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Abstract: A multidisciplinary approach for assessing the seismic vulnerability of heritage
masonry buildings is described throughout the paper. The procedure is applied to a specific
case study that represents a very common typology of masonry building in Italy. The
seismic vulnerability of the examined building was assessed after the following:
(a) historical investigation about the building and the surrounding area, (b) detailed
geometrical relieves, (c) identification of materials by means of surveys and literature
indications, (d) dynamic in-situ tests, (¢) foundation soil characterization, (f) dynamic
identification of the structure by means of a refined Finite Element (FE) model. After these
steps, the FE model was used to assess the safety level of the building by means of
non-linear static analyses according to the provisions of Eurocode 8 and estimate of the
g-factor. Some parametric studies were also carried out by means of both linear dynamic
and non-linear static analyses.
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1. Introduction

The assessment of safety and, in general, of the structural behavior of existing masonry buildings is
often a complex issue due to the inevitable uncertainness regarding geometry, typologies and
mechanical properties of materials, effects of age and past loading history referring both to service and
accidental loads (earthquake, fire, explosion, efc.), presence of architectonical and structural
interventions with different techniques or materials, interaction with surrounding buildings and
foundations, knowledge of foundation soil properties. Thus, for an existing masonry building, a
complete knowledge is needed before starting any study of its structural safety or designing an
eventual retrofitting intervention.

A complete knowledge needs detailed in sifu inquiries according to a multidisciplinary approach
providing both traditional and innovative investigation techniques. A detailed knowledge of the
structure, even if it could appear expensive and time-consuming in the initial stage, in the later stages
allows optimizing an eventual repairing design; such an approach reduces the costs of intervention and
is in agreement with the ‘minimum intervention’ philosophy for heritage buildings [1,2]. Indeed, the
knowledge level of the geometrical and structural characteristics of the examined building strictly
influences the definition of the numerical models and, thus, the reliability of the building response
prediction. The Italian Guidelines for cultural heritage [2] suggest to use methods characterized by
different levels of knowledge and detail for the assessment of the seismic safety of historical buildings
in function of the aim of such studies. The final level of knowledge of the structure depends on quality,
quantity and deepening of in situ relieves, historical investigations, and experimental tests. The
knowledge phases are aimed to define a model able to predict qualitatively the structural behavior or to
carry out more refined structural analyses. Clearly, the reliability of each type of model, qualitative or
quantitative, depends on the deepening level of the inquiries and on the amount of available data.

Simple approaches, based on indexes related both to a simplified estimation of the seismic
resistance of the structure and the expected seismic action [2], can be useful instruments to develop
seismic vulnerability maps functional to define a priority scale for further detailed analysis.

More refined analyses request a larger and more detailed database of information about the
examined structure (geometry, mechanical properties in the linear and non-linear field, variability of
parameters and anomalies in the constituent elements, efc....) that can be collected by several fonts.
Furthermore, for historical buildings the simplified methods can give useful indications particularly
when detailed experimental in sifu investigations cannot be carried out, i.e., in presence of strong
preservation requirements, so that detailed approaches become unreliable. Note that the simplified
methods are in general reliable only for regular and symmetrical buildings, stiff floors and
predominant shear failure modes in the walls.

Historical investigations can be useful to characterize and analyze the origin of the structure and its
vicissitudes. In particular, the following topics can be assessed by means of this type of investigation:

(a) the reasons for earlier structural interventions: severe damages or collapse due to catastrophic
events (earthquake, explosion, fire) or normal use of the building, change of use destination,
change of owners, change of architectonic features related to the current architectonic style;

(b) the overall evolution of the examined building as well as of the surrounding buildings related to
the urban evolution of the area;



Buildings 2012, 2 334

(c) the presence of not contemporaneous construction phases characterized by different materials
and techniques;

(d) the individuation in coeval buildings placed in the same area of typical construction materials
and techniques. Indeed, the choice of the construction materials, especially if natural carved
stones are used, was often related to the geographical location of the building and the local
availability of quarries in the neighborhood.

Most of this information can be collected only by means of archival and bibliographical
documentations and their importance should be not neglected.

Successively, detailed surveys of geometry and materials make it possible to detect characteristic
features such as type and configuration of floors, disposition of resistant masonry walls, nature and
dimensions of masonry component elements (i.e., type and dimensions of masonry blocks), wall
texture (i.e., disposition of blocks and mortar joints, thickness of joints, presence of a single or double
panel with chopped materials in the central cavity), construction details (connections between the
floors and the vertical resistant elements, local connections between parallel walls as steel chains or
between orthogonal walls in the corners along their height for improving the global behavior of the
building, etc....). These aspects can be better assessed and/or integrated by means of information
collected by historical investigations and the knowledge of the construction techniques typical of that
area. Indeed, thanks to the comparison with similar buildings, the amount of the specific investigations
to be realized in situ can be reduced.

The assessment of the mechanical properties of the various constituent materials (i.e., masonry
blocks, mortar) and of their assembling has to be investigated by means of detailed in situ testing [3].
The original mechanical properties of the construction materials often have been modified by the age
of the building and by loading and environmental effects over time. Thus, the detection of crack
patterns and/or of decay conditions of the materials is a first check for individuating potential troubles
in structural elements. The mechanical properties of masonry blocks and mortar joints are usually
assessed by means of destructive tests in situ, even if in the last years, a significant effort has been
spent to use non-destructive testing techniques [4-8] in order to limit destructive tests to only
a few points.

Investigation techniques based on in situ dynamic tests carried out through ambient or forced
vibrations [9-15] represent an innovative and useful instrument to observe different aspects of
historical buildings thanks to the study of their dynamic response in terms of frequencies and modal
shapes [2].

Firstly, based on the comparisons of experimental evidence (mainly consisting of the principal
modal shapes and the related frequencies) and predictions given by linear dynamic models, the values
of elastic constants and unit weight of masonry can be easily assessed, taking into account the overall
assembly of stones/bricks and mortar.

Moreover, dynamic in situ tests can be aimed at studying the response of the structure under
seismic actions and at investigating the interaction of the examined building with adjacent
constructions or with the foundation soil. This latter topic in particular is rarely accounted for in
common structural modeling because in most cases, type and dimensions of the foundations or
properties of the subsoil are unknown. When the foundation soil is soft, the hypothesis of a fixed-base
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condition for the superstructure is no longer valid and the effect of Soil-Structure-Interaction (SSI)
should be accounted for. If dynamic in situ monitoring is carried out, the role of SSI should be
properly accounted for, because measures acquired in different parts of a building may contain the
effect of coupling between soil and structure.

