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Abstract

This paper presents the numerical analysis of the structural behaviour of an historical masonry storehouse in Trieste, Italy. The 
large complex subject of the study is dated back to XIX Century and it is nowadays disused and in an advanced state of deterioration. 
The monumental building, object of detailed building survey defining geometry and characteristics, were extensively studied 
and analysed by means of a comprehensive experimental campaign conducted on its walls, foundations and arches. The main 
outcomes of the in-situ and laboratory tests allowed to defining the properties and the behaviour of some structural elements. 
The collected experimental data allowed defining and calibrating of detailed finite element models of the building composed of 
walls, columns, arches and vaults. The main goals of the modelling were the calibration of global material parameters to obtain a 
correct interpretation of the experimental tests conducted and the study of behaviour and capacity of the building when subject to 
horizontal loadings, such those due to a seismic excitation. The collected experimental data are compared here with the numerical 
results. Furthermore, the finite element models were used to perform numerical analyses under horizontal forces: linear analyses 
were conducted in order to estimate the important stiffening contribution of vaulted floor of the building and to define an equivalent 
not curved 2D diaphragm; nonlinear analyses were performed to estimate the ductility of the stonework arches-vaults system, 
taking also into account, or excluding, the flexibility of the foundation system previously calibrated. The approach adopted in the 
present paper proved to be effective and provide for an effective tool for evaluating the seismic vulnerability of complex masonry 
structures. Furthermore, the main outcomes in the paper will allow a properly design of future strengthening and conservation 
interventions for the increased design loading levels associated with the new intended use of the construction.
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Introduction
The seismic assessment of complex existing masonry building 

often requires numerical models to be used in order to properly 
evaluate the actual structural response of the system, when 
subject to several loading conditions [1]. In this framework, the 
choice of the more suitable numerical model to be adopted in the 
analysis process is a fundamental aspect, in order to reach both 
a correct interpretation of the structural behaviour and to limit 
the computational effort. This aspect is particularly important 
for large masonry buildings, where a comprehensive detailed 
model of the whole building coupled with a non-linear material 
constitutive model could heavily increase the computational cost 
and the efforts necessary for the analysis and the post-processing 
of results. The adoption, if possible, of detailed models of only  

 
limited portions or elements of the building (partial model) could 
represent an interesting compromise on the one hand, but on the 
other it introduces the problem of setting-up a realistic distribution 
of boundary conditions, simulating the excluded portions. This 
type of approach can be more easily followed when dealing with 
constructions composed of many identical recurring elements.

A further key aspect to be carefully considered when dealing 
with the seismic assessment of structures, concerns the evaluation 
of their ductility (linked to ductility of single elements and 
therefore ductility of materials) which depends on many different 
factors. Among these, maybe the most important are geometry of 
the structure [2] and nonlinear behaviour of masonry, the latter 
depending on shape and strength of bricks or stones, masonry 
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texture, thickness of mortar layers and interface between mortar 
and stone [3]. In order to properly take into account all these 
aspects, the numerical modelling phase should be combined with 
an appropriate experimental campaign, able to provide for the 
outcomes necessary for an accurate calibration of constitutive 
relations introduced in the model.

In the present paper, the main results obtained from the 
numerical analyses carried out on the ancient storehouses 
situated in Trieste, in the North-East of Italy, are presented. The 
large complex depicted in Figure 1, dates back to XIX Century and 
it was used in the past to collect and store the wheat incoming 
to the Trieste harbour. The entire structure has a C-shape plan, 

presenting two long wings characterized by perimeter stonework 
walls transversally connected by 47 pairs of main stone arches. 
The main arches are further connected by secondary stone arches 
and brickwork vaults at floor level. To date, the storehouses are in 
advanced state of deterioration but they have been included in a 
huge restoration project of the area, aimed at the transformation in 
a shopping centre. A series of experimental in-situ load tests were 
conducted on some selected structural elements (some arches and 
foundation plinths), in order to assess the structural behaviour of 
the building when dealing with the vertical loads prescribed by the 
new intended use and to estimate its actual structural safety level, 
the lot allowing for a fine tuning of the strengthening interventions.

