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Abstract

2020 was a tough year for Croatia, which experienced two significant earthquakes during
an ongoing global pandemic. Damage from those earthquakes was extensive and mostly
concentrated in the old masonry buildings. Many of the mentioned buildings exceeded the usual
service life span, with some existing for over a century. Earthquakes exposed Croatian building
stock’s vulnerability that should be mitigated as efficiently as possible in the coming years. Novel
approaches in assessment procedures should be applied together with state-of-the-art repair
and reconstruction of the damaged buildings.
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The Case Study

2020 was a tough year for Croatia, which experienced two significant earthquakes [1]
during an ongoing global pandemic. Damage from those earthquakes was extensive
and mostly concentrated in the old masonry buildings, as shown in Fig.1. Many of the
mentioned buildings exceeded the usual service life span, with some existing for over a
century. Earthquakes exposed Croatian building stock'’s vulnerability that should be mit-
igated as efficiently as possible in the coming years. Novel approaches in assessment
procedures should be applied together with state-of-the-art repair and reconstruction
of the damaged buildings [2].

Figure 1. Masonry building damaged in the Zagreb earthquake

Masonry buildings account for a big part of housing in Croatia [3]. Hence, initial assessments
are essential to inform the tenants about their damaged homes' usability and safety. The
rapid assessments began only a few hours after the main earthquake. Damage classifica-
tion in rapid assessments was made in accordance with the modified EMS-98 scale [4].
The educational building shown in Fig.2 and Fig.3 is an old unreinforced masonry build-
ing located in the old town of Zagreb. Its floor heights range from 3.2 to 4 m, and wall
thicknesses range from 28 to 70 cm. It was one of the structures assessed by the ARES
project team. In the initial assessment, it was classified as temporary unusable due to
observed damage. A detailed inspection was required - the building has moderate dam-
age without likely collapse. The load-bearing capacity is partially impaired, and it was
not recommended to stay in the building. After some time, a more detailed evaluation
was done, and the building's damage and possible behavior were analyzed.
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Figure 3. Building's floor plan and cross-sections

As shown in Fig.4, the numerical model was made in software 3muri, which uses the
equivalent frame method and non-linear static (pushover) analysis to characterize the
building's seismic response through a capacity curve. Non-linear static (pushover) anal-
ysis combines constant gravity loads with monotonically increasing horizontal loads.
Two different horizontal load distribution patterns along the height of the building are
used. Modal distribution follows the first mode shape for each direction obtained from
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elastic analysis and uniform distribution, which is proportional to the building's mass.
The equivalent frame method divides masonry walls into macroelements. In piers and
spandrels, all deformations and non-linear responses are concentrated. Rigid nodes
connect those piers and spandrels. The numerical model's material characteristics are
obtained as a combination of the literature review [5, 6] and on-site testing.

Figure 4. Numerical model and the basic results from the 3muri software

The results are as expected, where the building's behavior is in accordance with wall
distribution. The obtained capacity curves can be seen in Fig.5, and target displacement
determination is graphically explained in Fig.6.
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Figure 5. Capacity curves for x-direction (blue) and y-direction (red)
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Figure 6. Target displacement determination for short periods

Real damage also corresponds with the damage distribution previewed in 3muri.
Comparison between displacement capacity and the displacement demand shows us
that modern, more demanding regulations (i.e. Eurocode 8 standard) are not satisfied.
Hence, the next logical step after assessing the building's behavior in an earthquake is
its strengthening. In repairing and rebuilding this building and the city itself, principles
of build back better should be adopted, e.g. using sustainable materials and innovative
concepts [7, 8, 9] or ensuring energy efficiency [10].

Contemporary materials such as FRP and TRM are among the most compatible
strengthening options for masonry and cultural heritage, which is advised not to be
strengthened with irreversible and invasive methods such as concrete jacketing. An in-
sightful comparison between different design codes for masonry strengthening with
FRP and TRM is discussed and showed in an example in [11].

Acknowledgments

Croatian Science Foundation contributed to this paper’s preparation through the ARES
project: Assessment and rehabilitation of existing structures — development of contem-
porary methods for masonry and timber structures (UIP-2019-04-3749).

References

[1] Savor Novak, M., Uro$, M., Atali, J., Herak, M., Demsi¢, M., Banicek, M., Lazarevi¢, D., Bijeli¢, N.,
Crnogorac, M., Todori¢, M. (2020): Zagreb earthquake of 22 March 2020 — preliminary report
on seismologic aspects and damage to buildings, Gradjevinar, 72 (10), 843-867, doi: https:/doi.
org/10.14256/)CE.2966.2020

[2] Stepinac, M., Lourenco, P.B,, Atali¢, J., Kidicek, T, Uro$, M., Banitek, M., Savor Novak, M. (2021):
Damage classification of residential buildings in historical downtown after the ML5.5 earthquake
in Zagreb, Croatia in 2020, Journal of Disaster Risk Reduction, in the process of publication

LESSONS LEARNT FROM EARTHQUAKE
1%t Croatian Conference on Earthquake Engineering - 1CroCEE

659



660

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

Stepinac, M., Kisicek, T., Reni¢, T., Hafner, |, Bedon, C. (2020): Methods for the Assessment of
Critical Properties in Existing Masonry Structures under Seismic Loads-The ARES Project. Appl.
Sci., 10, 1576. doi: https:/doi.org/10.3390/app10051576

Uro$, M., Savor Novak, M., Atali, ., Sigmund, Z., Banicek, M., Demsi¢, M., Hak, S. (2020). Post-
earthquake damage assessment of buildings — procedure for conducting building inspections,
Gradjevinar, 72 (12), pp. 1089-1115, doi: https:/doi.org/10.14256/JCE.2969.2020

Ghiassi, B., Milani, G. (2019): Numerical modeling of masonry and historical structures, Woodhead
Publishing, 1st edition, United Kingdom

EN 1998:3-Eurocode 8 (2004): Design of Structures for Earthquake Resistance-Part 3: Assessment
and Retrofitting of Buildings; CEN: Brussels, Belgium.

Fortunato, G., Funari, M. F,, Lonetti, P.(2017): Survey and Seismic Vulnerability Assessment of the
Baptistery of San Giovanni in Tumba (Italy). J. Cult. Herit. 26, pp. 64—78. https:/doi.org/10.1016/j.
culher.2017.01.010

Stepinac, M., Susteri¢, 1., Gavri¢, I, Rajcié, V. (2020): Seismic Design of Timber Buildings:
Highlighted Challenges and Future Trends. Applied Sciences (Switzerland). https:/doi.org/10.3390/
app10041380

Funari, M.F., Mehrotra, A., Lourenco, P.B. (2021): A Tool for the Rapid Seismic Assessment of
Historic Masonry Structures Based on Limit Analysis Optimisation and Rocking Dynamics. Appl.
Sci. 2021, 11, 942. https:/doi.org/10.3390/app 11030942

Milovanovi¢, B., Bagari¢, M. (2020): How to achieve Nearly zero-energy buildings standard,
Gradjevinar, 72 (8), pp. 703-720, doi: https:/doi.org/10.14256/)CE.2923.2020

Kisicek, T., Stepinac, M., Reni¢, T., Hafner, I, Luli¢, L. (2020): Strengthening of masonry walls with
FRP or TRM, Gradjevinar, 72 (10), pp. 937-953, doi: https:/doi.org/10.14256/JCE.2983.2020

LESSONS LEARNT FROM EARTHQUAKE
1¢t Croatian Conference on Earthquake Engineering - 1CroCEE



