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Abstract
Aggregates made of old masonry structures represent a very common structural
typology in many cities of the world. The structural units along the aggregates
are characterized frequently by structural and geometrical heterogeneities. But
urban growth led to the formation of many historic centres with similar struc-
tural typologies. The present study aims to assess the seismic fragility of masonry
building aggregates using the old city centre of Seixal as a case study. The analy-
sis involved the assessment of themost prevalent structural typology in the study
area, considering the variability of a set of structural and geometrical parame-
ters. The variation of such parameters has allowed the definition of 36 different
structural configurations, whose seismic performance behaviours were studied
employing non-linear static analyses. Based on the analyses, the peak ground
accelerations (PGAC) corresponding to the attainment of the life safety limit state
were obtained and the fragility curves were plotted. Furthermore, the behaviour
of the structural configurations, analysed as isolated structural units, is also com-
pared with their aggregate structural performance. Significant differences in the
vulnerability of the buildings when isolated or in the aggregate are obtained,
demonstrating that the seismic interactions between adjacent buildings should
not be neglected. It was further possible to observe that the variation of the con-
sidered parameters significantly affects the seismic response of the building, par-
ticularly when the characteristics of the internal slabs are changed.
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1 INTRODUCTION

The study of the seismic fragility is one important goal for civil engineers, using fragility curves as a tool to assess seismic
risk. The structural capacity of buildings is required to calibrate these curves, and sometimes it is affected by structural
and geometrical variabilities and uncertainties.1–3 The study of masonry structures belonging to old historical centres,
in particular those enclosed in aggregates, is often performed taking into account the possible scatter and uncertainties
involved in the problem. For this reason, this work starts from a parametric study, considering structural and geometrical
variabilities, referred to structural typologies observed in a small city in the south of Portugal.
Historic city centres are usually characterized by a heterogeneous distribution of buildings, due to the unbridled urban

growth and the necessity to fill urban spaces. Sometimes, catastrophic events, like earthquakes, also lead to the need to
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F IGURE 1 Architectural plans and front views of the four building typologies (adapted from Santos et al.6)

rebuild historical centres. This is the case of the old city centre of Seixal, located about 25 km south of Lisbon, in Portugal,
which was severely affected by the 1755 Lisbon earthquake. Such an event led to a deep and long reconstruction process,
which profoundly shaped the city, and to the formation of a diversified urban centre characterized by some homogeneity
related to the architectural arrangement, the structure and the materials used. Several studies focused on the constructive
and structural characterization of the buildings in the old city centre of Seixal have been carried out in the past years,4–6
allowing for the identification of the prevalent structural typologies in the city. In particular, Santos et al.6 identified four
main building typologies, ordered from the most to the less representative: narrow front buildings, wide-front buildings,
row buildings and simple ground floor buildings.
In this framework, the present work aims to study the seismic vulnerability and fragility of the narrow front build-

ings, the most representative of the historic centre of Seixal. Using this typology, a parametric study that accounts for the
uncertainty and the variation of selected features is presented and discussed herein. The number of floors, the inter-storey
height, the type of slabs and the type of internal walls were combined in order to obtain 36 different structural typologies,
which were subsequently analysed using non-linear static analyses with ‘3Muri’ software.7
Around the world, masonry structures in aggregate represent a common structural typology and, often, structural

units within the aggregates are characterized by structural and geometrical heterogeneities.8 Both isolated buildings
and aggregate structures are present in Seixal,9 the latter is a very common structural typology in Portugal,10 and it
is common in civil engineering practice to analyse the seismic behaviour of a building considering it as an isolated
structural unit, even when it belongs to an aggregate of buildings. In the scenario of the several numerical applications
present in the literature,11–13 this work aims to analyse and compare the seismic response of the 36 obtained structural
typologies as isolated units and within an aggregate of identical structural units in a row, allowing to discuss the differ-
ences and the relevance of considering the adjacent buildings in seismic analysis. Moreover, the comparison in terms of
peak ground accelerations (PGA) corresponding to the attainment of the life safety (LS) limit state (PGAC) is also per-
formed considering 50 different seismic actions to each of the 36 structural typologies, derived from 50 accelerograms
referred to real earthquakes. For each structural typology, the N2 method14 was used to find the 50 structural demands
(PGAC), starting from the selected accelerograms. Finally, the comparison between the structural capacities (PGAC) and
the demands (PGAD) allowed defining the seismic fragility of the structural typologies of Seixal, plotting the fragility
curves.15–17 A second set of fragility curves derived using a statistical approach based on the Monte Carlo technique18
was also obtained and compared with the previous one, allowing conclusions on the choice of representative seismic
actions.

