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Seismic Vulnerability of Historical Masonry Aggregate Buildings in Oriental Sicily
A. Greco , G. Lombardo , B. Pantò , and A. Famà

Department of Civil Engineering and Architecture, University of Catania, Catania, Italy

ABSTRACT
The seismic vulnerability assessment of historical UnReinforced Masonry (URM) buildings is a very
complex task since it is strongly related to a great variety both of geometrical layouts and of
masonry mechanical characteristics. In this article, some results of a Catania University research
project, denomined “FIR 2014”, focused on the seismic vulnerability estimation of historical
buildings, built in Catania after the 1963 earthquake, are presented. First, a detailed typological
analysis of the considered urban fabric, characterized by typical residential masonry buildings, has
been performed. Such analysis allowed recognizing an elementary structural modulus, which has
been studied according to different geometrical layouts representative of isolated or aggregate
buildings. The results of nonlinear static analyses, performed by applying an innovative macro-
element approach, allowed for the assessment the seismic vulnerability of typical URM buildings
coherently to the Italian seismic code. The adopted macro-element strategy for the seismic
assessment of aggregate masonry buildings, although related to a specific historical center, may
be applied to similar urban fabrics and can also be used for the calibration and validation of fast
seismic assessment strategies, particularly useful for the evaluation of the seismic risk at urban
scale.
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1. Introduction

Seismic vulnerability assessments can be performed at
different scales, from a single building to large urban
areas. The seismic vulnerability evaluation on a single
building has to provide detailed information on the
susceptibility of the structure to suffer damage during
the expected seismic events in the construction site.
The urban vulnerability, more generally, is related to
the individual vulnerabilities of buildings in a larger
context that can represent a whole city or a significant
portion of it (Giuffre 1993; Ferreira et al. 2013; Maio
et al. 2016; Maio, Ferreira, and Vicente 2016). It turns
out that, in general, the change in scale involves
a reduction in the accuracy of the results due to the
amount of data and resources involved in a rigorous
assessment (Ramos and Lourenço 2004; Mallardo et al.
2008; Pujades et al. 2012; Maio et al. 2015; Formisano
2017; Fagundes, Bento, and Cattari 2017).

In fact, the analysis of the vulnerability of a single
building requires the detailed knowledge of its geome-
try and of the mechanical properties of its construction
materials, and therefore presents some limits associated
with the need of conducting in situ structural tests.
(Betti, Bartoli, and Orlando 2010; Andreini et al.
2013a, 2013b; Casapulla, Argiento, and Maione 2017a,

2017b). This information is preparatory to the evalua-
tion of the seismic performance of the building
obtained through complex numerical simulations
(Caddemi et al. 2014; Pantò et al. 2016; Cannizzaro
et al. 2017; Fortunato et al. 2017), also in the of retro-
fitting strategies like FRP (Bertolesi et al. 201 7;
Ramaglia et al. 2018) or FRCM (D’Ambra et al. 2018)
reinforcement systems. Due to the computational cost
and to the implementation time related to a detailed
analysis it is nowadays unsustainable to extend the
same approach to a large urban context or to large
aggregate of buildings.

On the other hand, the knowledge of the seismic
response of individual buildings of an aggregate is not
sufficient to explain some typical aspects of the beha-
vior of overall aggregate such as, for example, the
interaction between adjacent buildings or the activation
of partial collapses. Furthermore, the seismic response
of aggregates of masonry buildings is often influenced
by the presence of weak and deformable floor dia-
phragms and irregular layouts which lead to complex
dynamic actions involving in-plane and out-of-plane
behavior of each structural unit (Paquette and
Bruneau 2006; Lourenço et al. 2011; Betti, Galano,
and Vignoli 2014). For the above reasons, a detailed
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numerical simulation of the aggregate seismic response
requires nonlinear dynamic analyses (Senaldi, Magenes,
and Penna 2010; Chácara et al., 2018) which, however,
due to their high computational burden, are unsuitable
to be applied by practitioners. Pushover analyses, even
though approximated, can represent an applicable tool
for the investigation of the nonlinear global behavior of
both isolated and aggregate structures and the assess-
ment of their seismic safety factors (Marques,
Vasconcelos, and Lourenço 2012; Cannizzaro et al.
2017).

The purpose of the present research is to provide
simplified, but at the same time sufficiently accurate,
numerical methodologies for the evaluation of the seis-
mic vulnerability of historical urban centres. The
approach here adopted is conceived with the aim of
extending the results obtained for some identifiable
typologies of single buildings to more complex struc-
tural layouts. The article reports some results of the
application of the proposed strategy to the analysis and
evaluation of the seismic vulnerability of some areas of
the historic centre of Catania, in Sicily, built after the
strong earthquake of 1693.

The first needed step is based on a broad recognition
of building typologies recurrent in the considered areas
(Cicero and Lombardo 2015). The analyzed urban fab-
ric is mainly constituted of residential buildings belong-
ing to citizen of the lower/middle class. By means of
historic data, and where possible direct inspections, it
has been possible to recognize the diffused presence of
an elementary modulus, denoted as “cell” in the follow-
ing, that can either represent a single building or can be
assembled to form different “structural units” (SU). The
latter have been classified in some typical structural
typologies (archetype) representative of the considered
urban historical fabric. Each archetype represents
a wide class of similar historical masonry buildings
possessing strong similarities in terms of geometrical
layout, construction methodologies and material prop-
erties (Barbera 1992). In order to obtain a structural
model of each archetype, the mechanical characteristics
of the masonry have been selected considering material
parameters representative of the constructions built in
Catania between the 18th and 20th century. In the
present study, both the geometrical and mechanical
characteristics of each structural unit have been
assumed as deterministic values; successive develop-
ments could involve probability distributions of the
required data.

