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Abstract

The assessment of the seismic performance of historical buildings faces numerous challenges,
mostly related to the diversity of the building stock and the uncertainties associated with the
characterisation of the structural and construction systems. However, such assessment is
essential, not only considering the human and material losses that can stem from the poor
seismic performance of these buildings but also due to the role that historical constructions play
in terms of housing and economic activities, particularly in the context of urban historical centres.
Several approaches are currently available for this purpose. Among those, index-based methods
have been gaining momentum worldwide due to their excellent balance between simplicity and
accuracy. These semi-quantitative techniques, known in the literature as first-level approaches,
permits to estimate the levels of damage for specific seismic intensities based on a ponderation of
aseries of structural and architectonic characteristics. However, so that the outputs obtained from
these methods can be considered reliable, it is fundamental to adopt data collection strategies
that can be simultaneously expeditious but capable of offering high-quality information. At
present, Geographic Information System (GIS) tools are valuable databases for storing a wide
variety of information. Moreover, the democratisation of portable informatic devices, namely
smartphones and tablets, has enabled to decentralise those databases, speeding up processes
and making work more collaborative. This paper details a suitable workflow that considers the
use and adaptation of open-source tools, starting from creating a GIS database, the design of a
survey specifically tailored to feed an index-based vulnerability-assessment approach, and its
implementation in an open cloud service and its distribution through open-source smartphone
apps. The city of Atlixco (Puebla, Mexico) and the September 19%, 2017 earthquake are used here
to analyse and discuss the application of such a workflow in a real case-study.
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1 Introduction

The seismic vulnerability assessment of the existing building stock has to face numer-
ous challenges, namely related to the number of samples existing in the urban contexts.
Furthermore, the analysis of historical buildings (mostly based on masonry structures)
intrinsically adds numerous uncertainties to the process, frequently related to the na-
ture of materials. Hence, the implementation of wide-scale strategies for assessing
constructions based on simplified parameters would help to proactively identify the
vulnerability status of entire clusters of buildings. It is important to recall that many
historical structures are still in use for housing, commerce and other relevant activities.
The anticipation of potential damages and losses in earthquakes is relevant for the de-
sign of mitigation strategies and emergency management plans, increasing the resilient
capacities for entire urban cores.

2 Motivation

On September 7t, 2017, an M, = 8.2 seismic event hit the south of Mexico. More than
63,000 houses were damaged in 107 municipalities [1]. Damages also included more
than 100 cultural assets and substantial loses in critical infrastructures, such as health
facilities, schools and road communications. A few days later, an M, = 7.1 earthquake
hit the country’s centre, affecting Mexico City and the surrounding areas. Preliminary in-
formation declared around 5,765 damaged buildings, including 46 collapses (in Mexico
City only). At a national level, more than 150,000 buildings were affected [2].

Material damages were especially significant among historical buildings, independently
of the scales. A notable number of vernacular houses (mostly built with earth tech-
niques) was severely damaged or lost. Also, many masonry buildings, such as churches
and other religious complexes, have been damaged. The existence of a National Cata-
logue of Historical Monuments, developed by the National Institute for Anthropology
and History, allowed sketching an inventory of damaged cultural assets, the first of its
kind in Mexico. From a total of 2,340 damaged buildings, 1,450 were labelled with mod-
erate and severe damages. 61.4 % of the damaged buildings were located in Oaxaca,
Puebla and Morelos [3]. These states correspond with the 3, 5 and 17 places in the na-
tional marginalisation index for 2015 [4], which is relevant for explaining the profound
impact of this disaster in social and economic terms, representing additional challenges
for the resilience process after the event.

