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Abstract: The 2020 earthquakes in Zagreb caused significant structural damage to historic masonry buildings
in the city centre although the earthquakes were of moderate magnitude. Typical brick masonry buildings were
built in the late 19th and early 20th centuries with three or more stories in height. These buildings are
characterised by load-bearing walls dominantly positioned in longitudinal direction that is parallel to the street
and wooden beam horizontal structures with a span of approximately 5 to 6 meters. They also have a relatively
high interstorey height of around 3.5 to 4 metres. Moreover, such buildings are usually built within city blocks
in the form of regular aggregate. A post-earthquake damage revealed that the position of the building within
the block as well as differences in height of adjacent buildings has an important role in its behaviour during the
earthquake. The topic of this paper is the seismic assessment of a typical historical building in the centre of
Zagreb. Fragility curves are developed for the case of a building within the row aggregate by also modelling
two adjacent buildings that have a different height than the buildings in question. Non-linear time history
analyses are performed on a 3D model in the Tremuri software - which works according to the equivalent
frame approach- with the aim of developing fragility curves associated to the in-plane global response. Out-of-
plane wall failure mechanisms are also considered, and the fragility curves are developed for this case by
referring to the macro-block model strategy. Special attention is paid to the selection of ground motion records
for the site. The on-site hazard is calculated using probabilistic seismic hazard assessment while ground
motions for each intensity level are selected based on the conditional spectrum. The comparison of fragility
curves associated to two damage modes highlighted a higher vulnerability to the out-of-plane response with
is consistent with the evidence from the actual observed damage.

1 Introduction

The activities in Croatia following the two earthquakes in 2020 have shown that the seismic vulnerability of the
exposed building stock is a major problem. The first earthquake in March 2020 with a magnitude of 5.3 (Mw)
shook the urban area of Zagreb, the intensity was estimated at VII on the EMS-98 scale, the epicentre of the
earthquake was located about 7 kilometres northeast of the centre of Zagreb, namely in the Podsljeme district,
at a depth of 10 kilometres (Savor Novak et al. 2020). It is worth noting that the financial losses (Government
of Croatia, 2020) caused by this earthquake far exceeded expectations for an event of this magnitude, which
was much smaller than expected for the location (Atali¢ et al. 2018). The fact that the historic centre of Zagreb
has a very old building stock with URM buildings having more than three storeys and a considerable number
of heritage buildings in the city contributed significantly to this. Nine months later, on December 29, 2020, a
strong earthquake of magnitude 6.4 (Mw) and intensity level VIII on the EMS-98 scale occurred in central
Croatia, the epicentre of which was only 6 km southwest of the city of Petrinja, about 50 km from Zagreb. This
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strong earthquake caused extensive damage to buildings, particularly in Petrinja, the nearby towns of Glina
and Sisak, and throughout Sisak-Moslavina County and neighbouring counties, including progressive damage
to buildings in Zagreb (Atali¢ et al. 2023).

After the Zagreb and Petrinja earthquakes, efforts were made to improve earthquake-related capacities in
order to bolster research capacities in earthquake engineering in Croatia. One of the most important research
activities concerns the investigation of residential buildings in the city centre of Zagreb (Pinasco et al. 2023,
Moretic¢ et al. 2022, Stepinac et al. 2021). These historic buildings are mainly built within the ‘row’ aggregates
(see Figure 1a), their construction period is followed the Zagreb earthquake of 1880 (Savor Novak et al. 2020).
The aggregates located in the Lower Town of Zagreb are in the area of 3.5 km2, and 72% refers to 168
aggregates while rest of 28% are is part of streets and squares. Most of multi-apartment buildings that have in
average 5 storeys occupy 40 to 60% of their plots, and in some cases (for total of 8 aggregates) land utilization
is even 80 to 100% (Kis-Bonaci¢ et al. 2009). Problems contributing to the inadequate seismic design of these
buildings include flexible wood beam floors lacking diaphragmatic behaviour, poor material quality (especially
mortar), poorly constructed spandrels affecting wall connections, and inadequate connections between load-
bearing walls and the floor structure, and uneven stiffness distribution in the vertical elements (Atali¢ et al.
2021).
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Figure 1 Traditional URM masonry buildings in row aggregate in Zagreb Lower Town (é); Achieve documentation: floor
plan and building cross section of typical URM building (b and c).

