and geometric properties. Numerical models for the original and 

retrofitted structure are shown on Fig. 10.  

The following three models were considered to account for the effect of cracking on the 

original and retrofitted structure: a) Model 1, which considered uncracked (gross) properties of the 
original structure in line with PTN-S code (referred to as Original 1 and Retrofitted 1); b) Model 2, 

which considered the effect of moderate cracking (20% stiffness reduction), which is referred to as 

Original 2 and Retrofitted 2, and c) Model 3, which considers 50% stiffness reduction in line with 

EC8-3  (Original 3 and Retrofitted 3).  

 

Figure 10. Numerical models: a) original structure and b) retrofitted structure. 

To illustrate the effectiveness of retrofitting, seismic base shear force VEd (kN) (seismic demand) was 
compared with the shear capacity at the ground floor level VRd (kN), which was taken equal to the 

sum of capacities for all walls aligned in the same direction (N-S or E-W). The results for longitudinal 

(N-S) direction are illustrated in Fig. 11. It can be seen from the chart that the capacity of the building 
was satisfactory according to the PTN-S, since the capacity (C) versus demand (D) ratio, C/D, is 

larger than 1.0 both for the Original 1 (uncracked) model (in line with the PTN-S) and the Original 2 

model (cracked, 20% stiffness reduction), but it is not satisfactory for the Original 3 model (cracked, 

50% stiffness reduction – in line with EC8-3). The results also indicate that, according to the PTN-S 
code, the retrofit has resulted in an increased C/D ratio for the building to 1.52, 1.22, and 0.76 for 

Models 1, 2, and 3, respectively. The results indicate that the Retrofitted 3 model (which considers 

50% stiffness reduction) is not satisfactory, since the corresponding C/D value is less than 1.0. The 
analysis performed according to the EC8 requirements showed that the capacity of the structure is not 

satisfactory even after the retrofit for Model 3, which is in line with the EC8-3 (C/D < 1.0); however, 
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the retrofit solution seems to be effective for Model 1 (in line with the PTN-S code), since the 

corresponding C/D ratio is 1.03. 

 

Figure 11. Seismic capacity versus demand (C/D) ratio for the ground floor of the building in N-S direction (for 

the original and retrofitted building). 

4. Conclusions 

The paper presents a study on seismic retrofitting of URM mid-rise residential buildings of post-

WWII vintage, which are typical for the Balkans, in particular Serbia and neighbouring countries. An 
overview of common seismic retrofitting solutions for URM walls has been presented, and a typical 

building damaged in the 2010 Kraljevo earthquake and subsequently retrofitted using RC jacketing 

technique was analysed. A comparison of the results for seismic analyses performed according to the 
Yugoslav seismic codes and Eurocode 8 has shown that the seismic demand according to Eurocode 8 

is significantly higher compared to the Yugoslav seismic codes PTN-S and PTN-R, which were used 

for seismic evaluation and retrofitting design. The key finding is that the retrofitting design solution 

performed according to the Yugoslav seismic codes for a URM building in Kraljevo does not meet the 
seismic safety requirements of Eurocode 8. In order to satisfy the seismic demand requirements 

according to Eurocode 8, a more extensive retrofitting would be required, most likely applied to 

interior walls - in addition to exterior walls which were retrofitted according to the original solution.  
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Abstract 

Fibre-reinforced polymers (FRP) strengthening can be applied to decrease the seismic vulnerability of existing 
masonry buildings, both with regard to in-plane and out-of-plane failure mechanisms. Experimentally, the impact 
of strengthening solutions has been thoroughly studied. There are, however, few efficient and reliable numerical 
modeling approaches that can accurately capture the effect of such strengthening on the seismic response of the 
masonry building. Therefore, we herein develop and validate a modeling approach to capture the effect of FRP 
strengthening on the behaviour of masonry walls. To model this effect, we use a recently developed macro-
element, which can capture both in-plane and out-of-plane failure modes. In the macro-element, the intervention 
is modelled by adding fibres representing the longitudinal FRP strips to the section model. These fibres were 
modelled as linear elastic in tension up to the failure with a zero compressive strength. Transversal FRP strips 
effect the shear strength, and in the macro-element, this is accounted for by increasing the cohesion in the equation 
for the shear strength. To validate the model, we also compare the numerical simulations with existing 
experimental results obtained from the literature. Overall, the proposed modeling approach accurately predicts the 
in-plane and out-of-plane response, implying that equivalent frame models can predict the response of masonry 
buildings with FRP-strengthened walls. To conclude, the models described in this paper can be used for a time-
efficient assessment. Moreover, it can help in selecting the optimal strengthening approach for future retrofitting. 
This aspect is especially important for the cultural heritage structures, where excessive retrofitting should be 
avoided. 

Keywords: fibre-reinforced polymer, equivalent frame models, in-plane capacity, shear reinforcement, masonry, 

building strengthening  

 

 

1. Introduction 

Equivalent frame models (EFMs) are extensively used for modeling the nonlinear seismic response of 

entire unreinforced masonry buildings (URM) because they provide a good balance of accuracy and 
computational cost [1, 2, 3, 4]. Various strengthening techniques of URM buildings have been tested 

experimentally; a recent review can be found in [5]. Since strengthening one element can induce the 

failure of another, it is important to assess the entire system response through a numerical model of the 

entire building.  

The goal of this article is to develop and validate a method for modeling FRP-strengthened URM 

buildings using EFMs. We illustrate how a novel macro-element developed by [4] may be used to 

investigate the impacts of FRP strengthening on the in-plane and out-of-plane capacity of masonry 

walls, as well as on the overall behavior of a building. 
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2. Numerical approach 

The three-dimensional macro-element by [4], which has been implemented in OpenSees [6] is 

the basis for our EFM approach for retrofitted masonry walls. This macro-element has been built on the 
in-plane response developed by [2] and enhanced to capture the out-of-plane response of the masonry 

panel. When modelling the FRP strengthening, we separately address the increase in shear and flexural 

capacity. 

 

2.1. Increase in shear capacity  

The increase in shear capacity, obtained from applied FRPs, is calculated using engineering 

models that anticipate the shear resistance of FRP retrofitted masonry walls. Several guidelines and 
design standards are available in the literature, [7] and [8] provide a review of existing models. Shear 

strength of FRP-strengthened masonry panel is calculated as the sum of the shear strength of the 

uncracked masonry wall and the shear strength provided by the FRP reinforcement. We differ the 
increase due to grid and diagonal FRP layout. Following the macro-element formulation, this increase 

in shear capacity is taken into account through the value of cohesion.  

  

2.2. Increase in flexural capacity  

The flexural behaviour of the macro-element can be characterized by using fibre sections, where 

the cross-section of a wall is discretized in fibres and a specific material law can be assigned to it. We 

used the approach by [9] to model the increase in flexural strength due to FRP reinforcement by adding 
FRP fibres to the section. The macro-element developed by [4] comprises three fibre sections that can 

contain three nonlinear sections at the element ends and at midlength. This option can be useful for 

representing the difference between FRPs that are anchored or not to the slabs. The material model that 
is assigned to masonry fibres has zero tensile strength, limited compressive strength, a damage 

behaviour in compression and no strength degradation [4]. The FRP reinforcement was formulated as 

linear elastic in tension up to failure and with a zero compressive strength. 

 

3. Validation of numerical approach  

 

3.1. Masonry walls  

Monotonic, quasi-static cyclic, dynamic, and four-point bending (out-of-plane) experimental 

campaigns were chosen to validate our approach [10]. 

For the in-plane response validation, we choose the experimental campaign done by [11] on brick 

half-scale hollow clay block masonry walls retrofitted on only one side with quasi-static shear compression 

test setup. Figure 1 presents the force-displacement response of a masonry wall retrofitted with glass fibres. 
Experimental data is presented in black, while red shows the response we obtained numerically using herein 

proposed approach. It can provide accurate estimates of the initial stiffness and maximum force capacity. 
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Figure 1 - Resulting output from our model for the simulation of the quasi static cyclic tests carried out by [11] 

specimen retrofitted with GFRP M2-WRAP1-G-F-ST 

 

 

3.1. Masonry building  

We examine hypothetical retrofit solutions of a structure that was dynamically tested in its 

unretrofitted configuration [12] to demonstrate how our approach for FRP-strengthened masonry walls 

may be used to evaluate potential retrofit solutions at the building level. The CoMa-WallS building, 
which is a modern mixed reinforced concrete - unreinforced masonry structure, tested by [12] was 

chosen for this purpose. In [13] the building was modelled in its unretrofitted state. When tested on uni-

axial shake table, it experienced out-of-plane failure in the top storey and in-plane failures in the first 

and second storey. 

 

Figure 2 - Equivalent frame model of the building tested by [12] modelled in unstrengthened configuration in 

[13] with applied CFRPs 

 

751

https://doi.org/10.5592/CO/2CroCEE.2023.79


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.79 

The numerical models included a hypothetical configuration with carbon fibres applied in a 
diagonal arrangement on both sides of the wall; it was assumed that the fibres were not anchored in the 

slab (Figure 2).  

 

When the out-of-plane displacement of the middle section of the top storey wall of the 

unretrofitted configuration (i.e. the configuration that was tested experimentally) is compared to that of 

the proposed strengthened configuration, we can see that the FRP-strengthened model demonstrates the 

efficiency of FRPs in preventing excessive out-of-plane displacements (Figure 3). As a result, local 

failures might be avoided by using composites, assuring the global response of a building. 

 

The effect of the retrofitting solutions was also visible when the deformation demands in terms 
of shear and flexural deformation at failure were examined. Furthermore, the failure mode changed, the 

shear failure was developed instead of flexural. The maximum displacement is significantly reduced 

after applying CFRP, even if the CFRP is not anchored in the slabs. The PGA that the retrofitted 

structure can resist is therefore greater than when no strengthening is applied. 

 

 

Figure 3 - Resulting output from our numerical model (strengthened configuration) for the simulation of the 

shake table tests by [12] modelled in unstrengthened configuration in [13]. Comparison of the global response in 

terms of maximum displacements. 
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4. Conclusions  

 

In this paper, we propose a numerical approach for modelling FRP-strengthening applied on 
masonry structural elements. Our main objective is to develop and validate a tool that can be used for 

reliable and time-efficient assessment of FRP-retrofitted masonry buildings. We can obtain a simulation 

of probable failure mechanisms and damage patterns for different types of FRP materials and retrofitting 
configurations in this way. Finally, the models presented here can assist in determining the optimal 

strengthening strategy for future retrofitting. This is especially relevant when it comes to cultural 

heritage structures, where excessive retrofitting should be avoided. Future work based on this paper 

could include the application of textile-reinforced mortars (TRM) instead of FRPs. 
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Abstract 

The aim of this study is to evaluate the feasibility of seismically strengthening existing steel frames. Through 

computational analysis of the existing bare frame, two methods of seismic strengthening are proposed. The 

expected behaviour of each of the three tested steel frames was determined through an initial iterative calculation 

using numerical models. The dimensions for the two types of strengthening were established based on numerical 

analysis of the bare frame: one utilizing a specialized inverted V-bracing (Chevron) system, and the other utilizing 

a dissipative TADAS connection. Following the design of the strengthening, three frames were subjected to static 

reversed cyclic displacement control tests up to failure, according to FEMA 461. The experimental testing of the 

bare frame (BF) and TADAS frame (TF) was halted due to the emergence of significant global out-of-plane 
instability, and testing of the Chevron frame (CF) was discontinued following a brace tensile failure. The ductility 

of the Chevron frame (CF) is found to be 0.6 times lower, while that of the TADAS frame (TF) is 1.4 times higher 

in comparison to the bare frame (BF). The initial stiffness of the system is 5 times higher in the CF and 2 times 

higher in the TF than that of the BF. The cyclic responses of the specimens exhibit a symmetrical behaviour. The 

TADAS frame dissipates 4 times more energy at the point of failure (brace fracture vs out-of-plane instability) 

than the CF. Careful design of the braces and plates of the TADAS element is necessary to maintain the 

plasticization hierarchy. 

Keywords: steel frames, seismic strengthening, moment-resisting frame (MRF), TADAS dissipative element, 

cyclic tests 

1. Introduction 

The primary objectives of earthquake-resistant design for structures include preventing collapse or 

severe damage during infrequent but destructive earthquakes, minimizing damage to the supporting 
structure, and reducing structural damage during occasional moderate earthquakes, and protecting non-

structural elements during frequent weak earthquakes. Thus, the acceptable level of damage and the 

cost of repairs are crucial performance criteria for evaluating the seismic resistance of structures. 
However, designing structures that meet these objectives while also balancing structural capacity and 

seismic requirements can be challenging. 

Steel is an ideal material for seismic design due to its high strength, ductility, and ability to dissipate 

energy through yielding and large plastic deformations. It also has a low specific weight and relatively 
high fracture toughness. To take full advantage of the benefits that steel offers in seismic design, certain 

conditions must be met: 

• The structural system must be designed to ensure inelastic behaviour throughout the system, 

not just in individual elements, to prevent buckling under cyclic loading. 

• Adequate lateral restraints must be provided to prevent lateral buckling. 

• Elements with a compact cross-section must be used to prevent local buckling. 

Overall, steel's combination of strength, ductility, and low specific weight make it an ideal material for 

seismic design, but the system must be designed to take full advantage of steel's properties. Two 

methods for seismically reinforcing steel structures are: a) enhancing the load-carrying capacity while 

preserving ductility, b) reducing the cross-sectional dimensions of the elements. 
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2. Relevant strengthening methods 

The seismic safety of steel structures can be improved through the identification and strengthening of 

the structure's vulnerable points. The presence of substantial constant gravity loads can significantly 

increase the seismic demands placed on the structure. Thus, it is advisable to reduce the existing 
constant load and subsequently reinforce the structure's horizontal load-bearing system using 

appropriate techniques. The use of steel for seismic strengthening is cost-effective and efficient due to 

the following factors: 

• Steel structures are particularly well-suited for performance-based design (PBD) 

• Steel elements exhibit ductile behaviour even after reaching the yield point, thus effectively 

dissipating a significant amount of energy before failure. 

• Steel elements have a high strength-to-weight ratio, which results in lower seismic forces acting 

on the structure. 

Concentrically braced frames (CBF) demonstrate superior resistance to horizontal forces and 
displacement, primarily through the utilization of the longitudinal strength and stiffness of the braces. 

These frames are engineered such that the centroidal axes of the columns, beams, and braces align, 

thereby minimizing bending effects. CBFs are designed to exhibit low levels of inelastic deformation 

and to withstand larger seismic forces to compensate for their lack of ductility. They are well-suited for 
use in smaller structures as the design calculations are relatively simple compared to other types of 

braced frames. Additionally, CBFs are more cost-effective than moment-resisting frames (MRF) due to 

their lower material requirements. However, they may be less suitable for larger structures and 

structures subject to high seismic demands [1]. 

Special concentrically braced frames (SCBF) have distinct requirements in comparison to conventional 

frames, which concentrates the inelastic behaviour of the structure on the braces and enhances the 

ductility of the braces and their connections. These requirements enable greater energy dissipation and 
ductility, resulting in the ability to design these frames for lower loads than regular braced frames. The 

increased energy dissipation capacity and ductility make them particularly suitable for use in areas with 

higher seismic demands. Figure 1 illustrates typical configurations of concentrically braced steel 

frames. 

Other frequent strengthening techniques include eccentrically braced frames and buckling-restrained 

braced frames (BRBF), which are not the focus of this research. 

 
Fig. 1 – Typical configurations of centric steel braced frames [2] 

 

Numerous studies have been conducted to enhance the seismic performance of Chevron braced frames 

(Inverted V-Bracing). Researchers have specifically examined the use of novel technologies such as 

dampers, and each system has its own advantages and disadvantages. The idea of using dampers in 

bracing systems was first proposed by [3] who developed the ADAS (Added Damping and Stiffness) 
system and [4] who created TADAS (Triangular Plate Added Damping and Stiffness), conducted 

experimental tests and theoretical studies. 
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The ADAS and TADAS steel plate devices (Figure 2) are a series of steel plates intended for use in 
frame structures. They are activated during relative story displacement, causing the top of the plate to 

move horizontally relative to the bottom of the plate. The yielding of the steel plates enables the 

ADAS/TADAS device to dissipate a significant amount of energy during an earthquake. The energy 

dissipation through yielding ADAS/TADAS devices has several benefits: 

• the energy dissipation is concentrated in designated areas, 

• the energy dissipation demands of other structural elements are reduced, 

• the yielding of the ADAS/TADAS device does not compromise the capacity of the vertical 
load-bearing system supporting the gravity loads, as the device is a component of the horizontal 

stiffness system and does not significantly affect the vertical stiffness. 
 

 
Fig. 2 – The behaviour of ADAS (upper) and TADAS (lower) dampers during an earthquake [3, 4] 

3. Geometric and material properties of the frame specimens 

The steel frame specimens used in this study consist of HEA 120 columns connected at the top to HEA 

120 beam. The beam is equipped with face plates, which serve to increase the contact area over which 
shear loads are applied. The columns are connected at the bottom by a beam with HEB 220 cross-

section (Figure 3). The yield strength and tensile strength are obtained from [5], with an average yield 

strength of 337 MPa and an average tensile strength of 483 MPa. The modulus of elasticity is 210 GPa. 
It is worth noting that the frames utilized in this research have already been tested by [5] and as such 

have minimal imperfections stemming from residual deformation, as the frame specimens barely 

reached their yield strength. A bare frame is depicted in Figure 3a. The rotational stiffness of the joint 

was determined numerically to be 2 MNm/rad, which is essential for future numerical analyses. 

It was determined to use the Special Concentric Braced Frame (SCBF) in conjunction with the 

dissipative TADAS device. All steel used for the strengthening is of grade S235. The Chevron-shaped 

Special Concentric Braced Frame (CSCBF) allows for in-plane or out-of-plane buckling of the diagonal 
elements. For architectural and safety reasons, a design was chosen in which the diagonals buckle in-

plane. The diagonal buckling is ensured by a knife plate with a clear width of 3·tp, where tp is a knife 

plate thickness of 8 mm. The design of all details was carried out iteratively [1, 6]. Figures 3b and 4 

illustrates the adopted dimensions, which ensure over 85% utilization of the element and the compliant 
hierarchy of diagonal brace elements (HSS 50×50×3.2 mm). The same brace cross-section is employed 

when the bare frame is strengthened with a TADAS dissipation device. In this instance, the utilization 

of the diagonal braces is slightly lower as the buckling length is smaller. The calculation was performed 

according to [4], and the dimensions can be seen in Figures 3c and 6. 
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 a) 

 b) 

 c) 

Fig. 3 - Geometries of test steel frames: a) Bare frame, b) Inverted V-braced/Chevron frame, c) TADAS frame 
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Fig. 4 - Details of diagonal element connections, gusset plates, knife plates, clearance distances and welds  

 

 

Fig. 5 – Steel frames within reaction frame for cyclic testing 

 

TADAS was designed and ultimately consisted of 9 plates of class S235, a height of 200 mm, a base 
width of 80 mm and a thickness of 20 mm (Figure 6). Before the static cyclic tests, the first three natural 

frequencies were determined and summarized in Table 1. 
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Fig. 6 – Geometric details of the TADAS dissipative element 

 

Table 1. Natural frequency values for all tested frames 

Eigenmode 

shape 

Natural frequencies [Hz] 

Bare frame Chevron (Inverted V-braced) frame TADAS frame 

#1 / Out-of-plane 8.36 9.40 7.20 

#2 / Torsion 10.80 12.45 12.51 

#3 / In-plane 30.09 86.30 46.88 

4. Global response of steel frames 

The static cyclic tests were conducted in accordance with the protocol of FEMA 461 [7], using a total 
of 13 cycles to target displacement. The frames were loaded in the horizontal direction only, without 

any constant gravity loading. The maximum lateral load capacity for the Chevron frame was twice as 

high (up to 200 kN) and three times as high for the TADAS frame (up to 300 kN) compared to the bare 
moment-resisting steel frame (up to 100 kN) as illustrated in Figure 8. Testing was interrupted for the 

bare and TADAS frames after substantial out-of-plane instability occurred, and for the Chevron frame 

after a diagonal tensile failure (Figure 7). In the case of the TADAS frame, buckling of the compression 
diagonals did not occur, which would have been anticipated with larger displacements. This is because 

the dissipative TADAS element, consisting of 9 plates, hardens during the test, resulting in an 

emphasized isotropic hardening. 

 

 
a) 

 
b) 
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c) 

 
d) 

   
e)                                           f) 

   
g)                                           h) 

Fig. 7 - Photos of steel frame specimens during static tests, a) Bare frame, b) Chevron frame (Inverted V-

braced frame), c) & d) TADAS frame, e) rotation of knife plate on Chevron frame due to buckling of 

compression diagonals, f) & g) before and after fracture of tension diagonals in Chevron frame, h) out-of-

plane instability of frame (torsion), whereupon tests on TADAS frame were stopped. 

 
Figure 9 presents the hysteresis envelopes in conjunction with the corresponding secant stiffnesses of 

individual specimens. The envelopes are generated as an average of the positive and negative load 

directions to consider imperfections in the test specimens and boundary conditions. 

 
Fig. 8 - Global hysteresis responses of all steel frames 
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Fig. 9 - Hysteresis envelopes and associated secant stiffnesses for all steel frames 

 

The experimental testing of the bare frame (BF) and TADAS frame (TF) was prematurely terminated 
because of significant global out-of-plane instability. Similarly, testing of the Chevron frame (CF) was 

discontinued due to a brace tensile failure. No buckling of the compression diagonals was observed in 

the TF. The TF exhibited a greater emphasis on isotropic hardening. The ductility of the CF was found 

to be 0.6 times lower, while that of the TF was 1.4 times higher in comparison to the BF. The initial 
stiffness of the system was determined to be 5 times higher in the CF and 2 times higher in the TF, in 

comparison to the BF. The cyclic responses of the specimens displayed symmetrical behaviour. The 

cumulative energies are illustrated in Figure 11, up to the largest common cumulative displacement. 
 

 
Fig. 11 – Cumulative hysteretic energies up to the largest common cumulative displacement 

4. Conclusions 

The utilization of strengthening techniques can significantly contribute to an improved response of steel 
frame structures in seismic design scenarios. The strengthening measures can be applied during the 

design stage of the structure or after it has been constructed. During design, the incorporation of 

strengthening measures can decrease the dimensions of the column cross-section, resulting in a more 
efficient design. By strengthening an existing structure, an increase in horizontal stiffness can be 

achieved. 

Both types of strengthening resulted in higher load-bearing capacity compared to the un-reinforced 
frame. The diagonally braced frame (Chevron frame) achieved twice the lateral load-bearing capacity 
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compared to the bare frame, while the TADAS frame achieved almost three times the load-bearing 
capacity compared to the un-reinforced frame. A frame with concentric bracing could only achieve just 

under half the displacement compared to a bare frame. The frame with the dissipative TADAS 

connection achieved 32% greater displacement than the frame stiffened with concentric bracing. The 
TADAS frame is more ductile than the Chevron frame and has a higher load-bearing capacity, which 

is a desirable behaviour. The behaviour of a bare frame can be predicted well. Damage occurs at the 

expected locations, namely at the base of the columns. It is assumed that the bare frame would have 

made larger displacements if there had not been a loss of out-of-plane stability. 

It was expected that the TADAS frame would withstand a greater load than a Chevron frame, which 

was the case. The advantage of this type of strengthening is that it has retained the best behavioural 

characteristics of the other two types of strengthening, i.e., the advantage of higher load-bearing 

capacity with sufficient ductility. 

Experimental testing of the bare frame (BF) and TADAS frame (TF) was prematurely terminated due 

to the emergence of significant global out-of-plane instability. Testing of the Chevron frame (CF) was 

similarly discontinued as a result of brace tensile failure. Analysis revealed that the ductility of the CF 
was found to be 0.6 times lower, while that of the TF was 1.4 times higher, in comparison to the BF. 

The initial stiffness of the system was determined to be 5 times higher in the CF and 2 times higher in 

the TF, in comparison to the BF. The cyclic responses of the specimens displayed symmetrical 
behaviour. The TF was observed to dissipate 4 times more energy at the point of failure (brace fracture 

vs out-of-plane instability) than the CF. It is thus important to carefully design the braces and plates of 

the TADAS element in order to maintain the plasticization hierarchy. 
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Abstract 

Multi-story reinforced concrete structures in previous periods, in general, do not meet current seismic design code 

requirements, including the poor materials and execution of civil engineering works. In the scope of this, is 

analyzed the behavior of the structures during the Earthquake of November 2019, in Albania, specifically in 

different building stocks. 

Typical structural deficiencies observed in reinforced concrete (R/C) frame buildings affected by the 2019 

earthquake reveal that many collapses occurred could be attributed to the poor quality of construction and use of 

non-ductile detailing and during the assessment that deficiency beam–column joints can jeopardize the integrity 

of structures. In general, it is accepted that beam-column joints are critical elements of reinforced concrete 

buildings subjected to lateral loads and that they may require specific design. Assessment reports have often 

indicated that beam-column joints, which are one of the most vulnerable and critical structural elements, often 

suffer shear and/or bond (anchorage) failures leading to a partial or total collapse of the structure. 

This paper will present some of the destructive and non-destructive tests specifically to the beam-column joints 

and techniques using fiber-reinforced polymers (FRP) for strengthening. Strengthening of beam-column joints by 

FRP materials nowadays is treated with various analytical approaches integrated in different software. Various 

analyses have been conducted and a practical proposal for retrofitting is presented in cohesion with the study case 

and the implementation. 

Keywords: beam-column joint, moment-resisting frame, seismic behavior, strengthening, FEM analysis 

1 Introduction 

An earthquake generates multiple seismic loads of varying intensities that can damage a building, 

necessitating the design of all components to withstand such loads. The reinforced concrete (R/C) frame 

joints are crucial in providing a continuous load path to transfer applied loads between beams and 

columns. These joints experience significant forces during an earthquake and can reach their maximum 

capacity before the building stops swaying. Inadequate design and detailing of the joints can lead to 

premature failure, causing the structure to collapse. Therefore, proper detailing and design of R/C frame 

joints are critical for ensuring the building's stability and safety during seismic events[1]. At the beam-

column joint, transversal reinforcement is used to enhance the ductility of the element and, therefore, 

the structure. The amount of seismic energy absorbed by joints depends on how much the column and 

beam deform without reaching their ultimate capacity[2]. Fig. 1 illustrates the behavior of an element 

under bending, from the initial cracks to ultimate deformations. Under both permanent and transient 

design situations, the structure is calculated with linear-elastic approaches and has linear elastic 

behavior. However, under seismic loads, the elements enter the plastic phase of non-elastic behavior. 

As shown in Figure 1, the plastic zone is from point A to point D. Point D' is reached through retrofitting. 

The figure also demonstrates how the use of additional exterior reinforcement with FRP extends the 

plastic zone. This kind of improvement provides a significant increase in the strength of the joint, which 

is essential for horizontal loads. The purpose of this paper is to investigate the feasibility of retrofitting 

the joints in RC frames, specifically in older buildings[3]. The case studies used in this research were 
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chosen to represent the in-situ conditions of collapsed buildings in Albania. Whether it's inadequate 

material quality or reinforcement ratio, the examples show the clear difference in behavior between an 

unreinforced joint and one reinforced with FRP. 

 

 

Fig. 1. Beam/column plastic zone enhancement. 

2 Joints in resisting frames structures 

Reinforced concrete is a popular construction material due to its strength, durability, and low 

maintenance cost. However, concrete beams and columns without reinforcing bars lack ductility and 

are brittle. Although steel reinforcement adds ductility to the structure, it alone does not guarantee the 

desired behaviour of the beam-column joint. Comprehensive and adequate joint detailing is critical to 

ensure its performance and ability to withstand anticipated loads. Building codes prescribe detailed 

requirements for joint detailing, including member sizes, reinforcement ratios, anchorage lengths, and 

flexural strength. Compliance with these codes ensures the desired performance of the structure under 

various loading conditions, ensuring safety and structural integrity[4]. A nonlinear analysis is necessary 

to understand the behaviour of a reinforced concrete (R/C) frame during seismic events. The collapse 

of an R/C frame is due to the formation of a plastic hinge mechanism caused by the cycling load on 

frame components that develops a hysteric loop in the beam/column. During high seismic forces, failure 

occurs in the joint due to the failure of the diagonal compression strut and the development of large 

shear cracks, resulting in spalling of the concrete core, buckling of rebars, beam failure, and, ultimately, 

column failure. 

Tests have been conducted to investigate the effects of different joint configurations on the seismic 

performance of R/C frames. Results suggest that joint performance improves when the hooks' ends are 

bent into the joint core. Additionally, 14 experiments examined the impact of axial column force and 

reinforcement on joint behaviour. These experiments provide valuable insights into the behaviour of 

R/C frames under seismic loading, which can inform the development of more robust and reliable 

structures[5]. It is noticeable that specimens with higher axial load had delayed shear cracking. Shear 

reinforcement within the joint gave higher capacities and gradual strength degradation. Depending on 

the joint's reinforcement detailing, damage mechanisms are also different. As for the system, early 

cracks in joints reduce the rigidity of the system and cause an uncontrolled redistribution of the stresses. 

Some of those cracks are shown in the figures below[6]. 
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Fig. 2. (a) Compression of the inner fibers; (b) tension of the inner fibers and; (c) alternative moment. 

 

Fig. 3.(a) Compression of the lower fibers; (b) tension of the lower fibers and; (c) alternative moment.

 

Fig. 4. Interior joint: (a)Horizontal load from the right side; (b) Horizontal load from the left side and (c) 

alternative horizontal load.  

3 Assessments in Albania 

The recent earthquake in Albania highlights the critical significance of proper detailing, dimensioning, 

appropriate construction materials, and foundation design. The failure of many buildings during the 

earthquake was attributed to the removal of masonry walls on the first floor, creating soft stories and 

discontinuity in the rigidity of the structural system, resulting in the structure's collapse at the early 

stages the earthquake. Various factors, such as concrete quality discontinuity, low concrete strength, 

construction errors, artistry, and steel bar corrosion, can adversely impact the lateral stiffness of the 

structural system[7]. The in-situ testing proves the latter statement. The quality of concrete was assessed 

using both non-destructive and destructive methods which are shown below[8]. For a more detailed 

analysis, we used in-situ testing methods for evaluating concrete strength with Hammer Schmidt and 

the damaged parts 

to evaluate the concrete by taking and preparing samples with dimensions 60x60x60mm for laboratory 

investigations as described in Table 1.  

 

 

Table 1. – Test results – Nondestructive (Non damaged part) and Destructive (Damaged part) [8] 

Pos Xmin Xavg 
fcki 

(N/mm2) 

Circular 30 37.6 38.8 

(a) (b) (c)

(a) (b) (c)

(a) (b) (c)
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Column 

Rectangular 

Column 
33 38.3 40.0 

Rectangular 

Column (laboratory test) 
N/A N/A 8.58 

 

Fig. 5. Plastic hinge at the columns of multi stories building, inadequate materials and other deficiencies. 

 

3.1 Retrofitting strategy 

FRP exhibits elastic behaviour, characterized by the absence of a distinct yield plateau. Its tensile 

strength significantly exceeds that of steel, making it an ideal choice for external reinforcement layers, 

which enhance joint resistance. The present study involves column jacketing and single-sided joint 

cover retrofitting, utilizing the Mapewrap system fabrics. The approach adopted for quantifying the 

contribution of FRP reinforcement is based on the guidelines outlined in the recent FIB Bulletin 90, 

which addresses the use of FRP for reinforcing existing structures[9]. A two-dimensional sectional 

analysis program for beams and columns is used to calculate the strength and ductility of a R/C cross-

section subjected to shear, moment, and axial load, thus extracting the moment-curvature and moment-

max cracks joint curves[10]. The calculations are based on the following approaches: Shear tensile 

stress of FRP (expression (2)); shear tensile stress in the joint (expression (3)) and shear tensile capacity 

of the joint (expression (4)). 

 𝑉𝑗ℎ.𝑑.𝑚𝑎𝑥 = 𝑉𝑗ℎ.𝑑 =
𝑀𝐸𝑑.𝑠𝑥

0.9(ℎ𝑏.𝑠𝑥 − 𝑐)
+

𝑀𝐸𝑑.𝑑𝑥

0.9(ℎ𝑏.𝑑𝑥 − 𝑐)
− 𝑉𝐸𝑑 (1) 

Med,sx – Bending moment on the left beam 

Med,dx – Bending moment on the right beam 

c – Cleare concrete cover 

hb.dx – Height of the right beam 

hb.sx – Height of the left beam 

VEd – Shear force acting on the base of the upper column 

 𝜎𝑗𝑡,𝐹𝑅𝑃 = 𝜀𝑓.𝑑  𝐸𝑓 𝐴𝑓 (
𝑏𝑐  ℎ𝑐

𝑠𝑖𝑛𝛳
)⁄  (2) 

 

 
𝜎𝑗𝑡 = |𝑁 2𝐴𝑗⁄ − √(𝑁 2𝐴𝑗⁄ )

2
+ (𝑉𝑗 𝐴𝑗⁄ )

2
| ≤ 0.3 √𝑓𝑐 (3) 

In accordance with what is prescribed in the guideline, the resistant capacity of the node panel is fixed 

at the drawing of a main traction stress equal to 0.3√fc. The question comes calculated as a function of 

the knot shear, Vj, and the normal force acting at the base of the primary column. 
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 𝜎𝑗𝑡 ≤ 0.3 √𝑓𝑐 + 𝜎𝑗𝑡,𝐹𝑅𝑃  (4) 

4 Study case 

A representative model is developed referencing common structures in Albania, and the internal forces 

taken into consideration here are from the joints of the first floor. The following examples are presented 

here; 3D geometry of study case where interstory height is 2.7m; bay dimensions are 4mx4m, the 

number of stories is 6 and referent modes are T1=0.95s; T2=0.93s; T3=0.77s. The observed damage to 

buildings caused by earthquakes is various, and for analysis, three main study cases have been 

considered: study case 1- Inadequate detailing, good material properties, study case 2- Inadequate 

material properties, moderate detailing and study case 3- Moderate detailing and material qualities. 

 

Fig. 6. 3D geometry of the reference structure and referent plane section. 

 

ATENA in combination with GiD is used to conduct FEM analysis because it provides the possibility 

to model the strengthening of different structures[11]. ATENA-GiD is a finite element-based software 

system specifically developed for the nonlinear analysis of reinforced concrete structures. The reference 

experimental investigation uses light FRP strengthening solutions that are applied to the joint panel 

completely from the exterior of a building[12]. The investigated FRP-strengthening layouts are 

designed according to minimize the level of disruption caused by their application.  Material model for 

1D reinforcement is the most suitable for FRP lamellas where lamellas are more line strengthening 

elements than planar, they are modelled as 1D reinforcement elements[13]. 
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Fig. 7. (a)Description of  geometry and reinforcement; (b) Instrumentation and test setup. 

 

Fig. 8. Shear-drift response of tested joints: (a) envelope of unstrengthened joint vs FEM model plot; (b) first 

cycle envelope of FRP strengthened joint vs FEM model. 

FE analysis of joints under cyclic incremental loading is conducted in reference to the control joint. 

Material constitutive laws and bond slip parameters of FRP are determined through an iterative process. 

Iteratively the procedure for obtaining a new bond slip function of FRP is progressively repeated until 

an acceptable adjustment of the load-displacement diagram is achieved where the percentage of error 

is achieved.  
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4.1 Study Case 1 

The primary factors that characterize Study Case 1 are inadequate detailing and material properties, as 

indicated by the data presented in table 4. The moment-curvature diagram, which illustrates the capacity 

of the column and beam, further supports this assessment. Additionally, data pertaining to the FRP 

strengthening system, as presented in [14], further highlights the deficiencies in the structural system. 

These examples demonstrate the significance of proper detailing and quality material properties in 

ensuring the structural integrity of a building. 

 

 

Table 2. Geometry of the joint for all study cases 

  Top col. Bottom col.   Left beam Right beam 

hc [mm] 300 300 hb [mm] 500 0 

hc [mm] 300 300 hb [mm] 250 0 

        Left  Right  

Bay length [mm]     4000 0 

        Top Bottom 

Interstory height     2700 2700 

Table 3. FRP “MapeWrap C BI-AX 300 - E 256” mechanical properties for all study cases 

σk εfk Ef tf Fibers ffd 

4830 MPa 0.021% 230000MPa 0.164mm Carbon 3421.25MPa 

Table 4. Column beam detailing data for study case 1 

Concrete Dmax Co.nom Rebars fy 

C20/25 31.5mm 2.0cm 240MPa 

 

Fig. 7. Reinforcement detailing of the joint and the layout of the strengthening scheme. 

The U-wrap end anchorages typically involve the utilization of uniaxial fabric that is extended by 

approximately 750 millimeters at the terminus of the beams and columns that frame the joint. 
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The moment-curvature diagram depicts the correlation between the bending moment (M) and curvature 

(Φ) of the beam/column, with a characteristic shape observed in all study cases. This diagram serves as 

a tool to evaluate the stiffness of the beam/column, its ultimate strength, load-deflection behaviour, and 

design considerations. The vertical axis represents the bending moment, while the horizontal axis 

indicates the curvature (mrad/m). Additionally, the moment-max crack width diagram represents the 

element's behaviour, where the inertia moment, stiffness, and other parameters decrease as the crack 

width increases. 

  

Fig. 8.  (a)Beam and column moment-curvature diagram; and (b)Moment-max crack width diagram. 

In the first study case, the column moment yield point exceeds the maximum moment resistance of the 

beam, meeting the criteria for satisfaction as per the Eurocode 8 standards. A comparison of the 

diagrams from all study cases allows us to infer that favorable material properties significantly impact 

the behaviour of the beam/column system. At the same time, the reinforcing measures exert a more 

significant influence on the joint's response. 

 

4.2 Study Case 2 

The analysis of Study Case 2 reveals moderate detailing and inadequate material properties, as 

evidenced by the data presented in 5. Moderate detailing and inadequate material properties of R/C 

joints can reduce the capacity to resist lateral forces from earthquakes, resulting in premature failure. 

Inadequate material properties can lower strength and ductility, while moderate detailing can result in 

insufficient reinforcement and anchorage. These factors increase the risk of joint failure, causing 

significant damage to the structure and jeopardizing the safety of occupants. Properly detailing and 

using high-quality materials are essential for optimal joint performance during seismic events. 

Table 5. Column beam detailing data. 

Concrete Dmax Co.nom Rebars fy 

C12/15 31.5mm 2.0cm 400MPa 
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Fig.9.  Reinforcement detailing of the joint. 

  

Fig. 10.  (a)Beam and column moment-curvature diagram; and (b)Moment-max crack width diagram. 

The diagram above demonstrates that the column moment yield point is significantly lower than the 

maximum moment resistance of the beam. Despite the joint possessing moderate detailing, its response 

is unsatisfactory. 

4.3 Study case 3 

The examination of Study Case 3 elucidates a state of moderate detailing and material characteristics 

substantiated by the data presented in Tables 12 and 13. The moment-curvature and moment crack 

width diagrams, derived from the aforementioned tables, provide additional evidence to support this 

classification. This instance exemplifies the interdependence between the quality of detailing and 

material attributes in determining the structural soundness of a building. 

 
Table 5. Column beam detailing data 

Concrete Dmax Co.nom Rebars fy 

C20/25 31.5mm 2.0cm 400MPa 
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Fig. 11.  Reinforcement detailing of the joint 

 

Fig. 12.  (a)Beam and column moment-curvature diagram; and (b)Moment-max crack width diagram 

In the above diagrame the beam and column have a similar response to the load applied. All three study 

cases give the capacity of the joint, which, when compared is below the demand. 

Table 6 Results of joint capacity and demand values for all study cases. 

  Study case 1 Study case 2 Study case 3 

Capacity 0.3√𝑓𝑐𝑑 0.4 0.34 0.4 

Demand 𝜎𝑗𝑡 1.05 1.05 1.05 

Result 0.3√𝑓𝑐𝑑  ≥  𝜎𝑗𝑡 Failure Failure Failure 

Table 7 Joint safety check after strenghtening. The following results have those inputdata on ns=1; ns=1; nl=1; 

ηa=0.85; ϒf=1.1 and the data in Error! Reference source not found. 

 Study case 1 Study case 2 Study case 3 

Capacity 0.3√fcd + σjt.FRP 1.26 1.09 1.26 

Rezult 0.3√fcd + σjt.FRP ≥ σjt Satisfied Satisfied Satisfied 
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Fig. 13. Joint shear-drift response of analyzed joints: (a) FEM model plot and peak to peak envelope of 

unstrengthened joint; and (b) FRP strengthened vs unstrengthened joint  

5 Conclusions 

In seismic design scenarios, the behaviour of reinforced concrete (R/C) frame joints plays a pivotal role 

in determining the failure mechanism of the structure. Typically, the tensile shear capacity dominates 

the failure mode, while the compression strut exhibits adequate capacity. 

The use of FRP as a strengthening material in exterior or corner joints can increase the shear tensile 

capacity. Notably, up to three layers of FRP can result in a substantial improvement in capacity, beyond 

which further layering is not recommended due to diminished retrofitting efficacy. 

The layout scheme should incorporate mechanical anchors to prevent FRP failure resulting from low 

bond strength between FRP and concrete. Examples of such anchors include a U-wrap at the end of the 

beams or FRP spike anchors.Under seismic design situations the deformation of R/C frame joints 

determine the collapsing mechanism of the structure.  
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1. Abstract 

The reconstruction process of residential buildings damaged by L'Aquila 2009 earthquake initially involved 

buildings outside historical centres and then, starting from August 2012, residential buildings in historical centres. 

The reconstruction model related to buildings in historical centres was developed by two special offices, involved 

in the reconstruction process of L'Aquila municipality and other municipalities, respectively. Both special offices 

introduced new procedures to manage the reconstruction based on a parametric model to define the maximum 

public grant to repair and strengthen the damaged buildings in historical centres. The new model was necessary 

to deal with the reconstruction of historical centres mainly characterized by old masonry building aggregates with 

a cultural and architectural heritage value. The data collected in the management process of reconstruction outside 

and inside historical centers, allowed obtaining precious and unique information on buildings and aggregates 

characteristics, damage and usability ratings as well as repair and retrofitting cost data obtained by funding 

requests. Furthermore, these data are the basis to carry out a comparison between the repair and retrofit cost data 

and peculiarities of residential buildings outside and inside historical centers. 

2. Reconstruction process of residential buildings inside and outside historical 

centers 

Two different phases can be clearly distinguished in the reconstruction process after the L'Aquila 

earthquake. A first phase involved the reconstruction of residential buildings outside historical centres 

(OHC); the reconstruction policy was regulated by Law 77/2009 and several Ordinances of the 

President of the Council of Ministers (OPCM). At this stage the financial strategy of the Italian 

government was to fully cover the repair work costs to restore the usability of damaged buildings; 

furthermore, different thresholds were defined for strengthening interventions as a function of the 

usability rating of each building. The usability rating was determined by proper post earthquake field 

inspections carried out by team of surveyors; the AeDES survey form (Baggio et al. 2007) was adopted 

as a tool for the seismic damage and usability assessment. According to the AeDES survey form, the 

buildings can be classified into the following categories: A. Usable buildings (slightly damaged, can 

keep on housing the functions to which it was dedicated); B. Building usable only after short term 

countermeasures (buildings with limited or no structural damage but with severe non-structural 

damage); C. Partially usable building (build-ings with limited or no structural damage but with severe 

non-structural damage located in a part of the building); D. Building to be re-inspected (due to atypical 

damage scenario a specific, but still visual, investigation is required); E. Unusable building (high 

structural or non-structural risk, high external or geotechnical risk); F. Unusable building for external 

risk only.  

For each building the repair and strengthening works and relevant costs were determined by 

practitioners engaged by owners. A proper team, called "Filiera" was set up to oversee these projects 

from the administrative, technical and economic angle and to deal with the numerous applications for 
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funding. At the end of this reconstruction phase, funding applications related to 5,775 residential 

buildings outside the historical centre of L'Aquila and other municipalities were examined and approved 

by the Filiera. The total amount allocated residential buildings outside the historical centre of L'Aquila 

municipality allocated until September 2013 was about 2,1 billion and the total amount due to the 

activity of the Filiera can be estimated of the order of 2.6 billion euros. Details about this first phase of 

the reconstruction process can be found in Di Ludovico et al. 2016a,b.  

The second phase of the reconstruction process involved buildings inside historical centres (IHC) of 

L'Aquila and other municipalities; the reconstruction policy was regulated by Law 134/2012, which 

introduces a parametric model to determine the maximum public grant eligible to restore the usability 

of damaged buildings. The financial strategy of the Italian government was to fully cover not only the 

repair and strengthening costs to restore the usability of damaged buildings but also to establish some 

extra public funds to preserve the cultural and architectural heritage value of these buildings.  

A new reconstruction model defined on the basis of new procedures was necessary in order to deal with 

the reconstruction of old masonry building aggregates (i.e. groups of masonry buildings to form 

complex building agglomerates) with a cultural and architectural heritage value. In this case, the 

reconstruction model refers to: a) Building Aggregates (namely BA); b) a portion of the BA with 

homogeneous characteristics, Aggregate Minimum Unit (namely AMU), see Figure 1 (e.g. the 

aggregate depicted in such figure is analysed by means of two applications related to AMU).The 

application for funding related to BA or AMU contains data related to one or more buildings (B) which 

consist of one or more dwellings.  

Historical masonry buildings incorporate structural elements, such as arches, domes, vaults and 

irregular shaped-columns, with earthquake-response, which is difficult to simulate and predict in 

numerical analyses; furthermore, the seismic retrofitting measures in these cases are not straightforward 

because they should encompass efficiency and safety, compatibility with existing materials, non-

invasive scheme and reversibility, as well as durability of the intervention. The built heritage 

conservation requires to apply minimally invasive techniques, but capable to ensure a significant 

increase of seismic safety. Operating on such a context involves a high level of un-certainty to define 

the state of preservation of structural and non-structural elements. It is particularly difficult to predict 

the exact amount of works to be performed during the design phase, therefore implementing a procedure 

capable of guaranteeing work in progress variants with an agile tool becomes essential, also ensuring 

expenditure control in the meantime. 

 
Figure 1. Building Aggregate and sub-units. 

 

Given the complex spatial and morphological structure of the territory, special rules for reconstruction 

have been issued for historical centres. The management of such stage of the reconstruction process 

was assigned to two special offices: the Special Reconstruction Office of L'Aquila - USRA - for the 
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reconstruction process of buildings in historical centres of L'Aquila, and the Special Reconstruction 

Office of the Crater Municipalities - USRC - for the reconstruction process of buildings in historical 

centres of other municipalities (56 municipalities in the area hit by the earthquake, the so called 

"crater").  
To date the reconstruction process of IHC residential buildings is still ongoing. Details about this phase 
of the reconstruction process can be found in a “white book”, published within the framework of the 
PE2019–2021 joint program DPC-ReLUIS, WP7: “Post-earthquake data analysis”, consisting of seven 
chapters dealing with different aspects (Di Ludovico at al. 2022): i) Reconstruction procedures for 
residential buildings damaged by L’Aquila 2009 earthquake; ii) The reconstruction process inside the 
historical centers; iii) Characteristicts of building stock in the historical centers; iv) Damage on 
buildings in the historical centers; v) Repair and retrofit interventions; vi) Cost analysis; vii) 
Comparative analysis between repair costs for the reconstruction inside and outside the historical 
centers. The book reports data related to funding requests for repair and strengthening interventions on 
1,421 BAs, 1,595 AMUs and 6,198 Bs. They corresponds to total amount of about 3,0 billion euros. 
Details about number of buildings per AMU and their total gross surface as well number of storey and 
total gross surface of Bs are reported in Figure 2; it clearly appears that in most cases (56%) AMU 
consists of three of less buildings and have an average surface of 1,343 m2 while buildings are 
commonly made by two or three storeys with an average surface of about 294 m2 

 

A
M

U
s 

 
 

(a) (b) 

B
s 

 
 

(c) (b) 
Figure 2. AMUs and Bs characteristics. 

The data reported in the study shows that damage suffered by the buildings located in the historical 
centers may significantly differ from that detected on isolated buildings outside the historical centers; 
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furthermore, for building aggregates, edge and corner buildings are more vulnerable than the internal 
ones. The cost analysis carried out on both OHC and IHC building stock, showed that significant extra 
costs need to be accounted in the reconstruction process to preserve, restore and mitigate the seismic 
risk of historic-architectural valuable elements, buildings with landscape interest or buildings of cultural 
interest 
The data collected by the Government Institutions involved in the 2009 post-earthquake reconstruction, 
both for OHC and IHC reconstruction process, provides an important database for future analyses and 
promote the definition of a unique code defining basic principles and rules for reconstruction. 
Furthermore, they are a precious for the calibration and refinement of models aiming at the evaluation 
of the seismic risk at large scale (Dolce et al. 2020, Di Ludovico et al .2022). 
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Abstract 

The seismic sequence during years 2016 and 2017 involved a great area In Central Italy, involving four regions 

and more than 100.000 buildings. Many main shock events occurred, namely Amatrice earthquake (Mw 6.0 on 

August 24th, 2016), Valnerina earthquakes (Mw 5.9 and 5.4 on October 26th, 2016), Norcia earthquake (Mw 6.5 

on October 30th 2016), and Montereale – Capitignano earthquakes (Mw 5.0, 5.5 on January 18th 2017) About 
80.000 buildings were damaged in the seismic events. In particular, some areas were involved also in the 2009 

seismic events (L’Aquila earthquake). 

After L’Aquila earthquake, during reconstruction period, many buildings with base isolation (both existing and 

new ones) have been realized in the city area.  

Furthermore, collapsed buildings, or heavily damaged buildings, were demolished and reconstructed with base 

isolation (both in foundation and above first elevation columns). The isolation systems were generally composed 

by both rubber high damping isolators, and plane friction isolators (sliding). 

Some buildings, which reported less structural damage during 2009 L’Aquila earthquake, were retrofitted with 

isolation systems, both with rubber high damping isolators, and plane friction isolators. 

All these isolated buildings were completed before year 2016, that is before the new strong seismic events in 

Central Italy. 

Several different dynamic and seismic behaviour were observed in those buildings, depending upon isolation 

system (noticeable differences have been observed between curved sliding isolators and rubber high damping 

isolators) and upon soil – structure interaction. Significant displacement has been observed caused by soft soil, 

and  inverse velocity seismic soil profile. Also, frequency response influenced isolated building behaviour. 

In the work several buildings are examined, analysing the seismic behaviour  both in the 2009 earthquake (with 

no isolation system) and during 2016 – 2017 seismic events (with isolation system). 

Keywords: Seismic isolation, earthquake, structure monitoring. 

1. Introduction 

According to the available data, more than 20,000 structures in the world have been protected by passive 

anti-seismic (AS) techniques such as seismic isolation (SI) or energy dissipation (ED) systems, shape 
memory alloy devices (SMADs), or shock transmitter units (STUs) [1-5]. They are located in more than 

30 countries (Fig. 1) and concern both new constructions and retrofits of existing structures of all kinds: 

bridges & viaducts, civil and industrial buildings, cultural heritage and industrial components and 

installations, including some high risk nuclear and chemical plants and components. 

The use of SI became particularly rapid especially after the Abruzzo earthquake of April 6, 2009, as a 

consequence of the large damage caused by this event to the conventionally founded structures and 

cultural heritage [8-9]. The use of the traditional High Damping Rubber Isolators (HDRBs), in 
conjunction with some sliding devices (SDs), is also going on, in both L’Aquila and other Italian sites, 

for several new constructions and retrofits [6, 7, 10, 11]. The application of new retrofit techniques 

using SI, has also been applied for both reconstructing L’Aquila and for enhancing the seismic 

protection in a very earthquake-prone area. 
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Figure 1. a) Isolated Buildings in the World;                b) Buildings with Seismic Isolation in Italy. 

 

2. Buildings retrofitted with seismic isolation after L’Aquila earthquake 

L'Aquila city was struck down by a 6.3 Mw and seismic moment M0 = 3.7 x 1018 N m (according to 

INGV) earthquake in 2009 April 6th. Its historical centre and all the surrounding suburbs were severely 

damaged, causing 309 casualties, and more than 1500 people injured. L'Aquila has been the first Italian 
important city directly destroyed by a near fault earthquake since Messina earthquake (1908). Many 

buildings collapsed completely, both in masonry structure and in reinforced concrete ones. Many 

buildings suffered heavy structural damages, like shear cracks in the pillars, shear cracks in the concrete 
walls, nodal ruptures, and even total or partial collapses. Some more recent buildings evidenced 

noticeable structural damage, mainly due to design errors and constructive inadequacy. 

Registered data showed response spectra very different due to the local amplification effects.as shown 

in Fig. 2. 

In particular, response spectra evidenced a local strong amplification in correspondence of the high 

frequencies (0 – 3 Hz) in the suburbs (Mount Pettino west area, in correspondence with an active local 

fault), where several reinforced concrete buildings were heavily damaged also in structural elements. 

The damage can be associated to dynamic resonance in correspondence of the highest values in the 

response spectra, due to the reinforced concrete building characteristics (main frequency often in the 

range 2.0 – 10.0 Hz). Some differences, due to soil amplification effect, were found in the centre of the 
city, as shown in fig. 3. The local site effect reveals itself noticeable in relationship with the dynamic 

behaviour of seismic isolated buildings. 

         

Figure 2. Response spectra in L’Aquila west area (near fault), amplification effect at 10.0 – 2.0 Hz. 
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Figure 3. Response spectra in L’Aquila central area, with secondary amplification effect at 0.6 – 0.7 Hz 

 

After the main seismic event, many buildings were retrofitted by the application of an isolation system.  

The base isolation seismic protection is a technique increasingly widespread in Central Italy, which is 

strategic for repair and strengthening both damaged and retrofitted buildings and new ones. In 
particular, when in the presence of structures with considerable structural irregularities, both elevations 

that planimetric, with structural elements with poor energy dissipating capacity of the seismic input 

energy, and construction details not satisfying due to the seismicity of the area, the base seismic 
isolation is the only constructive solution to the problem of making these structures seismic-resistant 

under conditions compatible even with a complex architectural appearance of the buildings themselves. 

The use of the anti-seismic systems and devices in the city context already includes not only the strategic 

structures (civil defence centres, hospitals) and the public ones (schools, churches, commercial centres, 

hotels), but also, and mainly, residential buildings and even many small and light private houses. 

A noticeable number of existing (and also reconstructed) buildings were seismically improved by 

application of seismic isolators, in particular High Damping Rubber Isolators (HDRB) and Sliding 

Devices (SD). In the following some of them will be examined in their main features. 

2.1 Building #1 (near west area) 

The first building under examination is located in the west area of the city, were no secondary 
amplification effect are detected. The building was heavily damaged during L’Aquila earthquake and 

was retrofitted by an isolation system. The damage concerned mainly brittle fracture in some pillars at 

low levels, and significant damage to the external infill panels, internal brick masonry panels and 

secondary non-structural elements. The type of non-structural elements damage is strongly variable but 

it is mainly related to wrong construction techniques, and, in second order, to wrong design. 

In most of these collapses, the presence of non-structural columns would prevent the rotation and 

failure. 

The high deformability of reinforced concrete structures has carried out to high levels of the 

compression and shear forces. Storey drifts have reached high values, not compatible with the stiffness 

and relevant flexibility of masonry infills. After 2009 earthquake, which caused the noticeable damage 

in structural and non-structural elements, the only way to prevent further damage and increased collapse 
risk probability has been the seismic behaviour enhancement by applying anti seismic devices 

(isolators) with a retrofitting technique. Furthermore, the high planimetric non regularity of the building 

(T-shaped) can be regularized only by the application of an isolation system. 
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Figure 4. a) Building # 1 (seven storeys)    b) Brittle fracture in a pillar  

By cutting pillar top edge, after reinforcing foundation and pillar lower part, 32 elastomeric isolators 

and sliders have been positioned. The HDRBs are 9 FIP SI-S 700/200 and 10 SI-S 800/200, and the 
sliding devices area 13 FIP VM 250/700/100. In fig. 5 the insertion of an isolator in the top of the pillar 

is shown. 

 

Figure 5. a) Enhancement of the lower part of pillars       b) Insertion of a HDRB isolators at the top of the pillar  

           

Figure 5. a) Strengthening of  a pillar   b) Cutting a pillar for isolator insertion 
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Figure 5. a) Strengthening and cutting the top of a pillar                        b) Control of the cutting of a pillar 

           

Figure 6. a) Insertion of an elastomeric HDRB SI-S 800                b) Insertion of a slider Vm 250/700/700 

            

Figure 6. a, b) Level 0 with all isolators at the top of strengthened pillars                b)  

The retrofitted structure has reached a level of vulnerability, by applying anti-seismic isolation, equal 
to the 80% of the corresponding new structure, according Italian seismic code. The same level of 

seismic vulnerability, before the application of the isolation system, was equal to  only the 15%, value 

which is confirmed by the damage in the 2009 earthquake. This building was hit again by nine strong 
earthquakes almost in the same area (Central Italy, epicentral distance from 30 to 50 km), in 2016 and 

2017, (Mw 6.0 on August 24th, 2016), Valnerina 3 earthquakes (Mw 5.9 and 5.4 on October 26th, 2016), Norcia 

earthquake (Mw 6.5 on October 30th 2016), and Montereale – Capitignano 4 earthquakes (Mw 5.0, 5.5 on January 

18th 2017) with no damage at all.  

2.2 Building #2 (west area) 

The second building under examination is located in the west area of the city too, were no secondary 

amplification soil effect are detected. Also this building was heavily damaged during L’Aquila 

earthquake, and was retrofitted by an isolation system. The damage concerned mainly brittle fracture in 
almost all pillars at ground level, and heavy damage to the external infill panels, internal brick masonry 
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panels and secondary non-structural elements. The type of non-structural elements damage has been 
caused by the low stiffness of the vertical structure, with expulsion of the infills at the first and second 

storey. 

The high deformability of reinforced concrete structures has carried out to high levels of the 
compression and shear forces. Storey drifts have reached high values, not compatible with the stiffness 

and relevant flexibility of masonry infills. After 2009 earthquake, which caused the noticeable damage 

in structural and non-structural elements, the only possibility to prevent further damage and increased 

collapse risk, also for this building, has been evaluated by enhancing the seismic behaviour with the 
application of anti seismic devices (isolators) with a retrofitting technique. Instead of realizing great 

plinth above the pillars, in this building the uplift of the structure was performed by inserting high 

strength steel bars, sustaining all the structure weight during isolators insertion in the top of the pillars. 

 

Figure 7. a) Position of isolators: red rubber isolator SI/N 450/126, blue sliders VM 250/250; b) section. 

                     

Figure 8. a) Building # 2 (six storeys)    b) damage end demolition of the infills  

 

The damage caused by the 2009 earthquake in the building infills determined the  need to completely 

demolish all the infills at the first two levels, and partially at superior levels (Fig. 8).  

The particular (and regular) shape in plan ed in elevation permitted to easily insert an isolation system, 
directly in the zero level, at the top of pillars, without any interference with secondary elements (infills, 

garage doors, lift) and with no compromission of the utilization of the rooms at that level. 

In order to strengthen the structure, an enlarged concrete section with new reinforcement bars were set 

up in all the pillars  (Fig. 9 b).  
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Figure 9. a) Brittle fracture in the top of a pillar      b) Increase of section and reinforcement bar in a pillar  

Depending on the structural characteristics (stiffness, residual capacity, deformability and interaction 

with infills), the isolation system has been designed in order to full satisfy the seismic demand in terms 
of displacement at the isolation level. It’s worth noticing that this building is located near an important 

fault (which caused destructive earthquake in the pas centuries), were near faults effects have to be 

taken into account in order to avoid inappropriate dynamical behaviour (vertical and horizontal 

resonances, soil – isolation system – structure interaction) 

              

Figure 10. a) HDRB and sliding devices at top of pillar                           b) Sliding device at top of a pillar  

          

Figure 11. a) HDRB rubber isolator SI/N 450/126           b) Sliding device in correspondence of the staircase  

The building has been retrofitted with sixteen SI-N 450/126 high damping rubber isolators and eight 

sliding devices VM 250/250. It’s worth noticing the position of sliding devices in correspondence of 
the staircase, (Fig. 11b) where they have been placed at a different height with respect the isolation 

level. The area of this retrofitted building is quite different from the preceding one, and is located near 

an active fault which caused several strong earthquakes in the past. The area has some resonances 
caused by the fault proximity. Also, this structure has been completely designed according to Italian 

code for new structures.  
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2.2 Building #3 (central area) 

The third building under examination is located in the central area of the city, were an important 

secondary amplification soil effect is detected. Also this building was heavily damaged during L’Aquila 

earthquake, and after demolition has been rebuilt with isolation system.  