Figure 1: Aerial view of the XIX Century “ex-Silos” storehouses in Trieste (in the North-East of Italy).

The aims of the modelling were: calibration of material 
parameters necessary to obtain a correct interpretation of the 
experimental tests conducted on the building and to study the 
behaviour and the capacity of the building when subject to horizontal 
loadings, such those due to a seismic excitation [4-6]. First, the 
geometrical global model was defined, starting from the results of 
the building survey [7], in terms of dimensions, thicknesses and 
different textures of the various structural elements [8]. The elastic 
material properties were calibrated by preliminary finite element 
analyses through the comparison with the results of selected 
experimental in-situ tests. In particular, static tests on stone arches 
under service loading levels were considered. After the calibration 
process, the interaction between consecutive pairs of main arches, 
linked by secondary arches and cross vaults, has been analysed in 
detail by means of a partial model, in order to define the property 
of an equivalent membrane element, to be introduced inside the 
model as an alternative to the real curved geometry of vaults [9]. 
Finally, nonlinear analyses on the partial model of the arches-vaults 
system subject to horizontal loadings (pushover analyses) were 
carried out, with the aim of assessing the capacity and ductility 
against seismic actions of this type of vaulted structures taking into 

account, or excluding, the flexibility of foundation of the internal 
columns. As far as the soil-foundation interaction is concerned, the 
continuous foundation under the walls was considered as rigid, 
while trilinear springs were introduced under the foundations of 
stone columns. Results of experimental tests on plinth foundations 
were used to define the behaviour of the springs.

Description of Building and Experimental 
Campaign

The “ex-Silos” storehouses have a C-shape plan composed 
of three main units: two long wings with similar structural and 
geometric characteristics and a front building connecting the two 
wings. It is not considered in the present investigation because it 
was not object of the analysis nor of the tests.

A detailed survey of the whole complex, provided for the 
dimensions of the wings, which are 316×27 meters, with an 
internal courtyard about 29 meters wide (see Figure 2). Each wing 
has two floors about 8 and 12 meters high, respectively, for a total 
of 20 meters from ground level. The bearing perimeter walls are 
connected in transverse direction at the first floor, every 6.50m, 
by a pairs of main arches supported by a central internal column. 
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The main arches start at 2-2.5 meters height from the ground level, 
have a span of about 12-13 meters, key brick height between 6 and 
6.5 meters from ground level. In longitudinal direction the internal 
columns are linked by the secondary arches about 2 meters thick. 
The vertical load-bearing walls are made of very large rectangular 
limestone blocks, up to 30-40cm long, with bed joints of poorly 
hydrated lime mortar. The thickness of the perimeter walls is 
approximately 1.60 meters at the ground floor and 1.0 meter at the 
first floor. Arches and columns have usually a very good texture, 
whereas the stone brick arrangement of longitudinal walls is much 
more irregular and often with very thick and irregular mortar 
layers (up to 3-4cm). The first story of both wings has stonework 
vaults with a maximum height of 8 meters from the ground 
level. The pairs of main arches assure a considerable rigidity in 
transverse direction and a very high load carrying capacity to the 
structure and, connecting the central columns with the perimeter 
walls, they bear both vault and the upper wood pavement load. 
At the first floor, vaults bear the load of the wooden floor, made of 
beams with about 1 meter of spacing, a wooden floor and, in some 
parts of the building, an overlying concrete slab of more recent 

construction. The brickwork vaults have a 40-45cm constant 
thickness. Moreover, the brickwork has in general a good texture, 
with good compressive strength bricks interposed by thin lime 
mortar joints. Vaults are tunnel vaults, except for the last three bays 
per building, where they are replaced by cross vaults. From a series 
of dugouts, conducted under portions of perimeter walls and under 
some columns, it was possible to establish that the thick perimeter 
walls continues below the ground level for about 1 meter, with an 
enlargement of 40-50cm. There, the foundation is constituted by a 
layer 70cm thick of poor mortar, laid on a further layer 50cm thick 
of pebbles and stones mixture arranged with irregular texture. 
The surveys conducted on the perimeter columns showed stone 
foundations made of the same stonework as the substructure. The 
surveys conducted on the central columns revealed a foundation 
structures similar to that of the perimeter walls, with a series of 
enlargements by the four edges of the section. Moreover, according 
to the original design documentation, the foundation of walls and 
columns, at -4.0m from the ground level, lay on thick stone plates 
supported by fir-tree piles embedded in the soil in order to improve 
soil consolidation and load-carrying capacity.