The preliminary analysis given by the Authors in Pinasco et al. (2023) included a typical URM building (Figure
1 b and c) modelled as free-standing and by two adjacent buildings in row aggregate. In the numerical
investigations, the equivalent frame (EF) modelling approach was adopted by using the Tremuri software,
taking into account the in-plane response and performing non-linear static analyses and dynamic analyses
using the Zagreb and Petrinja earthquake records. The model that included the aggregate effect showed a
lower vulnerability than that of the isolated building and generally gave a better description of the actual
damage to the building. In addition, it should be noted that buildings that were aligned in a row aggregate
during the Zagreb earthquake proved to be more resilient, as minor to moderate damage was observed on
these buildings. However, there were some exceptions, e.g. buildings higher than the adjacent buildings
proved to be more vulnerable, with significant damage occurring in the 'free-standing"” floors above the adjacent
buildings.

In the present work, this aggregate model is further developed to account for the influence of different building
heights, and nonlinear dynamic analyses are performed to develop fragility curves. When selecting the ground
motions for the nonlinear dynamic analyses, special attention is paid to ensure that they are consistent with
the seismic hazard on site. Nonlinear time-history analyses (NDA) are performed on a 3D-EF model to obtain
in-plane seismic performance of the building. In the study of out-of-plane (OOP) mechanisms, the assumption
of a rigid block was used by adopting a three-linear analytical constitutive model proposed in Angiolilli et al.
(2021). The seismic input for this analysis was based on floor accelerations obtained by post-processing data
from the global 3D model. The fragility curves considering only the in-plane response are compared with those
including the out-of-plane response.
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2 Ground motion selection for dynamic analyses

Special care is taken in selecting ground motions for nonlinear dynamic analyses to stay consistent with the
seismic hazard on location. To minimize the uncertainties in input ground motions the conditional spectrum
approach is used (Kohrangi et al. 2017) which conditions the ground motions to a specific conditioning period
or period range when selecting appropriate ground motions for each intensity level.

Multiple stripes analysis method is chosen for developing analytical fragility curves (Bazzurro et al. 1998). A
total of nine intensity levels are chosen which correspond to return periods Tr=50, 95, 225, 475, 975, 2475,
5000, 10000 and 100000 years. Such high return periods are needed in order to capture the higher damage
states of the aggregate (hazard levels for Zagreb are only moderately high). When considering the optimal
intensity measure choice for this building type, previous research (Pilipovi¢ and Uro§, 2022) suggests using
average spectral acceleration (Saavg) in a range of periods, which is adopted here as conditioning intensity
measure with period range 0.2s — 0.7s and is calculated in increments of 0.1s, taking the geometrical mean to
arrive at the final Saavg value.

Seismic hazard levels are computed using the OpenQuake engine (Pagani et al. 2014) and the European
seismic hazard model of 2020 (ESHM20) (Danciu et al., 2021). A collapsed source model logic tree is used,
and mean hazard values are calculated. Both classical probabilistic seismic hazard assessment (PSHA) and
disaggregation calculations are performed for a characteristic site in Zagreb city center. The obtained hazard
curve is shown in Figure 2 along with disaggregation results (characteristic scenario magnitude, distance from
source and e value) for the return period Tr=475 yrs. Chosen intensity levels are evenly spaced between each
other on the hazard curve. Disaggregation results show that hazard predominantly comes from a known
primary seismic source (Herak et al. 2009).
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Figure 2 Mean seismic hazard curve obtained from PSHA for Saavg (&) with hazard values for 9 used intensity levels;
Hazard disaggregation results for Saavg and return period TR=475 yrs (magnitude, Joyner-Boore distance, € value,
hazard contribution) (b)

Conditional spectrum is chosen as target spectrum (Baker 2011). Its mean and dispersion are computed using
the KothaESHM20 ground motion prediction equation (GMPE), which is the backbone GMPE used in
ESHMZ20, and using values from disaggregation (magnitude, distance and e value). Figure 3 shows the
obtained conditional spectrum and its dispersion for return period Tr=475 yrs. It should be noted that when
using average spectral acceleration Saavg the dispersion of the conditional spectrum is only reduced in the
selected period range, but does not vanish entirely.