 

Figure 12. Isolated building in the centre of the city of L’Aquila,  

where secondary amplification effects occur at low frequencies. 

The maximum seismic performance for this building has been gained by seismic isolation, but, 

according to the shown amplification effect (fig. 3), an accurately seismic design has been performed 

to take into account the probable high displacement during earthquakes in this area. 

Isolators were positioned underground, in correspondence of the new pillars, following the scheme in 

fig. 13a, with HDRB isolators FIP SI-S 800/160, and sliding devices FIP VM 300/600/600. 

  

Figure 13. a) Undestructure of the isolation system       b) HDRB isolator SI-S 800/160, sliders VM 300/600/600  

The isolation system has been designed in order to take into account not only the structure typology, 

but also the soil – structure interaction, in particular  the secondary resonance at low frequencies which 

area typical of the centre of the city (Fig. 3).  In particular (Figs. 14, 15), seismic movement joints have 

been designed to permit large displacement of the superstructure. 
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Figure 14. a) HDRB isolator SI-S 800/160                             b) sliding device VM 300/600/600  

      

Figure 15. a) HDRB isolator with external seismic joint                             b) Horizontal joint with superstructure  

The 2016 – 2017 seismic events and the behaviour of the isolated buildings 

 

Figure 16 a)– 2016 – 2017 seismic events and position of the isolated buildings b) spectral data (INGV) 

Jan 18, Mw 5.5 
Jan 18  Mw 5.4 
Jan 18 Mw 5.0 

Building #1 
Building #2 
Building #3 
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The above mentioned earthquakes, with a continued sequence of nine mainshocks, occurred in the same 
area of L’Aquila and 2009 earthquake. In particular, the buildings under examination have a short 

distance from the epicentres (about 35 km from Amatrice, 55 km from Norcia, and 20 km from the 

2017 sequence). The overall main events are reported in the following table. 

Table 1 – main seismic 2016 events in the area 

SOURCE Time [Utc] Latit. Longit. Depth 

[km] 

Magnitude Source Name 

Record 

24/08/2016 01:36:32 42,698 13,234 8.1 6.0-Mw BULLETIN TN015 

24/08/2016 01:56:01 42,601 13,276 7.7 4.3-Mw BULLETIN TN018 

24/08/2016 02:33:29 42,792 13,151 8.0 5.4-Mw BULLETIN TN032 

24/08/2016 03:40:11 42,614 13,244 10.7 4.1-Mw BULLETIN TN045 

24/08/2016 04:06:51 42,771 13,124 6.2 4.4-Mw BULLETIN TN047 

24/08/2016 11:50:31 42.82 13.16 9.8 4.5-Mw BULLETIN TN066 

24/08/2016 17:46:09 42,659 13,215 10.3 4.2-Mw BULLETIN TN074 

24/08/2016 23:22:06 42,654 13.21 11.8 4.0-Mw BULLETIN TN078 

25/08/2016 03:17:17 42,745 13,193 9.0 4.3-Mw BULLETIN TN080 

25/08/2016 12:36:05 42.6 13,282 7.5 4.4-Mw BULLETIN TN083 

26/08/2016 04:28:26 42,605 13,292 8.7 4.8-Mw BULLETIN TN086 

27/08/2016 02:50:59 42,843 13,238 7.8 4.0-Mw BULLETIN TN093 

28/08/2016 15:55:35 42,823 13,232 8.7 4.2-Mw BULLETIN TN102 

03/09/2016 01:34:12 42.77 13,132 8.9 4.2-Mw BULLETIN TO015 

03/09/2016 10:18:51 42,861 13,217 8.3 4.3-Mw BULLETIN TO017 

16/10/2016 09:32:35 42,748 13,176 9.2 4.0-Mw BULLETIN TP016 

26/10/2016 17:10:36 42.88 13,128 8.7 5.4-Mw BULLETIN TP021 

26/10/2016 19:18:06 42,909 13,129 7.5 5.9-Mw BULLETIN TP026 

26/10/2016 21:42:02 42,863 13,121 9.9 4.5-Mw BULLETIN TP053 

27/10/2016 03:19:27 42,843 13,143 9.2 4.0-Mw BULLETIN TP071 

27/10/2016 03:50:24 42,984 13.12 8.7 4.1-Mw BULLETIN TP073 

27/10/2016 08:21:46 42,873 13,097 9.4 4.3-Mw BULLETIN TP086 

27/10/2016 17:22:23 42,839 13,099 9.0 4.2-Mw BULLETIN TP103 

29/10/2016 16:24:33 42,811 13,095 10.9 4.1-Mw BULLETIN TP144 

30/10/2016 06:40:17 42,832 13,111 9.2 6.5-Mw BULLETIN TP151 

30/10/2016 07:34:48 42,922 13,129 9.9 4.0--ML Survey TP170 

30/10/2016 11:58:17 42.84 13,056 10.2 4.0-Mw Survey TP235 

30/10/2016 12:07:00 42,845 13,078 9.7 4.5-Mw Survey TP237 

30/10/2016 13:34:54 42,803 13,165 9.2 4.1-Mw Survey TP251 

30/10/2016 18:21:09 42.79 13,152 9.6 4.0-Mw Survey TP275 

31/10/2016 03:27:40 42,766 13,085 10.6 4.0-Mw Survey TP310 

31/10/2016 07:05:45 42,841 13,129 10.0 4.0-Mw Survey TP322 

01/11/2016 07:56:40 43 13,158 9.9 4.8-Mw Survey TP354 

03/11/2016 00:35:01 43,029 13,049 8.4 4.7-Mw Survey N.R. 

12/11/2016 14:43:34 42,723 13,209 10.1 4.1-Mw Survey TQ077 

14/11/2016 01:33:44 42.86 13,158 11.0 4.0--ML Survey TQ092 

29/11/2016 16:14:03 42,529 13.28 11.1 4.4-Mw BULLETIN TQ171 
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Many buildings in the area are under monitoring. The three examined buildings reported an ideal 

behaviour in heavy seismic conditions. 

Spectral data, recorded at the site of L’Aquila, evidenced some differences between central area and the 

western area of the city, due to well known soil resonances in the central area. 

The 2016 Norcia earthquake, in particular, caused a damaged building collapse in the central area. 

The isolated building had an optimal behaviour during the earthquake. They reported absolute absence 

of any kind of damage, structural and non-structural. Also, isolators (both HDRB and SD) had no 

damage and no residual displacement. 

The control of the displacement of the isolated structures, in the examined buildings, put into evidence 

some differences. 

In particular, maximum displacement was measured for each superstructure and insolation system in 

each building, as follows: 

Building #1 – maximum displacement 25 mm 

Building #2 – maximum displacement 30 mm 

Building #1 – maximum displacement 100 mm 

The difference of displacement depends on the soil – structure interaction and the relevant differences 

between the considered areas. 

It’s worth noticing that each system has been designed according to the parameters reported in table 2. 

 

Table 2 – design parameter and maximum displacement for the buildings 

Building 

# 

HDRB SD Kesi 

[KN/mm] 
x Isolation 

Period  

Design 

displacement 

Maximum 

displacement 

1 9 FIP SI-

S 700/200 

10 FIP 
SI-S 

800/200 

13 FIP VM 

250/700/100 
 

17.03 

 

15% 

 

2.64 s 

 

300 mm 

 

25 mm 

2 16 FIP 

SI-N 

450/126 

8 FIP VM 

250/250 

 

16.16 

 

10% 

 

2.28 s 

 

250 mm 

 

30 mm 

3 16 FIP SI-

S 800/160 

15 FIP VM 

300/600/600 

 

 

20.16 

 

10% 

 

2.43 s 

 

300 mm 

 

100 mm 

Conclusion 

The behaviour of the isolated buildings retrofitted or rebuilt after L’Aquila earthquake, subjected to 

new strong earthquakes in the same area, has been clear evidence of the excellent performance obtained 
by seismic isolation. After the 2009 earthquake, in the city of L’Aquila some hundred buildings have 

been seismically isolated. None of them reported any damage in consequence of the seismic events of 

2016 – 2017, in the neighbourhoods of L’Aquila. In particular, three isolated buildings have been 

monitored and controlled, and the results show that each building, without damage, had an optimal 
performance, permitting the use of the buildings itself with no interruption. Also the isolation system 

didn’t reported any damage and any residual displacement and deformation. 
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Seismically isolating the structure represents the best tool in order to maintains seismic security, 
resilience, total absence of damage (both structural and non-structural) and immediate usage of 

buildings and infrastructures even during very strong earthquakes. 
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Abstract 

The effects of seismic attacks in oldest parts of hit towns mostly depend on the quality of materials and 

construction technique even for low and medium intensity earthquakes. The negative consequences of traditional 

construction approaches appeared in all their evidence in many areas of Central Italy affected by recent seismic 

sequences of medium intensity (M5-M6) in 2016-17 where entire villages were destroyed. The reconstruction 

should solve the problem to rebuild with safety but preserving the historical aspect of buildings and landscape. 

This paper presents a particular application of the known technique of seismic isolation for the reconstruction with 

integral seismic protection of the worldwide known village of Castelluccio di Norcia in Umbria (Central Italy). 

The adoption of a seismic isolation system at city scale involves the construction of a large floating platform, 

having the dimensions of the entire compartment, supported by seismic isolators. In the considered case the 

platform is stepped due to the site orography, and, above it buildings are built with the aesthetic and constructive 

characteristics of the collapsed original ones. The solution allows a correct interpretation of the objective to rebuild 

"as it was, where it was", safeguarding the landscape, prolonging the lifetime, saving the expected cost.  

Keywords: seismic isolation, artificial ground, large scale isolation. 

1. Introduction 

The main events of the seismic sequence of the 2016-17 Central Italy earthquake resulted in the total 

destruction of some small towns like Arquata del Tronto, Pescara del Tronto, Castelluccio di Norcia, as 

well as of the large historic center of Amatrice [1]. The buildings that form these agglomerations, 

generally being spontaneous buildings, are characterized by a high seismic vulnerability [2] due to well-

known multiple causes: low quality of the materials and construction methods; lack or absence of 

earthquake-resistant details; decay of materials and damage associated with the age of the buildings and 

the attacks suffered over the lifetime; absence or inadequacy or harmfulness of maintenance works. 

For the management of the post-earthquake rebuilding, the Legislative Decree 189/2016 provided 

for an Extraordinary Commissioner carrying out his duties also by means of ordinances. To cope with 

difficulties that emerged during the first rebuilding phase, the Legislative Decree 76/2020 introduced a 

significant strengthening of the commissioner powers in derogation from the current legislation. The 

Extraordinary Commissioner has therefore, among others, the task of identifying urgent and particularly 

critical interventions and works, also in relation to the rebuilding of historical centers of the hardest hit 

municipalities, in order to arrange the acceleration measures necessary to ensure their fastest and most 

effective implementation. In order to achieve an immediate implementation of the interventions and 

ensure a rapid recovery of the territories damaged by the earthquake, both in terms of relaunching the 

normal living conditions of the population, and to support the restoration and restart of the economic 

activities present therein, the ordinances provided for derogating provisions of the regulations in force, 

with particular regard to the rules of the code of public contracts, taking into account that the 
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rebuilding’s needs are of such complexity that they cannot be effectively addressed with ordinary 

procedures. 

In particular, the Special Ordinance no. 18/2021 entrusts the rebuilding of the entire village of 

Castelluccio di Norcia, almost entirely destroyed by the seismic crisis of 2016, to the public 

management, within a single recovery program that integrates the construction of primary services and 

the restoration of both public and private buildings, in order to allow the complete rebuilding of the 

forma urbis by restoring the morphology of the soil and the configuration of public and private spaces. 

The Rebuilding Special Office (USR) of Umbria Region is identified as the implementing body for the 

execution of the interventions which procedural simplifications have been envisaged. The Ordinance 

defines the actions and activities that have to be implemented to start the overall rebuilding of 

Castelluccio’s historical center, identifying the works whose rebuilding or restoration takes on a 

particularly urgent and critical nature in relation to both intrinsic functions and characteristics, and to 

purposes the rebuilding of the social and economic fabric. 

This paper presents the results of a feasibility study [3] [4] that was the base for the reconstruction 

of the entire town of Castelluccio on a single seismically isolated platform, evaluating the main aspects 

of technical-economic feasibility: earthquake-resistant performance; construction technologies; 

compatibility of the urban fabric; cost/benefit analysis. 

2. The village of Castelluccio di Norcia 

Castelluccio, 1452 m a.s.l., is a fraction of Norcia’s Municipality, located between Monte Vettore (2470 

m) and Monte Patino (1885 m). Below the town extends the Conca di Castelluccio, a great depression 

at an altitude between 1250 and 1350 meters, surrounded by particularly high hillsides, which make the 

area unique and a source of tourist attraction. The area (greater than 17 km2) includes the so-called 

"Piani di Castelluccio": Pian Perduto, Pian Grande and Piano Piccolo. The city center, due to its position 

on the hill overlooking the plateaus on the border between Umbria and the Marches, has a conspicuous 

symbolic, identity and cultural value for the entire region and, thanks to the flowering’s phenomenon 

of the Pian Grande (Figure 1a), of international fame and recognition. 

The  history of Castelluccio date back to some centuries prior to 1200, the date of the first mention 

in the archive and is also linked to the tectonic and seismogenic characteristics of its territory. For 

seismic events of the past there are certain sources starting from 1703; in more recent times, we recall 

the several damages resulted from the Valnerina earthquake of September 9, 1979; from the seismic 

events of 1997; up to the earthquakes of 2016. Currently Castelluccio is almost entirely destroyed 

(Figure 1b): the seismic shock of 2016 caused the collapse of many buildings and the instability on the 

portions of the surviving buildings that led to their mandatory demolition and prohibition access to the 

area. The characteristic and typological image of the area is seriously compromised and altered due to 

the extensive damage and therefore requires an immediate and accurate rebuilding and restoration. 

  

Figure 1. Castelluccio di Norcia: a) flowering phenomenon of Pian Grande; b) post-earthquake conditions. 

 a)  b) 
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3. Target of the rebuilding 

The reconstruction works aims not only to provide the community with the ability to cope with a future 

calamitous event, but most of all to create a resilient village capable of transforming a critical issue into 

an opportunity for territorial development and progress research. It is evident that in the recovery’s 

context of small historic villages a more resilient system is, and must be in general, an urban system of 

higher quality (landscape, environmental, social, construction) which aims at respecting and enhancing 

local identities, with the regeneration of the affected areas through new unitary revitalization visions, 

territorial’s reactivation and anthropic balances, as well as the rebuilding not only of the buildings, but 

of the communities, reducing the risk of isolation of these places. 

The rebuilding of Castelluccio’s center has the ambition to constitute an important design model 

not only for the safety of the inhabitants and of the many tourists who visit every year the site, but also 

for the research and innovation sector from an anti-seismic perspective, through the creation of a system 

of spaces and paths that will make the infrastructure accessible and open to insiders and the entire scientific 

community interested in advanced processes and methods for post-seismic rebuilding [5]. 

The examination of places and works has highlighted a strong mutual interference between the 

buildings undergoing rebuilding and the public spaces, both for the direct sharing of containment 

structures of the foundational land and for the proximity of the location, which makes it strictly 

necessary to coordinate the construction site, imposing a specific implementation sequence. 

Based on the objectives contained in the board resolution of 24/05/2021 and the general principles 

laid down in Art.1 of the Special Ordinance no.18/2021, confirmed with the approval of the 

Implementation Plan (Resolution of the Municipal Council of Norcia no.1 of 03/14/2022), the public 

priority and preparatory interventions have been identified for public and private rebuilding, essential 

to fulfil the urban planning and primary services for the overall rebuilding of  Castelluccio village and 

to provide it with the necessary functional autonomy. These works, calibrated on the basis of the site 

characteristics and the area conditions of the built center, are designed to prepare and offer the essential 

elements for the reconstruction of living conditions for individual citizens and the community. It is 

important to highlight the complexity of the rebuilding action aimed at restoring functionality, in 

addition to preserving and restoring the identity of the places, through the safeguarding and rebuilding 

of the peculiar and representative elements of the architectural-landscape heritage, as well as of the 

cultural symbolic values. 

The priority public works, included in Annex n.1 of the Special Ordinance no.18/2021, relevant 

and urgent for the correct organization of territory protection and urban context, consist of: restoration 

of the main and secondary roads of the inhabited nucleus; terracing of the inhabited nucleus necessary 

for the consolidation and restoration of the morphology, as well as for the foundations themselves of 

the aggregates and religious buildings; underground utilities of the inhabited nucleus; construction of 

public areas; construction of underground parking lots, pedestrian and safety paths. To complete the 

implementation of the priority public interventions, necessary for the recovery of village livability and 

its socio-cultural values, it was also considered essential to regenerate, or rebuild, the entire building 

heritage due to its structural peculiarities of setting the buildings one above the other and in direct 

correlation with the roads and containment works, in order to coordinate and convey a quick and 

organized rebuilding with the full regeneration of this territory’s iconographic symbol. 

Along with the public interventions priority, therefore, the repair and rebuilding of the 

aggregates, private buildings and places of worship will have to be carried out, through a single recovery 

program that includes the restoration of public buildings and private residential fabric, simultaneously 

with the restoration of related infrastructures and underground services. The need to recover 

Castelluccio di Norcia village as soon as possible with a single program obviously cannot ignore the 

coordination and the organized action of the total rebuilding of the built complex and its public services, 

which, due to the center characteristics and to their complexity and identity value, must necessarily be 

carried out jointly to obtain a quick and synergistic implementation with the restoration of the forma 

urbis. 
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The Implementation Plan identified the urban core to be rebuilt in the pre-existing volumetric 

and architectural configuration, according to the provisions of Ordinance no. 110/2020 and the Special 

Ordinance no. 18/2021. The goals that the Commissioner action intends to pursue in the rebuilding of 

the inhabited centers damaged or destroyed by the seismic events are the city rebirth, understood as the 

social and economic fabric underlying the urban’s agglomeration life, and the rebuilding speed, 

understood as effectiveness and efficiency of physical rebuilding processes of buildings and urban 

spaces. In order to ensure compliance with these principles, the rebuilding of the forma urbis 

configuration with a unitary intervention, through the public rebuilding of public and private buildings 

coordinated with morphology’s restoration of the soil and the configuration of both public and private 

spaces, represents an innovative solution. 

The portion of Castelluccio that will be treated with the "artificial ground" solution is the one 

represented by the historic center; this, in fact, is also the only possible isolation solution due to the 

excessive buildings’ proximity: the construction of a single terraced platform including the entire 

historic portion of Castelluccio avoids possible lengthening of the construction times deriving from 

working with independent construction sites relating to individual aggregates, furthermore avoids the 

criticalities and further interferences connected with the construction of support works and terracing. 

4. Artificial ground for seismic isolation 

The term "artificial ground" defines a solution that provides for the seismic isolation of large platforms 

above which different constructions are built [6] [7]. Referring to the post-seismic reconstruction 

proposals based on the application of "artificial ground" previously formulated [5] [8] and to the 

realizations referred to in the aforementioned works, a collaboration activity was started between the 

Department of Civil and Environmental Engineering of University of Perugia, the USR of Umbria 

Region, and the Municipality of Norcia aimed at defining a seismic isolation system on a large platform 

for the reconstruction of Castelluccio. 

The use of artificial ground for post-earthquake reconstruction can only be planned in cases in 

which the destruction of a portion or an entire inhabited center is complete, and therefore a total 

reconstruction of the entire village or neighborhood should be provided. Within the historic center of 

Castelluccio, an area of approximately 6000 m2 was identified to be rebuilt on an isolated platform. The 

area (Figure 2a) has an irregular in-plan shape with overall dimensions of 90 x 80 m and is characterized 

by average slopes equal to 25% in the NS direction and 15% in the EW direction. Before the seismic 

events of 2016, the area included 18 masonry aggregates of 1, 2 and 3 stories, which covered about 

4150 m2 of ground area, with 59 residential units with a total floor area of about 12880 m2 and a volume 

of about 38650 m3. Among the buildings there are the Oratory Church of the Sacramento, completely 

destroyed, and the Church of Santa Maria dell’Assunta, of which only a portion of the apse remains.  

  

Figure 2. a) Implementation Plan for reconstruction (cultural heritage building in red color) and perimeter of the 

seismically isolated area (black color); b) typical development of buildings along the streets. 

 a)  b) 
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The total mass of the buildings involved in the project is equal to approximately 17300 t 

(assuming a unit mass of 1.3 t/m2 for masonry buildings). Since the building land area is 4150 m2, the 

unit mass of buildings to be isolated is 4.10 t/m2. To this contribution must be added the mass related 

to the "remaining" area, required for the restoration of the urban aspect, that is estimated equal to 11500 

t: the unit mass of the "remaining" area to be insulated, equal to 2120 m2, is equal to 5,40 t/m2. 

The fundamental aspects that are the subject of the evaluation of the technical feasibility of the 

project are the following [5] [8] [9]: (1) definition of the heights of buildings and plates; (2) optimization 

of excavations; (3) consolidations and terracing; (4) foundation and substructure; (5) isolation system; 

(6) isolated plate; (7) basements for elevation compensation; (8) plants and sub-services; (9) restoration 

of the urban fabric. 

5. Isolated stepped platforms 

The trend of the altitudes, with very significant slopes, represents one of the most problematic and 

characterizing aspects of the project. Figure 2b shows, as an example, the development of the elevations 

along one of the transversal streets of the village. In order to achieve a reconstruction spatially 

equivalent to the pre-earthquake situation, the aspect of the elevations must be considered as a priority. 

The base quotas and the elevation development of the buildings must be maintained or restored, both 

for the principle of restitution "where it was" and for avoiding incompatibility in the solutions of 

continuity between the isolated portion and the fixed base boundary. The isolated plate, which acts as 

the foundation of the buildings, is stepped and organized on a limited number of staggered elevations 

defined in order to satisfy two criteria: (i) to envelop the base quotas of buildings with a lowering from 

0.70 m (minimum) to 4.00 m (maximum); (ii) to limit the elevation differences of the steps below 6.00 

m. The resulting stepped plate has 11 reference elevations (Figure 3a) which cover the maximum 

difference in height of 25 m between the lowest and the highest area. 

Below the plate, the isolation interface and the foundation structure are provided. Figure 3b shows 

a constructive section of the solution. The base quotas of the excavation follow the same trend of the 

plate but are deepened by 1.50 m to cover the height of the isolation system and foundation structures. 

Similarly, the vertical retaining walls are set back by about 0.80 m with respect to the vertical faces of 

the stepped isolated plate. Ultimately, there is an increase in excavation volume of approximately 8000 

m3 compared to that of a conventional fixed-base solutions. 

A total number of 301 devices is provided for the seismic isolation of the plate. Their positioning 

derives from: (i) the arrangement at a distance of about 5-6 m, compatible with the vertical bearing 

capacity of the isolated plate, (ii) the modulation on the shapes of the horizontal shelves, (iii) the 

optimization of the dynamic response. The isolated plate has a height of 0.70 m which derives from a 

pre-dimensioning based on the assumption of a permanent load of 40 kN/m2 and an accidental load of 

8 kN/m2, derived from the estimates of the provided superstructure (buildings and fillings). In order to 

satisfy the strength check, a total reinforcement percentage equal to 0.8% is assumed. 

 

Figure 3. a) elevations of the stepped isolated plate; b) section of the isolated plate and sub-structures. 

 a)  b) 
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The isolators are arranged on pedestals having a section of 1.15×1.15 m set on a foundation 

consisting of a grid of 0.70 m thick r.c. beams. The space between the lower edge of the isolated plate 

and the upper edge of the foundation is limited to a height of 0.80 m, allowing for inspection operations 

also using self-moving automated systems.  

The equipment serving the buildings are installed in the space between the foundation and the 

isolated plate and are collected in the tunnels created in correspondence with the roads. The plants 

network include: water supply, sewer, electricity, optical fiber and telephone, gas. As regards the water 

(white/black) leaving the houses, pipes for the collection of the down pipes coming from each house 

are provided to converge to the lowest point of the plate where there will be flexible pipes descending 

towards the "fixed" ground below the isolated compartment. 

The urban fabric is reconstituted in a way that substantially corresponds to that pre-existing at 

the 2016 seismic event (Figure 4a) according to the concept "where it was, how it was", except for 

minor variations provided by the urban Recovery Plan. 

Above the isolated plate, both the road network and the buildings will be reconstituted. The 

correct positioning in elevation is got through rigid r.c. boxed bases (Figure 3b), located under the 

buildings and roads, which ensure the compensation of the differences between the quotas of the 

isolated plate and those of roads and buildings. These volumes do not have a functional definition but 

could be used as basements or for public use. The achievement of the design road quotas can be locally 

obtained through the filling of landfill material.  

Another important element, not related to the structural aspects and seismic protection, is given 

by the infrastructural nature and the urban dimension of the work, and is represented by the possibility 

of making a part of it visible and open to visitors with the creation of a multifunctional space accessible 

from the outside (Figure 4b) designed by prof. arch. Paolo Verducci. Accessibility to the infrastructure 

is guaranteed by an annular path (also designed for maintenance and monitoring) and through the 

creation of multi-purpose vaulted hypogeal spaces. On a strictly functional level, it is envisaged a 

museum use aimed at illustrating the main characteristics of the seismic isolation intervention and 

telling the millennial history of the territories of the plateau of Castelluccio di Norcia. The architectural 

form of the rooms is characterized by a double arch structural system resting on a reticular mesh of 

seismic isolators. The area, to be checked in the subsequent design phases, is approximately 650 m2. 

  

Figure 4. a) 3D simulation of rebuilt compartment; b) representations of the polyfunctional underground space. 

6. Characteristics and design of isolation system 

Given the importance of the project, the design has been carried out ensuring to the isolated system a 

performance level higher than the standard one, considering that this can be achieved without significant 

cost increases. It has been considered a reference period Vr = 200 years. The corresponding design 

seismic action is identified by a return period Tr = 2475 years. 

 a)  b) 
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On the basis of the available information, the subsoil category is B (semi-rigid soil) and the 

topographical condition is T3 (slope >15%). Ultimately, the elastic acceleration spectrum for the 

collapse limit state (SLC) is characterized by the following values of the seismic parameters: 

• bedrock acceleration ag = 0.441 g; 

• amplification coefficient FO = 2.45; 

• characteristic period TC* = 0.497 s; 

• soil amplification coefficient S = 1.20; 

• horizontal ground acceleration PGA = 0.529 g. 

The total isolated seismic mass given by platform shelves and walls, buildings, volumes of non-built 

areas, is approximately equal to Miso=45000 t. The average load acting on the isolated plate is Q=70 

kN/m2. 

The use of curved surface sliding devices with a coefficient of friction μ equal to 2.5% is assumed. 

This type of device is characterized by a bi-linear force-displacement behavior. The effective stiffness 

is equal to the sum of two contributions 

 𝐾 = 𝑁(1/𝑅 + 𝜇/𝑑) (1) 
where 

N is the axial load, 

R is the radius of curvature, 

μ is the coefficient of friction, 

d is the maximum displacement. 

Since the stiffness is proportional to the axial load and therefore to the mass that determines it, the 

isolation system is characterized by a substantial coincidence of the centers of mass and stiffness and 

therefore by the absence of significant torsional effects. Actually, this condition is not fully attained 

because also the friction coefficient is dependent on the axial load. The eccentricity between the centers 

of mass and the stiffness is anyhow reduced to values lower than 0.2% of the platform dimensions. 

From the preliminary assessments carried out with the aim of an oscillation period of the isolated 

system in the interval 2.50 - 3.50 s, the adoption of market devices with the following characteristics 

appears appropriate: 

Dg = 880 mm, diameter; 

H = 173 mm, total height; 

NEd = 6000 kN, maximum vertical load in the presence of horizontal displacements; 

Kd = 591 kN / m, effective lateral stiffness for mean axial force; 

Kv = 10000000 kN / m, vertical stiffness; 

dE = 350 mm, maximum displacement (collapse limit state). 

In order to optimize the response of the isolated compartment by mitigating the torsion effects, 

the possible additional installation of dissipating devices, strategically located and working in parallel 

and synergistically with the isolator system, has been hypothesized. The adoption of magneto-

rheological (MR) dissipating devices is hypothesized which, through an intelligent system for 

regulating their stiffness, allow to control the response with instantaneous re-centering. 

For the purposes of evaluating the seismic response of the system, a numerical model was built 

in which the stepped plate is reproduced with two-dimensional elements and the devices with linear 

elements. The superstructure (constructions and infrastructures) was considered in terms of loads acting 

on the plate with the values previously reported. Linear dynamic analyses were carried out to determine 

the response of the isolated platform and to carry out checks on the isolators. 

The two main translational modes have oscillation period values equal 3.16 s with nearly unitary 

participation mass rates. The maximum values of displacement and axial force on the isolators at the 

collapse limit state (SLC) are equal to 335 mm and 4201 kN, respectively, both compatible with the 

performance of the hypothesized devices. The maximum horizontal force value is 360 kN. None of the 

isolators exhibit tensile axial force. The 1.15×1.15 m section pillars of the substructure meet the SLV 

checks with reinforcement percentages less than 1.00%. 
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As regards the other categories of loads, in the examined situation the effects of the wind are not 

relevant [10], while the deformations associated with thermal variations are evaluated in the order of 

10 mm in consideration of the thermally insulated conditions of the substructure. The effects of 

temperature and shrinkage under construction can be mitigated and compensated by means of suitable 

technological and constructive solutions. 

7. Response to earthquakes recorded at site 

In order to analyze the actual seismic response of the isolated compartment, nonlinear dynamic analyses 

were carried out using as input the accelerograms recorded in the destructive seismic event of October 

30, 2016. The values of the peak accelerations for the three components corresponding to the X (EW), 

Y (NS) and Z (VERT) directions of the model are equal to 0.420 g, 0.634 g, and 0.801 g, respectively. 

The elastic acceleration response spectra of the two horizontal components of the event are greater than 

the SLV site spectrum provided by code. In the field of the fundamental periods of ordinary masonry 

and r/c structures (between 0.1 s and 0.5 s), the values of the spectral accelerations double those of the 

SLC site spectrum, reaching values of 2.00 g. On the contrary, in the range of oscillation periods typical 

of seismically isolated systems (> 3.00 s), the spectral accelerations of the records are lower than those 

predicted by the standard spectrum, with values of around 0.10-0.15 g. Therefore, considering the event 

of October 30, 2016, the reduction in the response spectral accelerations of the isolated base systems 

compared to the fixed base ones is about 15 times. 

The nonlinear behavior of the isolators was reproduced in the nonlinear numerical model by 

means of an elastic-plastic law characterized by the following parameters: 

K1 = 60 MN / m, stiffness of the initial elastic branch; 

F1 = 60 kN, force at the elastic limit; 

d1 = 1 mm, displacement at the elastic limit; 

K2 = 386 kN / m, stiffness of the plastic branch, considering the average axial load. 

The values derive from the geometric and physical characteristics of the hypothesized devices: 

R = 3700 mm, radius of curvature; 

μ = 4%, coefficient of friction (taking into account actual vertical loads). 

To evaluate the seismic response of the superstructures, the numerical model was integrated with 

linear elements constrained to the plate and characterized by periods of oscillation typical of the real 

buildings (0.10 - 0.40 s). The response was calculated for both the isolated and fixed base condition by 

applying the recorded accelerograms of October 30, 2016. The maximum displacement of the isolators 

is 274 mm, lower than those resulting from linear analyses with site spectra. The maximum 

accelerations evaluated on building above the isolated plate vary from 0.15 g and 0.20 g, that is the 

seismic isolation determines a reduction in acceleration at the base of the buildings varying between 2.4 

and 3.6 times that of the fixed base condition. 

Figure 5 shows, for the elements simulating superstructures with different number of floors, the 

following parameters; the fundamental period of oscillation, TFB; the maximum values of the two 

components of the top displacements with respect to the base, in the two conditions of base isolation, 

δx,BI and δy,BI, and fixed base, δx,FB and δy,FB. The isolated solution determines a reduction in 

displacements, compared to the fixed base solution, varying from 3 to 13 times (8 times on average), 

with an average interstory drift approximately equal to 0.1%. The displacement values calculated for 

the fixed base condition exceed the limits of the linear behavior of the structures, but also those of the 

plastic range, with a ductility demand overwhelming that available for the typical constructions: they 

therefore identify conditions of severe collapse of the superstructures, like those actually occurred on 

the occasion of the actual event. 
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Figure 5. Lateral displacement of buildings in BI and FB scenarios. 

Figure 6 shows, for the fixed base and isolated configurations, respectively, the acceleration 

diagrams at the base and at the top of the element reproducing a superstructure characterized by an 

oscillation period equal to 0.20 s, in the most significant time window. In the case of isolated plate, the 

amplifications of the accelerations from the base to the top are very low, going from values equal to 

about 0.10 g at the base up to values of about 0.20 g at the top. On the other hand, in case of fixed base 

systems acceleration values go from about 0.5 g at the base to 2.0 g at the top. The isolated solution 

therefore determines a reduction of floor accelerations by about 10 times. The resulting displacement 

and acceleration values of the buildings in the isolated solution are even below the limits corresponding 

to the operational limit state of the constructions. 

    

Figure 6. Accelerations at the base and at the top of buildings: a) FB solution; b) BI solution. 

8. Cost and benefits of the isolated solution 

Aiming at performing economic comparisons, the direct and indirect costs related to the reconstruction 

of the superstructures as well as the additional costs associated with the adoption of the isolated solution 

have been analyzed, evaluating the expected consequences over time horizons of 10, 50 and 100 years 

have been carried out. 

First of all, the cost necessary for the restoration of the considered sector has been assessed, 

concerning both the reconstruction (direct costs) and the emergency and post-event management 

(indirect costs). The former were assessed in accordance with the ordinances of the Commissioner for 

reconstruction, considering a unit cost, including the various envisaged increases, of 1740 €/m2 for a 

total area of approximately 13000 m2. Adding the costs related to non-residential reconstruction (public, 

cultural, social infrastructures), estimated by the Commissioner at 14 M€, it results an estimate of direct 

costs of 37 M€. To validate the assumed costs, the funding provided by the government for the entire 

Umbria region and equal to 3.7 G€ were taken into consideration. It was therefore estimated, 

proportionally, that resources of 80-120 M€ (including indirect costs) are allocated to the area affected 

by the intervention in question. 
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To integrate the sector with a "artificial ground" system, a total cost, additional to that already 

foreseen for the superstructures, equal to 5 M€ was estimated on the basis of a prompt calculation of 

the works and related costs: 0.50 M€ for excavation; 0.60 M€ for substructure and foundation; 0.70 M€ 

for the devices; 2.70 M€ for the stepped isolated plate; 0.20 M€ for the basements; 0.20 M€ for the 

repost. Therefore, the economic impact of the sector isolation system is equal to about 14% of the direct 

costs and 5-6% of the total costs. 

It is also necessary to consider that an extreme seismic event entails further costs connected to 

the social, cultural and organizational consequences, such as the depopulation, the critical issues of 

resettlement and social reintegration, the deficit in production activities, the compensation of 

investments, the state debt. Moreover, last but not least, the direct consequences on human beings (dead 

and injured) must be taken into consideration. All these aspects are not evaluated in this work but 

assume a decisive importance in the choices and strategies for managing extreme events. 

To define the convenience criteria in the context of an optimal reconstruction strategy, it is 
appropriate and necessary to move from economic estimates to performance evaluations [11] [12]. The 
conventional reconstruction project strategy, in line with current codes, would provide for the 
achievement of the life safety limit state for a seismic intensity with an exceeding probability of 10% 
in 50 years. Exceeding this limit state would result in costs substantially of the same order as those of 

the event that occurred and for which the reconstruction is carried out, but lower damage is to be 
expected even for events of lesser intensity. 

Once L levels of consequences have been defined, it is possible to estimate the expected cost in 

N years, CEXP, as 

 𝐶𝐸𝑋𝑃
(𝑁)

= [∑ 𝐶𝐸𝐺,𝑙 ∙ (𝑃𝑙
(𝑁)

− 𝑃𝑙+1
(𝑁)

) + 𝐶𝐸𝐺,𝐿 ∙
𝐿−1
𝑙=1 𝑃𝐿

(𝑁)
] (2) 

with 

 𝑃𝑙
(𝑁)

= 1− 𝑒
𝑁

𝑇𝑅,𝑙⁄
≅ 1 − (1 −

1

𝑇𝑅,𝑙
)
𝑁

 (3) 

equal to the probability of occurrence, in N years, of an event of seismic intensity for which l-th level 

consequences are reached, where 

L is the number of considered scenarios; 

TR,l is the return period of the seismic intensity corresponding to the l-th scenario; 

CEG,l = total costs corresponding to the l-th level of consequences. 

The economic consequences must include both the direct costs associated with repairing the 
damage and the indirect costs. As regards indirect costs, the following aspects must be considered: (a) 
displacement of the inhabitants; (b) interruption of activities; (c) emergency management. At this stage, 
an amount of indirect costs has been assumed, expeditiously and precautionary, approximately double 
that of direct costs. A preliminary estimate of the expected consequences was carried out, with reference 
to the damage levels provided for by the Commissioner's ordinances (Ord. 19 and subsequent) for 

private and public reconstruction, i.e. L0, L1, L2, L3-L4. The parametric direct cost of reconstruction, 
𝐶𝑈,𝐷𝐼𝑅, was attributed to each of the four levels in accordance with the aforementioned ordinances and 
therefore the overall direct costs 𝐶𝐷𝐼𝑅 results. The direct costs of the public works, 𝐶𝐷𝐼𝑅,𝑂𝑃, were 
estimated with the same proportions for all the levels, being known the amount allocated for public 
works corresponding to the L3-L4 state observed in Castelluccio di Norcia. The total direct cost, 
𝐶𝐷𝐼𝑅,𝑡𝑜𝑡, is then given by the sum of the quantities provided for private and public works. Also the total 

equivalent parametric cost 𝐶𝑈,𝐷𝐼𝑅,𝑡𝑜𝑡 can be computed. Indirect costs, 𝐶𝐼𝑁𝐷, were estimated with the 
previous proportions for all the levels, considering for level L3-L4 an amount approximately double 
that of direct costs. This assumption is congruent with the actual allocations foreseen by the 
reconstruction plan defined by the Commissioner. Finally, it is possible to obtain the overall 𝐶𝐸𝐺 costs 
potentially achievable for each level of damage 

 CEG = CDIR,tot + CIND  𝐶𝐸𝐺 = 𝐶𝐷𝐼𝑅,𝑡𝑜𝑡 + 𝐶𝐼𝑁𝐷 (4) 
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The following Table 1 reports the values of the parameter described above considering the 

reconstruction area equal to 13000 m2. 

Table 1. Direct, indirect, and total costs for the four considered damage levels. 

Damage level L0 L1 L2 L3-L4 

CU,DIR  (€/m2) 300 1,000 1,375 1,800 

CDIR  (M€) 3,900 13,000 17,875 23,400 

CDIR,OP  (M€) 2,333 7,778 10,694 14,000 

CDIR,tot  (M€) 6,233 20,778 28,569 37,400 

CU,DIR,tot  (€/m2) 479 1,598 2,197 2,876 

CIND  (M€) 390 6,500 26,813 46,800 

CEG  (M€) 6,623 27,277 55,381 84,200 

 

The four damage levels have been associated with the performance levels (limit state) provided 

by the Italian code for the design of buildings, therefore the operational (SLO), damage (SLD), life-

safety (SLV) and collapse (SLC) limit states have been considered respectively corresponding to the 

damage level L0, L1, L2, L3-L4. The return periods TR,l of the seismic intensity corresponding to the 

limit states for a conventional reference life of 50 years, can be then attributed to each of the damage 

levels and the exceeding probabilities of the damage level Pl(10), Pl(30), Pl(100) for three significant 

time horizons of 10, 30, 100 can be computed (Figure 7). 

 

Figure 7. Exceeding probabilities of the damage levels for three significant time horizons of 10, 30, 100 years. 

The expected costs probabilistically obtained through the Eq. (1) for the three time horizons 

considered of 10, 50 and 100 years are equal to 6,563 M€, 22,792 M€ and 32,466 M€, respectively. It 

is therefore obtained that the expected consequences over the next 50 years for the urban sector in 

question conventionally rebuilt, are equal to approximately 23 M€. This cost is about 5 times higher 

than the immediate cost increase associated with seismic isolation and does not take into account the 

consequences on people. Considering instead a time horizon of 100 years, the total cost associated with 

the expected consequences would be more than 6 times higher than that associated with seismic 

isolation. 

The expected cost for the sector equipped with "ground isolation" is instead practically absent, 

in fact, as illustrated in this work, even an extreme seismic event, of an intensity corresponding to or 

greater than that of SLC, such as the one recorded in 2016, would not produce significant damage on 

the sector that would remain below the operational limit state. Moreover, in addition to mitigating 

(canceling) the economic consequences, there would be an almost total reduction of the socio-cultural 

consequences that are not strictly economically assessable and above all of the consequences on people. 
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9. Conclusions 

The paper illustrates the study concerning the application of the seismic isolation on a single platform 

according to the technology defined "ground seismic isolation" or "artificial ground" to the town of 

Castelluccio di Norcia, practically destroyed in the earthquake of 30 October 2016, for which the 

reconstruction project is currently being carried out under the guidelines established by the 

Commissioner for the reconstruction. Due to the dramatic reduction of the seismic response allowed by 

the isolation technology, the objective of rebuilding "how it was, where it was" can be fully 

implemented, even applying techniques that can be traced back to traditional ones and by building 

constructions with "almost zero" expected damage, even for extreme expected earthquakes 

characterized by return periods of 1000-2000 years. The economic evaluations of the expected costs 

show that the extra costs associated with the use of the ground isolation technique are 3-6 times lower 

than the expected costs over the reference life for buildings rebuilt according to conventional criteria. 

Moreover, there are the enormous benefits associated with the absence of direct consequences on people 

and social, cultural, organizational consequences, all components whose values cannot be, and are not, 

evaluated economically. 
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Abstract 

Seismic isolation (SI) advantages for new buildings are well known: not only it allows to avoid damage of both 
structural and non structural elements under strong earthquake, but it mantains building functionality as well. This 
is possible thanks to strong reduction of accelerations and interstorey drift in the superstructure, i.e. the part of 
structure above the isolation layer.  
SI offers additional advantages for seismic retrofit of existing buildings. The main advantage is that the works can 
be limited at one floor (usually the basement, plus the foundation), without any strenghtening on the 
superstructure. Consequently, the building can be used during the retrofit works.  
The safety of the retrofitted building increases significantly. Reaching exactly the same safety level of a new 
building in the same site would be possible, but it would need some strenghtening in the superstructure, and thus 
is usually avoided in order to keep the building in function during the works. It is worth noting that for the seismic 
isolation system, the safety is the same than for a new building.  
The paper presents in detail three case studies of framed r.c. buildings built in the 1980s and now under retrofit 
with seismic isolation, that could be representative of many other buildings. During 2009 L'Aquila earthquake, 
those residential buildings were only slightly damaged, and immediately repaired but without any improvement 
of their seismic performance. Now the retrofit design is carried out for an earthquake stronger than the 2009 
earthquake. Despite the buildings are in the same area (ag=0.261g for the Life Safety Limit State earthquake; 
ag=0.334g for the Collapse Limit State earthquake, used to design the seismic isolation system), the design 
spectrum is different because of different type of soil. The isolators are inserted in the basement or in the ground 
floor that host the garages, thus without affecting the apartments. The safety level reached in the three buildings 
was higher than 70% of that of new buildings in the same site, while before retrofit it was lower than 16%. 

Keywords: seismic isolation, seismic retrofit, building 

1. Introduction 

Seismic isolation (SI) advantages for new buildings are well known: not only it allows to avoid damage 
of both structural and non structural elements, thanks to strong reduction of accelerations and interstorey 

drift in the superstructure, i.e. the part of structure above the isolation layer, but it allows to mantain 

building functionality as well, even under strong earthquake. That is why its use in strategic buildings 
- e.g. hospitals - is increasing everywhere in the world, including developing countries. In Turkey, 

seismic isolation is mandatory for large hospitals in high seismic areas. In Italy, seismic isolation of 

buildings is not anymore limited to strategic or public buildings; it is continuously increasing for 
residential buildings as well, in particular in areas with high seismicity, in which the additional cost of 

seismic isolation is compensated by the savings in the superstructure, and thus the global cost could be 

the same or lower of that of a conventional structure, but with much higher performance. Amongst a 

total of about 900 seismically isolated buildings in Italy until summer 2022, almost one half are 

residential buildings [1]. 

The strong reduction of acceleration provided by SI is of course beneficial to existing buildings 

as well; consequently, seismic retrofit of buildings with SI is carried out all over the world since the 
1980s [2]. In Italy, seismic retrofit of buildings with SI became relatively common after the 2009 

L'Aquila earthquake, initially on buildings strongly damaged by the earthquake. Recently, retrofit with 

SI is continuosly increasing, even in areas not recently affected by earthquakes. One additional 
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advantage of retrofit with SI, in comparison with other conventional approaches, is that the works can 
be limited at one - two levels (usually the basement and the foundation level in r.c. buildings), without 

any strenghtening intervention on the superstructure. Consequently, the building can be mantained in 

use during the retrofit intervention. Moreover, the cost of intervention is reduced, in particular the cost 
portion not related directly to the structural intervention, but to demolition and refurbishment of non-

structural parts. Mezzi and Petrella [3] report a cost comparison of alternative seismic retrofit strategies 

for two RC buildings damaged by the L’Aquila earthquake, showing that the strategy with seismic 

isolation allowed a saving higher than 30%. Now the Italian buildings retrofitted with SI are about 1/3 

of the total number of seismically isolated buildings [1]. 

The safety of a building retrofitted with seismic isolation can become almost equal to that of a 

new building in the same site, i.e. with a Capacity/Demand (C/D) ratio equal to 1 or very close to 1. 
Reaching the same safety level (C/D=1) would be technically possible, but it would make necessary 

some intervention in the superstructure, and thus is usually avoided in order to keep the building in 

function during the works. However, it is worth noting that in Italy, for the seismic isolation system, 

the safety shall be the same than for a new building, even though the C/D of the superstructure is lower 
than 1.  Furthermore, a specific Limit State (Collapse Limit State) is introduced by the Italian Code, i.e. 

the earthquake used for the design of seismic isolation system has an higher return period than the 

earthquake used for the design of the building. This approach substitutes in Italy the reliability factor 
required by Eurocode 8 on the displacement of the isolation system (1.2 recommended value for 

buildings).  

2. Seismic retrofit through seismic isolation: case studies in L'Aquila 

The paper describes 3 case studies of seismic retrofit of r.c. buildings with SI. The buildings, built in 

the 1980s, are residential buildings located in L'Aquila, that were only slightly damaged by the 2009 
L'Aquila earthquake, and immediately repaired but without any improvement of their seismic 

performance. Taking the opportunity of the tax reduction offered by the Italian state in 2020, the owners 

decided to improve the seismic performance of the buildings, but requiring to keep the apartments in 

use during the works. Seismic isolation was thus selected as intervention strategy in all these buildings, 
with works at the garage level (basement or ground level) and foundation. The position selected for the 

isolation system is different in the 3 buildings, that thus become representative of many other buildings. 

It is important to note that a very short work time was imposed by the tax reduction law, and that energy 
redevelopment was carried out together with seismic retrofit: the fact that the structural works are 

located at one story only (ground story or basement, and foundation) has allowed to reduce a lot the 

total working time, because the seismic retrofit was carried out at the same time that the external thermal 

insulation. 

The types of seismic isolators mostly used in buildings in Italy are elastomeric isolators (with 

high damping rubber) and curved surface sliding isolators (pendulum isolators). In retrofit of existing 

buildings, pendulum isolators are more frequently used, because they allow to reach high value of 
isolated period for any kind of structure. However, in these case studies the seismic isolation system 

comprises high damping rubber bearings (HDRB) and free sliding bearings. The latter are often used in 

Italy combined with HDRB, for two main reasons: they allow to increase the fundamental period even 
in low-rise buildings, and they make easier the reduction of eccentricity between center of mass of the 

superstructure and center of stiffness of the isolation system in very irregular structures. The equivalent 

viscous damping offered by HDRB is 15%. Linear analyses is admitted with this isolation system by 

both European and Italian standards. According to the standards, the damping is taken into account 
reducing the design spectrum for periods higher than 80 % of the fundamental period of the isolated 

building. The design spectra for the seismic isolation system of the 3 case studies are reported in Figure 

1. Despite the buildings are in the same area, the design spectrum is different because of different type 
of soils. For Case Study 1, the soil is better than for the other two buildings. The difference between the 

spectra of case study 2 and 3 is only due to the different fundamental period of the isolated building 

selected in the design phase.  
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Figure 1. Design spectra for the three seismic isolation systems (at Collapse Limit State).  

3. Case study 1: Crefel building 

The building includes three units, built at the end of the 1980s with structure in reinforced concrete. 

Unit A and B are identical, with 6 floors, an height of 14 m and plan size 28.5 m x 12.5 m. Unit C has 
one floor only, and connects units A and B (Fig. 2 and Fig. 3). The r.c. structure is framed but includes 

shear walls as well (around the elevators). The foundations are ground beams. Both the infill and 

partition walls are masonry walls.  

Units A and B have been seismically isolated, while Unit C strengthening has been conventional. In 

order to allow the big horizontal displacement associated with seismic isolation, a proper gap has been 

realized around the building, and of course Unit C has been disconnected from Units A and B. New 
steel columns have been inserted to sustain the floor of Unit C where the new seismic gap has been 

created, and the sidewalks were modified to cover the gap and allow the displacements at the same time.   

 

Figure 2. CREFEL Building 

The isolators have been installed on top of the columns of the underground floor, where the 

garages are located (Fig. 3). As it is well known, for a proper functioning of seismic isolation in a 
building, a stiff floor below and above the seismic isolation layer shall be guaranteed. In this case, the 

existing ground floor, immediately above the isolation layer, is stiff enough. Below the isolators, the 

needed stiffness is guaranteed by the foundation and the columns properly stiffened through an increase 
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of their section. The steps followed for the installation of the isolators in each column are shown in Fig. 

4 and described here below: 

• enlargement of the column in the portion below the isolator, leaving proper recesses to 

be used for the lower anchorage of the isolator with dowels; 

• core drilling of the upper part of the column, and insertion of ferrules to connect to the 

column the steel brackets that will serve to transfer the vertical load to hydraulic jacks; 

• placing of hydraulic jacks to unload the portion of column to be removed; the load is 
transferred to foundation through provisional steel columns; 

• diamond wire cutting and removal of the segment of the column where the isolator will 

be installed; 

• levelling of the lower surface, and installing the upper anchorage of the isolator; this is a 

steel structure that embraces the column, to trasfer to it the shear force transmitted from 

the isolator; 

• fixing the isolator to its upper anchorage, then grouting of the upper anchorage with 
antishrinkage cement or epoxy resin mortar; 

• placing of non-returnable flat jack to load the isolator; 

• final grouting of the bottom anchorage, including the non-returnable flat jack; 

• removal of external hydraulic jacks. 

 

Figure 3. Cross section of Crefel Building. 

The seismic isolation system includes 28 elastomeric isolators, type SI-N 450/98, and 10 free 
sliding pot bearings (Fig. 6), with displacement capacity of ± 200 mm. The pot bearing are installed in 

the central columns of each unit, and below each elevator; the elastomeric isolators in the perimetral 

columns, in order to guarantee a proper torsional stiffness of the isolation system. Of course the position 
of elastomeric isolators and sliders is selected with special attention at reducing the eccentricity between 

center of mass of the superstructure and center of stiffness of the isolation system. Said seismic isolation 

system allows to increase the fundamental period from the original value of 0.80s to 2.47s, and 

consequently to significantly improve the building's seismic response. Said "improvement" has been 
quantified in about 65% (C/D changed from 0.09 to 0.76). In terms of seismic risk classification [4], 

the seismic risk class changes from F for the original building to B for the seismically isolated building.  

  

Unit B 
Unit A 

Unit C 
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 1) the column before retrofit; 2) column enlargement; 

 

 3) fixing of steel brackets; 4) placing of hydraulic jacks; 

 

 5) cutting and removal of column segment; 6) insertion of upper anchorage structure; 

 

 7) isolator fixed to upper anchorage structure;8) grouting of upper anchorage structure; 

 

 9) insertion of non-returnable flat jack;  10) final grouting of the isolator. 

 

Figure 4. Steps for isolators installation in Crefel Building. 

  

Stato di fatto ringrosso base del pilastro  

  

Fissaggio mensole in acciaio temporanee presa in carico del pilastro mediante martinetti oleodinamici 

 

 

 

taglio del concio di pilastro inserimento del collare metallico superiore per l’ancoraggio 

dell’isolatore 

 

  

Stato di fatto ringrosso base del pilastro  

  

Fissaggio mensole in acciaio temporanee presa in carico del pilastro mediante martinetti oleodinamici 

 

 

 

taglio del concio di pilastro inserimento del collare metallico superiore per l’ancoraggio 

dell’isolatore 

 

  

Stato di fatto ringrosso base del pilastro  

  

Fissaggio mensole in acciaio temporanee presa in carico del pilastro mediante martinetti oleodinamici 

 

 

 

taglio del concio di pilastro inserimento del collare metallico superiore per l’ancoraggio 

dell’isolatore 

 

  

Posa in opera isolatore (fissaggio al solo collare superiore) 

 

inghisaggio del collare mediante malta cementizia fluida ad alta 

resistenza  

 

  

inserimento e messa in carico martinetto piatto a perdere 

 
ultimazione: rimozione delle mensole metalliche, dei martinetti 

laterali e ripristino dei luoghi 

Getto di completamento base isolatore 

 

 

  

Posa in opera isolatore (fissaggio al solo collare superiore) 

 

inghisaggio del collare mediante malta cementizia fluida ad alta 

resistenza  

 

  

inserimento e messa in carico martinetto piatto a perdere 

 
ultimazione: rimozione delle mensole metalliche, dei martinetti 

laterali e ripristino dei luoghi 

Getto di completamento base isolatore 
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Figure 5. Crefel Building: two phases of the installation of the isolators.  

 
Figure 6. Plan of the isolation system for Crefel Building. 

Elastomeric isolators are in blu, free sliding pot bearings in red. 

4. Case study 2: building in via Di Vincenzo 23 

The building has 5 floors, with garages at the ground floor (Fig. 7). It has total plan size 56 m x 16 m, 

is built in the first 1980s with r.c. frame. It includes two units, separated by a structural joint of about 

20 cm. For this building it was not possible to insert the isolators at top of the columns of the garages, 
as in previous case, mainly because the height of ground floor was not enough to have the isolation 

level above the garage doors. Consequently, the isolators have been inserted at the foundation level, 

and a new floor was built above the isolators, acting as new ground floor (Fig. 8). 

The isolators have been inserted at the base of the columns, modifying the existing foundations. 

Fig. 9 shows all the steps executed for the modification of the foundation system and the installation of 

the isolators. At the base of each column, part of the foundation has been cutted in order to create the 
space needed to insert the isolator. Furthermore, new micropales are inserted, new plinths are created 

under each column, to serve as basis for each isolator, and a new foundation slab is made to connect the 

plinths. Of course all these activities shall be carried out with care, to allow the transfer of load from 
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old to new foundations, through the isolators. The columns are reinforced as well, at the ground level, 

in order to increase their strength; this is important in particular to resist local actions during works.  

The joint between the two built units was left as it is in the superstructure, but it was eliminated 

at the floor immediately above the isolation layer, to guarantee that the two units will move together 
during earthquake. This is usually done in seismic isolation of existing buildings, because the existing 

gap would not be enough to accomodate the horizontal displacement of each seismic isolated building 

unit, that of course is much larger than in the fixed base building. Furthermore, even in new seismically 

isolated buildings, it is quite common to eliminate completely the internal seismic joints amongst 
different built units, or keep them just as thermal joints in the superstructure, in order to avoid the 

difficulties and costs of large seismic joints.  

New perimetral retaining walls and special sidewalks to allow the horizontal displacement of the 

building complex were built.  

 

Figure 7. The building in via Di Vincenzo 23. 

 

Figure 8. Cross section of the building in via Di Vincenzo 23. 

Elastomeric isolators are in blue, free sliding bearings in black. 
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1) before intervention; 

 
2) insertion of micropiles; 

 
3) new plinth between the column 

and the micropiles; 

 
4) cutting of part of foundation 

around the column; 

 
5) insertion of steel structure for 

upper anchorage of the isolator; 

 
6) insertion of hydraulic jacks, 

transfer of loads, and cutting of 

column; 

 
7) insertion of the isolator; 

 
8) loading of non-returnable flat 

jack & grouting of the isolator's 

bottom ancorage; 

 
9) removal of hydraulic jacks, 

installation of beams for the new 

ground floor; 

 
10) completion of new ground floor. 

Figure 9. Steps for isolators installation in Building in via Di Vincenzo 23 (Case Study 2). 

 

The seismic isolation system includes 35 elastomeric isolators, type SI-S 600/200 and 35 free 

sliding bearings, type VM 200/700/700 (Fig. 10). Both isolator types have maximum displacement 

capacity of +/- 350 mm. The displacement capacity required is much higher than in Case Study 1, 
mainly because the soil type is worse. The fundamental period changes from the original value of 1.05s 

to 3.2 s.  The seismic risk class [4] changes from F for the original building to B for the seismically 

isolated building. And the C/D ratio changes from 0.03 to 0.75.  
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Figure 10. Plan of the isolation system for the building in via Di Vincenzo 23. 

Elastomeric isolators are in blu, free sliding pot bearings in red. 

5. Case study 3: building in via Di Vincenzo 23 A 

The building complex includes two units, with r.c. framed structure, separated by a joint (Fig. 11). The 

foundation is on piles connected by beams in both directions. Each built unit has a plan of 29.55m x 

13.3m, and an height of 16.5 m. In this case the existing joint is not large enough to allow displacement 

under earthquake, not just for isolated buildings, but for fixed base buildings as well.  

   

Figure 11. View of the building complex in via Di Vincenzo 23 A (at the right, image from Google Maps). 

The solutions selected for the insertion of the isolators in previous two case studies were not 

feasible in this building, due to its geometry, in particular the height of the basement used as garage. 

Thus, a third solution has been studied, i.e. the insertion of the isolators immediately below the existing 
foundation beams, on top of the piles (Fig. 12 and Fig. 13). This solution made necessary an excavation 

below the existing foundation for a depth of about 3.3 m (of course after the construction of a new 

retaining wall), and the construction of a new foundation slab properly connected to the existing piles. 

Around each pile, two r.c. plinths are built, above and below the volume where the isolator shall be 
installed. Then, hydraulic jacks are inserted between said two new plinths, and loaded, so that the 

vertical load is transmitted through the jacks to the bottom plinth, and the top portion of pile can be 

cutted. The isolators are then inserted and loaded through non-returnable flat jacks, as in previous two 
cases. The installation is then completed with proper grouting of the isolators and with the construction 

of a new floor above the isolators, stiff enough in its plan to guarantee a rigid body motion of the isolated 

buildings. Said new floor connect the two building units, as the new foundation slab does; the existing 
joint between the two built units keep its function as thermal joint only, while under earthquake the 

isolated building behave as one unit. Fig. 14 shows all the steps described above for the installation of 

the isolators. 
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Figure 12. Cross section of the building in via Di Vincenzo 23 A at the basement/foundation level. 

 

 

Figure 13. Cross section of the building in via Di Vincenzo 23 A:  

detail of the perimetral retaining wall and of an isolator installed on the perimeter of the building. 

The seismic isolation system includes 23 elastomeric isolators, type SI-N 650/162, and 24 free 

sliding bearings, type VM 350/700/700 (Fig. 15). The maximum displacement capacity is ±350 mm. 

