
Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

The seismic performance-based assessment of a masonry building enclosed
in aggregate in Faro (Portugal) by means of a new target structural unit
approach
Chiara Bernardinia,⁎, Rui Maiob, Sonia Boschia, Tiago Miguel Ferreirac, Romeu Vicenteb,
Andrea Vignolia
a Department of Civil and Environmental Engineering, University of Florence, Italy
bAveiro Research Centre of Risks and Sustainability in Construction (RISCO), Department of Civil Engineering, University of Aveiro, Portugal
c Institute for Science and Innovation for Bio-Sustainability (IB-S), Department of Civil Engineering, University of Minho, Portugal

A R T I C L E I N F O

Keywords:
Buildings in aggregate
Seismic performance-based assessment
Unreinforced masonry buildings
Nonlinear static (pushover) analysis
Macro-element approach

A B S T R A C T

The seismic vulnerability assessment of unreinforced masonry buildings within historical centres is a very
challenging research subject given the inaccuracy of investigating these buildings as independent structures.
Indeed, these buildings are often part of complex structural systems, which may differ in geometry, building
materials, construction techniques and maintenance condition, as they result from an urban continued growth
phenomenon, in adjacency and continuity with the existing built environment. For this reason, when assessing
the seismic vulnerability of buildings enclosed in aggregate, the reciprocal interactions with adjacent structures
should be considered. However, even though several studies have been performed in recent years to address this
issue, it is not yet clear how to represent these interactions in numerical models, without the need for modelling
the entire aggregate.

Hence, this study aims at understanding how the “aggregate effect” should be modelled for a more accurate
seismic assessment of unreinforced masonry buildings located within historical centres. To this end, an in-
novative procedure, from now on referred to as “target structural unit approach”, was developed, aiming at
identifying the optimal portion of the aggregate that best represents the “aggregate effect” for the investigated
structural unit, i.e., the Minimum Unit of Analysis (MUA). This procedure is based on a multi-level analysis of the
seismic response of the target structural unit, investigating different modelling configurations in addition to the
complete aggregate or the isolated building. The evaluation is preliminarily performed at global– and wall–
level; then, the structural unit– level is introduced as additional verification level, with the aim to understand the
variability of the seismic response of the case study building in function of different boundary conditions.

The procedure herein proposed was employed to a case study located in the “Bairro Ribeirinho” neigh-
bourhood in Faro (Portugal), by performing nonlinear static analyses using a software code based on the macro-
elements approach.

Although just some first results are shown and further investigations are needed, the proposed approach can
be used for the validation of seismic assessment strategies specific for masonry buildings enclosed in aggregate.

1. Introduction

The seismic safety assessment of masonry buildings enclosed in
aggregate is a matter of great importance since they are a compre-
hensive structural typology in historical centres across the world. As
they usually comprise different structural typologies and a wide range
of construction materials, their analysis is naturally affected by several
sources of uncertainties, for example, related to the knowledge level of

construction techniques, mechanical properties of materials and effec-
tive structural organisation. For this reason, Carocci [1] highlighted the
importance of performing a preliminary “critical reading” of the con-
struction techniques and the diachronic construction process of the
building aggregate as a fundamental step that should precede the as-
sessment phase.

A masonry aggregate is usually divided into several “structural
units”, which are characterised either by structural in-height continuity
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or by a common manufacturing process [2] and share the same
boundary walls. Their response under seismic loading is influenced by
the interactions and the effectiveness of the connections with the ad-
jacent units, which rule the “aggregate effect”.

At the current state-of-the-art, it is commonly accepted that the
seismic response of old masonry buildings assets is highly reliant on the
diversity and quality of materials and execution techniques, main-
tenance condition, the in-height and in-plan regularity, the quality of
connections between walls and horizontal elements, and also between
orthogonal walls. Moreover, when they are enclosed in aggregate, ad-
ditional features should be considered, such as the position of each
structural unit within the aggregate, the presence of different material
and construction techniques, the irregularities in-height and among
opening areas, and the presence of staggered floors [3,4]. For this
reason, the seismic safety assessment of buildings enclosed in aggregate
should not be conducted by merely considering the building under
analysis as an isolated structure, but by taking into account the re-
spective surrounding conditions. This issue was addressed in ReLUIS
[5] with the introduction of the MIU (Minimum Intervention Unit,
hereinafter referred to as “target structural unit”) concept, which re-
presents the minimum operative scale of a repair or reconstruction
project designed for one or more similar structural units. However, to
account for the interactions between structural units, the MUA
(Minimum Unit of Analysis), which is defined as the portion of the
aggregate in which the analysed MIU and the adjacent structural units
are enclosed, should be identified.

In the past few years, several studies were developed aiming at
identifying the main particularities inherent to buildings enclosed in
aggregate and also at evaluating their influence over the asset’s global
seismic behaviour. Boschi et al. [6], for example, proposed a metho-
dology for both pre- and post-earthquake assessment of existing ma-
sonry buildings, which was applied to a building aggregate located in
Castelnuovo (Italy) hit by the April 2009 L’Aquila earthquake. Recently,
Brando et al. [7] applied a predictive model for the seismic vulner-
ability assessment of small historic centres in the Abruzzi Region.
Moreover, the influence of geologic conditions on the seismic vulner-
ability of masonry building aggregates located in historical centres is
evaluated in Chieffo and Formisano [8]. Formisano [9] also presented a
nonlinear methodology for computing simplified pushover curves of
both single structural units and building compounds. The importance to
contemplate the historical evolution of masonry buildings was high-
lighted in Betti et al. [10], where the seismic assessment of the museum
of Casa Vasari in Arezzo (Italy) was evaluated by considering different
structural configurations, according to the effectiveness of the connec-
tions between the structural elements. Moreover, Lagomarsino et al.
[11] deepened the performance-based assessment of complex monu-
mental buildings in aggregate, stressing out the necessity to define
numerical models able to guarantee a reliable estimate, taking into
account the interaction effects, but with a reasonable computational
effort.