For each structural unit and aggregate of units,
knowing the geometrical structural layout and the
material properties, three-dimensional numerical mod-
els have been defined by means of an innovative

macro-modeling strategy based on a 2D macro-model
proposed by a research team of the University of
Catania (Caliò, Marletta, and Pantò 2012). This strategy
has allowed to perform the numerical analyses with
a reduced computational effort compared to that
required by advanced finite element models. Namely,
the three-dimensional models have been implemented
in the structural code 3DMacro (Gruppo Sismica srl
2012) currently employed for academic research and
engineering practice either to estimate the seismic vul-
nerability of existing unreinforced (Marques and
Lourenço 2011) and mixed masonry structures
(Andreini et al. 2014; Caliò et al. 2008), or for seismic
design of new confined and unconfined masonry build-
ings (Marques and Lourenço 2014). Besides analyzing
the seismic response of each individual structural unit,
its role within the aggregate has been analysed with the
aim to highlight the different behavior of the unit when
considered as isolated or part of an aggregate. The
results of the pushover curves have been analyzed con-
sidering the procedure suggested by the Italian building
code (NTC 2018) providing a code-consistent seismic
vulnerability assessment and the corresponding vulner-
ability index for all the investigated cases.

The proposed approach and the obtained results,
although related to typical Catania’s historical fabric,
could also be extended to other urban centres having
similar characteristics and used for the evaluation of
seismic risk at urban scale.

2. Typological analysis of the buildings of the
historic center of Catania

In this section some typical geometrical layouts and
masonry mechanical characteristics of historical resi-
dential buildings built in Catania in the 19th century
are considered with the aim to identify groups of build-
ings according to their shared morphological and con-
structive characteristics (Barbera 1992). A common
element in all the considered cases is that the construc-
tive system of the masonry walls is characterized by the
presence of regular or irregular volcanic stones with
different mechanical parameters (Barbera 1992). The
simplest residential unit that has been identified is
associated to a mono-cellular type. The basic identified
cell has a regular plan with dimensions 5.5 m x 6.5 m
and height 4.5 m; the door openings are 1.2 x 3.0 m.
Balconies have a length of 0.6 m and a total width,
symmetrical to the opening, of 2.5 m. Different combi-
nations of the basic cell are then considered leading to
more complex geometrical layouts representative of
several historical buildings in Catania. In the generation
process from the single cell to the assembled structure,
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identifying the aggregate, it has been assumed that the
structural connections between the cells are strong
enough to allow the aggregate to be considered as
a single structure. According to the performed survey,
nine typological classes have been identified as reported
in the following.

A-single-story house: representing the simplest iden-
tified structural unit, is characterized by the presence of
one (A1, Monocellular, Figure 1) or two cells (A2,
Bicellular, Figure 2)

B-Terraced house: a multi-story building whose main
front has the width of one cell and, in the orthogonal
direction, can be composed by one (B1, Monocellular,
Figure 3) or two cells (B2, Bicellular, Figure 4). In the
typology B1 the building has three floors while in B2
the floors are two.

C-Block of flats: a building with three floors whose
main front is composed by two (C2, Bicellular, Figure
5), three (C3, Tricellular, Figure 6), or four cells (C4,
Quadricellular, Figure 7) while in the orthogonal direc-
tion is composed by two cells.

D-Patio house: large building with three floors whose
main front has the width of five cells while in the

orthogonal direction is composed by four cells. They
are characterized by the presence of a patio that can be
situated on one side (DA, Open Patio, Figure 8) or in
the middle (DC, Closed Patio, Figures 9) of the
building.

In order to identify the presence of these typological
classes in the considered urban fabric, in the following
they will be characterized by different colours, in parti-
cular: A = orange, B = blue, C = red, D = green. Figures
1–9 show, for each typological class, the plan views and
the façades together with a picture of a real example in
the considered urban area.

The above-described structural typologies are frequent
in the historic residential fabric in Catania either as iso-
lated buildings or as aggregates (Giuffrè 1993). Figure 10
shows three examples of aggregates of buildings in which
the identified typologies can be easily recognized.

3. Mechanical characterization of the masonry

The mechanical performance of historical masonry
walls is strongly influenced by the properties of their
components (stones or bricks and mortar) and their

Figure 1. Monocellular Single-Story House (A1), from the left: plan, façade, real example.

Figure 2. Bicellular Single-Story House (A2), from the left: plan, façade, real example.
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arrangement within the walls (Borri et al. 2015). Both
of these aspects play a fundamental role in the deter-
mination of the stiffness, strength, and ductility of
masonry walls against horizontal seismic actions. In
particular, the quality of the transversal masonry
arrangement influences the capability of the panels of
exhibiting an almost monolithic behavior under cyc-
lic out-of-plane loads avoiding phenomena of deseg-
regation. Therefore, since historical masonry

structures present a high variability in terms of
mechanical characteristics, specific tests, and survey
inspections are necessary to evaluate the input con-
stitutive parameters in order to perform nonlinear
numerical simulations.

In the historical constructive practice in the area of
Catania, volcanic stones extracted from the lava flow of
the nearby Etna volcano have been largely used to build
masonry walls, arches and vaults. This material is

Figure 3. Monocellular Terraced House (B1), from the left: plan, façade, real example.

Figure 4. Bicellular Terraced House (B2), from the left: plan, façade, real example.
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Figure 5. Bicellular Block of Flats (C2), from the left: plan, façade, real example.

Figure 6. Tricellular Block of Flats (C3), from the left: plan, façade, real example.

Figure 7. Quadricellular Block of Flats (C4), from the left: plan, façade, real example.
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characterized by a high mechanical resistance and elas-
tic modulus and presents a good workability (Anania,
Badala, and Cuomo 1995). This material has been used
in a wide range of shapes and sizes: irregular stones,
elements roughly squared only in the external face, and
squared blocks. Since the compressive strength of these
units is generally higher than 100 MPa, the structural
collapse is rarely associated to the rupture of the stones.
However, a mortar with low mechanical properties was
generally used and therefore the in-plane structural
failure is potentially associated to tensile cracking or
sliding at the mortar joints. The masonry panels are
generally characterized by a limited ductility capacity,
as verified by means of experimental tests (Anania,
Badala, and Cuomo 1995) and in situ tests performed
on numerous masonry arrangements (Caliò 2011;
Andreini et al. 2013a).