Thanks to seismic isolation, the fundamental period increases from the original value of 0.85s to 2.57s. 

The consequent reduction of earthquake input energy transmitted to the superstructure allows that the 
seismic risk class [4] changes from E for the original building to B for the seismically isolated building. 

The C/D ratio changes from 0.16 to 0.71. 
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1) excavation below the existing foundation beams; 2) placing reinforcement for the new structure 

(plinths and foundation slab); 

  

3) the new foundation slab and the bottom plinth; 4) the top plinth including dowels for the mechanical 

connection of the isolator; 

  
5) placing of hydraulic jacks and displacement 

transducers; 

6) cutting the top of the pile with diamond wire;  

 
7) the isolator during installation: non-returnable flat jack has been already injected, 

while bottom anchorage grouting is not yet carried out. 

 

Figure 14. Steps for isolators installation in Building in via Di Vincenzo 23 A. 
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Figure 15. Isolation system of the building in via Di Vincenzo 23 A:  

Elastomeric isolators are in blu, free sliding pot bearings in red. 

5. Conclusions 

The three case studies described above show the feasibility and advantages of seismic isolation of 

buildings in use. The apartments use was never interrupted during the works, only the garages were 
temporarily not available. The different positions of the seismic isolation layer where selected on the 

basis of the peculiar geometry of each building. The solution used in case study 1 is the simplest and 

the cheapest. However, in all the 3 cases the costs were fully within the limits of conventional retrofit 

works, defined by the Italian state within the tax reduction law used for such works.  

The improvement in seismic behaviour is impressive. The original C/D ratio was originally not higher 

than 0.16, and after seismic isolation becomes higher than 0.7, and this goal was reached without any 

intervention in the superstructure. The seismic isolation system is designed for C/D ratio equal to 1, and 
for an earthquake stronger than the design earthquake for the building, corresponding to the Collapse 

Limit State, according to the Italian Seismic Standard.  
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Abstract 

The paper presents an overview of some common issues related to the seismic isolation technique applied to 

existing RC buildings. At first, the issues considered are briefly described. Then, solutions on how to solve them 

are illustrated with reference to case studies on which the seismic isolation is applied. The interventions are to 

date only designed or in progress of being realized. All case studies considered are existing RC structures designed 

only for vertical loads with a non-ductile behaviour and located in Potenza, a city in the South of Italy in a high 

seismic hazard area. 

Keywords: rubber device. friction pendulum, seismic isolation, seismic devices, retrofit, existing RC building 

1. Seismic isolation principles 

Nowadays, seismic isolation is a technique largely applied for protecting buildings against earthquakes, 
applied both in designing new buildings, and in seismically retrofitting the existing ones. It is aimed to 

reduce the lateral accelerations demand and, consequently, to reduce elements internal forces through 

the superstructure natural period elongation. This is obtained introducing, typically above the 
foundation, a disconnection consisting of seismic devices having a low horizontal stiffness. In this way 

a decoupling between the superstructure and substructure is obtained, with an increment of lateral 

displacement demand (Figure 1). 

  

Figure 1: Acceleration and Displacement Response Spectra for different damping factor 
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Very often the seismic isolation technique represents a very versatile solution in the case of Reinforced 
Concrete (RC) existing buildings, mainly designed only for vertical loads without any specific 

regulation for lateral loads, because of: 

• it increases the safety building level since the seismic load acting on the superstructure may be 

significantly reduced due to natural period lengthening; 

• it permits a more regular dynamic behaviour, reducing the eccentricity between the center of 
mass and stiffness; 

• it ensures limited damages of non-structural elements and equipments for all the limit states, 

thanks to the drastic reduction of the interstory drifts and floor shear; 

• it is minimally invasive since requires spaces of small dimensions to be realized, by acting on 

a limited portion of the structure, and in many cases it does not even require the occupants 

evacuation. 

Starting from these premises, in this work some issues related to the seismic isolation strategy applied 

to existing RC buildings are examined. The issues considered play a central role during the seismic 

isolation design, since if not properly considered, they may lead to in an incorrect evaluation of the 
devices displacement demand and, in general, to a different behaviour of the isolated structure with 

respect to the predicted one. In detail, in this study particular attention is paid to: 

• column cap and external jacketing, in order to guarantee a correct rebar anchorage length 

embedded in the concrete of substructures columns; 

• torsional effects on the isolation system, to correctly evaluate the displacement demand; 

• second-order effects, to consider the effective loads on the superstructure and substructure; 

• superstructure stiffness evaluation, to properly design seismic isolation system. 

At the first, the above-mentioned issues are discussed from a design perspective. Then, they are 

commented in detail with particular reference to some case studies briefly illustrated in this work.  

2. Design Criteria 

In this section, the issues previously listed are briefly introduced and commented from a design 
perspective. Afterwards, they are contextualized with reference to some case studies chosen in this 

work, where the interventions are yet in progress or, else, already realized. 

2.1 Column cap and jacketing  

A fundamental issue linked for installing seismic devices in the case of existing buildings, is represented 

by the cutting of existing RC columns involving, of course, as well the cutting of longitudinal steel 

rebars. For instance, Figure 2 refers to the case of seismic isolation realized at the top of the ground 

floor RC columns. In this new configuration, if no additional construction detail is adopted, the 
longitudinal bars at the superstructure columns base would have an inadequate anchorage length that, 

consequently, conspicuously reduces the columns flexural strength resulting hinged at the base. A 

possible solution is represented by realizing an appropriate column cap below the superstructure floor, 
in which longitudinal bars may be anchored. Whereas, in the case of seismic isolators installed above 

the foundation (seismic isolation at the base), an improvement of the column flexural strength may be 

obtained with an external additional column jacketing. Figure 3 depicts the solution proposed, where 

the floor at the base of the super-structure is realized through a concrete slab. 

2.2 Torsional effects on isolated buildings 

In designing the seismic isolation bi-directional earthquake loadings should be considered including the 

torsional effects in order to properly evaluate maximum displacement demand. This aspect becomes 
very important when seismic devices non-linear behaviour is modelled by means of visco-elastic 

equivalent schemes. As far as the torsional effects are concerned, caused by the structure geometry and 

the bi-directional earthquake loadings, recent studies on existing RC buildings showed that the 
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displacement demand on devices may result greatly increased with respect to the simplified mono-
directional analysis [1], resulting greater up to 1.8 times because of also the torsional effects produced 

by accidental eccentricity [2]. 

 

Figure 2: RC column cutting for seismic device installation 

 

 

 

 

Figure 3: Example of RC columns jacketing with a concrete slab 

818

https://doi.org/10.5592/CO/2CroCEE.2023.143


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.143 

2.3 Second-order effects 

The installation of seismic devices within structures involves an in-depth analysis related to second-

order effects due to load eccentricity acting during the earthquake motion. When the device is shifted, 

the vertical load does not act vertically and an additional moment is generated given, in the case of 
friction pendulum or HDRB device, by the axial load into half maximum displacement of the seismic 

device. This additional moment is acting on both superstructure and substructure with, of course, the 

same intensity. Whereas, in the case of sliding isolators, the axial load eccentricity provokes an 

additional moment depending on how the seismic device is mounted (Figure 4): if the plate is placed at 
the top of the substructure column (slider at the bottom of the superstructure), the additional moment 

acts on the substructure; conversely, the additional moment acts on the superstructure (the moment 

intensity in both the configuration discussed results of course the same). 

  

Figure 4: Sliding isolator: second-order moment due to the vertical load eccentricity  

Therefore, the solution chosen may vary case-by-case, and it must be accompanied by a careful 

assessment of the second-order effects, including the local intervention needed. If the slider is applied 

on the superstructure or at the substructure e bottom column, the additional moment has to be supported 
by the superstructure beams converging at the upper column base where the plate is placed, requiring a 

local verification. Moreover, in order to reduce the internal forces acting on the column cap, the seismic 

device should be placed as low as possible for reducing the tensile forces acting along the horizontal tie 

according to the strut and tie model.  

2.4 Superstructure stiffness  

Superstructures stiffness plays a central role in the dynamic response of a seismically isolated building. 

Investigations carried out on existing RC buildings mainly designed only for vertical loads and 
seismically isolated highlight the importance to increase the superstructure stiffness with respect to the 

horizontal actions in order to reduce the effects of higher vibrational modes [3].  

 

Figure 5: Displacement of seismic isolation system as a function of superstructure stiffness 

Investigations conducted, linked to the FEM analysis, showed how the high buildings stiffness to the 

lateral actions is given by masonry infills (perimetral and internal), mostly interacting dynamically with 
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the RC frame [4,5]. This important interaction is beneficial for seismic isolation because it increases 
the superstructure isolation degree (that should reflect a rigid-body behaviour), making the dynamic 

behaviour more regular, and strictly depending on the dynamic characteristics of seismic isolation 

system. The superstructure stiffening definitively implies an increment of the displacement demand on 
the seismic devices. As proof of this Figure 5 reports, by referring to a case study analysed, the isolation 

system displacement along the two directions without eccentricity by varying the scale factor of the 

superstructure elasticity modulus. As one may note, the higher the scale factor the higher the system 

displacement, with an asymptotic trend of the displacements as a function of elastic modulus. 

2.5 Fragility curves 

Thanks to the isolation strategy the seismic damage of superstructure elements may be nullified due to 

a drastic reduction of interstory drifts and floor accelerations that are Engineering Demand Parameters 
(EDPs) strictly correlated to the elements’ internal forces. Consequently, the internal actions of 

superstructures elements are mainly due to the vertical loads, that are the reference loads when existing 

structures were designed. 

Benefits of seismic isolation may be proved through the fragility curves, expressing the probability to 
be equal or greater of a certain damage Di for a given Intensity Measure (IM) representing the ground 

motion. In particular, one of the most largely applied functions to describe a fragility curve is the 

lognormal cumulative distribution function, expressed as follows [6]: 

 𝐹𝐷𝑗
(𝐼𝑀) = 𝑃(𝐷  𝐷𝑗|𝐼𝑀) =  𝛷 [

ln(𝐼𝑀)− 


]  𝑗 = 0, 1, … , 5, (1) 

where Φ is the standard normal cumulative distribution function of ln(IM) (i.e., gaussian function), 
where μ and σ are the natural logarithmic mean and natural logarithmic standard deviation defining the 

lognormal distribution, respectively. In this study, μ and σ of the IM considered are calculated using the 

maximum likelihood estimation method [7]. As example, fragility curves for existing RC buildings 
designed only for vertical loads are reported in Figure 6, by considering three different IMs, which are 

Peak Ground Acceleration (PGA), Intensity of Arias (IA), and horizontal spectral acceleration [Se(Tf)] 

[8].  

 

Figure 6: Fragility curves of RC buildings by assuming IM: (a) PGA, (b) Se(Tf), and (c) IA [8] 
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3. Case Studies 

The issues previously introduced are discussed in this section with reference to some Italian case 

studies. The interventions illustrated are designed or already in progress to be realized. 

3.1 “Palazzo Gaeta” building 

The building named “Palazzo Gaeta” was designed in 1962 only for vertical loads and then built in 

1969. The RC structures consist of n. 12 floors: n. 8 levels above ground, including the roof, with a total 
height of about 24.60 m; and n. 4 underground floors, down to a depth of 14.30 m. In elevation the 

building has three distinct structures (hereinafter indicated as Fab. A, Fab. B and Fab. C) separated by 

structural joints. The total floor area is of about 1280.0 m2. The structure is located on a slope with a 

difference along the height of about 14 m, where the Fab. A if located downhill. In the following some 

views of the FEM model implemented are shown (Figure 7). 

  

Figure 7: 3D views of the FEM model implemented 

In this case an aspect that deserved particular attention in designing the seismic isolation system was 
the influence of the current lateral stiffness of the structures. In fact, the flexibility due to the height 

may involve, if not properly assessed, a not controlled isolation system response because of an 

inadequate seismic isolation degree. Therefore, in order to estimate the foundational periods of the 
structure, a dynamic identification was conducted starting from the results of a modal analysis carried 

out on the three frame structures (Fab. A, Fab. B and Fab, C). A comparison among the fundamental 

periods obtained along the two principal directions are reported in the Table 1. The periods estimated 
through the dynamic identification are indicated as TID, whereas the ones resulting from the modal 

analysis are indicated as TFEM. 

Table 1 – Fundamental periods comparison 

Structure TX,FEM (s) TY,FEM (s) TX,ID (s) TX,ID(s) 

Fab. A 1.6 2.8 0.5 0.6 

Fab. B 1.8 1.6 0.6 0.5 

Fab. C 1.2 1.9 0.4 0.5 

 

As one may easily note, the fundamental periods obtained with the dynamic identification are 
significantly lower than the numerical ones computed with the numerical model, implying that the 

structures, in reality, are significantly stiffer with respect to the later loads than the ones implemented 

in the FEM model. 
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A plan of the hybrid isolation system adopted in this case is reported in Figure 8a, while Figure 8b 
reports its force-displacement relationship. Figure 9 shows a section of the building indicating that the 

isolation system is placed at three different heights. 

  

Figure 8: a) Plan and b) force-displacement relationship of seismic isolation system 

In detail, the isolation system adopted has an equivalent viscous damping equal to 14.9% and consists 

of: n. 38 HDRB type A1 (28% of the total devices); n. 2 HDRB type A2 (1% of devices); and n. 94 

friction sliders type C (70% of devices). The maximum displacement demand is of: 219.9 mm, 
calculated if only a SDOF system is assumed; 250.7 mm, including also the system eccentricity; 351.04 

mm including both system eccentricity and torsional effects. As one may note a simplified approach 

considering as simple SDOF the superstructure would lead to a conspicuous underestimation of the 

displacement demand on seismic devices. 

 

Figure 9: Palazzo Gaeta section illustrating the isolation system levels 

3.2 “Zara 4” building 

The building named “Zara 4” is a RC frame structure built in the ‘60s. It consists of n. 7 floors, including 
the roof, for the highest part of the building, of n. 5 floors for the lowest part, with a total height of 

about 21.40 m. In plan, the building may be schematized into n. 3 blocks, with a floor type of about 

435.0 m2. 

Figure 10a reports the isolation system plan placed at the top of the ground floor columns, except for a 
small number of columns placed instead above the foundation. It is composed in total by n. 29 friction-

pendulum devices, obtaining the force-displacement relationship indicated in Figure 10b. The 

maximum displacement demand is of: 163.1 mm, calculated if only a SDOF system is assumed; 197.0 
mm, including also the system eccentricity; 275.86 mm including both system eccentricity and torsional 
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effects. Again, a rough simplification as SDOF system would lead a significant underestimation of the 
devices displacement. For completeness, drift ratios evaluated for Life Satefy Limit State are reported 

in Figure 11. The ratios refer to: the As-Built configuration (i.e. fixed base building) and with the 

Isolation System. Moreover, in the same graph the limits for Damage Limit State in the case of fixed 
based building (dashed red line) and isolated building (dashed blue line) are reported according to the 

Italian Design Code [9]. As it is easy to observe the isolation system drastically reduces the drift ratios 

on the superstructure ensuring that RC elements and infills are not damaged with respect to the lateral 

seismic design action.  

Figure 12 reports a detail of the columns jacketing designed for increasing the flexural strength and the 

cut elements rebars anchorage length. Whereas, Figure 13 shows a detail of connecting beams realized 

for resisting to the additional moments acting on the sub-structure due to vertical-load eccentricity 

occurs during the earthquake motion (second-order effects). 

  

Figure 10: a) Plan and b) force-displacement relationship of seismic isolation system 

 

  

Figure 11: Drift ratios along the height: AB, As-Built configuration; and with the IS Isolation system  
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Figure 12: Detail of the external jacketing applied to the columns 

 

 

 

  Figure 13: Detail of connecting beams realized among the foundation  

3.3 “Zara 11” building 

The building named “Zara 11” has a RC frame structure and it was built in 1969. It has n. 6 floors, with 

a total height of about 19.20 m. In plan the building may be schematically divided into three blocks 
with a floor plan of about 480.0 m2. The hybrid isolation system is placed at the top of the ground floor 

columns, except for the ones below elevator and stairs that are at the base, above the foundation. The 

isolation system has 14.0% equivalent viscous damping and is composed by: n. 20 HDRB (type A), and 
n. 41 friction sliders (type C). The maximum displacement demand is of: 187.4 mm, calculated if only 
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a SDOF system is assumed; 210.8 mm, including also the system eccentricity; 295.16 mm including 

both system eccentricity and torsional effects. 

  

Figure 14: a) Plan and b) force-displacement relationship of seismic isolation system 

 

  

Figure 15: a) Plan and b) force-displacement relationship of seismic isolation system 

 

 

Figure 16: Rotation at the columns base without and with the grid floor along the two direction at the Life 

Safety Limit State 

In order to reduce the additional superstructure internal forces (second-order effects) because of the 

HDRB and the slider devices shifted position, a floor grid has been designed at the isolation floor 
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composed by new RC beams, jacketing of existing beams, and new steel beams, the latter inserted 
between the unconnected columns. The new steel beams may not be too high because of the 

installations, that are very close to the floor intrados. In order to quantify these additional internal forces 

numerical simulations have been conducted, reproducing the structural joints geometry including 
beams, columns and caps (Figure 15). Figure 16 compares the columns base rotations without and with 

the grid floor along the two directions at the Life Safety Limit State. It is easy to note that the grid added 

reduces the rotations of some columns and, consequently, the internal action born due to the second-

order effects. Finally, Figure 17 reports some pictures of the intervention realized for installing the 

isolation system. 

  

  

  

Figure 17: Details of the interventions realized  
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4. Conclusions 

Seismic isolation is nowadays a largely applied strategy in designing new buildings or, else, in 

retrofitting the existing ones. However, its application requires the resolution of some specific aspects 

that may conspicuously condition the designing of the isolation devices and local details. 

In this paper some issues related to the seismic isolation strategy applied to existing RC buildings have 

been discussed. The issues considered play a central role during the seismic isolation design because 
of, if not adequately considered, the may lead to an incorrect evaluation of the devices displacement 

demand and of the internal forces of the superstructure and substructure elements. Numerical 

simulations validate the importance of the issues investigated that very often are not negligible, and that 

may be properly taken into account for reaching the desired structure isolation degree, without any 

premature failure of seismic devices or structural elements. 
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Abstract 

Seismic retrofit of existing structures is an extremely important topic in the field of earthquake engineering. For 

strategic structures such as school and military buildings, bridges and infrastructures in general, the expected 

performance level is further raised compared to conventional structures to guarantee two fundamental targets: to 

resist the ultimate design seismic action corresponding to the life safety limit state and to guarantee immediate 

occupancy after an earthquake event. This means no damage to the structural elements as well as protection of 

internal equipment from excessive accelerations. Structure functionality is therefore the minimum acceptable level 

of retrofit for strategic structures. 

In case of masonry buildings located in medium-high seismicity zones, conventional retrofit (i.e. wall-to-roof and 

wall-to-floor anchorage, out-of-plane wall bracing, diaphragm strengthening) does not allow to fully achieve the 

above objectives. Furthermore, the application of these techniques causes an important and invasive impact on 

the structure, distorting the building on both architectural and functional level.  

Base isolation is a technical solution that allows to drastically reduce the seismic demand on the structure using 

special anti-seismic devices characterized by high horizontal flexibility. 

This paper describes the application of seismic isolation technique to protect the “Giacomo Matteotti” school 

building, located in the city of Gubbio, Italy. The building was built in the 1940s, and it is made of cast stone and 

bricks and reinforced concrete-hollow tiles mixed floors. The building has three floors, a total area of 6.000 m2, 

an inter-storey height of 4 m and a total volume of about 23.750 m3. 

The City of Gubbio (Umbria region, Italy), is located in an area where strong earthquakes can occur, with expected 
peak ground acceleration on rock soil equal to 0.29g for 475 years return period (i.e., 10% exceedance probability 

in 50 years).  

For the base isolation system, Freyssinet has supplied 94 anti-seismic rubber isolators ISOSISM® type HDRB-H 

550x155 and 93 flat sliders with confined elastomeric disc TETRON® type CD GL 3000.600.600 in order to 

reduce the eccentricity between centre of mass and centre of stiffness of the isolation system and consequently 

the torsional effects on the superstructure. 

This paper describes the performance characteristics of the isolators with particular attention to the experimental 

dynamic response. A special focus is given to all the construction phases and details necessary to isolate a masonry 

structure. 

Keywords: masonry structure, seismic isolation, energy dissipation, anti-seismic rubber isolators, retrofit 

procedure. 

1. Introduction 

Seismic retrofit of existing structures is a very topical issue in the field of seismic engineering. 

Moreover, strategic structures such as school and military buildings, bridges and infrastructures in 

general, must not only be protected against earthquakes but must ensure immediate occupancy and full 
functionality after a seismic event. In case of masonry buildings located in medium to high seismicity 

areas and designed for static loads only, conventional retrofit (e.g. wall-roof and wall-floor anchoring, 

out-of-plane bracing, diaphragm reinforcement) does not allow to protect the structure from the design 
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seismic action (i.e. damage of structural elements is allowed without collapse), therefore not being able 
to guarantee immediate occupancy after a seismic event. Furthermore, the application of these 

techniques alters the building from an architectural and functional point of view. Therefore, seismic 

isolation is often the best strategy for the seismic protection of structures. 

Nowadays, seismic protection through base isolation represents a consolidated technique of protection 

against earthquakes. This strategy is extensively applied on existing structures, due to the fact that it 

does not require any interruption of the building use and occupants’ dislocation. Essentially, it consists 

in decoupling the superstructure motion from the ground one by installing anti-seismic devices 
characterized by low horizontal stiffness. The fundamental natural period of the superstructure is 

therefore lengthened, thus reducing the lateral acceleration demand, with a consequent increase of 

lateral displacement at the isolation level. 

The dynamic response of an isolated building strictly depends on the characteristics of the isolation 

devices and having the combined function of building re-centering after an earthquake event and 

dissipating the seismic kinetic energy. Different typologies of anti-seismic devices may be applied and 

combined among them such as elastomeric isolators, curved surface sliders, elasto-plastic dissipators. 
General studies and applications with these devices for isolation buildings may be found in [1, 2, 3, 4] 

and specific applications on existing buildings having also historic value may be found in [5, 6, 7, 8]. 

This paper describes the application of seismic isolation to protect the “Giacomo Matteotti” school 
institute, an existing masonry building located in the city of Gubbio, Umbria region, Italy. The building 

was designed for vertical loads only since at the time of construction (1940), the Italian standard (Regio 

Decreto n. 193 del 18 Aprile 1909) for structures did not include anti-seismic design procedures. 

The isolation system at the base of the building consists of 94 High Damping Rubber Bearings 

ISOSISM® type HDRB-H 550x155 and 93 flat sliders with confined elastomeric disc TETRON® type 

CD GL 3000.600.600 supplied by Freyssinet, a world reference in specialist civil engineering. 

This paper reports the performance characteristics of the isolators with attention to the experimental 
response. A special focus is given to all the construction phases and details necessary to isolate a 

masonry structure. 

2. Case study description 

2.1 Seismic vulnerability of “Giacomo Matteotti” school building 

The chosen case study is the “Giacomo Matteotti” masonry school building located in Gubbio, a 

medieval city belonging to the Province of Perugia, Italy. 

 

Figure 1. Identification of the building. 

 

The construction of the building dates back to the late 1930s, with construction beginning in 1937 and 

inauguration in 1940, after only three years. 
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Figure 2. Historical photos of the opening day. 

 

The building is made of cast stone and bricks and reinforced concrete-hollow tiles mixed floors. The 

building has three floors, a total area of 6.000 m2, an inter-storey height of 4 m and a total volume of 

about 23.750 m3. 

The structure is characterized by a high seismic vulnerability determined by the following factors: 

• low number of structural masonry walls in relation to the global surface of the building; 

• large rooms; 

• inter-storey heights of 4 m or more; 

• four levels above the ground; 

• geometric irregularity both in plan (the building has a large E shape extremely disadvantageous in 

seismic conditions) and elevation; 

• large corridors along the longitudinal side without transversal walls clamped to the facade perimeter 

walls; 

• absence/low number of transverse resisting masonry. 

Therefore, it is clearly perceived that the building has a simple and effective static concept. The 

foundations are continuous and always made of masonry which rests on loose soils. The seismic 

vulnerability of the building is clearly related to the high seismic hazard of the construction site. Indeed, 
the City of Gubbio is characterized by medium-strong earthquakes, with expected peak ground 

acceleration on rock soil equal to 0.29g for 475 years return period (i.e. 10% exceedance probability in 

50 years). The building is very stiff, with a fundamental period of vibration of about 0.27 sec which 
corresponds to a design horizontal acceleration equal to 1.20g. It has been estimated that the building 

is able to resist only 25% of the design earthquake. Fig. 3 shows the design elastic acceleration spectra 

for the collapse limit state (1950 years return period, as per Italian Standard NTC 2018).  
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Figure 3. Design elastic acceleration spectra for 1950 yrs return period (SE = design elastic spectrum, RSL = 

site response spectrum) 

 

The school building has a strong monumental value, therefore the retrofit strategy must increase the 

seismic safety level by at least 3-4 times without having a major and invasive impact on the building 
itself. In fact, conventional retrofit procedures such as construction of new structural walls, metal hoops 

and/or strengthening with fibre reinforced polymers allow to reduce the seismic vulnerability of the 

building, but they are in contrast with the reasons for architectural protection and conservation. Finally, 
a traditional retrofit strategy would not guarantee the absence of damage (both structural and non-

structural) and therefore the functionality of the structure after a seismic event. 

2.2 Retrofit strategy with seismic isolation 

As already described in the introductory chapter, seismic isolation is actually a design strategy largely 
applied all over the world either for designing new buildings or for retrofitting existing ones. Thanks to 

the decoupling of the superstructure motion from the ground one by installing anti-seismic devices with 

low horizontal stiffness, the fundamental period of the structure is strongly lengthened, thus allowing 
to significantly reduce the seismic accelerations on the superstructure. In this way the superstructure 

elements damage may be nullified thanks to the drastic reduction of the interstorey drifts and floor 

shear. Fig. 4 shows the comparison between the response of the original structure (fixed base) and that 

with seismic isolation at the base. 

  

Figure 4. Spectral acceleration comparison between fixed base building (red line) and isolated one (green line). 
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Analysing Fig. 4 it is possible to quantify the main benefits obtained from seismic isolation: 

• drastic reduction (up to 6 times) of seismic acceleration transmitted to the superstructure; 

• system damping increase up to 16% with further reduction of acceleration transmitted to the building 

and of displacements at the isolation level; 

• very high decoupling of superstructure motion from the ground one (isolation ratio T,bf/T,is = 7.6). 

For the isolation system of the building, Freyssinet has supplied 94 high damping rubber bearings 

ISOSISM® type HDRB-H 550x155 and 93 flat sliders with confined elastomeric disc TETRON® type 

CD GL 3000.600.600. Fig. 5 shows a rendering of the isolation system implemented at the base of the 

structure. 

 

Figure 5. Rendering of the isolation system at the base of the building. 

 

Isolators and flat sliders are positioned to achieve excellent centering between centre of mass and 
stiffness, thus reducing torsional effects during a seismic event. The layout of the devices is shown in 

Fig. 6. 

 

Figure 6. Plan arrangement of isolators (blue circles) and sliders (red circles). 
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Finally, Fig.7 shows a global view of the finite element model of the building while Fig. 8 the first two 
vibration modes from which it is possible to appreciate that the total mass of the building is mobilized 

through purely translational behaviour. 

 

Figure 7. Finite element model of the building. 

 

 

Figure 8. Top: 1st mode (T = 2.036 sec and My = 99.8%); bottom: 2nd mode (T = 2.035 sec and Mx = 99.7% ). 

3. Freyssinet anti-seismic devices 

To achieve the seismic isolation objectives (acceleration reduction, damping increase, decoupling), 

Freyssinet has designed and supplied a total of 187 devices, half of which are rubber isolators and half 

are flat sliders. 
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3.1 ISOSISM
®
 HDRB and TETRON

®
 CD: design parameters 

The elastomeric isolators ISOSISM® type HDRB are reinforced rubber bearings made up of alternating 

layers of hot vulcanized rubber and steel laminates. These devices are characterized by high vertical 

stiffness, low horizontal stiffness and a suitable damping capacity. These features allow, respectively, 
to resist to vertical loads without appreciable setting, to lengthen the fundamental period of vibration of 

the structure, and to limit the horizontal displacements of the isolation system itself. 

For the seismic isolation of the school building, 94 ISOSISM® type HDRB were supplied, with a rubber 

compound characterized by high stiffness and damping capacity. Fig. 9 shows the 3D exploded view 

of the isolator while Table 1 reports the main design parameters. 

 

Figure 9. 3D exploded view of ISOSISM® HDRB-H 550x155. 

Table 1 – Technical properties of ISOSISM® HDRB-H 550x155 

Parameter Unit Value 

Rubber diameter, Dr mm 550 

Rubber height, Tr mm 155 

Total height, H mm 295 

Side length of outer steel plates, B mm 600 

Weight, W kg 488 

Maximum static vertical load, NULS,max kN 3000 

Maximum seismic vertical load, NEd,max kN 2500 

Design displacement, dbd mm ±153 

Displacement capacity, dc mm ±300 

Effective horizontal stiffness, Keff(dbd) kN/mm 1.76 

Vertical stiffness, Kv kN/mm ≥ 800·Keff(dbd) 

Equivalent viscous damping, ξeq(dbd) - 16% 

 

The isolators are then combined with flat sliders TETRON® type CD GL 3000.600.600 to minimize the 

eccentricity between centre of mass and stiffness. The confined elastomeric disc allows to increase the 

vertical stiffness of the slider. Fig. 10 shows the 3D exploded view of the slider while Table 2 reports 

the design parameters. 
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Figure 10. 3D exploded view of TETRON® CD GL 3000.600.600. 

Table 2 – Technical properties of TETRON® CD GL 3000.600.600 

Parameter Unit Value 

Pot diameter, Dp mm 330 

Sliding plate diameter, Ds mm 970 

Total height, H mm 106 

Weight, W kg 446 

Maximum vertical load, NULS,max kN 3000 

Horizontal load, FH kN - 

Displacement capacity, dc mm ±300 

 

All the devices are equipped with upper and lower masonry plates for easy installation and replacement 

in the future, if required. 

3.2 ISOSISM
®
 HDRB: experimental response 

The isolators were tested full-scale to check their performances. According to European Standard EN 

15129:2009 and Italian Standard “Norme Tecniche per le Costruzioni 2018”, 20% of the production 

was subjected to vertical compression and horizontal dynamic tests to fully characterize the response 
of the devices and compare it with the theoretical behaviour. All tests were carried out by Politecnico 

di Milano (in charge of execution and certification) at ISOLAB laboratory (Montebello della Battaglia, 

Italy), the testing facility of Freyssinet. Table 3 illustrates the test protocol of the devices. Fig. 11 shows 

one device under testing and its experimental response. 

Table 3 – Factory Production Control Test protocol for ISOSISM® HDRB-H 550x155 

test name main dof 

[-]  

max displ 

[mm] 

max vel 

[mm/s] 

load shape 

[-] 

vertical load 

[kN] 

cycles 

[-] 

Compression stiffness vert - 5.0 ramp 3000 1 

Horizontal characteristics 

under cyclic deformation 
hor ±155 mm 200 sine 1425 3 
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Figure 11. ISOSISM® HDRB-H 500x155 under testing (top), vertical (middle) and horizontal (bottom) 

response. 

 

After testing, all devices were shipped for on-site installation. 

4. Implementation of the isolation system: construction phases 

The construction of the seismic isolation level at the base of a masonry building requires complex site 

activities that have to be planned in time. 

First of all, the execution phases foresee the repair of the weaker masonry walls, through local 
reconstructions. Subsequently the soil is dug and removed inside the rooms of the building, for about 

two meters below the basement. Then parts of the foundations and soil under the walls are removed. 

Through the use of props and jacks, two new reinforced concrete foundations are created: the first at 
the base (foundation slab), resting on the ground and the second, at the base of the masonry walls (curb 

beams). Devices are then installed between the two new foundations, thus realizing the seismic isolation 

of the building. Finally, at the location of the devices, the foundation slab will have short concrete 
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columns (cap) to support the devices. Fig. 12 shows a rendering of the new elements at the base of the 

isolated building. 

 

Figure 12. New elements at the base of the isolated building: foundation slab, cap, isolators, curb beams. 

 

Flat jacks are installed underneath the devices. By injecting epoxy resin inside the jacks, part of the 

upper structure’s load is transferred to the devices and the new foundation (cap and foundation slab) is 

also compressed. This procedure allows to eliminate differential settlements in the foundation due to a 

step-by-step construction. 

By implementing seismic isolation at the base, the building needs to move with respect to the 

surrounding ground during a seismic event. This makes it necessary to have a perimeter cavity, which 
allows free relative movement between the ground and the building during an earthquake. This gap is 

covered by the perimeter sidewalk which completely hides the seismic joint. In fact, the sidewalk is a 

sort of overhang that allows relative movement between the surrounding ground and the isolated 

building. Fig. 13 shows typical construction details provided at the isolation level. 

 

Figure 13. Construction details of the isolation level. 

 

Fig. 14 groups together the main construction phases described above. 
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a) Demolition of existing foundation, new 

foundation reinforcement and support of 

masonry wall with props 

b) Formwork for concrete casting of upper curb 

beams 

  

 

 

c) Installation of flat jack d) Installation of isolator 

Figure 14. Base isolation construction phases. 

 

The last operation is the construction of the new base floor below which there will be the technical 

compartment for maintenance and inspection of the devices. 

It is important to underline that this executive method allows the school to be fully operational, even if 

with a reduced usable surface. This type of construction framework allows to work in macro areas of 
the building that are temporarily unused and then re-occupied after installing the devices. Only the 

ground floor immediately above the isolation level cannot be used for the entire duration of the 

construction site. 

Conclusions 

An application of seismic isolation at the base of an existing masonry building has been presented in 

this paper. The “Giacomo Matteotti” school building has been designed for vertical loads only, since at 

the time of the construction, no seismic design was required by law.  
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The building is characterized by high seismic vulnerability due its static structural conception and due 
to the high seismic hazard of the site. The structure, in addition to being strategic, has a strong historical 

value. For these reasons, seismic isolation retrofit technique was adopted as an alternative to 

conventional strategy. In fact, this technique allows to protect the building from earthquakes and to be 

fully operational and it does not have an invasive impact on the building's architecture. 

Seismic isolation therefore enable to drastically reduce (up to 6 times) the accelerations transmitted to 

the superstructure, to increase the system damping (up to 16%) and to strongly decouple the 

superstructure motion from the ground one (T,bf/T,is = 7.6). 

The isolation system of the building consists of 94 anti-seismic rubber devices ISOSISM® type HDRB-

H 550x155 and 93 flat sliders TETRON® type CD GL 3000.600.600 supplied by Freyssinet, a world 

reference in specialist civil engineering. 20% of the isolators were tested in accordance with EN 

15129:2009 and NTC 2018 Standards, complying with relevant acceptance criteria. 

The construction of the isolation system at the base of the masonry building required numerous and 

complex construction site activities, including the demolition of the existing foundation and the 

consequent construction of two new concrete foundations: a base slab resting on the ground and curb 
beams below the masonry walls. The devices were then installed between the two new concrete 

elements. 

The building retrofit procedure was implemented progressively working in macro areas. This allowed 

keeping the school in operation during all phases of the construction site. 
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Abstract 

Even today, moderate earthquakes can cause considerable damage and social disturbance, especially in areas 

populated with old and masonry buildings. Two recent moderate earthquakes that hit the Balkan peninsula in 2016 

and 2020 affected the capital cities of Skopje and Zagreb, respectively. Both have shown the high vulnerability 

pattern of a current masonry building stock and emphasised the necessity for improvement of existing response, 

preparedness, and protection measures.  

The manuscript analyses, summarizes, and presents the crucial seismo-tectonic aspects and seismological data of 

both affected cities, then defines P-nodal planes for both strongest earthquake events affecting Skopje 2016 

(ML=5.3) and Zagreb 2020 (ML=5.5). We analysed and compared macroseismic data, and strong motion records 

in respect to their amplitude and frequency characteristics and showed the building damage and usability statistics. 

The observed differences and similarities that have resulted from this comparative study are to be used further to 

increase the awareness of the impact of moderate earthquakes, identify gaps and inconsistencies in the coping 

capacity domain and propose systematic measures to decrease vulnerability of the existing masonry building 

portfolio. 

Keywords: Moderate earthquake, Response measures, Building damage, Skopje, Zagreb 

 

1. Introduction 
 

Earthquakes, especially moderate ones, are frequently experienced natural hazards in the Balkan 

Peninsula. Non-structural damage patterns characteristic of this type of earthquakes creates enormous 

panic among residents and building owners/managers. The uncertainty regarding structural stability and 

building safety becomes an issue related to public (hospitals, schools, kindergartens, etc.), commercial 

and industrial buildings since the earthquake impact phase dominantly results in disrupted function and 

evacuation of these buildings. Management of the created panic and safety assurance of the population 
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for the purpose of building re-occupation requires rapid building damage and usability assessments 

(Milutinovic et al., 2018). 

 

The authors were challenged to compare the two recent moderate size earthquakes that hit the Balkan 

peninsula in 2016 and 2020 and affected the capital cities of Skopje and Zagreb. Both earthquakes have 

resulted in high vulnerability pattern of a current masonry building stock and emphasised the necessity 

for improvement of existing response, preparedness, and protection measures. This study provides a 

general overview comparing the exposure, seismo-tectonic aspects, seismological observations, 

response measures and procedures as well as discusses in general terms building damage and usability 

statistics.  

 

2. Exposure 
 

The capital cities of N. Macedonia and Croatia, Skopje and Zagreb, both the largest cities in the country, 

are representing administrative-political, economic, educational-scientific and cultural centers. Skopje 

is located in the northern part of the country, in the Skopje valley, along the Vardar River, while Zagreb 

is placed in the northwestern part of Croatia, along the Sava River and the southern slopes of 

Medvednica mountain.  

 

The capital cities of Skopje and Zagreb, although recently affected by similar magnitude size 

earthquakes of ML5.3 (2016) and ML5.5 (2020) (https://www.emsc-csem.org/), are also comparable in 

terms of urban area size (https://en.wikipedia.org/) and number of inhabitants 

(https://worldpopulationreview.com/) (Figure 1). Moreover, the two cities in the period 1945-1991 were 

part of the same country (SFR Yugoslavia) in which over those years similar construction typologies 

were built, the same design standards and construction practices were applied. These similarities widely 

open the door for a comparative study of the impact of recent moderate size earthquakes on the built 

environment and population, as well as the implementation of earthquake protection, preparedness and 

mitigation measures. 

 

 

City: Skopje Zagreb 

Urban area (km2): 571.5 641.0 

Altitude (m): 240 158 

Population (No): 567.800 (2016) 684.900 (2020) 

Last Earthquake (ML): 5.3 (11.09.16) 5.5 (22.03.20) 

  

Skopje Zagreb 

    Figure. 1. General facts about Skopje and Zagreb Cities 

 

Exposure as one of basic components of seismic risk, according to the UNDRR1 Terminology (2017) 

is defined as situation of people, infrastructure, housing, production capacities and other tangible human 

assets located in hazard-prone areas. Accordingly, the most important part of the exposure is the 

inventory of existing buildings, which overwhelmingly contributes to the social and economic risk 

(Spence et al., 2012). Systematic collection of exposure data usually is performed in the frame of the 

official censuses, although the collected attributes most often are very general and not quite reliable for 

regional risk assessment. Typically, a building inventory usually consists of the following major 

 
1 UNDRR: United Nations Office for Disaster Risk Reduction 
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attributes: location, year of construction, dimensions (height, number of stories, footprint), structural 

type, dominant construction material (wood, steel, concrete, masonry), lateral force resisting system 

(bearing wall, shear wall, frame, etc.), occupancy (residential, industrial, critical infrastructure, etc.), 

number of residents, replacement cost (basis for calculation of economic losses). Once those attributes 

are collected, a given building is assigned appropriate description code (taxonomy) within a standard 

classification scheme able to capture average properties among the different building types so that an 

unambiguous classification is made (Atalić et al., 2019).  

According to the summary presented in NERA2 EC FP7 Project, in relation to the state of knowledge 

on building inventory data in Europe in the national databases, limited data are available for Skopje and 

very few about Zagreb (Table 1). Although presented, it must be noted that for N. Macedonia, data 

related to the lateral load resisting system and exterior walls doesn’t exists in the national census 

database. Also, for N. Macedonia all census 2021 data and statistics related to building inventory are 

not officially published yet and posted on MAKSTAT database. As of moment, only census 2002 data 

related to building inventory are available for presentation and analysis. It can generally be concluded 

that building inventory in both cities is a very poorly defined, and not suitable for reliable risk 

assessment study.  

Table 1. Summary of attributes in national building/dwelling databases, extract (NERA, D.7.2) 
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For general idea, information related to current building stock that has been affected in the recent 

earthquakes, presented in uniform manner, can be found in the latest published ESRM203 exposure 

model (Crowley et al., 2021) for residential, commercial, and industrial buildings. For the purpose of 

this study, building inventory has been extracted related to the wider cities area on NUTS43 level i.e., 

Skopje region that comprises of 17 both urban and rural municipalities (Aerodrom, Butel, Gazi Baba, 

Gjorche Petrov, Karposh, Kisela Voda, Saraj, Centar, Chair, Shuto Orizari, Arachinovo, Zelenikovo, 

Ilinden, Petrovets, Sopishte, Studenichani and Chucher – Sandevo) and Zagreb that comprises of City 

of Zagreb and Zagreb County (Table 2). What can be observed is that in both cities and surrounding 

area around 80% of the building stock (Skopje 82.73% and Zagreb 80.10%) belongs dominantly to 3 

building typologies (marked with yellow in the table) i.e., (1) Concrete frame with infill panels, low 

rise, low/moderate code, (2) Confined or reinforced masonry, low rise and (3) Unreinforced masonry, 

low rise; according GEM5 Building Taxonomy v3.1 (Silva et al., 2021). Also, it is notable that, the 

masonry building typologies in total dominates over others (Skopje 54% and Zagreb 71%), out of which 

for the Zagreb case it is obvious prevalence of the unreinforced masonry low rise typology with 

approximately 38% of total stock.   

  

 
2 NERA: Network of European Research Infrastructures for Earthquake Risk Assessment and Mitigation 
3 ESRM20: European Seismic Risk Model 
4 NUTS: Nomenclature of territorial units for statistics - Eurostat 
5 GEM: Global Earthquake Model 
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Table 2. ESRM20 Exposure model, extract (Crowley et al., 2021) 

MACRO__ 

TAXONOMY 

SKOPJE REGION GRAD ZAGREB & ZAGREB COUNTY 

RES COM IND Total % RES COM IND Total % 

Concrete frame with 

infill panels, low rise, 

low/moderate code 

36695 2574 0 39269 29.86 50346 784 408 51538 13.83 

Concrete frame with 

infill panels, low rise, 

pre code 

8017 1215 614 9846 7.49 0 135 0 135 0.04 

Concrete frame with 

infill panels, midrise, 

low/moderate code 

1469 594 154 2217 1.69 43895 730 0 44625 11.98 

Concrete frame with 

infill panels, midrise, 

pre code 

948 491 0 1439 1.09 2516 870 0 3386 0.91 

Concrete frame, low 

rise 
0 0 307 307 0.23 0 0 2925 2925 0.79 

Concrete frame, low 

rise, low/moderate code 
0 0 338 338 0.26 0 0 476 476 0.13 

Concrete frame, low 

rise, pre code 
0 0 338 338 0.26 0 0 0 0 0.00 

Concrete frame, mid 

rise 
0 0 61 61 0.05 0 0 0 0 0.00 

Concrete frame, 

midrise, low/moderate 

code 

0 0 61 61 0.05 0 0 0 0 0.00 

Concrete wall, low rise 0 985 0 985 0.75 0 0 0 0 0.00 

Concrete wall, low rise, 

low/moderate code 
0 673 0 673 0.51 0 0 952 952 0.26 

Concrete wall, low rise, 

pre code 
0 312 0 312 0.24 0 0 0 0 0.00 

Concrete wall, midrise, 

low/moderate code 
833 698 0 1531 1.16 448 113 0 561 0.15 

Concrete wall, midrise, 

pre code 
0 328 0 328 0.25 0 0 0 0 0.00 

Confined or reinforced 

masonry, low rise 
34898 3988 399 39285 29.87 102160 758 272 103190 27.70 

Confined or reinforced 

masonry, mid rise 
807 888 0 1695 1.29 11468 154 0 11622 3.12 

Steel, low rise 0 1649 614 2263 1.72 0 0 1088 1088 0.29 

Steel, mid rise 0 0 123 123 0.09 0 0 612 612 0.16 

Unreinforced masonry, 

low rise 
30179 0 61 30240 23.00 142070 1542 68 143680 38.57 

Unreinforced masonry, 

mid rise 
188 0 0 188 0.14 7675 96 0 7771 2.09 

Total: 114034 14395 3070 131499 100.00 360578 5182 6801 372561 100.00 

 

3. Seismo-tectonic aspects 
 

3.1. Geology and seismotectonics 

 
The territory of the Balkan Peninsula (Figure 2) is characterized by active geodynamics, controlled by 

the active tectonic processes in the Eastern Mediterranean. Nowadays, the Balkan Peninsula is in a 

collision zone between three major plates: Eurasian, African, and Arabian. The active tectonic processes 

in the Eastern Mediterranean are most influenced by the: (1) subduction of the Adriatic microplate under 

the Dinarides; (2) subduction of the Ionian and Levant micro plains under the Hellenic trench; and (3) 

the collision between the Eurasian and the Arabian plates, related to the North Anatolian fault zone 

(NAFZ). (Dumurdzanov et al. 2005; Burchfiel et al., 2006). Due to this complex tectonic setting, the 
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Balkan Peninsula is one of the most seismically active regions in the Eastern Mediterranean, where 

strong and damaging earthquakes are quite frequent. 

 

 

The capital of N. Macedonia, Skopje is located 

in the Skopje valley closely related to the 

contemporary tectonic activity of the valley, a 

young tectonic depression, intersected by many 

neotectonic faults. On the other side, Zagreb is 

located in a contact zone of the Alps, the 

Dinarides and the Western regions of the 

Pannonian Basin, with complex tectonic and 

structural relationships (Markušić, 2008), as a 

result of the interaction of the upper crustal 

tectonic blocks formed during the Mesozoic to 

Cenozoic evolution of the area (Van Gelder et 

al., 2015). Seismicity of both epicentral areas 

where the capitals are located, is due to different 

tectonic processes, with frequent occurrence of 

weak to strong earthquakes. In Skopje epicentral 

area, the subduction of the Skopje valley and the 

differential vertical and horizontal 

displacements of the surrounding mountains, 

are expressed in the regional tectonic 

compression with the activation of the mostly 

active Skopje – Kjustendil and Skopje – Crna 

Gora faults (Fig. 3a). 

 

Figure 2. Simplified tectonic map of Eastern 

Mediterranean region (Dumurdzanov et al., 2005) 

The Zagreb area belongs to the epicenter area Medvednica Mountains. This is a part of the contact area 

of three major regional tectonic units: the Alps in the northwest, the Pannonian Basin in the east and 

the Dinarides in the south. The causes of earthquakes are tectonic movements that occur in the upper 

crust because of interactions between the underlying lithospheric plates: the European plate and the 

Adriatic microplate. As a result of the compression and/or subduction of the plates, the upper crustal 

faults become seismic sources of earthquakes. The earthquakes in the area are the result of the interface 

between crustal fragments bordered by active faults (Markušić at al., 2020), (Fig. 3b). 

 

 
 

Figure 3a. Seismotectonic map of the Skopje area 

(SO-PMF6, Skopje) 
Figure 3b. Seismotectonic map of the Zagreb area 

(Atalić et al., 2021) 

Figure 3. Seismotectonic maps of Skopje and Zagreb wider area 

 
6 SO-PMF: Seismological Observatory, Faculty of Natural Sciences and Mathematics, Ss. Cyril and Methodius 

University in Skopje 
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3.2. Seismicity 
 

Both considered regions are characterized by pronounced seismic activity. The historic evidence shows 

that Skopje epicentral area has been destroyed by strong earthquakes in 518, 1555 and 1963 

(Jordanovski et al., 1998; Milutinovic et al., 1998), while the Medvednica Mountains epicentral area 

experienced strong earthquakes in 1830, 1838 and 1880, the great Zagreb earthquake (Kozák and 

Čermák, 2010). Besides from local earthquakes, those areas have suffered several times from 

earthquakes that occurred in the wider area like the impact of Gnjilane earthquake (1921) (Jancevski, 

1987) in South Serbia on Skopje, Ljubljana earthquake in 1978 (Kozák and Čermák, 2010) and Petrinja 

earthquake in 2020 on Zagreb (Markusic et al,. 2021). As the evidence shows, both areas have a rich 

seismic history which continues even today, as a result of the constant activity of the normal strike-slip 

Skopje – Kjustendil fault (SK, Fig.3a) (striking approximately E-W, dipping NNE) and Skopje – Crna 

Gora fault (SC, Fig.3a) (striking approximately N-S, dipping WSW) for the Skopje epicentral area 

(Jordanovski et al., 1998; Milutinovic et al., 1998), and the reverse northern edge of Medvednica fault 

(striking approximately NE-SW, dipping SE) (SRMR on Fig.3b) and nearly perpendicular normal 

strike-slip Kasina fault (KR on Fig.3b) (Van Gelder et al., 2015) for the Medvednica Mountains 

epicentral area (Tomljenovic, 2002). The predominant hypocentral depth of the located earthquakes in 

the Skopje area is ranging between 0.1 and 10 km (Sinadinovski et al., 2021) and pretty similar, for the 

Medvednica Mountain area ranges between 3 and 10 km (Markušić, 2008), which makes the granite 

layer of the crust active, while the lower part of the crust is almost aseismic. 

 

3.3. Seismic hazard 
 

Estimation of probabilistic seismic hazard for both Skopje and Zagreb cities in relation to referent EC87 

return periods (95 and 475 years) are comparable. The latest national (EC8 maps; Milutinovic et al., 

2016, Herak et al., 2011), regional (BSHAP; Gulerce et al., 2017), and European studies (ESHM20; 

Danciu et al., 2021) have shown that the values are ranging between 0.20-0.25g for Skopje and 0.20-

0.26g for Zagreb for RP475 and 0.07-0.10g for Skopje and 0.08-0.13g for Zagreb in relation to RP95 

(Table 3). Seismic hazard values used as referent in the design practice (EC8) are also very similar 

(Table 3, Figure 4) which implies a design of regular buildings with similar strength characteristics.    

 
Table 3. Seismic hazard values for EC8 

referent return periods (Soil type A) 
 

  

 RP95 RP475 

SK ZG SK ZG 

BSHAP2 0.10 0.08 0.20 0.20 

ESHM20 0.07 0.09 0.20 0.24 

NA/EC8 0.10 0.13 
(0.12-

0.14) 

0.25 0.25 
(0.24-

0.26) 

 Figure 4a. N. Macedonia, extract 

(МКС EN 1998-1/NA:2020) 

Figure 4b. Croatia, extract  

(HRN EN 1998-1/NA:2011) 

Figure 4. Seismic hazard maps for RP475 related to EC8 

National Annexes 

4. Seismological observations 
 

4.1. Comparison of ML5.3 2016 Skopje and ML5.5 Zagreb 2020 earthquake’s parameters 

 

On 11 September 2016 at 13:10 UTC a moderate size earthquake ML5.3, with a focal depth of 

approximately 10km occurred near the N. Macedonian capital, Skopje. Using the data from the 

Macedonian Seismological Network (MA), the epicentre was located at 42.008°N and 21.488°E, 

 
7 EC8: Eurocode 8 
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approximately 5km from the downtown area. The mainshock caused significant macroseismic effects 

and was felt in the city area with a maximum intensity of VII degrees EMS-98 scale (Fig 5a), making 

it the strongest earthquake that hit Skopje in the last 59 years. 

 

An earthquake with a similar magnitude of ML5.5 with a focal depth of 10km was registered on 22 

March 2020 at 05:24 UTC in Zagreb. Using the data from the Croatian national seismological network 

(CR), the epicentre was located at 45.907°N and 15.970°E about 7 km north of the downtown area, in 

the Markuševec and Chučerje neighbourhoods. The mainshock caused significant macroseismic effects 

and was felt in the city area with a maximum intensity of also about VII degrees EMS-98 scale (Fig 6a) 

(Markušić et al., 2020). This is the strongest earthquake recorded in the last 140 years in the area of 

Zagreb. 

 

  
Figure 5a. Intensity map of the 11 September 2016 

ML5.3 Skopje earthquake (SO-Skopje) 
Figure 5b. Fault plane solution of the 11 September 

2016 Skopje earthquake, blue for the main shock, 

black for the foreshock (SO-Skopje) 

Figure 5. Skopje earthquake, intensity and FPS maps 

 

 
 

Figure 6a. Intensity map for Zagreb earthquake 

(EMSC) 
Figure 6b. Fault plane solution for the Zagreb 2020 

main earthquake and the strongest aftershock (Markušić 

et al., 2020) 

Figure 6. Zagreb earthquake, intensity and FPS maps 
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Both events were followed by an aftershock sequence, while the Skopje earthquake had one significant 

foreshock earlier the same day. The source mechanisms for the main shocks (11.9.2016, 13:10 UTC, 

ML5.3 – Skopje; 22.3.2020, 05:24 UTC, ML5.5 – Zagreb), the strongest foreshock (11.9.2016, 04:58 

UTC, ML3.8 – Skopje) and the strongest aftershock (22.03.2020, 06:01 UTC, ML4.9 – Zagreb) of the 

earthquake sequences were calculated using the most prominent method using the polarities of the first 

P seismic motions (Fig. 5b and 6b). The source mechanism’s parameters confirm that Skopje’s 

mainshock is a normal right lateral faulting, striking toward WSW, dipping toward NNW, 

corresponding to a block of regional Skopje – Kjustendil fault - contact between the uplifting Skopje-

Crna Gora and Vodno blocks and the Skopje depression. The source mechanisms for Zagreb’s sequence 

define both events as reverse right lateral faulting, striking toward WSW, dipping toward NNW. 

According to the mechanism parameters, these faultings are associated with the Medvednica fault 

(Markušić et al., 2020). 

 

4.2. Strong motion and spectral analysis 

 

Two representative strong motion records from both Skopje and Zagreb earthquakes are selected for 

comparative purposes only, presented in detail in Sinadinovski et al. (2022).  

 

The records from the station in N. Macedonia coded as SKO (Skopje, Seismological Observatory) 

equipped with EpiSensor Kinemetrics instrument, a maximum acceleration for the Skopje mainshock 

was detected on the Z-component with a measured zero-to-peak value of 555,000 counts or peak ground 

acceleration (PGA) of 0.140 g (Fig. 7a). Similarly, the records from the station in Croatia coded as 

QUHS equipped with Güralp T5GD1 instrument with a general set of response curves to convert the 

measurements from counts into units of acceleration, a maximum acceleration for the Zagreb mainshock 

shows the vertical Z component with a value of 0.225g (Fig. 7b), even though the horizontal components 

carried most of the energy in their respective S-waves (Sinadinovski et al., 2022). 

 

 

 
 

Figure 7a. Skopje Earthquake ML5.3, Station 

SKO 

Figure 7b. Zagreb Earthquake ML5.5, Station QUHS 

Figure 7. Acceleration records (Sinadinovski et al., 2022) 

 

A response spectra analysis for the selected earthquakes were performed on the whole record length in 

raw format over various natural periods. Although the range of main interest for structural engineers is 

between 0 to 4 s, a response acceleration spectrum (in g) for 5% damping, with a period up to 10s was 

performed to order to detect any anomalies due to resonance effects, polarization, or surface waves 

reflection of the sub-layers (Fig 8) (Sinadinovski et al., 2022). 
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The maximum spectral peaks for the SKO records were at 0.2 s on all of the three components, while 

secondary peaks were concentrated between 0.06 and 0.1 s, equivalent to a frequency of 5–16 Hz. The 

dominant frequencies of 5 Hz or 0.2 s found on the SKO record of the instrument installed on bedrock 

(ground type A, according to Eurocode 8), and the top layers velocities using the Balkan model 

(Jancevski, 1987), lead to an estimated value of 0.9 VS velocity which is a general rate for rupture 

propagation on faults. The spectral peaks for the QUHS station are mainly between 0.1 and 0.2 s, 

equivalent to a frequency of 5–10 Hz, with the horizontal components having an additional peak at 

around 0.5 s or 2 Hz. According to geological maps, QUHS station is located in an area with alluvial 

deposits (ground type C, according to Eurocode 8). In Table 4, represented are observed and computed 

parameters for the selected events (Sinadinovski et al., 2022). 

  
Figure 8a. Skopje 2016 ML5.3 earthquake at the 

seismological station SKO 

Figure 8b. Zagreb 2020 ML5.5 earthquake at the 

seismological station QUHS 

Figure 8. Three component response spectra (Sinadinovski et al., 2022) 

 
Table 4. Observed and computed parameters for the selected events 

 Hypocentral 

Distance (km) 

PGA 

(g) 

PGV 

(cm/s) 

Sa (5%) 

(g) 

Period Range 

Skopje 2016 12.3 0.140 4.3 0.325 0.2 

Zagreb 2020 12.5 0.225 7.2 0.4-0.65 0.1-0.2 

 

5. Response measures and procedures 
 

Being hit by an earthquake, although moderate size, both capitals and mandated institutions were 

challenged to enforce rapid response measures with an aim to help the eventually injured residents, 

manage panic and fear as well as rapidly screen the damage situation.  

 

5.1. Immediate response measures 

 

Right after the occurrence of the main shock in the afternoon hours on Sunday, September 11, 2016, 

the Managing Committee of the Crisis Management Centre (CMC) in Skopje, called an urgent meeting 

with the representatives of all institutions mandated by crisis management i.e. representatives of the 

Ministries for: internal affairs, external affairs, health, economy, environment and spatial planning, then 

representatives of the Republic President Office, Seismological Observatory (SO-PMF/UKIM), 

Institute of Earthquake Engineering and Engineering Seismology (UKIM-IZIIS), Health Centre – 

Skopje and University Clinics in Skopje. On the first Committee session, since there were no reported 

victims or injured, was decided that of the primary importance is performing fast safety and usability 

assessment of the buildings, with priority on buildings that are of public and special interest (hospitals, 
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schools, kindergartens etc.) for which the users reported certain mode of damage. This fast assessment 

was agreed to be performed by the expert teams form UKIM-IZIIS. For the purpose of declaring 

damages, the CMC dedicated a special telephone line and e-mail (Milutinovic et al., 2018). Quite 

enormous panic among the residents and occupants was created due to the main shock. Despite the 

negligible earthquake effects on the built environment, the created panic was also result of the remaining 

memory of the devastating Skopje Earthquake from July 1963. Panic was successfully managed with 

frequent media statements as well as frequent on-site visits and interactions with the local residents 

from various experts and representatives from mandated institutions. 

 

The March 2020 Zagreb earthquake occurred in the specific conditions of beginning of Covid-19 

pandemic. It was a period when the pandemic measures, likewise in most of the European countries, 

were extremely strict. A number of employees were advised to take annual leave and left Zagreb just 

before the earthquake happened. Zagreb was much deserted on that early Sunday morning, a fortunate 

circumstance given the aftermath of the earthquake. Immediately after the main shock, the Civil 

protection services were activated for emergency action. The members of the Zagreb EMO, the 

Directorate of Civil Protection of the Ministry of the Interior and of the Zagreb Faculty of Civil 

Engineering convened establishing the Crisis headquarters for operational management at the EMO. 

Fire and communal services together with units of the Croatian army were called upon to maintain order 

and start clearing the city center and surrounding streets. made Fortunately, the earthquake did not cause 

any major collapse of buildings or transportation facilities that would fully occupy the emergency 

services. The focus was therefore put on the assessment of damage and safety of affected buildings and 

infrastructure. Since there was no previously established inspection plan at city level, the technical 

experts self-organized using their experience and previous collaborations and under the guidance of 

experts from the Faculty of Civil Engineering (Atalić et al., 2021). As the scale of the destruction was 

unknown in the first hours all engineers who had undergone exercises and training for post-earthquake 

inspection of buildings were called upon by private calls. One of the first actions was to send them to 

lead the inspection of hospital buildings in the historic downtown, already identified as critical for post-

earthquake recovery (Šavor Novak et al. 2019). A public call line was made available for all the civil 

engineers, on the first day after the main shock, to help and assist in the preliminary assessment of 

damaged buildings, by contacting first the Directorate. The total number of volunteer engineers was 

about 500 (Stepinac et al., 2021). 