Finally, a periodical control of the main dynamic parameters of the building by in situ dynamic tests
is useful to verify if some changes in the building have occurred, especially in the case of historical
ones [2].

The information collected in these preliminary steps are functional to the structural model; it is
clear that, if the amount of information is huge, the modeling can be more refined and the results more
reliable. For example, models by Finite Elements (FE) allow understanding the structural behavior for
a fixed action, identifying the original causes of the current damage patterns, individuating the
resisting mechanisms, and predicting the behavior for exceptional actions (i.e., seismic action).

After the building has been modeled, linear analyses under gravity loads are useful instruments to
verify the accuracy of the geometrical layout and the reliability of the values of unit weight by
comparing the theoretical stress distributions with the experimental data obtained in situ in some
significant points (i.e., by means of flat jacks). Moreover, a 3D model allows identifying local
problems related to stress concentration by comparing them with actual situations and taking into
account a rehabilitation design. As previously cited, FE modeling techniques are also a useful support
to develop linear dynamic analyses and to assess the mechanical parameters of materials by means of
comparison with in situ dynamic tests.

Modern code provisions advise to assess the safety of masonry buildings taking into account
the non-linear behavior for masonry, by means of ‘push-over analysis’ carried out thanks to more or
less refined models (methods based on storey mechanisms, equivalent frame approaches, two- or
three-dimensional continuum approaches [16-22]. Moreover, pushover analyses are frequently used to
assess the seismic vulnerability of historical masonry constructions [23] because the effort spent for
the detailed modeling is compensated by the relevance of the structure.

However, the post-elastic behavior of masonry materials is quite uncertain to define, but it is a key
aspect to simulate the non-linear behavior of the structure and, thus, needs to be assessed especially for
seismic verifications. However, because affordable non-linear FE analyses applied to a continuum
require high expertise and should be used when the knowledge of the structure is very detailed, several
methods based on simplified element meshing have been developed. The reliability of these approaches
for the prediction of the actual behavior of each structure strictly depends on its geometrical
configuration. Moreover, in structures endowed of particular architectures (churches, arches, domes,
etc....) it is often possible to identify sub-structures characterized by well-defined resistant mechanisms,
so that single parts of the building are verified separately [22,24,25].

In this paper a complete approach for the study of an existing masonry building with the final aim
to evaluate its safety conditions is followed by analyzing a typical case study: a historical building
(Palazzo Bosco Lucarelli) located in Benevento (Italy), a zone of high seismic hazard in the core of
the Apennine.
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2. The Case Study of a Historical Building
2.1. History and Description of the Structure

For the examined building, ‘Palazzo Bosco Lucarelli’, an old noble palace located in Benevento
(Italy), research in the archives of City Hall and in public libraries allowed collecting information
about the different construction phases of the building thanks to historical reports, maps, urban plans
and, for the XX century, photos.

The original nucleus of the current building probably goes back to the XI century; successively,
some documents of XIII and XIV century confirm the presence of a construction with an adjacent
church in the same site of the current palace. This building was severely damaged during the strong
earthquake of 1702, after that it was rebuilt and amplified assuming the present ‘palace’ structure with
an internal closed court. Some maps of Benevento of XVIII century (Figure 1a) show a central
hallway, the entrance on the current back prospect of the palace (South-West prospect), and the
adjacent church. In the years 1768—1774 the building was retrofitted and part of the church was
incorporated in the construction, such as indicated in some maps of the beginning of XIX century and
in the urban plan of the town dating back to 1880 (Figure 1b). At the end of XIX century, another floor
was added and in 1926, when the church was completely demolished, the west wing of the building
was doubled and the current geometrical configuration was assumed (Figure 1c, Figure 2a). Nowadays
the court is not central anymore, but is located asymmetrically with respect to the west wing that is
double the size compared to the east one (see the plan of the ground floor in Figure 2b).

Figure 1. (a) Map of Benevento at the end of XVIII century; (b) regulator plan of Benevento

in 1880; (c) aerial view of historical center of Benevento near Palazzo Bosco Lucarelli in 2012
from a satellite [26].
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Figure 2. Palazzo Bosco Lucarelli: (a) Current photo of the Northwest and Southwest
wings of the building; (b) plan of the ground floor; (c) survey of the Northeast fagade
(main entrance); (d) survey of the Northwest facade; (e) longitudinal section Y-Y; (f)

longitudinal section X-X.
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The last interventions were carried out at the end of the 90s when the building became the
headquarters of the Engineering Faculty of the University of Sannio. No substantial modifications
were carried out in the structural or external architectural layout, only a functional redistribution of the
rooms was realized.

Nowadays the structure has a rectangular holed floor plan (Figure 2b), consisting of an underground
floor, which is not completely accessible, a ground floor, two upper levels, and an attic under the pitched
roof. The largest dimensions in the plan are 20 m and 16 m, the total height is 18.2 m.

The thickness of the walls varies in the range of 0.3 m—1.0 m with the greatest values attained at the
ground floor (Figure 2b). A complete geometrical and structural survey of the whole building was
performed: The surveys of the two main fagcades (northeast and northwest prospects, Figure 2¢, d) and
two orthogonal sections (Figures 2e, f) are reported to illustrate the geometry of
the building.

Figure 3. (a) Mixed limestone and tuff masonry at the ground floor level; (b) tuff panel at
the ground floor level; (¢) Clay bricks at first and second floor levels.

(@) b ©

The original floors in most cases have been substituted by double standard 'T' shaped steel profiles
with a height of 200 mm (standard type IPE 200) and spaced at a distance of 0.85 m interspersed with
bricks and covered by a concrete deck 100 mm thick. Only the ceilings of the staircase and of some
rooms in the entrance hall on the ground floor are still made of the original masonry vaults. The floors
can be considered as rigid diaphragms and some local tests evidenced a good connection with the
vertical masonry walls (reinforced concrete joists are present along the upper perimeter), so that
out-of-plane mechanisms can be neglected. The connections were probably improved when the old
original floors were substituted by the current steel-concrete ones. Moreover, some steel chains are
present below the first floor between the outside walls and the internal walls of the closed court; these
chains were positioned at the beginning of the XX century when the last significant structural and
geometrical changes of the building were performed (doubling of the west wing and construction of a
new level) in order to improve the global behavior of the masonry walls between the ground and the
first floor. Nowadays no sign of out-of-plane mechanism can be observed in the structure.