Although the importance of considering the interactions between
adjacent buildings is nowadays a consensual fact in literature, there is
still a clear research gap concerning how the “aggregate effect” should
be accounted for in the assessment phase. A conventional method for
seismic assessment of a building within an aggregate is to compare its
global capacity by considering two distinct conditions: the building as
an independent (isolated) structure and the entire building aggregate.
Based on this approach, both Pujades et al. [12] and Ferrito et al. [13]
noticed that, along the direction of aggregate, the “aggregate effect”
does not improve significantly the seismic response of the isolated
buildings, while along the transversal direction the confinement pro-
duces a small reduction of their seismic vulnerability. Moreover, as
confirmed in Ulrich et al. [14] and Senaldi et al. [15], row-end

buildings proved to be more vulnerable, since they are not efficiently
braced to the adjacent buildings, especially in presence of flexible
diaphragms. Fagundes et al. [16], instead, stressed out the importance
of accounting for the presence of staggered floors and in- height irre-
gularities in numerical models for a more accurate estimation of the
seismic response of buildings enclosed in aggregate.

Some recent studies proposed the implementation of simplified
models for representing the boundary conditions of the structural unit
to be examined, by adopting springs, columns, links or simplified re-
presentations for the boundary buildings, as Valotto et al. [17] and
Formisano and Massilla [18]. Moreover, Greco et al. [19] highlighted
the different behavior of some structural units when considered as
isolated or part of an aggregate.

Nevertheless, the authors believe that the “aggregate effect” is not
adequately captured by merely evaluating the global seismic response,
even if investigating different modelling configurations in addition to
the conventional approaches. Therefore, the procedure herein proposed
suggests the evaluation at the wall– level and introduces the structural
unit– level as an additional verification level, to understand the varia-
bility in terms of seismic response of the case study building by varying
the boundary conditions.

Bearing in mind the above-mentioned framework, the main aim of
this study is to investigate the “aggregate effect” of an UCH (Urban
Cultural Heritage) asset [20] enclosed in aggregate located in the
“Bairro Ribeirinho” neighbourhood in Faro (Portugal) and to identify
the optimal portion of the aggregate to be considered in the modelling
(MUA). To this end, its sensitivity to different boundary conditions and
modelling configurations was evaluated by performing non-linear static
(pushover) analyses considering a multi-level approach. These analyses
were computed using a FME (Frame by Macro Elements) model im-
plemented in the 3Muri software code [21]. Finally, the seismic ver-
ification was carried out by adopting the seismic performance-based
assessment procedure recommended both by EN 1998-3 [22] and NTC
[23].

Hence, the case study building and its built environment are de-
scribed in the following Section 2. Afterwards, the presentation and
discussion of the main features concerning the numerical modelling are
illustrated in Section 3. In Section 4, an overview of the target structural
unit approach adopted in this study is given. The results obtained by
employing this new approach to the case study are discussed in Section
5. Finally, the main findings of this study are synthesised in Section 6.

2. The case study and its built environment

The “Bairro Ribeirinho” neighbourhood is an important part of the
historic centre of Faro, in Portugal, and it was recently subject of study
in the scope of a national project entitled “URBSIS: Assessing
Vulnerability and Managing Earthquake Risk at Urban Scale”, com-
missioned by the Faro City Council, which main results and achieve-
ments were compiled in Vicente et al. [24]. The seismicity associated to
this region is affected by both offshore and onshore fault systems, as
demonstrated in [25–27].

The square-shaped building aggregate is composed of a total of 11
structural units constructed in different periods. In this study, however,
only a part of the aggregate was investigated. Indeed, the authors have
only considered the structural units highlighted in Fig. 1 (structural
units A, B, D and E), as they are arranged along the two main directions
of analysis (X and Y) from the case study building (from now on re-
ferred to as structural unit C). From Fig. 1, one can observe how the
typologies of external walls are distributed among the different struc-
tural units.

Both historical reports and enquiries to local inhabitants suggest
that the case study building, structural unit C, presented in the
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following Fig. 2, dates from the second half of the XIX century. This
two-storey building has a total height of 9.0 m, a square-shaped layout
of about 12× 12m and bonds its side walls with the adjacent buildings,
a condition that, as stressed in the previous section, is still either often
disregarded or not adequately addressed in the literature, being
therefore the motivation for carrying out the present study. External
walls are made of regular limestone masonry, about 70 cm thick, with
about 5 cm of lime-sand plaster on each side of the wall. Interior par-
tition walls, instead, were executed in 11.5 cm thick hollow clay bricks.

Even though there is no information available about the founda-
tions, they were most likely executed resorting to the same type of stone
masonry and stone laying fabric used to build the load-bearing walls,
with a height estimated to vary between 0.70 and 1.00m, according to
“in-situ” observations in buildings of similar construction typology lo-
cated in the this neighbourhood.

In what regards the horizontal structure (represented in Fig. 3), this
structural unit C presents both traditional timber floors and voided
concrete slabs. The roof structure comprises a traditional timber king
post hip roof truss system of three hip rafters (also known as “telhados
de tesouro”), and also “Santa Catarina” terraces, composed of over-
lapped layers of ceramic tiles, filled with earth, tiles or mortar [28].

Since this study aims at investigating the influence of adjacent
structural units over the seismic response of the structural unit C, only a
brief description of the remaining structural units is given in the fol-
lowing paragraph. A detailed description concerning the geometrical
and mechanical properties assigned to both vertical and horizontal

structural elements considered in the numerical modelling phase will be
given further on in Section 4.

Structural unit A is a two-storey building presenting a rectangular
layout of about 12× 10m and a total height of 8.0m. The thickness of
load-bearing walls varies between 15 and 30 cm, respectively for in-
ternal and external walls and they are executed in hollow clay bricks
masonry. While floors slabs are made of prefabricated reinforced-con-
crete beams with voided concrete blocks, the roof is a traditional “Santa
Catarina” terrace typology.