 

5.2. Earthquake damage and usability assessment procedures 

 

Yugoslavia has a long experience in administratively institutionalized damage assessment. The first 

Guidelines on the “Unique methodology for estimation of losses from elementary disasters”, based on 

Federal agreement for evaluation and assessment of losses from elementary disasters (OGoSFRY No. 

24/78 of 5 May 1978) was enforced in 1979 (OGoSFRY No. 17/79 of 21 April 1979), being revised in 

1987 (OGoSFRY No. 27/87 of 10 April 1987) and in Macedonia again in 2001 (OGoRM No. 75/01 of 

19 September 2001) and 2021 (OGoRNM No. 181/21 of 5 August 2021). 

 

5.2.1. Assessment procedure used after 2016 Skopje earthquake 

 

The inspection of the building stock after 2016 Skopje earthquake does not include standard damage 

assessment procedure defined by Unique Methodology (OGoRM No. 75/01 of 19 September 2001) but 

fast (rapid) assessment of building stability and usability, since it was estimated that the effect of the 

earthquake on the build environment is negligible. Damage and usability classification was done 

according to the UKIM-IZIIS methodology which classifies buildings into three (3) damage states, five 

(5) damage degrees and three (3) usability categories. All received requests for inspection through CMC 

concerning buildings from public and special interest were send to the managing body in UKIM-IZIIS, 

and all the others (dominantly residential buildings) were sent to the managing bodies in the appropriate 

Skopje City Municipalities. The buildings that were inspected by Municipality teams and diagnosed as 
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buildings with possible stability issues were sent to UKIM-IZIIS for second assessment (Milutinovic et 

al., 2018) (Figure 9).  

 

 

The overall assessment was performed in the 

period September 11 – October 31, 2016. The 

inspection of the majority of the building stock 

(84.8%) was realized during the month of 

September 2016. 

 

It has to be stated also that, the teams of UKIM-

IZIIS inspect the bridges located on the main 

roads in Skopje and its vicinity for any potential 

damage. Further on, some industrial buildings 

were also checked on the demand of their 

management.    
Figure 9. Requests for usability and safety 

assessment process flow chart 

 

5.2.2. Assessment procedure used after 2020 Zagreb earthquake 
 

Immediately after Zagreb earthquake, at the EMO headquarters was initiated the fine adjustment of the 

initial safety and usability assessment methodology. Promptly, a general call was sent for mobilization 

of all engineers with expertise in the (1991–1995) post-war reconstruction or with knowledge related 

to traditional masonry structures. Programming of a mobile application (Collector for ArcGIS) for 

acquisition of field observations was initiated at the end of the first day; it was then tested the next day 

and put into operation a day later. The form was created according to the Italian (Baggio et al. 2007) 

and Greek (Anagnostopoulos et al. 2004) experience taking into account local building features and 

observed characteristic damage to gable walls, roofs and chimneys. The form is firstly considered for 

the assessment of masonry and reinforced concrete buildings, but it can be also used for other building 

types (Uros et al., 2020). All data was stored in a GIS based database for efficient information flow in 

both directions. (Atalić et al., 2021). Used methodology classifies buildings into three (3) usability 

categories and six (6) usability subcategories.  

 

The work on post-earthquake damage inspection and assessment was coordinated by the Ministry of 

Construction and Physical Planning in cooperation with numerous partners from the government and 

the industry. The inspection of residential buildings was conducted visually and was more detailed in 

case of older masonry buildings and buildings that suffered apparent structural damage. Decisions on 

the short-term usability were made in discussion between the team members based on the current 

damage state and considering potential behaviour of the structure in case a stronger shaking should have 

occurred during the still ongoing aftershock sequence. Decisions on usability of critical infrastructure 

(e.g., bridges) and of essential facilities (e.g., hospitals, schools) were made in agreement with the 

headquarters and people responsible for the institution. In both cases, the engineering experience and 

intuition were decisive for the evaluation of the safety and accessibility (Atalić et al., 2021). 

 

The post-earthquake field inspections of damage incurred to buildings were carried out until June 30th, 

2020, when the inspections were officially finished. 

 

6. Building damage and usability statistics 
 

After 2016 Skopje earthquake, through CMC channels were obtained in total 2,885 requests for 

usability and safety assessment, out of which 625 (Figure 9) were assessed by UKIM-IZIIS. The biggest 

concentration of all inspected buildings was related to four (4) Municipalities: Chair, Centre, Gazi Baba 

and Kisela Voda as it was expected since those Municipalities contains considerable number of 
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masonry, pre 1963 and sub-standard buildings. Also, those Municipalities were found to be very near 

to the epicentre of the main shock. According to Usability Classification (UC), 94.19% of the inspected 

buildings are classified as usable i.e., with slight non-structural damage, very isolated or negligible 

structural damage, 5.61% as temporary unusable i.e., with extensive non-structural damage, 

considerable structural damage but yet repairable structural system and 0.20% unusable i.e., destroyed, 

partially or totally collapsed structural system (Milutinovic et al., 2018) (Figure 10a). 

 

In parallel after 2020 Zagreb earthquake, in total, more than 25,500 building inspections were 

performed or about 19.6% of the approximately 130,000 buildings within the city limits. Overall, about 

75% of all inspected buildings were green tagged (U1 and U2), 20% temporarily unusable (PN1 and 

PN2) and 5% unusable (N1 and N2). It may be observed that the highest concentration of inspected 

buildings and at the same time of the unusable buildings is located in the central city area and in districts 

close to the epicentre (Atalić et al., 2021; Stepinac et al., 2021) (Figure 10b).  

 

 

 

UC I II III 

% INS IZIIS 73.17 25.91 0.91 

% INS TOT 94.19 5.61 0.20 

a) Disposition of inspected buildings in Skopje (according to Milutinovic et al., 2018) 

 

 

UC I II III 

% INS 75.16 19.58 5.26 

b) Disposition of inspected buildings in Zagreb (according to Atalić et. al., 2021) 

Figure 11. Disposition of the inspected buildings by Usability Category (UC) 
( ● Usable [I]   ● Temporary Unusable [II]   ● Unusable [III] ) 
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In relation to 2016 Skopje earthquake, Milutinovic et al. (2018) stated that the concentration of the 

reported damages was found to be in the masonry type structures, buildings constructed before 1964, 

dominantly residential buildings and low to medium rise story buildings. Similarly, inspection results 

after 2020 Zagreb earthquake according to Atalić et al. (2021) suggest that nearly all of the damage 

occurred in older masonry housing units and heritage buildings not designed to resist lateral dynamic 

loads. About one third of all buildings in Zagreb were built before 1964, when the first Seismic 

Construction Code was introduced. The vast majority of buildings built afterwards did not suffer any 

apparent impacts during the earthquake. 

 

If compared the number of inspected buildings classified under the usability category II (Temporary 

Unusable) together with III (Unusable) in relation to the total number of buildings in the city affected 

region, can be concluded that very negligible number of buildings in Skopje were affected (0.12%) and 

much larger number in Zagreb (1.70% if considered ESRM20 data or 4.87% if considered building 

stock count in Atalić et al., 2021) (Table 5). Taking aside the other parameters, most probably the 

obvious difference in damage degree distribution (Figure 11) is due to the fact that Zagreb building 

stock contains larger amount of masonry structures compared to Skopje, which is also evident from 

ESRM20 exposure model (Table 2), especially in the group of unreinforced masonry, low rise 

buildings.  

Table 5. Usability of inspected buildings in relation to the current exposure 

Skopje 

Buildings/No 
Usable Temporary Unusable Unusable 

D1 D2 D3 D4 D5 - 

Inspected 2,885 

2445 273 133 28 6 - 

84.74% 9.45% 4.62% 0.99% 0.20% - 

94.19% 5.61% 0.20% 

ESRM20 131,499 
1.86% 0.21% 0.10% 0.02% 0.00% - 

2.07% 0.12% 0.00% 
 

Zagreb 

Buildings/No 
Usable Temporary Unusable Unusable 

U2 U1 PN2 PN1 N2 N1 

Inspected 25,528 

8879 10309 2413 2585 1164 178 

34.78% 40.38% 9.45% 10.13% 4.56% 0.70% 

75.16% 19.58% 5.26% 

ESRM20 372,561 
2.38% 2.77% 0.65% 0.69% 0.31% 0.05% 

5.15% 1.34% 0.36% 

Atalić et 

al., 2021 
130,000 

6.83% 7.93% 1.86% 1.99% 0.90% 0.14% 

14.76% 3.84% 1.03% 

 

  

a) Skopje b) Zagreb 

Figure 11. Damage and usability degree in respect to inspected buildings 
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7. Conclusions 
 

Moderate size earthquakes are quite a frequent hazard in the Balkan Peninsula. Even today they can 

cause significant material losses and disruption to basic and vital services, due to the fact that in the 

Balkan countries still prevails masonry type buildings, dominantly built before 1964. This fact was 

confirmed by the impact of the last two moderate size earthquakes that hit Skopje and Zagreb in 2016 

and 2020. 

 

The latest developed exposure model for Europe (Crowley et al., 2021) accounting for residential, 

commercial, and industrial buildings, shows that masonry building typologies in total dominates over 

others for Skopje 54% and Zagreb 71%, out of which for the Zagreb case it is obvious prevalence of 

the unreinforced masonry low rise typology with approximately 38% of total stock. 

 

The complex geotectonic setting of both Skopje and Zagreb cities conditions relatively high seismic 

hazard values ranging between 0.20-0.25g for Skopje and 0.20-0.26g for Zagreb (RP475) and 0.07-

0.10g for Skopje and 0.08-0.13g for Zagreb (RP95), according the latest national, regional and 

European studies (Milutinovic et al., 2016; Herak et al., 2011; BSHAP - Gulerce et al., 2017; ESHM20 

- Danciu et al., 2021). Those values are also in line with the historical seismicity data, according to 

which Skopje and Zagreb in the past has also experienced moderate to strong damaging earthquakes. 

 

Although similar in magnitude size, hypocentral depth and macroseismic intensity, the focal 

mechanisms of 2016 Skopje and 2020 Zagreb earthquakes significantly differs, i.e., normal right lateral 

faulting in Skopje and reverse right lateral faulting in Zagreb.     

 

Two strong motion records were selected for comparison purposes, obtained from SKO (Skopje, Soil 

type A) and QUHS (Zagreb, Soil Type C) stations, on relatively equal distances from the epicenter.  

The maximum spectral peaks for the SKO records were at 0.2 s on all of the three components, while 

secondary peaks were concentrated between 0.06 and 0.1 s, equivalent to a frequency of 5–16 Hz. The 

spectral peaks for QUHS station are mainly between 0.1 and 0.2 s, equivalent to a frequency of 5–10 

Hz, with the horizontal components having an auxiliary peak at around 0.5 s or 2 Hz. SKO station has 

recorder maxPGA of 0.14g and QUHS station 0.22g (Sinadinovski et al., 2022).     

 

Despite Yugoslavian long experience in administratively institutionalized damage assessment, the last 

2 earthquakes were “surprise” to the relevant authorities in both countries, which clearly shows the need 

of urgent system preparedness measures and improvement of current procedures and legislations, as 

well as implementation of the latest smart technologies and GIS developments.    

 

Effective and very fast damage assessment comes out as a necessity in both cases. Rapid procedures 

were used, for Skopje modified UKIM-IZIIS methodology, and for Zagreb methodology adopted from 

Baggio et al. (2007) and Anagnostopoulos et al. (2004), modified to account for the local building 

features and observed characteristic damage to gable walls, roofs and chimneys. Both methodologies 

used have classified the buildings in three usability categories: usable, temporary unusable and 

unusable.  

   

After Skopje earthquake inspected were 2,885 buildings for the period of app 50 days, and 25,528 for 

the period of app 100 days after Zagreb earthquake. In relation to both earthquakes, the concentration 

of the reported damages was found to be in the masonry type structures, buildings constructed before 

1964, dominantly residential and heritage buildings and low to medium rise story buildings. Comparing 

to current building exposure (ESRM20), out of function (temporary unusable and unusable) buildings 

for Skopje were reported 0.12% and much larger number in Zagreb (1.70% if considered ESRM20 data 

or 4.87% if considered Atalić et al., 2021 data). The larger percentage of affected buildings in Zagreb, 

in mostly due to the fact that Zagreb building portfolio contains larger amount of masonry and historical 

buildings, especially from the group of unreinforced masonry (ESRM20). It must be mentioned that the 
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last damaging earthquake in Skopje in 1963 has “cleared” considerable amount of masonry building 

stock in the city, and also afterwards with the city new urban reconstruction. Moreover, considerable 

amount of pre 1964 masonry structures in Skopje that exists today were strengthened to comply with 

the strength characteristics of the that time new 1964 code. 

 

The similarities, impacts and lessons learned from those two earthquakes opens a wide space for further 

research with aim to build more effective system for response, creation of adequate preparedness 

measures and increase the resilience of urban systems.   
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Abstract  

This paper focuses on earthquake consequences in buildings, analyzed in terms of architectural design choices. 

The Durrës earthquake of 11.26.2019 showed lot of damages of non-structural nature, in buildings of various 

ages, structural systems, and volumetric shapes. 

The object of the article is precisely the treatment of the variety of these "types of damages", which require to be 

carefully analyzed in order to understand the causes of which some of the consequences came from. The 

behavior of the building during the earthquake showed that the reasons for the damages were also related to the 

architect's choices and the corresponding conditions in the technical design codes. For example: the shape of the 

building, the regularity of the structure, seismic joints, cantilever volumes, parapets, stairs, doors etc. So, the 

purpose of the article is to highlight the damages that come as a result of those design factors, which directly 

involve the architect. The article does not undertake to limit the functional and aesthetic choices on buildings 

but emphasizes the importance of the early collaboration of the architect and structural engineer in seismic-

prone areas, taking into account that construction works should be built at optimal cost, with the aim of 

minimizing such damages in the future. 

Keywords: nonstructural damages, irregularities, seismic joint, architectural design. 

1. Introduction 

The earthquake of November 26th, 2019 in Durrës, which was preceded by another earthquake, 

approximately of the same magnitute on September 21th, 2019 with almost the same epicenter, 

caused significant damages on buildings which was followed by strong debates even among the 

engineers themselves. The earthquake caused a lot of non-structural but still significant damages, in 

more buildings than those that were structurally demaged. 

These damages cannot only be addressed to a specific construction discipline. They have come for 

various reasons which can be summarized in these 4 main groups: 

1. Damages related to the design of the buildings; 

2. Damages coming from the lack of knowledge and non-implementation of technical design 

conditions; 

3. Damages related to construction details in the project; 

4. Damages related to the construction process and necessary construction details. 

A critical look at earthquake damage to buildings, shows that the architectural configuration, which 

(according to Arnold) is defined as: the building's size, three-dimensional shape, two-dimensional 

shape and location of structural elements, as well as the nature and location of non-structural 

components that can affect the seismic performance, aesthetic choices and technical details 

implemented in many cases, although not the only factors, have contributed to serious structural and 

non-structural damage to buildings. [1] 
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All of the four groups above require full attention of the civil engineer, but for some of them, the role 

of the architect is a major influencing factor and should not be avoided. Engineers often say that the 

configuration given by the architects for the building makes their job more difficult, increases 

construction costs and decreases the safety of the building. So the architectural design of the building 

is also decisive for its structural configuration, and both of these factors are responsible for the 

seismic behavior of the entire building. 

Many experienced earthquake engineers say that the architect plays a key role in ensuring the 

satisfactory seismic performance of a building. [1]  

So designing for seismic safety should not always be seen as a task only for the structural engineer. In 

fact, this paper does not aim to limit architects in their functional and aesthetic choices for buildings, 

but through some case studys, to emphasize the importance of knowing the technical guidelines for 

architectural design decisions in seismic-prone zones and the importance of cooperation with the 

structural engineer from the early stages project idea. This way, past mistakes can be avoided and 

future construction works can be built at optimal cost, because cost and safety issues are top priorities. 

Seismic Design Code (KPT-N.2-89) is the official design document in Albania, which gives 

principles, design rules and recommendations about seismic design of buildings, and other 

construction works. [3]  

Eurocode 8 (EN 1998-1) is also being adapted in Albania, but not yet approved by the relevant State 

authorities. Due to this, it’s unofficial and not mandatory to be followed and implemented by 

engineers. However, it is used by all as a guide in the design of engineering projects. [4] 

2. Earthquake consequences (case studys of damaged buildings) 

According to Albania Post-Disaster Needs Assessment Document (Government of Albania; European 

Union; United Nations agencies; World Bank, February 2020) (CEN, 2005) 18% of housing units in 

Albania are overall affected by the earthquake. 

In their multitude, this paper focuses on the damages caused to multi-story buildings in Durrës and 

Tirana regions in Albania, which indirectly or directly involve the architect. 

The inspection and analysis of earthquake-damaged buildings plays an important role in 

understanding the causes of damage and justify the importance and effectiveness of seismic design 

and construction. There have been damage models, related only to the configuration characteristics of 

particular buildings, which have resulted in structural damage consequently the destruction of 

buildings. There were damage models related to the configuration and simultaneously to technical 

aspects of the construction details. As there have been models of non-structural damage, due to 

technical details far from anti-seismic design conditions. 

Through an architetct’s lens, confronting: cause-and-effect of the actual models and patterns of 

earthquake damage in buildings can be interpreted related to 3 elements of the building, such as: 

1. The volume configuration of the building; 

2. The facade of the building; 

3. The inside of the building. 

The volumetric configuration is related to the both architectural and structural features of the overall 

building (geometry in plan and elevation), cantilever volumes, height of the building and changes in 

floor heights, transparency and the height of the ground floor, regularity of the structure in plan and 

elevation, dimensioning of the seismic joints and taking them into consideration during architectural 

design. 

The facade of the building is related to: the envelope of the building in its opaque and transparent 

parts, facade cladding and parapets. The interior of the building is related to: stairs and common space 

of movement, partitions between diferent residential units and those inside the same unit and main 

apartment door clearance. 
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Some of the features mentioned above may be associated with more than one building element, e.g. 

transparent coatings are related to both the volumetric configuration and the facade; seismic joints are 

related to the volumetric configuration and in some cases to the interior of the building. 

2.1  Residential buildings with irregular configuration 

In the multitude of damaged buildings due to irregular volumetric configuration, the following case is 

singled out, in which there are damages caused by the effects of the interaction of the neighboring 

buildings with each other, the irregular configuration in the plan and the increased volume on the 

upper floors.The buildings are located at the entrance to the city of Durrës and were built one after the 

other in the period 2006-2012, the first with 9 floors above ground (on the right) while the second 

with 12 floors above ground + attic (on the left). Fig. 2. During the construction of the second 

building, an additional volume has been proposed in the form of a "connecting bridge" with the first 

existing building, which is attached with 3 floors and there are 3 more floors above the "bridge". 

This volume added to the form of the bridge is partly supported on two columns attached to the facade 

of the first building but not connected to it and not far from it (on the right) and partly emerges as a 

cantilevered volume on the last three floors of of it, on the terrace of the existing building. 

Due to the irregular configuration in plan, the added mass on the upper floors of the second building 

and the irregular and large-amplitude seismic waves, two effects were produced: the buildings 

collided with each other in the joint area and the cantilever volume has increased the height of the 

center of mass of the second building and has had the effect of increasing its behavior as an inverted 

pendulum. As a result, parts of walls have fallen from the facade. Fig. 1. 

  

Figure 1. Collapse of the facade walls in the 

"connecting bridge" area 

Figure 2.  Behavior of buildings during the 

seismic event 

Most of the buildings after the 1990s in Albania are cases of irregular volumetric configuration, 

dictated by the geometry of the property, the use of the building for several functions and the demand 

of investors or the architects themselves, who are always looking for the most accurate volumetric 

form. nice, they wanted to achieve something "unusual", but in this way the project creates a conflict 

with the seismic design codes and rules. Skilled engineers have taken these projects as a professional 

challenge to execute them, but experience has shown that the construction of these types of 

constructions can cost on average about 20% more than the construction of a building with 

conventional configuration. And yet their behavior during the earthquake has again caused increased 

damage to the non-structural elements of many buildings and therefore increased cost which is 

difficult to calculate. On the other hand, in seismic areas, "unusual" buildings cannot provide the same 

safety as those with a regular configuration. 

The main responsibility of the geometric configuration of the building lies with the architect from the 

first stages of conception. If architectural design geometry and structural design geometry are 

determined independently of seismic considerations, it is not possible to simultaneously achieve a 
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building with appropriate architectural design, desirable seismic behavior, and optimal construction 

cost. [10] 

In these cases, there is a deviation from the code instructions for regular volumetric configuration in 

plan and height of the building. Both documents, as KTP-N.2-1989, in chapter 1, part 1.4, as well as 

EN 1998-1, in chapter 4, in general terms recommend the conception of buildings with regularity in 

plan and height in terms of compactness and volumetric symmetry, looking for: non-pronounced 

breaks in plan and in height. 

According to EN 1998-1, (part 4) uniformity in the development of the structure along the height of 

the building is important, because it tends to eliminate the occurrence of sensitive zones, where stress 

concentrations or high ductility requirements can cause significant damage or structurally irreversible. 

2.2  Irregular distribution of non-structural components of the building (infill walls and 

partitions) 

The building in Figure 3, with 6 floors and a reinforced concrete supporting structure, built during 

2008-2010, is one of many buildings with the same irregularities in their configuration. The building's 

volatility has been high, among other issues, due to the following factors: low stiffness on the first two 

floors; low stiffness in twisting and irregular distribution of strucutural elements in the added mass of 

upper floors and non-uniform distribution of non-structural elements, with added mass on upper 

floors. 

Damage observed in this building after the November earthquake is concentrated on the first floor. 

The reason why the "soft story" mechanism was developed on the first floor and not on the ground 

floor is related to the largest shifts that took place on this floor. The best design of the ground floor 

(the size of the columns and their reinforcement) may have also influenced. On the other side, the lack 

of non-structural walls in these two floors has contributed to the structural damages, taking into 

consideration the shape of the damage, it can be estimated that the low rigidity in the torsion and the 

increased mass of the upper floors (console volumes on both sides) also had their impact. Figure 4 

   
Figure 3. Non-uniform distribution of 

non-structural components 

Figure 4. Damage due to 

“soft story” and torsional 

effect 

Figure 5. “soft story" mechanism was 

developed 

This damage mechanism has been observed in many other buildings with similar geometric 

configuration and structural features of which are probably design factors.  

Irregular distribution of non-structural elements in height, e.g. in cases where the resistance of the 

infill walls on one floor is very small compared to the other floors... the result of all this is the creation 

of a soft floor. This happens, especially in the case of open ground floors with infill walls on one or 

both sides or without infill walls. [4]  

According to Ambrose and Vergun (1985) state that reduction of the soft story effect can be possible. 

The remedies for soft story are: 

• to brace some of the openings; 
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• to keep the building plan periphery open, while providing a rigidly braced interior; 

• to increase the number or the stiffness of the ground floor column; 

• to use tapered or arched forms for the ground floor; 

• to develop a rigid ground story as an upward extension of heavy foundation structure; 

• to equalize the rigidity of the stories by separating the non-structural elements from the 

structural ones or using light and less rigid non-structural elements for infill walls and exterior 

claddings. [14] 

All of the above guidelines relate to design issues, most of which structural engineering is responsible 

for. The architect must be cooperative and prepared to accept structural forms (such as increased size 

and number of columns and beams). 

2.3  Cantilever volumes 

From a seismic point of view, cantilever volumes present at least two complications in the dynamic 

behavior of the building: First, they affect the overall structural irregularity, a problem that requires 

careful handling in the distribution of primary seismic structural elements. Second, it requires 

attention to the self-sustainability of construction elements in the area of the cantilever volume. The 

impact on the overall behavior of the building requires proper structural treatment and is not the scope 

of this paper. 

Due to the simultaneous oscillation in the vertical and horizontal direction, the cantilever volumes are 

in a delicate situation of balance. In the cases shown in Fig. 6 and Fig. 7, this state of the cantilever 

volumes is also accompanied by the lack of implementation of technical details to properly connect 

the walls at the ends of the cantilevers. As a result, the walls of the facade on several floors of the 

cantilevered volume have collapsed, exactly at the outer corners of the cantilevers. 

The main cause of this damage model is the deviation from the anti-seismic design conditions, due to 

the irregular volume configuration with the cantilevers and the added weight of the walls in them, 

because the architect has chosen to treat the cantilever as a volume attached to the rest of the facade. 

  

Figure 6. Walls collapse in the cantilever 

volumes 

Figure 7. Wall above cantilever reinforcement 

model 

Sandwich walls, which are designed for heat insulation, are also to be tied to each other with cramps 

in order to prevent overturning due to seismic forces. [9] 

Due to their behavior during seismic events, cantilever volumes on facades are recommended to be 

avoided. If cantilever volumes are a must, technical measures with special construction details must 

be taken to avoid damage to this model in buildings. These types of damages are the result of 

simultaneous combinations of some of the 4 groups of causes as outlined in the introduction of this 

article. 
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Many architects believe that seismic design is totally controlled by the engineers in their team and 

they should not be involved in the conception or coordination of seismic design. But successful 

seismic design begins and ends with the architect. It is true that engineers can control the details of 

many components within the building, but it is the architect who must understand the interrelationship 

between the various systems within the building for successful performance during and after an 

earthquake. [6] 

2.4  Sizing and inclusion of anti-seismic joints in architectural design 

Generally, buildings that are separated by an anti-seismic joint have suffered damage in the joint area, 

generally due to the collision of the buildings during the seismic action. In all these cases, it is 

understood that their cause is the incorrect dimensioning of the joint. The case of Fig. 8, shows the 

breaking of the wall up to its separation (also due to the inertial forces caused by the collision of the 

supporting structures of the buildings). Another consequence of this cause is the damage to the 

neighboring buildings on the upper floors due to the collision with the greater displacement of the top 

floors and their uneven swaying. 

Also, both documents, [3] and [4], respectively in chapters 1 and 4, recommend the use of anti-

seismic joints in cases where the building and structure deviate from the regular configuration on the 

plan. Anti-seismic joints should turn the building into two or more dynamically independent units, 

although the parts may function as a single building. The size of the joint must be designed to ensure 

that its parts do not collide during seismic shaking. During the design process, it is the structural 

engineer who decides on the position and dimension of the anti-seismic joint. In cases where parts of 

the building serve as a single functional unit, it is important that the architect respects the position of 

the seismic joint and its geometry, possibly by revising the project. 

  

Figure 8. Damage caused during the collision in the joint position 

A visit to the damaged buildings was neccessary after the earthquake of November 26, 2019, in order 

to point out the phenomenon of organizing the same functional space of the apartment over the anti-

seismic joint. The photos in Fig. 9, were made in the same apartment in a multi-storey residential 

building built before 2000 in the center of the Albanian capital. Proving whether this choice was 

design avoidance during implementation was not possible, but the fact shows that the housing unit 

falls on the seismic joint. This either shows unfair solutions of the architect, for the above mentioned, 

or shows a complete lack of cooperation and coordination of the design work between the architect 

and the structural engineer. This must be a widespread phenomenon because the same situation of the 

extension of the same residential apartment over the seismic joint of 2 neighboring buildings was also 

found in a building in the city of Durrës. Fig. 10. 

Everyone could imagine the experience of residents in an apartment in two dynamically separated 

buildings during the seismic event, when the floor and the ceiling of the same space in their apartment 

experienced double shaking. 
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a) interior of a room b) Interior of a sanitary unit 

Figure 9.  Interior view from an apartment in Tirana.  Source: Marin Zaimi 

  

a) interior of the corridor b) Interior of the sanitary unit 

Figure 10. Interior view from an apartment in Durrës city.  Source: Entela Kapllani 

2.5  Balconies and terraces parapets  

During the earthquake of November 26, 2019, there were cases of terrace parapets falling for various 

reasons. In Fig. 11, the case of a building whose parapet collapsed due to non-implementation of the 

technical detail of the brick parapet reinforcement and the thickness of the terrace layers. During the 

seismic event, a 20 years old girl lost her life, struck in the head by a piece of parapet going out of the 

building, although the building itself did not sustain significant damage. 

Gable walls and the parapets of balconies and terraces, which tend to overturn in an earthquake, 

should not be built out of masonry construction. They are to be made of reinforced concrete in order 

not to be separated from the structure. The damage of gable wall may be prevented by placing it 

between the frames. [13] A solution to the reinforcement of the brick parapet is given in Fig.  12. 

 

 

 

Figure 11. Collapsed brick parapet. 1970s construction building Figure 12. Brick parapet 

reinforcement model 
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2.6  Facade cladding 

The pictures below show 2 different buildings with concrete construction to which coatings of 

different materials have been applied but with the same technique. In the building in Fig. 13, natural 

stone slabs were applied with glue adhesion on one of the facades, during the implementation and 

outside the forecast of the project, while in the building in Fig. 14, ceramic tiles are applied by gluing. 

In the first case, not only the detachment of the stone slabs from the facade occurred, but also the 

structural damage of the columns in the facade covered with stones, because during the seismic event 

they could not withstand the increased stress as a result of the unforeseen weight of the natural stones 

on the facade. The destruction of the building was identified as a consequence of the deviation from 

the design during implementation and the loading of the structure with a weight outside of the design. 

In other cases of cladding facades with natural stone tiles with mortar adhesion, their detachment from 

the facade has also occurred. 

In the second case, the ceramic tiles were detached from the facade due to their gluing assembly with 

mortar on the exterior facade. However, the adherence, breaking and tensile strength of the mortar are 

restrictive. The consecutive drift movement due to earthquake forces between stories makes the 

mortar exceed its strength and makes the finishes separate from the walls due to properties of mortar 

in between. [13] 

Hence, chemical connections, such as mortar, are inconvenient, which are also prohibited in western 

countries prone to earthquakes. Instead of chemical connections, mechanical connections such as 

cramp anchorage with proper details and intervals are appropriate to be used. [9] 

  

Figure 13. Cladding with natural stone Figure 14. Cladding with ceramic tiles 

According to KTP-N.2-1989, Chapter 3, Point 3.4.2, the plates used for covering external walls with a 

surface area greater than 0.1 m2 ... are anchored to the walls with the help of metal ties. 

Selection for the wall and its finishes must be realized taking into considerations whether the main 

structure is flexible or rigid. For rigid structures, finishes such as stone facing can be utilized, if 

precautions are taken in the method of attachment. In flexible structures, wall finishes, which can 

adapt themselves to deflections of the main structure, can be used. [11] 

The types of damage so that cases of damage to non-structural elements on the facades are not 

repeated, the implementation project must be completed with technical details of the realization of the 

connections of the component elements of the facade with each other and with the supporting 

structure of the building at the same time to avoid the detachment of the tiles due to "fatigue of the 

material", from the cyclic change of air temperatures. 

2.7  Common stairwell space 

Stairs and corridors provide exits from the building. In many cases of high-rise buildings in the Durrës 

area, the damage to the stairs itself, accompanied by the fall of parts from the damaged surrounding 

walls of the stairwells, which have occupied the bases and landings of the stairs, making it even more 
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difficult to move residents during and after the seismic event. As the panic grew during the descent to 

quickly leave the building, many people fell and suffered physical injuries. Fig. 15, shows cases of 

inerts falling down stairs. 

One of the solutions is to design fixed bearing from one corner of the staircase to the frame and 

unrestrained bearings from the other corners. Another solution is to separate the staircase as a separate 

building block with seismic joints. Hence, the staircases and the corridors of them should be 

surrounded by shear walls in order to form cores. [9] 

  
Figure 15. Damaged stair ramps Figure 16. Inerts fallen down stairs. 

2.8  Masonry opening for exterior apartament doors 

Also, due to the deformation of the walls, the door frames have suffered deformations, especially 

those of the outer doors of the apartments, which have blocked the opening. As a result, residents 

experience increased panic due to the inability to immediately leave the building during and after the 

seismic event and also to enter the apartment after the seismic event in the case that they went to the 

apartment after the earthquake. In Fig. 17, shows door with damaged lock to enable opening. 

When the walls surrounding the doors and windows are subject to their deformation or blocking, then 

the solution is: appropriate framing of the cracks in the walls with reinforced concrete and the 

plastering of the walls is accompanied by galvanized steel mesh, as shown in Fig. 18, and Fig. 19. 

  
 

Figure 17. Exterior door with 

damaged lock 

 Figure 18. Exterior door 

reinforcement model 

Figure 19. Exterior window 

reinforcement model 

2.9  Partition walls, suspended ceilings.  

In Albania, in most buildings, the dividing walls are made of brick masonry. In many residential 

buildings, complete parts of the walls were detached from their initial position, similar to the case 
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given in Fig. 20. Usually, rigid partitions need to be anchored top and bottom to provide lateral 

support or stability, against toppling. To avoid stiffening the structure, upper anchors must 

accommodate both in-plane and vertical movement. [16]  

Light partition walls is recommended when they do not conflict with the requirements for acoustic 

insulation and fire resistance. 

  

Figure 20.  Collapse of the partition wall Figure 21. Collapse of suspended ceiling and light fixtures 

during the earthquake of September 21th, 2019. Faculty of 

Geology and Mining. PUT. Tirana. Sourse: 

http://redaktori.net/?p=17147 

Since suspended ceiling often falls during earthquake, Figure 21, connections with the suspended 

members must be properly designed. As the suspended ceiling is subjected to horizontal movement 

due to seismic forces, a gap should be made at the perimeter of it in order to prevent the ceiling 

pounding to the walls. The suspension system for the ceiling should also minimize vertical motion in 

relation to the structure. [10] 

The types of damage mentioned in the last three cases so that cases of damage to internal non-

structural elements are not repeated, because their fall has the potential to injure users, the 

implementation project must be completed with technical details of the implementation of the 

elements as appropriate and take into consideration the lessons learned from previous earthquakes. 

3. Findings (Lessons to be learned) 

The findings are based on post-earthquake damage observation and assessments performed for this 

purpose, both in the examples presented in this paper and in other similar examples investigated 

during and after the earthquake. The following findings refer to those damages that are directly or 

indirectly caused by the interweaving of structural and architectural choices and solutions. 

Summarized in groups these are: 

1. The earthquake showed that the seismic action in some areas was higher than predicted by the 

seismic code; in these cases many non-structural elements suffered significant damage in both 

old and new buildings: parapets, cladding, partition walls and anti-seismic joints between 

buildings; 

2. In earthquake-damaged areas, there are lot of cases where the functional solution and 

architectural design do not fully take into account the guidelines of the seismic design code. 

They are related to: the regularity of the building in plan and height, anti-seismic joints, flat 

slabs, changing the transparency of the facade in height, non-structural construction details 

related to the facade and the interior of the building; 

3. Functional solutions for medium- and/or high-rise buildings, especially when they combine 

different functions of use, have helped to create the conditions for earthquakes that cause 

significant damage and increased panic to users: masonry built and interwoven with the 
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elements of others (doors, windows, etc.) inappropriately; the high number of apartments on 

the floor and the solution of the main staircase, also helped by the stability of the doors, has 

created panic and injuries when leaving the building. 

4. Conclusions 

Because configuration is important, and since the architect creates and controls the configuration, it 

follows that he is a key participant during the seismic design process. The configuration problem is a 

universal concern, affecting all types of buildings and constructions. To the extent that the architect is 

influencing seismic performance through his choice of configuration, he should be better informed 

about the consequences of his actions. [2] 

The challenge for architects, engineers and builders is to ask why so much damage occurs and what 

can be done to prevent the problem. [5] 

Architects and engineers learn from detailed investigations of damage from past earthquakes and can 

document important issues and lessons about particular problems. Some problems occur due to 

improper design or construction or irregular volume configuration. Some because the building or 

structure cannot uniformly distribute the seismic energy, and some because of excessive loads caused 

by dynamic resonance between the ground shaking and the building. 

Geometrical concepts of the correct volumetric and structural configuration of buildings should be 

given to architects from school grades. The architect at any time of his professional development can 

be familiar with the irregular volumetric models or the irregularity of the configurations of structural 

systems, etc., given schematically according to (SEAOC) and Arnold. [1] 

At the same time, the architect can become familiar with the seismic behavior of irregularly shaped 

buildings, understand where their weakest point is and the danger they may present during an 

earthquake. Even engineers may seek to convince architects to use conventional, regular and 

preferably symmetrical forms in seismic locations. If reference is made to history, there is evidence of 

buildings of antiquity and those of several hundred years which have resisted many earthquakes and 

this is thanks to their shape. 

Seismic design is utilitarian and should be considered more important than aesthetic design. To 

resolve the conflict, it is required to increase the level of collaboration between the architect and the 

engineer in the building's conception stages. For this process to be successful, the architect and the 

engineer must have mutual knowledge of the fundamental principles of their disciplines. Therefore, it 

is always necessary for the architect to familiarize himself with the newest codes of seismic design, to 

which he can look for recommendations and principles of design of volumetric forms, configuration 

and constructive systems of buildings. On the other hand, the engineer must understand and respect 

the functional and aesthetic context within which the architect works. 

It is necessary that the legislation and technical construction regulations, especially those of urban and 

architectural design, include as best as possible the general principles and criteria of seismic design 

and be in line with the seismic design code; 

The damage in the areas affected by the earthquake highlighted a series of weaknesses of the 

buildings that are also related to the architecture, both in conception and construction details, such as 

regularity, seismic joints, facades, stairs, interior, etc. These damages and the technical solutions for 

them should serve both for the repair and reinforcement of damaged buildings as well as for the 

design of new buildings, in areas affected by the earthquake and in areas with high seismicity; 

Special recommendations:  

1. The rregularity of the building should be part of an exhaustive discussion from the conception 

of the design. In cases where this rregularity can be avoided, should be taken all the necessary 

measures;  
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2. It is advised to avoid cantilever volumes in regions with high seismicity. If unavoidable, their 

impact on the overall seismic behavior of the building, as well as design construction details 

with a focus on the stability of the cantilever elements themselves must be taken into account;  

3. During the design and implementation, it is recommended that for elements inside the 

building, such as partition walls, windows, doors, stairs and their vertical outline, etc., should 

take into account the rules of seismic design that limit damage to non-structural elements of 

the building; 

4. Seismic joints need to have adequate dimensions; to be provided in well thought out areas 

(not inside the dwellings) in advance; to be disguised, "furnished" in a distinctive way so that 

during future seismic events the dividing line appearing should not misinterpreted as serious 

damage;  

5. Parapets, especially in existing buildings, should be checked and where they result with 

insufficient ability to withstand seismic action or where they are damaged, they should be 

reinforced. 
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Abstract 

Assessing and finding the causes of damages in buildings belonging to construction typologies severely damaged 

as a result of the 26 November 2019 earthquake is of significant importance. Not only to better understand the 

causes of severe damage and the measures that should be taken specifically for these buildings, but also for 

planning the necessary interventions in these typified buildings typologies not only in the damaged areas but also 

in non-affected areas. This paper aims to carefully analyse some of the most severely damaged buildings by the 

earthquake, which have been associated with human casualties. Three construction typologies are considered in 

this paper, where two of them are design and build before the ‘90s as a typified buildings implemented in different 

cities, and the third one is a modification of typified RC building, constructed mainly after the ‘90s. One of the 

buildings build before the 90s is a masonry structure, while the others are reinforced concrete structure. Through 

damage and collapse mechanism assessment as well as using results of non-linear analysis, the paper attempts to 

highlight the primary causes of severe damage, compliance with building codes and the necessary measures that 

are recommended to reduce the vulnerability of these buildings 

Keywords: construction typology, brittle failure, soft story, shear resistance, nonlinear analysis, vulnerability 

1 Introduction 

According to IGJEO on November 26, 2019, 03:54 local time, a Mw 6.4 earthquake occurred 16 km 

north of Durrës and about 35km from Tirana, in the western region of Albania, at a depth of 38 km. The 

event was preceded by an Mw 5.6 earthquake with approximately same epicentre which occurred on 

September 21, 2019, causing considerable damage, mainly non-structural, and affected roughly the 

same area as the November 2019 earthquake (26Nov ADE); (RPI-Nov.26, 2020).  

The 2019 earthquakes were recorded by several IGJEO stations and the data are provided online (IGEO, 

2019). Unfortunately, the Durrës station (most important one close to the epicentre), recorded only the 

first 15 seconds of the main shock due to a technical issue (Duni L, Theodoulidis N, 2019). Some of 

the elastic response spectra, from Sept. 21 and Nov. 26, 2019 earthquakes records are presented in Fig. 

1. The recorded PGA values were 0.114g and 0.194g in the Durrës station for the Sep.21 and Nov.26, 

2019 earthquakes, respectively. In contrary, Sep.21, 2019 Earthquake produced higher PGA value in 

Tirana (0.183g) than Durrës (0.116g). The Nov.26, 2019 earthquake induced high seismic demands in 

flexible buildings in Durrës and Sep.21, 2019 earthquake induced high seismic demands in stiff 

buildings in Tirana. It should be noted that the Durrës station is located in very weak soil conditions 

(IGEO reported vs,30 = 202 m/s). Very close to that station (50m away), the measurements shows vs,30 

less than 170 m/s and shear wave velocity decrease with depth Fig. 2, so, soil category can be classified 

as S1 according to the EN 1998-1:2004. 

The seismic event caused 51 fatalities, more than 913 injuries and up to 17,000 people were displaced. 

The total effect of the disaster in the three regions Durrës, Tirana and Lezha amounts to 985.1 million 

EUR, of which 70% belongs to housing sector. It was estimated that 18% of all housing units in the 

affected area required either reconstruction or rehabilitation (PDNA-A, 2020). 

Fatalities have been concentrated in two municipalities, Durrës and Thumana (an administrative unit of 

Kruja). In addition to the earthquake magnitude, the vicinity to the epicentre and the soil conditions, the 

fatalities happened in these areas are also closely related to the typified buildings that have suffered 

heavy damages and collapse from the seismic event. 
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Fig. 1. Elastic response spectra of the ground motion records for Sep. and Nov. 2019 earthquakes at Tirana and Durrës (5% 

damping ratio) and national seismic design code (KTP-N2-89) elastic response spectra. 

 
Fig. 2.Shear wave velocity, very near to the Durrës station (A. G. Consulting, UTS-01, 2022) 

In Table 1 are presented the building places, their typology and collapse mechanism as well as number 

of fatalities for each of them [see also (EEFIT Report, 2020)]. From the 51 fatalities, 3 persons that lose 

their life in other circumstances, rather than related to the building collapse are not presented in this 

table. If some associations to the total number of fatalities presented in Table 1 can be done, 33 fatalities 

occurred in typified buildings having a construction permit and build previous or around ’90 and 13 

fatalities in buildings without construction permit of with a violated permit in the period 1990-2005. 

Table 1 – Fatalities and their connection with location and building model and typology 

 

No. Municipality Admin Unit Coordinate Typology Model Floors Fatalities Comments

1 Kruja Thumana 41.5499; 19.6791 URM Model 77/5 5 17 Partia l ly col lapsed

2 Kruja Thumana 41.5495; 19.6797 URM Model 77/5 5 7 Partia l ly col lapsed

3 Durrës Lagje 18, Durrës 41.3275; 19.4529 RC Model 82/2 6 7 Total  col lapse

4 Durrës Këneta, Durrës 41.3281; 19.4591 RC Informal 4 8 Total  col lapse

5 Durrës Lagje 6, Durrës 41.3214; 19.4468 RC Model 82/2 6 2 Soft s tory

6 Durrës Plazh, Durrës 41.3092; 19.4871 RC Informal 6 2 Total  col lapse

7 Durrës Plazh, Durrës 41.3131; 19.4777 RC Informal 5 2 Total  col lapse

8 Durrës Plazh, Durrës 41.2728; 19.5169 RC Informal 8 1 Total  col lapse

8 Durrës Plazh, Durrës 41.2728; 19.5169 RC Not typified 5 1 Soft s tory

9 Tirana Kombinat, NJA 6 41.3129; 19.7701 URM Not typified 5 1 Parapet fel t down

Total fatalities due to building collapse = 48
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This paper will be focused analysing the performance of the typified buildings with fatalities, 

highlighting the primary cause for their heavy damages/collapse and giving recommendations to reduce 

the vulnerability of these typified buildings. 

2 Description of the typologies considered 

In the following chapters three main typified buildings, causing most of fatalities during November 26, 

2019 earthquake will be analysed in more details. The analysis will be focused on: 

1. Typified URM building, Model 77/5 – Two buildings caused 24 fatalities; 

2. Typified RC building, Model 82/2, original and modified – Two buildings caused 9 fatalities; 

Table 2 summarizes important structural characteristics of selected buildings, related to general 

geometry and dimensions as well as material properties and structural details. Structural analysis and 

respective results are based on these data. 

2.1 Typified URM building - Model 77/5 
The Typified URM 77/5 Model was designed and started to construct in 1972 (the 72/5 Model). Later, 

in 1977 it was introduced with some architectural and functional improvements and was presented as 

Model 77/5. Only few changes can be found between these models, and the most important, its structural 

regularity – it is increased. Although the Seismic Code KT-63 (Goverment of Albania, 1963), Point 25, 

doesn’t allow such layouts without dividing them into simple shapes by seismic joints for areas with 

seismic intensity 7 or higher, this model is found in many areas which suffer higher intensity due to 

September 21, and November 26, 2019 Earthquakes. 

The general data of the URM model 77/5 are given in Table 2. The masonry wall are constructed with 

thickness 38cm in the first three floors and 25cm in remaining two. Masonry wall are composed with 

brick strength 7.5 Mpa (clay or silicate bricks) and mortar strength 1.5Mpa. Foundation are stone 

masonry embedded not less than 1.3m. Slabs are composed with prefabricated panels, placed in one 

direction, supported directly to masonry walls and without any additional concrete layer on top.  

Table 2 – Main characteristics of the case study buildings 

 
The April 15, 1979 earthquake provided valuable information on: used materials (mortar and weak 

bound between silicate bricks and mortar) and the building layout (Stermasi F, Premti K, Meka K, 1980) 

(Pistoli, 1980). In year 1982, in accordance the 77/5 model was reviewed and improved Fig. 3 for use 

No. Item 5-Story building, 77/5 URM Model RC and M-RC 82/2 Model, Durrës

1 Seismic design code KT-1963 Improved KTP-N.2-78

2 Year of construction 1977-1982 1982-1996

3 Interventions Openings in ground floor walls (not confirmed) Added one floor

4 Soil category III (KTP-N.2-89), D (Eurocode 8) III (Improved KTP-N.2-78 and KTP-N.2-89), D (Eurocode 8)

5 Structural system Unreiforced Masonry RC moment frame

6 Structural regularity Irregular in plan and regular in elevation Regular in plan and irregular in elevation

7 Building height 5x2.8=14.0m RC 4.06+4x3.06=15.3m or M-RC (3.8+5x2.8=17.8m)

8 Storey height All floors 2.8m Ground floor 4.06/3.8m, others 3.06/2.8m

9 Plan dimensions and area 18.8x14.21m (same layout); Area=225m2 RC = 10.0x20.7m, Area=220m2; M-RC = 13.7x20.7m, Area=279m2

10 Building mass (ton) URM = 2000 ton RC = 1100 ton; M-RC = 1600 ton

11 Foundations
Continues T shape stone masonry foundations, 

0.7x1.5m+1.0x0.5m thick, depth at least 1.5m

Footings 2.5(2.8)x2.5(2.8)x1.0m connected with tie beam bxh=0.3x0.4m 

only outside (inner foots dim, PL2); depth at least 1.5m 

12 Basement available No (exists only in some specific cases) No (exists only in some specific cases)

13 Slabs and Beams

One-way prefabricated ribbed slabs with brick 

infill 15cm or RC hollow pannels, 11cm thick. No 

tie beams on top of the wall

One-way prefabricated RC hollow pannels, 11cm thick. Beams bxh: 

transversal 30x40cm, longitudinal 40x30cm* (* differ in some M-RC 

buildings)

14
Materials (based on design 

and tests)

Design: Mortar 1.5Mpa, Bricks 7.5Mpa, Tests: 

Mortar 1.6Mpa, Bricks 8.6Mpa

Design: Concrete C16/20, Steel yield strength 210 MPa; Tests: Concrete 

cubic strength 20-23Mpa; Steel yield strength 320 MPa  (plain rebar)

15 Column/Wall spacing 
Max walls spacing: Transversal direction 

10.7m*, Longitudinal direction 4.35m
Transversal direction 3.6m, Longitudinal direction 4.2-5.4m

16
Column/Wall cross-

sectional dimensions

Walls: Three floors - 38cm thick and two other 

floors 25cm thick.
bxh = 30x40cm

17 Column reinforcement NA
K1 GF: 2.4%; Other floors: 1.4%; K2 GF: 2.9%; Other floors: 1.9%; 

Single hoops: Ø8 at 10/20/10cm spacing

18 Beam reinforcement NA
Long. rebar ratio approx. 1.8%, with 80cm critical regions and stirrups 

Ø8 at 10/20/10cm spacing  (spacing differ in some M-RC buildings)
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in seismic areas with intensity VII and VIII by adding columns (K1) to the corners of the building; by 

increasing the mortar strength from 1.5Mpa to 2.5Mpa for walls with clay bricks and 5.0Mpa for walls 

with silicate bricks; by adding RC horizontal tie beam 15x38(25)cm on the top of the masonry wall at 

each floor. Slight improvements are done also for out-of-plane behaviour (AQTN). 

                

   
Fig. 3. Improved 77/5 Model, by adding at least 3 RC columns at the corners; improving the mortar strength; reinforced 

concrete tie beams were also added at the floor levels 

 
Fig. 4. Location of URM Model 77/5 in Thumana and their damage degree 

Unfortunately, many buildings with URM 77/5 models has been constructed since its release and the 

improved 77/5 model in 1982 wasn’t use to retrofit the existing building stock. During the 2019 

Earthquakes many buildings belonging to this model suffer moderate-heavy damages. Four partially 

RC tie beams 
Mortar 2.5Mpa for clay bricks 
Mortar 5.0Mpa for silicate bricks 
 

Still vulnerable to out-
of-plane behaviour 
 

17 fatalities 
7 fatalities 

Partially collapsed buildings 

Heavy damaged buildings 
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collapsed buildings in Thumana belonged to this model as well and 24 people lost their lives in two of 

them Fig. 4. 

From the structural point of view, URM 77/5 Model can be considered composed of two “separate” 

structural units having a weak “connection unit” Fig. 5, comprising: low percentage of transversal walls 

and high potential of out-of-plane failure of longitudinal walls; stairs; longitudinal walls weakened by 

the presence of doors and windows. The prefabricated slab panels, placed in one direction and without 

tie beam connecting to the wall also affect the joint work of the units A and B. 

     
Fig. 5. Structural unit composition of 77/5 URM Model 

Due to the layout geometry, the weak “connection unit” and the distribution of the masonry walls and 

their openings, the torsion and the interaction of the structural units A and B increase the seismic effect 

to each other. The interaction may have contributed to the heavy damages and falling parts of the 

“connection unit” as well as to the collapse of the small unit B in two cases, during 26 November 

earthquake. The photos of the heavily damaged buildings clearly show the collapse of small units in 

two buildings and damage to the connecting area in the two others. 

The damage pattern appear in this building typology are: 1-) diagonal cracks in masonry walls, 

especially in the weak pears and spandrels; 2- ) disconnection of the slab panels from the masonry walls 

due to lacking of the tie beams and inadequate or missing connection between slab panels; 3-) moderate 

to heavy damages at the masonry walls in the upper floors due to low normal stresses; 4-) Out-of-plane 

failure; 5-) parapet failure in many cases, especially when masonry buildings are situated in areas 

without or with low seismicity and the parapets are not strengthened. In the "Kombinat" area near 

Tirana, as a result of their vulnerability, a lot of parapets felt down and one of them caused a fatality, a 

girl loss her life. Summarising, the factors increasing the damageability of the 77/5 URM model are: 

• The mortar quality and the bound connection between silicate bricks and the mortar; 

• In-plane irregularities with an added vulnerable member “connection unit” between two main 

structural units; 

• Some masonry wall are vulnerable to out-of-plane failure – max wall length 10.68m; 

• The absence of tie beams on the top of the masonry wall at each floor as well as one direction 

prefabricated slabs without any additional RC top layer; 

• Workmanship quality and competence – many buildings previous to ‘90 have been constructed 

by voluntary workers; 

• Environmental factors, especially humidity, which has deteriorated the quality of mortar as well 

as the lack of building maintenance; 

• Possible interventions to these buildings, without verifying the existing capacity. The 

intervention can be both in openings in the ground floor and adding floor or lateral areas. 
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Based on the structural assessment carried out through pushover analysis, using two-dimensional 

masonry elements (Baballëku, 2014), obtaining mortar properties directly from laboratory tests (Mortar 

strength = 1.6 Mpa and Bricks strength = 8.6 Mpa) and comparing the structural capacity of the building 

with the seismic demand, the following main conclusions are drown and highlighted: 

1-) Using as demand, the fitting response spectrum of all 2019 earthquakes recorded at Tirana station 

(Fig. 6-a), the URM 77/5 model suffer significant damages, but no collapse (Fig. 6-b). The buildings 

with URM 77/5 model situated in “Kombinat” area, periphery of Tirana have suffer moderate-heavy 

damages and fit quite well with analysis results;   

2-) Other factors i.e.: damages from previous earthquakes (July 2018 Mw=5.2 and 21 September 2019 

Mw=5.6), lower mortar quality, out-of-plane failure or unknown interventions, may have increase the 

damages, leading to the building collapse in Thumana. 

 
Fig. 6. Target displacement in ADRS format: a-) demand spectra fitting all 2019 earthquakes records in Tirana station 

(Type2, SC B and ag=0.15g); b-) target displacement (performance point) of the URM model 77/5 

Another analysis - using as demand the Eurocode design response spectrum with seismic 

characteristics: Type1 Spectra, Soil Category C and ag = 0.248g (SZMA-ASH, 2010) – shows that the 

URM 77/5 model collapse. The fitting demand spectrum (Fig. 6-a) gives another important hint: Stiff 

structures (including URM 77/5 and other similar models) may have suffer more during Sep.21 than 

Nov.26, 2019 Earthquake.  

2.2 Model 82/2 – Cast in place RC Model 
From an architectural perspective, the RC 82/2 model was used even before 1982, but in most of cases 

with masonry structure. In 1982, this model was introduced initially as prefabricated RC moment frame, 

to be used for areas with seismic intensity 9 and in accordance with improved KTP-N2-78 code (ktp-

n2-78-r, Janar 1982). The main building properties can be found in Table 2 and in the Fig. 7 is given 

the structural layout of original RC 82/2 Model (prefabricated or cast-in-place). 

 
Fig. 7. Structural layout of original RC 82/2 Model (AQTN) 
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From local technical office this model was proposed to be constructed as cast-in-place RC 82/2 Model 

in Durrës area, initially without any change in layout, number of storeys and element dimensions. The 

main change was related to concrete strength and the reinforcement percentage, Fig. 8. This model is 

regular in plan but with irregularities in elevation due to: a-) ground floor at least 1m higher than the 

other floors (masonry wall under +0.00 and tie beam at top of it is not uniform and doesn’t have 

adequate stiffness); b-) immediately reduction of columns rebar percentage (Fig. 8-b.), and, c-) often 

infill walls exists only partially in the ground floor – often this floor is used for services. Moreover, in 

some cases infill walls distributed asymmetrically in ground floor affect also the plan regularity. 

           
Fig. 8. Column material and details: a-) Prefabricated RC Model 82/2: Concrete C25/30; Rebar 4Ø18 (less than 1%); Single 

hoop Ø6.5/20cm; b-) Cast-in-place RC Model 82/2: Concrete C16/20; Rebar 6Ø20+4 Ø16 (2.2%); Single hoop Ø8/10/20cm 

In different periods, previous and after ’90, designs with several changes (in layout and/or number of 

stories) of cast-in-place RC Model 82/2 are proposed and constructed until year 2000. Hereunder, these 

modified cast-in-place models will be named M-RC 82/2 Model. 

 
Fig. 9. Structural layout of RC Model 82/2: a-) Original model; b-) Modified model 
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In Fig. 9 are given layouts of two cast-in place models: Original RC 82/2 and M-RC 82/2 with the 

extensive changes in layout, by increasing plan area with 26.8% and in elevation by adding generally 

one floor. In some cases these adding volumes are followed by increasing rebar percentage (generally 

in beams), but in most of them the columns reinforcement remain unchanged towards original cast-in-

place RC Model 82/2. 

In Durrës, two buildings with the M-RC 82/2 Model collapsed, both with “soft story” mechanism. One 

of them subsequently develop also pancake collapse. Heavy damages suffer most of cast-in-place RC 

Models 82/2, original and modified ones in Durrës area.  

   

   
Fig. 10. Two cast-in-place M-RC 82/2 Model collapsed buildings: a-) pancake mechanism; b-) “soft story” mechanism 

The damage patterns appears in cast-in-place 82/2 model are mainly concentrated on the ground floor: 

1-) joint crush at the top of the ground floor; 2-) shear crack in columns and beams; 3-) columns 

buckling; 4-) failure due to high normal forces; 5-) diagonal cracks in the filling walls. 

Damages and collapses on RC and M-RC 82/2 Model are connected with different issues:  

1-) Cast-in-place RC Buildings for residential purposes just started massively in the beginning of ’80 

and the experience regarding their seismic behaviour have not been comprehensive. Most of damaged 

buildings during the earthquake of April 15, 1979 have been with masonry structure; 

2-) KTP-N2-78 (1978) gives only few criteria for seismic details. Moreover, the cast-in-place concrete 

quality and the RC elements detail accuracy didn’t results as required in design. Even in those cases 

when the design has foreseen seismic details beyond the KTP-N2-78 (or in accordance with KTP-N2-

89) requirements, they have not been implemented; 

3-) Both stiffness and resistance in longitudinal direction results smaller than in the transverse direction 

and "soft story" mechanisms are dominant in the longitudinal direction. This is also confirmed by 

calculations. 

Summarising, the factors that have caused or increased the damages in the cast-in-place RC and M-RC 

88/2 Model are: 

• Poor concrete quality and inappropriate detailing’s: a-) low concrete strength; insufficient 

dimensions for primary structural element; b-) low percentage of the longitudinal reinforcement 

a1 

a2 

b1 b2 
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and low volume ratio of the transversal reinforcement; c-) inappropriate reinforcement details: 

absence/deficiency of hoops in critical regions, deficiency in bar anchorage and lap-splicing, 

hoops bent not more than 90° and insufficient anchorage length into the concrete core; d-) 

inadequate stirrup/hoops amount and detailing in beam-column joints; e-) plain rebars; 

• The severe reduction of the columns resistance above the ground floor – abrupt change in rebar 

percentage above ground floor; 

• Insufficient stiffness and resistance in the longitudinal direction of the building;  

• Prefabricated slab panels placed in one direction and without cast-in-place any top RC layer – 

no rigid diaphragm behaviour; 

• Added floors and/or increased floor area without making appropriate structural verifications 

and design adaptions; 

• Environmental factors deteriorating the qualities of the materials - is evident in the columns 

base. Lack of maintenance and possible interventions during the design working life.  

   

   
Fig. 11. Columns damaged in six different cast in place RC and M-RC 82/2 Model 

Based on the structural assessment carried out through pushover analysis, using material properties 

based on tests (checking also with those given in design) and comparing the structural capacity of the 

building with the seismic demand, the following main conclusions are noted and highlighted: 

1-) Using as demand, the fitting demand spectrum comprising the 2019 earthquakes recorded at the 

Durrës station (Fig. 12-a), the RC 82/2 model suffer near-collapse (Fig. 12-b). The failure mechanism 

result soft story.  

2-) The same demand is used also for the M-RC 82/2 model and the structure collapsed (Fig. 12-c). The 

failure mechanism is still soft story. 