Figure 2: Plan view of the ground floor the storehouses with indicated the structural elements experimentally tested in Bovo et 
al. (2017) and the wing object of the FE global model.

For an adequate characterization of the structural properties, 
different kinds of test have been conducted, at different scale 
levels. The mechanical properties of the stone masonry walls were 
obtained by compression tests on both stone cored specimens and 
full-scale stonework wall specimens. As far as the stone arches 
are concerned, in-situ tests were carried out with the purpose of 
investigating their structural response under different types of 
loading conditions. The arches were tested with symmetric and 

asymmetric static loading configurations and then with dynamic 
excitations, in order to assess the corresponding key parameters 
of the structural system. In Figure 2, the position of the four arches 
tested is showed. Finally, in order to characterize the behaviour 
and the flexibility of the column foundations, four plinths were 
tested under vertical static loading. An extensive description of 
the experimental systems adopted and the main outcomes of the 
experimental campaign are reported in Bovo et al. [7].
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Numerical Modelling and Interpretation of Experimental Tests
The FINITE ELEMENT MODELS

Figure 3: Finite element models of the storehouses: (a) View of the global and (b) local FE model adopted in the present study.

In order to properly understand the structural behaviour of the 
storehouses, a 3D global finite element (FE) model of the wing on 
railway station side (see Figure 2), was obtained by reproducing 
the geometry of the building. The global FE model is showed in 
Figure 3a. Reliability of the numerical model strongly depends 
from the choice of the mesh and from the constitutive model, which 
usually varies according to the specific phenomena of interest 
[10-12]. In this framework, and following the classical literature 
classification, brickwork and stonework can be modelled at different 
approximation levels, by means of micro-element models, smeared 
models [13,14] and macro-element models, each method having its 
own advantages and drawbacks [15]. For example, in Gambarotta 
& Lagomarsino [16] a mortar joint damage model is proposed for 
application in micro-model elements and, in a companion paper 
Gambarotta & Lagomarsino [17], a homogenization procedure 
leads to a continuum model for smeared application. In the two 
papers, some examples of application of both models are reported. 
In Galasco et al. [18], a macro-element model is adopted and 
the results presented confirm the good reliability of the model 
implemented. In Szołomicki [19], a homogenized approach based 
on limit analysis is described and the issues of calibration and 
sensitivity of the model are addressed. Furthermore, in Stablon et al. 

[20] a new approach based on a homogenized damage model, that 
automatically addresses the problem of localization of deformation, 
is described.

In the present work, due to the wide size of the system under 
analysis and with the aim of limiting the computational efforts, 
a homogenized masonry material simulating the properties of 
both stone and mortar was adopted [21-23]. Consequently, the 
properties of the adopted finite elements are representative of 
the global behaviour of brickwork and stonework. In more details, 
the numerical FE model of Figure 3a is made of about 4˙400˙000 
finite elements, pentahedron with 6 nodes (wedge elements) 
or hexahedron with 8 nodes (brick elements). The structure at 
ground level was fully restrained. The formulation of both types 
of finite elements is based on the isoparametric procedure. Since 
the experimental in-situ tests reached the service load level, in 
the numerical analyses carried out to reproduce the experimental 
results, a linear elastic constitutive behaviour was adopted. 
The assigned elastic modulus of the masonry was obtained by 
matching numerical and experimental results corresponding to 
the symmetric loading tests of the arches, as it will be discussed in 
the following. The global model resulted very expensive in terms 
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of computational time and so the authors decided to consider 
only a limited portion of the FE model. To this purpose a local FE 
models has been extracted from the global one. In fact, due to its 
considerable size, the adoption of a refined mesh of the entire wing 
produces excessive computational time both for analysis and result 
post-processing phases [24]. Considering that the structural arch-
vault system is longitudinally recurring along both the two wings 
a partial FE model of a representative portion of the wing was also 
modelled, thus limiting the computational effort without losing 
important aspects of the structural behaviour [25,26]. The partial 
FE model, composed of about 310˙000 finite elements, is showed in 
Figure 3b. A typical transverse bearing system was selected from 
the same wing building previously discussed. It is composed of 
three pairs of transverse main arches and the elements connecting 
them (perimeter walls, vaults, secondary arches). A system of 
constraints was applied on the boundary surfaces of the removed 
portions of building, thus preventing any displacement along 
Y-direction of Figure 3b. Since not all the arches and vaults had 
exactly the same geometry, the finite element mesh was created by 
using the geometry of the portion of the northern building (on the 
Railway Station side) with at the center the arch n. 4 of Figure 2 
and experimentally subject to in-situ testing. In order to verify the 
representativeness of the partial model (Figure 3b) with respect to 
the global model (Figure 3a), a preliminary numerical analysis was 
performed on both the two models. Due to the high stiffness of the 
bearing elements along the longitudinal Y-direction, the numerical 