The roof is made of a steel truss that is supported on a perimetric reinforced concrete joist.
A profiled steel sheeting, externally covered with brick tiles, closes the structure.
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2.2. Assessment of Masonry Properties

The in situ surveys allowed detecting a masonry structure made of different materials and textures
at the three levels, due to the several construction phases of the building.

At the underground and ground levels, the walls are made of irregular blocks of limestone and
conglomerates (Figure 3a) with some inclusions of tuff (Figure 3b) or bricks, probably used in the past
to close existing openings. At the underground level, blocks are greater and more irregular suggesting
that the underlying foundations were realized as further enlargement of the masonry walls. The first
two levels probably date back the construction age of the original nucleus in the IX century, since the
masonry texture is typical of coeval palaces present in Benevento and dating to the same period.

At the higher levels, the walls are made of clay bricks (Figure 3¢) and were probably built at the
end of XIX century, as confirmed by similar masonry textures evidenced in other coeval fabrics and by
the information collected about the history of the building.

At each level the walls are covered by a reinforced cement plaster (with a thickness of 50 mm and
with a grid of steel bars with a diameter of 4 mm and spaced at a distance of 150 mm in two
orthogonal directions, see Figures 3b, ¢) which can be dated back to the XX century.

Few coring examples of masonry were extracted from the walls and endoscope tests were carried
out in the corresponding drilling holes; the images evidence that the walls are made of blocks along the
entire thickness, without spacing between the external panels.

Compressive tests were carried out on some single blocks extracted from the masonry. The
compressive test on a calcareous stone sample (cube with a side length of 50 mm) extracted at the
ground floor level provided a strength of 11.6 MPa, while tests on cubes made of bricks (side length of
60 mm) extracted from the walls at the first and second levels provided strengths of 3.7 MPa and
2.7 MPa (mean values of two tests), respectively. Penetrometer tests on the mortar of the joints gave a
compressive strength of about 0.65 MPa for the ground floor and 0.40 MPa for the superior levels;
these values allow to classify the mortar as being of a poor typology [27,28].

However, because these data refer to single stones and, thus, are not sufficient for a complete
mechanical characterization of the whole masonry assembling, the main mechanical properties
(compressive strength, f,, shear strength without vertical loads, t,,, and tensile strength, f,,) were
assessed based on the indications given by some recent national guidelines [28] (Table 11.D1,
Appendix 11.D) because they provide lower values compared with the ones indicated in the
applicative document [29] joined to the current Italian code [27]. The mechanical properties are
provided as function of the masonry typology identified in situ by the surveys of materials (Table 1).
In particular, the masonry of the ground and underground floors has been identified in the category
“Cut stone masonry with good bonding”, while for the higher levels of the building, the masonry has
been identified as being made of “clay bricks with lime mortar”. Considering an intermediate level of
knowledge [27,28,30], achieved thanks to the in situ surveys, the central value of the interval reported
in [28] was adopted for the compressive and shear strength. Then, an amplifying factor of 1.5 due to
the beneficial effect of the reinforced plaster [27,29] and a reduction factor of 1.2 (confidence factor
for taking into account the knowledge level) were considered to calculate the final values reported in
Table 1.



Buildings 2012, 2 340

Table 1. Mechanical properties of masonry estimated for ‘Palazzo Bosco’.

Floor Masonry f Tom fm=1.5 Tom \\% E E-1.5
Typology [MPa] [MPa] [MPa] [kN/m’]  [MPa] [MPa]
Cut stone masonry 1500-1980 2250-2970
Ground 219 0.081 0.122 20
TOURE ith good bonding (1740) (2610)
Clay bricks with 1200-1800  1800-2700
pstgnd AP DHCES W5 88 0.095 0.143 24
lime mortar (1500) (2250)

For the estimation of the unit weight, the samples extracted from masonry provided values of 26
kN/m3, 17 kN/m® and 19 kN/m® for the calcareous stone, the bricks and the mortar, respectively;
moreover, for the reinforced plaster a unit weight of about 24 kN/m’ can be assumed. Based on these
values and on the observed brick texture, for the masonry of the first and second floors the unit weight
has been estimated to be about 17.5 kN/m’, which is similar to the value of 18 kN/m’ suggested in
both the Italian guidelines [28] and code [29]. If the layer of reinforced plaster is considered too, the
unit weight increases up to about 20 kN/m”>.

Similarly, for the irregular masonry of the ground and underground floors, the unit weight was
estimated to be 22 kN/m’, which is comparable with the value of 21 kN/m® suggested in both the
Italian guidelines [28] code [29]. If the layer of reinforced plaster is considered too, the unit weight
increases up to about 24 kN/m”’.

On the contrary, it was not possible to develop an experimental evaluation of the Young’s modulus,
E, of the masonry. Literature studies [31] show that the Young’s modulus of masonry assembling is
affected by a large variability even within the same type of stone (values of CoV also greater than
40%). Some attempts have been made to furnish empirical correlations between the Young’s modulus
and the compressive strength, but these correlations are a function of the stone type [32,33]. Both
national guidelines and code [28,29] were considered for the assessment of Young’s modulus. The
same range of values (1500-1980 MPa) is given for the “Cut stone masonry with good bonding” of the
ground floor. Conversely, for the “clay bricks with lime mortar”, [28] and [29] suggest the ranges of
1800-2400 MPa and 1200-1800 MPa, respectively. The lower range suggested by [29] was
considered for the “clay bricks with lime mortar”. Moreover, both codes specify that in case of
historical masonry, the suggested values refer to masonry with poor characteristics, thick mortar joints,
lack of regular horizontal layers and tidy texture, lack of transversal connecting elements between the
internal and external panels of the same wall. Thus, the provided values should be reduced or
increased, depending on the current conditions of the masonry. In particular, for the examined masonry
types, the presence of the reinforced plaster hence also allows the use of an amplifying factor of 1.5 for
the elastic modulus, as is done for the strength. In Table 1 the ranges of E for both types of masonry
are reported together with the corresponding central values, assuming an intermediate level of
knowledge (2610 MPa and 2250 MPa for the masonry of the ground and the upper floors,
respectively). Note that these values represent the starting points for the numerical linear dynamic
analyses, aimed at back-calculating the values of E by comparison between experimental and predicted
values of frequencies. The above-mentioned values refer to un-cracked condition for the masonry and,
thus, should be reduced considering the effective building loading history.
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2.3. Characterization of the Foundation Soils