In both analysis the soft story mechanism is developed in longitudinal direction. Exist high possibility 

that the “soft story” mechanism to be developed in the first floor rather than ground floor, in those cases 

876

https://doi.org/10.5592/CO/2CroCEE.2023.106


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.106 

were columns rebar amount is immediately reduced above ground floor. In fact, one of the two collapsed 

RC Model 82/2 has developed soft story in first floor.  

 

  
Fig. 12. Target displacement in ADRS format: a-) demand spectra fitting all 2019 earthquakes records in Durrës station 

(Type1, SC D and ag=0.15g); b-) target displacement RC 82/2 Model; c-) target displacement M-RC 82/2 Model 

3 Findings and recommendations 

The following findings and recommendations are based on the observation of damages after the 2019 

earthquakes and on the assessment carried out, analysing each building as well as other similars. 

3.1 Findings 
Buildings heavily damaged and/or near-collapsed by November 26, 2019 Earthquake are the result of 

one or more of the following factors: 

1-) Are located in areas where the seismic action has been higher than that foreseen in the seismic code. 

There are buildings in Tirana, Thumana and other areas which have been designed and constructed with 

low seismic action or without (areas with seismic intensity VII or lower previous to 1979) than what 

results from the 2019 earthquakes; 

2-) Although significant previous earthquakes (especially those of April 15, 1979 and January 8, 1988) 

have taught valuable lessons, producing instantly recommendations for new design and construction 

processes, there are no clear evidences demonstrating that these findings have been used for retrofitting 

of the existing building stock; 

3-) Due to their fundamental vibration period, URMs were moderately damaged during the September 

21, 2019 Earthquake. Further, during the 26 November 2019 earthquake, their damages increased and 

in some cases these buildings collapsed; 

4-) Different typologies of the building stock, URM or RC, show limited seismic capacity as a result of 

the combination of the following factors: 

• Structural irregularity in plan and/or height; 

• Low materials quality (concrete for RC and mortar for URM); 
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• Unsuitable construction details for buildings situated in areas resulting with moderate to high 

seismicity: for URM – weak pears and spandrels, one direction slabs panels and lack of 

connecting ties beams; for RC - inadequate element dimensions and critical regions 

confinement and inadequate shear resistance for columns, beams and beam-column joints; 

5-) Building interventions performed without taking the necessary structural verifications (and eventual 

retrofitting). The most common interventions: a-) adding floors; b-) lateral extensions and opening in 

structural masonry walls, especially in the ground floor in case of URM buildings; 

6-) An essential factor have been also the workmanship and their competence during the execution 

process, since many buildings are constructed based on voluntary work. Adequate execution of details 

affect directly the seismic building capacity. 

3.2 Recommendations 
Based on three building typologies analysed above and findings, some recommendations are 

summarized and listed following: 

1-) Typified building (models URM 77/5 and RC 82/2 or M-RC 82/2) – located in the earthquake-

affected areas and in other areas with high seismic risk – need to be fully assessed and after a unified 

retrofitting strategy is necessary to prepare for each model. The retrofitting interventions should be 

comprehensive: unified solution for typified buildings and special instructions for those cases where 

buildings are constructed with some differences from “prototype” and where quality of materials, 

maintenance, environmental or soil conditions, etc. induced extra effects; 

2-) An improved typified design has been drafted for the model 77/5 after the April 15, 1979 

Earthquake. The performance of buildings with improved model 77/5 during the 2019 Earthquakes 

should be assessed carefully in order to check the effectiveness of the improvements and to considered 

them during retrofitting strategy for buildings with unimproved model; 

3-) The following vulnerable elements should be remember for retrofitting of the 77/5 model: the low 

quality of the mortar (when documented); connection unit with high damage potential; low resistance 

of piers and spandrels; the missing diaphragm behaviour of the slabs and their connections to the 

masonry walls; large spacing and lack of uniformity of some transversal walls; 

4-) For the assessment of the RC 82/2 models it is recommended to follow also these steps: a-) Verify 

the compatibility of the in-situ building with the typified model, since in many cases are present 

additional area, cantilever in each floor or added storey on the top of the building; b-) checking material 

strength and the condition of RC elements, especially the concrete deterioration and rebar corrosion;  

c-) assessing the existing capacity, paying special attention to: the longitudinal direction capacity, shear 

capacity, soft story mechanisms in ground and first floor, infill walls and one direction panel slabs. 
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Abstract 

The introductory part of this work gives a brief description of the recent earthquakes that have occurred in recent 

years in the Republic of Kazakhstan. The following is more detailed information about the consequences of an 

earthquake: the scale of destruction, the procedure for dealing with the consequences of an earthquake, methods 

of strengthening buildings. 

 

Keywords: earthquake, magnitude of earthquake, intensity of earthquake manifestation, epicenter, ground 

vibrations, surveys, building reinforcement. 

Introduction 

The territory of the south and south-east of Kazakhstan is one of the most seismic of the Central Asian seismically 

active east of the Kazakhstan. Over the past three, 120 strong earthquakes have occurred here: Vernenskoye – 7.3 

with a magnitude of 1887, Chilikskoye – with a magnitude of 8.3 since 1889, and Keminskoye – with a magnitude 

of 8.2 since 1911, and the weaker number (5-7 points) is estimated in dozens. 

Seismic regions of Kazakhstan occupy about 43% of the total area of the territory of the republic. More than 6 

million live here. a person or about 40% of the total Kazakh population of the city. At the same time, the population 

of the city, in 9 living-2.0 million, is a ball zone. a person (V. G.) in the core. Almaty – 1.85 million people); in 

the 8-ball zone-1.1 million people; in the 7-ball zone – 2.0 million and 6-ball zone – 1.2 million people. 

The earthquake of May 12, 2003 at 01:23 a.m. occurred Destructive local time (on May 12 at 18: 22 GMT) Of 

the Republic of Kazakhstan in the part west of the territory of the southern (350 km) city of Almaty, east (100 

km) of the city. Taraz, point coordinates VS: 42o 52' s.sh., 72o 53' v.d. at the epicenter station of Lugovoye village. 

According to the data of the engineering seismometric station "Almaty" to the Lugovsky magnet, the earthquakes 

are M = 5.4 on the Richter scale, the focal depth (different estimates) is from 4 to 8 kom. According to the intensity 

of the MSK scale of the earthquake at the epicenter of 7-8, the score is 64. For almost 3 to 3 repeated Aftershocks 

with a ball intensity every day for months. 

1. Parameters of The Lugovsky earthquake shock 

The Lugovsky earthquake occurred on May 23, 2003 at 01:12 local time (May 22 at 18:12 GMT) in the 

area named after T.Rysukulov, Zhambyl region, in the southern part of the territory of the Republic of 

Kazakhstan, west (350 km) of Almaty, east (100 km) of Taraz. 

According to the Almaty Seismic Observatory, the earthquake was located at a depth of about 14 km 

near the Lugovaya railway station. The coordinates of the epicenter of the main shock are 42o 52  

north latitude, 72o 53  east longitude, with a magnitude, M = 5.4 [1]. 

The epicenter of the earthquake is located on the territory of the Lugovaya station and does not coincide 

with the position of the epicenter determined by instrumental data. Approximately the epicenter, 

determined by instrumental data, is located at a distance of 7 km in the direction to the northwest from 
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the center of Lugovaya station. In the epicenter zone, no seismic dislocations were detected on the 

ground surface during the survey. 

According to the network of stations of the Institute of Seismology of the Ministry of Education and 

Science of the Republic of Kazakhstan, the magnitude of the earthquake was 5.4 with a depth of the 

hearth (according to various estimates) from 4 to 8 km.  

Based on the studies, a preliminary scheme of the isoseist of the Lugovsky earthquake was compiled 

(see Fig. 1). 

 
 

Fig. 1. Earthquake isoseist. 

 

Instrumental data on ground fluctuations in the epicentral zone were not obtained, therefore, the 

intensity of the earthquake manifestation was estimated based on the descriptive part of the MSK-64 

seismic scale. 

The intensity of the earthquake manifestation in the macroseismic epicenter varies from 7 to 8 points 

(the assessment was made according to the macroseismic part of the MSK-64 scale) [1]. 

A preliminary analysis of digital recordings obtained at the station showed that in the first 7 hours after 

the earthquake, 75 aftershocks occurred in the intensity range of 2-4 points, three of which were 

noticeable. 

The main results of the macroseismic survey are given in Table 1. 

Table 1 

№  
Name of 

the locality 

Earthquake 

intensity 

in points 

1 Lugovaya station 7-8 

2 Enbekshi 

village 

7 

3 village Kyzylsharva 7 

4 villageillage Kulan 6-7 

5 the village of Karakystak 6-7 

6 village Akbulak 6-7 

7 Zhalpak saz 6-7 

8 village Kazakh village Tasholak 6 

9 village 6 

10 Military camp 6 
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11 village Zhaksylyk 6 

12 the village of Kokdonen 5-6 

13 the village of Koragaty 5-6 

14 village Karakat 5-6 

15 the village of Zhanaturmys 5-6 

Note. The table shows data on localities where the 

earthquake occurred with an intensity of at least 5 points. 

 

By May 26, the number of aftershocks decreased to 27 per day. The strongest was recorded with an 

intensity of 4 points on May 26, 2003. 

1.2. Comparative assessment of earthquake intensity 

According to the results of research by the US Geological Survey, in the XX century, the annual purity 

of earthquakes with M ≥ 8 (I= 11-12 points) averaged 1 case; M ≥ 7-7.9 (I=9-10 points) about 20; M ≥ 

6-6.9 (I=7-9 points) – 120; M ≥ 5-5.9 (I=6-7 points) - 800; M ≥ 3-4.9 (I=4-6 points) – with more than 

50 thousand cases. 

Thus, the Lugovsky earthquake with M = 5.4 on a global scale does not belong to the category of rare 

events. On average, there are 2-3 such earthquakes on earth per day [2]. 

1.3. The number of dead and injured people 

The population of the T.Ryskulov district as of January 1, 2003 was 61.5 thousand. Human. The affected 

area is dominated by a rural population with a low density of 6.8 inhabitants per 1 m2. The district 

center named after T.Ryskulov is the village of Kulan. On the territory of the district there was 1 

settlement district, 13 rural districts, 44 settlements. 

As a result of the Lugovsky earthquake, 29 people were injured, including 3 were killed, 10 were 

hospitalized with injuries of varying severity, 16 received medical assistance on the spot. 20,900 people 

were left homeless. 18 settlements with a population of 38 thousand people were in the zone of severe 

destruction [2]. 

 

Fig. 2. One of the families affected by the Lugovsky earthquake 
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1.4. Direct and indirect material damage 

The economic damage caused by the earthquake exceeded $ 120 million, of which $ 95 million 

(78%) - the cost of demolition and new construction and $ 27 million (22%) – the cost of 

strengthening buildings and repair and restoration work. The elimination of the consequences of the 

earthquake was carried out by the own forces of the Republic of Kazakhstan. 

The demolition of such houses and the construction of earthquake-resistant ones will lead to large 

material costs. It is more expedient to strengthen the houses of this design, as can be seen from the 

example of the Lugovsky earthquake. Economic analysis shows that the construction of a new house 

that meets the requirements of the norms costs about $ 20,000, strengthening the affected house – $ 

5,000. In addition, the reinforcement of houses significantly reduces the time of housing commissioning 

[2]. 

2. The causes of the devastating consequences of the Lugovsky earthquake 

The territory of the south and south-east of Kazakhstan is one of the most seismically active areas in 

Central Asia. Three strong earthquakes have occurred here over the past 120 years: Vernenskoye – in 

1887 with a magnitude of 7.3, Chilikskoye – in 1889 with a magnitude of 8.3, and Keminskoye – in 

1911 with a magnitude of 8.2, and the number of weaker ones (5-7 points) is in the tens. Seismic regions 

of Kazakhstan occupy about 18% of the total area of the republic. More than 7 million people live here, 

or about 42% of the total population of Kazakhstan. At the same time, the population living in the 9-

ball zone is 2.0 million people (including 1.85 million people in Almaty); in the 8–ball zone - 1.1 million 

people; in the 7–ball zone - 2.0 million people and the 6–ball zone - 1.2 million people [3]. 

The first information about strong and destructive earthquakes in this area dates back to ancient times. 

The collection and systematization of macroseismic data on tangible earthquakes in the Northern Tien 

Shan began only in the second half of the XIX century, and instrumental observations - since 1927. The 

depth of the foci of these earthquakes varies from 15 to 40 km. On the modern Map of the general 

seismic zoning of the territory of Kazakhstan, the 8-point zone extends in a wide band from the village 

of Merke in the west to the east and northeast. The presence of this zone is historically due to the 

pleistoseist zone of the Belovodsk earthquake of 1885 (the epicenter of this earthquake was located on 

the territory of the modern Kyrgyz Republic, east of the village of Kara-Balta). Zhambyl region of 

Kazakhstan is located in the earthquake hazard zone (Fig. 3). The zone of active seismic impact with 

an intensity of 7-8 points occupies 21.6% of the total area of the region, where 75% of settlements are 

located, including the regional center - the city of Taraz with a population of more than 300 thousand 

people (2003). Seismicity of the territory in the south of the district them. T.Ryskulova of the Zhambyl 

region, where the Lugovsky earthquake occurred, has been accepted as equal to 8 points on the MSK-

64 scale since 1951. After the Zhambyl earthquake of May 10, 1971, which had a local character (M = 

5.5), there was no information about noticeable damage to buildings and structures on the territory of 

the modern T. Ryskulov district [3]. After this earthquake, the seismicity for the territory of Taraz 

(Dzhambul) in 1971 was changed to 8 points. These changes practically did not affect the territory of 

the T. Ryskulov district. The southern part of the territory of the district named after T. Ryskulova 

experienced noticeable concussions in 1992 during the Suusamyr earthquake on the territory of the 

Kyrgyz Republic (M= 7.7). The intensity of the manifestation of this earthquake on the territory of the 

T. Ryskulov district did not exceed 8 points and corresponded to the seismicity of the area adopted 

according to the current Map of the general seismic zoning of the Republic of Kazakhstan [3]. 

Thus, one of the main reasons for the devastating consequences of the Lugovsky earthquake is the 

natural realization of the natural potential seismicity of the region into a random event within the 

maximum previously predicted levels of seismicity and probability. 
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Fig. 3. Map of the general seismic zoning of the Republic of Kazakhstan 

 

3. Residential buildings in the earthquake zone 

Single-storey residential buildings with load-bearing walls made of adobe masonry predominate in the 

settlements, the total number of individual residential buildings in the earthquake zone is 8878 

buildings, of which 62% are adobe; 26% are brick; 3% are wooden; 2% are made of reinforced concrete 

structures.  

Residential buildings at the Lugovaya station had the greatest degree of damage, where the intensity of 

the earthquake manifestation on the international scale MSK-64 ranged from 7 to 8 points. On the 

territory with an earthquake intensity of 7 points (part of the Lugovaya station, the villages of Enbekshi, 

Kokaryk, Kzylsharua), residential buildings were damaged from 2 to 3 degrees. With an earthquake 

intensity of 6 to 7 points (the villages of Zhalpaksaz, Kulan, Karakystak, Akbulak), residential buildings 

were damaged from 2 to 3 degrees. With an earthquake intensity of 6 points (the villages of Kazakh, 

Tasholak, Zhaksylyk), residential buildings received mainly damage of 2 degrees. With an earthquake 

intensity of 5 to 6 points (the villages of Kokdonen, Karakat, Zhanaturmys), residential buildings 

received mainly damage from 1 to 2 degrees.  

With an earthquake intensity of 5-6 points, there was serious damage. Almost all houses with adobe 

masonry walls were damaged at least 2 degrees during the earthquake. Approximately 50% of these 

houses were damaged from 2 to 3 degrees, and some - 4 and 5 degrees (complete collapse). Damage to 

adobe houses (see Fig. 4). 
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Fig. 4. Destruction of adobe houses as a result of the earthquake on May 23, 2003 

 

Such serious damage to residential buildings with an earthquake intensity of 5-7 points is explained by 

the low strength of adobe blocks used in construction. The average compressive strength of adobe 

samples was 3 kg/cm2.  

A small group is represented by one, two and three-storey houses with load-bearing external and internal 

walls made of brickwork and wooden or precast reinforced concrete floors, as well as with walls made 

of wooden sleepers  

The most severe damage was caused to low-rise buildings at Lugovaya station with the maximum 

intensity of the earthquake manifestation on the MSK-64 scale from 7 to 8 points. At the same time, in 

buildings with wooden floors, the degree of damage was higher than in buildings with reinforced 

concrete floors [4]. 

Houses with wooden floors located in an area with an earthquake intensity on the MSK-64 scale from 

7 to 8 points were damaged from 2 to 3 degrees and recommended for strengthening with the transfer 

to complex structures.  These houses were recommended for demolition. 

Large-panel houses are made with one, two and four floors. The structural scheme of the houses is 

adopted with load-bearing transverse and longitudinal walls made of reinforced concrete panels. The 

ceilings of four-storey houses are made of panels with a support along the contour.  

As a result of the earthquake, all the supporting structures of buildings in this group received minor 

damage in the form of small cracks in the seams between the floor panels, crumbling in some areas of 

whitewash and plaster. In general, the load-bearing structures of large-panel buildings have 

satisfactorily endured earthquakes, and does not require reinforcement. The partitions were damaged 

up to 2 degrees on the MSK-64 scale and recommended for strengthening.  

 

3.1 Recommendations for strengthening residential buildings 

In the process of eliminating the consequences of the earthquake, the construction organizations of the 

Republic of Kazakhstan strengthened and repaired 4,756 residential buildings and built 2,563 new 

houses.  

In a two-week period, the KazNIISA Institute developed ways to strengthen buildings. For the first time 

in our practice, a massive reinforcement of adobe houses was carried out [5]. 

To obtain complex structures, it was recommended to strengthen all bearing walls of buildings with 

double-sided vertical layers of high-strength reinforced plaster on a cement-sand mortar grade of at 

least 150 or shotcrete and a thickness of at least 40 mm along reinforcing wire mesh with a diameter of 

at least 5 mm of class Bp-I (see Fig. 5). 

To prevent wall breaks in at the floor level, flat reinforcement frames were installed on both sides of 

the walls, replacing antiseismic belts. 
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The flat frames were made of two longitudinal reinforcing rods Ø12 mm of class A-III and transverse 

rods Æ6 mm of class AI with a step of 300 mm. For anchoring in the antiseismic belt, the floor beams 

were connected to flat frames with clamps made of reinforcement rods of A6 mm class AI. 

 
Fig. 5. Reinforcement of adobe walls and foundations with reinforcing grids in a layer of high-strength mortar. 

 

The rubble stone foundations were also reinforced on both sides with reinforcing grids in a layer of 

fine-grained concrete of class at least B12.5 and with a thickness of at least 100 mm. The grids were 

made of reinforcement rods Ø8 mm of class A-III with cell sizes 200x200 mm [5].  

With the proposed method of reinforcement, a rigid spatial system was obtained, consisting of 

reinforced external and internal walls reinforced with double-sided vertical layers of high-strength 

reinforced plaster. In order to evaluate the effectiveness of the proposed reinforcement method, 

instrumental studies of the dynamic characteristics (periods and forms of natural oscillations, 

logarithmic decrements) of houses with adobe walls, brickwork before and after reinforcement and the 
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actual strength of cement-sand plaster reinforcement were carried out. Dynamic tests showed that the 

periods of natural oscillations of adobe houses with damage of 3 degrees before amplification were 

equal, about 0.16 seconds. The periods of natural oscillations of adobe houses after amplification were 

equal to 0.04 seconds. The rigidity of adobe houses after reinforcement increased by an average of 16 

times compared to the rigidity of non-reinforced houses (Fig.6.). 

 

 

Fig.6. Periods of natural oscillations of adobe houses before and after strengthening 

 

4. School buildings 

There are 15 schools located on the territory of the earthquake-affected area.  

Seven schools are made with load-bearing brick walls. The ceilings in five of them are made of precast 

reinforced concrete multi-hollow slabs. In two schools, the ceilings are made of wooden structures.  

Five schools are made with load-bearing brick walls of complex construction (see Fig.7). 

 

     
Fig. 7. General view of schools with load-bearing brick walls of complex construction 

 

Three schools are made with a reinforced concrete frame. 

One school is made with load-bearing wooden walls and one school is made with load-bearing walls of 

adobe masonry. 

School buildings, which were subjected to seismic impacts of intensity 6-8 points, also received serious 

damage. Of the fifteen buildings of secondary schools: 

Three that did not have antiseismic measures had to be demolished; 3 new schools were erected instead 

by the first of September. 

Twelve, despite the presence of some antiseismic measures in them, had to be strengthened. All these 

schools were put into operation by the beginning of the school year. 

The main causes of damage to school buildings were associated not so much with the intensity of the 

seismic impacts that took place, as with the poor quality of construction and deviations from design 

decisions. 
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During the examination by the KazNIISSA Institute, the strength of the masonry adhesion was checked 

in all schools with load-bearing walls made of brickwork. In all academic buildings of schools, the 

values of the temporary resistance of brickwork Rr varies from 0.3 to 0.7 kg / cm2, which is significantly 

lower than those established in the norms (at least 1.2 cm2). 

4.1 Hospital and polyclinic buildings 

Hospitals and polyclinics - a total of 18, of which 1 is with load-bearing wooden walls; 1 is with load-

bearing adobe walls masonry; 16-with load-bearing brick walls. As well as a large group of 

administrative buildings, social and cultural facilities, communication companies and hotels.  

Within two weeks after the earthquake, the KazNIISSA Institute conducted a detailed survey and 

developed project documentation to strengthen 15 school buildings. The survey showed that buildings 

with load-bearing brick walls received severe damage during an earthquake with an intensity of 7 points 

(see Figure 8). Buildings damaged from 3 to 4 degrees are recommended for demolition. Buildings that 

have received damage from 2 to 3 degrees are recommended for strengthening. 

 

     
Fig. 8. Damage to schools with load-bearing brick walls. 

 

The school building in the village of Zhaksylyk with monolithic reinforced concrete frames with 

external brick walls. The structures of the monolithic reinforced concrete frame were severely damaged 

at an earthquake intensity of 6 points due to the extremely poor quality of construction (see Fig. 9. 

      
Fig. 9. Damage to the reinforced concrete crossbar in the School building 

4.2 Recommendations for strengthening public buildings 

To ensure the seismic safety of school buildings, the following measures are recommended to 

strengthen: 

- transfer load-bearing walls from non-reinforced brickwork to the category of complex structures. To 

do this, double-sided reinforcement of all walls with reinforcing grids should be carried out in a layer 

of high-strength plaster made of cement-sand mortar [5]. 
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- to reduce the distances between the transverse walls in the compartments of the building, it is necessary 

to introduce additional (replacing transverse walls) into the existing structural scheme steel 

reinforcement frames associated with ceilings and wall structures (see Fig.10). 

In order to make the proposed reinforcement method effective, instrumental studies of the dynamic 

characteristics (periods and forms of natural oscillations, logarithmic decrements) of school buildings 

before and after reinforcement were carried out. 

The periods of natural oscillations of buildings with brick walls before amplification were equal, about 

0.45 seconds, after amplification decreased, to 0.24 seconds.  Accordingly, the rigidity of buildings 

after reinforcement increased 3 times. 

      
Fig. 10. Reinforcement of brick walls with reinforcement grids 

 

Brick walls and partitions received serious damage, which absorbed the bulk of the seismic load, which 

saved the building from collapse. It is recommended to strengthen the buildings: a) strengthen the 

columns of the transverse frames of the frame with clips made of steel corners; b) strengthen the 

crossbars of the frames by increasing the compressed zones of the crossbar, with the device in the upper 

zone of additional reinforcing rods and grids (see Fig. 11). 

          
Fig. 11. Reinforcement of columns and beams with steel clips 

 

Dynamic tests showed that the periods of natural oscillations of frame buildings before amplification 

were about 0.34 seconds, and after amplification about 0.2 seconds. The rigidity of the building after 

reinforcement increased by an average of 3 times compared to the rigidity before reinforcement [5].  

In the process of eliminating the consequences of the earthquake, 12 schools were strengthened and 

repaired by construction organizations. 1 district hospital was demolished, 1 new hospital was built, 17 

hospitals were strengthened. And all administrative buildings were subject to strengthening. 

All schools were completed by the first of September.  

The general management of survey and design work was carried out by the head research Institute of 

the Republic of Kazakhstan in the field of earthquake-resistant construction "KazNIISSA".  
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In the process of construction by the KazNIISSA Institute, in newly erected houses and in newly built 

3 schools with load-bearing walls of brickwork, the strength of the clutch of the masonry was checked 

for separation along unbound seams in accordance with GOST 24992-81, sustained for at least 7 days.  

The tests showed the following results of 0.1 kg/cm2 to 0.4 kg/cm2. The low adhesion strength of the 

masonry is explained by the violation of the technology of work. The brick was laid without soaking in 

water, was not cleaned of dust. After testing the masonry for separation, the quality of construction 

improved for the better. The clutch strength of the masonry for separation was 1.2 kg/cm2 to 2.4 kg/cm2.  

The construction of new residential buildings and the reinforcement of existing residential buildings 

was completed by the end of 2003. 

Conclusion 

In the process of eliminating the consequences of the earthquake, the technical and economic efficiency 

of the work on strengthening mass buildings in comparison with new construction has been proven.  

In the studied area for a long time, the construction of residential buildings was carried out without any 

projects and without proper control of the architectural and construction inspection.  

The damage from the Lugovsky earthquake could have been significantly less, provided that the basic 

requirements of the building regulations governing construction in seismic areas were met. 

The effectiveness of work on strengthening buildings (especially with load-bearing walls made of adobe 

masonry) was confirmed experimentally by dynamic tests performed by KazNIISSA for a number of 

buildings before and after their reinforcement. 
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Abstract 

This paper aims to describe the CRISIS web-based platform (WBP) in all its parts and functionalities. The 

platform is the main result of the two-year EU-funded project CRISIS (Comprehensive RISk assessment of basic 

services and transport InfraStructure). It has been developed by EUCENTRE (European Centre for Training and 

Research in Earthquake Engineering) using the most up-to-date web programming frameworks and technologies. 

The CRISIS WBP is a user-friendly tool intended to support disaster and emergency management authorities in 

case of earthquakes and/or seismo-induced landslides in the cross-border region of Albania, North Macedonia, 

and Greece. It has been designed to collect, organise, and visualise for the project target area: i) the exposure data 

of educational facilities, health facilities, and bridges; ii) the seismic and landslide hazard data; iii) the earthquake 

damage scenarios (calculated both for selected historical events and in real-time); and iv) the landslide risk 

scenarios related to the considered exposure dataset. The tool also allows the identification of alternative routes 

to the nearest available safe facilities, if the main one cannot be used due to damage to the transport infrastructure 

following a seismic event. This feature can be particularly useful for rescuers who have to intervene promptly 

after damaging earthquakes. In addition to supporting emergency management, the CRISIS platform can also be 

used to identify the most vulnerable assets and prioritise actions to increase the resilience of the project target 

area. As a case study, two earthquakes that affected the cities of Ohrid and Valandovo in 1911 and 1931, 

respectively, have been simulated. The results of these simulations, also in terms of emergency management (e.g., 

how to get to the nearest hospitals in the cross-border areas), are presented in detail hereinafter. 

Keywords: Earthquakes, Landslides, Risk Assessment, Emergency Management. 
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1. Introduction 

Disasters know no national borders and often emergency conditions require rescue action even from 

neighbouring countries. It is therefore important to minimise as far as possible all disruptions, even 

temporary ones, that could significantly alter cross-border flows. This was the primary goal of the 

CRISIS (Comprehensive RISk assessment of basic services and transport InfraStructure) project, which 

aimed to increase the resilience of critical infrastructure in emergencies after catastrophic events 

through preventive measures, effective resource management, and risk assessment of basic services, 

i.e., health and educational facilities (hospitals and schools) as well as transport infrastructure (bridges 

and viaducts).  

CRISIS was a two-year EU-funded project that started in November 2020 and focused on the cross-

border region (henceforth CBR) of North Macedonia, Albania, and Greece. This target area, consisting 

of eighteen municipalities in North Macedonia, eleven districts in Albania, and twelve municipalities 

in Greece, has been affected by destructive earthquakes in the past (Mw≥6). Moreover, this region is 

also susceptible to landslides, mainly due to its topography, lithology, vegetation cover distribution, 

and weather conditions. Hence the need to develop cross-border harmonised hazard models and a 

common platform for sharing risk data/information. This paper focuses on the second objective, i.e., to 

describe the CRISIS web platform (henceforth WBP), developed by EUCENTRE (European Centre for 

Training and Research in Earthquake Engineering) within the framework of the project. 

The CRISIS WBP is a georeferenced tool that provides rapid risk for educational and health facilities 

and transport infrastructure in case of potential earthquakes or landslides. It aims to collect, organise, 

and visualise: i) the exposure data on cross-border basic services and transport infrastructure; ii) the 

cross-border hazard data; iii) the earthquake damage scenarios, and iv) the landslide risk scenarios. 

Once an earthquake damage scenario has been calculated, the tool also allows the identification of 

possible alternative routes to the nearest available safe facilities (i.e., routing). As designed and 

developed, the CRISIS WBP is a user-friendly tool intended to support disaster and emergency 

management authorities in the event of an earthquake or landslide emergency. 

2. Cross-border exposure and vulnerability model for basic services and 

transport infrastructure 

The CRISIS project aimed to improve disaster and emergency management by creating a harmonised 

and efficient system for risk assessment of basic services and transport infrastructure in the target CBR. 

For the project purposes, only facilities located in largely populated areas, connected to border crossings 

and serving a significant number of users have been considered. This is because they can ensure greater 

cross-border cooperation and coordination in disaster risk management. For these facilities, a 

harmonised risk exposure model has been created.  

For schools and hospitals, it has been used the Global Earthquake Model (GEM) - Direct Observation 

Tool [1]. Afterwards, buildings in the database have been grouped into taxonomies based on the criteria 

adopted by the GEM Building Taxonomy [2]. In particular, the latter classifies buildings according to 

thirteen attributes, ranging from their intended use (i.e., occupancy) to the building's construction and 

structural characteristics, which allow their seismic behaviour to be assessed. 

For bridges in the CBR network, each neighbouring country has gathered all possible and useful data 

for a seismic assessment of their structural behaviour, following a common data collection method 

established beforehand. Afterwards, bridges have been grouped into taxonomies based on construction 

material, static scheme (e.g., arch bridges, continuous girder bridges, simply-supported bridges), and 

geometric characteristics (e.g., span length). 

Table 1 reports the final exposure model defined for the CRISIS project, divided by the number of 

educational and health facilities as well as road infrastructure in each of the three neighbouring countries 

of the target CBR. This exposure model has been implemented in the CRISIS WBP, which allows it to 

be visualised by activating dedicated layers in the “Exposure layers” tab (see Figure 1). Once one or 

more layers have been activated and a specific item has been selected, the corresponding information 

collected in the exposure database can be viewed through a pop-up window, as shown in Figure 1. 
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Table 1 – Educational facilities, health facilities, and road infrastructure in the harmonised CBR exposure 

database  

Country Educational facilities Health facilities Road infrastructure 

North Macedonia 57 15 166 

Albania 49 12 190 

Greece 19 7 16 

Total 125 34 372 

 
Figure 1. “Exposure layers” tab: visualisation of the harmonised CBR exposure database and corresponding 

legend 

In addition to the exposure model, the calculation of seismic damage scenarios (see section 4.1) requires 

the earthquake behaviour of each structure and infrastructure in the database to be defined. This was 

done by associating appropriate fragility curves with each taxonomy of educational and health facilities 

and road infrastructure. In particular, for educational and health facilities, each neighbouring country 

of the project CBR proposed sets of fragility curves from the literature that best describe the seismic 

behaviour of its buildings, also according to their construction characteristics. Each of these sets is 

composed of five fragility curves, one for each damage level (DLi) as defined by the European 

Macroseismic Scale 98 (EMS98; [3]). For road infrastructure, instead, the fragility curves defined by 

EUCENTRE have been associated with reinforced concrete and masonry bridges with continuous and 

supported decks ([4], [5]) as well as with masonry and slightly reinforced arch bridges ([6], [7]). 

Fragility curves in [8] have been used for frame bridges. Finally, unlike structures, only two damage 

levels have been considered for road infrastructure, i.e., slight damage and collapse.  

3. Cross-border multi-hazard assessment  

3.1 Seismic hazard cross-border harmonization and mapping 

The target area of the CRISIS project has been selected because of its high seismicity. In the past, 

several earthquakes occurred in this region, causing considerable damage as well as numerous deaths 

and injuries (see Figure 2). To estimate in this area the probability of a certain earthquake occurring in 

a given time interval, a review of the different seismic hazard models available in the literature has been 

carried out for each country and/or region involved in the project CBR, as well as for various European 

projects. In the end, the ESHM13 (2013 European Seismic Hazard Model, [9]) hazard model has been 

selected because it has resulted in the most up-to-date and the only one to consider all three countries 
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of the project area. The hazard maps in Peak Ground Acceleration (PGA) referring to the ESHM13 [9] 

mean hazard model have thus been implemented in the CRISIS platform for three return periods (RTs), 

i.e., 102 years (39% probability of exceedance in 50 years), 475 years (10% probability of exceedance 

in 50 years), and 975 years (5% probability of exceedance in 50 years). These maps are available in the 

“Seismic Hazard” tab together with the Vs30 (the time-averaged shear-wave velocity to 30 m depth) 

map proposed by the United States Geological Survey (USGS, earthquake.usgs.gov/data/vs30). The 

latter was implemented in the platform to take site effects into account in the calculation of real-time 

damage scenarios (see section 4.1).  

 
Figure 2. Seismicity data for the target CBR related to the period 1000 A.D.-2006 A.D. from the SHARE 

European Earthquake Catalogue (SHEEC; [9], [11], [12])   

Figure 3 shows the activation of the seismic hazard map for an RT equal to 475 years (mean hazard 

model and to rock site conditions) with the relative legend in the CRISIS platform. Figure 3 highlights 

the high seismicity of the project CBR, where PGA estimates can range from 0.20g to 0.45g. In 

particular, the area with the highest seismic hazard is in the southwestern part of the CBR where PGA 

is reaching values of 0.45g (dashed red box in Figure 3), followed by the one at the border between 

Albania and North Macedonia where the PGA values can reach 0.40g (dashed orange box in Figure 3).  

 
Figure 3. “Seismic hazard” tab: seismic hazard map for RT=475 years and corresponding legend 
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3.2 Landslide hazard cross-border harmonization and mapping 

The project CBR is prone to a high landslide hazard due to its topography, lithology, vegetation cover 

distribution, and meteorological conditions. As with the seismic hazard, all available data and studies 

on landslides in each of the three CBR countries have been reviewed to produce landslide hazard maps 

for the project target area. This review has also been extended to European projects from which the 

European Landslide Susceptibility Map version 2 (ELSUS v2, [13]) approach has been selected. Indeed, 

the latter has turned out to be the most suitable methodology for the harmonised assessment of landslide 

susceptibility and hazard in the project CBR.  

As reported in section 3.1, this region is highly earthquake-prone. So, it is not possible to decouple 

seismic phenomena from landslides. Seismically induced landslides are triggered when the critical 

acceleration ac causes the factor of safety to fall below 1. Ac is commonly determined from pseudo-

static analyses of slope stability and/or empirically from observations of slope behaviour during past 

earthquakes. In the CRISIS project, ac values have been deduced from ELSUS v2 [13] and engineering 

judgements. The hazard maps for seismically induced landslides have instead been derived in terms of 

permanent ground displacements (PGD) triggered by earthquake scenarios with RTs of 475 years and 

975 years according to the following relationship [14]: 

Ln(PGD)=-2.965+20217× ln(PGA) -6.583×ky+0.535×M±ε×0.72 (1) 

where: (i) PGA is the peak ground acceleration at the ground surface in g for RT=475 years and RT=975 

years derived from the ESHM13 hazard maps [9] and amplifications due to site effects according to 

USGS Vs30 map; (ii) ky is the yield coefficient, commonly used to represent the overall resistance of 

the slope in displacement-based approaches; (iii) M is the earthquake magnitude, i.e., M=6 (RT=475 

years) and M=7 (RT=975 years); and (iv) ε is the standard normal variant with zero mean and unit 

standard deviation. More details on the harmonised approach for mapping the earthquake-induced 

landslide hazard in the project CBR can be found in [15]. 

The hazard maps in PGD are available in the CRISIS WBP in the “Landslide Hazard” tab together with 

all those maps defined for the CBR in the project for the landslide phenomenon (see Figure 4). Figure 

4 shows the PGD map for RT equal to 475 years. This map identifies the southern part of the Albanian-

Greek border region as having the highest seismically induced landslide risk, with PGD values ranging 

from approximately 14.5 cm to 18 cm. These values can reach up to 60 cm in the case of seismic events 

with an RT of 975 years.  

 
Figure 4. “Landslide hazard” tab: PGD map for RT=475 years and corresponding legend 
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4. Cross-border risk assessment  

4.1 Earthquake damage scenario 

Due to its peculiarity of calculating seismic damage scenarios, the CRISIS WBP represents a valuable 

support tool for both emergency management and policymakers. Indeed, the former can use the tool in 

the immediate aftermath of an earthquake to assess which structures/infrastructure are usable, while the 

latter can use it to plan seismic interventions on the most vulnerable structures in peacetime. 

Under the “Earthquake scenario” tab, the CRISIS WBP allows viewing damage scenarios calculated 

for selected historical events. These scenarios are important for estimating the impact in terms of 

damage (and thus economic losses) that would be incurred in the territory if an event of the same or 

similar characteristics were to occur again. In particular, eleven significant historical events affecting 

the project CBR have been considered. These events with their respective characteristics (magnitude, 

epicentre depth/longitude/latitude, fault type, and date) are listed in Table 2. Figure 5 shows the damage 

scenario calculated for the historical earthquake event E06 and DL5. In particular, the legend associated 

with the scenario for DL5 in Figure 5 reveals that bridges around the epicentre might reach the 

considered DL with a probability of about 30%. The probability might increase by 10% in the case of 

schools. 

Table 2 – Selected earthquake scenarios from the SHARE European Earthquake catalogue (SHEEC; [9], [11], 

[12]) and corresponding characteristics 

Events Mw Depth Longitude Latitude Fault type Date 

E1 7.0 - 20.30 39.20 Reverse 05.02.1786 

E2 6.6 - 20.00 39.50 Reverse 01.01.1674 

E3 6.7 - 20.00 40.30 Normal 04.12.1866 

E4 6.3 10 20.70 40.10 Right Lateral Strike-Slip Fault 22.12.1919 

E5 6.7 - 20.10 41.10 Right Lateral Strike-Slip Fault --.--.1380 

E6 6.8 21 20.70 40.85 Normal 18.02.1911 

E7 6.5 - 21.30 40.50 Normal 29.05.1812 

E8 6.1 15 20.66 41.72 Normal 07.12.1922 

E9 6.0 12 21.19 41.10 Normal 01.09.1994 

E10 6.7 - 22.20 40.90 Normal --.10.1395 

E11 6.7 - 22.51 41.32 Normal 08.03.1931 

 

 
Figure 5. “Earthquake scenario” tab: scenario for the historical seismic event E6 and DL5 and corresponding 

legend 
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In addition to damage scenarios of historical events, in the same tab real-time damage scenarios can be 

calculated by providing the following information in the “Real-time scenarios - Event input data” 

section: 

• Magnitude (Mw). The damage scenario calculation works for 4≤Mw≤7.6. 

• Depth of the epicentre (D). The damage scenario calculation works for 1 km≤D≤50 km. 

• Coordinates of the epicentre. The epicentre can be located by entering its longitude and latitude 

according to the WGS84 (World Geodetic System) or by positioning it directly on the map. In the 

latter case, the longitude and latitude fields will be filled in automatically. 

• Fault type. The fault type can be defined in a drop-down menu, by choosing among Normal, Reverse, 

and Lateral Strike-Slip. 

After clicking on the “Calculate” button, the calculation of the scenario is launched. Simultaneously, 

the launched scenario is loaded into the “Calculated real-time scenarios” table (see Figure 6), where it 

is also possible to check the status of the calculation. Once completed, the performed scenario can be 

selected to be viewed for each of the five DLs. Figure 6 shows the real-time damage scenario for DL1 

calculated by considering an Mw6 earthquake with epicentre at the border between North Macedonia 

and Greece (i.e., Lon.=21.72422 and Lat.=40.9176) and a normal type of fault. Figure 6 shows that for 

the considered event a large number of bridges in all three neighbouring countries might reach the DL1 

with a probability of about 30 %, thus causing problems for the network of possible rescue aid. This 

probability might even increase to 40% for schools and hospitals and only decrease moving away from 

the epicentre. 

 

Figure 6. “Earthquake scenario” tab: real-time damage scenario for DL1 and corresponding legend 

As can be seen from Figure 5 and Figure 6, all items considered in the calculated scenarios take on a 

different colouring, depending on the probability of reaching the selected damage level reported in the 

“Legend” tab. Also, the platform allows checking the probability of reaching the activated DL for a 

specific element by clicking on it and reading the required information in a label on the screen. As 

already specified in section 2, five DLs have been accounted for school and hospital buildings according 

to the EMS98 scale [3] while slight damage and collapse have only been considered for bridges. 

Consequently, bridges are only included in the calculation of the historical and real-time damage 

scenarios for DL1 and DL5. 
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The damage scenarios for historical events and those calculated in real-time have inherent differences 

that make them not comparable. The first concerns the used calculation engine. In fact, the damage 

scenarios of the historical events have been calculated using the Scenario Damage Calculator of the 

OpenQuake Engine [16], while those in real-time are determined with an ad hoc tool developed by 

EUCENTRE. This leads to a second difference, i.e., the adopted ground motion prediction equation 

(GMPE) and how site effects are accounted for. In particular, damage scenarios for historical events 

have been calculated according to what [17] and [18] define for the GMPE and site amplification effects, 

respectively. Instead, the GMPE in [19] and the Vs30 map proposed by USGS have been used in the 

real-time damage scenario tool. 

Finally, contrary to the damage scenarios of historical events, the real-time damage scenarios only 

include in the calculation those elements of the exposure database for which the PGA assumes a value 

greater than 1%g. 

4.2 Landslide risk scenario 

In addition to seismic damage scenarios, the CRISIS WBP enables the visualisation of landslide risk 

maps calculated for schools, hospitals, and bridges. In particular, the landslide risk for educational and 

health facilities has been defined according to a semi-quantitative procedure fully implemented in a GIS 

environment based on [20]. Instead, the landslide risk for bridges has been defined using the fragility 

curves due to ground failure proposed by HAZUS [21] and considering seismic events triggering 

landslides with RTs equal to 475 and 975 years, respectively. The landslide risk has not been calculated 

for all bridges in the exposure database but for a part of them, selected based on their position and 

importance in terms of cross-border connection. 

Figure 7 shows the landslide risk scenario for schools, hospitals, and bridges. For the latter, the landslide 

risk scenario refers to slight damage and a seismic event with an RT of 475 years triggering the 

landslide.  

 
Figure 7. “Landslide risk scenario” tab: landslide risk scenario for schools, hospitals, and bridges. For bridges, 

the activated layer refers to slight damage and an earthquake with an RT of 475 years triggering the event 

5. The routing: a cross-border disaster management  

The CRISIS WBP features a tool that provides information on possible routes to follow in an emergency 

to avoid potentially unusable bridges due to a seismic event. The tool is available under the “Routing” 
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tab and is important for cross-border disaster management. In fact, disasters know no national borders 

and the affected areas often require immediate rescue interventions even from neighbouring countries. 

As shown in Figure 8, the route needs to be identified by start and end points on the map through the 

“Add start point” and “Add destination point” buttons, respectively. To check whether the route has 

damaged infrastructure due to a seismic event, a scenario previously calculated in the “Earthquake 

Scenario” tab has to be loaded in the “Scenario ID” field. Then, the “Create route” button needs to be 

clicked. If there are no damaged bridges in the defined route, the platform will return the fastest route 

for rescue teams to follow. Otherwise, it will provide the shortest alternative route, as in Figure 8. 

 

Figure 8. “Routing” tab: alternative route to the main one to bypass bridges damaged by the considered event  

To demonstrate the usefulness of the routing tool, two earthquakes that occurred in the regions of Ohrid 

(MW=6.4, May 1960) and Valandovo (MW =6.7, May 1931) are considered as case studies (see Figure 

9).   

 

 

Figure 9. Locations of the earthquakes in the Ohrid and Valandovo regions considered as case studies  

For citizens living in these seismically active regions, it is very important to have access to the nearest 

hospital facilities in case an earthquake occurs. As shown in Figure 10, the hospital facility chosen for 

the earthquake simulation in the Ohrid region is located in the city of Librazhd (Albania) and is a 4-

storey building capable of accommodating a large number of patients. The route calculated under non-

emergency conditions is 68.9 km and consists of a large number of bridges. To understand whether this 

route is usable even after an earthquake like the one in the Ohrid region (Mw6.4), it is necessary to 

calculate the corresponding damage scenario with the real-time damage scenario tool in the “Seismic 
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scenario” tab and load it into the routing tool. Figure 11 shows that most of the bridges along the route 

might be damaged by the event. Therefore, the tool suggests an alternative route that, although longer, 

allows bypassing the damaged bridges. 

 

 

Figure 10. Route to the hospital in Librazhd (Albania) from the Ohrid region under non-emergency conditions 

 

Figure 11. Alternative route to the hospital in Librazhd (Albania) from the Ohrid region to bypass damaged 

bridges on the main road due to an earthquake like the one in the Ohrid region (Mw6.4) 

The situation is much different if we simulate an earthquake such as the one that occurred in the 

Valandovo region (Mw6.7). In fact, as shown in Figure 12, the connection between the region and 

neighbouring Greece appears to suffer no damage to the infrastructure along the considered route 

linking four hospitals. This is because the infrastructure in the region has undergone significant 

structural renovation and seismic retrofitting in the past. 

Both simulations carried out with the “Routing” tool highlight that areas considered in the case studies 

appear to be functional even in the case of damaging earthquakes since viable routes are guaranteed to 

quickly transport patients to the nearest hospitals. 

 
Figure 12. Route to reach a hospital in Greece after an earthquake like the one in the Valandovo region (Mw6.7)  
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6. Conclusion 

This article describes the geo-referenced WBP developed within the CRISIS project to support 

policymakers as well as disaster and emergency management in the CBR of North Macedonia, Albania, 

and Greece. The CRISIS WBP contains, organises, and enables the visualisation of all cross-border 

health and educational facilities (i.e., hospitals and schools) and transport infrastructure (i.e., bridges) 

data collected within the project. In addition to the exposure database, the tool displays the harmonised 

seismic and landslide hazard models defined for the target CBR. Rapid information is also available on 

the level of damage that hospitals, schools, and bridges in the reference area could suffer in the event 

of an earthquake. Specifically, the platform allows displaying damage scenarios calculated for selected 

historical events that occurred in the project CBR but also to calculate real-time scenarios using a proper 

tool implemented in it. Furthermore, it is possible to identify which areas of the CBR are most 

susceptible to landslides and consequently which assets are most at risk in the event of seismic-induced 

landslides. No less important is the routing tool, which is useful in the emergency conditions caused by 

earthquakes to identify alternative routes to be followed by the rescue teams if the main ones are 

unusable due to damaged road infrastructure. 
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Abstract 

In recent years, the improvement of disaster and emergency management through building a harmonized and 

efficient system for risk assessment of structures in the cross-border region (CBR) has become increasingly 

popular. Harmonization of the risk exposure model for cross border regions is first and most important step for 

assessment of risk in the region. Different countries, even neighboring ones, have different frameworks in which 

buildings for basic services and transport infrastructures are designed, built and maintained. Hence, they involve 

different institutions and employ different ways of gathering information on existing structures within their 

networks. Each of them may use different methods and systems for keeping records on their assets. Therefore, 

there is no readily available inventory which covers the entire stock of bridges and buildings for basic services in 

any of the CRISIS adjacent partner countries. The harmonized regional risk exposure model is result of the 

activities carried out within one of the working packages of two-year EU-funded project CRISIS (Comprehensive 

RISk assessment of basic services and transport InfraStructure). In this paper harmonized regional risk exposure 

model for the basic services (schools and hospitals) and transport infrastructure (bridges) is shown. Herein 

presented are the realized activities that enabled developing a harmonized cross-border regional risk exposure 

model, which encompasses all relevant assets related to the basic services and transport infrastructure. A regional 

exposure database has been created based on contemporary practice and research compatible with the GEM 

Exposure Database (https://storage.globalquakemodel.org/what/physical-integrated-risk/exposure-database/). 

This database is specific enough to conduct numerical analysis and develop or select proper vulnerability 

functions. 

Keywords: harmonized exposure model, basic services, transport infrastructure, risk assessment, bridges  

1. Introduction 

In recent years, the improvement of disaster and emergency management through building a 

harmonized and efficient system for risk assessment of structures in the cross-border region has become 

increasingly popular. This research specifically focuses on enhancing the cross-border cooperation and 

coordination in disaster risk management based on developed models and tools and raising public 

awareness and preparedness for disasters. 

903

https://doi.org/10.5592/CO/2CroCEE.2023.67


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.67 

The main objective of this paper is to present the harmonized regional risk exposure model for the basic 

services and transport infrastructure. The realized activities enable creation of a harmonized cross-

border regional risk exposure model, which encompasses all relevant assets related to the basic services 

and transport infrastructure. A regional exposure database has been created based on contemporary 

practice and research compatible with the GEM Exposure Database 

(https://storage.globalquakemodel.org/what/physical-integrated-risk/exposure-database/). This 

database is specific enough to conduct numerical analysis and develop or select proper vulnerability 

functions. A vital phase of this work is basis for the vulnerability assessment of the representative 

structural typology concerning the identified levels of seismic and landslide hazards.  

2. Methodology 

Different countries, even neighboring ones, have different frameworks in which buildings for basic 

services and transport infrastructures as well as bridges are designed, built and maintained. Hence, they 

involve different institutions and employ different ways of gathering information on existing structures 

within their networks. Each of them may use different methods and systems for keeping records on their 

assets. Therefore, there is no readily available inventory which covers the entire stock of bridges and 

buildings for basic services in any of the CRISIS adjacent partner countries. 

2.1 Buildings for basic services 

To provide a set of tools and models for risk analysis, the Global Earthquake Model (GEM) has been 

used. The purpose of the GEM Building Taxonomy is to describe and classify buildings in systematic 

and uniform manner. It is a key step towards assessing the seismic risk pertaining to buildings. 

 

Figure 1. GEM Building Taxonomy v2.0: attributes and associated levels of detail [1] 
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The Building Taxonomy data model is highly flexible and has the ability to represent building 

typologies using a shorthand form. This taxonomy was independently evaluated and tested by the 

Earthquake Engineering Research Institute (EERI), which received 217 TaxTreports from 49 countries, 

representing a wide range of building typologies, including single and multi-story buildings, reinforced 

and unreinforced masonry, confined masonry, concrete, steel, wood, and earthen buildings used for 

residential, commercial, industrial and educational occupancy [1]. Attributes and associated details 

included in the GEM Building Taxonomy are presented in Fig. 1. 

The GEM Building Taxonomy describes a building or a building typology through 13 attributes which 

are associated with specific building characteristics that can potentially affect seismic performance: 

1. Direction - this attribute is used to describe the orientation of building(s) with different lateral load 

resisting systems in two principal horizontal directions of the building plan which are 

perpendicular to one another. 

2. Material of the lateral load-resisting system - e.g. "masonry" or "wood". 

3. Lateral load-resisting system - the structural system that provides resistance against horizontal 

earthquake forces through vertical and horizontal structural components, e.g. "wall", "moment 

frame", etc. 

4. Height - building height above ground in terms of number of storeys (e.g. a building is 3-storeys 

high); this attribute also includes information on number of basements (if present) and ground 

slope. 

5. Date of construction or retrofit - identifies the year when the building construction was 

completed. 

6. Occupancy - the type of activity (function) within the building; it is possible to describe a diverse 

range of occupancies - for example, residential occupancies include informal housing (slums) as 

well as high-rise apartment buildings. 

7. Building position within a block - the position of a building within a block of buildings (e.g. 

"detached building" is not attached to any other building). 

8. Shape of the building plan - e.g. L-shape, rectangular shape, etc. 

9. Structural irregularity - a feature of a building's structural arrangement, such as one story 

significantly higher than other stories, an irregular building shape, or change of structural system 

or material that produces a known vulnerability during an earthquake. Examples: re-entrant corner, 

soft storey, etc. Recognizing the fact that a building can have more than one irregularity, the user 

is able to identify primary and secondary irregularity. 

10. Exterior walls - material of exterior walls (building enclosure), e.g. "masonry", "glass", etc. 

11. Roof - this attribute describes the roof shape, material of the roof covering, structural system 

supporting the roof covering, and roof-wall connection. For example, roof shape may be "pitched 

with gable ends", roof covering could be "tile", and roof system may be "wooden roof structure 

with light infill or covering". 

12. Floor - describes floor material, floor system type, and floor-wall connection. For example, floor 

material may be "concrete", and the floor system may be "cast in-place beamless reinforced 

concrete slab". 

13. Foundation system - that part of construction where the base of the building meets the ground. 

The foundation transmits loads from the building to the underlying soil. For example, a shallow 

foundation supports walls and columns in a building for hard soil conditions, and a deep foundation 

needs to be provided for buildings located in soft soil areas. 

Each attribute has been described by one or more levels Level 1, 2, 3, etc. [1].  

To collect data for the basic services structures: schools and hospitals in the CRISIS project, GEM – 

Direct Observation Tool has been used [2]. This tool, which contains all these attribute levels leads to 

creation of a regional exposure model. This dataset contains specifically information related to 

structural characteristics and population data related to general basic services in different spatial 
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resolutions. This geospatial exposure database will facilitate global earthquake risk and loss estimation 

through the GEM’s OpenQuake platform. 

2.2 Bridge structures 

Within this project activities, a system for data collection has been determined to gather as much 

information as possible about the bridge network in each country and to gain enough insight into the 

bridge inventory and permit further modelling and risk assessment, as foreseen by the project. 

In this case, two categorizations of different type of data have been performed. The first categorization 

includes basic information on the structures - information on existence, location and overall length of 

the bridge. The second set of data includes information on the structural system and material of the 

bridge, as well as incomplete geometrical characteristics of the structural elements. This information 

has been used to classify the assets according to the taxonomy scheme. In this project, the taxonomy 

used in the Infra-NAT project has been applied [3]. 

3. Regional risk exposure model 

Presented further is a cross-border harmonized regional risk exposure model related to the targeted 

cross-border region between the three partner countries: N. Macedonia, Greece and Albania. A regional 

exposure database that has been created is based on contemporary practice and research [4]. In this 

study, schools, hospitals and bridges are taken into account. For the purposes of this project, only 

structures in larger populated areas related to border crossings and serving a larger number of users 

have been considered. It is assumed that this type of structures will be the most beneficial in the period 

after any natural or human-induced hazard. Taking these structures into account, each neigbouring 

country in the region will be able to provide enhanced cross-border cooperation and coordination in 

disaster risk management. Integrated cross-border region municipality map is presented in Fig. 2. 

 

Figure 2. Integrated cross-border region; Main cities 
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The cross-border region that belongs to N. Macedonia (CBR-MKD), consists of 18 municipalities, the 

Greek cross-border region (CBR-GR), consists of 12 municipalities and the Albanian cross-border 

region near N. Macedonia and Greece consists of 17 municipalities. This region covers almost all the 

south-east and east part of Albania [4]. The region with the largest population is N. Macedonian. 

3.1 Buildings for basic services  

 3.1.1 Schools 

To collect data regarding basic services of structures, for the needs of the project, a special form 

containing all data necessary to fill out the GEM Tool was prepared. These data shall further serve to 

create the risk and emergency management platform. The initial idea was to distribute this form through 

the regional centres of the Crisis Management Centre (CMC) in the cross border municipalities and 

people working in these centres to appoint persons who work in corresponding institutions (schools and 

hospitals) to provide data and fill out the forms, in which way, the collected data were to be transferred 

to the GEM tool. To explain data to be collected through the form, instructions were prepared 

additionally to present all questions and possible answers through pictures and examples. 

Since the Crisis Management Centre is partner institution in this project, and given that the objective of 

this project is improvement of the crisis management system for the purpose of more efficient response 

of the authorities managing emergency situations and catastrophes, a team from the Crisis Management 

Centre was engaged in upgrading their already existing module (http>//procena.cuk.gov.mk/) with data 

that are necessary in this project phase for regional risk exposure model harmonization. 

The process of data acquisition was carried out in the already adopted way, through engagement of 

persons from the regional crisis management centres. In this way, the Crisis Management Centre 

acquired an improved system for evaluation of the endangerment 

According to the State Statistical Office of the Republic of N. Macedonia [5], the total number of 

primary and secondary schools in the cross-border municipalities including all schools in the main 

towns and all schools in the remaining towns and smaller villages is 322.  From a total number of 

schools in the considered region, 281 are primary schools and 41 are secondary schools.  

According to the Hellenic School Network (https://www.sch.gr/), the total number of buildings used 

exclusively as schools in the cross-border region is 1174, while there are additional 88 buildings with 

mixed use, including that of schools. 

In the Albanian cross-border municipalities, there are 138 primary schools, 275 mixed primary and 

secondary schools, 343 secondary schools and 83 high schools, allocated in the seventeen considered 

municipalities. 

Considered in CRISIS project have been only structures located in larger populated areas related to 

border crossings for which corresponding data have been provided. The number of considered schools 

located in larger populated areas related to border crossings on the territory of N. Macedonia is 57 (40 

primary and 17 secondary), on the territory of Greece 19, and in Albania 115 (total 191). According to 

the material technology, most of the considered schools in all three countries are constructed of cast-in-

place concrete (CIP) while others are constructed of fired clay solid bricks (CLBRS). A quite minor 

part of them are constructed by use of another masonry unit technology (МО), whereas the remaining 

ones are constructed by use of an unknown technology involving stone (ST99), masonry (MUN99) and 

concrete (CT99). All structures constructed by use of the cast-in-place technology are constructed of 

reinforced concrete (CR). Most of the structures constructed by use of the masonry technology are 

constructed of confined masonry (MCF) and unreinforced masonry (MUR). A quite smaller part are 

constructed of reinforced masonry. According to the number of storeys of the schools, most of them 

have two and three storeys above ground and have either one or none level below ground. Most of the 

school structures that have been considered in this database are built between 1960-1990. 
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 3.1.2 Hospitals 

The buildings for basic services considered in this project have been health care buildings representing: 

general hospitals, clinics, special hospitals and health care centres, i.e., those health care structures that 

can provide corresponding care and hospitalization of the injured. The number of considered hospitals 

located in larger populated areas related to border crossings on the territory of N. Macedonia is 16, on 

the terotory of Greece 17, and in Albania 13 (total 46). 

Most of the health care structures in the cross-border region for which data have been provided are 

constructed by use of reinforced concrete (CR).  A minor part of them are constructed of masonry with 

unknown reinforcement (М99), unreinforced cement masonry (MUR), reinforced masonry (MR) and 

concrete with unknown reinforcement (C99). According to number of storeys above and below ground, 

more than half of the health care structures have 2 levels above ground and 1 level below ground. 

According to data available on these structures, most of them are regular from structural aspect. 

 3.1.3 Bridges 

A database on bridges situated along the main roads within the cross-border region with Albania and 

Greece has been created. A total of 372 bridges have been considered (165 in N.Macedonia, 16 in 

Greece and 191 in Albania).  

  

Figure 3. Cross-border region, location of the considered hospitals, schools and bridges  

For some of these bridges, complete data have been available, while for some of them, there have been 

only basic data. Most of the bridges are situated along roads running to the border crossings on these 

two countries. For most of these bridges, there are basic data on the material of which they are 

constructed, total length, number of spans and structural system. According to type of structural system, 

the most frequently found bridge types in this region are bridges with frame structural system, then 

bridges with a girder system (with beam and slab main girders), while arch bridges account for the least 
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number of bridges. As to the number of spans of structures for which there are data, more than half of 

them have 1 span, less than 1/3 have 3 spans, while the greatest number of spans in this region is 6. 

The location of the considered hospitals, schools and bridges is presented on Figure 3. 