Structural unit B, instead, is a single-storey masonry building with a
rectangular layout of about 6×11m and a total height of 5.0m. While
external walls are made of regular limestone masonry about 50 cm
thick, partition walls are made of hollow clay brick masonry about
15 cm thick. The roof structure is composed of a traditional timber king
post truss system.

Structural unit D is a three-storey building with a rectangular layout
of about 12× 9m and a total height of 9.0m. External walls at the
ground floor level are made of limestone masonry about 30 cm thick,
while the partition ones are executed in hollow clay bricks masonry
about 15 cm thick. The horizontal structure consists of both traditional
timber floors and roofs, and “Santa Catarina” terraces.

Finally, structural unit E is a single-storey limestone building pre-
senting a rectangular layout of about 11× 7m and a total height of
5.0 m. External walls are about 65 cm thick and partition walls are
made of hollow clay brick masonry about 15 cm thick. The roof is a
traditional timber truss structure.

Fig. 1. Aerial view (https://maps.google.com/, left) and architectural plans of the ground floor level and main façade elevations of each structural unit considered in
this study, from A to E (right).

Fig. 2. Façade walls of the case study building (structural unit C).
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3. Numerical modelling

In this section, a detailed explanation of the main particularities of
each considered modelling configuration is going to be provided.
Additionally, the fundamental features and assumptions considered to
compute nonlinear static (pushover) analyses are going to be discussed.
Finally, some considerations regarding both the seismic demand defi-
nition and the criteria adopted for the safety verification of the case
study building will be given.

All the numerical models were developed by using the commercial
release version 11.0.0.8 of 3Muri [21] software code, which is based on
the FME model approach, following the assumption that the in-plane
response of masonry walls with openings can be discretised by a set of
one-dimensional piers and spandrels macro-elements [29,30].

As illustrated in Fig. 4, model M1 represents the complete building
aggregate, in which the case study is inserted as a “corner” building,
while model M5 refers to the other extreme situation, where the case
study is modelled as “isolated”. Furthermore, intermediate conditions
were also considered by varying the number of the modelled structural
units. Model M2, for example, only considers the structural units that
are immediately adjacent to the case study building (structural units B
and D). Finally, models M3 and M4 only consider the structural units
oriented along the X and Y direction, respectively, in which the case
study building is positioned as a row-end building. For a matter of
coherence and simplicity, the same nomenclature is going to be used
throughout the paper.

3.1. Geometrical and mechanical properties

Considering the aim of this study, the authors are mainly focused on
understanding how the seismic response of the case study building is
affected by the boundary conditions, in detriment of performing a more
accurate seismic safety evaluation, in which both epistemic and alea-
tory uncertainties would have to be taken into account.

The geometry of all models was defined accordingly to the plans and
detailed drawings collected during the on-site survey and investigation
campaign carried out by the authors. However, due to the impossibility
of carrying out further “in-situ” tests to enhance the knowledge on the
geometry, typology and mechanical properties of some structural ele-
ments, a few assumptions were considered: arched windows were
considered rectangular (assuming a more conservative approach);
horizontal diaphragms were assumed sufficiently connected to masonry
walls to ensure the box-behaviour; timber roofs were modelled as
horizontal diaphragms; internal timber staircases were not modelled;
the underlying soil (foundations) was assumed and modelled as rigid.

With regards to the masonry typologies, the classification proposed
by MIT [2] of the Italian code NTC [23] was assumed. Hence, the ty-
pology “double-leaf stone masonry in rough-hewn with internal nu-
cleus” (2nd category from Tab. C8A.2.1) was assigned to limestone
masonry walls, while the typology “masonry in hollow brick blocks
with a holes percentage smaller than 45%” (8th category from Tab.
C8A.2.1) was assigned to hollow clay brick masonry walls. A knowledge
level KL1 was assumed. As suggested by NTC [23], minimum values of

B
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Fig. 3. Scheme of the vertical structure and main elevations of the case study building (structural unit C).

Fig. 4. Ground floor plan and three-dimensional view of modelling configurations M1 to M5 (from left to right).
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strength parameters and average values of stiffness parameters corre-
spond to KL1, as presented in Table 1. Moreover, a confidence factor,
CFKL1, equal to 1.35, was applied to strength parameters (compressive
and shear strength, respectively fm and 0). Additionally, due to the
poor state of preservation of masonry fabric, a cracked stiffness con-
dition was applied to the stiffness parameters, meaning that the values
of the Elastic (E) and Shear modulus (G) were halved.

Given the lack of reliable data regarding the mechanical properties
of timber horizontal diaphragms, their definition is automatically de-
rived by the software based on the main geometrical properties col-
lected during the on-site investigation and by assuming a double
straight sheathing typology.

Timber elements were assigned with class C E18, and G values
equal to 3.80 and 1.58 GPa, respectively, equal to 2.70 kNm−3, and
compressive strength, fwm equal to 26.0 Nmm−2. Timber floors and
roofs were represented in the models as orthotropic finite element
membranes with an equivalent thickness, s, equal to 5 cm. Voided
concrete slabs (also referred as mixed composite floors), were re-
presented as a continuous concrete slabs 5 cm thick, assuming a con-
crete class C16/20. Finally, “Santa Catarina” terraces were also re-
presented as voided concrete slabs 4 cm thick. The mechanical
properties (i.e., the Young modulus in the orthogonal and perpendi-
cular warping direction, E eq1, and E eq2, , the equivalent shear modulus,
Geq, and the Poisson coefficient, ) and the loads (gravity, Gk, and live,
Qk) assigned to the diaphragms are summarised in Table 2.

3.2. Pushover analyses and seismic safety verification

The pushover analyses and the seismic safety verification were
performed in accordance to the N2 Method, originally developed by
Fajfar [31] and adopted on the current EN 1998-1 [32] and NTC [23].
The applicability and reliability of the N2 Method to short period un-
reinforced masonry structures were currently discussed in the scientific
community and new formulations relating inelastic and elastic dis-
placement demands were proposed ([33,34]). However, in favor of
simplicity and considering the aim of this study, this aspect was not
investigated here.