To characterize the foundation soil, a few in situ tests carried out near the building were interpreted.
In particular, the following tests were considered: (i) a borehole carried out by the local administration
very close to the building (SG-003, Figure 4a); (i1) one standard penetration test (SPT) and (iii) one
down-hole test (DH). The borehole SG-003 is very deep and reaches a maximum depth of 70 m below
ground level (Figure 4b). After the first six to seven meters of man-made ground and historical ruins,
the subsoil is made of almost nine meters of fine-grained materials (silt and clay) followed by an
alternation of coarser soils, i.e., conglomerate and sandstone up to 60 meters below ground level. The
succession ends with grey-azure clay (Pliocenic Age), which is typical of the Benevento area [34] and
represents the bedrock formation from the viewpoint of seismic wave propagation. With the velocity
of the S-waves in the first 30 meters of the subsoil, Vg3, was estimated around 700 m/s. This value
allows classifying the site where Palazzo Bosco is located into the category B [27,30].

Figure 4. (a) Location of the boreholes and down-hole (DH) test; (b) shear wave velocity
vs. depth measured by DH test.
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2.4. In Situ Dynamic Monitoring

A continuous monitoring system made of nine couples of mono-axial accelerometers was placed on
the three floors of the building and a three-axial accelerometer was located on the ground floor. Each
couple of sensors is able to measure separately along the X and Y direction. The position of the
instruments is reported in Figure 5. The sensors were aligned as accurately as possible along three
vertical lines: one corresponding approximately to the center of the building and the other two to the
external edges (see Figure 5). On the first floor, the sensors were placed at about 100 mm from the first
floor intrados, on the second floor at about 100 mm from the second floor extrados, and on the third
floor at about 100 mm from the third floor extrados.
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Figure 5. Position of accelerometers in the building.

Different sets of accelerometric recordings are available caused by ambient noise and impulsive
sources (i.e., the fall of 1 m® concrete block on a truck placed close to the building, the rapid braking of
the truck along the Y direction of the building, some knocks of an instrumented hammer).

In particular, the fall of the concrete block originated vibrations in the building with well-defined
peaks that were used to have a first rough estimation of the building’s dynamic response. The
frequency domain representation of such recordings (acquired with a sampling frequency of 500 Hz)
was carried out by performing the Fast Fourier Transform (FFT) during a signal-window of
eight seconds, centered on the peak value. The energy content of the recorded signals was low at
frequencies higher than 50 Hz; for this reason, a low-pass FIR (Finite Impulse Response) filter was
adopted in correspondence of 50 Hz. A standard baseline correction was also carried out on the
original accelerometric data.

Table 2. Values of frequencies identified by impulsive measurements.

Eigenfrequencies [Hz]

Sensors
X Y

Al 4.8 4.2
A2 4.8 4.2
A3 4.5 4.3
A4 4.8 4.2
A5 4.8 4.2
A6 4.5 4.3
A7 4.8 4.2
A8 4.7 4.2
A9 4.5 4.4
Mean 4.69 4.24

St. Dev. 0.15 0.07
CoV 3.1% 1.7%

The values of the first two frequencies of the building (in X and Y direction) identified by each
couple of sensors are listed in Table 2 together with the mean value, the standard deviation and the
Coefficient of Variation (CoV) of the measured data for each direction.
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The frequencies are low scattered among the measures of the nine sensors in both X and Y direction
with very small CoVs (3.1% and 1.7% for the X and Y direction, respectively). The frequency identified
for the X direction is slightly greater (4.69 Hz vs. 4.24 Hz, +10%) than the one associated with the
Y direction.

3. 3D FE Model and Numerical Analyses

Linear dynamic analyses can be a useful instrument for identifying the first vibration modes of a
building in order to better evaluate the distribution of equivalent horizontal seismic forces in case of
the design of a new structure or the assessment of existing ones based on linear static analyses.

Moreover, for historical buildings, the choice of a reliable behavior factor [27,30] for linear static
analysis can be very difficult and aleatory, so that non-linear static analysis can prove useful in
numerically estimating the actual behavior factor.

In the following sections, both linear dynamic analyses, aimed at assessing the dynamic behavior of
the building, and non-linear static analysis (pushover analysis), aimed at estimating the capacity
displacement of the building and its behavior factor, will be illustrated.

3.1. Model Description of and Definition of the Loading Conditions

Based on the geometrical survey of the building, a three-dimensional Finite Element Model was
implemented with the software DIANA TNO (release 9.4 [35]). The model is made of
three-dimensional ‘brick’ elements, about square shaped in the X-Y plane. The side dimension in the
X-Y plane is about 0.3 m which corresponds to half, the third or the whole thickness of each masonry
wall, with the masonry thickness variable being in the range of 0.3—1.0 m. The third dimension along
the Z-axis is at maximum equal to 1.0 m and allows having a maximum shape ratio between the sides
of about three.

Figure 6. 3D Finite Element (FE) Model of Palazzo Bosco Lucarelli: (a) without the
underground floor (Model A); (b) with the underground floor (Model B).
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The 3D model is made of about 20’000 elements (Figure 6); the three floors were modeled by
means of a stiff constraint in each plane and the vertical loads acting on the floors were applied
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directly on the corresponding masonry walls. The building was modeled both with (Model B,
Figure 6b) and without (Model A, Figure 6a) the underground floor according to the type of analysis,
as will be explained in the following.

As gravity loads the self-weight of masonry walls was computed using the unit weight reported in
Table 1; the dead load of the floors was estimated as Gy = 5.40 kN/mZ, while for the accidental loads, at
the ground level, the first and the second floor, the values Q¢ = 3.00 kN/m?” for eventually crowded
ambient [27] were considered and at the level under the roof the lower value of Q, = 0.50 kN/m” [27]
was assumed. The weight of the steel roof was estimated to be 1.75 kN/m” while the weight of the
masonry stairs was neglected. The loads of the balconies were applied directly on the external walls
(G = 3.60 KN/m?, Qi = 4.00 kN/m?).