4. Summary 

The following points can be made to summarise the harmonized risk exposure model of basic services 

and transport infrastructures: 

• For the cross-border region among the countries – participants in this project, a harmonization 

of the exposure model has been made for educational structures, health care structures and 

bridges as part of the transport infrastructure by use of the GEM taxonomy. 

• In this project, only structures in larger cities related to cross-border areas and serving a larger 

number of users have been considered. This holds for all countries –partners in the project. 

• From the cross-border region, in the territory of N. Macedonia, a total of 57 schools out of 

which 40 primary and 17 secondary schools have been included. 

• A total of 16 health care structures from the cross-border region of the territory of N. Macedonia 

have been analyzed. 

• For the purposes of this project, a database on bridges situated along main roads within the 

frames of the cross-border region has been created. From the territory of N. Macedonia, a total 

of 165 bridges along main roads leading to border crossings on the neighbouring countries 

Albania and Greece have been considered. 

• For Greece, a total number of 19 schools, 17 healt-care facilities and 16 bridges were assessed. 

• A database on bridges situated along main roads within the frames of the cross-border region 

has been created. From the territory of Albania, a total of 191 bridges along main roads leading 

to border crossings on the neighbouring countries N. Macedonia and Greece have been 

considered. 

• For the considered cross border region between N.Macedonia, Greece and Albania, total 

number of 191 school buildings, 46 health care structures, and 372 bridges are observed. 
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Abstract 

Simulations and simulation systems are effective tools for training, verification and analysis. They protect the 

environment, and they do not have many restrictions. They enable exercises to be carried out in irrelevant of the 

location of the trainee, they save resources, and they enable training in an international environment with the aim 

of achieving compatibility and joint interoperability and allied cooperation. The aim of this paper is to explain the 

possibilities offered by modelling and simulation systems in the process of supporting the organization and 

implementation of exercises, as well as the way of planning and organizing computer-aided exercises, the ultimate 

goal of which is to train training groups in solving problems caused by various crisis situations. 

Keywords: simulation systems, crisis management, examples, education of crisis management teams. 

1. Introduction 

Timely and complete information is defined as one of the key factors for the successful resolution of 

problems arising from various crisis situations. The complexity of the interplay between key 

information, human resources, and techniques for effective crisis management has always been a 

challenge for crisis management; therefore, training processes in crisis management situations are 

critical to their effective management.  

Training processes must be as challenging and realistic as possible so that the training group can 

experience being in a real situation. The use of simulation systems that replicate the actual situation in 

the field is one of the most effective and economically viable ways to train personnel involved in crisis 

management. The increasing power of IT systems and the faster turnover of information are elevating 

the capabilities of simulation systems to previously unimaginable heights, but simulation systems have 

their limitations and will never be able to fully replace training activities at specialized training sites or 

training ranges.  

The main purpose of simulations is to prepare training groups to implement training content on the 

training site. When the training group has reached a satisfactory level of training, which is tested by the 

simulation system, the trained group is ready to conduct the main event. This is conducted on 

specialized training areas and polygons. The Armed Forces of the Republic of Croatia (OSRH) have 

been using simulations and simulators in training for decades.  

Recently, the number of crisis situations and events on the territory of the Republic of Croatia has 

increased, which has led to an increase in the intensity and challenges of training personnel in the field 

of crisis management. Simulation systems are a logical, economically justified and cost-effective 

solution. OSHR are also one of the key factors of the crisis management system, so the connection of 

all stakeholders involved in this process is extremely important for its effectiveness. The connection 

and interaction of all stakeholders in the crisis management system are a guarantee of success. Tactics, 

techniques, and procedures in the decision-making process are targeted through training with simulation 

systems. OSRH, with its simulation systems and infrastructure, as well as its vast experience and 

knowledge in organizing and preparing simulation exercises, supports civilian institutions that are an 

integral part of the homeland security system and are aimed at management in crisis situations. This 

type of cooperation is extremely useful for the Armed Forces, as in this way the members of the Armed 
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Forces become part of the training group and gain new knowledge and experience. Such exercises are 

organized with the aim that all elements and actors of the crisis management system are trained together, 

making the whole system interoperable and decisions in the crisis management process easier, faster 

and more efficient. In addition, it is important that all actors receive information on how parts of the 

system work, what their capabilities are, and what their role is in the crisis management system so that 

the resources of specific segments of the system can be used efficiently. In addition to training at the 

national level, simulation systems, because of their linkage capabilities, also allow for the training of 

larger international coalitions to achieve compatibility and joint interoperability with other nations. In 

this way, they create better international relationships and sometimes alliances with other countries. 

This type of international cooperation in conducting joint training as part of the crisis management 

system has become a necessity, as has training at the national level, because crises know nations and 

international borders, so international cooperation in this regard is extremely important. During the 

pandemic COVID 19 it has been shown that only cooperation and coordination at the international level 

can bring effective results in managing crisis situations on an unimaginable scale  

2. Simulations 

2.1 Virtual space 

The virtual space in which certain activities take place is a digital simulation, generally created by 

inserting various factors, events, or situations into a digital environment using various mathematical 

functions that define relationships in space and time - a so-called model.  

To set the scene, the term "war games" is explained: The war game is briefly defined by the arrangement 

of two foe enemy forces on the field. The goal of the “games” is to make a decision on the engagement 

of forces through a version of action. The process of making military decisions is defined by certain 

steps, and the war game is only one of the steps. This kind of decision-making process is not necessarily 

reserved only for war operations, with minor changes and adaptations to the user, it is applicable in 

almost all areas when it is necessary to manage people and resources with defined goals. To make the 

implementation of the "war game" understandable to the users and to visualize the distribution of forces 

as easily as possible to the user, in 1958 Charles Roberts invented the first war game on the board and 

a set of models that were used throughout the American military schools, academies and colleges. Such 

didactic aids proved to be extremely effective and useful in the development of the war games and 

therefore had a positive effect in the process of making a military decision.  

The accelerated development of computer equipment and communications systems initiated the 

development of commercial computer games, which contributed greatly to the development of military 

simulations, and military simulations in turn influenced the development of military-themed computer 

games. This symbiosis led to the development of tiered games - arcade games. The development of 

computers in terms of hardware and software and the possibility of connecting several people to one 

system (game) led to the development of new generations that grew up playing computer games. This 

was one of the ways to connect young people in the virtual world with the help of computers. Thus, the 

so-called digital natives were born. One of the games that pioneered the playing of computer games in 

a networked system is called Battlezone, whose theme was military in nature, more specifically the 

training and deployment of armed forces.  

As we noted in the text above, training activities must be as realistic as possible, and simulations are 

the tools used in training. Depending on the type and level of training, there are three main types of 

simulations: live, virtual, and constructive, so the type of simulation used is determined by the level of 

training being conducted. The aforementioned types of simulation can be networked, i.e. connected, 

and used individually or simultaneously, depending on the type and scenario of the training event.  

Virtual simulations are a type of in which living actors control the simulation system, i.e., the simulator. 

Simulators are replicas of a specific real device used to simulate the most real conditions using 

computers and mechanical systems. They put the user at the center of the training, training psychomotor 

skills, communication in a team and independently, quick reaction and decision-making skills. The use 
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of virtual simulations reduces operating costs and provides more latitude for risk-taking. Simulations 

are more environmentally friendly compared to real training, as users can cross rivers, destroy buildings, 

put out fires, rescue victims, and generally act in situations that would be too dangerous in live 

simulations.  

Live simulations are operated by real people with real systems such as tanks or infantry weapons 

equipped with laser devices that simulate the effects of weapons in combat. Such systems vividly 

convey the difficult conditions of combat and the demanding way of life and work on the front line. 

Organizing and conducting training content using live simulations is logistically and organizationally 

very demanding.  

When people, with their actions and decisions, initiate a certain situation that, within the simulation 

system, changes a certain sequence of events, we call such simulations constructive simulations. 

Constructive simulations, known as war games, got their name from the fact that the operational actions 

on the battlefield would not be conducted by a single tank or aircraft, but rather an array of different 

weapons or equipment that different units are composed of.  

Virtual and live simulations are used to train people who supervise leaders, who see the battle in a more 

abstract form at the command post, or who perform various more complex tasks during protection and 

rescue in crisis situations, while constructive simulations allow commanders or other personnel in the 

role of leaders to analyse the current situation, its analysis and decision-making under time pressure, 

certain human and material resources, and any other issues that may arise in the given situation. 

Constructive simulations can put commanders and leaders in unpredictable situations and require them 

to solve complex problems.  

The goal of simulation system is to create an artificial environment that allows unlimited integration of 

all three types of simulations that are interoperable, and such systems can be interconnected by 

simulation type, but also by user (alliances, international cooperation, etc.).  

At the centre of each simulation is a machine or engine that "generates" different situations. It contains 

a model of the terrain, the weather, the workforce and the equipment. It changes the situation according 

to the reactions of the trained group to a particular event, so that mathematical algorithms execute 

commands, creating situational events and their consequences. 

2.2 Technical organization of simulation exercises 

For the simulation engine to work, data must be processed and manipulated. We call this type of data 

manipulation a "scenario". The team that creates the scenarios is responsible for defining this data in a 

form that can be used by the simulation engine.  

At the end of the exercise or an exercise phase, a post-exercise analysis (RND) must be conducted to 

provide information about the consequences of the trained group's response to a particular event or 

incident. The analysis can be done in several ways, either through a simulation system only or through 

a discussion between a trained group and a supervisor or supervisee (controller). RND allows 

understanding what happened and adjusting the course of the exercise so that the trained group learns 

as much as possible from it, i.e., trains for the task.  

Controllers are experts in their field who start and stop the simulation, control execution times, and steer 

the training group with the goal of making the right decision. They record and evaluate the key reactions 

of the training group. During RND, controllers explain to the training group how to react to a specific 

event or incident, and give them advice and suggestions on how to better solve the tasks they are given. 

2.3 Exercise support in the form of models and simulations 

Exercise support in the form of models and simulations is more than just setting up and implementing 

a constructive simulation system. Models and simulations and their tools should be included in all stages 

of the exercise process to automate processes, avoid duplication of effort, improve the exercise 

environment and ensure that the exercise process is focused on achieving the objectives. 
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2.4 Developing a database for simulation exercises 

In computer-based exercises, a computer simulation model is used to systematically represent physical 

activity in terms of time and space. Physical aspects related to movement, resource use and perception 

are represented in the simulation model. However, the definition and properties of the body are not part 

of the simulation model. The collected data about the environment, the bodies and the resource 

characteristics have to be defined as data for the simulation model. The data collected in this way is 

called the simulation database. To define the database, a common approach is required. Bodies must be 

defined, their descriptive data must be collected and verified, and their behaviour must be confirmed 

through simulation. The Database Management Team (DMT) is responsible for carrying out this task.  

Simulation data for the computer-assisted exercise (CAX) can be obtained from a number of sources, 

including other electronic files. The data includes terrain information, group and unit descriptions, 

modelling parameters, target descriptions, logistical parameters, prototype descriptions, force command 

and logistics structures and threat data. Terrain is represented in different formats in the various 

simulation systems. Terrain data includes data on terrain constants, hexagonal conversion constants, 

terrain features (open terrain, city, mountain, sea, etc.), obstacle features (dry riverbed, river, thin 

pavement, etc.), terrain permeability, obstacle permeability and obstacle permeability capacity.  

The information on groups, units and facilities includes the names of the systems they operate, their 

characteristics (losses, weight, speed, supply category, etc.) and probability of effectiveness tables. 

Modelling parameters are represented by weapon, tool and system effect times and response assessment 

times. Target information includes repair time, target category, name, location and size. Logistical data 

consists of the number of supply categories, convoy speed, various lethality probabilities and damage 

categories.  

The database management team collects data that is identified as high value data. Low-value data is 

usually collected in advance and stored in a database. However, some low-value data may need to be 

modified, such as the creation and modification of basic tactical unit characteristics, the creation of 

weather fronts, the modification of terrain data and the creation or specification of a type of technique 

or system. 

2.5 Organization and implementation of simulation exercises 

The simulation exercise consists of five parts: Programming, Planning, Implementation, Evaluation, 

and Reporting. To get the most accurate picture of the complexity of organizing and conducting 

simulation exercises, we need to emphasize that the preparation and execution time of an average joint 

international simulation exercise is rarely shorter than two years, with the planning part taking eighteen 

months.  

Once we have clearly defined the objectives of the future exercise, we begin programming. 

Programming runs through the entire process of planning, preparing, and conducting the exercise. 

Planning an exercise involves determining the objective, participants, host, and resources of the 

exercise, as well as the area of interest.  

Planning an exercise is the process of developing exercise specifications that define the objectives of 

the training group and, when done well, result in a successful exercise. The planning process is 

accomplished through the work of planning bodies, namely the exercise schedule and content team, the 

exercise execution team, the exercise organization team, and finally the planning conferences and 

workshops.  

Well-planned and executed planning conferences are the foundation for the success of the exercise. 

Planning conferences are conducted in a specific order based on their content. The first is the 

preparatory planning conference. Here, the elements of interoperability between participants and 

organizers are agreed upon (time for conducting subsequent planning conferences, financial and other 

necessary support, distribution of roles). This is followed by the initial planning conference, where 

participants are identified and the scenarios of the exercise are additionally defined and reviewed. And 
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the final planning conference, which serves primarily to fine-tune the documentation and the 

presentation of the exercise to the media and the public.  

Usually, the work of the various working groups takes place in the context of planning conferences, but 

sometimes they are convened independently when necessary. Especially when the composition of the 

team, e.g. for the preparation of a scenario or MEL / MIL (Main Event List/Main Incident List) teams, 

consists of different units, institutions and bodies, or in the case of international exercises and 

participants from different countries. Workshops are usually organized in the following areas: 

Management, Deployment, Technical, Evaluation and Support.  

The success of the exercise is directly related to the exercise planning process and the success of the 

planning conferences. Larger and more complex exercises typically last five to ten days in their 

execution part, and activities are usually conducted around the clock, which has significant 

organizational and work implications. Recently, many exercises are organized in such a way that some 

of the forces or personnel being trained are dislocated; they are usually located in special exercise areas 

for the activities for which they are being trained. Such exercises are extremely demanding from an 

organizational and technical point of view, as additional efforts have to be made to provide the training 

group with timely information and data, which of course increases the cost of the exercise itself and 

places an additional burden on all logistical capacities.  

After-action analysis (RND) or analysis is a process conducted for the purpose of evaluating the training 

of exercise participants and gathering data that will provide a clearer picture of what needs to be done 

to address identified deficiencies, whether they arose during the preparation phase or the execution 

phase of the exercises. The end result of the RND or the analysis of the organization and execution of 

the exercise are the lessons learned that will be used as input material for the next such or similar 

exercise in the future. It is important that the objectives of the exercise are clearly defined in a timely 

manner so that the control and monitoring apparatus can be staffed with professional and competent 

personnel.  

The event and incident list development team workshop (MEL /MIL) is used to define event and 

incident development scenarios to initiate the training group and its response. The personnel involved 

in the work of the MEL /MIL workshop must have a high professional and technical level, because if 

the events and incidents are not prepared logically and in accordance with the training objectives, they 

can take the exercise in an undesirable direction and lead to the failure of months of effort in the process 

of preparing and planning the exercise. 

3. Simulations as used in the Armed Forces of the Republic of Croatia 

The simulation models currently used by OSRH are JTLS - Joint Theater Level Simulation (joint 

simulations at the global level) and JCATS - Joint Combat and Tactical Simulation, and these simulation 

models are currently used in modern helicopters around the world. The aforementioned models are of 

U.S. production and have become the most widely used simulation models deployed in large and small 

defense systems due to their universality and adaptability. The OSRH is equipped with the above 

systems, donated by the Americans and fully integrated into the training system.  

JTLS is a simulation model for training forces operating on a global scale. However, as potential threats 

and hazards change, and with them the doctrines for responding to potential threats, such a global 

system allows specific forces to be deployed on an almost individual level. According to simulation 

system and model users, JCATS is currently the most advanced and versatile simulation model that can 

train forces from the individual to the joint operational level. Both systems are "alive," constantly 

evolving and improving, and providing more and more opportunities for training and force 

demonstration. 
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4. Examples of simulation exercises 

The following exercises were organized mainly by OSRH, members of the Ministry of Interior and 

Civil Protection, firefighters, representatives of the Ministry of Health, and other organizations and 

institutions involved in the system for protection and rescue and crisis management. 

Conducting national and international simulation exercises is an irreplaceable tool for training 

multinational coalition forces, institutions, and personnel in the protection and rescue system, and any 

other way is almost irrational, as it requires significant resources and usually only serves to convey 

clear political messages (large live exercises of multinational forces). Exercises that are not organized 

exclusively for a specific task are aimed at gaining experience in working in an international 

environment, convergence and harmonization of procedures and standards, mutual understanding, and 

interoperability. Large international simulation exercises require a great deal of effort from both the 

host and the organizer and are not often held, but when they are organized they serve as a promoter of 

one's goals and achievements. 

4.1 SEESIM initiative (South Eastern Europe Simulation Network) 

The most important exercises on crisis situation management and protection and rescue in which the 

Republic of Croatia actively participated were SESIM 02, 04 and 06, which in many ways represent 

progress for the OSRH and the protection and rescue system in the Republic of Croatia and the entire 

region. In the recent past, the Republic of Croatia was affected by a series of catastrophic events such 

as floods, fires and earthquakes, so the training with using simulation exercises proved to be a necessity. 

Disasters and threats in peacetime in the modern world, which are increasing exponentially, and in the 

last decade the number of disasters and the number of victims and even more the material damage, 

require from every organized state the establishment of an active integrated protection and rescue 

system. Experience shows that it is necessary to link countries to create a network of national structures 

with the task of carrying out joint planning, actions and procedures in disaster management, joint 

education and training of rescue teams, the establishment of international teams for operations, the 

development of material and technical resources and the establishment of a joint IT network to support 

national disaster planning, mitigation and reconstruction. By joining the SEDM (Forum of Defense 

Ministers of Southeast Europe - Albania, Bulgaria, Greece, Italy, Macedonia, Romania, Slovenia, 

Turkey and Ukraine), the Republic of Croatia has gained the opportunity for better cooperation in the 

field of defense and protection, but has also committed itself to actively participate in SEDM initiatives. 

SEESIM, one of the main SEDM initiatives, stands for the creation of a network of national simulation 

centers with the aim of conducting computer simulation exercises. 

The exercise was organized as a computer simulation based on the JTLS model with the support of a 

commercial communications system and focused on international protection and rescue operations. 

extraordinary) situations. The general scenario included major flooding, landslides, and terrorist threats 

to the countries of SEVEN due to the use of SEEBRIG in Operation NATO ISAF in Afghanistan. The 

scenario resulted in thousands of casualties, and the disaster severely damaged the transportation 

network, leading to further complications at all levels of defense. Observations of exercise participants 

during the analysis pointed to deficiencies in the overall preparedness and defense system, as a result 

of which the amendment of legal regulations in the system of protection and rescue and crisis 

management was initiated with the aim of creating a law that precisely defines the roles of all 

participants in the above system. 

4.2 BAKLJA 2013 

Exercise "Baklja 2013" was held in May 2013 for the Armed Forces of the Republic of Croatia and the 

Republic of Croatia. The exercise was conducted entirely using the JCATS simulation system. The 

exercise was hosted by the Directorate of Civil Protection of the Ministry of the Interior (MUP RCZ), 

and the representatives of OSRH - SIMS were involved in conducting and supporting the exercise. The 

objective of the exercise was to prepare participants to conduct complex activities to be carried out in 
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the field in cooperation with other civilian structures. The primary exercise group consisted of regional 

fire chiefs, while the secondary exercise group consisted of county fire chiefs. The exercise scenario 

was set up in the Ravni Kotar area in such a way that two fires broke out in the Ravni Kotar area. The 

county headquarters in Zadar and the fire department commands "Sjenokos" and "Bubnjari" were 

formed. The fire was extinguished by fire brigades on the ground (16 DVDs (volunteer fire department) 

and JVP (public fire department)) with the possibility of using air forces. 

4. Conclusions 

To effectively and vigorously meet today's security challenges in developing and procuring modern 

equipment and systems, training and education are the foundations of success, and simulations and 

simulation systems in particular are the simplest, least expensive, and most effective tool for achieving 

training and education goals. To achieve such standards, it is necessary to invest in the development of 

new knowledge and skills among personnel in the security system, as well as in society at large. Clearly, 

keeping up with the evolution of global technology and knowledge is difficult and costly, but falling 

behind in knowledge, equipment, and training in crisis situations will ultimately be much more costly. 

The price of ignorance during disasters is paid in human lives and material damage. Continued 

investment in training, education, and equipping with new systems at a given time will pay for itself 

many times over, and using and developing new simulation systems and models is just one of the ways 

to create an efficient and energised safety system. 
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Abstract 

This paper emphasizes the role of decision-making and disaster risk governance in post-disaster recovery on the 

example of the post-disaster recovery of Croatia after a series of strong seismic events in mainland Croatia. The 

analysis is based on a thorough review of the national documents of Croatia that overlapped with the national 

journals reporting on the situation from the affected areas. 
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1. Introduction 

Natural disasters, alongside climate change cause, ever-increasing losses with a 3 x increase in losses 

only in the last 20 years [1]. In order to improve the rate of implementation of scientific advances 

effectively in disaster risk reduction it is important to understand what the major barriers to effective 

disaster risk management are. 

Disaster risk governance has traditionally been fragmented between local, state, and national entities 

and between sectors, and compartmentalized in highly variable bureaucratic structures [2], which is the 

case in Croatia as well. Risk governance is mostly viewed through the lens of disaster or emergency 

management departments, agencies, or organizations, which often have little interaction with other 

governmental, civil society, or corporate entities. Visible in times of crises, risk governance is rarely 

seen as part of everyday public or private functions such as planning, social welfare, investments, or 

fiscal responsibilities [2], [3]. 

The statement that disaster risk needs to be taken care of in a more holistic way whereby also DRM 

capacity is built is a widely supported thesis [4], [5]. This includes moving beyond a focus in DRM on 

preparedness and emergency management to building capacity in disaster prevention, mitigation, and 

long-term recovery [6]. This need, to advance the DRM becomes a necessity as soon as a disaster 

happens, as did in Croatia in the year 2020. 

This paper aims to emphasize the importance of decision-making on a higher, governmental level, but 

also the role of disaster risk governance in the implementation of disaster risk recovery in the example 

of Croatia. Hereby, the authors are only concentrating on the construction industry. Disaster risk 

governance principles as were defined and planned through regulatory framework as well as the changes 

that were introduced after the earthquake series that struck mainland Croatia during the year 2020 are 

reviewed in this paper. 

For the need of this paper, the UNDRR terminology glossary [7] is used. Disaster risk governance is 

defined as “The system of institutions, mechanisms, policy and legal frameworks and other 

arrangements to guide, coordinate and oversee disaster risk reduction and related areas of policy”, and 

disaster risk management is “the application of disaster risk reduction policies and strategies to prevent 

new disaster risk, reduce existing disaster risk and manage residual risk, contributing to the 

strengthening of resilience and reduction of disaster losses” [7]. 
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Croatia was struck with two major earthquakes: the Zagreb earthquake that struck on March 2020 

(M5.0), just after the Croatian government issued a complete lockdown due to the COVID pandemic; 

and the Petrinja (about 50 km from Zagreb) earthquake (M6.4) on December 2020. 

On 22 March 2020, Zagreb was struck by an M5.5 [8]. A pronounced issue that arose is the damaging 

of many historical buildings which were in many cases used for public purposes: hospitals, schools, 

theatres, local or state administration, etc. The earthquake was followed by 10 aftershocks of M3+ 

during the time of the next 4 months[9]. 1 person succumbed to injuries caused by the earthquake, and 

about 24.000 buildings were reported to have been damaged, of which about 5.000 buildings were 

heavily damaged [10]. Total damages and losses according to the rapid damage and needs assessment 

were 11.3 billion Euros [11]. 

Petrinja earthquake began with an earthquake of M5.0 followed by M4.5 and M3.8 on the same day on 

December 28th, 2020, [12]. The behavior was considered to be a sign of calming down, this, however, 

was not the case. On December 29th the main shock struck Petrinja with M6.4 [13], [14]. In the 

aftermath of the Petrinja earthquake [12]: 7 persons were confirmed dead, and about 45.000 buildings 

were reported to have been damaged, of which about 11.000 buildings were assessed by engineers to 

be unusable due to the damages [15]. Total damages and losses according to the rapid damage and needs 

assessment were assessed at 4.8 billion Euros [16].  

2. Seismic disaster risk management -case of Croatia  

Croatia has just recently (within the last few years) started switching its focus from disaster risk 

preparedness to disaster risk management with the introduction of the Homeland Security System Act 

[17]. 

While mainly oriented toward disaster response, in general, the Croatian disaster risk management 

system (regulatory framework) recognizes only two areas of disaster risk management: prevention and 

response. Therefore, the Croatian disaster risk management system can hardly be fully valorized 

through the objectives of the Sendai framework for disaster risk reduction.  

2.1 Croatian disaster recovery framework after the earthquake series in the year 2020  

Prior to the earthquake, the only law to regulate recovery is the Law on mitigation and elimination of 

the consequences of natural disasters. This law regulates governmental financial responsibility towards 

all affected by disasters and the operationalization of the activities of the Ministry of Finance in cases 

of disasters. The responsibility is instrumentalized through financial support but includes an assessment 

of the effects of disastrous events and the allocation of partial financial relief to affected areas [18]. 

Other institutionalized measures for disaster recovery were so far regulated only after the occurrence of 

the disaster, as was the case of the area destructed by flooding in 2014 [19]. 

As soon as the first earthquake struck Zagreb, on the governmental level, it was clear that the Croatian 

legal framework cannot be kept as was. The new legislation would need to come in place to enable 

recovery and reconstruction works. Nevertheless, even though the legislator had a clear vision of the 

regulatory framework that needed to be defined, the disaster recovery and reconstruction regulatory 

framework that was initially prescribed needed to be adapted in accordance with needs identified during 

the practical use of the legislation: 

On March 21, 2020. Croatian Government introduced a “stay at home” order for the whole country due 

to the COVID-19 pandemic, and the very next day a magnitude 5.5 quake shook the capital - city of 

Zagreb [19]. The regulatory framework for disaster recovery was structured in a series of different 

measures: suspension of COVID-19 restricting measures in the affected areas, financial relief and 

support, disaster emergency housing, emergency repair support in terms of financial and workforce 

organization, and finally the framework supporting the recovery and repair of damaged infrastructure 

and the built environment. 

918

https://doi.org/10.5592/CO/2CroCEE.2023.105


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.105 

The main goal of the regulatory framework, after the earthquake series, was to assist the owners or co-

owners of damaged and destroyed real estate to set up their estates as quickly and with less effort in 

comparison to the previously available legal framework. The first recovery and reconstruction law was 

created to aid the affected areas of the first earthquake: Law on the reconstruction of buildings damaged 

by earthquakes in the City of Zagreb, Krapina-Zagorje County, and Zagreb County [20]. The main goals 

of the Law were to reduce and simplify the documentation needed for the approval of the reconstruction, 

and: 

• To establish the “Reconstruction fund” - the main governmental executive body for 

organization, implementation, and monitoring of the implementation of reconstruction 

activities of earthquake-damaged buildings [21]. 

• To define the process of building reconstruction in case the building was only damaged, 

construction of replacement housing in case a house was destroyed or damaged in a way 

that repair is not possible or financially inefficient. 

• To prescribe financial support for temporary repair works, building reconstruction and 

repair works 

In addition to the law, in October 2020 the First program of measures for the reconstruction of 

earthquake-damaged buildings in the City of Zagreb, Krapina-Zagorje County, and Zagreb County was 

prescribed. This program of measures would define the levels and scopes of repair and/or reconstruction 

that can be financed from the reconstruction fund. Further on it would define the organizational structure 

of the governmental bodies responsible for activities in the reconstruction, criteria for project parties’ 

selection, reconstruction priorities, etc. [22]. As the title of the law shows, the law regulates the recovery 

measures only in the affected areas and cannot be implemented outside of the mentioned counties. 

By October 2020, 7 months from the earthquake have passed. By that date mainly the emergency repair 

works were done, besides these only a few reconstruction projects were started among which the City 

of Zagreb was the main investor. By that time, even though there is no official data, the number of 

reconstruction activities in the affected region is at a minimum. 

With the occurrence of the second earthquake series in the area of Petrinja (Sisak-Moslavina county) 

amendment to the already existing law on reconstruction was made with the Law amendments from the 

February of 2021 [23] (just two months after the December earthquake series). As the new situation 

required a new approach, the amendment of the law was not only used to broaden the area of use to the 

newly affected areas, but also to accommodate new needs. Except for the historic city centers in the 

affected areas of Sisak-Moslavina County and the other affected areas, these areas are more rural type 

areas with occasional historic buildings and the occasional industrial facilities, which have now 

sustained major damages, as opposed to the earthquakes of Zagreb, where most damages were sustained 

in the historical buildings which were not designed to withstand seismic activities of any kind. 

By the time of the Law amendment publication, the Reconstruction fund began to function as intended 

resulting in the first 231 finished reconstruction investments with the investment sum of about 1.1 mil 

EUR [24]. As the earthquake from December 2020 had more serious consequences than the one from 

Zagreb County (March 2020) the main changes in legislation were oriented toward creating emergency 

housing capacities for people whose homes were destroyed or severely damaged. Herefore, a part of 

the responsibilities and powers that were the main activities of the Reconstruction fund was transferred 

to the Central State Office for Reconstruction and Housing to divide the intensity and the activity scope 

of the Reconstruction fund [23]. 

During the reconstruction process, several main issues were encountered that were slowing down the 

reconstruction process: 

• The owners (potential investors) were not allowed to start the reconstruction on their own, 

but to be entitled to governmental funding, the reconstruction process had to start via the 

governmental administration [25], which process was rather sluggish 

• Co-financing measures are limited to 80% of the cost of structural renovation of a building 

which in the whole process of reconstruction would cover no more than 30% of the whole 
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reconstruction investment causing many potential investors to give up on the potential 

reconstruction investment [26] 

• There is a problem of unresolved ownership relations for which the process of renewal is 

entirely disabled even for cases when real ownership is not in question, but it is not legally 

implemented, or the legal trace of ownership is difficult to prove (problem expressed in 

rural parts of Croatia) [27] 

• Construction works prices have risen uncontrollably on the global market, which is more 

pronounced in Croatia due to a sped-up increase in demand for construction and 

reconstruction works and the COVID-19 sanitary crisis. Hereby the owners’ ability to 

invest is severely diminished [28] 

• The affected area is widely marked by cultural heritage buildings, which also make up a 

significant share of the damaged buildings. The necessary activities of the relevant 

administration for cultural heritage are poorly defined even by basic laws, which is even 

more evident in crisis situations [29] 

• The reconstruction process indicated some administrative deficiencies in the process 

[29]among which is for instance the Demolition of heavily damaged buildings that 

potentially threaten the environment requires a series of administrative approvals 

Still, even with the flaws of the law, the rate of investments in reconstruction rose to 792 reconstruction 

investments in total and approximately 5,6 mil EUR [24]. In relation, the investments rose from form 

33 cases per month and approximately 160.000 Eur/month to 99 cases / months and 700.000 

EUR/month. Still, these numbers cannot be taken as the absolute measure of the success of the Laws, 

but still, they can be taken as an indicator that the reconstruction measures are giving positive results. 

These mentioned issues were to be resolved by the latest amendment of the Law on reconstruction [30] 

with next measures: 

• Main and most important change is the reorganization and improved definition of the tasks 

of governmental bodies included in the process of reconstruction. The improvements also 

include the definition of the maximum allowed time for decision-making in the process of 

project approval or the definition of requested conditions that must be obeyed (e.g., 

preservation measures for cultural heritage buildings). 

• The governmental financial support for reconstruction increased from 80 to 100% of the 

construction reconstruction cost with the possibility to receive the governmental subsidies 

in advance (only in the case where the building has a legal and official representative). This 

reduces the initial cost of reconstruction and repairs at the start of the investment process. 

• For the cases where family house owners are willing to invest in the recovery of their real 

estate, they are now allowed to finance the works by themselves with the possibility to 

request a full refund of the applicable reconstruction costs (only for the construction 

reconstruction) 

• To improve the implementation rate of the Law, the state can buy off the ownership of a 

building or a part of the ownership to improve the implementation of the Law on 

reconstruction 

• The demolition of heavily damaged buildings is financed completely by the government, 

and in case a building is endangering the surroundings or persons, the building can be 

demolished by a shortened administrative procedure (duration of up to 5 days); where the 

owners of a demolished real estate have the possibility to receive financial reimbursement 

for their real estate or they can request a replacement house (only for real estate where 

owners were living in at the time of the earthquake) 

Hereafter until the day of writing this paper (02.03.2023.) further 911 reconstruction investments and 

approximately 9,5 mil EUR [24] were approved. In relation to the previous regulatory framework, the 

investment number fell from 99 cases per month and almost 700.000 EUR/month to 53 cases per month 

and 560.000 EUR/month. 
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Interestingly enough, in the current state, the Croatian government introduced a new Law on 

reconstruction with new by-laws. Still, as the innovation in the regulatory framework is completely new 

the effects cannot be seen yet. The new Law on reconstruction [31]: 

• emphasizes self-renovation as the government will give more financial support even before the 

reconstruction process starts 

• ownership issues are regulated in cases where the data from the land register does not match 

the actual situation or the land register does not exist. 

• reduces the number of participants in the renovation process hoping to boost the reconstruction 

and recovery 

• reconstruction of buildings cultural heritage buildings is made more easy by regulating the 

involvement of cultural heritage protection experts in the renovation process 

• introduces the provision of financial aid to citizens for the removal of all destroyed buildings, 

as well as financial aid for project development costs. 

• it is now possible to build a replacement family house when it is determined that the repair of 

the structure is not justified due to landslides and other geological changes that caused a change 

in the basic characteristics of the soil. 

3. Conclusions  

The Croatian case study emphasizes the role of disaster risk governance showcasing the adaptation 

process for the post-disaster recovery process to start. Here the process could have evidently been 

shortened had the post-disaster recovery regulatory framework been ready and waiting in case of an 

emergency. That the disaster risk recovery governance was weakly developed was already identified 

by the National disaster risk assessment. This emphasizes the importance of the second Sendai 

framework priority, which also highlights the importance of the necessary political will and the positive 

and enabling surrounding for effective disaster risk reduction measures. Without either the political will 

or the enabling surrounding the disaster risk management is next to impossible. 

The National risk assessment clearly states that the government had been strongly and intensively 

investing in preparedness, and these activities played an important role in the short-term post-disaster 

process. It can be safely assumed that the disaster risk management disabling surrounding and the 

nonexistent political will made it tough and de-motivating to invest in preventive disaster risk-reducing 

measures, at least when it comes to retrofitting the built environment to resist the expected seismic 

events. Hereby the number of investments aimed at reducing the risk of damage to the built environment 

was severely reduced, making another strong statement that national governance makes a strong impact 

on enabling disaster risk management. One can argue that both issues can be attributed to a weak 

understanding of the risk at hand, here for however it is unclear which awareness-raising processes 

could have achieved the wanted result.  

Analysis shows that disaster risk reduction measures need time to be adopted in a culture, and Croatian 

risk-raising campaigns have started only a decade ago, still, it is unclear if a longer or more aggressive 

risk-raising campaign would have had a wanted impact and would have enabled the creation of the so 

much needed disaster risk reduction governance. 

Whether known or unknown disaster risk sources are numerous, and their direct impacts are very well-

known, and these are ever-increasing. However, as currently we are living in a globalized world real 

unwanted impacts of a particular disaster can only be discovered once the disaster happens. These can 

have a much more spread-out impact than obvious at the first sight. At the time of writing this article, 

the Covid-19 pandemic has made this global risk landscape more evident than ever. Due to the current 

global crisis, States must undertake immediate action at community, national, and international levels 

to reduce the risks.  
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Abstract 

Banja Luka is a city which, in October 1969, experienced the strongest earthquake in the territory of Bosnia and 
Herzegovina. On that occasion 2/3 of the school buildings were severely damaged or destroyed. Banja Luka 
students were forced to attend that school year throughout the former Yugoslavia. Seismic risk management for 
schools on the territory of Banja Luka is significant from the aspect of protecting students as a vulnerable category 
of society.  It is also important observing the fact that school facilities are used as facilities for temporary mass 
accommodation of the affected population during emergencies. Examining the level of earthquake protection, i.e. 
seismic resilience of the schools in Banja Luka, as a city with a high seismic hazard, implies the resistance of 
school buildings (material resilience) but also the preparedness of school communities (administration, students 
and teachers) to react properly in the event of an earthquake (non-material resilience). The results of the research 
indicate weaknesses in both the material and non-material resilience of schools. The structural aspects of school 
resilience include the seismic hazard of the area, the soil at school locations in terms of the expected seismic 
effect, the age and poor maintenance of the buildings, and the undefined ownership of school buildings. Regarding 
non-structural resistance, a low level of carrying out preventive activities such as education, training and practical 
exercises for dealing with earthquakes was identified as well as inadequate planning documentation. 
 

Keywords: earthquake, schools, seismic resilience, preparedness 

 

1. Introduction  

The devastaded eartqhuake occured  in Banja Luka  October 27, 1969. This  EQ  with  6.6 

Richter scale units  magnitude  is  the strongest in  history of the Banja Luka  region  and entire Bosnia 

and Herzegovina. The entire city was destroyed  and the consequences were severe for educational 

institutions  since  Banja Luka was an educational and cultural center. Severe or moderate  damage was 

recorded in 23 elementary school buildings, 9 high school buildings, 3 high school buildings, and  two 

facilities for students accomodation.  The extent of the destruction  is also shown by the fact that  in 

only 8 out of  346 classrooms in primary and secondary schools education could be continued  after the 

earthquake without any reparations.  

During 2016, research and analysis of existing school buildings in the territory of the city of 

Banja Luka was carried out relating  to material resistance to earthquakes, i.e. seismic vulnerability [2]. 

In the meantime, new researchs have not been conducted. The need for research into the non-material  

and material resistance of school facilities in the territory of the city of Banja Luka comes  from the  

both facts confirmed seismic hazard  and the age of the school facilities. Even though Banja Luka is 

regional  educational  center, only one new school building has been built  in the last 30 years. According 

to paper [2], about 35,000 students attend primary and secondary schools in the city. 

The resilience of  the schools  to earthquake effects,  as objects of mass gathering of people,  

should  be considered from a material and non-material aspect. The material resistance of schools means  

the resistance of the school building to the effects of earthquakes, while the non-material resistance 
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refers to the preparedness of users of school buildings for adequate behavior before, during and after  

an  earthquake. The resilience of a school building  on eartquake depends on a number of factors such 

as age, construction,  materials used and  maintenance of the buildings, as well as the soil type where 

the buildings were located. Since amplification seismic signal  caused by soil is important it is clear that 

the composition and quality of the soil affects the vulnerability of buildings  in case on earthquakes. 

Importance of the soil types  in seismology   is shown  by the more detailed classification of the soil as 

part of the modern building codes. The  complete risk assessment should include beside parameters of 

seismic hazard, the  seismic vulnerability of buildings,  impact of the local soil  also  assessment of non-

material resistance - that is, the preparedness of the school community 

The aim of this paper is to  highlight  some problems related to the material and non-material 

resilience of  the schools in  the city of Banja Luka. 

 

2. Constructional resilience of the schools in Banja Luka 

 

  Objects of mass residence of people, especially schools, are important for Disaster risk 

reduction (DRR) plans as well as for the local community’s DRR plan in case of earthquake. School 

facilities are treated as critical infrastructure in these documents and those buildings are   planned   for    

temporary mass accommodation of the affected population in the case of earthquake. 

 Data collected for the 71 school buildings enabled an overview of the basic architectural and structural 

characteristics of the schools in Banja Luka. The most important data for the assessment of expected 

structural and non-structural elements damage and the assessment of the usability of the buildings after 

earthquake are shown in Figure 1. 

The largest number of school buildings were built before the catastrophic earthquake in 1969; they are 

symmetrical in shape and consist of a ground floor and an upper floor. Branch schools  are mostly 

smaller one-storey buildings. The number of students in urban schools ranges from 500-1000 students, 

in suburbs up to 200, as well as in rural schools up to 50 students. Regarding construction types, the 

most of the schools are brick buildings of typical construction at the end of the 20th century, mostly of 

brick and less of stone [2]. 

 

 
 

Figure 1. The characteristics of the school buildings [2] 
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Analysis of the vulnerability of school buildings was carried out on the basis of data related to 

building construction method, applied materials and knowledge about construction characteristics in 

specific  areas as well as descriptions of individual classes of vulnerability given in the EMS-98 scale, 

[3]. Vulnerability classes were determined by expert assessment based on the above criteria. 

 

 

Figure 2. Vulnerability classes according to EMS-98 criteria [2] 

Considering  that vulnerability classes A, B and C represent  buildings where seismic measures 

have not been applied, we conclude that  74% of  existing school buildings are not built under seismic 

codes which clearly shows that the structural resilience of  the  schools  in Banja Luka is not  

satisfactory. 

Due to the reconstruction after the earthquake in Banja Luka in 1969, the most of the schools 

buildings belong to vulnerability class C type. According to assessment seismic risk 7%  vulnerability  

class  C  building are in significant risk  to collapse in case of  IX earthquake intensity EMS-98  while 

17% of buildings of this type can suffer structural damage[4]. 

Modern science on the design of seismically resistant buildings has recognized the type of soil 

as extremely important, so Eurocode 8 defines 5 basic soil categories A, B, C, D and E, and two special 

ones S1 and S2 for which special research is necessary. A map of the local soil of the municipality 

Banja Luka was created for school risk assessment purposes. Based on the local soil map according to 

EC8 for the territory of the city of and the geospatial distribution of school facilities, the type of local 

soil was determined for each school facility. The results of the soil analysis [2] showed that 37% of 

school buildings are located on type E soil, which is the lowest quality type of soil according to the 

Eurocode 8 classification. 
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Figure 2. The school building positions on the local soil map [2] 

The results of research [2, 4] on the construction characteristics of school buildings showed that 

their structural resistance is unsatisfactory. The results of the research [5] indicate numerous problems. 

The official attitude of the Ministry of Education as well as the local community is that complete 

organization of school life is obligation of the school management.  School principals are expected to 

provide funds for maintaining school facilities, as well as to perform all other duties independently and 

without any support.  The schools itself, according to the principal's statements, barely manage to meet 

the needs necessary for the basic functioning of the school  including conducting  teaching process,  

children stay, providing energy supply,  as well as hygienic and office materials, etc. The schools 

receive funding for material costs monthly, but the school's investment needs are defined by the school's 

annual working program, which are submitted to the Ministry of Education and the City Banja Luka. 

Regarding to structural resilience of secondary schools in Banja Luka, there is a strong attitude 

by principals and employees that position of secondary schools is poor. Functioning of secondary 

schools, i.e. the budget for secondary schools is provided by the municipality i.e. all expenses except 

salaries, which are financed by the Ministry of Education. All respondents in the survey confirmed that 

the municipality Banja Luka has become more involved in financing both secondary and primary 

schools in recent years. 

City departments do not have funds to carry out this type of maintenance regularly. The 

department which is in charge  for cooperation with educational institutions receives requests from 

schools and allocates the available funds to selected schools after submitting requests and cost 

estimates. Those funds are not planned (scheduled) for major investments, but to help schools to resolve 

specific difficulties. There is no clear criteria for rating requests,  assessing priorities or for allocating 

funds. The supervision of reconstruction and restauration works has not been defined by any 

department. 

The Department for inspection affairs plans funds for emergency interventions on buildings in 

case of damage. Urban planning and civil engineer inspectors after receiving request do field inspection 

and record damage on schools building according to their authority but not assess damage.  For the 
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evaluation of the degree and type damage of the building, a civil engineering expert witness  should  be 

hired, whose competence is to evaluate the condition of the building. 

The owner of the remaining school buildings in the territory of the City of Banja Luka is not 

known at the moment as well as the status of the school buildings where the ownership transfer process 

has started but not completed. There are cases elementary schools with several building  that for instance 

one building is now in  ownership of the City  of Banja Luka  but another is not (for instance schools 

with central urban building and suburb or rural buildings). Knowing that the central, usually urban 

school, building with the other school building (suburb, rural) is one legal entity, it is clear how 

complicated is maintaining buildings and even determining the responsibilities for it. 

The  problem of using non-purpose facilities as school facilities was recorded  in  two secondary 

schools as well as  the absence of regular and  planned monitoring of the state of school facilities on the 

territory of the Banja Luka. The department in charge of reconstruction acts upon receiving requests 

and establishing priorities from the department in charge of  educational institutions. None of the 

departments has obligation to carry out regular and detailed monitoring of the construction 

characteristics of school buildings, although this would be a useful practice, considering the age and 

insufficient maintenance of school buildings. When earthquake occurs and some damages, even slight, 

on school building were recorded it is difficult to determine the origin of damage when their previous 

conditions was not known. 

 

3. Earthquake preparedness of the schools in Banja Luka 

Regarding non-material  resilience, it is necessary to observe and determine the level of school 

communities’ preparedness and capability for adequately responding if earthquake happens. The 

adequate reaction means reaction according to the DRR plan and training of school community should   

be carried out according to regulation [8]. The existence, content, quality and application of planning 

documentation in schools is one of the key elements of resilience. Another important element of 

resilience is preparedness, which is achieved through the practical implementation of the DRR plan, by 

practicing all planned activities as well as other preventive activities such as training and education, 

which is defined [8]. However, the different authorities started dealing with this issue after the 

catastrophic floods, which affected in 2014 entire West Balkan countries, including Bosnia and 

Herzegovina as well as  Banja Luka region.  

The Mayor of Banja Luka, in accordance with his authority, defined with a decision important 

subjects of for the protection and rescue system in the City. All primary and secondary schools, 

according to that document have been declared as subjects of special interest for the protection and 

rescue system. According to the regulation [9], they have the obligation to prepare planning documents, 

and to harmonize them with the DRR plan of the City of Banja Luka. 

The research of the mentioned resilience elements of school communities [5] following weaknesses 

were identified. DRR plan exists in most schools, but the schools did not develop it themselves than 

hired agencies and other entities did it for schools. This is a consequence by lack of supervision related 

to application of regulations [10] that defines the area, development and implementation of planning 

documents. 

DRR plan is not applied in most schools and the employees are not familiar with its contents. The 

intention of adopting the DRR plan for the most schools, was formal compliance with the law and 

nothing else. According to the research results after the DRR plan have been adopted by the School 

Board and the proof about adoption delivered, according to the Law [9]   to the Civil protection 

department, they do not use the DRR plan at all. In a some schools, the DRR plan is available to 

employees on the notice board but only few of them organize introduction and discussion about the 

DRR plan at session of the teachers' council. Further application of the DRR plan, especially the 

Evacuation plan is the most important for schools, were part or even completely absent. 

• Education of students related to seismic hazard and protection measures topics practically does 

not exist in schools. Teachers and principals confirmed there is no seismic hazard or protection 
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measures  as teaching subjects in the regular curriculum. The regulation [10] defines that 

students get knowledge about natural disaster and protection against it  through the class 

community program. The  curriculum  for  the classwork  prepared by  the Republic Educational 

and Pedagogical Institute  contains 4 areas: Culture of Living, Children's Rights and 

Responsibilities, Healthy Lifestyles and Free topics. Since there is no DRR topics it remains   

to believe that they  teach it in the Free topics section. 

 

• Training of employees on the seismic hazard and protection measures topic is not carried out 

in schools.  The research [5] confirmed that   training of teachers, professional associates and 

other employees in schools  is one of the activities that is not carried out, although it is defined 

by the regulation [10 ]. There is neither an agreement about the way it should be implemented, 

nor any subordination of authority departments, coordination as well as  cooperation on this 

issue. The representatives of the school management and the teaching staff believe that the 

initiative for this training should come from the civil protection department  of the City of  

Banja Luka and that they, as "professionals, also carry out this training", without considering  

the real  human capacities or financial resources of this department. The other side opinion from 

civil protection department   is that the initiative, including proposals training topics and 

modality, should come from the schools. 

 

 

• Lack of coordination and subordination between the authorities and institutions: Republic 

Administration of Civil Protection (RUCZ),   Civil protection department of the City of Banja 

Luka, schools, Ministry of  Education as well as inspectorates. The  key weaknesses is the lack 

of control and supervision over the development and implementation  of DRR plans as well as  

conducting  of the preventive educational and training activities defined by  regulation [8]. The 

RUCZ is in charge of administrative supervision  including revision  the methodological 

compliance of the schools DRR  plans with the  regulation  defined this area [10 ] such as  

content and methodology as well as compliance with the local community’s DRR plan. 

However, this kind of revision or supervision  has never been carried out in schools. 

 

• The Inspectorate of the Republic of Srpska respectively the educational inspection, supervises 

the schools legal acts as well as checking the legality of citizens ‘complaints and requests  

regarding the activities carried out in schools. Regarding schools protection and rescue 

activities  the jurisdiction of the inspectorate includes checking existence and content of the 

school DRR plans  as well as  its compliance with the legal regulations. All respondents from 

school principals confirmed that there was no any supervision related to implementation of 

DRR plans or carrying  out preventive activities according to regulations [8]. 

 

4. Conclusion  

The weaknesses related to the structural resilience of the schools are the characteristics of the 

school facilities, i.e. age, undefined ownership and inadequate monitoring and maintenance. More than 

50% of school buildings were built before the earthquake in 1969, when there were almost no 

earthquake resistance design (ERD) codes. Knowing that vulnerability classes A, B and C are facilities 

without ERD measures, we conclude that the 74% out of total number of school buildings are without 

ERD measures according to the descriptions for the EMS -98 classification [3]. The maintaining of the 

school facilities depends not only of financial resources, than from the legally determined obligation 

that is related to the determination of ownership. Department in charge of inspections affairs neither do  

perform regular monitoring of school facilities, nor assess their needs for reparation. In addition, none 

of the departments does not plan funds for regular investments of the school buildings. The regular 

procedure   is   approval of   funds after  submitting the requests of schools  on a case-by-case basis. 

Schools are according to the law [9 ] declared  as   important institutions  for protection and rescue 
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system, and they are obliged to develop DRR plan  and to update it once a year. The schoolʼs DRR are 

not updated regularly, and especially not every year. The school management and employees do not 

prepare  DRR plans independently in cooperation with the Department for Civil Protection, which was 

the intention of the legislator since the process of  planning lead to  finding DRR solutions and vice 

versa. Instead of this, schoolʼs DRR plans were prepared by third parties/agencies usually with licenses 

in the field of occupational safety and fire protection. The extremely low level of awareness of the 

seismic hazard was observed as well as lack of the preventive activities which   schools carry out, 

primarily education and training of students and teachers. The level of the non-structural resilience of  

the schools in Banja Luke  regarding preparedness for adequate  response in case of earthquake  is  very 

low. Schools in the territory of the City of Banja Luka should be given more attention by the local 

community, the Ministry of Education as well as other authorities  and  institutions. 
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Abstract 

Developing a classification system (taxonomy) for buildings is a critical step for seismic risk assessment 

studies. Such a system can be used to characterize a building portfolio within urban/rural settlements or building 

stock for the entire country. Serbia is located in a region characterized by a moderate seismic hazard. In the last 

century, 10 earthquakes of magnitude 5.0 and higher occurred in Serbia, the strongest (M 6.0) in 1922. The 

strongest earthquake in the 21st century (Mw 5.5), with an epicenter close to Kraljevo, occurred in November 

2010 and caused significant damage to residential buildings. In 2019, members of the Serbian Association for 

Earthquake Engineering (SUZI-SAEE) contributed to the SERA project and its goal to develop a seismic risk 

model for Europe. A taxonomy of residential buildings in Serbia was developed based on previous national and 

regional building stock studies. The proposed taxonomy includes the Lateral Load-Resisting System (LLRS) 

(e.g., wall, frame, dual wall-frame system) and material of the LLRS (e.g., masonry, concrete, wood) as the 

main attributes. The type of floor diaphragm (rigid or flexible) has been specified only for masonry typologies 

with unreinforced masonry walls, while building height and date of construction have been implicitly 

considered. According to the proposed taxonomy, there are 9 residential building typologies in Serbia; out of 

those, 5 typologies are related to masonry structures, 3 are related to RC structures, and one is related to wood 

structures. This paper describes the proposed taxonomy and outlines the characteristic features of different 

building typologies and their relevance for estimating seismic vulnerability and risk. A comparison of the 

proposed taxonomy for Serbia and published taxonomies for Croatia is also presented. 

Keywords: residential buildings, building taxonomy, seismic risk assessment, exposure model  

1. Introduction 

Seismic risk assessment studies can be performed at different scales (municipal, regional, national, 

etc.) to estimate potential earthquake-induced losses and identify highly vulnerable assets (e.g., 

buildings) that may need to be retrofitted as a part of a disaster mitigation initiative. It is well 

established that seismic risk for a specific building or a building portfolio depends on the 

corresponding seismic hazard, vulnerability, and exposure. Seismic hazard can be quantified based on 

a probabilistic estimate of the expected earthquake intensity for a specific location or region, while 

vulnerability is related to chances of damage and losses for assets exposed to specific hazard levels. 

Finally, exposure is related to the number, type, and value of assets that are the scope of a specific risk 
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assessment study. One of the most comprehensive initiatives focused on developing a seismic risk 

model for Europe, undertaken under the HORIZON2020 SERA project, used the seismic risk 

assessment framework originally developed under the Global Earthquake Model (GEM). Serbia 

participated in the SERA project by sharing information related to the exposure model [1]. This 

project motivated the members of the Serbian Association for Earthquake Engineering (SUZI-SAEE) 

to initiate a seismic risk assessment study focused on the Serbian building stock. 

The first step towards developing an exposure model consists of developing a building 

classification system, also known as a building taxonomy. Buildings can be classified in different 

ways, but in most cases, the selected building characteristics (also known as attributes or facets) 

which are used to develop a taxonomy are similar, including the material of Lateral Load Resisting 

System (LLRS) (e.g., masonry, reinforced concrete - RC), type of LLRS (e.g., moment frame, wall 

system, etc.), and a few other attributes.  

A few taxonomies were developed for applications on a global scale. PAGER-STR is a global 

building taxonomy that classifies buildings into 101 classes and has been organized hierarchically. 

The main attributes include the material of LLRS, type of LLRS, building height, and type of 

diaphragm [2]. The most comprehensive global building taxonomy is the GEM Building Taxonomy 

V2.0 [3, 4], which was developed for seismic risk assessment purposes in the Global Earthquake 

Model (GEM) framework. The taxonomy is multi-faceted and characterizes buildings through 13 

attributes, which could be thought of as a building’s genome (DNA), see Fig.1. While some of the 

GEM Building Taxonomy attributes are the same or similar to those in other taxonomies (e.g., 

PAGER-STR), it also includes a few unique attributes (e.g., building irregularities, type of occupancy, 

the position of building within a block, etc.). The taxonomy enables the user to explain each attribute 

in detail. For example, attribute Material of LLRS (e.g. masonry) can be characterized through 

“details”, such as Material technology (e.g. unreinforced masonry, confined masonry), and Material 

properties. According to the GEM taxonomy, a building class can be described as a “taxonomy 

string”, which combines the information related to each attribute and the associated detail. A slash 

sign (/) is used to separate attributes, while a plus sign (+) includes an additional level of detail for a 

specific attribute. Each attribute and detail have a unique ID. For example, the ID for unreinforced 

masonry is MUR, the ID for Wall (a type of LLRS) is LWAL, and the ID for building height (number 

of storeys) is HEX. Therefore, a taxonomy string for a 3-storey loadbearing URM building is 

/MUR/LWAL/HEX:3/ (the other 10 attributes can be omitted if no information is available). The 

taxonomy is flexible and enables the user to describe a building class at different granularity (level of 

detail) as needed. The taxonomy has been widely used for natural hazard and risk assessment via the 

Open Quake platform [5] and has been expanded into the GED4ALL Building Taxonomy, which 

includes additional attributes and details required for multi-hazard risk assessment studies [4]. The 

European seismic risk model developed in the framework of SERA project [6, 7, 8] also used the 

GEM taxonomy V2.0 to classify European building stock. 

 

Figure 1. DNA for a building: attributes of the GEM building taxonomy V2.0 [3]. 
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The EMS-98 Macroseismic Scale [9] also contains a well-known building taxonomy 

specifically developed for classifying European building stock. According to the EMS-98, buildings 

have been classified into 15 classes, including 6 RC classes, 7 masonry classes, steel and timber 

building classes. Each building class has been assigned an expected seismic vulnerability rating, 

which was empirically determined, but is a valuable reference for seismic vulnerability studies. 

According to the building taxonomy developed in the framework of the RISK-UE project, buildings 

were classified into 23 classes depending on the LLRS, construction material, building height, and 

building design code level [10]. The Syner-G taxonomy was also developed to classify the European 

building stock. It includes 15 main attributes/facets and can be used to classify buildings in a flexible 

(non-hierarchical) manner [11]. 

This paper presents a proposed building taxonomy for Serbia, developed as a part of the SUZI-

SAEE study, and compares key features (attributes) for relevant building taxonomies. The paper may 

be of interest to earthquake engineers and other professionals interested in seismic risk assessment, 

with a particular focus on the Balkan region. 

2. Regional building taxonomies  

The authors have also reviewed building taxonomies developed in the region, particularly in the 

neighbouring countries which were a part of former Yugoslavia. One of the early regional taxonomies 

was developed in the 1980s as a part of the UNIDO project “Building Construction under Seismic 

Conditions in the Balkan Region” [12]. The classification was based on the material of LLRS (e.g., 

masonry, RC), construction technology (e.g., cast-in-situ or prefabricated concrete), and the LLRS 

(e.g., wall, frame, frame-wall system, etc.). The rapid assessment form developed in this project was 

used for the damage assessment of buildings affected by the 1990 Gevgelija earthquake in North 

Macedonia [13]. Classification of buildings in North Macedonia was performed based on a 

comprehensive building database compiled by IZIIS, Skopje, from 2013-2019 [14]. Masonry 

buildings were classified into MB (non-earthquake resistant, pre-1964 vintage) and CMB (moderate 

earthquake-resistant confined masonry buildings, post-1964 vintage). RC buildings (earthquake-

resistant, post-1970 vintage) included different LLRSs, e.g. moment frame, dual frame-wall system, 

RC shear walls, and flat slab systems. A recent seismic loss assessment study for Skopje was based on 

the inventory of 59,950 buildings classified according to the RISK-UE building taxonomy [15]. 

Several seismic risk-related projects in Croatia required the development of building 

taxonomies for major urban centres, such as the capital Zagreb [16]. An initial building taxonomy 

comprised 14 building classes and was developed for a national seismic risk assessment study [17]. 

The taxonomy was used for surveying the building inventory in Zagreb. Further studies indicated a 

need for a more granular classification to reflect the building characteristics better. Hence a more 

detailed taxonomy, which included 42 building types, was created [18]. The following 4 construction 

periods were considered: i) PC before 1964 (pre-code), ii) LC from 1964-1981 (low-code), iii) MC 

from 1981-2005 (medium code), and iv) HC after 2005 (high code, after Eurocode 8 was adopted). A 

separate project was focused on Osijek, the fourth largest city in Croatia, resulting in a custom 

building taxonomy for exposure model development purposes. This taxonomy included 15 prevailing 

building types and was used for a field survey of 1100 local buildings [19].  

A few seismic risk assessment studies in Bosnia and Herzegovina required the classification of 

building portfolios. A seismic risk assessment study was performed in Tuzla, the third-largest city in 

the country [20]. In total, 203 RC and masonry buildings were surveyed. RISK-UE building 

taxonomy was used for structural and typological characterization of the buildings. An ongoing 

research study in Sarajevo, the country’s capital, focuses on developing a database of 700 structures in 

two selected municipalities as the starting point for developing a national building taxonomy [21]. 

A recent scenario-based risk assessment study in Slovenia [22] used building data contained in 

the Real Estate Register, which contains information related to building units, including the year of 

construction, occupancy, built-up floor area, the material of the LLRS, building value based on the 

appraisal, number of storeys, and building height.   
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A summary of relevant international building taxonomies and national/local taxonomies for the 

neighbouring countries has been presented in Table 1. The table identifies key building attributes, 

which are intended to differentiate between seismic vulnerabilities associated with different building 

typologies for seismic risk assessment purposes.  