An algorithm proposed by Jayaram et al. (2011) is implemented for selecting ground motion records matching
the targets for each intensity level. Three real ground motion databases are chosen as a pool from which
ground motions are selected: ESM, Peer NGA West 2 (in part) and GNS (Ancheta et al. (2013), Luzi et al.
(2020), Van Houtte et al. (2017)). Constraints in magnitudes, shear wave velocity (vsz3o0) values and scale
factors are imposed before selection to account for estimated maximum magnitudes (4 — 7) and soil type (vs,;30
values 180 — 500 m/s). Scale factors are limited to 0.9 — 1.1 for first six intensity levels and 0.7 — 1.5 for the
highest three levels. The proposed algorithm performs Monte Carlo simulations of ground motion spectra that
comply with the target (initial set) and picks the best match for each simulated spectrum from the ground



WCEE2024 Demsic et al.

motion databases. Then a greedy optimization process is performed which minimizes the sum square errors
(SSEs) of chosen ground motions with respect to target dispersion and a final “selected set” is chosen (Figure
3). In this way, 30 ground motion records are chosen per intensity level, making a total of 270 records. It is
important to note that the records are chosen with two orthogonal horizontal components only and the target
Saavg for each record corresponds to the RotD50 value of the two horizontal components. The vertical
component is neglected. The final set of records used in time history analyses is represented in Figure 4 with
respect to magnitudes and distances from source. Spectra of selected records are also shown in Figure 4 for
return period Tr=475 yrs.
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Figure 3 Conditional spectrum with its mean and dispersion for TR=475 yrs. Conditioning spectral acceleration range is
highlighted. In this range the dispersion is the lowest. Both the mean initial set and the final mean selected set of ground
motion spectra are shown, indicating a good match with the target.
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Figure 4 Spectra of selected records and conditional mean spectrum (in red) for return period TR=475 yrs (left);
Magnitude — distance relationships of all 270 selected ground motion records (right)
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3 Modelling and analysis criteria

3.1 Equivalent frame model for the in-plane response

Figure 5 shows the 3D equivalent frame model of the examined case study. The model was created using
Tremuri software (Lagomarsino et al. 2013). A simplified configuration of the model has been already validated
in Pinasco et al. (2023) by simulating the actual seismic response of the building within the aggregate following
the seismic event that struck the city of Zagreb on March 22, 2020. The EF modelling strategy used refers to
nonlinear behaviour concentrated in the masonry panels, namely in the piers (the main vertical structural
elements) and spandrels (the horizontal beams connecting piers).

Specifically, the masonry panels are modelled using a nonlinear beam piecewise-linear model proposed in
Catari and Lagomarsino 2013. The piecewise-linear beam model (i.e. NLBEAM) has been assumed to
describe the nonlinear response of URM panels. This constitutive law allows describing the nonlinear response
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up to severe damage at the element scale (i.e., DL, from 1 to 5) through progressive strength degradation (Be.)
corresponding to assigned drift values (©k,) show in Figure 6. The drift thresholds, strength degradation, as
well as the parameters governing the hysteretic response, may be differentiated based on the most recurring
failure modes characterizing URM panels (i.e., flexural, diagonal cracking shear, or bed-joint sliding) and their
type (if piers or spandrels) (Brunelli et al. 2022). The Table 1 reports the strength parameters adopted in the
nonlinear dynamic analyses. These parameters, considered deterministic in this research, are consistent with
those carried out in various experimental campaigns (Vanin et al. 2017; Krzan et al. 2015), and their reliability
in reproducing the seismic response of the Zagreb building has already been verified in Pinasco et al. (2023).
Please refer to Cattari et al. (2018) and Angiolilli et al. (2021) for further details on the formulation of NLBEAM

and its potential in executing NDA.