The mechanical parameters, used in the analyses
reported in the following, are based on the results of
non-destructive or low-destructive in situ tests per-
formed on masonry typologies representative of the
historical constructions built in the area of Catania
between the 18th and the early 20th century (Beolchi
et al. 2000; Binda 2000). In particular, reference is made

to the normal and tangential moduli of deformation,
the compressive and shear strengths. An exhaustive
description of the macroscopic and mechanical charac-
teristics of the most diffused masonry typologies in the
area of interest, is reported in Beolchi et al. (2000) while
in Binda (2000) the survey techniques and in-situ tests,
suitable to characterize the masonry, are described and
discussed.

In the analyses reported in the following sections, two
stone masonry typologies, representative of the tradition
of construction for residential buildings in Catania during
the 19th century, are considered. These are classified as
a medium quality masonry (Figure 11a) characterized by
square stones with a good arrangement and presence of
transversal connections within the walls thickness, and
a poor quality masonry (Figure 11b) characterized by an
irregular disposition of smaller stones. In the latter case,
the wall is composed by a double leaf with few transversal
connections.

The mechanical parameters used in the numerical
analyses, summarized in Table 1, are evaluated coher-
ently to the data provided in the literature and comply
with the requirements of the Italian code. In the table,
E and G are the normal and tangential moduli of

Figure 8. Open Patio House (DA), from the left: plan, façade, real example.

Figure 9. Closed Patio House (DC), from the left: plan, façade, real example.
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deformation, fm and ftm are the compressive and tensile
strengths, Гo is the average tangential stress in the shear
force direction associated to the diagonal shear failure
in absence of axial force, and w is the specific weight.

In the performed analyses the flexural behavior of
the masonry has been considered as elasto-perfectly
plastic with limited ductility. The strength in tension
is conventionally assumed 1/20 of the compressive
strength and limited ductility capacities of 1.5 are con-
sidered both in tension and compression. An elasto-
plastic constitutive law, governed by the Tusnsek and
Cacovic criteria (Tusnsek and Cacovic 1971) is consid-
ered for simulating the shear diagonal failure mechan-
ism. According to the Italian code prescriptions and the
experimental data available for similar masonry typol-
ogies, ultimate drifts of 0.4% and 0.6% are assumed
respectively for shear and flexural failure.

4. Seismic vulnerability assessment of the
considered case studies

In this section, the seismic vulnerability assessment of
the structural typologies identified in the previous sec-
tion is presented. The nonlinear structural analyses are
performed according to an original numerical modeling
strategy, based on the use of a 2D macro-element,
capable of analysing the collapse behavior of unrein-
forced (Caliò, Marletta, and Pantò 2012) and confined
(Caliò and Pantò 2014) masonry buildings with
a reduced computational effort if compared to the
rigorous, although computational expensive, nonlinear
finite element approaches. The strategy has been
experimentally validated (Pantò et al. 2017a, 2017b
Pantò, 2017b) and numerically compared to other sim-
plified approaches proposed in the literature (Pantò

Figure 10. Some examples of structural aggregates.
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et al. 2015). This 2D macro-model can be represented
by an equivalent mechanical scheme constituted by an
articulated quadrilateral with rigid edges, connected by
four hinges and two nonlinear diagonal links that simu-
late the diagonal shear failure of a masonry macro-
portion. Along each side, the quadrilateral interacts
with the contiguous panels by means of interfaces
simulating the axial-flexural behavior of masonry as
well as the potential sliding along the mortar joints.

Each masonry wall can be obtained by a basic mesh
(each quadrilateral represents a masonry pier or span-
drel) or refined mesh of macro-elements, according to
the opening dispositions (Caliò, Marletta, and Pantò
2012). The model calibration is performed enforcing
equivalence between the masonry media and
a reference continuous model following a fiber calibra-
tion procedure, based only on the panel geometry and
on the main mechanical parameters macroscopically
characterising the masonry. The models of the consid-
ered structural typologies have been implemented in
the computer code 3DMacro (Gruppo Sismica 2012).

The numerical simulations and the seismic vulner-
ability factors are obtained under the assumption that
the out-of-plane failure of the masonry walls is pre-
vented due to either the presence of efficient

(a)

(b)

average unit 
dimensions

average unit 
dimensions

Figure 11. Masonry typologies: Medium quality of masonry (a); poor quality of masonry (b).

Table 1. Mechanical parameters of the masonry considered in
the analyses.
Masonry
typologies

E
(Mpa)

G
(Mpa)

W
(kN/m3)

fm
(kN/m2)

ftm
(kN/m2)

τ0
(kN/m2)

medium quality 4000 1600 22 3,0 0,050 0,043
poor quality 2000 800 22 2,0 0,033 0,027
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connections between orthogonal walls or the insertion
of tie rods. As a result, a box-behavior of each consid-
ered structure with respect to seismic actions is con-
sidered in accordance with current technical standards.

Four typologies of floors are considered in the models
according to the practice typically used in the reference
period of construction. These are shown in Figure 12:
a barrel vault at the first level (Figure 12a), mixed steel-
masonry and steel-concrete horizontal slabs at the upper
intermediate floors (Figure 12b–c) and an inclined wooden
diaphragm at the roof level (Figure 12d). The first dia-
phragm typology considered for the intermediate levels is
constituted by steel beams supporting brick masonry
vaults, covered by incoherent material or unreinforced
concrete in order to obtain an horizontal extrados (Figure
12b); in the second typology, the steel beams support
hollowed flat bricks covered with unreinforced concrete
(Figure 12c).

In the numerical analyses, all the diaphragms are
modelled by means of an equivalent elastic ortho-
tropic membrane with appropriate thickness. The
characteristic parameters of the equivalent mem-
brane are summarized in Table 2 where for each
typology the thickness (te), the longitudinal (Elong)
and transversal (Etransv) elasticity moduli, and the

tangential deformation modulus (G) are indicated.
With reference to the masonry vaults, the equiva-
lent diaphragm parameters are evaluated according
to the procedures proposed in (Cattari, Resemini,
and Lagomarsino 2008; Marseglia et al. 2014;
Giresini et al. 2017) considering a constant average
thickness of the vault equal to 30 cm. The elastic
deformability of the flat slabs are evaluated accord-
ing to (NZSEE 2015) considering weak diaphragm-
to wall connections. The last two columns of Table
2 report the structural and non-structural perma-
nent loads (Qdead) and the variable loads (Qlive)
uniformly applied to the models, before the seismic
analyses.