Table 1 – International and national building taxonomies: a summary of attributes 

  International taxonomies National taxonomies 

 
Attributes GEM V2.0 

RISK

-UE 

EMS-98 Croatia-

Zagreb 

Croatia-

Osijek 

North 

Macedonia  
Slovenia 

  [3] [10] [9] [18] [19] [14, 15] [22] 

1 Material of 

the LLRS ✓  ✓  ✓  ✓  ✓  ✓  ✓  

2 Type of 

LLRS ✓  ✓  ✓  ✓  ✓  ✓  ✓  

3 Building 

height ✓  ✓  
 

✓  ✓  ✓  ✓  

4 Date of 

construction ✓  
  

✓  ✓  
 

✓  

5 Seismic 

code level 
         E1 

 
E2 E I I I 

6 Occupancy 

(function) ✓  
  

 ✓  
 

 

7 Structural 

irregularity ✓  ✓  
 

✓  ✓  
 

 

8 Material of 

exterior 

walls 
✓  

  

 ✓  

 

 

9 Roof type ✓  
      

10 Floor type ✓  
  

✓  ✓  
  

 

Other 

attributes 

Direction; 

building 

position 

within a 

block; shape 

of the 

building 

plan; 

foundation 

 Material 

technology 

(masonry); 

Material 

technology 

(masonry); 

wall layout; 

hybrid 

LLRS 

Building 

condition; 

building 

size; floor 

area; built-

up area; 

soil type 

 

 

 Total 

number of 

typologies  

Very large 23 13 42 12 7 14 

Notes:  1-included only in the GED4ALL taxonomy; 2-only for RC structures; E- explicitly stated in the 

classification; I- implicit (can be deducted based on the period of construction) 

It can be seen from Table 1 that all taxonomies have at least two attributes: the material of the 

LLRS and the type of LLRS. The most detailed international taxonomy is GEM V2.0, since it can 

characterize many building typologies due to a large number of attributes and details (secondary 

attributes). Among the national typologies developed in the neighbouring countries, the most detailed 

ones are from Croatia. The taxonomy developed for the Zagreb study [18] describes building features 

characteristic of local construction practices. 

3. Proposed classification of residential buildings in Serbia 

3.1 Background 

Previous research studies on the Serbian building stock were mainly based on the review of the 

building stock of various European countries. The most relevant project for the current study is the 
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TABULA project (2009-2012), a European project co-founded by Intelligent Energy Europe [23]. In 

the framework of the TABULA project, a detailed analysis of residential building typologies was 

performed based on the construction period, façade systems, and energy consumption. Two 

taxonomies were developed for each country participating in the project: a taxonomy in the 

predetermined TABULA form and a national one. Both taxonomies classified residential buildings 

based on the year of construction and the building type. The TABULA taxonomy divided buildings 

into single-family houses, terraced houses, multifamily houses, and apartment blocks. The national 

building taxonomy for Serbia is more complex, categorizing the buildings into six types. Single-

family housing was classified into freestanding houses and houses in a row, while multifamily 

housing was categorized into freestanding buildings, lamella (housing block), buildings in a row, and 

high-rise buildings. Each typology was described in detail on an example (building archetype) and 

included a description of the structural system and horizontal and vertical structural elements. The 

TABULA project also offered an insight into the built-up area and the number of residential buildings 

for various typologies in Serbia, based on the 2011 Census data, as well as a detailed survey of 10,000 

buildings. It was shown that most buildings in Serbia are freestanding single-family houses (57.0% 

based on the built-up area and 92.1% based on the estimated number of buildings). Also, it was 

concluded that most freestanding single-family houses were built from 1971 to 1980. The TABULA 

project deliverables prepared by the Serbian team [23-25] were important resources for the present 

study. The only previous study related to Serbian building classification for seismic risk assessment 

purposes was reported by Radovanović and Petronijević [26]. The authors applied the EMS-98 scale 

to identify common building typologies in Serbia and concluded that seven EMS-98 typologies (5 

masonry typologies and two RC typologies) are sufficient for characterizing building stock in Serbia.  

A review of previous studies on the residential building stock revealed a need to develop a 

novel classification of residential buildings in Serbia, which is presented in Table 2. The presented 

building classification comprises 9 building typologies, including 5 masonry typologies (M), 3 

reinforced concrete (RC) typologies, and a wood typology (W). Each building typology is described 

using an alphanumeric ID, name, and primary and secondary taxonomy attributes, as shown in the 

table. The primary attributes which are used to describe building types include Lateral Load-Resisting 

System (LLRS), e.g., wall, frame, dual wall-frame system; material of the LLRS (e.g., masonry, 

concrete, wood), and floor diaphragm type (rigid or flexible). Unreinforced masonry (URM) buildings 

with flexible diaphragms (building types M1, M2) are more vulnerable to earthquake shaking when 

compared to URM buildings with rigid diaphragms, as demonstrated by numerous surveys and 

studies. Flexible diaphragms may cause large lateral displacements and the out-of-plane toppling of 

the walls in the weak direction (normal to the earthquake action), which reduces the building integrity 

and prevents the walls from acting together as a box (box action). Building height is also an important 

attribute to consider for M3 building type (URM buildings with rigid diaphragms). Based on the 

number of floors, this typology was further subdivided into single- and multifamily building types 

(M3-S and M3-M). The secondary attributes include building height and period of construction. 

Building height is related to the dynamic characteristics of a structure, whereas the year of 

construction can be related to the seismic code level to which the building was designed.  

A detailed description of masonry and RC building typologies is presented in the following 

sections. Since wooden buildings represent only a tiny fraction of Serbia’s residential building stock, 

they have been omitted from this paper. 
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Table 2 – Proposed classification of residential buildings in Serbia 

ID Building 

typology 

 

Primary attributes 

Secondary attributes 

  Material LLRS Type of roof/floor 

diaphragm 

 

(1) (2) (3) (4) (5) (6) 

M1 Unreinforced 

earthen or stone 

masonry walls 

with flexible 

diaphragms 

Masonry 

 

LLRS: Wall 

(constructed using stone 

masonry, rammed earth, 

or load-bearing adobe 

brick masonry) 

Flexible (wooden 

structure) 

Height: 1-2 floors 

Date of construction: 

before 1945 

M2 Unreinforced 

masonry walls 

with flexible 

diaphragms 

 

 

Masonry 

 

LLRS: Wall 

(constructed using solid 

clay bricks in low-

strength mortar) 

Floor: flexible (wooden 

structure or Prussian 

vault) 

Roof: flexible (sloped 

wooden structure) 

Height: 

1-4 floors 

Date of construction: 

before 1960 

M3 

 

Unreinforced 

masonry walls 

with rigid 

diaphragms 

 

 

Masonry 

 

M3-S (single-family) 

LLRS: Wall 

(constructed using 

modular clay blocks in 

cement mortar)  

Floor: rigid (semi-

prefabricated concrete 

and clay floor system) 

Roof: flexible (sloped 

wooden structure) 

Height: 

1-2 floors 

Date of construction: 

1960-present 

Unreinforced 

masonry walls 

with rigid 

diaphragms 

Masonry 

 

M3-M (multifamily) 

LLRS: Wall 

(constructed using solid 

clay bricks in cement 

mortar) 

Floor: rigid (semi-

prefabricated ribbed RC 

floor or composite 

RC&clay floor) 

Roof: rigid (flat RC 

slab) or flexible (sloped 

wooden structure) 

Height: 

3-6 floors 

Date of construction: 

1920-1970 

M4 Confined 

masonry 

buildings  

 

Masonry 

 

LLRS: Wall  

(constructed using 

modular clay blocks in 

cement mortar)  

Rigid (semi-

prefabricated RC or 

composite concrete and 

clay system) 

Height: 

1-5 floors 

Date of construction: 

1970-present 

RC1 RC frames (cast 

in-situ) with 

masonry infills 

Reinforc

ed 

concrete 

(RC) 

LLRS: RC frame with 

masonry infills built 

using solid clay bricks or 

modular clay blocks  

Rigid (semi-

prefabricated RC or 

composite concrete and 

clay floor system) 

Height: 4-10 floors 

Date of construction: 

1960-present 

RC2 RC walls (cast 

in-situ) or dual 

frame-wall 

system 

Reinforce

d 

concrete 

(RC) 

LLRS: Wall  

(although a frame may 

resist a small fraction of 

seismic load) 

Rigid (solid RC slab) Height: 5-15 floors 

Date of construction: 

1960-present 

RC3 Prefabricated 

RC buildings 

Reinforc

ed 

concrete 

(RC) 

LLRS: Wall (large panel 

buildings), or dual 

frame-wall system  

Rigid (prefabricated RC 

slab) 

Height: 6-15 floors 

Date of construction: 

1960-1990 
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3.2 Masonry building typologies 

The proposed classification includes 4 basic masonry typologies (M1 to M4). Typology M3 is 

subdivided into two subtypes (M3-S and M3-M), see Table 2. Masonry typologies denoted by M1, 

M2, and M3 characterize older, unreinforced masonry (URM) buildings, whereas typology M4 

characterizes confined masonry buildings of more recent construction.  

Buildings classified as M1 and M2 typologies have wooden floors which act as flexible 

diaphragms, and they were predominantly used in Serbia until the end of WWI. Floor systems in 

buildings classified as M3 or M4 typologies can be treated as rigid diaphragms, but there are a few 

types, depending on the construction period. The application of ribbed RC floors started at the 

beginning of the 20th century. A semi-prefabricated ribbed RC floor system (Herbst), consisting of 25 

cm deep prefabricated RC ribs and a cast-in-situ concrete layer, was practiced until the end of WWII. 

Avramenko is another semi-prefabricated floor system that has been used since the 1930s. A shift 

towards semi-prefabricated concrete and clay floor system happened during the mid-1960s. For 

example, LMT (light prefabricated floor) is a semi-prefabricated floor system consisting of cast-in-

situ RC joists placed between masonry elements. Since mid-20th century, solid RC slabs have been 

used in multi-story masonry and RC buildings. Examples of masonry building typologies are 

presented in Fig. 2, and a brief description of each typology is presented in this section. 

  

a) b) 

  

c) d) 

Figure 2. Examples of masonry building typologies from Serbia: a) M1- a single-family building in Irig 

(Vojvodina); b) M2 – an early 20th century URM building in Zemun; c) M3-M – an apartment building in 

Belgrade; d) M4- a single-family house under construction, Zlatibor. 

M1: Unreinforced earthen or stone masonry walls with flexible diaphragms 

Earthen construction and adobe masonry were common for residential buildings of M1 building type, 

whereas stone masonry was primarily used for public buildings, fortresses, churches, etc. Houses of 

earthen construction were common in Vojvodina from the 18th century until the first half of the 20th 

century, mainly in the form of low-rise (one-story) single-family houses with walls constructed using 

rammed earth technology (called naboj in Serbia). These buildings are characterized by rectangular or 

L-shaped plans, and the wall thickness is 50 cm or higher. Adobe masonry, characterized by walls 

constructed using unburnt clay bricks in mud mortar, was more common in urban construction. These 

buildings had wooden floors and roofs and usually had two-floor levels. Historic urban centres in 

Vojvodina have many examples of such buildings, some of which were recognized as heritage 

structures in the city of Novi Sad.  
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Stone masonry was rarely used in the construction of single-family residential buildings in 

Serbia; however, large residential buildings with foundations, basement walls, and/or load-bearing 

walls made of stone masonry were constructed in Belgrade in the 1870s. Several tower-like dwellings 

dating from the 19th century were also constructed using stone masonry in rural areas near Dečani 

Monastery in Kosovo and Metohija. Such buildings feature wooden floors, a square plan shape, and 

thick walls with a few windows. 

M2: Unreinforced masonry walls with flexible diaphragms 

This building typology was common in urban regions of Serbia during the 19th century and the first 

half of the 20th century. These buildings usually have 1 to 4 floors and were used as single-family or 

multi–family residential buildings (depending on the building height and economic status of the 

owners). The key feature of these buildings is the use of fired (burnt) solid clay bricks for the first 

time in Serbia. The first brick manufacturing facilities in Serbia were established in the second half of 

the 19th century, which enabled wider use of brick masonry construction. The 1896 building Act for 

the Town of Belgrade restricted the use of timber and dictated standard dimensions for clay bricks as 

a common material for wall construction [27]. The prescribed wall thickness reduced over time, 

ranging from 45 - 60 cm before 1933 to 25-51 cm after 1933. Lime mortar was used for masonry 

construction until the end of WWII. Wooden floors with 14 cm x 20 cm beams at 80 cm spacing and 

2.5 cm thick wooden planks were typically used on upper floors, while suspended floors above the 

basement and ground floor levels were usually constructed as a jack arch system (Prussian vault), 

consisting of shallow brick vaults spanning between the iron beams. These buildings have sloped 

wooden roofs with clay tiles. 

M3: Unreinforced masonry walls with rigid diaphragms 

This building typology has been widely used both in urban and rural regions of Serbia. They are 

characterized by rigid floor diaphragms. This typology can be subdivided into M3-S and M3-M 

typologies based on the building height and masonry technology. Typology M3-S is related to low-

rise single-family residential houses with load-bearing walls constructed of modular (multi-

perforated) clay blocks or solid clay bricks bonded by cement:lime:sand mortar. Wall thickness is 

influenced by building height and type of masonry element (solid brick or modular block), and it 

usually ranges from 19 cm to 38 cm. These buildings have sloped wooden roofs and clay tiles. 

Construction of these buildings started in the 1960s and continues to date, mostly in the parts of the 

country where construction of confined masonry (M4-type) is not mandatory.  

M3-M typology is related to multifamily apartment buildings with load-bearing masonry walls 

constructed of solid clay bricks and cement:lime:sand mortar. These are mid-rise buildings (with 3-6 

floors) and have regular plans and elevations with symmetrical wall layouts. The thickness of interior 

walls ranges from 25 cm to 30 cm, whereas exterior walls are usually 38-51 cm thick. This type of 

construction was practiced from the end of WWII until the beginning of the 1970s. The buildings 

constructed in the period 1950-1970 have horizontal RC ring beams at floor/roof levels, but they do 

not have vertical RC confining elements, which are present in confined masonry construction. These 

buildings usually have flat roofs (the same construction as floors). A detailed description of typical 

M3-M buildings from Serbia and their seismic performance can be found elsewhere [28]. 

M4: Confined masonry buildings 

The first Yugoslav seismic design code, issued in 1964, contained provisions on horizontal and 

vertical RC confining elements in masonry buildings, which are characteristic of modern confined 

masonry construction currently practiced in Serbia. The code prescribed building height limits 

depending on the seismic hazard level and other criteria, as summarized in [29]. These are low-rise 

residential buildings, typically 1-4 floors high. Masonry walls in these buildings are constructed using 

modular (multi-perforated) clay blocks, which superseded the use of solid clay bricks in the 1970s 

[30]. Due to the use of modular blocks, wall thickness has been reduced to 19-25 cm. These buildings 

have rigid floor diaphragms, usually with semi-prefabricated floor systems. Flat RC and sloped 

wooden roofs are typical for multifamily and single-family buildings.  
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Although confined masonry technology is widely used in Serbia, it is not always easy to 

distinguish buildings of M4 typology from RC frames with masonry infills (RC1) in field surveys of 

existing buildings. Similarly, identifying vertical RC confining elements in existing buildings is often 

challenging. Hence it is possible to wrongly classify buildings that could be potentially classified 

either as M3 or M4 buildings. The use of thermal imaging has proven to be helpful in identifying RC 

elements in field surveys of RC and masonry buildings [31]. 

3.3 Reinforced concrete building typologies 

RC buildings were classified into three typologies. Two out of three RC typologies are associated 

with cast-in-situ concrete construction technology (RC1 and RC2), while the third is associated with 

prefabricated RC construction (RC3). Construction of RC residential buildings in Serbia started after 

WWII, and is limited primarily to multifamily residential buildings. Initially, RC1 building typology 

was popular, but since the 1960s, most RC buildings have at least a central (elevator) core and 

additional structural walls (RC2 systems). Prefabricated RC technology (RC3 typology) was 

widespread in urban areas of former Yugoslavia, including Serbia, from the late 1950s until the early 

1990s. Prefabricated RC systems were not used after the dissolution of Yugoslavia; hence dual wall-

frame system (RC2 typology) remains the only RC system used in multifamily residential building 

construction. Recent RC construction features RC walls and flat slab frames acting as a gravity load-

resisting system. Examples of RC building typologies are presented in Fig. 3, and a brief description 

of each typology is presented in this section. 

   
a) b) c) 

Figure 3. Examples of RC building typologies from Belgrade, Serbia: a) RC1 - original office of 

“Energoprojekt” consulting firm; b) RC2 – a multifamily residential building [25] and c) RC3 – high-rise 

prefabricated large panel RC buildings, New Belgrade 

RC1: RC frames (cast in-situ) with masonry infills 

Construction of the first cast-in-situ RC frame buildings dates back to the late 1930s; however, 

construction of such buildings for residential purposes was more common after the end of WWII, due 

to the migration of the population to urban regions and post-war rebuilding efforts [25]. These were 

mid-rise buildings (up to 10 floors high) and usually had a regular plan shape; however, there was 

often an open space on the ground floor used for commercial purposes. Until the 1970s, stiff infills 

(solid clay brick masonry walls) were used, but they later changed to modular clay blocks and, in 

some cases, precast concrete panels for exterior infills. In the initial period, cast-in-situ ribbed RC 

floor system was used, but it was later replaced by cast-in-situ RC flat slabs. The typical foundation 

system for RC buildings was strip footings, whereas mat foundations were used in buildings with 

underground floors. Growing market needs and the introduction of the first seismic design codes in 

1964 led to the construction of buildings with dual RC frame-wall systems (RC2) and prefabricated 

RC buildings (RC3), which entirely replaced the RC1 typology. 

RC2: RC walls (cast in-situ) or dual frame-wall system 

RC wall system was introduced after WWII, consisting of structural RC walls that resist lateral and 

gravity walls in RC buildings. This system became more common in the late 1950s with the 
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application of the slip-form construction method for high-rise buildings (more than 10 floors high). 

During the same period, the tunnel-form method was used to construct high-rise buildings with 

elongated plan shapes. These buildings have a central core and regularly spaced structural walls with 

the same thickness along the building height. The dual wall-frame system, in which lateral loads are 

resisted both by the structural walls and the frames, was more widely used after 1964, when the first 

seismic design code was issued.  

RC3: Prefabricated RC buildings 

Construction of prefabricated RC buildings started in the 1950s in former Yugoslavia, Eastern 

European countries, and the Soviet Union. More than 15 prefabricated construction technologies were 

developed in the former Yugoslavia, including the IMS Building System, Trudbenik, Yugomont YU-

61, etc. [32]. Large panel systems, consisting of RC wall and floor panels, were particularly popular. 

These elements were prefabricated, transported, and joined together at the construction sites. After 

erecting in the final position, structural elements were connected via welded steel connections and/or 

cast-in-situ grouted concrete. French large panel system Balency was modified by the Belgrade-based 

engineering firm “Rad” into the “Rad-Balency” system, which was used for the construction of high-

rise buildings (6-15 floors), many of which exist in Belgrade and other urban regions [33]. The IMS 

Building System, developed by Prof. Branko Žeželj at the Institute IMS in Belgrade and used in other 

parts of former Yugoslavia, consisted of prefabricated RC columns, waffle slabs, and edge girders. 

Columns and slabs were joined together at each floor level by post-tensioning in two orthogonal 

horizontal directions. It was a dual frame-wall system that included cast-in-situ RC shear walls. The 

system was used to construct mid- and high-rise buildings (6-20 floors) [34]. 

4. Conclusions  

The paper presents a classification (taxonomy) of residential buildings in Serbia, which has been 

proposed by the authors. According to the taxonomy, there are 9 prevalent building typologies, 

including 5 typologies related to masonry buildings, 3 typologies related to RC buildings, and a 

typology related to wooden buildings. This initial taxonomy is based on reviewing previous studies 

related to the building stock in Serbia and a survey of experts, which resulted in developing seismic 

fragility curves for typical buildings [35]. A comparison with the building taxonomies from 

neighbouring countries with similar construction practices and design codes points to numerous 

similarities in the attributes and the main building typologies. It is expected that the taxonomy will be 

further developed with a higher level of granularity after future field surveys of typical buildings. The 

proposed taxonomy will be used to develop an exposure model for Serbia and future seismic risk 

assessment studies. 
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Abstract 

Disaster Risk Reduction (DRR) and community resilience is considered as a global priority. For several decades 

the focus has been on changing the approach from emergency response towards prevention strategies. Within this 

approach local authorities have a fundamental role in reducing such disasters as they represent the link between 

the community and other stakeholders; from central authorities to engineers, planners and disaster specialists. As 

such the quality, efficiency and the way the risk information is provided to such authorities is of the utmost 

importance.  

Albania is located in one of the most active areas from the seismic point of view and therefore is an earthquake-

prone country. The latest seismic event was the 6.4 Magnitude earthquake of November 2019 in Durrës which 

caused several fatalities and a considerable amount of economic damage, whose impact is still evident nowadays, 

three years after the event, with the recovery phase still ongoing. Such consequences clearly reflect the low levels 

of resilience and preparedness urban and non-urban systems in Albania unfortunately have. The aim of this paper, 

is the evaluation of seismic risk in semi-quantitative terms based on indices, within a wider multi-risk analysis 

including also flooding, fire, wind, snow etc. for one of the most strategic municipalities of Albania, Lezhë. The 

analysis is done by taking into consideration several aspects of vulnerability; physical, social, economic, 

environmental and cultural. The results of such analysis are aimed to be used for several decision-making 

processes by the local authorities as part of improving the strategies for Disaster Risk Reduction (DRR) and 

Disaster Risk Management (DRM). 

Keywords: decision-making, disaster, earthquake, seismic risk, vulnerability,  

1. Introduction 

Due to a combination of several external and internal factors, Albania is a country prone to natural 

disasters including mainly flooding and seismic events. The Mw 6.4 earthquake of November 26, 2019 

that struck the city of Durrës, at the Adriatic coast clearly showed several issues amongst which the 

lack of proper coordination and disaster management. This event brought to the attention of local and 

central authorities the need for preparedness and special attention to civil protection and disaster risk 

reduction [1].  

Disaster Risk Reduction (DRR) and community resilience is a global priority. It is expected that local 

authorities play a central role in developing strategies and policies to achieve resilience. The importance 

of local authorities is clearly emphasized in the SENDAI Framework, in which the need for a focused 

action in understanding disaster risk, the strengthening disaster governance, the investment in DRR for 

resilience and the enhancement disaster preparedness are all developed around not only on a national 

but specifically on a local level [2]. 

The Lezhë municipality, located in the western part of Albania, consists of 10 administrative units with 

2 urban areas (Lezhë and Shëngjin) and a total of 65 rural areas with the total area of approximately 

508.9km2. Due to its location, Lezhë is considered as one of the most strategic municipalities in Albania, 

having great potential mainly in tourism. Lezhë is a hazard prone area due to its geographic location, 

natural and anthropogenic features. Floods are the main hazard for this municipality due to the flow 

from the two main rivers Mat and Drin river, flash floods and also coastal flooding. Such events are 
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often due to the climate change.  Seismic events are also a constant hazard since the entire country is 

located near several faults and many historical events were registered in the 20th century. In addition to 

floods and earthquakes, other hazards like landslides, rock fall, wildfires and snow are also present [3].  

Taking into consideration the diversity of hazards a research study was developed to conduct a multi-

risk analysis and improve the risk information and perception and help the municipality to improve 

policies in terms of decision-making and DRR. Such methodology is also aimed to serve as a model for 

other municipalities in Albania. From the methodological point of view, the research applies an 

integrated and participatory approach, since participatory planning is considered as an optimal method 

that helps in the identification of the problem and also aims at training not only the local authorities, 

but also the community. The focus of this paper is on the analysis of seismic risk as part of a broader 

multi-risk assessment study. 

2. Multi-risk analysis and methodological approach 

According to the terminology related to Disaster Risk Reduction, risk represents a “...combination of 

the probability of an event and its negative consequences” [4]. Mathematically the risk (R) can be 

expressed as a product of three components: 

=  R H V E                                                                (1) 

The first component is hazard (H), which is based on historical and instrumented data of previous 

earthquakes in order to determine the severity of such an event. Seismic hazard is characterized mainly 

in terms of return period, magnitude, intensity, probability of exceedance etc. 

Vulnerability (V) and Exposure (E) are components of the risk which determine the level of impact 

which a hazardous event might have in a built environment. The former represents  

 “The characteristics and circumstances of a community, system or asset that make it susceptible 

to the damaging effects of a hazard.” [4] 

 while the latter represent  

 “People, property, systems, or other elements present in hazard zones that are thereby subject 

to potential losses.” [4] 

 

Figure 1. Schematic representation of risk [4] 
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From the methodological point of view, the approach for assessing seismic risk, includes the following 

activities:  

1. Site visits 

2. Interviews with stakeholders e.g. local community, experts, organizations etc. 

3. Participatory hazard maps 

4. Focus on thematic groups based on the hazard (in this case earthquakes), and 

5. Presenting risk assessment results using the GIS platform 

 

2.1 Indicator- Based Approach (IBA) 

A literature review revealed previous studies provide a variety of approaches and methodologies that 

can be used for risk assessment ranging from qualitative deterministic methodologies to more advanced 

probabilistic approaches. For the research purposes, the proposed methodology corresponds to a semi-

quantitative approach. According to the approach, the overall risk is divided into several components, 

and for each component a number of indicators are selected, and subsequently standardized within a 

specific range based on the provided data (qualitative or quantitative) using various analysis methods 

and then weighted to determine the relative importance of each parameter. 

 

Figure 2. An overview of the Risk Indicator Based Approach (IBA) 

Although this method is not purely quantitative it has several advantages. Firstly, it allows for risk to 

be evaluated in large areas, or in areas that have restricted or limited data. Secondly, the method gives 

a possibility to perform a holistic risk assessment by combining components of different nature 

(physical, social, economic, environmental etc). A considerable number of research studies and applied 

projects [5], [6], [7], [8] have shown that the indices can be easily combined with Spatial Multi-Criteria 

Evaluation (SMCE) to map the information. In mapping the information from the risk point of view the 

use of a risk matrix in addition to IBA can be helpful to combine and categorize the levels of risk based 

on its components. 

 

2.2 Selected Indicators 

For the multi-risk analysis, a total of 29 indicators were selected and analysed. Out of these, 6 indicators 

characterize the hazard, 12 indicators characterize the exposure and 11 indicators are used to 
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characterize vulnerability. Based on the analysis, following the aforementioned methodological 

approach each of the indicators is standardized and for the purpose of this research the range of 

standardized values is from 0 to 4, where 0 represents the minimum (best) value based on the risk 

component and 4 the maximum (worst) value of the risk and its components. As part of a multi-risk 

analysis some indicators may be relevant for a specific hazard, and might be not applicable (n/a) for 

other hazards. 

Table 1 – Summary of the indicators 

HAZARD EXPOSURE VULNERABILITY 

Normal Frequency 

Fatality Frequency 

Duration of the Event 

Probability of Occurrence 

Spatial Distribution (Hazard Area) 

Hazard Exposure 

Number of Objects 

Infrastructure 

Service Objects 

Industrial Area in the Hazard Area 

Population 

Natural Monuments 

Protected Areas 

Forest Area 

Agricultural Area 

Educational Institutions 

Cultural Monuments 

Buildings with cultural Relevance 

(ex. religious, museums etc.) 

The dependency on social help 

Lonely elderly people 

Age of population 

People with disabilities 

Mean distance from municipality 

Mean distance from administrative 

unit 

Services 

Percentage of hiring in service 

Distance to work outside 

residential unit 

Percentage of youngsters 

Lack of sanitary systems in the 

family 

Working on agricultural systems 

 

 

3. Seismic Risk Analysis 

3.1 Seismic Hazard 

The seismic hazard for Lezhë municipality is based on previous research studies [9] and is focused on 

the determination of peak ground acceleration on base rock for a return period of 475 years with a 

probability of exceedance 10% in 50 years. [9] gives the spatial distribution of PGA for the entire 

country (as seen in Fig. 3) and an analysis is done for all administrative units of Lezhë municipality 

with values of peak ground acceleration given in Table 2. The values of PGA show that Lezhë is 

characterized by a high level of hazard with values of PGA varying from 0.208g up to 0.373g which 

can potentially amplify due to soft soil deposits. 
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Figure 3. PGA map for Albania. RP= 475 years with probability of exceedance 10% in 50years [9] 

Table 1 – Values of PGA for the administrative units in Lezhë Municipality 

Administrative Units PGA RP=475years 10%/50 years 

Lezha 0.338 

Shëngjin 0.338 

Zejmen 0.238 

Shënkoll 0.285 

Balldren 0.338 

Kallmet 0.274 

Blinisht 0.373 

Dajç 0.373 

Ungrej 0.208 

Kolsh 0.274 

 

3.2 Aspects of Vulnerability and Exposure 

The analysis of the vulnerability was done in a holistic way. The following four aspects of vulnerability 

were taken into consideration in this study: 

1. Physical Vulnerability- physical aspects of buildings, such as age, structural typology, 

determination of buildings in liquefaction areas, informal settlement, critical infrastructure, 

2. Social Vulnerability- Administrative Units having a high percentage of senior people (age 65 

or above) percentage of people with disabilities and the part of community having the need of 

social support 
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3. Economic Vulnerability- businesses located in buildings older than 30 years, businesses located 

in informal settlements and areas prone to liquefaction, tourism facilities were recorded, 

4. Environmental Vulnerability- was not applied for the case of seismic risk 

5. Cultural Vulnerability- Monuments located in areas prone to liquefaction were recorded and 

classified based on the soil type and the values of PGA in these areas 

For the determination of the physical vulnerability in Lezhë municipality a thorough analysis of building 

typologies was done based on the building age and structural typology: 

In terms of the building age the buildings constructed from 1945 up to 1960 were mostly low-rise 

masonry buildings, with only few buildings using concrete or steel. 

 

Figure 4. Examples of buildings built in the 1945-1960 period  

From 1960 up to 1979 some changes were made due to some important seismic events. The quality of 

materials improved, some additional structural elements were added to the masonry buildings. 

Prefabricated buildings were added as a new typology to be used for residential and industrial use. 

 

 

Figure 5. Examples of buildings built in the 1960-1979 period  

The 1979-1990 period was characterized by additional improvement in materials and construction 

technologies which resulted in improved building response to seismic actions. Vertical and horizontal 

confining elements were added in masonry buildings.  
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Figure 6. Examples of buildings built in the 1979-1990 period  

During the period, from 1990-2000 a considerable number of high-rise buildings were built and 

reinforced concrete technology was more widely used than masonry construction. 

 

Figure 7. Examples of buildings built in the 1990-2000 period  

From 2000 up to present important developments were made in construction technologies and the way 

buildings were designed taking into account the need for the implementation of Eurocodes. RC frame 

systems, shear walls and dual systems were widely used to construct high-rise buildings. 

 

Figure 8. Examples of buildings built after 2000 
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The buildings in Lezhë municipality can be classified into four main typologies: 

1. Unreinforced masonry structures located mainly in “Besëlidhja” and “Grumbullimi” areas of 

the city, and also along Mother Teresa Boulevard in Shëngjin, 

2. Reinforced masonry buildings with horizontal and vertical elements located mainly in the same 

areas as the unreinforced masonry structures, 

3. Prefabricated concrete buildings located mainly along the Frang Bardhi street, and 

4. Reinforced concrete buildings (frame, shear walls, dual systems, inverted pendulum) located 

along Franz Josef Strauss Street in “Besëlidhja” area, and also between “Qendër Plazh” and 

“Qendër Shëngjin”. 

A map of Lezhë municipality in terms of vulnerability and exposure for seismic action is shown in 

Figure 9. 

 

Figure 9. The vulnerability and exposure map for the Lezhë municipality [10] 

3.3 Seismic Risk Index Evaluation 

Based on the aforementioned risk indicators an indexing process was performed for the multi-risk 

approach. The results are summarized in Tables 2 to 4 in terms of seismic hazard, exposure and 

vulnerability. The analysis was performed considering buildings older than 30 years, soil liquefaction, 

and buildings in informal settlements. The final representative value of each risk element identified in 

Section 2 was generated as a mean value for all corresponding indicators.  
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Table 2 – Hazard Index for Seismic Event (adapted from Co-Plan, 2020) 

 SEISMIC HAZARD (probability/ frequency) 

 
Normal 

Frequency 

Fatality 

Frequency 
Duration 

Probability 

of 

Occurrence 

Spatial 

Distribution 

Hazard 

Exposure 
 

 1.00 3.00 3.00 1.00 1.00 3.00 

2.00 

Damage of 

buildings > 30 years 
1.00 3.00 3.00 1.00 1.00 3.00 

Liquefaction 1.00 3.00 3.00 1.00 1.00 3.00 

Damages in 

informal settlements 
1.00 3.00 3.00 1.00 1.00 3.00 

 

Table 3 – Vulnerability Index for Seismic Event (adapted from ) 
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 1.00 1.00 1.67 1.33 1.67 1.00       

1.28 

Damage of 

buildings > 

30 years 

1.00 1.00 2.00 1.00 2.00 1.00 n/a n/a n/a n/a n/a n/a 

Liquefaction 1.00 1.00 1.00 2.00 2.00 1.00 n/a n/a n/a n/a n/a n/a 

Damages 

in informal 

settlements 

1.00 1.00 2.00 1.00 1.00 1.00 n/a n/a n/a n/a n/a n/a 
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Table 4 – Exposure Index for Seismic Event (adapted from [10]) 
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SEISMIC 1.67 0.33 1.67 1.00 1.67 - 0.33 - 0.67 1.67 1.67 2.00 

1.06 

Damage of 

buildings > 

30 years 

2.00 - 2.00 1.00 2.00 - - - - 3.00 3.00 2.00 

Liquefaction 2.00 1.00 2.00 - 2.00 - 1.00 - 2.00 1.00 1.00 2.00 

Damages in 

informal 

areas 

1.00 - 1.00 2.00 1.00 - - - - 1.00 1.00 1.00 

 

The final risk index was generated by multiplying the results of each risk element as shown in Equation 

(1) and for the case of Lezhë corresponds to a value of 2.7 which corresponds to moderate levels of 

risk. Table 5 presents a summary of the indices for each element of risk and, for each type of hazard, to 

illustrate how seismic risk is positioned among other hazards. 

Table 5 – Risk Index for different Hazards (adapted from [10]) 

Event Hazard Exposure Vulnerability Risk 

Flooding 1.50 1.28 1.79 3.43 

Geo-Hazards 1.67 0.79 1.83 2.42 

Earthquake 2.00 1.06 1.28 2.7 

Meteorological 2.17 0.92 2.06 4.08 

Wildfire 2.17 2.33 1.83 4.63 

Pandemic 2.60 0.58 1.90 2.88 

Climate Change 1.92 1.17 1.51 3.37 

 

4. Conclusions 

The seismic risk of Lezhë municipality was assessed as a part of multi-risk assessment study for 

decision-making purposes showed that the municipality has moderate level of risk due to a combination 

of moderate hazard levels with low to moderate exposure and vulnerability. Compared to other 

hazardous events, seismic risk index has the second lowest value, while more frequent events like 

wildfires and flooding have almost a double value compared to risk. A risk analysis presented in this 

study could serve as a starting point for detailed risk assessment which would take into consideration 

several factors like construction technology, building design codes, informal settlements, and other 

planning aspects. The results might reveal higher levels of seismic risk that require major mitigation 

measures. 
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Abstract 

After the seismic events of 2019, one of the first difficulties encountered was finding and focusing attention on 

the most damaged areas. It is understood that the aid of the affected population was forthcoming, but the impact 

of the panic and the overall chaotic circumstances left little opportunity to focus proper attention on the areas with 

greater damage. A document with analysis, findings and conclusions that showed in advance the areas with the 

highest risk and their treatment in the territory was missing. By trying to evaluate every clarifying and helpful 

element in damage assessment even in disaster situations, the consequences that occurred, their analysis and 

interpretation take on significant importance in risk assessment. This paper is focused at two main topics: 

1-) Through the assessment of the seismic risk and all its affecting factors (hazard, exposure and vulnerability) to 

compare the results of the assessment with the results obtained based on the preliminary assessments carried out 

after the earthquake of 26 November and presented in the PDNA document; 

2-) To establish a procedure which can be used for risk assessment on a similar scale for other 

municipalities/districts of the country. 

This paper will not only highlight the strong and weak points for the territory of Durrës, but will give useful 

instructions in using the proposed methodology in other territories, without waiting for the next seismic event 

with possible damaging consequences. 

Keywords: seismic risk, 26 November Earthquake, PDNA document, RA methodology 

1. Introduction 

According to the Albanian Institute of Geosciences [1], on 26th November 2019 at 03:54 local time, a 

devastating earthquake, with a magnitude of 6.3 on the Richter scale at a depth of 38 km, hit the country. 

The epicentre was about 16km from Durrës and about 35km from Tirana. As a result of the disaster, a 

total of 202,291 people were affected in the country, 47,263 directly, and 155,029 indirectly. The 

earthquake caused 51 fatalities and injured at least 913 people. Moreover, up to 17,000 people were 

displaced due to the loss of their homes. Overall, first responders rescued 48 people from collapsed 

houses. [2]. The earthquake caused extensive damage in 11 municipalities, including the two most 

populous, urbanized and developed municipalities (Tirana and Durrës). The worst affected 

municipalities were: Durrës, Tirana, Shijak, Kruja, Kamza, Kavaja, Kurbin and Lezha. Based on the 

PDNA report, the total effect of the disaster in the 11 municipalities amounts to 985.1 million EUR 

(121.21 billion ALL), of which 843.9 million EUR (103.84 billion ALL) represents the value of 

destroyed physical assets and 141.2 million EUR (17.37 billion ALL) refer to losses. 

A similar earthquake has happened in Durrës in December 1926 [3], with a magnitude of 6.2. This 

shock destroyed and damaged heavily many buildings in Durrës, Kavaja and Shijak towns and 

surrounding villages. Many good buildings of the town suffered heavy damage; concrete buildings 

suffered only slight damage. In Kavaja all houses were damaged and all minarets of mosques were cut 

off. Based on [3] earthquakes with a magnitude of M=6.5 have a return period of 93.9 years, which is 

confirmed by the earthquake of 26 November 2019. 
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Directly after the earthquake, a process of rapid assessment started from different team of experts, who 

filled out a form with a brief description of the building, its damages and the damage scale of the 

building (DS1÷DS5). After this process, a process of detailed assessment and retrofitting started for 

buildings classified with a damage scale DS4 and DS5, while for the other buildings with damage scale 

DS1÷DS3 the government compensated the inhabitants with a specific value based on the damage scale 

of the building. 

This paper will be focused on risk assessment from the 26 November Earthquake, using the Event Based 

Method from the OpenQuake engine, and establishing a procedure which can be used for risk 

assessment in the future. 

2. Risk Drivers 

Three main risk drivers must be defined to conduct risk assessment: Hazard model (for event-based 

method – earthquake rapture file); Exposure model; Vulnerability model. 

2.1 Hazard 

The earthquake rapture file is taken from EFEHR [4]. The data on the earthquake scenario considered 

are given hereinafter. 

 

Figure 1: 26 November Earthquake ShakeMap (USGS) (left)[20]; 26 November Earthquake ground motion field 

(right)[21] 

2.2 Exposure 

The exposure model is based on the data available on the building stock taken from INSTAT [5]. The 

exposure model taken into account: the taxonomy model and the asset value (economic cost). The 

taxonomy model is based on GEM taxonomy [6] and the following main criteria have been used: 

Construction period - The construction period has served as a criterion to take into account the design 

code, construction typology of the time and developments in the country. Three main periods have been 

used: a-) Before the '60s, Between the' 60s and '90s, After the years '90. 
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Building height (number of stories) - Three main categories have been distinguished: a-) low-rise 

buildings 1÷2 floors, medium-rise buildings 3÷5 floors, high-rise buildings over 6 floors. 

Main construction material - Two main categories have been distinguished: a-) masonry buildings; b-) 

reinforced concrete buildings. 

A total of 12 taxonomies are used, which are shown in the table below. 

Table 1: Taxonomy model 

ID Taxonomy Description 

TAX1 MUR_HBET:2,1_YPRE:19960 Low-rise masonry building build before 1960 

TAX2 MUR_HBET:5,3_YPRE:19960 Mid-rise masonry buildings build before 1960 

TAX3 CR_HBET:2,1_YBET:1960÷1990 Low-rise RC building build between 1960÷1990 

TAX4 CR_HBET:2,1_YPOST:1990 Low-rise RC building build after 1990 

TAX5 CR_HBET:5,3_YBET:1960÷1990 Mid-rise RC building build between 1960÷1990 

TAX6 CR_HBET:5,3_YPOST:1990 Mid-rise RC building build after 1990 

TAX7 CR_H:>5_YBET:1960÷1990 High-rise RC building build between 1960÷1990 

TAX8 CR_H:>5_YPOST:1990 High-rise RC building build after 1990 

TAX9 MUR_HBET:2,1_YBET:1960÷1990 Low-rise masonry building build between 1960÷1990 

TAX10 MUR_HBET:2,1_YPOST:1990 Low-rise masonry building build after 1990 

TAX11 MUR_HBET:5,3_YBET:1960÷1990 Mid-rise masonry building build between 1960÷1990 

TAX12 MUR_HBET:5,3_YPOST:1990 Mid-rise masonry building build after 1990 

 

The economic cost for each taxonomy is divided into three components: structural cost, nonstructural 

cost, and contents cost. The economic cost for each component is calculated based on the construction 

area and the value for unit of area. The value for unit area is taken from [7]. 

The exposure model is given hereinafter. 

 

Figure 2: Exposure model 
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2.3 Vulnerability 

The vulnerability model is build based on fragility curves for each taxonomy and loss functions. The 

fragility functions are based on the knowledge of the building stock, design and construction codes [8], 

[9], [10], [11], [12], variety and categorization of works, references to well-known publications in 

neighbouring and international countries [13], [14], references to studies on specific construction 

typologies in our country [16], [17], data from specialized institutions and their analysis, and the PDNA 

reports after the 2019 earthquake. 

Hazard related: 1-) National seismic hazard zoning maps, used in the design of buildings in different 

time periods; 2-) Seismic hazard micro-zoning maps, designed mainly for urban areas with high 

residential density; 3-) Maps of geological hazard and ground type; areas with significant alternation of 

use (lagoons, swamps, etc.). 

 

  

Figure 3: Official seismic intensity map (left)[20]; Soil category map (right)[21] 
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Figure 4: Seismic hazard micro-zoning maps, Durrës (left)[22], Tirana (right)[23] 

Related to the exposure: 1-) The importance of the works, their function and the respective 

categorizations; 2-) Construction intensity and density of use; 3-) Categorization based on the 

construction period, height / extent of the buildings and construction typology; 

Related to vulnerability: In addition to the factors listed above (related to hazard and exposure), other 

factors directly or indirectly related to vulnerability are: 1-) Design codes; 2-) Workmanship and 

tradition of implementation; 3-) Norms and experience in structural assessment and retrofitting; 4-) 

Typified construction models; 5-) Statistics of damages and losses after dangerous previous events; 6-) 

The spread of severely damaged buildings in the territory and the distinction of the most affected areas. 

The fragility functions used for risk assessment are given hereinafter. 

Table 2: Fragility functions 

Taxonomy DS1 DS2 DS3 DS4 DS5 

µ σ µ σ µ σ µ σ µ σ 

TAX1 0.124 0.247 0.177 0.247 0.231 0.247 0.295 0.247 0.393 0.247 

TAX2 0.152 0.369 0.217 0.369 0.284 0.369 0.362 0.369 0.483 0.369 

TAX3 0.191 0.267 0.273 0.267 0.432 0.267 0.682 0.267 0.909 0.267 

TAX4 0.140 0.228 0.200 0.228 0.317 0.228 0.501 0.317 0.668 0.317 

TAX5 0.143 0.295 0.205 0.295 0.324 0.295 0.511 0.295 0.682 0.295 

TAX6 0.169 0.305 0.242 0.305 0.383 0.305 0.605 0.383 0.807 0.383 

TAX7 0.148 0.284 0.211 0.284 0.335 0.284 0.529 0.284 0.705 0.284 

TAX8 0.193 0.277 0.276 0.277 0.437 0.277 0.690 0.277 0.920 0.277 

TAX9 0.130 0.224 0.186 0.224 0.243 0.224 0.310 0.224 0.414 0.224 

TAX10 0.143 0.229 0.205 0.229 0.268 0.229 0.342 0.229 0.456 0.229 

TAX11 0.160 0.336 0.229 0.336 0.299 0.336 0.381 0.336 0.508 0.336 

TAX12 0.176 0.279 0.252 0.279 0.329 0.279 0.420 0.279 0.560 0.279 

 

The loss functions for structural, non-structural and contents losses are taken from [18] and are given 

hereinafter. 
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Table 3: Loss functions 

Damage 
State 

Structural Nonstructural Contents 

DS1 2% 2% 1% 

DS2 10% 10% 5% 

DS3 50% 50% 25% 

DS4 75% 75% 37.5% 

DS5 100% 100% 50% 

 

2.4 Scenario Building 

All the data given above are used as input in the OpenQuake [19] engine for the calculation of the risk 

assessment. 

3. Risk assessment 

The economic cost is calculated using the OpenQuake engine and the results obtained are compared 

with the economic cost given in PDNA report. The economic cost for each municipality is given 

hereinafter. 

Table 4: Economic cost 

Municipality PDNA report Risk Assessment 

Bulqizë € -  € 834,327 

Dibër € -  € 1,014,573 

Mat € -  € 2,629,347 

Klos € -  € 1,305,829 

Durrës € 220,780,000 € 336,252,343 

Shijak € 52,910,000 € 56,171,318 

Krujë € 73,010,000 € 39,039,273 

Kurbin € 25,390,000 € 15,750,854 

Lezhë € 22,180,000 € 11,112,220 

Mirditë € 4,420,000 € 1,252,069 

Kavajë € 28,620,000 € 19,034,778 

Rrogozhinë € -  € 5,824,497 

Kamëz € 14,490,000 € 55,091,351 

Tiranë € 214,330,000 € 153,967,205 

Vorë € 40,160,000 € 33,172,853 

Total € 696,290,000 € 732,452,837 

 

As it can be seen from the table above, the results taken from the risk assessment analysis are 

comparable with the values given in the PDNA report. 
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Figure 5: Economic cost PDNA report (left), Risk Assessment (right) 

The economic cost for each taxonomy is given hereinafter. 

 

Figure 6: Economic cost for each taxonomy 

Based on the chart above, the most damaged building typologies are the low-rise masonry buildings 

build in each of the considered construction periods, and midrise reinforce concrete buildings build after 

1990. 
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Referring to the distribution of damages in buildings according to the damage scale (DS), it is observed 

that the simulation of the scenario and the data collected in the field in some cases coincide. For 

administrative unit of Durrës (city), the comparative results are satisfactory, while for Shijak and Krujë 

administrative units, the results differ significantly. The distribution of damages for each case are given 

hereinafter. 

 

Figure 7: Damage distribution (PDNA report left, Risk Assessment right) 

As it can be seen above according to Risk Assessment the damage distribution is similar in all three 

administrative units, while according to PDNA report, the damage distribution for the administrative 

unit of Durrës is similar to the damage distribution of the Risk Assessment, while for the administrative 

units of Kruja and Shijak, the damage distribution differs significantly, having the number of buildings 

with damage scale DS4 higher that the number of lower damage scales (DS1÷DS3). 

4. Recommendations for future risk assessment 

The earthquake of November 26, today's studies on seismic risk and the findings of this risk analysis 

show that the "design earthquake" is higher than the one predicted in the current seismic map.  

In areas with dense construction and in areas with weak soil properties, the data on soil conditions needs 

to be prepared/updated on a smaller scale with focus on the seismic amplification factor. 

We advise that either the next census take into account the completion of a series of technical data for 

buildings or a special project starts for completing the database of buildings with technical data, suitable 

for the construction of the taxonomy; 

Academic institutions, the national civil defense agency and experts in the field need to be involved and 

undertake research projects to build fragility and vulnerability models for building stock and critical 

infrastructure. The accuracy of these models directly affects the accuracy of seismic risk calculations; 

The typologies that are the most damaged by the earthquake, reported and found by the risk analysis in 

this paper, require increased attention for their evaluation and rehabilitation. 

5. Conclusions 

Seismic hazard: The November 26 earthquake added data to seismic models and reinforced previous 

studies (betim muco ref) that similar seismic events occur with 100-year return periods. As a result, the 

earthquake that occurred can be considered a "service earthquake" according to the provisions of the 

Eurocode and meanwhile coincides with the maximum seismic action provided in ktp-n2-89. 

Due to the extremely poor ground conditions in some areas of Durrës, their impact on the seismic risk 

assessment is significant and must therefore be kept in mind. 
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Exposure: The exposure model - prepared with data available from census2001, census2011 and other 

data collected in local institutions and in the field - is not comprehensive and needs further improvement 

by enriching it by structuring it according to known taxonomies for building stock, critical infrastructure 

and cultural heritage. 

Vulnerability: for fragility and vulnerability models, there are few studies conducted at the territorial 

scale. Their drafting is based on: Durrës earthquake data, design codes and recent studies. The fragility 

and vulnerability model are of key importance in the preparation of seismic risk analysis, and it needs 

to be prioritized by experts in the field and state bodies. 

Seismic risk: The comparison between the seismic risk scenario presented in this paper with the data 

obtained from the rapid assessments in the field (presented in PDNA) shows that the results on a macro 

scale are comparable. Meanwhile, some of the specific findings obtained from this risk analysis are 

presented below: 

1-) The administrative unit with the most losses is the administrative unit of … 

2-) The most damaged buildings are buildings with 1-2 storeys 

3-) The taxonomies with the most losses are low rise masonry buildings build in each considered 

construction period 

4-) Referring to the distribution of damages in buildings according to the degree of damage (DS), it is 

observed that the simulation of the scenario and the data collected in the field in few cases coincide. 

For administrative unit of Durrës (city), the comparative results are satisfactory, while for Shijak and 

Kruje administrative units, the results differ significantly. 
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Abstract 

Different types of disasters, including earthquakes, are causing social, health, economic, and environmental 

damage worldwide. In this regard, the need for comprehensive and effective disaster and risk management 

becomes even more recognised, especially from public institutions. Risk management includes careful 

identification, analysis, and development of risk mitigation strategies, which implies planning and a certain degree 

of prediction of future events and their consequences. However, all risk components of earthquakes are not 

measurable or have a very high degree of uncertainty. Therefore, earthquake risk management activities are 

challenging throughout entire earthquake risk management activities. In this paper, the Analytic hierarchy process 
(AHP) for effective earthquake risk assessment is presented.  AHP belongs to the group of multi-criteria analysis 

that combines quantitative and qualitative data with the aim of making decisions in defining the priorities of 

alternative solutions to a given problem. It is particularly suitable in cases where there is a lack of statistical data 

to conduct the analysis. The use of AHP is explored in the context of producing earthquake risk priority lists for 

a certain geographical region. A hierarchical model for risk assessment of five different counties was developed. 

The three main criteria that have influence on the earthquake risk are used: hazard, exposure, and vulnerability of 

the built environment. AHP was used to determine the priority list of counties according to these three criteria. 

The resulting priority list of counties can be used to produce earthquake risk maps, thus provide a useful tool for 

allocation of available mitigation resources. 

Keywords: analytical hierarchy process (AHP), decision making, earthquake risk assessment, risk management 

 

1. Introduction 

Due to the large consequences on human lives, health, finances, and environment, natural disasters such 
as earthquakes have been attracting more and more attention from scientific community. Moreover, 

public institutions with the aim of mitigating natural disasters and governments across the world 

acknowledge the importance of building resilience of nations and communities to disasters. In that 
regard, the new UN’s Sendai Framework for Disaster Risk Reduction 2015-2030 [1] emphasises the 

importance of management of disaster risks, instead of disaster management. The main objective of the 

Sendai Framework and similar initiatives is to prevent new and reduce the existing risk of disasters 
through the implementation of integrated and inclusive economic, structural, legal, social, health, 

cultural, educational, environmental, technological, political, and institutional measures. In Europe, 

similar initiative is set by JRC’s Recommendations for National Risk Assessment for Disaster Risk 

Management in EU [2]. In these guidelines, disaster risks are approached from the point of view of the 
ISO 31000 standard [3], and the emphasis is given to four steps of risk management: identification; 

analysis; evaluation; and response to disaster risks. 

Earthquake risk or seismic risk describes the negative consequences caused by an earthquake (victims, 
number of damaged and collapsed buildings, financial losses, etc.) and the probability of their 

occurrence for a certain level of seismic activity. Earthquake risk is usually calculated using a set of 

variables or elements of earthquake risk: earthquake hazard (or seismic hazard), exposure and 

vulnerability. These elements represent the input data for earthquake risk assessment, but in many cases 
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are not measurable or have a very high degree of uncertainty. In recent years, several big projects with 
the aim of collecting more input data for earthquake risk management have been implemented across 

the world (see for example GEM [4] and SERA [5]). Nevertheless, the lack of correct input data remains 

the major challenge in earthquake risk assessment. 

In the case when there is not a large enough number of input data, the analytical hierarchy process 

(AHP) method has proven to be very accurate and suitable for risk assessment. AHP is a multi-criteria 

analysis that combines quantitative and qualitative data with the aim of making decisions in defining 

the priorities of alternative solutions to a given problem. It is particularly suitable in cases where we do 
not have a sufficient number of statistical data, when almost all risk components are not measurable or 

have a very high degree of uncertainty. In the case of earthquake risk, the input data have the same 

uncertain characteristics, and therefore AHP is a suitable and widely applicable method for its 
assessment. The application of the AHP method in earthquake risks can be found in many scientific 

papers and case studies of practical examples. AHP is used to assess earthquake risk independently or 

in combination with other methods in the scientific studies by Fariza et al. [6], Nyimbili et al. [7], Jena 

et al. [8], Jena and Pradhan [9], Özkazanç et al. [10], Shadmaan and Islam [11]. 

In this paper, AHP is described in more detail and an example of its application for earthquake risk 

assessment of certain geographical areas is given. 

2. An overview of Analytic hierarchy process (AHP) 

AHP was developed by Thomas L. Saaty as a decision aid [12-14] that results in the priorities of 

different alternative options compared according to complex or multiple criteria. By simple 
comparisons of pairs of model elements, AHP obtains the weight value of each alternative option. AHP 

can best be used for multi-criteria problems in which it is not possible to precisely quantify how 

alternatives impact decision making. Values for comparison can be obtained by actual or relative 

measurements, or subjective assessments by experts with extensive experience. 

The method is applied to numerous concrete examples of various types of decision making. Subjective 

assessments and objective facts are incorporated into a logical hierarchical AHP framework to provide 

decision makers with an intuitive and common-sense approach in quantifying the importance of each 
decision element through a comparison process. This process enables decision makers to reduce a 

complex problem to a hierarchical form with several levels, with a minimum of three: the goal of 

analysis, criteria, and alternatives [15].  

The first step in implementing the model is dividing the decision problem into hierarchical levels [15-

17]. This means that at least three levels of decision making should be defined: goal, criteria, and 

alternatives. 

Each model has a hierarchical structure and consists of several levels. The highest level on the 

hierarchical scale is the goal. Then follow the criteria, possibly sub-criteria, and alternatives. The 

hierarchical structure of the decision making model is shown schematically in Fig. 1. 

The second step is forming comparative matrices for all hierarchical levels [17, 18]. This step is the 
most important and sensitive step. It is also the only subjective step (in case we do not have quantified 

input parameters) and depends on professional knowledge, experience and personal priorities defined 

by the decision maker. For each level, it is necessary to compare and evaluate the elements of that level 
in relation to each element of a higher level. For the previously defined three levels, this means that at 

level 1, a comparison of all set criteria will be performed in relation to the given goal, while at level 2, 

all alternatives will be compared with each other, i.e. evaluated in relation to the given criteria. The 

process starts by determining the relative importance of particular alternatives with respect to the criteria 
and the sub-criteria [16]. Then the criteria are compared with respect to the goal. Finally, the results of 

these two analyses are synthesised by calculating the relative importance of the alternatives with respect 

to achieving the goal. The process of comparison is represented by forming a comparative matrix [12]. 
If the analyst has at his disposal n alternatives, or criteria that form the comparative matrix, then he 
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must make n(n-1)/2 evaluations [17]. In order to quantify the comparative evaluation, it is necessary to 

perform standardization. The proposal of one such standardization is presented in Table 1. 

 

 

 

 

             

 

 

 

             

 

 

 

Figure 1. Hierarchical structure of the AHP model. 

 

Table 1 – The scale for pairwise comparisons [13, 19] 

Intensity of importance 
on an absolute scale 

Definition Explanation 

1 Equal importance Two elements contribute equally to 
the objective 

3 Moderate importance of one 
over another 

Experience and judgment slightly 
favour one element over another 

5 Essential or strong importance Experience and judgment strongly 

favour one element over another 

7 Very strong importance An element is strongly favoured 

and its dominance demonstrated in 

practice 

9 Extreme importance The evidence favouring one 

element over another is of the 

highest possible order of 

affirmation 

2,4,6,8 Intermediate values between the 

two adjacent judgments 

When compromise is needed 

Reciprocals If activity i has one of the above 

numbers assigned to it when 

compared with activity j, then j 

has the reciprocal value when 

compared with i 

 

 

Examples of using Table 1: 

• If the decision maker estimates that criterion 1 is extremely more important than criterion 

2 with regard to the set goal, then the matrix element gets the value 9. 
• If the decision maker estimates that alternative 1 is moderately more important than 

alternative 2 with regard to criterion 2, then the matrix element gets the value 3. 

GOAL 

    

   

CRITERIA 

ALTERNATIVES 
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Furthermore, Table 2 shows that criterion 1 is moderately (3) more important than criterion 2, 
considering the goal of decision making. Table 3 shows that alternative 2 is moderately to strongly (4) 

more important than alternative 5, with regard to criterion 2. 

Table 2 – Example of a comparative matrix with regard to level 1 of the hierarchy 

With regard to Goal Criterion 1 Criterion 2 Criterion 3 

Criterion 1 1 3 5 

Criterion 2 1/3 1 4 

Criterion 3 1/5 1/4 1 

Table 3 – Example of a comparative matrix with regard to level 2 of the hierarchy 

With regard to Criterion 

2 

Alternative 1 Alternative 2 Alternative 3 Alternative 4 Alternative 5 

Alternative 1 1 1/3 ½ 1/4 2 

Alternative 2 3 1 2 1/2 4 

Alternative 3 2 1/2 1 1/3 3 

Alternative 4 4 2 3 1 5 

Alternative 5 1/2 1/4 1/3 1/5 1 

 

The third step is calculating regional eigenvectors and eigenvalues for the comparative matrices for all 

hierarchical levels. The normalized eigenvector of each comparative matrix is the priority list, while the 
maximum eigenvalue gives the measure of consistency in making the assessment or comparison. On 

the level of criteria the regional eigenvector defines the priority, with respect to weight, of the individual 

criteria for achieving the goal, while on the level of alternatives the regional eigenvector defines the 
priority of the alternatives with respect to the given criterion. The synthesised eigenvector is the global 

sequence of the alternatives with respect to achieving the goal. A global consistency ratio smaller than 

0.10 is acceptable, otherwise the assessments must be revised. 

The eigenvector and the maximum eigenvalue of the comparative matrix are determined by solving the 

general problem of eigenvalues: 

AW = maxW (1) 

where  

A – comparative matrix,  

W = (W1, W2, W3, W4, W5)
T – eigenvector, and  

max – maximum eigenvalue. 

 

The fourth step is calculating the consistency ratio for each comparative matrix on all levels, and this is 

determined from the eigenvalue of the comparative matrix. AHP calculates a consistency ratio 

comparing the consistency index of the matrix versus the consistency index of a random matrix. A 
random matrix is a matrix where the judgments have been entered randomly. Therefore, it is expected 

to be highly inconsistent. If the consistency ratio exceeds 0.10 then inconsistent assessments were made 

in forming the comparative matrices on particular hierarchical levels and such matrices must be formed 

anew. If the consistency ratio is smaller than 0.10 then it is possible to move on to the next step. 