2 IDENTIFICATION OF THE STRUCTURAL TYPOLOGIES

As mentioned, the adopted structural typology is based on the most representative of the four building typologies previ-
ously identified and characterized by Santos et al.6 This typology, designated by the authors as ‘narrow front buildings’,
presents a small and simple rectangular shape organized in a row layout. The openings are present only in the main
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F IGURE 2 Architectural plans and front view of the adopted ‘narrow front building’

TABLE 1 Variation considered for the structural and geometrical parameters

Number of floors Interstorey height Type of slabs
Type of internal
walls

1 2 3 2.5 m 2.7 m 3.0 m Concrete
slabs

Timber
slabs

Clay brick
masonry
walls

Tabique
walls

façade, and the number of floors is limited to three. Figure 1 shows the four building typologies, highlighting the main
architectural characteristics, as defined by Santos et al.6
In this work, a building was modelled as prototype of the ‘narrow front buildings’ typology, obtained according to the

geometrical and structural characteristics observed. The adopted configuration is shown inFigure 2 and, since it represents
a prototype, it was obtained combining the main characteristics of different buildings in a unique model, representative
of the ‘narrow front buildings’.
Limestonemasonry loadbearingwalls compose the primary structural systemof these buildings,which typically present

timber floors and pitched roof structures, alsomade of timber.5 In order to take into account the variability of the building,
four different parameters were chosen: the number of floors, the inter-storey height, the type of the slabs and the type of
the internal walls. The variations considered in each one of these parameters are presented in Table 1. Here, it is noted
that tabique walls are formed by timber planks in different configurations, vertical or diagonal, with horizontal lathwork
filled mostly with a lime-based mortar.
Figure 3 illustrates the logic-tree diagram used to obtain the different structural typologies.19 For the sake of clarity, only

the branch corresponding to two-storey buildings (or two floors) is presented in Figure 3. Each building is identified with
an acronym, where the first symbol refers to the number of floors (1, 2 or 3); the second symbol refers to the inter-storey
height, expressed in meters (2.5, 2.7 or 3.0); the third symbol refers to the type of slabs, where ‘C’ stands for concrete slabs
and ‘T’ stands for timber slabs; and the fourth symbol refers to the type of internal walls, where ‘T’ stands for tabiquewalls
and ‘B’ stands for clay brick masonry walls.
As a result of the parameters’ distribution, there were obtained building configurations with 1, 2 or 3 floors, each of

these with three different inter-storey heights (2.5 m, 2.7 m or 3.0 m), resulting in nine distinct structural typologies.
Additionally, based on Ferreira et al.,5 each one of these typologies can have either ‘concrete slabs with tabique walls or
with clay brick walls’, or ‘timber slabs with tabique walls or with clay brick walls’ (Figure 3).
According to Ferreira et al.,5 most of the horizontal structures of these buildings are timber slabs composed by rectan-

gular cross-section beams with 0.10 m × 0.10 m and timber planks with a thickness of 0.03 m. Despite not very common,
it is possible to find concrete slabs in the old city centre of Seixal, typically composed of hollow tiles, the reason why they
were also considered herein. The pitched roof structures were considered as beingmade of timber beams of around 0.10m
× 0.10 m cross section and a timber plank 0.03 m thick, covered by ceramic roof tiles.4 The external masonry walls are
the same for all buildings, being constituted by rubble limestones and a lime-based mortar, with a thickness of 0.60 m.
The most common internal walls are tabique, with a total thickness of about 0.10 m.20 The possibility of the internal walls
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F IGURE 3 Logic-tree diagram used to obtain the 36 different structural typologies analysed in this work

being made of a single layer of clay bricks with a total thickness of 0.125 m was also considered, though less frequently
seen in the old city centre of Seixal.5,6

3 DETAILS ON THE ADOPTED NUMERICALMODELLING APPROACH

Since this work aims to compare the seismic fragility of isolated masonry buildings with those enclosed in aggregate,
both models are illustrated in Figures 4 and 5. The structures were modelled using ‘3Muri’ software,7 and the research
version ‘TREMURI’21 allowed to automate the generation of all the models according to the choice of the variables. In
this work, ‘3Muri’ is used in the pre-processing phase to model the structure. ‘TREMURI’ is the solver, using as input a
text code obtained from ‘3Muri’, which is then modified to obtain the various models, according to the defined structural
and geometrical parameters. This software has been widely used by several authors to study the seismic performance of
masonry buildings.16,22,17
A box-type model, made as a three-dimensional equivalent frame, in which the walls are interconnected by horizontal

diaphragms, is used by the software as the reference. Modelling is carried out discretizing the masonry walls into a set
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F IGURE 4 (A) Ground floor plan of the model ‘2-2.7-T-B’; (B) 3D structure of the model ‘2-2.7-T-B’

F IGURE 5 Equivalent frame model for the masonry panels: (A) P2, (B) P7 and (C) P4, belonging to the model ‘2-2.7-T-B’

of piers, spandrels and rigid node-portions.23 These node components are modelled as undamaged confined elements,
where the deformation is assumed to be negligible, with respect to the deformation of the other macro-elements that
govern the seismic response. The slabs and the roof were modelled as orthotropic membrane elements, characterized by
an equivalent thickness. The loads coming from the slabs are distributed over the walls considering the orientation of the
floor structures and the tributary areas. The slab contributes as a horizontal element with an appropriate stiffness in its
own plane.
As an example, Figure 4A and 4B shows, respectively, the plan view of the ground floor and the 3Dmodel of the isolated

structural unit ‘2-2.7-T-B’, that is, the structural typology with two floors, inter-storey height equal to 2.7 m, timbers slabs
and tabiquewalls. Figure 5 shows, as an example, the equivalent framemodel defined for threemasonry panels (P2, P7 and
P4) highlighted in Figure 4A: the piers are presented in brown, the spandrels in green and the rigid nodes in grey. Similarly,
Figure 6A and 6Bpresent the plan viewof the ground floor and the 3Dmodel of the aggregate resulting from the association
of the five structural units ‘2-2.7-T-B’. As can be observed in Figure 6A, the single structural unit was aggregated in a row,
and the commonwalls between adjacent buildings were kept as single thickness. Two different directions are defined: the
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F IGURE 6 (A) Ground floor plan of the aggregate model ‘2-2.7-T-B’; (b) 3D structure of the aggregate model ‘2-2.7-T-B’

longitudinal one, in the x-direction, following the direction of extension of the aggregate structure; the transversal one, in
the y-direction, perpendicular to the direction of extension of the aggregate structure.