results from the two models were practically coincident. Even if the 
local numerical model considers a limited portion of the building, 
it allowed a properly understanding of the interactions between 
the contiguous main arches and vaults. Furthermore, a series of 
numerical analyses for horizontal loading, has been performed by 
the authors on the local model with the main goal to study arches-
vaults interaction (Section 4).

Interpretation of Tests on Stone Arches

Numerical predictions coming from the local FE model are 
compared with experimental results concerning the tests on arches. 
Both static (for symmetric and asymmetric loading conditions) and 
dynamic test are considered in the analyses. According to the static 
symmetrical test set-up, two equal vertical forces were applied at 
quarters of the arch span, while in the asymmetrical scheme only 
one vertical force was applied to the right quarter of the arch span.

Deflections measured under the symmetrical static loading 
scheme were used to properly identify the elastic modulus E and 
the shear modulus G of the equivalent smeared stonework material 
(considered homogeneous throughout the mesh). The comparison 
of deflections for asymmetric static loading was used to verify 
the reliability of the numerical model. The calibration procedure 
using a linear elastic constitutive model gave an elastic modulus 
E=1800MPa and a shear modulus G=750MPa (with Poisson ratio 
v=0.20 as a consequence).

Figure 4: Vertical displacement of arch n. 4 subject to static load test: experimental displacements compared with numerical 
predictions for (a) symmetric and (b) asymmetric loading conditions.
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Figure 4 shows the comparison between the experimental 
vertical deflection of arch n. 4 and the numerical predictions, 
obtained from the partial model, via linear static analysis for 
three different loading levels (150kN, 250kN and 350kN applied 
at both quarters). In confirmation of the assumed values for the 
elastic properties, Figure 4 further shows that even in the case of 
asymmetrical loading scheme, matching between experimental and 
numerical results is very satisfactorily for each loading level as far 
as arch n. 4 is concerned.

Numerical predictions were also compared with vertical 

displacements experimentally measured during tests on other 
arches (different from n. 4), under symmetrical conditions 
(Figure 5a-c, respectively for three loading levels of 100kN, 250kN 
and 350kN). In Figure 6a-c, the experimental and numerical 
displacements under the asymmetrical loading conditions are 
also reported, respectively for 100kN, 200kN and 350kN loadings. 
In this case, the maximum displacement is attained at the loaded 
quarter (on the right). In both cases, the numerical results fit 
satisfactorily with the experimental outcomes, confirming that the 
model is representative of the real behaviour of the structure in the 
linear range.

Figure 5: Experimental and numerical vertical displacements on arches tested under symmetric loading condition: (a) 100 kN, 
(b) 250 kN and (c) 350 kN.

A dynamic modal decomposition analysis was also performed 
on the same elastic FE partial model in order to identify the main 
natural vibration frequencies of the partial structural system. The 
shape of the building and the lack of rigid diaphragms at various 
floors suggest that even the dynamic analysis on a limited portion 
of the whole system could be quite representative, at least as far 
as the vibration modes in the vertical direction are concerned. The 
two main frequencies activating most of the mass in the vertical 
direction are f1,num=12.01Hz and f2,num=15.86Hz. The numerical 
deformed modal shapes are shown in Figure 7a-b, respectively.