The pushover analyses, presented and discussed in Section 5, were
stopped at a 20% decay of the maximum base shear strength, with the
ductility control ensured by the definition of in-plane ultimate drifts u
for the masonry panels, based on the respective failure mechanisms,
assumed equal to 0.4% and 0.6% of the height of the panels, respec-
tively for the shear and flexural failure modes [2,23]. Moreover, these

analyses were performed for each main direction X and Y, both positive
and negative, by considering two load pattern distributions: uniform
(U), proportional to the mass, and pseudo-triangular (T), proportional
to the product between the mass and height. For the sake of simplicity,
accidental eccentricity was disregarded.

In order to assess seismic safety, pushover curves, related to the
original Multi Degree of Freedom (MDoF) system, were converted into
an equivalent Single Degree of Freedom (SDoF) system. An elasto–-
perfectly plastic force–displacement relationship was assumed to define
the SDoF capacity curve, wherein the initial stiffness, k , was de-
termined based on the intersection with the point corresponding to 70%
of the maximum base shear strength achieved on the initial branch of
the pushover curve, while the equivalent mass, =m mi i, was cal-
culated from the story masses, mi, and the component, i, of the dis-
placement shape. Moreover, the yielding strength, Fy, was determined
so that the areas under the pushover curve and the elasto–perfectly
plastic capacity curve are equal, and the equivalent period was calcu-
lated as =T 2 m

k
.

The verification of the ultimate limit state (ULS) consisted in
checking if the structure withstands the seismic demand, which was
defined in this case by means of an elastic response spectrum with a
return period,TR of 475 years, according to the recommendations of the
EN 1998-1 [32], the EN 1998-3 [22], and the NP EN 1998-1:2010 [35],
when using the recommended parameters established in the Portuguese
National Annex for the city of Faro, where the present case study is
located [35]. For the sake of simplicity, only the code response spec-
trum action type 1 was considered (worst case scenario of inter-plate
earthquake), to which corresponds a agR equal to 1.50ms−2 and soil
factor (S) equal to 1.29. Moreover, an equivalent viscous damping , of
5% for a foundation soil type C was adopted in both cases. The build-
ings’ importance factor I , was considered equal to 1.15.

Finally, the seismic verification for the ULS was carried out by
adopting the seismic performance-based assessment procedure re-
commended both by EN 1998-3 [22] and the NTC [23]. However, only
the capacity-to-demand displacement and acceleration ratios (d d/max t
and a a/g max gR, ), hereinafter referred to as d and a, respectively, were
included in the analysis. According to the referred codes [22,23], safety
is verified when both ratios are higher than 1.

In order to allow a more reliable comparison of the results, the
control node was fixed near the barycentre of the target building top
floor level for all the models and analyses performed, which corre-
sponds to the intersection of the two main internal walls (see Fig. 5). In
this particular case study building, which includes both rigid and
flexible diaphragms, mass weighted average displacements at the re-
ferred control node provide a more reliable estimate of the building
overall response [36]. Pushover curves were normalised by dividing the
base shear strength, Vb, by the respective weight, W, and the mass-
weighted average displacements at the control node, dcn, by its height,
Hcn. Fig. 5 also highlights the walls to be examined in the framework of
the target structural unit approach, which is going to be described in the

Table 1
Mechanical properties assigned to masonry panels, adopted from Tab. C8A.2.1
of MIT [2].

Material E [MPa] G [MPa] w [kN m−3] fm [N cm−2] 0 [N cm−2]

Limestone masonry 615 205 20 148.2 2.6
Hollow brick

masonry
2250 675 12 296.3 22.2

Table 2
Mechanical properties assigned to horizontal diaphragms.

Typology E eq1,
[GPa]

E eq2,
[GPa]

Geq
[GPa]

[–] Gk [kN m−2] Qk [kN m−2]

Timber floors 9 5 0.3 0 0.8 2
Timber roofs 9 5 0.3 0 1 0.4
Voided concrete

slabs
43.5 29 12 0.2 1.5 2

“Santa Catarina”
terraces

36 20 8.3 0.2 2 2

W1

W1

W3

W2

W4
Y

X

W2
W4

W3
Control node

Fig. 5. Location of the walls evaluated at the wall–level and the selected control
node.
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following Section 4. Wall 1 (W1) corresponds to the façade wall of the
case study building in the X direction; wall 3 (W3) corresponds to a
portion of the mid-wall, also aligned along the X direction; wall 2 (W2)
and wall 4 (W4) correspond to the façade and mid-wall along the Y
direction, respectively.

4. The target structural unit approach

In this section, a general overview of the target structural unit ap-
proach proposed in this study is given. This approach is based on a
multi-level analysis of the seismic response of the target structural unit
considering different boundary conditions, according to the following
reasoning. It is worth noting that the knowledge process is a funda-
mental step for carrying out a correct seismic assessment, as it allows a
reliable definition of the aggregate and of its structural units.

Hence, in a first phase, Mi (i= 1:n) modelling configurations should
be defined based on the morphological characteristics of the building
aggregate and of the position of the target structural unit. In this study,
five different modelling configurations were considered, which are il-
lustrated in the previous Fig. 4.

In this preliminary phase, through the comparison of the pushover
curves and of the main indicators obtained by performing the seismic
performance-based assessment of each modelling configuration Mi
(i = 1:n), is it possible to define a preliminary MUA configuration.

In a second phase, the seismic response assessment is extended at
the target structural unit– level at the varying the boundary conditions.
The seismic performance-based assessment is performed for the target
structural unit (C) within each modelling configuration, hereinafter
referred to as Mi , where the apex indicates that structural unit is
evaluated, while subscript i refers to the considered model configura-
tion. Again, the discussion of the results includes the comparison in
terms of pushover curves and the main seismic performance indicators.
The pushover curves are reproduced by considering displacements and
base shear forces, deriving from the analysis of the global models, of the
nodes belonging to the target structural unit.