3.1 Mechanical and geometrical properties of the walls

Themechanical and geometrical properties of the external walls were defined based on the results obtained from an exper-
imental campaign carried out by Vicente et al.,24 involving flat-jack and dynamic tests. To guarantee the reliability of such
values, they were also cross-checked and validated from experimental results from buildings with similar construction
and structural characteristics, as well as from the values reported in the Italian Code.25 Similarly, the mechanical proper-
ties of the clay brick internal walls were defined according to the Italian Code. In order to consider just one layer of bricks,
the thickness of these walls was set equal to 0.125 m.
The timber tabique walls have 0.10 m of thickness. These walls are modelled in ‘TREMURI’ program21 following the

equivalent frame model approach and considering an equivalent thickness of 0.04 m,26 corresponding to the average
thickness of the vertical planks. The hypothesis of having flexural failure modes is disregarded taking into account that
these walls were constructed directly on top of the timber floors (i.e. there is no continuity between floors) and that they
do not contribute for the lateral strength/deformation capacity of the building. Despite these considerations, the tabique
walls have been considered in the numerical models in order to obtain a comparable distribution of the vertical loads in
the buildings. The mechanical properties of tabique walls were defined according to the experimental results from com-
pression and shear tests performed by Rebelo et al.27 and Meireles et al.28 in typologically similar walls. The mechanical
and geometrical properties of the three types of walls considered in the model, namely the compressive strength (fm), the
shear strength (τ), the elastic modulus (E), the shear modulus (G) and the thickness (t), are given in Table 2.
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TABLE 2 Mechanical and geometrical properties of the walls

Masonry walls fm (MPa) τ (MPa) E (GPa) G (GPa) t (m)
Limestone external walls 1.00 0.025 1.00 0.25 0.60
Clay brick walls 2.40 0.06 1.20 0.40 0.125
Tabique walls 0.56 0.01 0.13 0.002 0.04

TABLE 3 Mechanical and geometrical properties of the slabs

Slabs E1 (GPa) E2 (GPa) G (GPa) t (m)
Hollow-core concrete slab 30.00 15.00 12.50 0.05
Timber slab 7.00 3.50 0.009 0.05

3.2 Mechanical and geometrical properties of the slabs

The slabs weremodelled as orthotropic membranes, with a chosen equivalent thickness (t). The hollow-tile concrete slabs
were modelled considering reinforced concrete joists, alternated with hollow tiles and a continuous layer of concrete on
top. The total thickness of the structural slabs is assumed as equal to 0.25 m. Since the concrete layer is set as equal to
0.05 m, the software establishes an equivalent thickness of 0.05 m.
In this work, the timber slabs are composed of main timber beams with a timber plank on top. Given the lack of infor-

mation about the geometry of these structural elements, following Maio et al.,29 the slab was modelled assuming timber
beams with 0.10 m × 0.10 m of cross-section, spaced every 0.40 m. The timber plank on top was chosen equal to 0.03 m.
Also according to Maio et al.,29 the equivalent thickness in the software was defined equal to 0.05 m, and the mechanical
properties were chosen according to the New Zealand Guidelines.30 The structure of the roof is the same as the timber
slabs: it is pitched and covered by roof brick tiles.5 The mechanical and geometrical properties of the slabs, namely the
mainmodulus of elasticity (E1), the secondarymodulus of elasticity (E2), the shear modulus (G), and the equivalent thick-
ness (t), are given in Table 3.

4 NON-LINEAR STATIC ANALYSES

Several non-linear static analyses were performed to obtain the structural capacity for the 36 models (isolated structural
units and aggregate structures). The two orthogonal directions of the seismic action were considered, namely x being
parallel to the main façade or longitudinal and y being perpendicular to the main façade or transversal, and a uniform
load pattern (i.e. proportional to mass) was assigned. The analyses with a triangular load pattern are not shown here, as
a set of preliminary analyses led to less conservative results (i.e. higher capacity) that the uniform load pattern, refer to.31
Since according to the Italian code,30 the LS limit state is reached when the maximum total shear of the model is reduced
by 20% from the maximum value, the last points of the push-over curves are referred to this loss. According to the same
code, in the seismic combination the dead load should be multiplied by 1.0 and the live loads by 0.3.
Since the geometrical configuration of the masonry walls makes the positive directions of loading, the weakest, and the

analyses have revealed minor differences between positive and negative directions, only the results related to the positive
seismic actions (+x and +y) will be reported in the following.