Connecting elements  e———p

- Piers
B spandrels
I Rigid nodes

Figure 5 3Muri model of the case study building in both isolated and aggregate configuration; detail of the model
elevation at the connection between two adjacent structural units and detail of the elastic truss elements with null tensile
behaviour and of the fictious floor connecting two adjacent units

Table 1. Parameters adopted in the non-linear analysis for in-plane response.

SHEAR
dirft © [%] residual strength 8 [%] hysteretic response
DL3 DL4 DL5 DL3 DL4 cl 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 © [%] residual strength B [%] hysteretic response
DL3 DL4 DL5 DL3 DL4 cl c2 c3 c4
PIERS 0.6 0.9 1.2 1 0.85 09 | 0.8 | 0.6 0.5
SPANDRELS 0.6 1 1.5 1 0.6 0.2 0 0.3 0.8
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Figure 6 Piecewise-linear constitutive law and hysteretic response of the model
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To explicitly account for the interaction effect between adjacent units in the aggregate configuration, the
procedure proposed in Angiolilli et al. (2021, 2023) has been implemented. Thus, the units were modelled
separately from each other by introducing a finite-length gap representing 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. Struts, on the other hand,
allow modelling the ability of structural units to spread apart while avoiding the interpenetration of elements.

3.2 Modelling out-of-plane response

For the local mechanisms associated with the OOP responses, the walls of building A on the upper floor on
both sides of the facades and the gable wall next to building B, which has a lower height than building A under
consideration, were taken into account. The one-way cantilever mechanisms are very frequently observed as
OOP collapse mechanisms in URM structures in post-earthquake surveys. Furthermore, the walls of the top
floor were selected also because of the filtering effect of the building response that tends to be higher on top
floors (Degli Abbati et al. 2018) and, in particular, for the attic gable wall since, next to the chimney collapse,
it was the most frequent damage observed after the Zagreb earthquake (Savor Novak et al. 2020). For the
facade walls, the three-linear SDOF constitutive model proposed in Angiolilli et al. (2021) was used, which
assumes an interlocking effect with perpendicular walls and a simple bi-linear relation for the gable wall. The
dynamic equation is given by:

d- +2§o)eqd* +o,d =-a" 1)

where a* is floor accelerations obtained by post-processing data from the global 3D model represented by the
response to spatial nodes of the equivalent frame model for the component that is perpendicular to the wall
plane, the equivalent viscous damping constant is assumed to be 0.05, and weq depends on the displacement
of the local mechanism:

(ZTCITGQ)Z d’ <y,
wiq =0+ )/d" = (Bag + 0 )/ (B,dy) v,dy <d” <B,dy 2
0 /d" — 0 /d, d">B.d,

The selected walls and the constitutive model, represented in terms of OOP displacement (d*) and pseudo-
acceleration (a*), are shown in Figure 7 with the initial points of the panel state described in Table 3. The rigid
body motion depends solely on the pseudo-acceleration (ao) and interlocking contribution (ai), while a simplified
approach is chosen for the equivalent period value Teq, which takes into account that the damage level induced
by a higher seismic intensity influences the period value. It is assumed that Teq = Tei-dc?5, where Tel is the
elastic period determined in the 3D model and dc is the ductility coefficient dc = dmax/dy = 1. The do is ultimate
displacement and coefficient yr is determined by accounting for first intersection of linear branches of a*, while
value 0.6 is used for the coefficient Br that determines second intersection of branches. The calculation
parameters of the local mechanisms are given in Table 2. To associate the attainment of DL to the OOP
response, all facade walls were considered equally important as they support the wooden beams of the
horizontal structures, while the gable wall is considered to be of lesser structural importance (Table 3).
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Figure 7 Representation of the walls investigated for the OOP analysis (a); Constitutive model for each depicted local
mechanism with the marking of specified states depending on out-of-plane displacement d* and pseudo-acceleration a*.
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Table 2. Parameters of the local mechanisms considered: H — panel height; B — panel thickness; Proot —
weight transmitted from the roof assumed acting at 2/3 of B; Pwai — weight of the wall and ts — total thickness
of orthogonal panels that contribute to interlocking

H[m] | B[M] | Proof [KN] | Pwan [KN] | ts [m]
LM 01 3.85 0.45 | 24541 536.43 0.9
LM_02 3.85 0.45 | 36.95 80.23 0.9
LM_03 3.85 0.45 | 76.58 174.20 0.7
LM 04 3.85 0.45 | 115.35 264.18 0.7
LM_05 4.20 0.3 0 146.74 0

Table 3. Definition of states during response of panels in OOP and its contribution to global DL depending on
number of panels that had certain limit value of dmax.