Finally, in a third phase of assessment, the final MUA is defined as
follows. Once the seismic performance of the target structural unit is
evaluated for all the considered modelling conditions, it is important to
individuate the reference configuration Mi (i= 1:n) which is assumed
to represent in a more accurate way the seismic response of the target
structural unit C.

Assuming a unitary process of building up and an in-depth knowl-
edge of the investigated building aggregate, the reference configuration
could be assumed as the complete building aggregate condition (re-
ferred as M1 , i.e. the target structural unit within model M1). However,
as the number of structural units increases, often some parts of the
aggregate may be inaccessible, or the collected information may be
insufficient. Hence, the complete aggregate condition can be affected by
uncertainties and the reference condition for the investigated structural
unit can be undefined. Therefore, an alternative for identifying the
reference configuration consists on the minimisation process of the
percentage changes of the main seismic performance-based indicators
in models Mi .

Following this procedure, the MUA will correspond to the global
model Mi characterised by the closest seismic response to that of the
reference model, if their seismic behaviour are similar. Nevertheless,
the definition of the MUA should also take into consideration the pre-
liminary MUA identified in the first phase of assessment.

The first results obtained by employing this new approach to the
case study are illustrated in the following Sections.

5. Seismic response assessment

Before starting the seismic response assessment phase of the models
M1 to M5, presented in the previous Section 3, there are yet a few
comments that are worth noting related to the expected capability of

these modelling configurations to model the actual “aggregate effect”
on structural unit C, due to the presence of adjacent buildings. Firstly, it
is reasonable to admit that model M5, since it corresponds to the iso-
lated configuration of structural unit C, is expected to be furthest from
capturing the actual “aggregate” effect. By the other hand, as model M1
requires the investigation of every single structural unit, which is most
of the times impracticable in terms of both resources and legal per-
missions, it will naturally have the computational effort and the po-
tential increase of uncertainty as major drawbacks. Hence, recalling the
main aim of the present study, the authors are seeking for an inter-
mediate configuration (the MUA) that might provide the best fit be-
tween accuracy on the estimation of the seismic response of structural
unit C accounting for its morphological condition (enclosed in ag-
gregate) and the resources and computational effort required to esti-
mate its seismic response.

Therefore, in this Section, the in-plane seismic response assessment
of these modelling configurations is going to be carried out in two
different phases: preliminary analysis and target structural unit ap-
proach. In both phases, the seismic response is going to be evaluated in
terms of seismic capacity and safety (through code-oriented seismic
performance-based assessment). While in the first phase (preliminary
analysis, Section 5.1) the global seismic response of models M1 to M5 is
discussed, together with the seismic capacity of the boundary walls of
structural unit C, in the second phase (target structural unit- level
analysis, Section 5.2) a new approach is developed to extract the
seismic response of structural unit C from each modelling configura-
tion.

5.1. Preliminary analysis

In this first phase, the authors aimed at evaluating and comparing
the seismic response of modelling configurations M1 to M5, as an at-
tempt to estimate the “aggregate effect” over structural unit C, and
identify the preliminary MUA. However, acknowledging that the global
response of the considered modelling configurations might not be close
to the actual response of structural unit C, this analysis was extended to
the wall– level.

5.1.1. Pushover curves
In the following paragraphs, the discussion of the results is going to

be carried out by comparing and critically analysing the pushover
curves obtained for each modelling configuration (M1 to M5), at both
global– and wall– levels.

In Fig. 6, the global pushover curves are compared for all modelling
configurations by type of load pattern distribution and direction. In
both directions, the analyses performed by considering a uniform load
pattern distribution present higher capacity than those associated with
the triangular one. Moreover, when considering the uniform load pat-
tern distribution, models M4 and M1 present a higher capacity than
model M3. The curves of models M2 and M5, in turn, show an inter-
mediate response in terms of base shear capacity. When looking at the
triangular load pattern distribution, the results are more unclear, as the
curves for most of the modelling configurations present a higher
variability in terms of capacity between the positive and negative or-
ientation of both X and Y directions. This fact is even more striking in
the case of model M5, for which the positive and negative orientation of
both X and Y directions appear to respectively provide the highest and
the lowest base shear capacity.

If looking at the initial branch of these curves, one can observe that
models M4 and M1 present a higher stiffness than models M5 and M3.
This indicates that the structural units adjacent to the case study
building along the X direction are a portion of the aggregate in which
damage is expected to be concentrated. This fact might be in turn as-
sociated either with a low thickness of masonry walls, a low ratio of
effective resistant area in X direction, the presence of a single-storey
building (structural unit E), or even with the apparent higher
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contribution of structural units arranged along the Y direction (A, B,
and C) to the global stiffness.

In order to analyse the base shear capacity distribution for each
direction, the shear resistance average value, Resav (i.e., the ratio be-
tween the average shear resistance, evaluated as the product of the
resistant area and the shear strength, 0, and the plan area), was esti-
mated for each structural unit (from A to E). In Table 3 it is possible to
observe that, in general, structural unit A presents the highest shear
resistance. In the X direction, while structural units A and D show a
similar Resav value (around 25%), structural units C and E do not reach
15%. In the Y direction, instead, structural unit A clearly shows the
highest shear resistance (almost 40%), while the lowest Resav values
(around 10%) are for structural units B and E. Moreover, according to
these results, structural unit C shows a higher shear resistance than
structural unit D in the Y direction. In the light of these results and
following the previous pushover curves, it is possible to conclude that
globally, modelling configurations M4 and M3 present the highest and
lowest shear capacity, respectively.

As previously mentioned, the prediction of impact of the different
modelling configurations over the seismic response of structural unit C
was compared by evaluating the variability on capacity also at the
wall– level, namely for the façades and mid-walls identified in Fig. 5.
Hence, Fig. 7, present the pushover curves of walls W1 and W3, and W2
and W4, obtained for both load pattern distributions in both positive

directions of analysis.
Firstly, the pushover curves obtained for both distributions show a

similar trend in both directions of analysis. However, the difference in
terms of capacity between façade- and mid-walls is quite significant.
This fact is particularly evident in the X direction, where the base shear
capacity is practically doubled. In fact, these results can be partially
explained by the fact that, being a blind-wall (with no openings), wall
W3 carries part of the loads from structural unit B. The observed de-
viation with respect to façade wall W1 is indeed smaller in models M3
and M5, where structural unit B is not modelled. However, the con-
tribution of both walls W1 and W3 is way more relevant in the case of
modelling configurations M M,1 2, and M3.