4.1 Push-over curves in the x-direction

At first, the 36 models were considered as isolated structural units.32 Then, 36 aggregations of identical structural units
were assembled in a row, and horizontal forces in x-direction were applied. As an example, Figure 7A and 7B presents,
respectively, the curves related to the six isolated structural units (ISU) with two floors and timber slabs (‘2-2.5-T-T’; ‘2-2.7-
T-T’; ‘2-3.0-T-T’; ‘2-2.5-T-B’; ‘2-2.7-T-B’; and ‘2-3.0-T-B’) and to the six aggregate structures (AS), with the same identical
structural units. Following the same logic, Figure 8A and 8B shows, respectively, the curves related to the six isolated
structural units with wo floors and concrete slabs (‘2-2.5-C-T’; ‘2-2.7-C-T’; ‘2-3.0-C-T’; ‘2-2.5-C-B’; ‘2-2.7-C-B’; and ‘2-3.0-
C-B’) and the six aggregations of the same identical structural units. In all cases, the curves are plotted in terms of total
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F IGURE 7 x-direction push-over curves of the buildings with two floors and timber slabs: (A) isolated structural units and (B) aggregate
structures

F IGURE 8 x-direction push-over curves of the buildings with two floors and concrete slabs: (A) isolated structural units and (b) aggregate
structures

shear divided by the total mass (V/M). The displacement refers to an average of the displacements of the nodes located in
the top of the buildings (d), weighted by their associated masses.
Considering the global behaviour of the structures, if the identical structural units are aggregated in a row, it is possible

to observe an increase of capacity. Such behaviour can be explained by the aggregation process, which reduces the global
flexural effect. Another relevant contribution to the response was given by the orthogonal walls connected to the piers
in the façade (flange effect). Furthermore, since lower height buildings tend to be stiffer, the curves corresponding to the
structural units with 2.5 m of inter-storey height presents higher capacity than those with 2.7 m and 3.0 m. Furthermore,
the buildings with the same inter-storey height and the same type of slabs show different structural capacity depending
on the type of internal walls. As can be seen in Figures 7 and 8, the presence of the tabique walls leads to a reduction
in the building’s capacity. The curves also highlight the higher capacity of the buildings with concrete slabs, comparing
with those with timber slabs. The geometrical configuration of the walls in the x-direction, in particular, the considerable
presence of openings, makes the flexural collapse the primary failure mechanism of the masonry walls in this direction.
Figures 9A and 10A show all the 36 isolated structural unit models, distinguishing the buildings according to the num-

ber of floors. Figures 9B and 10B are referred to the aggregations of identical structural units. The curves highlight the
differences in terms of stiffness and displacement capacity if a different number of floors is considered. Due to the low-
est height and the configuration of their resisting walls, the 1one-floor buildings are the most rigid. As can be observed,
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F IGURE 9 x-direction push-over curves of the buildings with timber slabs: (A) isolated structural units and (B) aggregate structures

F IGURE 10 x-direction push-over curves of the buildings with concrete slabs: (A) isolated structural units and (B) aggregate structures

the slope of the curves increases with the increment of the number of floors, highlighting the decrement of the stiffness
for the two- and three-floor buildings, respectively. In turn, the displacement capacity increases with the increment of
the number of floors. In fact, the three-floor buildings exhibit more significant displacements, when compared with the
two-floor and the one-floor buildings. The curves highlight the decrement of the structural capacity with the increment
of the number of floors. They also show that compared with the concrete slabs, the timber slabs result in the decrease of
the global capacity of the buildings. From the aforementioned observations, a decrement of the collapse PGA is expected
for the cases of two- and three-floor buildings.

4.2 Push-over curves in the y-direction

The same analyses referred to the 36 models were performed applying horizontal forces in the y-direction. Also in this
case, as an example, Figure 11A shows the curves related to the six isolated structural units with two floors and timber slabs
(‘2-2.5-T-T’; ‘2-2.7-T-T’; ‘2-3.0-T-T’; ‘2-2.5-T-B’; ‘2-2.7-T-B’; and ‘2-3.0-T-B’) and Figure 11B shows the six aggregations of the
same identical structural units. Figure 12A shows the curves related to the six isolated structural units with two floors and
concrete slabs (‘2-2.5-C-T’; ‘2-2.7-C-T’; ‘2-3.0-C-T’; ‘2-2.5-C-B’; ‘2-2.7-C-B’; and ‘2-3.0-C-B’) and Figure 12B presents the six
aggregations of the same identical structural units.
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F IGURE 11 y-direction push-over curves of the buildings with two floors and timber slabs: (A) isolated structural units and (B) aggregate
structures

F IGURE 1 2 y-direction push-over curves of the buildingswith two floors and concrete slabs: (A) isolated structural units and (B) aggregate
structures

Figures 11 and 12 highlight that the buildings exhibit greater capacity in the y-direction. This is explained by the arrange-
ment and the geometry of thewalls, which are longer and present a few openings in this direction (see Figures 4A, and 6A).
Furthermore, the stocky masonry walls in the y-direction, associated with a reduced area of openings, make shear failure
the dominant failure mechanism in this direction.
The most remarkable differences are observed in the global behaviour of the aggregate structures in the y-direction. In

this case, the aggregation of identical structural units leads to a different geometrical configuration, causing a decrement
of the structural capacity. The walls in the y-direction are the same as the isolated structural units, but they are shared
between adjacent buildings, being thus twice loaded. A decrement of the PGAC is therefore expected if identical structural
units are aggregated in the y-direction. Moreover, some torsional effects will occur, affecting the structural capacity of the
aggregate. It is also possible to notice that the differences between the timber and the concrete slabs are not so remarkable,
as is in the case of the seismic action applied in the x-direction. This is because, for the y-direction, the contribution
of the slabs to the global response of the building is less significant than it is for the x-direction, where the slabs play
an important role in the response (see Figures 4A and 6A). When looking at the displacements, these differences are
even more significant, which can be explained by the fact that the rigid slabs present a higher capacity to distribute the
horizontal forces, leading thus to higher values of displacement at the collapse.
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F IGURE 13 y-direction push-over curves of the buildings with timber slabs: (A) isolated structural units and (B) aggregate structures