In the following analyses reference will be made to
seismic loads in the direction parallel to the main
facade of each building (X direction) and in the ortho-
gonal one (Y direction).

First, a modal characterization of each structural
unit has been carried out by performing modal ana-
lyses. The results are reported in Table 3 where the
fundamental periods in the X direction (Tx) and in
the orthogonal one (Ty) are reported with the corre-
sponding effective masses (Meff,x and Meff,y) expressed
as a percentage of the total mass of the building. It is

(a) (b)

(c) (d)

Figure 12. Diaphragm typologies: barrel vault (a); mixed steel-masonry horizontal diaphragm (b); mixed steel-concrete horizontal
diaphragm (c); inclined wooden top cover floor (d).
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important to notice that for each building typology
the fundamental modes activate a considerable
amount of mass. In most cases, the mass involved
ranged between 50% and 75% of the total seismic
mass of the building. Lower effective masses are
observed in the Y direction both in the case of DA
typology (33%) due to its in-plane irregularity and
the A-B typologies (up to 35%) due to the floor-
diaphragms deformability.

The evaluation of the seismic vulnerability of the
structure is performed in the nonlinear field through
incremental nonlinear static analyses, consistent to the
Italian seismic code (NTC 2018, Italian Ministry of
Infrastructure, D.M 2018), assuming mass-
proportional force distributions. Due to the small
heights of all the investigated buildings this load dis-
tribution can be considered a good representation of
the actual distribution of the inertia forces. The results
of the analyses are reported in the following section in
terms of capacity curves and collapse mechanisms.
Subsequently, the seismic vulnerability of each struc-
tural typology is expressed in terms of admissible Peak
Ground Acceleration (PGA) guaranteeing equal seismic
demand and displacement capacity. In the numerical
simulations reference is made to both the two condi-
tions of poor- and medium-quality masonry described
in the previous section.

4.1. Seismic behavior of the structural units

In this section, the seismic behavior of each structural
typology considered as an isolated building, is investi-
gated. The aim of this preliminary study is to provide
a characterization of the structural typologies in order to
get a deep understanding of their interaction when they

belong to an aggregate. The interaction between the
orthogonal walls, as well as the out-of-plane contribution
of the walls, are neglected in the simulations.

The results are presented in terms of capacity curves
plotting the base shear coefficient (Cb), defined as the
ratio between the base shear of the structure (Vb) and its
seismic weight (W), as a function of the top displacement
of each building. The seismic weight of each building
corresponds to the structural weights (masonry and
slabs) plus the permanent and variable loads applied at
the floor levels, combined according to NTC2018.

The solutions for the incremental steps are obtained
through the Newton-Raphson method combined with
an arc-length technique to allow the simulation of the
softening branch. The evaluation of the post-peak
response is required for providing a seismic vulnerabil-
ity assessment consistent to the Italian building code.

Figures 13–14 report the capacity curves in the X and
Y direction, respectively. With reference to the
X direction, the maximum shear coefficients of the build-
ings range approximately from 5–12% of the correspond-
ing seismic weight. The weakest strengths are associated
to the typologies B and C, depending on the number of
cells and levels, while the highest strengths are associated
to the typology A. Increasing the number of cells, in
comparison to the monocellular typology, an increase of
the values of the lateral stiffness and strength is observed.
Typologies B and C are characterized by a ductile
response while A and D present a more brittle post-peak
behavior with a gradual softening in the case of typology
D, and a drop of resistance in the case of A.

The analyses in the Y direction show lateral
strengths higher than those in the X direction; the
minimum base shear coefficient is approximately 0.15
and is associated to the typology D while, the maximum
value, associated to the typology A, is 0.45. Most of the
investigated typologies show a good displacement capa-
city with the exception of A1, A2, and B2 in which the
ultimate displacement, correspondent to a drastic drop
of resistance, is smaller than 2 cm. Moreover, the ana-
lyses of typology C4 halted at approximately 1.5 cm due
to the occurrence of local structural collapses.

The comparison of the response in the two direc-
tions shows how the opening distribution causes a high
reduction of the building resistances measured in terms

Table 2. Equivalent orthotropic membrane simulating the diaphragms and the gravity loads.

Floors typology
te

(cm)
Elong
(Mpa)

Etransv
(Mpa)

G
(Mpa)

Qdead

(KN/m2)
Qlive

(KN/m)

barrel vault 20 3000 2000 1000 8.00 2.00
mixed horizontal steel-masonry 4 2500 1250 650 3.00 2.00
wooden top floor 2 1500 750 300 1.50 0.50

Table 3. Modal characterization of the isolated structural
typologies.
Typology Tx (sec) Ty (sec) Meff,x (%) Meff,y (%)

A1 0.182 0.228 45.66 32.72
A2 0.149 0.239 31.80 61.00
B1 0.254 0.392 65.93 76.08
B2 0.296 0.172 72.44 22.66
C2 0.200 0.269 50.81 72.62
C3 0.240 0.196 73.51 55.91
C4 0.193 0.184 54.11 68.14
DA 0.190 0.230 62.50 33.32
DC 0.184 0.231 72.13 63.76
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of the peak value of Cb. The differences between the
responses in the two directions are also due to the
different geometry and effective masonry area present
in each direction.

The collapse mechanisms and the corresponding
damage patterns are shown in Figures 15–16 with
reference to the C2 and DA typologies, respectively.
It can be observed that the damage is mostly
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Figure 13. Capacity curves of the building typologies in the direction X.
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Figure 14. Capacity curves of the building typologies in the Y direction .
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concentrated in the spandrels, characterized by
a diagonal shear mechanism, while the masonry
piers show a rocking mechanism. These are typical
failure modes in the absence of rigid floors and floor
beams. It is worth noticing that the predicted damage
scenario are consistent to what has been observed
after real seismic events, such as the 2009 L’Aquila
earthquake (Indirli et al. 2013) and 2016 Centre Italy
earthquakes (Fiorentino et al. 2018) in similar histor-
ical buildings.