Assuming a reduction factor for the accidental loads of y, = 0.6 under the quasi-permanent loading
condition [27,36], the total weight is about 68700 kN for Model A and 88900 kN for Model B.

3.2. Linear Dynamic Analysis

Linear dynamic analyses were developed through the 3D FE Model considering all the vibration
modes characterized by a participating mass ratio greater than 5%. The aims of such an analysis and its
comparison with the dynamic in situ tests are multiple, even if they are correlated with each other:
(1) to identify the dynamic behavior of the building in terms of main vibration shapes and frequencies;
(2) to confirm and/or assess the reliability of the unit weight and the Young's modulus of masonry
previously estimated; (3) to have indications about the interaction with the foundation soil. These
topics are strictly correlated because the values of the main frequencies depend both on the mechanical
properties of masonry (unit weight and Young’s modulus) and on the soil-structure interaction effects.
Assuming that the geometrical survey of the building is very detailed and conforms to reality and that
the estimation of the unit weight of masonry is reliable (this means the global mass of the building is
well-defined), the dynamic analysis will be used to assess only the Young’s modulus and estimate the
effect of the soil-structure interaction, if present. This latter point has been investigated thanks to some
information available about the mechanical properties of the foundation soil (see Section 3.3).
In order to achieve these results, (1) the mean values of the first two frequencies estimated by the
dynamic measurements in situ (see Table 2) were used as target for the numerical values of
frequencies given by the dynamic analyses; (2) the Young’s modulus of masonry were varied in
reliable ranges.

Firstly, the effect of the Young’s modulus was investigated and, in order to take into account the
cracking phenomena as suggested by the codes, the central values of the ranges reported in Table 1
(Young’s modulus for the ground floor Eg= 2610 MPa, Young’s modulus for the 1* and 2™ floor and
E;»= 2250 MPa) were reduced. For reinforced concrete structures it is in general suggested to reduce
the inertia of the element by 50%, taking into account the cracking phenomena [27]; this hypothesis
can be simply introduced into the modeling by reducing the Young’s modulus of concrete. For
masonry structures it is expected that the reduction of the inertia due to cracking phenomena is lower
because of the high compressive stresses usually acting on the masonry walls. Thus, three reductions,
lower than 50%, of the Young’s modulus were assumed in order to:
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(1) verify the variation with E of the theoretical values of frequencies given by the FE model, and
(2) compare them with the experimental ones:

Case 1: - 30% (Eg = 1850 MPa and E;_, = 1550 MPa);
Case 2: - 45% (Eg = 1450 MPa and E;_, = 1250 MPa);
Case 3: - 15% (Eg = 2200 MPa and E;_, = 1850 MPa).

For these analyses in both Models A and B, the basement was considered completely restrained.
Moreover, for the model with the underground level (Model B, Figure 7b), the pressure of the lateral
soil was considered as acting on the underground walls by means of an earth pressure coefficient k, at
rest equal to 0.7 (no kinematism was hypothesized).

Figure 7. Modal shapes given by the 3D model for the building without the underground
floor (Model A): (a) Mode I (Y direction); (b) Mode II (X direction).

(b)

The numerical values of the first four frequencies are listed in Table 3 for the three cases examined,
while the shapes of the first two vibration modes are reported in Figures 7 and 8 for Models A and B
of the only Case 1, since they are identical for Cases 2 and 3.

Table 3. Experimental and theoretical main frequencies of Palazzo Bosco for different
values of Young’s modulus of masonry, E, in the case of fixed basement.

Sonpix [HZ]
Case 1 Case 2 Case 3 Jexp
Eg = 1850 MPa Eg = 1450 MPa Eg=2200 MPa  [Hz]

E;,=1550 MPa E,,=1250 MPa E,, = 1850 MPa

Mode Model A Model B Model A Model B Model A Model B Exp.

1 (Transl. Y) 4.88 4.21 4.36 3.75 5.33 4.60 4.24
2 (Transl. X) 5.45 4.71 4.87 4.19 5.96 5.14 4.69
3 (Local) 11.61 10.81 10.38 9.64 12.71 11.81
4 (Local) 13.08 11.58 11.67 10.32 14.29 12.64
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Figure 8. Modal shapes given by the 3D model for the building with the underground floor
(Model B): (a) Mode I (Y direction); (b) Mode II (X direction).

(b)

In both models, the first and the second modal shapes are completely translational in direction Y
(Figure 7a and Figure 8a) and X (Figure 7b and Figure 8b), respectively, with a participating mass
ratio of about 75% for each direction. In agreement with the experimental results, the first frequency
(direction Y) is always about 10% lower than the second one (direction X); this evidences a tendency
of the building to be more deformable in direction Y that is parallel to the shorter side (East-West
direction, see Figure 2b).

In the model with the underground level (Model B), the first two frequencies are reduced by about
16% with respect to Model A, clearly indicating a greater deformability of the building when the
underground floor is modeled too.

The third modal shape, having a share of participant mass equal to 10 % only, is local and regards a
wall of the Northwest facade (Figure 2d) on the second floor. This wall is particularly deformable due
to the presence of many openings in comparison with the other facades (the two parallel facades along
the X direction are not perfectly symmetrical, see plan of the building in Figure 2b). The fourth mode
is local too and characterized by mass participant ratios lower than 5%.

When the effect of the Young’s modulus is reduced by about 20% (i.e., Case 2 vs. Case 1) both first
and second frequencies reduce by 10%. Adopting Young’s moduli lower than those assumed in Case 2
is unrealistic, because very small numerical frequencies are obtained, and, thus, they are not reliable
with the experimental evidence. Moreover, any interaction with the foundation soil has not been
considered yet in these analyses, and it is known that the SSI can induce a further reduction of the
main frequencies. Similarly, when the Young’s modulus increases by about 20% (i.e., Case 3 vs.
Case 1), the theoretical frequencies increase by about 10%. In conclusion, as expected, a relevant
sensitivity of the frequencies to the variation in Young’s modulus has been observed: It can be
concluded that, for the examined building, a variation of 50% in E leads to a variation of about 25% in
terms of frequencies.