In the Y direction, and despite the evident differences regarding the
ratios of effective resistant area between the corresponding façade- and
mid-wall, façade wall W2 presents in general a higher stiffness and base
shear capacity for both load pattern distributions. This is due to the fact
that wall W2 carries higher loads than the mid-wallW4. Moreover, walls
W2 andW4 present the highest stiffness and shear capacity in models M4
and M1, respectively. By contrast, the same walls present a lowest
stiffness and shear capacity in the case of modelling configuration M3.

Bearing in mind the above, it is clear that the mentioned walls of
structural unit C show lower base shear capacity for modelling con-
figurations M3 and M5. These results are in accordance with those ob-
tained at a global– level. In X direction the isolated condition (M5) has
lower stiffness and base shear capacity than the intermediate config-
uration (M2) and similar to the row-end configuration (M3). In the Y
direction, the same conclusions can be drawn for façade wall W2, for
which the isolated configuration (M5) presents lower stiffness and shear
capacity than both the intermediate configuration (M2) and the row-end
configuration (M4). This fact is reversed in the case of the mid-wall W4,
for which M5 presents similar results as M4, and is characterised by a
higher base shear capacity than M2.

However, the failure mechanisms and the damage levels in these
walls do not significantly change from one configuration to the other.

Finally, in Fig. 8, the contribution of the referred walls (W W W, ,1 2 3

Fig. 6. Comparison between pushover curves at global–level for all modelling configurations M1 to M5, for both load pattern distributions in X (upper row) and Y
direction (bottom row).

Table 3
Percentage distribution of the mean value of the shear resistance, Resav, for each
structural unit.

S.U. Resav tot, Resav X, Resav Y,

A 32% 26% 38%
B 16% 22% 11%
C 18% 12% 23%
D 22% 26% 18%
E 12% 14% 10%
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and W4) is compared to the global response of each modelling config-
uration, from which it is possible to observe that, independently from
the model and the load pattern distribution, walls W2 and W3 show the
highest contribution in terms of base shear capacity in each direction,
corroborating the previous results. The difference between façade- and
mid-walls is more accentuated in the X direction. Moreover, and as
initially expected, when comparing the evolution from modelling con-
figuration M1 (the whole building aggregate) to M5 (the isolated con-
figuration of structural unit C), the contribution of the walls of struc-
tural unit C generally increases.

When focusing at the global– level and on modelling configurations
M M,3 4 and M5 (along the X direction), there is not a clear trend about
which configuration is more vulnerable, as these curves present a quite
similar behaviour in both positive and negative directions. When
comparing the row-end configuration (M4) to the isolated one (M5)
along the Y direction, it is observed a clear capacity increase; this re-
sults from the fact of structural unit A being a more rigid unit, given its
masonry typology and geometry.

From these results, it seems clear that modelling structural unit C as
an isolated structure (as in M5) is not recommendable since the con-
tribution of the adjacent structural units is lost. On the other hand, the
study of the whole aggregate not only usually requires a large compu-
tational effort but can also lead to more unreliable results, as commonly
a perfect shear redistribution among the structural units is assumed,
neglecting the presence of material discontinuities that can modify the
seismic response. Moreover, modelling configurations M5 and M3, in
which the isolated and row-end configurations were respectively con-
sidered, have a similar base shear capacity in both directions, meaning
that the contribution of structural units D and E is not quite relevant.
This observation is particularly true in the case of structural unit E, as
modelling configuration M2 has demonstrated to have an intermediate
response. By comparing M5 and M4 instead, which correspond to the
isolated and row-end configurations aligned along the Y direction, re-
spectively, one can observe that the shear capacity is improved by the
presence of the structural units A and B. Given the different masonry

typology used for the load-bearing walls of structural unit A, the au-
thors attribute this result to the presence of a material discontinuity
among structural units A and B. Consequently, it is possible to neglect
its contribution to the global base shear capacity.

However, despite the results mentioned above, which are ex-
clusively related to the seismic capacity, it is necessary to establish a
comparison between these and the seismic demand (as described in
Section 3.2). The outcomes from the application of this procedure are
going to be addressed in the following Section 3.2.

5.1.2. Seismic performance-based assessment
As mentioned in Section 3.2, the seismic performance-based as-

sessment was herein evaluated by means of the acceleration ( a) and
displacement ( d) ratios. Thus, in Fig. 9, the acceleration ratio, a,
obtained for each modelling configuration are compared, from where it
is possible to identify M3 and M5 as the most vulnerable configurations
in the majority of the analyses. Moreover, in the Y direction, practically
none of the analyses verify safety, suggesting a higher vulnerability
along this direction.

In Fig. 10, the comparison is made for the displacement ratio, d,
from where it is possible to observe that the modelling configurations
follow the same trend as the previous acceleration ratio, a. The highest
deviations between dmax and dt displacements were observed in the case
of modelling configurations M5 and M3 in both directions. Finally, in
Fig. 11, the performance point (or target displacement), dt , is compared
to the equivalent period of the SDoF system, T . It can be noticed that,
in both directions, M5 is the most flexible configuration, with the
highest displacement dt , while M1 and M4 are the most rigid. M2 and M3
present intermediate values of T and dt , very similar to each other.