A = activated 0.05do < d*max < 0.2do

AS = activated with high probability of stable response 0.2do < d*max < 0.4do

AU = activated with high probability of unstable response 0.4do < d*max < 0.95do
CF = certain failure dmax= 0.95do

DLO DL1 DL2 DL3 DL4 DL5
A=1 AS =21 1<AU<3 AU =4
NO =4 or or or or CF=4
A/AS of gable AU of gable CF of gable 1<CF<3

4 Results of dynamic performance assessment and fragility curves

The case study was first investigated by modal analyses on both the entire 3D EF model of the aggregate (i.e.
from unit A to unit C) and the ones developed for the individual structural units to obtain a preliminary insight
into their dynamic behaviour. The values of the structure's periods reported in Table 4 refer to the transverse
direction (Y direction in Figure 5).

Table 4. Fundamental periods of units and of aggregate.
Unit A Unit B

Unit C Aggregate

0.333 0.253 0.421 0.413

Period (s)

Figure 8 shows the capacity curve of central unit A, considered within the aggregate, compared with that of
the entire aggregate for both the longitudinal (X) and transverse (Y) directions. The curves are expressed in
terms of base shear versus roof drift and have been obtained through NSA by applying a uniform force
distribution proportional to the mass in X and Y direction and both verses.

Figure 8 Pushover curves of central unit A, considered within the aggregate, compared with that of the entire aggregate
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Figure 9 shows time-history response obtained by NDA for the fagade wall LM_01 for two different intensity
levels, indicating that different input floor accelerograms (three nodes are considered for LM_01) can lead to
different states of a local mechanism under consideration. For the final estimation, the most unfavourable input
floor acceleration case of the three-node response is chosen for the definition of the OOP limit state.
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Figure 9 Time-history response function of d* for LM_01 during a specific NDA case
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Figure 10 Maximum displacement of local mechanisms obtained by the time-history analysis (a-e) and histogram of
achieved response state for each (f).
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Figure 10 shows the results in terms of the maximum OOP displacement obtained by the NDAs of the
investigated local mechanisms. It can be observed that the value of dmax tends to increase when the PGA
value is higher. Moreover, analysing the number of fulfilled states of OOP considering stability is consistent
with the contribution of interlocking, which can also be seen in Figure 7b. It is worth noting that all facade walls
(LM_01-LM_04) have the same thickness and some minor differences in the centre of gravity (Xe, zg).
Therefore, it is consequential that the results show that LM_01 has a higher probability of unstable response
(AU and CF) than, for example, LM_02, where the effect of interlocking is greater. Apart from this, it is also
interesting to observe the very low number of NO activations of local mechanisms (here only 4 cases for LM_02
and 1 for LM_03 and LM_04), which can be correlated with the building height. As already mentioned, the
higher floors have a more pronounced filtering effect, i.e., the floor accelerations tend to increase on the upper
levels of the building. Finally, when considering attic gable wall (LM_05), CF can be expected in more than
half of the cases.

Within the aim of deriving fragility curves, it is necessary to synthetically interpret the structural response data
derived from the NLDAs. To assign a specific damage level to the building compatible with the EMS98 scale
(i.e., from DL1 to DL5), i.e., to determine the overall building damage level (Table 5), the damage reached at
the “wall scale” was analysed similarly to what was done in Angiolilli et al. (2021, 2023) and for the out-of-
plane response proposed damage levels are given in Table 3. The derivation of the fragility curves was
performed by the R2R software adopting the least squares fit Baraschino et al. (2020) and lervolino (2017)
assigning damage levels reached in a frequentist manner given in Figure 11.