In the last column of Table 3, the mean values of the first two frequencies experimentally
indentified are listed too. As confirmed by the numerical FE analyses, higher frequencies have not
been experimentally identified, probably due to the low rate of participating mass corresponding to
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these modes and the low intensity energy of the dynamic source. The experimental frequency of the
first mode is the mean value of the values corresponding to the first peak of the FFT for each sensor
measuring in the Y direction; the same applies analogously for the X direction.

Considering Model A (without the underground level), the results of Case 2 are closer to the
experimental evidence (+2.8% and +3.8%). By contrast, considering Model B (with the underground
level) that furnishes lower frequencies than Model A, the experimental results are best fitted by the
Case 1 (—0.7% and +0.4%).

It is clear that a correct assessment of the Young’s modulus of masonry should not ignore the effect
of the foundation soil deformability that, in these analyses, has been completely neglected in both
Models A and B because the structure has been considered fixed at the basement.

3.3. Effect of Soil Stiffness

In Section 3.2 it has been observed that for Model B, where the underground floor is modeled and
lateral pressures of the subsoil are applied on the perimetric underground walls, the first two
frequencies decrease by about 16% with respect to Model A (see Table 3), independently of the
Young's modulus of masonry.

A first simple approach to consider also the deformability of the foundation soil consists in
substituting the fixed constraint at the basement level with vertical elastic springs identified by a
coefficient of sub-grade reaction, k£ [37]. This approach, even if it is widely adopted by designers to
take into account soil deformability in the global modeling of the structures, is strongly influenced by
the values assigned to the parameter £. Note that an uncorrected estimation of k could lead to an
excessive and unrealistic deformability of the structure.

For the case at hand, several values of k£ have been assigned to the vertical springs placed under the
basement walls, and it was found that for £ = 0.10 N/mm® the same results of the completely
fixed-base schemes are obtained. This led to consider £ = 0.10 N/mm® as an upper limit of the
variability range of this parameter. Moreover, varying k in the range of 0-0.10 N/mm’, it was found
that the main frequencies reduce as k decreases with a quite linear trend: i.e., for £ = 0.05 N/mm’, that
corresponds to 50% of the upper limit, the frequencies reduce by about 25% compared to the
fixed-base schemes. Notwithstanding the simplicity of this approach, the parametric study enhances,
thus, that the effect of & is similar to that given by the variation of the masonry Young’s modulus
discussed in Section 3.2. This aspect highlights how soil deformability could be important in modeling
the structure response. However, different and more refined approaches for taking into account
Soil-Structure Interaction exist and their use for the case at hand has been illustrated in [38].

3.4. Analysis under Gravity Loads

By means of the 3D FE model of the building, the stress distribution under gravity loads was
estimated in order to check the eventual presence of anomalous stress concentrations. The gravity
loads were defined in Section 3.1 and were amplified by the coefficients y, = 1.3 and yq= 1.5 for
permanent and accidental loads, respectively, in order to carry out verifications at the ultimate limit
state [27,39].
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In Figure 9 the distributions of the vertical stresses (o.;) in the entire building (Figure 9a) and at the
ground floor (Figure 9b) are reported for Model A. The highest values of the compressive stresses are
0.85 MPa for the ground floor, 0.70 MPa for the first, and 0.45 MPa for the second one. These values,
referring to the strength reported in Table 1 (2.20 MPa for the ground floor and 2.70 MPa for the
superior ones), correspond to safety factors of 2.6, 3.9 and 6.0, respectively. However, these values are
singular peaks relieved at corners or openings, while the stresses are on average about 0.55 MPa at the
ground, 0.45 MPa at the first and 0.35 MPa at the second floor.

Figure 9. Vertical stress distribution, c,, (MPa, negative in compression) for Model A:
(a) whole building; (b) plan of the ground floor.
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When the underground level is modeled too (Model B) and the pressure of the foundation soil is
taken into account on the lateral underground walls by means of the coefficient k, = 0.7, a contrasting
action of the soil on the transversal dilatation of the underground walls is observed. The compressive
stresses are a little higher than Model A and are on average equal to 0.90 MPa at the underground
level, that is, however, significantly lower that the masonry strength.

3.5. Non Linear Static Analysis under Horizontal Actions
3.5.1. Choice of Parameters for Non-Linear Analysis

Several non-linear static analyses of the structure under horizontal forces (Push Over) were carried
out through the 3D FE model. The first purpose of these analyses was the estimation of the sensitivity
of the global structural behavior to changes of some parameters typical of masonry constitutive laws,
especially in terms of stiffness in the elastic field and ductility in the post-elastic field. Then, the
performances of the building under horizontal actions were evaluated.

The masonry was modeled as an equivalent continuous and homogenized material (Poisson
coefficient 0.3) adopting the ‘total strain’ model [40] with ‘fixed cracking’ for the tension behavior.
The ‘fixed crack’ concept considers that the coordinate system along which the constitutive law is kept
in a fixed position, defined upon cracking. Thus, the reference system to evaluate the principal stresses
is defined by the first crack plane and, after cracking, a reduction of the shear modulus of the material,
G, can be considered by means of a shear retention factor, § [41]. The hypothesis of f =1 corresponds
to not consider any reduction of G after cracking and, in general, leads to overestimation of the global
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strength of the investigated element or structure. By contrast, when the shear retention factor reduces,
the strength reduces too, and the influence of the other parameters of the constitutive laws can become
less significant due to the higher decay of G. For the examined building, the effect of three values of
S was investigated: 1, 0.5, and 0.01.

Regarding the constitutive laws of masonry, the same Young’s modulus were considered in the
linear field both for compression and tension behaviors.

For compression, a linear behavior is assumed until reaching 50% of the strength, and then the
stiffness reduces according to a parabolic law up to the strength. The values of the compressive
strength, f,, are the ones estimated in Table 1 for the two types of masonry. After the peak, a linear
softening is considered until a residual stress of 0.8 MPa (that is 30-35% of f,, [33]) and a maximum
strain of 15%o (see Figure 10a).