Then, it becomes relevant to design wide-scale approaches for assessing the vulner-
ability of the existing building stock, preferably based on open-source and/or free tools,
under the basis of relatively low financial and human investments. The goal of having
easy-to-use and economic assessment means may permit to significatively prevent fu-
ture loses and damages in the context of seismic events.
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3 The Vulnerability Index Method

The concerns about the suitable assessment of the existing building stock fostered the
development of simplified vulnerability assessment approaches, which are often based
on the accumulated knowledge gathered from multiple observations on earthquakes
and their effects. One of the most relevant approaches (due to its continuous refine-
ment and enhancement since its origin in 1994) is the Vulnerability Index Method, origi-
nally developed in Italy by the National Group for the Defence from Earthquakes (Grup-
po Nazionale per la Difesa dai Terremoti — GNDT). This method has been subsequently
adapted to numerous contexts. It was designed for masonry structures, based on a set
of assumptions related to the masonry material’'s mechanical characteristics, such as
a brittle response in tension, a frictional response in shear and anisotropy. The analysis
of a high volume of data correlating constructive features and levels of damage during
seismic events permitted to recognise a set of parameters that result especially mean-
ingful for conditioning the building's seismic performance. Those attributes have been
gathered into a comprehensive survey datasheet [5].

The original approach was based on a set of eleven parameters. Each one of them is as-
sociated with four vulnerability classes related to the building's physical characteristics
and their impact on the global vulnerability of the building. Besides, each parameter is
related to a given weight that reflects the relative importance of the attribute in the
whole set's context. The global index is given by the sum of the products of each pa-
rameter class value multiplied by a given weight [6], as shown in Eq. 1. The obtention of
the normalised index (Eq. 2) permits to calculate the vulnerability index V (Eq. 3) and a
corresponding mean damage grade (Eq. 4).

14
/vf :zcvipi (1)
i=1
100(/,, +100)
lp=—""o— (2)
675
V/'=0.0592+0.0057,, (3)
Hp :2.51+2.5-tanh(%) (4)

In general terms, the calculation of the vulnerability index is also fed by a determined
earthquake intensity | based on the EMS-98 scale [7] and a ductility value Q. It is pos-
sible to correlate some intervals of damage grades to a discrete set of five levels of
damage, permitting to qualitatively describe the expectable effects that a determined
earthquake would impose on the studied structure, such as the one provided by Aguado
[8] (Table 1).
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Table 1. Correlation between qualitative damage grades and mean damage grades

. Damage factors, Mean damage
Discrete damage grades, D, DF grades, “,
D, — No damage. No observed damage. 0.00 [0.00, 0.50]
D, - Sllght. damage. Presence of very localised and hairline 0.01 [0.50, 1.42]
cracking.
D, — Moderate damage. Crackl-ng around openings; localised 0.10 [1.42, 2.50]
detachment of wall coverings (plaster, tiles, etc.).s
D, - Severe damage. Opening of large diagonal cracks;
significant cracking of parapets; masonry walls may 035 [2.50, 3.50]

exhibit visible separation from diaphragms; generalised
plaster detachment.

D, — Very severe damage. Facade walls with large areas of
openings have suffered extensive cracking. Partial collapse 0.75 [3.50, 4.00]
of the facade (shear cracking, disaggregation, etc.).

D, — Destruction. Total in-plane or out-of-plane failure of the

facade wall. 1.00 [4.00, 5.00]

Table 2. Set of parameters for the Vulnerability Index Method approach for facades

Class, C, Weight | Relative
Parameters .
A|B|C|D P, weight
Group 1. Facade geometry, openings and interaction 16.7/100