Table 5. Overall building damage level.

DLO DL1 DL2 DL3 DL4 DL5
Sa(T1)
IP OOP| IP OOP| IP OOP| IP OOP| IP OOP| IP OOP
S1 |Tr =50 years 0.11 0 27 18 3 11 0 0 0 0 0
S2 |Tr =95 years 0.17 0 20 16 10 8 0 0 0 0 0
S3 [Tr =225 years 0.28 0 7 2 21 17 2 0 0 0 0
S4  [Tr =475 years 0.42 0 1 0 21 9 8 15 0 0 0 0
S5 [Tr =975 years 0.59 0 0 0 20 5 8 15 0 10 1 0 1
S6  [Tr = 2475 years 0.89 0 0 0 1 22 12 0 15 1 2 1
S7 [Tr = 5000 years 1.23 0 0 0 0 24 1 21 2 0 0
S8 [Tr = 10000 years 1.56 0 0 0 0 20 4 21 4 4 1
S9  [Tr = 100000 years [2.85 0 0 0 0 0 7 6 16 6 12 11
TOTAL 0 55 36 85 51 91 72 11 93 14 | 18 14

Fragility curves for in-plane and out-of-plane are shown on Figure 10. It can be seen from the fragility curves
that the probability of damage due to out-of-plane mechanisms is much more frequent and more likely than in-
plane damage mechanisms. For the same value of the intensity measure, the probability of in-plane damage
is much lower than out-of-plane. Moreover, out-of-plane failure mechanisms are dominant and represent the
primary problem for moderate earthquakes for such building type.

In order to compare the results with actual damage during the 2020 Zagreb earthquake, the pseudo-
acceleration value for the dominant natural period of the structure is marked. For this value of pseudo-
acceleration, it can be noted that mostly light damage to the vertical structure is to be expected, while out-of-
plane mechanisms have moderate damage with a certain probability of collapse. Such a condition corresponds
to the actual damage that was documented in Savor Novak et al. (2020), Atalié et al. (2020), Stepinac et al.
(2021), where the dominant damage was the overturning of gable walls, chimneys and unsupported attic walls.
Figure 12 shows typical damage to a block in Zagreb after the 2020 earthquake. For stronger earthquakes,
this problem is even more pronounced. For the expected earthquake with a return period of 475 years for
which Sa=0.74g, moderate damage to the vertical structure can be expected, as well as the failure of most of
the unsupported walls of the attic.
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Fragility curves -R2R (Least squares fit)
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Figure 11 Fragility curves considering global in-plane and out-of-plane response

Figure 12 Damage to a typical building block in Zagreb after the 2020 earthquake.

5 Conclusions

The study herein presented aimed at providing an evaluation of both the in-plane and out-of-plane seismic
response of an existing unreinforced masonry row aggregate located in the historic centre of Zagreb Lower
Town. Particular attention is paid to the selection of ground motion records for the non-linear dynamic analyses
to adapt them to the local seismic hazard. For assessing the in-plane seismic performance by NDAs, a 3D-
equivalent frame model which explicitly considers the interaction effects between the structural units has been
used,. In addition, the top floor accelerations obtained from the global response by post-processing are used
as seismic input to evaluate the local OOP mechanisms. For each damage mode, the fragility curves were
generated using the R2R software, employing the least squares fit method.

The results of the fragility curves are consistent with the main evidence from the damage patterns observed
after the Zagreb earthquake and the extent of damage in Zagreb Lower Town (Savor Novak et al. 2020, Atali¢
et al. 2021, Stepinac et al. 2021), This is particularly true for DL1 - DL2 for global in-plane response and DL2
- DL3 associated to the local out-of-plane responses. However, the DL4-OOP curve, which includes a
probability of unstable response or certain collapse of facade walls, appears to give slightly conservative
results and a refined model of the local mechanism (altering the configuration of the predetermined geometry
or by taking into account influence of additional constraints) or a modification of the DL criteria needs to be
considered. To this end, future work will include a more accurate calibration of the results with the actual
observed damage to this type of building as a result of the 22 March 2020 Zagreb earthquake.
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