Figure 10. Constitutive relationships of masonry for Floors 1-2: (a) compression;
(b) tension.
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For tension, a linear behavior was assumed until the values of strength, f,, listed in Table 1 and
corresponding to about the 5—6% of the compressive one, f,, [33] were reached. After the peak, two
trends were considered in order to analyze the influence of the post-elastic behavior under tension on
the global ductility of the building: A linear softening of the stress until a maximum strain of 0.05% or
a plastic behavior characterized by an indefinite strain with constant stress (see Figure 10b). The
hypothesis of plastic behavior after the peak can be considered as an equivalent and simplified way to
take into account the modeling of the homogenized material with the large slips that usually develop in
the post-elastic field between masonry blocks and mortar joints.

The shape of the constitutive law in compression was kept unchanged in all the analyses, because it
was expected that for a masonry building under horizontal actions the criticism was represented by the
shear performances that were related to the modeling of masonry behavior in tension. In particular, it
was expected that the post-peak behavior of the compressive law would not be significantly attained,
so that the parametric analyses had been carried out only varying f and the post-elastic behavior
under tension.

Furthermore, in order to focus the attention on this topic and remove other causes of variability in
the structural behavior, the building was modeled without the underground level and under the
assumption of a fixed basement (Model A). Thus, no effect of SSI was directly taken into account.
However, in order to consider, even if in a simplified way, the additional deformability of the structure
due to the neglected effects (underground level and SSI), the lower values of Young’s modulus, Eg =
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1450 MPa and E;_, = 1250 MPa corresponding to Case 2, were used in the push-over analyses. Indeed,
using these couple of values for E, the numerical frequencies approximate to the experimental ones
(see Table 3). This choice for the Young’s moduli was also determined by means of the consideration
that their values influence the slope of the elastic part of the capacity curve of the structure and, thus,
they must be assessed in order to replicate as well as possible the behavior of the structure in the
linear field.

In Table 4 a synthesis of the main mechanical parameters assumed in the analyses for the two
masonry typologies is reported.

Table 4. Mechanical parameters of masonry for non-linear analysis.

Parameters/Floors Ground  1%-2"
Young’s Modulus 1450 1250
Compressive strength [MPa] 2.2 2.7
Tensile strength [MPa] 0.120 0.135
Ultimate strain in compression 0.015 0.015
Compressive stress at the ultimate strain [MPa] 0.80 0.80
Ultimate strain in tension—softening 0.0005 0.0005
Ultimate strain in tension—plastic indefinite Indefinite

3.5.2. Assessment of the Capacity Curve

The non-linear behavior of the structure can be synthesized by the relationship (capacity curve)
between the base shear, that is the resultant of the horizontal applied forces, and the displacement of a
control point of the building. The non-linear static analysis was carried out for the examined building
for several reasons: (a) to estimate the displacement capacity of the building under seismic actions,
(b) to assess the behavior structure factor g [27,30,36] for verifications based on linear-elastic analysis,
(c) to check the sensitivity of the building response to some parameters characteristic of the masonry
modeling (shear retention factor, B, constitutive law in tension). Because the first two modal shapes of
the buildings are the main ones (mass participating ratio of about 75%) and are completely
translational in Y and X directions with no torsional effects (see Section 3.2), the horizontal forces
were applied according to a distribution proportional to the two first vibration modes of the building,
separately in directions £X and Y (‘main distribution’ as defined in the current Italian code [27]). The
displacement of the centroid of the last floor of the building (about 15 m from the ground level) was
assumed as control point for the displacement [27,36]. Note that both the assumption on the force
distribution and on the control point may not reproduce correctly the actual dynamic behavior of the
building; for example, an adaptive pushover procedure should furnish more reliable results [42]. The
only force distributions proportional to the first two vibration modes were considered and no
secondary distribution of forces, i.e., an uniform pattern of loads as suggested in both national and
European codes [27,30,36], since the attention was mainly focused on having a global view of the
building’s behavior.

In Figure 11 the capacity curves for the direction +X under the assumption of plastic behavior under
tension are graphed for three values of f: 1, 0.5, and 0.01. The analyses were stopped after the base
shear had attained a reduction of about 20% of the maximum value [30]. As expected, the lower f is,
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the lower are both the maximum horizontal load and the maximum displacement. Considering the
uncertainness of the effective behavior of masonry, the lowest values for § can be reasonably assumed
in order to have the safest predictions of the overall behavior of the building.

Figure 11. Capacity curves in direction +X for the three different values of p.
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In Figure 12 the capacity curves in direction +X and +Y are directly compared under the hypothesis
of softening or plastic behavior under tension (see Figure 10b) and assuming = 0.01. The softening
behavior does not influence the stiffness of the building in the elastic phase, but the beginning and the
extension of the plastic field. Clearly, under the hypothesis of plastic behavior, the ultimate
displacements increase significantly with values that are 1.6—1.7 times larger for both directions.
Moreover, the strength is higher too. Because of the asymmetry of the building, the behavior in
direction X and Y is not the same, but a larger deformability in the elastic phases is evidenced for
direction Y, which is the shorter side and is characterized by a lower number of resistant walls as well
(see Figure 2b).

Figure 12. Capacity curves in direction +X and +Y for two different constitutive laws under tension.
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In conclusion, the analyses evidences that the behavior of the whole structure is strongly influenced
by the shear stiffness reduction, £, and by the softening branch of the tensile behavior. It is clear that a
correct choice of f and of the post-peak behavior under tension significantly influences the safety
verifications, with the displacement capacity being very different.

The exam of the strain distribution shows that, under the assumption of linear softening after the
tensile strength, most of the panels are able to reach the assigned ultimate tensile strain (0.05%).
Moreover, most of the compressed panels are in the elastic field because the strains are lower than 0.4%,
while only in few cases the strains are proximal to the ultimate one (1.5%). These results confirm that the
crisis of the structure is due to the tension behavior. By contrast, for the case of plastic behavior under
tension, in most panels the tensile strains overcome the value of 0.15% that is three times larger than
the maximum value (0.05%) assumed in the case of softening. This allows the entire structure to have
larger displacements and to reach a slightly higher strain also under compression; nevertheless, most of
the compressed panels remain in the elastic field with the strains being lower than 0.4%.