In Figures 17–18, considering both load directions
X and Y, the influence of the mechanical quality of the
masonry on the capacity curves is shown with refer-
ence to the typologies C2 and DA. A limited influence
of the masonry quality on the structural response is
observed in terms of maximum base shear and ducti-
lity capacity. However, the analyses obtained consid-
ering a poor-quality masonry showed a significant
reduction in the initial lateral stiffness and
a different nonlinear behavior.

The direction Y is more influenced than X by the
masonry changes both in terms of stiffness and strength

variations. The highest differences in terms of base
shear are registered in the analyses regarding the typol-
ogy DA (Figure 18a–b).

4.2. Assessment of the seismic safety indices of the
isolated structural units

In this section, the pushover curves, presented in
Section 4.1, are used to perform the seismic assess-
ment according to the N2 method (Fajfar and
Gaspersic 1996) and to the prescriptions reported
in the Italian code (NTC 2018, Italian Ministry of
Infrastructure, D.M 2018). With this aim, the col-
lapse limit state, related to a reduction of 20% of the
global base shear, is considered. An equivalent sin-
gle degree of freedom (SDOF) system is obtained
from the bi-linearized equivalent capacity curves of
the MDOF system, dividing the base shear force
(Vb) and the displacement of the target point by
the modal participation factor (Г). The latter factor
is calculated taking into account the masses and the
fundamental modal shape in the considered

yielding diagonal shear rupture diagonal shear cracking in tension

unloading diagonal shear crushing in compression
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Figure 15. Collapse mechanisms of the C2 model loaded in the X and Y directions: Plan view (a, d); 3D view (b, e); main facade (c, f).
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direction of the load. The spectral acceleration (Say)
is evaluated as Vb/(Гm*g), where m* is the equiva-
lent mass of the system associated to the SDOF
system in the considered loading direction and g is
the gravity acceleration. The main parameters of the
equivalent SDOF systems are reported in the first
part of Tables 4–5, respectively, for X and
Y directions. In the tables, T * is the equivalent
period of the system, Say and δy
are respectively the spectral acceleration and the
displacements associated to the elastic . The ducti-
lity capacity of the system is evaluated ultimate

limits, and μ = δu/δy is the capacity ductility of the
system.

According to the code prescriptions, a limit value of 3 is
considered for the ductility capacity of the systemwhile the
ductility demand is evaluated by means of the NTC 2018
design spectra. The admissible PGA at the ultimate limit
state is evaluated by imposing that the ductility capacity is
equal to the correspondent demand. The results of the
seismic assessments for each model are reported in the
last three columns of Tables 4–5 considering three different
classes of soil (A, B, and C) corresponding respectively to
a rigid, medium rigid and soft soil.

Figure 16. Collapse mechanisms of the DA model loaded in the X and Y directions: Plan view (a,d); 3D view (b,e); main facade (c,f).
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Figure 17. Influence of the quality of the masonry on the capacity curves of the typology C2 in the X direction (a) and Y direction (b).
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The soil factor (S) and the corner periods (Tb, Tc),
which characterize the response spectrum, are fixed
coherently to the Italian code: namely, S = 1.00–1.13–1.29;
Tb = 0.15–0.19–0.24 sec and Tc = 0.44–0.57–0.72 sec,
respectively, for soil A, B, and C, while Td = 2.74 sec is
independent with respect to the soil characteristic.

The seismic safety factors are expressed, for each
class of soil and load direction, as the ratio between
the admissible PGA and the design PGA of 0.28 g that
characterize the near collapse limit state for the site of
interest. The latter has been determined considering the
seismic risk map reported in the Italian code associated
to soil A and probability of occurrence of 5% in

50 years. The graph of Figure 19 reports, for the three
considered categories of soil, the seismic safety factors
for each typology with respect to the weakest direction
of each building.

In the loading direction Y, which is the direction
with higher effective masonry area, all the consid-
ered typologies show a safety factor greater than 1,
denoting a ductility capacity higher than the corre-
spondent demand. However, in the X direction,
where the openings are located, a strong decrease
in the admissible ground acceleration is observed.
This circumstance is coherent with the observations
in occurrence of recent earthquakes, such as
L’Aquila’s earthquake in 2009 or the 2016 Centre
Italy earthquakes, in which the historical masonry
buildings exhibited different responses depending
on the distributions of masonry panels and openings
(Indirli et al. 2013; Carocci 2012; Cannizzaro et al.
2017).

In the X direction all the typologies, with the only
exception of A1 on soil A, have admissible PGA smal-
ler than the design PGA. The smallest factors are
observed for the typologies B1 and C2 while the high-
est safety coefficients are registered for the typologies
B2 and C4.

The class of soil strongly influences the seismic
safety factors; average differences approximately of
15% and 25% are observed comparing, respectively,
the assessments relative to soils B and C with the ones
related to the soil A. The typologies C and D are more
sensitive to the soil effects. Considering soils of class B,
which are the most frequent in the old center of
Catania, the average and minimum admissible PGA,
among all the typologies, resulted, respectively, 45%
and 20% of the expected in-situ PGA. The above results
point out an unsafe scenario for the selected building
typologies depending on the direction of the seismic
input, even if the local out-of-plane mechanisms of the
walls are avoided.
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Figure 18. Influence of the masonry quality on the capacity curves of the typology DA in the X direction (a) and Y direction (b).

Table 4. Seismic assessment of the admissible PGA in
X direction.

PGA admissible (g)

Typology
m*

(Kg*103)
Say
(g)

δy
(mm)

Г
(-)

T*
(sec)

Soil
A

Soil
B

Soil
C

A1 175 0.14 0.7 1.00 0.082 0.23 0.20 0.18
A2 315 0.08 1.6 1.00 0.148 0.13 0.12 0.10
B1 551 0.04 2.5 1.53 0.412 0.07 0.06 0.05
B2 548 0.10 4.3 1.36 0.307 0.16 0.14 0.13
C2 1886 0.05 2.3 1.49 0.345 0.08 0.07 0.06
C3 2402 0.09 3.2 1.38 0.334 0.15 0.14 0.12
C4 3402 0.11 3.4 1.39 0.325 0.18 0.16 0.14
DA 6777 0.07 2.5 1.36 0.312 0.11 0.10 0.09
DC 7633 0.07 2.2 1.37 0.291 0.11 0.10 0.09

Table 5. Seismic assessment of the admissible PGA in
Y direction.