The experimental dynamic tests carried out on four 
representative arches and described in Bovo et al. [7] showed a 
large scatter in the results due to differences in material quality 
and also dimensions. The experimentally identified frequencies 
exciting mass along the vertical direction range from 9.0 to 15.6Hz 
for the first mode shape and from 15.8 to 19.5Hz for the second 
one. Of course, this scattering cannot be captured by the numerical 
model. Nevertheless, the numerical frequencies obtained for the 
two modes identified fit with acceptable approximation with the 
average values of experimental frequencies, i.e. f1,exp=12.93Hz and 
f2,exp=17.95Hz.
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Figure 6: Experimental and numerical vertical displacements on arches tested under asymmetric loading condition: (a) 100 kN, 
(b) 250 kN and (c) 350 kN.

Figure 7: Modal shapes of vertical vibration frequency of the structure identified via FE model: (a) first natural mode; (b) 
second natural mode.

Discussion
In conclusion, it can be stated that the finite element model is 

able to properly match both the static and the dynamic behaviour of 
the structural system, under service (elastic) conditions.

Tests on foundation elements

In order to estimate the load-carrying capacity and the vertical 
settlement of the foundation system, four typical plinths foundations 
(indicated with a blue circle in Figure 2) were experimentally 

tested with an increasing static vertical load. For each test, the 
vertical displacements of four points on the plinth were measured 
by means of two optical levels and the mean vertical displacement 
of the column base was calculated as the mean value of the four 
displacements. For each step, the loading was kept constant for 
15-20 minutes. The maximum loading was reached after 2-4 hours 
of test and then kept constant for 14-16 hours before unloading. 
The force-displacement curves obtained for each of the four tested 
plinths are reported in Bovo et al. [7] with an extensive description 
of the testing procedure. 

Figure 8: Force-settlement curves for static vertical loading on foundation of column n. 4 (see Figure 2): calibration of trilinear 
spring model by means of experimental results reported in Bovo et al. (2017).
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In order to model numerically the inelastic behaviour of the soil 
when subject to vertical stresses, a tri-linear uniaxial spring was 
introduced at the bottom of the central column in the partial FE 
model. Its calibration was done by comparing experimental results 
coming from tests on column foundation n. 4, identified as the most 
representative of the whole structure, and numerical results (see 
Figure 8). The good correlation between experimental outcomes 
and numerical predictions confirms the suitability of the trilinear 
law adopted to simulate the foundations flexibility in the nonlinear 
range (see Section 5 of the present paper). Nonlinear springs 
would be required to take the flexibility of the soil into account in 
the nonlinear analysis of the structure when subject to horizontal 
loadings also. To this purpose, in the finite element model depicted 
in Figure 3b, the initial restraints assigned at the base of the columns 
were substituted (along the vertical direction) by a vertical trilinear 
spring rigidly linked to the whole column base cross-section.

Assessment of Arches-Vaults Interaction by Linear 
Analysis

The correct estimate of the membrane and flexural stiffness 
of horizontal (or sub-horizontal) diaphragms is fundamental for a 

reliable evaluation of the seismic response of a structure. As discussed 
in Cattari et al. [27], the role of floor diaphragms is significant both 
in terms of stiffening the structure and redistributing horizontal 
seismic loads among vertical bearing elements. In fact, when floors 
are deformable in their planes, arches and columns tend to deflect 
one independently from each other, each one activated by its own 
surrounding mass. As well known, this is true not only in the linear 
range but also, and particularly, in the case of strong horizontal 
actions (activating the nonlinear behaviour of materials): the 
deformable floor does not allow for effectively redistributing forces 
from elements undergoing strong nonlinear effects to still elastic 
or less damaged ones. This aspect is particularly important in the 
case at hand, due to the very different behaviour in term of mass 
distribution, stiffness and strength of external walls and internal 
columns. The assumption of the presence of rigid diaphragms at the 
floor level may, in principle, lead to significantly overestimate the 
redistribution of horizontal forces among vertical elements. The 
rigid floor assumption is also unrealistic considering the elongated 
shape of the two parallel storehouses of the building with a 1/12 
ratio between the width/length dimensions.