3.5.3. Assessment of q-Factor

On the basis of the numerical capacity curves it was possible to estimate the behavior
g-factor [27,36] of the building according to the graphic procedures illustrated in Figures 13a, b for the
direction +X and + Y, under the hypothesis of linear softening under tension and £ = 0.01. In particular
the g-factor, gy is defined as:

q0:q,u,0i pi:Fu/FJ q,u:Fe/Fu (2)

where p; is the ratio of the maximum load given by the capacity curve, F), to the limit elastic one, F,
and g, is the ratio of the theoretical elastic load corresponding to the failure condition, F,, to F,. The
values of g, p;, and gy calculated according to the graphical procedure of Figure 13 are 2.94, 1.31 and
3.84, respectively, for the direction X and 2.89, 1.40 and 4.06 for the direction Y.

Figure 13. Graphic evaluation of g-factor in the case of linear softening after tensile
strength: (a) direction +X; (b) direction +Y.
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Figure 13. Cont.
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The European code [36] gives a value of gy ranging between 1.5 and 2.5.

The Italian code [27] gives a value of ¢y = 2.0 a,/a; for ordinary masonry constructions. Assuming
o /oy = 1.8 for masonry buildings with two or more stories, as the examined one, the
g-factor is gp = 3.6.

The values of gy calculated from the numerical curves (g, = 3.84 and g, = 4.06) are, thus, meanly
10-15% greater than the ones given by the Italian code, while they are significantly larger than the
ones furnished by the European code [36]. Lower values of ¢y mean lower reduction of the seismic
action in the case of linear analyses and, thus, are safer. Thus, in view of these results, the assumption
of a linear softening under tension seems to be more consistent compared to the hypothesis of plastic
behavior that leads to estimating a very large ductility of the structure and, thus, an even
greater g-factor.

3.5.4. Safety Verification of the Building According to Code Indications

The capacity displacement curves reported in Figure 12 represent a characteristic of the structure
and can be used to assimilate the behavior of a complex system characterized by Multi Degrees Of
Freedom (MDOF system) to that of an equivalent non-linear Single Degree Of Freedom oscillator
(SDOF system). Hence in the pushover procedure, after the first step leading to the definition of the
capacity curve, the ultimate displacement available for the structure (MDOF system) has to be
compared with a target design displacement, calculated according to national or European code
indications [27,36].

The second step consists in defining the capacity displacement curve of the equivalent SDOF
system that is usually assumed to have a bilinear shape. The equivalence is established by the principle
that the area above the bilinear curve of the SDOF system is equal to the area above the true capacity
curve of the structure. To this aim, firstly, the capacity curve of the MDOF structure has to be
normalized by defining the force /'* and the displacement d* as follows:

F*=% d*=% 3)
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where F} and d, are the base shear force and the control node displacement of the structure in its
capacity curve and /" is a transformation factor associated to the first modal shape. For the examined
building the factor I"is 1.29 and the 1* modal shape is the main one for both directions.

In Figure 14 for the direction £X (note that the building shows a lower displacement capacity in
direction =X than in direction £Y) the capacity displacement curves of the structure normalized to I”
and the bilinear ones of the equivalent SDOF systems are reported for both cases of linear softening
and plastic behavior after the tensile strength. The minimum values of the maximum displacement d*
in direction =X are equal to 11.20 mm and 17.74 mm under the assumption of linear softening or
plastic behavior, respectively. This means that the maximum peak ground acceleration that the
building can sustain is 0.74 g in the case of linear softening or 0.91 g in the case of plastic behavior
under tension.

Figure 14. Capacity displacement curves of the structure normalized to I" and of the SDOF
equivalent system in direction =X for the case of plastic behavior and linear softening
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Considering that, according to the seismic risk map of Italy [43], the expected peak ground
acceleration, a,, for the site is ay475 = 0.262g assuming a return period of 475 years (probability of
exceedance of 10% in 50 years) or ag 975 = 0.325g assuming a return period of 975 years (probability of
exceedance of 5% in 50 years), the building has a minimum safety factor of 2.8 and 2.3 for these two
values of acceleration, respectively.

These values of peak ground acceleration can be modified according to an importance factor y; that
in this case can be assumed to be equal to 1.0 considering the building in Class II (the classes are
significant to the destination importance of the building and are numbered from I to IV); indeed the
building has no importance for public safety in view of the consequences associated with a collapse,
and its integrity is not of vital importance for civil protection during earthquakes [27,36].
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4. Conclusions

The structural analysis of historical masonry buildings is particularly complex since each
construction is a stand-alone system usually designed and erected for being a singular case. In this
paper the procedure for assessing the seismic risk of a historical masonry building is applied to a case
study that is of a very common typology of masonry building in Italy and, moreover, is located in an
area with high seismicity. The main aim of the procedure is to identify the key parameters in the
implementation of a FE numerical model aimed at allowing to carry out allowable analyses in the
linear dynamic and non-linear static field.

The greatest difficulties in facing the study of the building were the definition of the mechanical
properties of masonry, especially the strength and the elastic modulus. Furthermore, if the effect of the
soil-structure interaction is accounted for, the type of modeling and the mechanical characterization of
the soil are necessary. An important contribution to calibrating the FE linear model was given by the
results of the dynamic in situ tests used as target of the numerical analysis in terms of fundamental
frequencies. By means of the FE model, indeed, the influence of the uncertainties of masonry Young’s
modulus and soil deformability, which is simply taken into account by means of vertical linear elastic
springs, on the dynamic behavior of the structure was studied; the following concluding remarks
are highlighted:

- The influence of the deformability of the masonry and soil was found to be comparable,
however, as it is well-known, the real uncertainty in evaluating soil deformability (i.e., the
coefficient of sub-grade reaction, k) is much higher than the one of the masonry;

- Concerting the properties of masonry, the non-linear static analysis demonstrated the major
importance of the modeling of the constitutive relationship under tension, since the ductility of
the entire building was directly related to the ductility developed by the masonry under tension;

- Regarding the behavior factor suggested by Italian and European codes, the numerical analysis
provided higher values especially when the constitutive relationship of masonry under tension
was assumed to be elastic-plastic, thus the assumption of a linear softening under tension
seemed to be more adequate to obtain a safer prediction.

In conclusion, the present work enhanced the key parameters regulating the structural behavior of a
historical masonry building under seismic actions (i.e., the structural models) and the utility of the
in situ dynamic tests.

Further studies are necessary to define the most suitable model to account for both the soil-structure
interaction and the behavior of masonry under tension.
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