PGA admissible (g)

Typology
m*

(Kg*103)
Say
(g)

δy
(mm)

Г
(-)

T*
(sec)

Soil
A

Soil
B

Soil
C

A1 175 0.43 0.4 1.00 0.046 0.57 0.51 0.44
A2 315 0.46 0.7 1.00 0.058 0.56 0.50 0.44
B1 551 0.24 3.8 1.30 0.232 0.70 0.62 0.54
B2 548 0.33 0.4 1.22 0.069 0.40 0.36 0.31
C2 1886 0.27 2.1 1.30 0.165 0.40 0.35 0.31
C3 2402 0.24 2.0 1.30 0.167 0.36 0.32 0.28
C4 3402 0.22 2.1 1.44 0.177 0.38 0.33 0.29
DA 6777 0.14 4.3 1.34 0.278 0.59 0.52 0.46
DC 7633 0.16 3.1 1.33 0.245 0.52 0.46 0.41

530 A. GRECO ET AL.



5. The building aggregate

This section contains the results of the seismic analyses
performed on an aggregate building obtained assembling
the structural typologies investigated in Section 4. The
two principal goals of the developed analyses are:

● to evaluate how the responses of the structural
units change due to the interactions within the
aggregate;

● to identify a general procedure for the seismic
vulnerability assessment of building aggregate, as
an extension of the N2-method employed in the
case of isolated buildings.

In the following, an ideal aggregate realized assem-
bling the nine structural typologies previously investi-
gated, is considered. The geometrical layout of the
structural units, within the aggregate, is chosen accord-
ing to recurrent schemes present in the old centre of
Catania. Following such scheme, the aggregate is char-
acterized by an elongated shape with the largest struc-
tural typologies DA and DC located at the boundaries.
The presence of the in-line typologies C, the mono-
cellular A and the pluri-cellular B typologies charac-
terizes the central part of the aggregate.

In the considered model the following simplifying
hypotheses are assumed: (i) the walls belong to the
same alignment, even referring to different typologies,
are fully connected; (ii) two contiguous buildings share
the common wall; and (iii) at each level the diaphragms
are located at the same height for all the buildings.
Furthermore, analogously to the case of isolated build-
ing models previously analyzed, the interaction
between contiguous walls, as well as the out-of-plane
masonry behavior, are neglected.

Figures 20a–b show a rendering 3D view of the
considered aggregate and the computational model
implemented in 3DMacro software. Figure 21 shows
the first four modes of vibration of the aggregate
together with the periods of vibration in the longitudi-
nal (Tix) and transversal (Tiy) directions (i = 1…4). In
the same figure also the effective masses (Meff) related
to each mode are reported.

In the longitudinal direction all the reported periods
are quite close to each other, in fact they range from
0.185 sec to 0.197 sec. The first two modes involve the
central blocks composed by the A, B, and C building
typologies and activate approximately 20% of the total
mass of the aggregate. The third and fourth modes
involve the external buildings and the percentage of
the engaged mass is respectively 15% and 20%.
Conversely, in the transversal direction the first two
modes involve the external buildings and activate
approximately 10% and 20% of the total mass. The
other modes, associated to the central buildings,
involve a small amount of mass.

Observing the modes of vibration of the aggregate
shown in Figure 21, it is evident that the dynamic
behavior of the aggregate is characterized by “local”
modes of vibrations with very low levels of effective
mass associated to each mode, ranging from 5–20% of
the global mass of the aggregate.

In order to investigate the nonlinear behavior of
the aggregate, pushover analyses in both directions
have been performed considering mass proportional
load distributions. This load distribution has been
considered sufficiently representative of the inertia
actions acting on the aggregate since the latter is
composed by buildings of medium-low height. On
the other hand, more in-depth numerical investiga-
tions would be required in order to apply push-over

A1 A2 B1 B2 C2 C3 C4 DA DC

Soil A 0,82 0,47 0,23 0,58 0,29 0,55 0,64 0,41 0,41

Soil B 0,72 0,41 0,21 0,52 0,26 0,49 0,57 0,36 0,36

Soil C 0,63 0,36 0,18 0,45 0,23 0,42 0,50 0,32 0,32
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Figure 19. Seismic vulnerability assessment of the isolated typologies with medium quality masonry.
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analyses considering a load distribution proportional
to a combination of the fundamental vibration
modes. These aspects are out of the scope of the
article and will be managed in further research.

Nine control points, denoted as P1–P9, representa-
tive of each structural unit constituting the aggregate,
are monitored during the push-over analyses. The loca-
tion of each control point, shown in Figure 22, is
chosen in order to properly describe the global
response and collapse mechanism of each building
unit of the aggregate. The control points from P1–P8
coincide with the centres of gravity of the central span
of the diaphragm at the top level of the represented
buildings, while the point P9, relative to the DA typol-
ogy, is located in the average value of the displacements
at the top level of this building. Since each structural
unit is monitored, the considered set of control points
is able to investigate the torsion effects or potential
local collapses, caused by the structural irregularity
due to the diversity in the stiffness, strengths, and
masses of the different building units. However, more

control points could also be considered for each sub-
element of the aggregate in order to investigate the
possible torsion effects that can be activated within
a single structural unit.