FP1. Geometry of facade 20 | 50 0.50

FP2. Maximum slenderness 20 | 50 0.50

FP3. Area of openings 20 | 50 0.50

FP4. Misalignment of openings 20 | 50 0.50

oO|jo|lO0O |0 |Oo
(SN BRI R G B ) |

FP5. Interaction between continuous facades 20 | 50 0.25

Group 2. Masonry materials and conservation 31.5/100
FP6. Quality of materials 0 5 |20 | 50 2.00
FP7. State of conservation 0 5 |20 | 50 2.00
FP8. Replacement of original flooring system 0 5 |20 | 50 0.25
Group 3. Connection efficiency to other structural elements 33.3/100
FP9. Connection to orthogonal walls 0 5 |20 | 50 2.00
FP10. Connection to horizontal diaphragms 0 5 120 | 50 0.50
FP11. Impulsive nature of the roofing system 0 5 |20 | 50 2.00
Group 4. Conservation status and other elements 18.5/100
FP12. Elements connected to the facade 0 5 |20 | 50 0.50
FP13. Improving elements 0 5 |20 | 50 -2.00
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Proposals like those presented by Ferreira, Maio and Vicente [9, 10] have increased the
parameters up to fourteen relevant characteristics to be taken into account, providing a
calibrated set of weights as well. However, these methods present relevant limitations
whenever, for example, it is impossible to acquire information regarding the internal or-
ganisation and conFigure uration of the constructions. In fact, information is often lim-
ited to the external facades of the buildings. These limitations were part of the reason
behind the development of a Vulnerability Index Method specifically tailored to assess
the seismic vulnerability of these elements by evaluating a set of thirteen parameters
primarily obtained from facades observation. The detailed explanation of the parame-
ters and the circumstances that affect their grading can be found in Aguado, 2017 [11].

4 Towards a workflow for the Vulnerability Index Method
implementation

Each building can be associated with a dataset of values that can be used to obtain its
vulnerability index; hence it is possible to build a database for saving the attributes for a
comprehensive set of constructions. Given that buildings are robustly associated with a
physical location, the implementation of a database through a Geographical Information
System (GIS) is suitable. The distribution of this database through cloud services and
the remote access to it would permit it to manage it from multiple devices, providing
multiple advantages, such as collaborative work. Furthermore, the use of open-source
and free distributed tools might enable to apply this workflow in multiple cases of study.
In the context of free-software, QGIS is one of the most relevant tools devoted to GIS
databases creation and management. This software is offered for a broad set of op-
erative systems and permits to easily add functional complements developed on C++
and Python languages, which may be freely distributed as well. Some complements
also permit the interoperability between the QGIS software and cloud services, such
as Mergin. Mergin provides multiple services, including hosting QGIS files in a devoted
cloud freely. A project hosted in the Mergin cloud can be accessed and edited by multiple
users. Furthermore, it is possible to access and edit the projects from portable devices
using a mobile application, Input app. Together, QGIS, Mergin and Input represent three
compatible platforms for covering a workflow for creating, managing, hosting and ac-
cessing GIS databases (Figure 1).
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Figure 1. Software workflow and interoperability diagram

5 Materials and methods

The case study will be the city of Atlixco, Puebla, in the context of the September 19th,
2017, earthquake, an M, = 7.1 event that caused severe damages in multiple settle-
ments throughout the country, particularly in Puebla, Morelos, Oaxaca, Guerrero and
Mexico City [12]. Atlixco has been selected as a case study due to its relative proximity
to the epicentre (ca. 40km) and the existence of a vast corpus of catalogued historical
monuments. Furthermore, Atlixco is one of the legally recognised Zones of Historical
Monuments (Zona de Monumentos Histéricos), which is an official designation for set-
tlements and regions with relevant densities of historical monuments [13].

5.1 Experimental data

The seismic intensity value considered in this study was obtained from an intensities
map provided by the United States Geological Survey (M 7.1 — 1 km E of Ayutla, Mexico,
Interactive map https:/earthquake.usgs.gov/earthquakes/eventpage/us2000ar20/
map?historic-seismicity = true&shakemap-intensity = false) using the Modified Mer-
calli Intensity scale (MMI). These maps place Atlixco between the curves corresponding
to MM values of 7 and 7.5. For the present analysis, it was adopted a value of 7.5. The
ductility of constructions is based on the table 4.2.3 of the Complementary Technical
Code for Seismic Design of the Building Code for the Federal District -Normas Técnicas
Complementarias para diseno por sismo - Reglamento de Construcciones para la Ciudad de
México [14], which is widely used as a national standard for constructions. This table
establishes a ductility value Q = 1.0 for unconfined or unreinforced masonry, regardless
of the units’ type (bricks or natural stones).
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For this analysis, a set of nine constructions was selected taking into account the fol-
lowing criteria: to be clearly visible before and after the 2017 earthquake, to be cata-
logued in the National Catalogue for Historical Monuments (i.e., to be officially recog-
nised as a historical asset) and to be a masonry construction. It was also considered that
only constructions that appear in pre-event images in public databases (such as Google
Maps) were selected, overcoming this way eventual lack of information due to the col-
lapse or demolition of some buildings.