F IGURE 14 y-direction push-over curves of the buildings with concrete slabs: (A) isolated structural units and (B) aggregate structures

Figures 13A and 14A show all the 36 isolated structural unit models, distinguishing the buildings according to the num-
ber of floors. Figures 13B and 14B refer to the aggregation of identical structural units. The same considerations, in terms
of stiffness and displacement capacity, can also be done for the y-direction. Similarly, the structural capacity increases as
the number of floors decreases.

4.3 Analysis of the individual behaviour of each structural unit across the aggregate

Thedifferent geometrical configuration in the y-direction results in distinct levels of vulnerability of the different structural
units across the aggregate structure, and they are affected differently depending on their relative position. If the attainment
of the LS limit state is considered as the limit for the analysis of the whole aggregate structure, not all the masonry walls
of the structural units have reached the failure for shear. Therefore, according to Battaglia et al.,31 the analysis over the
attainment of the LS limit state was performed to allow each structural unit to reach the failure for shear and to get a kind
of vulnerability classification of the structural units that first attain the collapse for shear.
As expected, the type of slabs has a direct influence on the attainment of the shear failure for the masonry walls of the

different structural units. The results obtained in the present analysis corroborate this statement since, as can be seen in
Figure 15, the reinforced concrete slabs lead to a rigid deformation of the structure, which results in the early shear failure
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F IGURE 15 The deformed shape of the aggregate model ‘2-2.7-C-B’

F IGURE 16 The deformed shape of the aggregate model ‘2-2.7-T-B’

of the external units 1–2 due to the torsional effects. The last points of the push-over curves in Figures 12B, and 14B are
related to the attainment of the LS limit state, corresponding to the shear failure of the walls belonging to the Unit 1 and
Unit 2. Figure 15 shows the deformed configuration of the aggregated model ‘2-2.7-C-B’.
Contrarily to what happenswith the reinforced concrete slabs, due to their low stiffness, the timber slabs provide amore

flexible deformation of the structure. Figure 16 illustrates the deformed shape of the aggregate model ‘2-2.7-T-B’. The last
points of the push-over curves in Figures 11B and 13B are related to the attainment of the LS limit state, corresponding to
the shear failure of the walls belonging to the Units 3 and 4.
In order to ensure that each structural unit could reach the shear failure collapse, the analyses were extended beyond

the attainment of the LS limit state. Figure 17 shows the push-over curves related to the buildings with concrete slabs,
distinguished for the number of floors. As shown, the first decrement of shear strength corresponds to the failure of Unit
1 and Unit 2. The decrement that can be observed between 0.012 m and 0.020 m is related to the failure of Unit 3 and the
last points of the response correspond to the failure of Unit 4. In order to preserve the reliability of the analysis, it was
decided to neglect the failure related to Unit 5. These results highlight the different levels of vulnerability referred to the
structural units, depending on their position across the aggregate. As discussed, the more internal structural units tend
to be less vulnerable. On the other hand, the presence of the rigid slab is responsible for torsional effects, which affect
mainly the external units, particularly Unit 1 and Unit 2.
Figure 18 shows the push-over curves related to the buildings with timber slabs, distinguished from the number of

floors. So that the structural response of the aggregate with timber floors could be evaluated, the analysis was performed
beyond the stop criterion of the push-over analyses. From this analysis, it was possible to observe that, in contrast to Units
1, 2 and 5, which exhibit very small displacements, Units 3 and 4 continue deforming. In fact, as observed in Figure 16,
after the achievement of the plastic field, Units 3 and 4 behave almost independently. Moreover, if keeping the analysis of
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F IGURE 17 Push-over curves of the AS: two floors buildings with concrete slabs; analysis over the attainment of the life safety limit state

F IGURE 18 Push-over curves of the AS: two floors buildings with timber slabs; analysis over the attainment of the life safety limit state

the whole aggregate beyond the attainment of the LS limit state, these two units continue to deform, in contrast to Units
1, 2 and 5 which maintain very small displacements. For this reason, the aggregate structures were disaggregated into
the three sub-models presented in Figure 19. Thus, the failure of the Units 3 and 4 was analysed considering the whole
aggregate, whereas the failure of Units 1 and 2 was evaluated considering only two aggregated structural units (1 and 2),
and the failure of Unit 5 was evaluated considering the isolated structural unit. Following this, the final push-over curves
given in Figure 18 were obtained from the envelopes of the individual push-over curves of the structural units. As shown,
the first decrement of the shear corresponds to the failure of the Units 3 and 4, the decrement between 0.01 m and 0.02 m
is related to the failure of the Units 1 and 2, and the last decrement is related to the failure of Unit 5.