Figure 23 shows the capacity curves related to the
monitored control points obtained performing the
pushover analyses along the longitudinal (Figure 23a)
and transversal (Figure 23b) directions of the aggregate
considering masonry of medium quality. The maxi-
mum base shear coefficient resulted approximately to
be 15% for both directions. In the transversal direction
until Cb = 5% most curves show an approximately
elastic behavior, after this limit some damage occurs
causing a progressive degradation of the stiffness.
Conversely, in the longitudinal direction the curves
are nonlinear also for small intensities of the loads.
The analyses are performed up to the peak global lateral
strength when a conventional structural collapse is
assumed. In order to investigate the post-peak behavior
of the system a more sophisticated model, including the
out-of-plane effects, should be employed. At the last

(a)

(b)

Figure 20. The investigate aggregate: rendering view (a) and computational 3DMacro model (b).
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step of the analyses, different displacement capacities
are observed in the structural units. In the longitudinal
direction the maximum displacement of 1.90 cm is
associated to the typology B1 while the minimum dis-
placement is associated to the typology A2 with ampli-
tude 0.60 cm. In the transversal direction, the
maximum and minimum displacements are, respec-
tively, 1.40 and 0.40 cm corresponding to the typology
DC and A2, respectively. The in-plan irregularity of the
aggregate is denoted by the large variability among the

control point capacity curves in terms of stiffness,
shape, and ultimate displacement, denoting a torsional
motion of the aggregate. The deformed model at the
last step of the analysis is reported in Figure 24 in both
the investigated directions. An irregular damage distri-
bution over the plane of the aggregate can be observed
in the transversal direction where the internal units
exhibit a horizontal shear deformation caused by their
limited stiffness with respect to the external units. Also,
the in-line units at the central part of the aggregate

T1x = 0.197sec - Meff = 11.73% T1y=0.240sec - Meff = 11.78%

T2x=0.187sec - Meff = 8.99% T2y=0.235sec - Meff = 20.63%

T3x=0.185sec - Meff = 14.72% T3y=0.197sec - Meff = 8.48%

T4x=0.185sec - Meff = 21.93% T4y=0.191sec - Meff = 5.78%

Figure 21. Fundamental modes of vibration and natural periods of the aggregate.

Figure 22. Typological plant of the aggregate with the control points considered in the analyses.
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show a torsional collapse for transversal loading
actions.

Figure 25 reports the damage scenario in the main
facades of the aggregate corresponding to the collapse
state for the weak masonry model in both the investi-
gated directions. It is possible to observe that the global

damage path is characterized by the activation of com-
bined diagonal shear failure and flexural (rocking)
mechanisms.

A reduction of the presence of damage is observed in
the lower buildings if compared to their condition
when considered as isolated; this can be justified by
the confinement effect provided by the contiguous tal-
ler structures. Conversely, the tallest structural units
(terraced houses) show a wider distribution of damage,
mainly concentrated at the panels of the top levels
which are not contiguous with other buildings. The
units with higher in-plane extension (patio houses)
resulted severely damaged in both directions since
they are located at the extremities of the aggregate.
Hence, these buildings attract the torsion actions and
don’t benefit of a significant confinement effect from
the adjacent structures.

In order to investigate the influence of the structural
interactions within the aggregate on the sub-element
responses, the capacity curves of each structural unit
inserted in the aggregate are compared to the corre-
sponding capacity curves (already reported in the pre-
vious section) obtained considering each typology as an
isolated building. The results are reported in Figures
26–27 with reference respectively to the analysis in the
longitudinal and transversal direction of the aggregate.
The force parameter (λ) considered in the graphs repre-
sents the global external forces applied on the sub-
element, normalized with respect to its seismic weight.
Since the push-over analyses are performed considering
a mass proportional loading distribution, λ coincides
with the global base shear factor (Cb) of the aggregate.
The global seismic weight (W) of the aggregate, com-
puted analogously to the isolated buildings in section 4,
resulted to be 169,000 kN.

It is worth noticing that, when the structural units
are isolated, the load multiplier factor λ coincides with
the base shear factor. On the contrary, when
a structural unit is inserted in the aggregate, only
a fraction of the all applied external forces is transferred
through the base shear of that structural unit while the
remaining part is transferred to the other units of the
aggregate interacting through the continuous walls and
diaphragms.

Considering the analysis in the longitudinal direction,
the units in aggregate show higher strengths if compared
to the correspondent isolated ones, denoting a positive
confinement effect due to the mutual interaction with the
other structures. At the same time, the stiffness of the
structural units in the aggregate is generally increased
because the aggregate is characterized by a lower global
slenderness than that of the single structural units. As
a consequence, the displacement capacities of the
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Figure 23. Capacity curves of the structural units within the
aggregate (medium masonry quality) in longitudinal (a) and
transversal (b) directions.

(a)

(b)

Figure 24. Global failure modes of the aggregate (medium
masonry quality) in longitudinal (a) and transversal (b) directions.
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structural units within the aggregate are smaller compared
to the correspondent capacities of the isolated buildings.

In the analysis in the transversal direction, the typol-
ogies with limited in-plane dimensions (A and B) show
lower strength values with respect to the correspondent
isolated structural units because they are constrained to
follow the displacement of the external buildings that
activate higher percentages of seismic actions.
Conversely, the responses of the typologies C and
D show smaller differences moving from the isolated
to aggregate conditions. In this direction the initial
lateral stiffness of the isolated units are comparable to
the stiffness associated to the aggregate units highlight-
ing a limited capacity of the aggregate to redistribute

the seismic loadings and also the absence of any con-
finement effects.

The seismic assessment procedure, employed in the
previous section to evaluate the seismic safety indices of
the single structural units, is here extended to determine
the seismic performance of each sub-element within the
aggregate. The assessments are performed considering
alternatively each control point representative of a single
structural unit. An equivalent SDOF system is defined for
each structural unit and load direction. The modal parti-
cipation factors (Г) and the effective masses (m*) asso-
ciated to each unit are evaluated considering its mass
distribution and elastic deformation shape correspondent
to the application of the mass-proportional load
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Figure 25. Plastic damage at the last step of analysis: 3D view of the aggregate (a) and main wall.
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Figure 26. Comparison of the capacity curves of the aggregate and isolated structural typologies considering the analysis in the
longitudinal direction.
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Figure 27. Comparison of the capacity curves of the aggregate and isolated structural typologies considering the analysis in the
transversal direction of the aggregate.
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distribution. The details of the equivalent SDF systems are
reported in Table 6 with the samemeaning of the symbols
adopted in Tables 4–5.