These results are in line with those obtained in terms of seismic
capacity and confirm the observations made in Section 5.1.1. If the X
row-end configuration M3 is the most vulnerable one, and its response is
quite similar to that of the isolated configuration M5, the Y row-end
configuration M4 shows the best seismic performance, together with the
complete aggregate configuration M1. Therefore, the seismic

Fig. 7. Comparison between pushover curves of wallsW1 andW3 in +X direction (upper row) and of wallsW2 andW4 in +Y direction (bottom row), for all modelling
configurations M1 to M5 and for each load pattern distribution.
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performance assessment confirms that the contribution of structural
unit E is not quite relevant and also that structural unit A modifies the
global seismic behaviour since its high resistance. In light of this, the
optimal MUA for the structural unit C seems to be the intermediate
configuration M2, which was modelled by considering the immediately
adjacent structural units (B and D), that has demonstrated to have an
intermediate behaviour in terms of base shear capacity and global
stiffness. However, the authors believe that the comparison of the
seismic response evaluated in configurations Mi is not sufficient given
the purpose of this study, being therefore necessary to assess the seismic
response of the target building C by varying its boundary. To this end,
the analysis at target structural unit– level was developed.

5.2. Target structural unit– level analysis

Acknowledging the limitations of the previously discussed evalua-
tion on the estimation of the actual influence of the “aggregate effect”
in the seismic response of structural unit C, in this second phase of
assessment of the new approach introduced in Section 4, the seismic
performance was assessed at the target structural unit– level at the
varying boundary conditions. The discussion of the results, however, is
going to follow the same reasoning as the previous Section 5.1.

5.2.1. Pushover curves
In the following Figs. 12 and 13, the pushover curves obtained for

the target structural unit are compared for each different modelling

Fig. 8. Comparison between the global (G) and wall–level (W W W W, , ,1 2 3 4) seismic capacity, for both uniform (U) and triangular (T) load pattern distributions and
for modelling configurations M1 to M5.

C. Bernardini, et al. Engineering Structures 191 (2019) 386–400

394



configuration.
In X direction (Fig. 12), for both load pattern distributions, the

pushover curves of M5 (structural unit C modelled as isolated) have a
similar trend as M4, presenting the lowest and the highest capacity in
terms of base shear coefficient, respectively in the negative and positive
direction of X. Moreover, M M,1 2 and M3 show very similar curves for
the majority of the analyses and are characterised by the highest stiff-
ness.

The results obtained in the Y direction, (Fig. 13), show a similar
trend for the pushover curves of M5 and M3, with the lowest capacity in
terms of stiffness. In agreement with the previous results, the target
structural unit C is more rigid when considered in the entire aggregate
condition M1 and in the intermediate one M2, with the addition of the
row aggregate configurations M3 and M4, respectively in X and Y di-
rection.

5.2.2. Seismic performance-based assessment
From the analysis of the acceleration ratio, a, in the following

Fig. 14, it is possible to observe that structural unit C is more vulnerable
in the case of modelling configurations M M,5 3 and M4. By contrast,
modelling configurations M1 and M2 present a higher seismic response,
inclusively verifying the safety requirement for a few analyses in both
directions.

Fig. 15 shows the comparison of the displacement ratio d for each
modelling configuration, and the respective deviations between dmax
and dt . In general, these results show a similar trend as those observed
to a. Again, these results confirm the Y direction as the most vulner-
able one, as these modelling configurations failed to verify the safety
requirement for all the analyses considered. In fact, one can observe,
that the displacement demand practically doubles the capacity, for the

majority of the cases.
Similarly to what has been one in the previous Section 5.1, the

comparison between performance points, dt , and the equivalent period
of the SDoF system, T , is presented in Fig. 16. It is possible to observe
that, in general, M5 is the most flexible modelling configuration,
reaching the highest dt displacement, while modelling configurations
M1 and M2 are the most rigid.

5.3. Definition of the MUA

As introduced in Section 4, once that the seismic performance of the
target structural unit C was assessed for all the considered modelling
conditions, the reference configuration Mi was evaluated.

In this particular case, in which a material discontinuity between
structural units A and B can be supposed, the reference configuration
was assumed as unknown. Consequently, it was obtained through a
minimisation process of the percentage changes of common seismic
performance indicators in models Mi .

Then, its seismic response was compared to that of the global
models Mi, to identify the MUA. This comparison is possible if the in-
vestigated structural unit presents a seismic behaviour comparable to
that of the global configuration.

5.3.1. Identification of the reference configuration
To identify the reference configuration, Mi , of the target structural

unit, the percentage changes of the stiffness, k , and acceleration ratio,
a, were compared for each configuration (M1 to M5). The best mod-
elling configuration is then the one that minimises the changes to k
and a, given in Eq. 1 and Eq. 2. It is worth noting that the mean values
and respective standard deviations for each direction of analysis were

Fig. 9. Comparison of the seismic performance of modelling configurations Mi, in terms of the acceleration ratio, a, in X direction (left) and Y direction (right).

Fig. 10. Comparison of the deviations between dmax and dt , with the displacement ratio, d, for each modelling configuration Mi, in the X (left) and Y direction
(right).
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Hence, in Fig. 17, the minimum changes in terms of stiffness k were
observed for configurations M2 and M3 in X direction, with an average
value of 8% and a standard deviation of 7%. In Y direction, instead, the
minimum changes were observed to M2 and M4 with average values of
9% and 8%, and standard deviations of 4%.

In terms of acceleration ratio a (presented in Fig. 18), the minimum
changes were obtained for configurations M1 and M2; in X direction they
present average values of 6% and 7%, and standard deviations of 2%
and 3%, respectively; in Y direction, instead, these changes were

estimated in average in 7% and 8%, with standard deviations of 3% and
4%, respectively.

From these results, it is possible to conclude that the minimum
deviation in a, evaluated for all Mi models, is obtained by considering
both M1 and M2 as reference configurations. With refers to the
equivalent stiffness, k , it can be noted that M2 appears to be the best
modelling configuration. For this reason, M1 and M2 are chosen as the
most representative configurations of the “aggregate effect” for the
target structural unit C.