F IGURE 19 Deformed shape of the aggregate model ‘2-2.7-T-B’
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F IGURE 20 (A) Group of 50 acceleration spectra and (B) displacement spectra for the site of Seixal

5 SEISMIC HAZARD OF SEIXAL

In order to evaluate the PGA corresponding to the collapse of the specific structural topologies, it is necessary to accurately
characterise the seismic hazard of the study area. Seixal is about 15 km away from the new active fault of ‘Pinhal Novo’,
which has amaximumexpectedmagnitude of 7.0.33 According to the PortugueseNational Annex of Eurocode 8,34 two sce-
narios should be considered for this area: a ‘seismic action 1’, which refers to highmagnitude earthquakes at long distance
and with their epicentres mainly offshore; and a ‘seismic action 2’, referring to more moderate magnitude earthquakes,
located at a closer distance and with epicentres mainly inland. Since scenario 2 is more representative of the earthquakes
that occurred in Seixal in the past, the spectra generated using the ‘seismic action 2’ is used in this work. According to
the seismic hazard maps of Portugal33,35 and the most recent geological maps of the area (https://www.lneg.pt), a peak
ground acceleration equal to 0.17 g and a soil type B were adopted. In agreement with the Portuguese National Annex of
Eurocode 8, the soil factor (S) was considered equal to 1.35.
A group of 50 accelerograms was considered in order to take into account both the variability of the seismic action and

the uncertainty on the definition of the groundmotion. The accelerograms were obtained from the PEER GroundMotion
Database (https://ngawest2.berkeley.edu), created in collaboration with the NGA project,36 having been then scaled to
the same reference peak ground acceleration value of the site. The scaling process was limited to the range of period and
magnitude between 0.1 and 1.0 s and 6.5 and 7.0, respectively, to guarantee the compatibility of the accelerograms with
the LS limit state spectrum. Starting from the accelerograms, 50 acceleration spectra, illustrated in Figure 20A, and 50
displacement spectra, presented in Figure 20B, were obtained. The acceleration and displacement spectra defined by the
Portuguese National Annex of Eurocode 8 are also reported34 in Figure 20A and 20B.
The 50 different acceleration spectra were then applied to each of the 36models described in Section 2 in order to obtain

the collapse PGA (PGAC) associated with eachmodel. As proposed in EN 1998-134 and in the Italian Code,25 and according
to Fajfar,14 the N2 Method was used to obtain the structural capacity and the structural demand of the models, measured
in terms of displacement, using the displacement spectra given in Figure 20B. The adopted method may overestimate
or underestimate the results. However, since there were considered 50 accelerograms for each structural model, the rele-
vance of a single accelerogram ismarginal. The displacement demandswere evaluated according to the Italian Code25: the
‘equal-displacements’ and the ‘equal-energy’ rules are usedwhen the equivalent period (T*) of the single degree of freedom
(SDOF)model is, respectively, greater and smaller than TCthat is, the period defined in the code acceleration spectrum (in
this case,TC = 0.25 s). Table 4 presents the equivalent periods (T*) and the equivalent participantmasses (M*) of the SDOF
models for 24 different cases. Afterwards, the ratio between the displacement capacity and the displacement demand was
used to scale the acceleration spectra.32 According to this procedure, the acceleration corresponding to the structural fail-
ure of the model (PGAC) can be obtained from the product between that ratio and the peak ground acceleration of Seixal.
Since both the isolated structural units and the aggregate structures were considered and both x- and y-directions of the

seismic action were applied, 7200 PGAC were obtained, considering the attainment of the life state limit state as the point
of failure for the models.
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TABLE 4 Equivalent periods (T*) and equivalent participant masses (M*) of some of the SDOF models

Model

Isolated structural unit (ISU) Aggregate structure (AS)
x-direction y-direction x-Direction x-Direction
T* (s) M* (kg) T* (s) M* (kg) T* (s) M* (kg) T* (s) M* (kg)

1-2.7-T-B 0.388 166,305.86 0.121 166,305.86 0.303 63,8431.23 0.127 638,431.23
1-2.7-C-B 0.280 184,499.58 0.126 184,499.58 0.198 736,846.46 0.137 736,846.46
2-2.7-T-B 0.650 246,110.37 0.201 246,110.37 0.519 968,389.64 0.218 968,389.64
2-2.7-C-B 0.499 282,011.52 0.207 282,011.52 0.321 113,6551.52 0.225 1,136,551.52
3-2.7-T-B 0.911 315,403.04 0.282 315,403.04 0.766 1,231,578.46 0.299 1,231,578.46
3-2.7-C-B 0.726 367,927.24 0.296 367,927.24 0.520 1,494,365.33 0.318 1,494,365.33

6 DEFINITION OF FRAGILITY CURVES

The study of seismic vulnerability and fragility is currently one of the critical issues in the context of structural engineering,
particularly for existing buildings. The fragility curves are the tools to evaluate the probability of exceeding certain levels
of damage of a structural system when affected by an assigned seismic action. According to this approach, the failure is
reached when the difference between the structural capacity (C) and the structural demand (D) is less than or equal to
zero. In this work, the capacity and demand are expressed in terms of spectral accelerations. The limit state function (g),
in Equation (1), expresses that difference:

𝑔 = 𝑃𝐺𝐴𝐶 − 𝑃𝐺𝐴𝐷 ≤ 0, (1)

where PGAC is the spectral acceleration corresponding to the attainment of the LS limit state and PGAD is the spectral
demand acceleration.
The structural capacity is estimated herein performing non-linear static analyses, which were used to obtain the cor-

respondent PGAC, whose values were compared with a set of fixed PGAD, in order to find the probability of overcoming
those values of demand acceleration (PGAD). Therefore, when the difference between PGAC and PGAD was less than or
equal to zero, given by Equation (1), failure is reached. Finally, for each PGAD value defined, the ratio between the number
of failures and the number of all the obtained PGAC represents the probability of failure used to plot the fragility curves.
These curves were compared with those obtained by a statistical procedure: to each distribution of the PGAC obtained
from the analyses, a log-normal distribution was associated according to the average value and the standard deviation
of the distributions. Then, n different values of the PGAC were obtained using Monte Carlo in order to plot more regular
fragility curves that are compared with the ones obtained using the actual values of the PGAC from the analyses. The com-
parison allowed to observe that the curves obtained with the Monte Carlo method present a more regular shape because
of the higher number of the values of the generated PGAC. In the following paragraphs, the curves related to the x- and
y-directions of the seismic action are given in terms of the conditional probability of structural failure (Pf) and the spectral
demand acceleration (PGAD).
It is worth noting that the following results are obtained by all the models considering them equally probable; the data

are not disaggregated in a way that it can be used for with proper weights for to each branch of the logic tree in Figure 3. As
this would be a rather subjective attempt, the authors prefer not to develop final numerical fragility curves for the studied
area.

6.1 Seismic action in the x-direction

The fragility curves for the x-direction reveal a high fragility of the buildings analysed, especially those with timber slabs.
As can be observed in Figure 21A, the buildings with concrete slabs present a lower level of fragility than those with timber
slabs. Moreover, the aggregation of identical structural units leads to a decrement of fragility, confirming the tendency
already observed in the capacity results. Figure 21B shows the curves obtained with the Monte Carlo method, used herein
to generate well-shaped curves to compare with the more irregular ones. Monte Carlo was used to increase the number
of data obtained from the analyses to plot the regular curve, starting from the average values and the standard deviations
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F IGURE 2 1 Fragility curves of all the models in the x-direction, distinguished according to the type of slabs: (A) actual PGA; (B) Monte
Carlo method. ISU indicates Isolated Structural Unit and AS indicates Aggregate Structures

F IGURE 22 Fragility curves of all the models in x-direction using Monte Carlo method: (A) distinguished according to the number of
floors; (B) distinguished according to the type of internal walls. ISU indicates Isolated Structural Unit and AS indicates Aggregate Structures

of the distributions of those data. From the observation of Figure 21A and 21B, one can notice the similarity of both
approaches. The continuous lines are referred to the isolated structural units (ISU) and the dashed lines to the aggregate
structures (AS).
The beneficial contribution of the aggregation in terms of PGAC is also evident in the fragility curves presented in

Figure 22A, where the buildings are arranged by the number of floors. The curves related to the single floor buildings
show that the higher stiffness of these buildings makes them less fragile than the two- and three-floor buildings. Finally,
Figure 22B distinguishes the buildings according to the type of the internal walls, confirming that the presence of the
clay brick internal walls contributes to decrease the total fragility of the buildings. Based on the premise that the curves
obtained with theMonte Carlo method are similar to those derived from the actual values of the PGAC, only the first ones
are given in Figure 22.
From the analysis of Figure 21, it is also possible to draw some considerations about the consequences of the aggregate

effect in the x-direction. Such considerations can provide some intuition to those who need to know how the aggregate
may positively or negatively influence the structural behaviour of a single structural unit. In this case, considering the
average of the obtained PGAC values, the row aggregation of Five structural units in the longitudinal direction (x) led to
an increase of the seismic fragility of 3% for the buildings with timber slabs and 4% for those with the concrete slabs.
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F IGURE 2 3 Fragility curves of all the models in the y-direction, distinguished according to the type of slabs: (A) actual PGA; (B) Monte
Carlo method. ISU indicates Isolated Structural Unit and AS indicates Aggregate Structures

F IGURE 24 Fragility curves of all the models using Monte Carlo method: (A) distinguished according to the number of floors; (b) distin-
guished according to the type of internal walls. ISU indicates Isolated Structural Unit and AS indicates Aggregate Structures

6.2 Seismic action in the y-direction

Following the same presentation and the analysis scheme, Figure 23A and 23B provides the final fragility curves obtained
for the y-direction, distinguished according to the type of slabs. As can be observed, the presence of the concrete slabs leads
to a decrement of the fragility when comparing to the timber slabs. Nevertheless, due to the orientation of the slabs, these
differences are not as remarkable as for the x-direction. As observed in these figures, when considering the y-direction,
the fragility curves reveal lower levels of fragility than those related to the seismic action in the x-direction. This can be
explained by the arrangement and the geometry of the walls in this direction, which are longer, thicker andwith a reduced
number of openings. Like in the previous case, Figure 24A and 24B) shows similar comparisons in terms of the number
of floors and type of internal walls. As observed, the fragility increases with the increase of the number of the floors,
decreasing with the presence of the clay brick walls. As detailed above, the aggregation leads to a decrease of capacity in
the y-direction, consequently increasing the fragility of the whole aggregate. This can be explained by the torsional effects
and the contribution of the adjacent structural units, affecting the global response of the aggregate in the y-direction.
Also in this case, it is possible to draw some general conclusions on the consequences of the aggregate effect in the

x-direction, particularly at the attainment of the LS limit state. Analysing the fragility curves in Figure 23 and the average
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F IGURE 2 5 Fragility curves of the AS using the Monte Carlo method: analysis beyond the attainment of the life safety limit state: (A)
concrete slabs and (B) timber slabs

of the obtained PGAC values, the row aggregation of five structural units in the transversal direction (y) resulted in a
decrement of the seismic fragility in about 17% for the timber slabs and 35% for the concrete slabs. The more significant
decrement of the seismic fragility for buildings with concrete slabs can be justified by the torsional effect, which plays a
crucial role in the seismic response of the structures.