Observing the results shown in Table 6, it is
possible to conclude that the ductility capacities of
all the SDOF systems, associated to the aggregate
structural units, are sensibly smaller than the corre-
spondent values for the isolated typologies.
Furthermore, the SDOF periods (T*) are increased
for the small units and reduced for the typologies
C and D. Both these aspects play a fundamental role
in the evaluation of the admissible PGA applying the
N2 method. Therefore, the seismic assessments of
the single units, considered as isolated buildings,
cannot be assumed to be representative of the effec-
tive safety level of the same buildings inserted
within the aggregate.

The safety factors associated to each structural
unit within the aggregate, for the three classes of
soil, are reported in the graph of Figure 26 for both
the longitudinal (Figure 26a) and transversal (Figure
26b) directions. Analogously to the vulnerability
assessments of the single units, also in this case all
the safety factors turn out to be smaller than 1
denoting a medium or high seismic vulnerability of
the aggregate units. The safety factors in the trans-
versal direction are sensibly smaller than those in
the longitudinal direction with the only exception of
the mono-cellular typology A1. Furthermore, in the
transversal direction the safety factors are uniform
in most of the units, ranging approximately from
20–40%. On the contrary, in the longitudinal direc-
tion a higher variability of the safety factors is
observed (approximately from 20–60%): the three-
story buildings show an average value of 45% and
this decreases to 35% for the small buildings. The
class of the soil, also in this case, influences sensibly
the results, mainly in the case of tall buildings and
longitudinal direction of loading. Comparing the
safety factors of the aggregate and of the single
isolated buildings, it is possible to observe an
increase in the seismic vulnerability moving from

the isolated (regular) typologies to the irregular dis-
position of the aggregate. The average reduction of
the safety factor, considering all the buildings, is
approximately equal to 25%, however some typolo-
gies are particularly influenced by the interaction
with the other buildings. In particular, the highest
reductions are registered for the typologies A and
C (over 50%).

The results allow concluding that the small and
central buildings are the most penalized by the aggre-
gate disposition, if compared to the isolated condition.
Conversely, the larger and lateral buildings are less
affected by this interaction and their response is com-
parable with the one obtained for the single building.

Table 6. SDOF systems associated to the aggregate structural units (medium masonry quality).
X Direction Y Direction

Typology Say [g] δy [mm] Г [-] T* [sec] μ capacity [-] Say [g] δy [mm] Г [-] T* [sec] μ capacity [-]

A1 0.144 1.06 1.00 0.17 2.96 0.139 0.81 1.00 0.17 2.40
A2 0.127 0.67 1.00 0.16 1.94 0.141 1.43 1.00 0.21 2.97
B1 0.137 2.15 1.32 0.27 4.53 0.140 1.47 1.28 0.24 6.37
B2 0.131 1.93 1.21 0.26 3.52 0.131 1.94 1.20 0.26 3.52
C2 0.127 1.92 1.26 0.24 2.56 0.141 1.90 1.20 0.23 4.52
C3 0.137 1.95 1.27 0.25 3.41 0.139 1.51 1.23 0.22 6.43
C4 0.137 1.72 1.27 0.28 3.67 0.140 1.40 1.21 0.23 6.15
DA 0.144 1.95 1.21 0.28 5.51 0.140 2.19 1.25 0.28 5.51
DC 0.137 5.24 1.26 0.28 3.02 0.139 2.07 1.23 0.25 5.51

A1 A2 B1 B2 C2 C3 C4 DA DC

Soil A 0,27 0,42 0,52 0,42 0,59 0,61 0,58 0,58 0,62

Soil B 0,24 0,30 0,39 0,32 0,45 0,46 0,43 0,43 0,46

Soil C 0,21 0,25 0,32 0,27 0,38 0,37 0,36 0,36 0,41
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A1 A2 B1 B2 C2 C3 C4 DA DC

Soil A 0,38 0,19 0,43 0,41 0,35 0,36 0,30 0,43 0,26

Soil B 0,33 0,17 0,37 0,32 0,28 0,30 0,23 0,32 0,20

Soil C 0,29 0,15 0,32 0,27 0,22 0,23 0,19 0,28 0,17
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Figure 28. Seismic safety assessment of the sub-component of
the aggregate along longitudinal (a) and transversal (b) direc-
tions considering a medium quality masonry.
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6. Conclusions

This article summarizes the main results of a Catania
University research project denomined “FIR 2014 ”,
focused on the Seismic vulnerability of historical
masonry buildings built in Catania after the 1693
earthquake. A detailed analysis of the urban fabric
of the historical centre of the city has been per-
formed. The periodicity of the construction scheme
has allowed recognizing a typical basic cell that has
been analyzed individually and according to different
geometrical arrangements representative of larger
buildings or aggregates of buildings. Different con-
struction typologies have been identified and numeri-
cally investigated through push-over analyses,
employing a novel numerical approach based on
a 2D macro-model able to simulate the nonlinear
behavior of unreinforced masonry constructions
with a limited computational effort. Seismic vulner-
ability assessments are performed following the N2
method and consistently to the Italian building code
(NTC2018).

The examined structures turned out to be able to
support from 30–50% of the current normative seismic
demand, depending on the soil characteristics.
Furthermore, a significant influence of the soil proper-
ties on the seismic safety has been observed providing
a seismic safety reduction up to 25% depending on the
investigated typologies and the loading direction.

A case study consisting in a typical building aggregate
has been investigated aiming at evaluating how the inter-
action between the structural units influences the non-
liner behavior and the seismic vulnerability. With respect
to the seismic behavior of the isolated constructions,
a general decrease in the seismic safety factors of the
buildings within the aggregate is observed, obtaining an
average value of 30%. This is due to the fact that the
seismic interaction between the structural typologies,
characterized by different stiffness, strength, and mass,
produces torsional motions particularly for the smallest
building units. The latter buildings, generally located in
the central part of the aggregate, are subjected to signifi-
cant relative displacements, imposed by the larger con-
structions located at the lateral areas of the aggregate.

Although the obtained results, concerning the investi-
gated ideal building aggregate, highlight its high seismic
vulnerability, an even higher vulnerability could be esti-
mated in real aggregates due to the presence of irregular
layouts, weak floor diaphragms, and out-of-plane failures.

The results obtained so far, although related to spe-
cific urban fabrics, could also be extended to other
comparable areas and used for a better calibration of
fast seismic assessment strategies.
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