Figure 9: Plan-view of the deformed FE model used for the study of horizontal stiffness (transverse direction) of the portion of 
structure considered: (a) with and (b) without vaulted floor.

For this reason, in order to assess the vaulted floor in-plane 
stiffness when the building is subject to horizontal forces, a linear 
static analysis was carried out by applying a horizontal force to 
the pair of main central arches of the partial model and acting 
along their principal direction, with horizontal displacements of 
the lateral arches constrained. This analysis was carried out with 
and without the presence of cross vaults. With reference to finite 
element models depicted in Figure 9, a 1000kN horizontal force 
was applied, obtaining horizontal displacements at the control 
point A equal to A’=0.12 mm and A’’=0.56mm, for the model with 
(Figure 9a) and without the vaulted floor (Figure 9b), respectively. 
These results show that the vaulted system plays a fundamental 
role in the structural behaviour, redistributing horizontal loads 

among arches pertaining to different transverse alignment, being 
its in-plane stiffness 3-4 times greater than the stiffness of the three 
longitudinal walls, when subject to the same set of forces in the 
transverse direction.

Hence, in order to properly assess the seismic behaviour 
of the whole structure or portion of it, the vaulted floor must be 
maintained. The model at hand could be simplified by replacing 
the current vaulted system with an equivalent plane diaphragm, 
according to Cattari et al. [27]. Elastic properties of the equivalent 
plane diaphragm, EV and GV, can be obtained from the following 
equations [27]:

0.910 0.1567 ln 1.9133 0.0721VE s f s
E L L L

      = − − + +            
              (1)
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2

34.323 5.6202 1.12 4.1766 8.9033 0.7273VG s f s f s
G L L L L L

            = − + − + + +                        
    (2)

where:

EV ,GV : Young’s and shear modulus of the equivalent plane 
diaphragm;

E, G : Young’s and shear modulus of the vaulted floor;

s : thickness of the cross vault;

L : span of the cross vault;

f : rise of the cross vault.

By assigning the values of s=45cm, L=11.0m and f=3.0m for 
the case at hand, the ratio EV/E becomes 0.40, whereas GV/G is 
equal to 0.25. The equivalent plane floor then has elastic modulus 
EV=720MPa and shear modulus GV=188MPa. This diaphragm, with 
in-plane shear and longitudinal stiffness equivalent to the vaults 

system, can be used in a less detailed finite elements model, in 
order to reduce the computational effort.

Inelastic Behaviour of the Structure Subject to Horizontal 
Forces

In order to evaluate the behaviour of the building when subject 
to horizontal forces due to earthquake excitation, a nonlinear static 
pushover analysis [28,29] was conducted on the FE model reported 
in Figure 10. The nonlinear behaviour of masonry was obtained 
by using as yield function the Mohr-Coulomb criteria in principal 
stress space, with “yielding” occurring when a point reaches the 
yielding surface. For the definition of the Mohr-Coulomb yielding 
function, as suggested in NTC (2008) for historical stonework, the 
values 0.1MPa for cohesion and 21° for the friction angle were 
assumed. With reference to experimental values obtained and 
reported in Bovo et al. [7], the global failure collapse criterion was 
defined as the attainment of a principal compression strain of 3% 
in the masonry element.

Figure 10: Loading system applied to the partial FE model for the study of the nonlinear behaviour of the arches-vaults system.

As suggested in Galasco et al. [30], the use of pushover analysis 
for buildings with membrane deformable diaphragms presents 
more issues with respect to the simpler case of structures with 
rigid floors. For example, selection of the distribution of horizontal 
forces is a critical aspect since, in deformable-floor structures, the 
effects of higher order modes may be significant. Another crucial 
point of pushover methodologies, especially in the case of in-plane 
deformable diaphragms, is the choice of the control node to be 
monitored during the loading phase. In fact, remarkably different 
curves can be obtained by changing the control node even if with 
reference to the same floor.