For the sake of clarity, it should be considered that the presented
results are related to centred analyses and the effect of the accidental
eccentricity was disregarded. However, some preliminary investiga-
tions were carried out to evaluate also the influence of this aspect. In
general, higher values of the percentage changes were observed, espe-
cially in reference to model M1 , in particular in terms of a. This fact
can be attributed to the greater structural irregularity of this modelling
configuration. Consequently, only model M2 could be still considered as

Fig. 11. Comparison of performance points, dt , and the respective equivalent period, T , for each modelling configuration Mi, in the X (left) and Y direction (right).

Fig. 12. Comparison between pushover curves of structural unit C in modelling configurations M1 to M5, for each load pattern distribution, in both positive (upper
row) and negative orientation (bottom row) of the X direction.
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Fig. 13. Comparison between pushover curves of structural unit C in modelling configurations M1 to M5, for each load pattern distribution, in both positive (upper
row) and negative orientation (bottom row) of the Y direction.

Fig. 14. Comparison of the seismic performance of the target building C in each modelling configuration Mi , in terms of the acceleration ratio, a, in X direction (left)
and Y direction (right).

Fig. 15. Comparison of the deviations between dmax and dt , with the displacement ratio, d, for each modelling configuration Mi , in the X (left) and Y direction
(right).
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reference configuration, while model M1 no more. However, the final
results, shown in the following section, were unchanged.

5.3.2. Identification of the MUA
Once evaluated which Mi configuration is capable of better simu-

lating the “aggregate effect” of building C, the final step of the target
structural unit approach consists in determining the respective MUA.
Thus, the seismic response of each global configuration Mi (Fig. 4) was
compared to that of M1 and M2, by evaluating the percentage change of
stiffness, k , and acceleration ratio, a, as in the previous Section 5.3.1.
The isolated condition M5 was not considered in this evaluation since it

certainly is not able to represent “the aggregate effect”.
In Fig. 19, it is possible to note that, in general, the minimum

change for k values is obtained in the X direction for configuration M3,
with mean values of 2% and 4%, respectively to M1 and M2, and in the Y
direction for configuration M2, with mean values of 11% and 8%, again
respectively to M1 and M2. Considering a (in Fig. 20), the results are
reversed, since the minimum change in X direction is for configuration
M2, with mean values of 5% and 3%, respectively to M1 and M2, while in
the Y direction is for configuration M3, with mean values of 11% and
13%, respectively to M1 and M2.

In the light of these results, the best condition in terms of stiffness k

Fig. 16. Comparison of performance points, dt , and the respective equivalent period, T , for each modelling configuration Mi , in the X (left) and Y direction (right).

Fig. 17. Percentage changes (upper row) with average and standard deviation values (bottom row) for k , in both X and Y directions.

Fig. 18. Percentage changes (upper row) with average and standard deviation values (bottom row) for a, in both X and Y directions.
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is M3 in X direction and M2 in Y direction, while in terms of acceleration
ratio, a , is M2 in X direction and M3 in Y direction; however, it should
be highlighted that the difference between these values is small.
Moreover, considering the results of the previous Section 5.1, that
identify model M2 as the preliminary MUA and exclude the row-end
configurations M3 and M4, as they are respectively the most and the
least vulnerable, the authors believe that the configuration M2 con-
stitutes the best MUA for accounting for the “aggregate effect” in the
target structural unit C.

6. Conclusions

The study herein presented aimed at providing an evaluation of the
in-plane seismic response of UCH assets enclosed in aggregate. To this
end, a case study building located in the “Bairro Ribeirinho” neigh-
bourhood of Faro (Portugal) was modelled, by using a software code
based on the macro-element approach, according to different boundary
conditions, to assess the reciprocal interactions among adjacent build-
ings.

First results, derived from non-linear static analyses, were presented
and discussed in terms of seismic capacity and safety. In particular, a
new target structural unit approach was employed, considering multi-
level analyses at global–, wall– and structural unit– level and devel-
oping the study in three different phases. In a preliminary phase, the
global seismic response of different modelling configurations, from the
entire aggregate condition, M1, to the isolated building, M5, was ana-
lysed at both global– and wall– level. Then, in a second phase, the
analysis at target structural unit– level was developed, in order to assess
the seismic performance of the case study building for the different

boundary conditions, by reproducing the capacity curve of the target
structural unit C from each modelling configuration (models Mi ).

While on one hand the analysis of the case study building in the
isolated condition is an extreme approximation, on the other hand the
study of the entire aggregate requires a too onerous investigation and
can lead to unreliable results. The optimal portion of the aggregate to
be modelled in order to represent the “aggregate effect” (MUA) should
be identified on the basis of the structural features of the structural
units adjacent to the case study building as, for example, differences in
height, material heterogeneities or variation of the effective resistant
area.

From the outcomes of the analyses carried out in the preliminary
phase, the optimal MUA for this particular corner building, structural
unit C, is configuration M2, modelled by considering the immediately
adjacent structural units (B and D), which has demonstrated to have an
intermediate behaviour in comparison to the extreme configurations.
The external structural units A and E were excluded as they have the
highest and lowest shear resistance, respectively. Indeed, while
building A is characterised by a masonry type of higher mechanical
characteristics, E is a single-storey building with a low ratio of effective
resistant area.

However, in order to confirm this choice, in the target structural
unit– level analysis, the seismic performance in terms of capacity curve
of the target building was assessed, from the complete aggregate con-
dition, M1 , to the isolated one, M5. The comparison between Mi models,
by minimising the percentage changes in terms of stiffness k and ac-
celeration ratio a, allowed to identify the reference configuration for
the target structural unit C. Finally, the MUA was determined as the
global modelling configuration Mi characterised by the closest seismic

Fig. 19. Mean value (upper row) and standard deviation (bottom row) of the percentage change of k∗ for M M/i 1 and M M/i 2, in both X and Y directions.

Fig. 20. Mean value (upper row) and standard deviation (bottom row) of the percentage change of a for M M/i 1 and M M/i 2, in both X and Y directions.
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performance to that of the reference model Mi , by virtue of a com-
parable seismic behaviour. Also in this phase, configuration M2 de-
monstrated to be the optimal MUA for the target structural unit C, in
accordance with the results of the preliminary phase.
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