5.2 Data acquisition

A set of nine buildings located in the historical centre was selected and tagged using the
National Catalogue of Monuments identification code. A base map was created in QGIS
(Version 3.12 Bucuresti) using the Open Street Maps public database as a primary source
for obtaining the representative polygons of the constructions. The set of samples was
isolated in an independent layer, in which the queries regarding the survey were en-
coded. This survey layer was set considering all the attributes and their corresponding
conditions for assigning a determinate grade. Qualitative properties were programmed
as Value Map variables, permitting to choose a given condition in a closed set of options.
Furthermore, closed conditionals are programmed as simple Yes/No variables.

The project file was synchronised with the cloud service Mergin through a QGIS plugin
available for the purpose, which permitted to provide access from mobile devices. The
free app Input (version 0.7.7) was used on an Android 10.0 based smartphone. This app
allows access to the QGIS project and to input the data gathered on-site directly into the
various layers that compose the project (Figure 2).

There were a few cases where, due to the extensive damages imposed by the earth-
quake, the buildings were demolished and, therefore, information was not available. In
these cases, the respective survey sheets were fulfilled resorting to pre-event photo-
graphs, namely those in Google Maps database.

The information gathered was synchronised with the cloud service and downloaded and
opened in the QGIS desktop application (Figure 3), permitting to treat and analyse the
data and export the entire database in various formats. In this case, for example, data
were exported in .csv, which allowed computing each parameter’s vulnerability class in
a conventional MS Excel spreadsheet. However, if preferred, such arithmetic calcula-
tions could also be done directly inside QGIS.
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Figure 3. Screenshot of the QGIS interface, showing an example of a set of attributes
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6. Results and discussion

The workflow permitted the satisfactory capture and storage of the information re-
quired for grading the attributes needed. Nevertheless, numerous circumstances did
not allow to complete the survey without interruptions, such as the social distancing
limitations imposed by the current pandemic situation and the reduced schedule for
services and commerce. However, the capacity for partially fulfil and synchronise the
survey permitted to easily continue the field works even after an interruption. When a
survey suffered no interruptions, no more than ten minutes were necessary for com-
pleting the data acquisition, completing the set in just one journey. The data obtained
on-site (Table 3) can then be processed to obtain the vulnerability class associated to
each of the parameters that compose the vulnerability index method.

Table 3. Distribution of the vulnerability classes assigned to each parameter

National Catalogue of 1-21- | 1-21- | 1-21- | 1-21- | 1-21- | 1-21- | 1-21- | 1-21- | 1-21-
Monuments key 00087 | 00083 | 00086 | 00066 | 00024 | 00107 | 00079 | 00078 | 00121

FP1 | Geometry of facade A(0) | A(0) | A(0) | A(0) | A(0) | A(0) | B(5) | B(5) | C(20)
FP2 | Maximum slenderness A(0) | A(0) | A(0) | B(5) | B(5) | A(0) | B(S) | B(5) | BI(5)
FP3 | Area of openings A(0) | B(5) | A(0) | C(20) | B(5) | B(5) | B(5) | B(5) | B(5)

FP4 | Misalignment of openings | A(0) | B(5) | D(50) | A(0) | D(50) | A(0) | D(50) | A(0) | B(5)

Interaction between cont.