Consistency index (CI) is calculated according to the expression: 

CI = (max - n) / (n-1) (2) 

where 
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max – maximum eigenvalue of the comparison matrix, 

n - dimension of the comparison matrix. 

 

Consistency ratio (CR) is calculated according to the expression: 

CR = CI / RI (3) 

 

where random consistency index (RI) is given in Table 4. 

Table 4 – Random consistency index (RI) values 

n 1 2 3 4 5 6 7 8 9 10 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 

 

The fifth step is synthesising the calculation results from all levels and weighting each alternative in 

relation to achieving the goal. The global eigenvector and the global consistency ratio are calculated. If 
the global consistency ratio exceeds 0.10 then inconsistent judgments still exist and the comparative 

matrices must be redefined. If the consistency ratio is smaller than 0.10 then the process of defining the 

weight and interdependency of the alternatives with respect to the given goal has been concluded. 

3. Application of AHP in earthquake risk assessment  

The application of AHP is shown on the example of earthquake risk assessment for individual 

geographic areas. With the help of the AHP, it is possible to determine a list of priorities of individual 
districts, cities, counties, countries, etc., according to the severity of the earthquake risk. In this way, it 

is possible to create and display comprehensive risk maps of an area, which include all elements of 

earthquake risk (hazard, exposure, vulnerability, but also cost, social and other aspects of earthquakes).  

The Super Decisions software for decision support [20] based on the AHP method is used as an auxiliary 

tool in this analysis. 

3.1 Hierarchical levels 

The problem of prioritizing certain geographical areas is divided into three hierarchical levels: goal, 

criteria, and alternatives. 

Level 1 always represents the set goal to be achieved by the analysis, and in this case it refers to the 

earthquake risk assessment. It is the highest hierarchical level whose priority is quantified by the priority 
index for each individual alternative, that is, the geographical area we are observing. In the given 

example, the goal is to determine the earthquake risk of the counties. 

Level 2 contains criteria that are assumed to be important attributes with regard to meeting the goal at 
level 1. Setting these criteria is a very important step, because they must cover all important elements 

of earthquake risk. In this example, the criteria are:  

• Exposure – the extent of human activity (for example, the presence of buildings) in areas 
exposed to seismic hazard. The most important part of the exposure data refers to the list 

of existing buildings (fund) which significantly contributes to social and economic risk. 

• Hazard – potentially devastating effects of an earthquake (for example, ground shaking, 

liquefaction, landslides, tsunamis, etc.) at the observed location. 
• Vulnerability – susceptibility of exposed buildings to the effects of earthquakes (damages) 

described with structural features of the building fund. 
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Level 3 provides alternatives that are compared with respect to the criteria at level 2, all in function of 
the goal set at level 1. At the national level, the alternatives could be counties or cities and 

municipalities. In this example, several arbitrary counties will be displayed, for the purpose of 

presenting the method: 

• County 1, 

• County 2, 

• County 3, 

• County 4, 

• County 5. 

The model described in this way is defined in the Super Decisions software (Fig. 2). 

 

Figure 2. Decision making model in the Super Decisions. 

 

3.2 Comparative matrices 

After defining a model with a minimum of three hierarchical levels, it is possible to format the 
comparative matrices. In this example, there are four comparison matrices: one in relation to level 1 

(goal level) and three in relation to level 2 (criteria level). The number of comparisons that need to be 

made within each matrix is n(n-1)/2, if n is the number of defined criteria or alternatives. In this 

example, the evaluation was carried out based on the standardization from Table 1. 

Table 5 shows a comparative matrix with regard to level 1, in which the defined criteria are compared. 

The importance of individual criteria in relation to the defined goal is determined by the decision maker. 
Such decisions are subjective, but based on the knowledge available to the decision maker at the time 

of analysis. 
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Table 5 – Comparison matrix with respect to goal 

Wrt Earthquake risk Exposure Hazard Vulnerability 

Exposure 1 1/2 2 

Hazard 2 1 3 

Vulnerability 1/2 1/3 1 

 

As shown in Table 5, hazard is rated as equally to slightly (2) more important than exposure in terms 

of determining earthquake risk. This applies only for our example of specific counties, and does not 
provide a general conclusion on the importance of earthquake elements. Fig. 3 shows a screenshot from 

the Super Decisions, where the value of the eigenvector Wc and the consistency ratio CRc for level 1 

are calculated as: 

Wc = (W1, W2, W3)
T = (0.297, 0.540, 0.163)T 

CRc = 0.009 < 0.10 

 

 

Figure 3. Comparison of criteria in relation to the goal – Super Decisions. 

 

Table 6 shows a comparative matrix with regard to level 2, in which the defined alternatives are 
compared with each other with regard to the criterion of exposure of the built environment. The 

importance of individual alternatives in relation to the exposure criterion can be determined on the basis 

of input data on exposure in the territory of each county. When comparing alternatives, the county in 
whose territory the exposure of the built environment is higher, that is, the losses due to earthquakes 

are higher, receives higher marks. 

Table 6 – Comparison matrix with respect to level 2 – criterion: exposure 

Wrt Exposure County 1 County 2 County 3 County 4 County 5 

County 1 1 3 9 2 3 

County 2 1/3 1 6 1/2 1 

County 3 1/9 1/6 1 1/6 1/5 

County 4 1/2 2 6 1 2 

County 5 1/3 1 5 1/2 1 

 

As shown in Table 6, in County 1 the exposure of buildings is extremely higher (9) than in County 3. 

Fig. 4 shows a screenshot from the Super Decisions, where the value of the eigenvector Wa1 and 

consistency ratio CRa1 for level 2 are calculated as: 

Wa1 = (W1, W2, W3, W4, W5)
T = (0.419, 0.152, 0.035, 0.249, 0.145)T 

CRa1 = 0.016 < 0.10 
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Figure 4. Comparison of alternatives in relation to the exposure criterion – Super Decisions. 

 

Table 7 shows a comparative matrix with regard to level 2, in which the defined alternatives are 

compared with each other with regard to the earthquake hazard criterion. The importance of individual 
alternatives in relation to the hazard criterion can be determined based on the input data on the 

earthquake hazard in the territory of each county. When comparing the alternatives, the county in which 

the hazard is higher, i.e. the potential devastating effects of an earthquake (for example, ground shaking, 

liquefaction, landslides, tsunami, etc.) are more serious in the observed location, receives higher marks. 

Table 7 – Comparison matrix with respect to level 2 – criterion: hazard 

Wrt Hazard County 1 County 2 County 3 County 4 County 5 

County 1 1 4 5 1/6 1/5 

County 2 1/4 1 2 1/7 1/7 

County 3 1/5 1/2 1 1/7 1/9 

County 4 6 7 7 1 2 

County 5 5 7 9 1/2 1 

 

As shown in Table 7, in County 5 the earthquake hazard is strongly higher (5) than in County 1. Fig. 5 

shows a screenshot from the Super Decisions, where the value of the eigenvector Wa2 and consistency 

ratio CRa2 for level 2 are calculated as: 

Wa2 = (W1, W2, W3, W4, W5)
T = (0.119, 0.049, 0.035, 0.457, 0.341)T 

CRa2 = 0.076 < 0.10 

 

 

Figure 5. Comparison of alternatives in relation to the hazard criterion – Super Decisions. 
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Table 8 shows a comparative matrix with regard to level 2, in which the defined alternatives are 
compared with each other with regard to the vulnerability criterion. The importance of individual 

alternatives in relation to the criterion of vulnerability can be determined based on input data on the 

vulnerability of the built stock of buildings in the territory of each county. When comparing alternatives, 
the county in whose area the vulnerability of the built environment is higher, i.e. the structural features 

of the exposed buildings are such that they are more susceptible to the effects of earthquakes (damages), 

receives higher marks. 

Table 8 – Comparison matrix with respect to level 2 – criterion: vulnerability 

Wrt Vulnerability County 1 County 2 County 3 County 4 County 5 

County 1 1 2 2 5 7 

County 2 1/2 1 1 2 4 

County 3 1/2 1 1 2 4 

County 4 1/5 1/2 1/2 1 3 

County 5 1/7 1/4 1/4 1/3 1 

 

As shown in Table 8, in County 2 the vulnerability of buildings is the same as in County 3. Fig. 6 shows 

a screenshot from the Super Decisions, where the value of the eigenvector Wa3 and consistency ratio 

CRa3 for level 2 are calculated as: 

 

Wa3 = (W1, W2, W3, W4, W5)
T = (0.426, 0.207, 0.207, 0.109, 0.050)T 

CRa3 = 0.009 < 0.10 

 

 

Figure 6. Comparison of alternatives in relation to the vulnerability criterion – Super Decisions. 

 

3.3 Synthesis of results 

After all comparison matrices are defined, a global eigenvector is calculated, which indicates the weight 

in prioritizing the alternatives. 

Global eigenvector calculation is a simple weighted averaging technique. Eigenvectors of level 1 
multiplied by eigenvectors of level 2, and summed for each alternative, give the global eigenvector. The 

AHP results are shown in Fig. 7, with the global eigenvector shown in the middle column. 
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Figure 7. Results of AHP for earthquake risk of counties. 

 

According to the AHP results, the relative weights of each alternative (W), i.e. their earthquake risk 

indices, are: 

W (County 1) = 0.258 

W (County 2) = 0.106 

W (County 3) = 0.063 

W (County 4) = 0.338 

W (County 5) = 0.235 

 

Such results can also be interpreted linguistically, if individual weight values of the alternatives are 

assigned meanings such as: very low, low, medium, high, very high risk. Therefore, County 4 has a 

high seismic risk, Counties 1 and 5 have a medium seismic risk, County 2 has a low seismic risk, and 
County 3 has a very low seismic risk. The same can be interpreted with colours or in any other similar 

way. The earthquake risk of individual counties can be shown very clearly on the map, which takes into 

account all elements of earthquake risk. 

4. Conclusion 

This study presents an example of using the analytical hierarchical process for the assessment of 
earthquake risk. AHP has proven to be very accurate and suitable for risk assessment, especially in the 

case when there is not a large enough number of input data, which is the case when dealing with 

earthquake risk. 

The study shows how different elements of earthquake risk, namely hazard, exposure and vulnerability, 

can be combined by using AHP. By simple comparisons of pairs of model elements, AHP model in this 

study obtained the weight value of each county (alternative option). The same can be applied at the 

global, country, city, and municipality level.  

The resulting priority list of counties (or other geographical areas) can further be used to produce 

earthquake risk maps. The information obtained from AHP analysis can also be used by governments 

or public institutions dealing with disaster management as a useful tool for allocation of mitigation 

resources and effort. 
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Abstract 

In the event of the earthquake that struck the city of Zagreb on the 22nd of March 2020. many of the buildings in 

the old city centre suffered from various types of damage. Most of the masonry buildings in the old city of Zagreb 

are over 100 years old, and so is the tramway infrastructure running alongside the buildings. The long operational 

period of tramway traffic can be an important factor when we talk about the influence of traffic-induced vibrations 

on the seismic vulnerability of the buildings. Long-term exposure to high levels of traffic-induced vibrations can 

lead to mortar deterioration and detachment of masonry units. To analyse the influence of vibrations induced by 

tramway traffic, historic data on tram operations and earthquake damage have been investigated. Segmentation of 

rail tracks was made taking into consideration the distance between the track and surrounding buildings as well 

as the assessment of damage on the buildings after a recent 2020 earthquake. Furthermore, to inspect the influence 

of various types of traffic on the surrounding buildings, eight different locations in Zagreb’s urban core have been 

chosen for statistical analysis (six streets in the north-south direction and two intersections).  

Keywords: earthquake, masonry buildings, vibrations, rail traffic, road traffic, vulnerability 

1. Introduction 

In the city of Zagreb, a vast number of structures are built before the first seismic code was implemented 

(in 1964) and a high percentage of them are in the old city centre. Those buildings were built as 

unreinforced masonry buildings with timber or reinforced concrete floor structures with very high 

seismic vulnerability [1]. Because of the modern need of making the transportation system more 

efficient, new, special requirements are taken upon the road and rail infrastructure to take into 

consideration the influence that traffic could have on the surrounding buildings. Noise and vibrations 

coming from the traffic can be potentially dangerous for the surrounding buildings, and installations 

and can annoy the residents. Ground-borne vibrations and their propagation from the source to the 

recipient is a complex problem that could not be unambiguously defined. It is of great importance to 

take the problem seriously and take the vibration matter into account from the early stages of the 

planning process [2]. 

One of the main factors contributing to the historic masonry buildings' aesthetic degradation is the 

vibrations caused by traffic in older city centres. Even though the phenomenon is well-known and has 

already been debated by the scientific community, a framework to evaluate the limited vibration levels 

does not exist. Single events that lead to higher vibration amplitudes are synchronized bus passages as 

well as the irregularities of the road pavements [3]. In addition to that, an inspection of the behaviour 

of the building cyclic loads of road and rail traffic can be challenging because it is hard to define how 

many cycles could be dangerous for the historically significant buildings due to their masonry structure 

and lack of documentation on how and from what materials were they built [4]. Numerous factors can 

have an influence on the extent of traffic vibrations such as the quality of the pavement, maximum 

vehicle weight, duration of vibrations, average distance from the axis, and many others [5], the average 

distance from the axis of the road (potential damage increases with the reduction of the distance) and 
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duration of vibrations being detected as one of the most important ones [2–4].  When we talk about 

possible negative effects on structural and non-structural elements of old, masonry buildings, traffic 

could be a possible cause of damage initiation and propagation. Normally, the influence that traffic-

induced vibrations have on the surrounding is negligible, but in the event of some sort of individual 

event that could cause a natural frequency of vibration with the frequency of the excitation, additional 

damage can occur. In [6] long-term effect of vibrations is inspected, on the series of stone-masonry 

walls that have been constructed in the laboratory and possible changes in mechanical properties have 

been investigated. It was concluded that traffic vibrations caused the propagation of existing cracks on 

the previously damaged walls and that vibration amplitudes and duration represent significant 

parameters when we talk about the vulnerability of the structures. According to [7] structures that 

exhibit the problem of settlement, either at the level of their foundations or of the entire structure, and 

that has been subjected to earthquake vibrations are extremely vulnerable when they are subsequently 

subjected to traffic-induced vibrations as well. 

An orthogonal grid of transportation infrastructure (road and tramway) is integrated in Zagreb historic 

lower town, figure 1. Both tramway and road vibrations influence the surrounding masonry buildings. 

Rail induced vibrations have generally higher excitation due to less damping of vibrations at the contact 

surface between wheel and the rail than is present in road vehicles with pneumatics. Tramway 

infrastructure is situated close to surrounding masonry structures. Rail irregularities such as bad or 

broken welds, corrugation, surface discontinuity in switches and crossings can induce high level of 

vibrations. Influence of tram induced vibrations in such conditions recorded on the surrounding 

buildings can exceed limits given by DIN 4150-3 and be considered harmful for the structure[8]. Due 

to these recent research findings, this paper aims to analyse whether the percentage of damaged 

buildings is higher in streets and intersections with tram traffic opposed to ones with road traffic only. 

For this purpose, a statistical analysis was carried out at several locations, which is described in the 

following chapter. 

2. Analysis of tram-induced vibrations on a building damaged by an earthquake 

2.1. Methodology 

After the M5.5 magnitude earthquake that struck the city of Zagreb in 2020, more than 6500 buildings 

were reported damaged, of which about one-third were classified as unusable or temporarily unusable 

[9]. An on-site assessment of the buildings was performed, and the buildings were assigned to the 

following colours depending on the level of damage: green (can be used without limitations - U1, or 

can be used with recommendation for short-term countermeasure - U2), yellow (temporarily unusable, 

detailed inspection needed - PN1, or building can become usable after performing urgent interventions 

- PN2), and red (unusable due to external risks - N1, or unstable due to damage - N2) [10]. The most 

damaged buildings are historical buildings in the city centre, where tram traffic also runs in their close 

vicinity (less than 7 meters) [11]. These buildings have been exposed to tram-induced vibrations at 

some level for more than 70 years (and in some locations for more than 100 years). According to [6] 

and [12] tram induced vibrations cause crack widening and macroscopic crumbling of the plaster and 

subsequent softening and disintegration of the walls. For that reason, it is necessary to analyse and 

monitor the influence of vibrations caused by the operation of tram vehicles on earthquake-damaged 

buildings. 

Buildings located less than 7 m from the street or intersection that were marked green (U1 and U2) or 

yellow (PN1 and PN2) during the inspection are included in this analysis. Since the buildings marked 

in red have suffered great structural deterioration due to their long service life, inadequate maintenance, 

etc., the vibrations caused by the operation of tram vehicles to which these buildings were subjected 

will have no effect on their degradation after the earthquake, so they were excluded from this analysis. 
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2.2. Measuring locations   

To determine if vibrations from the tram traffic have an impact on building damage, a statistical analysis 

was performed in this paper to determine the percentage of buildings marked yellow or green in the 

vicinity of the tram traffic streets and intersections. The analysis was performed for 6 streets with road 

traffic only and 3 streets with mixed tram/road traffic (Figure 1).  

 

Figure 1. Display of nine streets that served as locations for statistical analysis in the north-south direction 

 

Figure 2. Display of 22 intersections in total (road-road traffic, road-tram traffic and tram-tram traffic) that were 

analyzed as a part of this paper 
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In addition to streets, different types of intersections were studied: intersections for road traffic, 

intersections for tram traffic, and intersections for road and tram traffic. All analysed locations are 

shown in Figure 2 and described in Table 1. Different types of analyzed intersections with their location 

. 

Table 1. Different types of analyzed intersections with their location descriptions 

Road traffic intersection Tram traffic intersection 

ID Description ID Description 

1B Gundulićeva – A. Hebranga 0A Frankopanska – Ilica 

1C Gundulićeva - Jurja Žerjavića 4A Praška – Trg bana J. Jelačića 

2B Preradovićeva – A. Hebranga 4D Praška – Mihanovićeva  

2C Preradovićeva -Petra Svačića 8A Draškovićeva – Trg hrvatskih velikana 

3B Gajeva – A. Hebranga 8C Draškovićeva – Pavla Hatza 

3C Gajeva – Baruna Trenka 8D Draškovićeva – Branimirova  

5B Trg N.Š. Zrinjskog – Boškovićeva Road and tram traffic intersection 

5C Trg N. Šubića Zrinjskog – Pavla Hatza ID Description 

6B Petrinjska – Boškovićeva  0B Frankopanska – A. Hebranga 

6C Petrinjska – Pavla Hatza 4B Praška – Zrinjevac 

7B Palmotićeva – Boškovićeva  4C Praška – Baruna Trenka 

7C Palmotićeva - Pavla Hatza 
7A Palmotićeva – Jurišićeva 

8B Draškovićeva - Boškovićeva 

2.3. Data analysis  

Data were analysed according to the on-site assessment of the condition of the building (PN1, PN2, U1, 

and U2). Two different analyses were conducted, the first one for the surrounding buildings located in 

the vicinity of the streets (the corridor stretches 7 meters to the west and 7 meters to the east from the 

street axis). The second analysis was conducted for buildings 7 meters from the centre of each 

intersection in every direction, with different types of traffic that operates on them. 

2.3.1. Streets  

In streets with road traffic only the total number of buildings that are 7 m or less from the street is 320. 

A total of 30 buildings were red tagged in the damage assessment conducted after the earthquake, and 

these buildings were excluded from this analysis. Of the remaining 290 buildings, 134 (46%) were 

damaged during the earthquake and are marked yellow. 156 (54%) had no building damage and were 

labelled green. In streets that have mixed tram and road traffic, of the 87 buildings surveyed, 54 (62%) 

were damaged and were marked yellow. The results are shown in Table 2. 

Table 2. Statistical analysis of buildings marked in yellow or red, located in road/tram traffic or tram traffic 

street 

Type of street  PN1 & PN2 U1 & U2 

Road traffic street 46% 54% 

Tram/road traffic street 62% 38% 

 

Since a larger number of damaged buildings (marked yellow) were found in the tram/road traffic street, 

an analysis of the tram traffic load in each tram/road traffic street was performed. The results are shown 
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in Table 3. In addition to the traffic load, the percentage of damaged buildings was also analysed for 

each location separately concerning the total number of yellow and green buildings in the observed 

location. From the table, it can be seen that a higher traffic load does not necessarily result in a larger 

number of buildings damaged during an earthquake. 

Table 3. Analysis of tram traffic load and percentage of damaged buildings in the tram/road traffic street 

Tram/road traffic street 

ID 
Tram traffic load 

[Mtpa] 

Buildings marked PN1 and PN2 

[%] 

0 14.86 77 

4 5.68 75 

8 6.19 49 

Mtpa- Million Tonnes per Annum 

2.3.2. Intersections  

The total number of buildings near the road and tram traffic intersection is 22. Only 1 building is marked 

in red and is excluded from this analysis. Of the remaining 21 buildings, 16 (76%) are marked yellow, 

indicating that they are temporarily unusable and require a detailed inspection or urgent intervention. 

The total number of buildings at road traffic intersections that are 7 or fewer meters from the observed 

intersection is 68, of which 8 buildings were marked red in the damage assessment and are excluded 

from this analysis. Of the remaining 60 buildings, 32 (53%) were marked yellow and 28 (47%) were 

marked green. At the tram traffic intersection, 18 buildings were recorded, 3 of which were marked red 

in the damage assessment and are excluded from this analysis. Of the remaining 15 buildings, 3 (20%) 

were marked yellow and the remaining 12 (80%) were marked green. The results are presented in  

Table 4. 

 

Table 4. Statistical analysis of the yellow or red-marked buildings at the different types of intersections 

Type of intersection PN1 & PN2 U1 & U2 

Road and tram traffic intersection 76% 24% 

Road traffic intersection 53% 47% 

Tram traffic intersection 20% 80% 

 

 

As can be seen from the results, a high percentage of the buildings marked yellow are located near 

road/tram traffic intersections. The tram traffic load and the percentage of damaged buildings near road 

traffic and road/tram traffic intersections were analysed (Table 5). The percentage of damaged buildings 

for each location is calculated concerning the total number of yellow and green buildings at the observed 

location. It can be concluded that a high tram traffic load does not result in a higher number of damaged 

buildings near these intersections.  
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Table 5. Analysis of tram traffic load and percentage of damaged buildings in the tram/road traffic street 

Road and tram traffic intersection Tram traffic intersection 

ID 
Tram traffic 

load [Mtpa] 

Buildings marked 

yellow [%] 
ID 

Tram traffic load 

[Mtpa] 

Buildings marked 

yellow [%] 

0A 25,46 67 4A 25,46 - 

0B 14,83 50 8A 25,97 11 

4B 5,68 0 8C 9,31 67 

4C 5,68 100 8D 17,13 50 

7A 19,78 100 
Mtpa- Million Tonnes per Annum 

8B 6,19 75 

3. Conclusion 

Although the vibration amplitudes generated by traffic are generally low, they can be harmful to historic 

masonry buildings because of the numerous cyclic loads. Since masonry buildings are not resistant to 

tensile, these vibrations cause damage to the plaster and detachment of masonry elements, which can 

gradually lead to reduced resistance of the entire structure. Structures that exhibit the problem of 

settlement, either at the level of their foundations or of the entire structure, and that have been subjected 

to earthquake vibrations are extremely vulnerable when they are subsequently subjected to traffic-

induced vibrations as well.  

Based on performed analysis it can be seen that there is larger number of damaged buildings in streets 

and intersections that include tram traffic. Based on traffic load analysis, however, it cannot be 

concluded that higher traffic load leads to greater building vulnerability. From this preliminary analysis 

therefore it cannot be claimed that the frequent exposure to vibrations caused by tram traffic caused 

major difference in vulnerability of buildings after the earthquake in Zagreb in March 2020. To obtain 

more accurate results, the analysis needs to be performed on a larger sample with more data - e.g. the 

exact condition of the buildings based on detailed inspection after earthquake, the year they were built 

and renovated, the type of buildings, traffic load, etc. Also further analysis should include wall and 

mortar testing such as shear tests and flat jack tests [13] in characteristic buildings under considerable 

traffic load. 

This preliminary study and literature indicate that the vibrations caused by traffic will lead to the 

propagation of cracks in historic buildings damaged by earthquakes and will certainly cause 

inconvenience to the residents who live and work in such buildings. Therefore, especially in the historic 

urban areas where tram traffic runs in the immediate vicinity of buildings, as in the city of Zagreb, it is 

of great importance to continuously monitor vibration levels. In this way, changes and increases in the 

vibration level can be detected in time and appropriate measures can be taken to ensure that the vibration 

level remains within the permissible values specified in the standards.  
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Abstract 

Extended end-plate bolted connections as moment-resistant connections between beam and column usually fall 

in the semi-rigid partial strength category. Simplicity, duplication, and economy made this joint widely used in 

steel frame structures. This type of joint is prevalent nowadays which requires knowledge of the entire nonlinear 

moment-rotation behaviour of the joints. 

Using ABAQUS FE software in this paper, a three-dimensional finite element model (FEM) is developed to 

identify the effect of different geometrical parameters on the behaviour of extended end-plate bolted connection 

with four bolts per horizontal row as a semi-rigid beam-to-column joint. The component method which, is adopted 

in Eurocode 3, parts 1-8, provides detailed application rules for the design of bolted end-plate connections when 

most of them are limited to configurations with two bolts only in each horizontal row, without column web 

stiffeners. 
By using the finite element model, a parametric study is conducted to study the influence of column web stiffeners 

(compression and tension stiffeners, K stiffeners, and double web stiffeners) on three main properties of extended 

end-plate bolted connection, moment capacity (Mj,Rd), initial rotational stiffness (Sj.in) and rotation capacity 

(Φcd) under monotonic loading, using finit element (FE) analyses. 

The analytical research work, done here gives specific attention to the characterization of joint ductility, which is 

one of the critical behaviours of semi-rigid connections compared with rigid or pinned ones based on finite element 

analyses. 

 
 
 
 

Keywords: Beam-to-column connection, analytical modelling, moment-resisting joints, column stiffeners, 

ductility, four bolt per horizontal row, finite element method. 
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1. Introduction 

In the designing and analyzing of the steel frames, there are three essential components which have an 

impact on the structural behaviour of a construction building. There are beams, columns and the 
elements connecting them, so beam-to-column connection. Columns and beams must be designed in 

that way to fulfil the requirements regarding strength, stiffness and serviceability. The moment-resisting 

joints must show stiffness characteristics to allow the connected component and the entire structure to 
remain within allowable deflection limits and still have sufficient ductility to keep permanent damage 

at a minimum of the structure during serve loading. For all the cases analyzed in this paper, the 

resistance of the joint can be calculated through the component method, EN 1993-1-8, [1,2,3,4]. For 

simplicity, any joint can be subdivided into three zones: compression, tension and shear. Each of these 
zones is composed of components that contribute to the overall response of the joint. For the 

computation of the design properties of the joint, the active joint components for this configuration, 

according to Eurocode 3, are (1) column web in shear, (2) column web in compression, (3) beam flange 
in compression, (4) column web in tension, (5) column flange in bending, (6) bolt row in tension, (7) 

end plate in bending. These individual components are assembled into a mechanical model to evaluate 

the M-Φ response of the whole joint represented in Fig.1. Components of the joint may be strengthened 

by providing additional stiffeners, which are elaborated on below. In particular, this paper emphasizes 
analytical analyses of an extended end-plate bolted connection with four bolts per horizontal row and a 

different strengthening type of column web to increase the mechanical properties of the joint. The 

purpose is to increase the resistance and rotational stiffeners of the column panel in shear, compression 
and tension ensuring, also the appropriate rotation capacity.  

 

     

 

 

 

 

 

 

 

 

                           a./                                                 b./ 
Figure 1. extended end-plate Steel joint a./Bolted beam-to-column connection and b./ component method                                  

2. Applied strengthening of column web 

The design philosophy of the semi-rigid/partial strength joints usually leads to simple solutions and 
more economical ones. During the designing of the joint, the proper selection of the strengthening of 

the joint will lead to a more cost-efficient structure. There exist several ways of strengthening each zone 

of the column web: compression stiffeners are generally required in portal frame joint, and their effect 

is by increasing the resistance to compression of the column web. A tension stiffener is used to increase 
the bending resistance of the column flange and the tension resistance of the column web. When the 

resistance of the column web does not fulfil the requirement, supplementary web plates, diagonal 

stiffener, and K stiffener should be used to increase the capacity of the web. Each of these stiffeners can 
contribute to enhancing the capacity of the connection. Stiffeners as a method of strengthening are 

unavoidable in a connection which are defined in Fig 2. 
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3. FE numerical model 

In order to investigate the contribution of the column web stiffeners, finite element (FE) analyses have 

been used. In general, are analysed four types of extended end-plate bolted connections, with four bolts 
per horizontal row; when the variable here is the way of strengthening the column web, the FE models 

were run using the general static analysis modelled in Abaqus [5]. The column and beam lengths were 

set to 2000mm and 1500 mm respectively. The Young’s modulus and the Poisson’s ratio were taken 
equal to 21000MPa and 0.3, receptively. While the other mechanical properties of the steel and bolts 

are taken from [7].                                                                         Table 1- Connections geometry data. 

     

                                 Figure 2. Typology of connections 

The overall mesh sizes for the column and the beam were set as 20mm and 25, respectively, and the 

much finer mesh was prescribed in the region of connection, end-plate, column flange and bolts. The 

three-dimensional FE model of a typical beam-to-exterior column joint is shown in Fig 3. While 
regarding the boundary conditions in FE models, all DOF at each end of the column were restrained, 

except for the rotation about the strong axis of the column. Similarly, the degrees of freedom of the 

beam ends were restrained except for the vertical displacement. Meanwhile, the bolt pretension forces 

were defined by using the bolt load command, which was taken according to Eq. (1). In general, four 
contact pairs between the end-plate and column flange, the bolt head and column flange, the bolt nut 

and end-plate, and the bolt shank and corresponding bolt hole were defined. The property of the contact 

pairs was defined as finite-sliding and surface-to-surface with a friction formulation using the penalty 
method for tangential response with friction coefficient 0.15 of all contact surfaces, while the default 

hard contact model was used for the normal behaviour. 

               𝐹𝑝𝑟𝑒 =
0.7∙𝑓𝑢𝑏∙𝐴𝑠

𝛾𝑀7
                                                                                  (1) 

 

Figure 3. FE model for beam-to-column extended end-plate joint 

The failure modes include bending deformation of the end-plate and column flange, buckling of the 

compression beam flange, bolt rapture, and failure of the fillet welds between the end-plate and beam 

flange. The end plate in bending and the column web panel in shear are the main dissipative components 
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involved in the connections, displaying apparent ductile features. The results are shown in Figures 4 
and 5. When it is displayed and can be concluded that in Type 1 failure is governed by the failure of 

filled welds and column web panel in shear, Type 2 and Type 3 respond in the elastic range displaying 

a failure mode one by forming a plastic hinge in the beam flange and bolt rapture. Type 4 exhibits a 

failure mode due to bolt fracture and buckling of the end plate. 

    

Figure 4. Von Mises stress representation and ultimate failure modes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Monotonic results for moment and rotation capacity of the connections. 

4. Conclusion  

The results herein focused on developing a finite element model developed in ABAQUS, capable of 

representing the monotonic behaviour of the extended end plate connections with the partial strength 

and stiffeners classification according to [1] by using different column web stiffeners. The finite 

element method for the monotonic analyses allowed concluding that the numerical behaviour is in good 
agreement with the procedures described in [1.2,3,4] for the estimation of connection response and can 

provide valuable results for the mechanical behaviour of connections. The column web stiffeners 

described in this paper increase the moment resistance and the rotation capacity Figure 5, especially at 
Type 2 when the plastic strain concentration is close to welds between the beam flange and the end 

plate. Using each of these stiffeners can minimise the deformation of the panel zone of the connection. 

Designing the end-plate bolted connection without column web stiffeners can lead to column web 
buckling. According to [1], the connection design process is very time-consuming, so creating tables 

for designing end-plate bolted connections with or without column web stiffeners would be an excellent 

solution, also future investigations should provide information on FE model calibration according to 

the experimental results. 
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North Macedonia is a country characterized by moderate seismic activity. As a consequence of its 
special tectonic regime, and occurrence of damaging earthquakes (12 earthquakes ML ≥ 6 after 1900; 

[1]), necessity for reliable seismic hazard and risk assessments are of outmost importance. Initial and 

one of the most important steps in PSHA is the seismic source characterization. Reliable seismological 

and tectonic data are one of the key pillars of the reliable seismic hazard assessment.  For the purpose 
of this study a compilation, comparison, and analysis of available national and regional seismotectonic 

data for North Macedonia ([2]; [3]; [4]; [5]; [6]; [7]; [8]) have been performed. In relation to 

seismological data, three earthquake catalogues that can be used with reliability are selected and 
comparatively analyzed: the national catalogue from the seismological observatory (SO-PMF)1 [9], the 

BSHAP-22 catalogue [10] and the ESHM203 catalogue [8].  

Detailed analysis of the available national fault databases shows that none of them comprises of all 

relevant state-of-the-art seismicity parameters, needed for reliable seismic hazard definition. The most 
comprehensive national database as of now is the one given by [4]. The databases presented in the [2], 

[3] and [5] although containing valuable geological and tectonic information, does not offer a consistent 

and harmonized set of seismic fault parameters. The latest national research presented in [7] should be 
considered as valuable in the domain of fault classification and slip rate determination. Regarding the 

latest European research, the 2020 update of the European Seismic Hazard Model – ESHM20, although 

comprehensive by its structure and content, this database is created with larger regional resolution and 
contains information only for seismogenic faults that may be capable of generating earthquakes with 

magnitude ≥ 5.5, which limits the overall fault modelling excluding the faults that are capable of 

generating earthquakes with magnitude 4.0 – 5.5.  

Analyzed earthquake events from the three chosen catalogues refer to the region defined by the 
boundaries 40.6˚N≤φ≤42.4˚N and 20.3˚E≤λ≤23.2˚E (Republic of North Macedonia and surrounding 

areas) and the 100 km belt around the zone (39.8˚N≤ φ≤43.3˚N, 19.3˚E≤λ≤24.2˚E). To compare the 

catalogues, two main criteria were taken: time period 1900-2012 and moment magnitude of earthquakes 
≥ 4.0. For the selected earthquake catalogues, a detailed analysis has been performed including 

comparison of the completeness magnitude (Mc), histogram analysis, time domain analysis for the 

selected parameters of interest, comparison of completeness intervals and comparison of spatial 
distribution of seismic hazard parameters (λ, b и Mmax) [11]. Also, earthquakes with moment 

magnitude ≥ 6.0 are spatially analyzed and their magnitude and epicentral deviation in relation to the 

ESHM20 catalogue have been calculated. Significant differences have been observed between the 

 
1 SO-PMF: Seismological Observatory, Faculty of Natural Sciences and Mathematics, Ss. Cyril and Methodius 

University in Skopje, N. Macedonia. 
2 BSHAP-2: NATO SpS-984374 project, Improvements of the Harmonized Seismic Hazard Maps for the Western 

Balkan Countries 
3 ESHM20: European Seismic Hazard Model 2020 
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analyzed earthquake catalogues generally resulting from the difference in the number of events and the 

related parameters, which ultimately affect the estimation of the seismic hazard parameters. 
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1. About CRONOS project 

The overall objective of the project “Investigation of seismically vulnerable areas in Croatia and 
seismic ground motion assessment” – CRONOS – is to make Croatian society more resilient to the 

impact of destructive earthquakes. The aim of the CRONOS project, funded by Norwegian Financial 

Mechanism, is to facilitate this through the development and modernization of seismic hazard 
assessment in Croatia and stimulate the development of seismic risk reduction policies through 

scientific infrastructure and capacity building, knowledge transfer, and international research 

cooperation.  

2. Seismicity analysis of the central and southern Croatian coastal area 

Croatia is characterized by a moderate-to-high seismicity in its coastal and moderate seismicity 
with the rare occurrence of strong earthquakes in its continental parts. More than 145.000 earthquakes 

from the period before Christ till the end of 2020 are contained in the Croatian Earthquake Catalogue 

(CEC) – an updated and continuously supplemented version first described in [1]. There were more 

than 100 stronger earthquakes, whose computed or estimated magnitudes were more than 5. Most of 
the earthquakes on Croatian territory are the result of the strain accumulation caused by the rotation of 

the Adria microplate towards the Eurasian tectonic plate [2]. Central Croatia is in a contact zone of 

three big geological units: The Alps, the Dinarides (or The Dinaric Alps), and the Pannonian Basin. 

2.1 General observations and statistical analysis 

The main area of focus of this research is central and southern Croatian coastal areas – the 

targeted region of the CRONOS project. The first step towards the presented goal is to analyse and 

understand the past seismicity of the given area. Therefore, for the chosen area (42.5 – 44.5 °N, 14.75 
– 17.75 °E) an earthquake catalogue CEC-Cronos has been prepared. The given revised catalogue 

contains 44049 earthquakes which occurred between the years 306 and 2020 (Fig. 1). Those 

earthquakes, magnitudes up to 6.7 and intensities in the epicentre up to IX °MSK, have been statistically 

processed and will be further presented.  

Within 44049 earthquakes contained in CEC-Cronos, making the area of interest significantly 

seismically dense, around 400 of them are of magnitude M4+. Most of these earthquakes occurred at 
depths between 10 and 15 km. Although the most significant seismicity noted in the catalogue occurred 

before instrumental recording began, the last century was seismically turbulent as well. It is worth 

mentioning Imotski (29 Dec 1942) M6.2 and Makarska (11 Jan 1962) M6.1 (preceded by the M5.9 

foreshock four days before) earthquakes, all causing great human casualties and severe damage.  

The completeness of the declustered CEC-Cronos has been tested for three different years 

representing the milestones in the technology development, and therefore the quality of the seismic 
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recordings, over the years. Along with magnitudes of completeness for given years, Table 1 shows the 

corresponding Gutenberg-Richter coefficients from the given year until 2020.  

Analysis of the seismicity of an area, spatial and statistical, and the characterization of the same, 

is a necessary preliminary work and prerequisite for the seismic hazard assessment. Proper 
understanding of the seismicity of the area is crucial for further seismic hazard assessment and therefore 

the preparedness for future stronger events for which it is not a question of if but when they will happen. 

Moreover, significant historical events have drawn attention to the importance of the proper single-

event critical reanalysis which is the next step for thorough seismicity research of the given area. 

 
Figure1. Spatial distribution of earthquakes contained in CEC-Cronos. 

Table 1 – CEC-Cronos magnitudes of completeness  

t0 Mc a b 

1908. 3.9 4.23 0.98 

1982. 3.1 4.43 1.02 

2000. 2.9 4.38 1.01 
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1. Introduction 

The wave method for structural health monitoring (SHM) aims at detecting changes in stiffness of a 

structure, possibly caused by damage during extreme event, by monitoring changes in the velocity of 

waves propagating trough the structure [1]. The data used in this study are for a shaking table model of 
3 storey reinforced- concrete (RC) shear wall building, which had been tested on the shaking table in 

the dynamic testing laboratory in IZIIS in Skopje in the frames of SERA project (fig 1). The model was 

shaken by eleven earthquakes (EQ) with increasing amplitude that progressively damaged it- table 1. 

 

Figure 1. a) Shaking- table model; c) Uniform TB of the model d) Distribution of accelerometers. 

2. Methodology 

The shaking table model is numerically modelled as uniform Timoshenko beam (TB), of height 

H=4.5m, stress free at the top, cantilevered at the base (restrained translation and rotation) and excited 

by base motion- fig 1.b [1]. The material is characterized by mass density, ρ=488kg/m3, Young’s 

modulus E and shear modulus G, which implies longitudinal and shear wave velocities in the material 

cL=√𝐸/𝜌 and cs=√𝐺/𝜌. The beam cross section is with dimensions 2.0mx2.0m, cross- sectional area 

of A=4.0m2, second moment of inertia with respect to (w.r.t) axis of excitation of I=1.333m4 and shear 

factor of kG=5/6. The horizontal displacement of the neutral axis of the beam u(z,t) e.g. the solution of 

the TB under base excitation  satisfies the differential equation: 

𝑐𝐿
2𝑐𝑆

2𝑘𝐺 (1 + 𝜇
𝜕

𝜕𝑡
)
𝜕4𝑢
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2 + 𝑘𝐺𝑐𝑆
2) (1 + 𝜇

𝜕

𝜕𝑡
)

𝜕4𝑢

𝜕𝑧2𝜕𝑡2
+

𝑘𝐺𝑐𝑆
2

𝑟𝑔2
(1 + 𝜇

𝜕

𝜕𝑡
)
𝜕2𝑢

𝜕𝑡2
+

𝜕4𝑢

𝜕𝑡4
= 0   (1) 

992

https://doi.org/10.5592/CO/2CroCEE.2023.37


Proceedings of the 2nd Croatian Conference on Earthquake Engineering - 2CroCEE 

Zagreb, Croatia - March 22 to 24, 2023 
Copyright © 2023 CroCEE 

DOI: https://doi.org/10.5592/CO/2CroCEE.2023.37 

The equation is solved in the frequency domain and the solution is consequently used to compute the 

beam transfer- function (2) and impulse response functions (3) as: 

ℎ̂(𝑧, 𝑧𝑟𝑒𝑓 , 𝜔) =
𝑢(𝑧,𝜔)

𝑢(𝑧𝑟𝑒𝑓,𝜔)
=

𝑈(𝑧)

𝑈(𝑧𝑟𝑒𝑓)
 (2),  ℎ(𝑧, 𝑧𝑟𝑒𝑓 , 𝑡) = 𝐹𝑇−1{ℎ̂(𝑧, 𝑧𝑟𝑒𝑓 , 𝜔)}  (3) 

The structure is then identified by matching the model and observed impulse response functions, 
representing physically the propagation of virtual pulse through the structure (fig 2). The impulse 

responses and transfer functions were calculated from accelerograms of accelerometers 13 (roof) and 

19 (foundations)- fig 1.c. for all tests (fig 2). Two unknown parameters of the TB are cL and cS which 
were calculated by fitting the model and observed impulse responses and transfer functions in specified 

frequency band 0-11Hz (that included only the first mode) and time band. In this case, the structure is 

very stiff in shear and deforms predominantly in bending meaning that varying the value of cS does not 

introduce error in the fitted functions. Therefore, only the value of cL was fitted.  

   

Figure 2. a) IRF for R030; b) TF of roof with respect to foundation for R030 c) Fitting TB for R090 

3. Results and discussion 

The results from fitting are sublimated in table 1, and one characteristic result is presented in figure 2.c 

(for R090). Similar results are obtained by fitting for all excitation levels. Table 1 also contains 

information regarding characteristic observed damage of the model after the tests [2]. 

Table 1 – Tests, fitted values of cL and damage description of the model 

Test 
Fitted value of 

cL [m/s] 

Change of cL w.r.t 

test R010 [%] 

Damage description 

R010 490 /  

R020 477 2.65  

R030 435 11.22 First crack at contact with foundation- SE pier 

R050 390 20.41  

R060(1) 321 34.49  

R060(2) 313 36.12 Crack in all piers- all length of foundation 

R080 303 38.16 
Horizontal cracks along whole height of all piers in 

the ground floor 

R090 281 42.65 Visible rocking of the model 

R120 236 51.84 Cracks in all contacts of piers with slabs- all levels 

R150(1) 226 53.88 Concrete crushing in corners of piers 

R150(2) 209 57.35 Collapse state 

The results from the fitting indicate that it is possible to detect damage in structures using the wave 

method. CL as a parameter describing the material of the TB was sensitive to the damage of the test 
structure, and changes proportional to the level of damage were detected. The reduction of cL relative 

to the undamaged state when first cracking in the piers were observed, was about 11%. Reduction of 

about 38% was detected in the state where horizontal cracks along whole height of all pies in the ground 
floor were observed. Finally, reduction of more than 50-55% was detected when crushing of concrete 

and collapse of the structure was observed and stated.  
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1. Introduction 

One of the main structural typologies of steel frames considered by the codes of practice for resisting 

the lateral forces, are the concentrically braced frames (CBFs). They are characterized by the dissipative 

performance of the diagonal braces that simulate truss behaviour due to the axial forces that develop 

during horizontal loading. The seismic response of the CBFs is represented through the cyclic 
compressive buckling and tensile yielding of the diagonals which induce the development of plastic 

hinges within the element. Due to the existence of diagonal braces, their lateral stiffness is well above 

that of the moment resisting frames (MRFs) and are very effective in maintaining the lateral drifts in 
the design range. Additionally, they represent the most economical structural form for providing lateral 

seismic resistance [1]. The global performance of the CBFs during high intensity earthquake loading is 

generally assessed by the frame drifts. After reaching inelastic residual deformations, the braces are 
unable to provide the initial lateral resistance to the system and the frame experiences residual 

displacements. To tackle the residual displacements of the frames, innovative damage control 

procedures have been suggested, such as buckling‐restrained braces [2] and self‐centring systems [3]. 

This study presents the experimental findings on the latter method in which post‐tensioning (PT) 
arrangements are used to return the structure to its original position following inelastic deformation 

demands. The basis for the experimental research is a novel self‐centring CBF (SC-CBF) system that 

has been developed and examined through push‐over physical laboratory tests and nonlinear time‐
history analysis of numerical model [4]. This structural type’s main characteristic is the re-centring of 

the frame following the earthquake loading in the initial vertical position, thus reducing the post-

earthquake cost and time for retrofitting. It also reduces the material used for repair since the only 

elements needing retrofitting remain the diagonal braces that undergo many cyclic loadings and plastic 

deformations under the earthquake excitation. 

2. Experimental studies 

Previously, experimental studies have been performed to characterise the behaviour of the individual 

elements of SC-CBF by investigating several parameters. Shake table tests carried out on bracing 

members with slenderness values exceeding the limits imposed by seismic codes demonstrated 
generally satisfactory performance [5]. However, in order to test the overall behaviour of the SC-CBF 

under horizontal loading and to verify its self-centring behaviour, a more complex testing procedure is 

required. Therefore, the novel self-centring system that eliminates the residual deformations in the 
structure by using a post-tensioning arrangement, rocking connections and inelastic behaviour of 

tubular steel bracing members was tested under quasi-static cyclic tests [6]. 

The testing proved the self-centring behaviour of the SC-CBF after many cycles of inelastic 

deformation. It validated the rocking behaviour of the beam-column connection demonstrated by 
bilinear elastic performance. Also, great structural lateral capacity was observed when combining the 
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rocking behaviour with the diagonal bracing members. The complete improvement of the CBF 
structures’ performance was observed after the increase of post-tensioning force in the cables when the 

gap opening in the rocking connection occurred. 

To support the development and validation of the SC-CBF, shake table tests were performed in the 
framework of the SERA project [7]. The test setup was similar to the one used for quasi-static testing 

of the structure and comprised a single storey steel frame with a central SC‐CBF containing the brace 

specimens and self‐centring system and two external non‐braced gravity frames with very low lateral 

resistance. During the experimental testing procedure, varying observations were indicated related to 
the structural brace configuration and the ground motion applied. However, some general observations 

contained negligible residual drifts, excellent functioning of the PT strands, energy dissipation through 

the braces and rocking connection behaviour between beams and columns, as verified by scratches at 

the connections. 

In order to describe the need for a virtual experimental framework for the investigation of SC-CBF 

structures, the issues arising from the calibration of the simulated and reference model must be stated. 

If a calibration model is needed to provide optimal parameters for simulation, it has to focus on the 
component behaviour that is important from the perspective on the global structural behaviour. 

However, performing a sufficiently large number of full-scale dynamic experiments for calibration 

purposes is expensive [8]. The calibration of the physical and numerical model of the SC-CBF would 
normally consist of: global structural investigation under seismic loading, local brace investigation 

under seismic loading, brace investigation under virtual quasi-static loading and comparison of errors 

from dynamic simulation and calibration procedures to evaluate the efficiencies of the calibration 

methods and quantify uncertainties. 

3. Conclusions 

This study presents the types of experimental research needed for validation of the structural system 

and calibration of the numerical models for simulation of the structural behaviour. The various types of 

experimental procedures are then combined in order to form a complete methodology for estimation of 

the main characteristics of the novel system and proceeding to a code conforming evaluation procedure. 
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The importance of accurate seismic assessment of masonry infills has been recognized after their high 

seismic vulnerability led to severe damages during past earthquakes. In this study, the out-of-plane 
behaviour of an existing masonry infill typology is characterized through experimental and numerical 

investigations with the aim of proposing improved formulations to assess its out-of-plane capacity and 

seismic demand parameters. The experimental program consisted of pseudo static in-plane cyclic tests 

and out-of-plane dynamic shake table tests on full scale single storey single bay infill specimens. Based 

on the experimental results, a numerical model is developed and validated to conduct parametric studies. 

1. Introduction 

The seismic behaviour of masonry infills has been extensively studied in the last decades [1, 2] to 

improve their detrimental response observed during many past earthquakes. The out-of-plane failure of 

infills is critical regarding life safety, especially when the out-of-plane capacity is impaired by in-plane 
damage. The out-of-plane capacity of infills is attributed to the arching action [3] owing to the presence 

of the surrounding frame, influenced by many factors such as infill properties, boundary conditions, 

slenderness ratio, and the stiffness of frame elements. In the current seismic codes, infills are assessed 

as non-structural elements and their safety is verified without giving special consideration to infill 
typology or structural configuration. Therefore, a better understanding of the out-of-plane behaviour of 

masonry infills is crucial to develop improved guidelines to minimize damage and prevent out-of-plane 

collapse. In this context, an experimental campaign was implemented to investigate the seismic 
behaviour of an existing masonry infill typology which was used in the 1960s-1980s in Italy as 

enclosures and partitions in reinforced concrete frame structures. The first phase of the experimental 

campaign involved five infill panels constructed surrounded by steel/concrete composite frames. Four 
specimens were fully adhered to the frame, and subjected to in-plane, out-of-plane, and successive in-

plane and out-of-plane loading. The remaining specimen had free vertical edges and was tested in the 

out-of-plane direction. From experimental results, the influence of the boundary conditions and the level 

of in-plane damage on the out-of-plane behaviour was substantiated. Following the experiment, 
numerical simulations will be carried out to further investigate the influence of parameters such as infill 

properties, different geometries, frame properties and openings, on the out-of-plane behaviour of infills.  

2. Experiment 

Five infill specimens (T1-T5) were constructed with 12 cm thick 25x25 cm horizontally perforated clay 

units and 10 mm thick mortar joints. The panels were 3.5 m in length, 2.75 m in height and 13 cm in 
thickness including a 10 mm plaster layer on one side, built within steel/concrete composite frames. 

Four specimens (T1-T4) were fully bonded to the frame with a mortar layer. The remaining specimen 

T5 was connected to the frame at the top and bottom edges only. In-plane pseudo static cyclic tests on 
specimens T1, T2 and T3 were performed in displacement control and out-of-plane dynamic tests were 

conducted on specimens T2, T3, T4 and T5 on a shaking table. Specimens T2 and T3 were first 
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subjected to in-plane nominal drifts of 0.3 and 0.65%, respectively, and then to out-of-plane motion 

until failure.  

a) 

 

b) 

 

c) 

 

Figure 1. a) Units; b) Specimen with full adherence; c) Specimen with vertical gap 

3. Preliminary results 

From the pure-in-plane tests on T1, the in-plane drift capacity was found as 0.9%. In combined tests, 

the collapse was reached for specimens T2 and T3 at 2.5g and 1.5g nominal peak floor acceleration 
(PFA), respectively. In pure out-of-plane tests, the fully connected T4 did not show any significant 

damage or reach failure at PFA of 1.8g where the test was stopped. Specimen T5 exhibited vertical 

arching mechanism with horizontal cracks at boundaries and around mid-height, and the capacity was 
reached at a nominal PFA of 0.6g. The reduction of the out-of-plane capacity of the panel T3 with 

respect to T2 was 42% in terms of maximum acceleration at the centre of the panel. The out-of-plane 

response of specimen T5 completely differed to that of T4 with a higher flexibility and a lower capacity. 

Furthermore, the acceleration profiles observed in the infills were triangular between two supported 
opposite edges (for fully supported infills, along length and height, for T5 along height) inferring that 

the applied out-of-plane load on the panel is not uniform but close to triangular.  

4. Conclusions and future work 

1. An undamaged infill possesses considerable out-of-plane capacity, which drastically reduces with 

the presence of previous damage due to in-plane loading. 

2. The boundary conditions of the panel significantly influence the out-of-plane response. The vertically 

spanning infill had a lower stiffness and capacity compared to the fully supported undamaged infill. 

3. Effectuating the next phases of the experiment involving specimens with a gap on the top and 
specimens with openings, implementing numerical analyses, and finally proposing capacity and 

demand evaluation formulations are envisaged as future work. 
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1. Introduction 

Abaqus [1] is a quality engineering simulation software that offers FEM, DEM, MEM and other 

simulation methods to the user. In seismic analysis of structures, it is a valuable tool for performing 

time-history analyses as it provides complex simulation of material behaviour under dynamic 
excitation, geometric nonlinearities, and has a efficient solver. While Abaqus is powerful and can 

perform a wide range of general-purpose engineering simulations, it also comes at a cost of inefficient 

workflows for some specific tasks required in seismic analysis of buildings. In calculating the response 
of masonry walls and buildings to seismic action using Abaqus time-history analysis, the main problem 

is the interpretation of the results, as a large number of elements need to provide output data for each 

time step. That is, a large number of walls, consisting of a large number of 3D elements. It is impractical 

to do this in the native Abaqus GUI, so Python [2] scripts are developed to automate this workflow.  

2. Structure of the scripts, workflow and output description 

The scripts are in essence a sequence of commands that extracts processes and stores data. They can be 

run in different python environments. In this paper models consisting of 3D volumetric elements are 

considered. The main function of the scripts is identifying cross sections of PIER, SPANDREL or other 

elements in a model and outputting relevant forces and displacements. To obtain forces on cross section 
level, nodal forces are integrated across the cross sections. Cross section displacements are obtained by 

defining a regression plane for the field of deformed cross section nodes (example of such field output 

on Fig 1a) ). Scripts will also monitor displacements of stories to provide story drift data. 

Once analysis is complete, a script extracts field output data from the model (example used in this paper 

on Fig 1c) ), process it into cross section based data and saves it in a database as forces, moments, 

displacements and deflection angles of cross sections. Then a postprocessing script is used to extract 
relevant data for PIER or SPANDREL elements, story drift data, etc. This processed data is exported 

in a text file that is suited for importing into excel, which allows easy further data visualisation. In terms 

of modifying the model for this scripted output and processing there are 2 options. One is defining each 

cross section as a set of surfaces before running the analysis. The other is identifying the finite element 
nodes of each cross section, if definition of sections prior to running the analysis wasn’t possible. The 

second way requires some knowledge of coding in Python.  

The scripts for data extraction are run inside Abaqus GUI, while further postprocessing is done using 
standard python code that can be run by a interface like IDLE. Output data can be customised when 

running the postprocessing script. It is possible to export specific components of forces of 

displacements, or select specific postprocessing like only PIER elements or only story drifts etc. 

Example of processed output data is shown on Fig 1b) and Fig 1d). Displayed are hysteresis of one 
PIER element in a building, analysed in the Dubrovnik B-17 study [3], for 3 different earthquake loads 

(analysis) on Fig 1b). On Fig 1d) are extremes of the drift, force and moment of the same PIER. 
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Figure 1. a)[top left] Displacement field on a cross section; b) [top right] Hysteresis of a PIER section in 3 

different analysis; c)[bottom-left] FEM model [3]; d)[bottom-right] Maximum values of Force, Moment and 

drift of a PIER element for 3 different analysis  

3. Conclusion 

Abaqus data postprocessing presents a better insight into vast quantities of data and enables 

interpretation of more complex analysis or larger numbers of analysis. Good compiling of data for 

interpretation cannot be overstated as it is crucial for more extensive application of complex models to 

real world buildings. While the scripts in their current form offer good insight, there is still a significant 

issue with interpreting the results. Challenges presented here include estimating cross section based 

values from fields of values, shown on Fig 1a), identifying damage states of structural elements from 

time history data show on Fig 1b) and identifying structures health (for use as engineering demand 

parameter) from data shown in Fig 1d). Estimating cross section based values from a field output is 

currently done by a regression plane, with the assumption that cross sections are mostly flat enough 

after deformation. Identification of damage states of elements needs to be automated if multiple analysis 

on larger models are to be conducted. Once individual element damage states can be identified it is 

beneficial to able and interpret the whole structures health, since failure of 1 element doesn’t always 

mean collapse of a structure. These challenges will be addressed in the future. 
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1. Introduction: Seismic risk assessment in post-earthquake Zagreb 

The Zagreb 2020 earthquake has damaged many historical buildings within the old city centre despite 

its medium intensity. Damaged buildings were mostly typical masonry buildings in aggregates built in 

the first half of the 20th century when seismic codes were not developed. Simultaneously, seismic risk 
assessment has been carried out for the city of Zagreb indicating these typical masonry buildings as 

high-risk in case of an earthquake. Since then, efforts have multiplied to improve risk inputs and 

performance assessments of buildings in Zagreb. The present study is a case study of a typical masonry 

building in the urban area of Zagreb and a risk-based assessment of its seismic performance. 

2. Case study: Typical masonry building in the urban area of Zagreb 

2.1 Model definition 

Several similar typical unreinforced masonry buildings (URM) from the Zagreb historical centre area 

have been analyzed and joined into a simplified model of a four-storey building without basement using 

ETABS, as shown in Fig 1. Material nonlinearity has been introduced as plastic in-plane shear hinges 

in the center of shear walls using parameters from detailed studies of similar buildings [1]. 

    
Figure 1. a) 3D numerical model in ETABS; b) Building plan 

2.2 Incremental dynamic analysis (IDA) results 

Performance assessment has been carried out using 13 ground motion records selected according to 

local seismotectonic conditions (active shallow crustal earthquakes, reverse thrust and strike-slip 
faulting) linearly scaled to 7-9 intensity levels of PGA in range 0.1g-0.3g in X direction (scale factor of 

X direction used for scaling in Y direction) and applying time-history analyses with both horizontal 

components simultaneously on the 3D model for each record thus generating 13 IDA curves up to 
collapse and 96 performance points in total. Average maximum inter-storey drift is used as engineering 

demand parameter (EDP) and average spectral acceleration in range of periods 0.5s-0.8s as the optimal 

a) b) 
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intensity measure (IM) for this type of buildings [2]. Each IDA run has been assigned a damage state 
by direct visual inspection of the 3D model state after each run based on EMS-98 damage classification 

using nonlinear hinge states as main criteria for the assessment of wall damage states and damage spread 

[3]. The performance points and their inspected damage states are shown in Fig. 2. a). 

        

Figure 2. a) IDA curves and performance points for X direction; b) Fragility and vulnerability curves for X 

direction; Zagreb 2020 earthquake IM range is marked along with IM values for return periods TR=95, 225 and 

475 years (elastic EC8 spectrum, type 1, soil type C, ag,ref value from Croatian national seismic hazard map) 

2.3 Risk-based seismic performance assessment 

Fragility curves have been derived for slight, moderate, extensive and complete damage states using 
IM-based approach, but instead of EDP thresholds, visual inspection results have been used for each 

IDA curve. The only exception is complete damage threshold which has been set to EDP value 0.8% 

according to IDA results (limit that keeps lognormal distribution of EDP results). Vulnerability curves 
have been developed using MDR (mean damage ratio) values of 10%, 30%, 60% and 100% for slight, 

moderate, extensive and complete damage states respectively [4] for URM buildings. Fig. 2. b) shows 

the fragility and vulnerability curves with marked IM values corresponding to Zagreb 2020 earthquake 
components and code-based return periods. Results show that the building reaches slight damage state 

for TR=95 years. For TR=225 years moderate damage levels are already exceeded and for TR=475 years 

extensive and complete damage can be expected. Zagreb 2020 earthquake IMs already fall into the peak 

derivative of the vulnerability curve although the earthquake is only of medium intensity according to 
hazard and losses up to 60% can be expected, indicating extensive damage. This building type is 

therefore very vulnerable according to code-based hazard and should be retrofitted in order to increase 

its seismic performance. 
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