6.3 Seismic action in the y-direction: analysis of the behaviour of each structural unit
in the aggregate

Considering a seismic action in the y-direction, the analysis over the attainment of the LS limit state led to a clear difference
between the aggregate structures with concrete slabs and the ones with timber slabs. Since torsional stiffness and force
distribution are directly related to the type of slabs, different levels of vulnerability were found between structural units,
depending on their relative position within the aggregate. Figure 25A allows obtaining a hierarchy of failure of the various
units across the aggregate structures with concrete slabs. The curves highlight how the presence of the rigid slab causes
some torsional effects mainly affecting the external Units 1 and 2, whose walls are the first to reach the shear failure.
Continuing the analyses over the attainment of the LS it is possible to allow the other units to reach the shear failure. The
curves in Figure 25A show that the most fragile units are the external ones, that is Units 1 and 2, and that the fragility
increases, respectively, for Units 3 and 4. Figure 25B shows the fragility curves of the aggregate structures with timber
slabs. As can be observed, the presence of the flexible slabs leads to a different distribution of the forces, which depends
on the areas of influence and the distribution of masses. The torsional effects are reduced, and the forces allow the more
central units (Units 3 and 4) to exhibit larger displacements. The walls of these units are the first ones reaching the shear
failure. Extending the analyses beyond the attainment of the LS limit state, it was observed that the global structuremodel
is not able to attain the shear failure of the remaining units of the aggregate. Thus, since the Units 3 and 4 behave almost
independently, the model was disaggregated in three sub-models, allowing to obtain the shear collapse of the Units 1 and
2 (considering only two Units) and of Unit 5 (considering the isolated structural unit). The curves in Figure 25B allows
obtaining a hierarchy of failure of the units across the aggregate structures with timber slabs, revealing that the most
fragile units are Units 3 and 4, followed by Units 1 and 2. Unit 5 is the less fragile one.
Finally, it is possible to compare the fragility curves obtained in Figure 25 with those in Figures 21B, and 23B, in order to

evaluate the variation of the seismic fragility of the isolated structural units, for different positionswithin the aggregate. For
the concrete slabs, the seismic fragility of these units presented a decrement of about 35% when considering the external
Units 1 and 2 (LS limit state). Instead, an increment of 4% was obtained if Unit 3 is considered and of 90% for Unit 4 (see
Figure 25A). As for the timber slabs, as mentioned before, a decrement of 17% was obtained when the external Units 3 and
4 are considered (LS limit state). Instead, an increment of the 40% is obtained for the Units 1 and 2 and of the 120% for
Unit 5 (see Figure 25B).



BATTAGLIA et al. 19

7 CONCLUSIONS

This work focuses on the seismic vulnerability and fragility assessment of unreinforced masonry buildings, discussing
the effect of considering each building separately or within an aggregate of buildings, using the Portuguese city of Seixal
as case study. The main goal was to examine the differences in the seismic behaviour of the buildings when analysed as
isolated structural units or within a row aggregate of identical structural units. The analysis involved the assessment of
the most prevalent structural typologies individuated in the historic centre, considering the variability of a set of struc-
tural and geometrical parameters, defining 36 different structural configurations, whose seismic performance behaviours
were studied using non-linear static analyses. The seismic behaviour of these structural configurations, analysed as iso-
lated structural units, is compared with their structural performance when enclosed in aggregate. An increment on the
values of the collapse PGA (PGAC) was found when aggregating identical isolated structural units and considering the
seismic action in the longitudinal direction (x-direction). For the transversal direction (y-direction), however, the different
geometrical properties of the resisting walls lead to increase the vulnerability motivated by the installation of some tor-
sional effects, particularly in the external structural units, for which lower values of PGAC were obtained. The results also
showed how the variation of the chosen structural and geometrical parameters significantly affects the seismic response.
From the fragility analysis performed, it was possible to observe the lower fragility of the one-floor buildings when com-
pared with those with two and three floors. The type of internal walls was also found to be a significant fragility factor.
In fact, a clear relationship between the presence of tabique walls and the increase of the global fragility of the structure
was observed. However, the type of slabs (either concrete or timber) was found to be the most critical factor affecting the
seismic response. The presence of the concrete slabs leads to torsional effects affecting the external Units 1 and 2, making
them the most fragile across the aggregate. Contrarily, the presence of the timber slabs changes the hierarchy of collapse
obtained for the various structural units across the aggregates with concrete slabs. The torsional effects are reduced in
these cases, and the distribution of forces allows the central units (Units 3 and 4) to exhibit larger displacements. As a
consequence, the walls of these units are the first ones to failure, behaving almost independently. When disaggregating
the whole aggregate in sub-models, it was possible to obtain the shear collapse of the external Units 1 and 2 (considering
only 2 units), followed by the collapse of external Unit 5 (considering the isolated structural unit).
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