In the present work, according to NTC [31], the force distribution 
was assumed proportional to the story shear distribution obtained 
from a dynamic modal analysis. Being of interest the structural 
behaviour of the building in the transverse direction, the applied 
force distribution is proportional to the shear forces obtained 
considering the natural vibration mode exciting the largest 
percentage of the structural mass in the transverse horizontal 
direction (X-dir. in Figure 10). During the load increments, the 

horizontal displacement along X-direction of the point B in Figure 
10 was registered. Numerical results in terms of “base shear-
horizontal displacement” at point B, monitored until the attainment 
of the failure condition, are reported in Figure 11 for two different 
restraint conditions at the column base: the fixed restraint (FR) and 
the trilinear spring (TS) condition discussed in Section 3.3.

In the same figure, the ideal equivalent elastic-perfectly plastic 
force-displacement curves are superimposed to the corresponding 
numerical nonlinear curves. The bilinear relationships are 
determined, according to NTC [31], by imposing the areas under 
the two curves, nonlinear and bilinear, to be equal (see Figure 11).

Considering the ideal equivalent bilinear curves, it can be 
verified that the more realistic model, with trilinear springs under 
the columns, shows a stiffness of the first ideal elastic portion about 
20% smaller than that of model with fixed restraints, and a 17% 
reduction of the ideal yielding force. On the contrary, due to the 
flexibility of foundation-soil system, the ultimate displacement at 
the control node position is 60% greater than in the fixed restraint 
condition.
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Figure 11: Base shear-horizontal displacement curves from pushover analysis of nonlinear FE model in Figure 10. FR: Fixed 
Restraint and TS: Trilinear Springs conditions for the foundations.

According to NTC [31], the equivalent bilinear curve can also 
be used to estimate the ductility of the structure, when subject to 
horizontal earthquake excitation. Ductility, defined as the ratio 
between displacement at failure and displacement corresponding 
to the yielding point of the ideal equivalent bilinear relation, is 
a very important issue in seismic engineering. In fact, it can be 
correlated to the capability of a building to drop the peak values 
of stresses in the structure during an earthquake. Furthermore, by 
means of the displacement ductility, the behaviour factor can be 
estimated, useful to perform a reliable spectral dynamic analysis 
of the structure so to reduce the computational effort needed to 
study the structure for many seismic loading combinations. In 
the case at hand, the ductility values are μFR=57.2/32.6=1.75 for 
the fixed restraint condition and μTS=90.1/33.3=2.70 in the case 
of deformable ground, modelled by means of trilinear springs. 
This aspect confirms the general criterion that the effect of 
earthquake forces in large buildings is, usually, less critical when 
the soil-structure interaction is considered, by introducing the soil 
flexibility inside the model.

Conclusion
Starting from the results of experimental static and dynamic 

tests described in Bovo et al. [7], FE models of a monumental 
stonework building located in Trieste (Italy) were assessed and 
calibrated. The good matching between numerical analyses and 
experimental tests on arches and foundation elements of the 
building confirmed the reliability of the partial model, which was 
then used for further and more complex analyses.

In this perspective, linear numerical analyses were carried out 
on the structure subject to horizontal loading, showing that vaults 
may have significant in-plane stiffness. Furthermore, they play an 
important role in the loading redistribution among parallel pairs 
of arches, increasing robustness of the structural system, thus 
suggesting the necessity of carefully protecting them from early 
failure during an earthquake. Finally, nonlinear pushover analyses 
were performed, considering the two modelling conditions of fixed 

restraints at the building foundations level and nonlinear behaviour 
of the soil-foundation system. It is shown that, in the second case, 
the building may exhibit a significantly larger ductility when 
subject to horizontal forces, very important in order to withstand 
effectively the seismic action.

The approach adopted in the present paper proved to be 
effective and provide for an effective tool for evaluating the seismic 
vulnerability of complex masonry structures. Furthermore, the 
main outcomes in the paper will allow a properly design of future 
strengthening and conservation interventions for the increased 
design loading levels associated with the new intended use of the 
construction [32].
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