FP5 facades C(20) | D(50) | D(50) | D(50) | D(50) | D(50) | D(50) | C(20) | D(50)
FP6 | Quality of materials B(5) | C(20) | D(50) | D(50) | D(50) | B(5) | D(50) | B(5) | D(50)
FP7 | State of conservation B(5) | B(5) | C(20) | C(20) | D(50) | A(0) | B(5) | A(0) | B(5)
FP8 | Flooring replacement B(5) | A(0) | A(0) | D(50) | D(50) | A(0) | A(0) | A(0) | D(50)
Fpg | Connection toorthogonal | ¢, | ¢ (50 | c(20) | C(20) | D(50) | B(S) | C(20) | B(5) | C(20)

walls

Fp1g | Connection tohorizontal | o) | 0) | ¢ (20) | c20) | D50} | C20) | C20) | AO) | C20)
diaphragms

Impulsive nature of

. B(5) | B(5) | C(20) | C(20) | D(50) | B(5) | C(20) | B(5) | C(20)
roofing system

FP11

Fp12 | Elements connected to A) | A | AO) | A | DGO | A | AO) | Al0) | BIS)
the facade

FP13 | Improving elements A(0) | A(0) | A(O) | A(0) | AfO) | A(O) | A(O) | A(D) | A(D)

Once the vulnerability classes are assigned, it is possible to compute each building’s vul-
nerability index and, from it, the corresponding mean damage grades. Finally, the mean
damage grades were compared to the observed post-event damage, allowing to verify
the accuracy of the vulnerability index approach for this building typology.

As can be observed in Table 4, there is a good fitting between the predicted and values.
In fact, only one out the nine buildings analysed resulted in a discrete damage grade
different from that observed on-site after the earthquake. However, the tendencies are
clear and coherent through the whole set.
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Table 4. Vulnerability index method results

1-21- | 1-21- | 1-21- | 1-21- | 1-21- | I-21- | I-21- | I-21- | I-21-

Resul ildin,
esults by building 00087 | 00083 | 00086 | 00066 | 00024 | 00107 | 00079 | 00078 | 00121

Preliminar Vulnerability Index | 86.25 | 127.50|267.50 | 267.50 | 505.00 | 55.00 |245.00| 42.50 |245.00

Normalised Vulnerability 27.59 | 33.70 | Sh.k | b4k | 8963 | 22.96 | 51.11 | 21.11 | 51.11

Index
Vulnerability Index 0.75 | 0.78 | 090 | 0.90 1.10 | 0.72 088 | 0.71 0.88
Mean damage grade 210 | 255 | 392 | 392 | 485 | 1.77 | 3.74 | 165 | 3.74
Expected discrete damage
grade D, D, D, D, D, D, D, D, D,
Observed after 2017

d d d d d d d d d
Earthquakes ’ ? ¢ > s ? ¢ 2 “

7. Conclusions

The present experiment permitted to demonstrate the suitability and robustness of a
workflow for applying the Vulnerability Index Method approach through the integration
of three open-source software platforms, enabling to distribute the entire workflow on
suitable tools for office and/or remote work (such as PC terminal), cloud-storage ser-
vices and mobile devices for field data acquisition.

The fieldwork procedure was completed fast, permitting to collect data from a signif-
icant number of buildings with a relatively small amount of material and human re-
sources. Besides the on-site acquisition, this methodology could also be applied using
data extracted from secondary sources, such as 3D models or remote imagery obtained
by drones. Furthermore, the capacity for sharing a project in multiple devices from the
same cloud services allows to design and implement collaborative work for covering
wide areas and samples, permitting to feed accumulative, economic and collaborative
databases.

The results obtained from the Vulnerability Index Method approach exhibited a good cor-
respondence with the real damages imposed by the September 2017 earthquake on the
structures analysed in this work, which seems to prove the suitability of the method to
assess the seismic vulnerability of traditional Mexican masonry buildings. If that can be
confirmed with further data, this approach would be a valuable tool for supporting urban
planning and seismic risk mitigation decision making. Among other advantages, this ap-
proach is of easy implementation and entirely based on free and open-source software.
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