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Abstract

Historical masonry aggregates represent a large portion of the cultural heritage in Italy and are highly
vulnerable to seismic actions, as shown by past seismic events. Typically, they are large and complex
structures for which there is a lack of knowledge and information concerning the structural behavior,
in particular as far as the response to seismic actions is concerned. This paper investigates the seismic
response of two complex historical masonry aggregates located in Sora (Lazio region, central Italy),
through advanced 3D FE numerical simulations. For each aggregate, a detailed 3D FE model is
developed and analyzed in the non-linear dynamic range, assuming that masonry behaves as a
damaging-plastic material with almost vanishing tensile strength. The seismic performance of the two
aggregates is evaluated in terms of damage distribution, energy density dissipated by tensile damage
and maximum normalized displacements. The numerical analyses show the high vulnerability of the
perimeter walls. In particular, the units at the extremities of the aggregate are subjected to large
displacements, being not efficiently braced by the adjacent units and being subjected to the torsional
effects induced by the seismic action. The presence of several openings is a fundamental feature that
significantly decreases the strength of the perimeter walls, influencing the damage distribution in the
aggregate mainly due to out-of-plane actions. The most damaged elements are generally the walls of
the tall units without lateral support and the adjacent slabs covering large spans. Numerical results
show that the structural response of a single building unit is affected by the interactions with adjacent
structural parts. Moreover, it can be stated that a preliminary structural assessment through kinematic
limit analysis on partial failure mechanisms may be reliable only after a proper estimation of the
different structural elements playing a role in the horizontal behavior (e.g. interlocking between walls,
typology of masonry, distribution of horizontal loads, constraints and dead loads distribution, etc.).
The obtained results will be used in an accompanying paper to benchmark simplified approaches that
can be used by engineers in common design practice to quickly predict the seismic vulnerability of
the aggregates and define the most suitable strengthening interventions.
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1. Introduction

Unreinforced masonry buildings represent a large portion of the building stock in several earthquake-
prone countries, such as Italy [1][2]. The majority of these buildings are not isolated, but aggregated
in clusters dating back to the Middle Age. They are widespread everywhere in Europe, but especially
in Italian historical city centers [3]-[10].

More specifically, historical masonry aggregates are large and complex structures that generally
consist of several adjacent structural units erected in continuity one to each other. They were
conceived to resist only gravity loads without seismic design criteria and are often composed of
structural units with different height, number of stories and inter-story height.

In agreement with intuition, from the above considerations it can be stated that the seismic
vulnerability assessment of existing masonry aggregates in historical centers represents both an open
issue and a very difficult task, mainly for two reasons: (1) lack of adequate numerical tools able to
take into account the complexity of the problem (geometry, material non-linearity, presence of local
strengthening, correct evaluation of the stiffness of floors and roofs, etc) in an efficient way; (2) little
knowledge of crucial features (e.g. actual interlocking between perpendicular walls, real masonry
texture along the thickness, presence of local strengthening devices, etc.). For such reasons, the
vulnerability assessment of large masonry aggregates has not been investigated so much by the
scientific community in the recent past and the information on their structural behavior, particularly
as regards their seismic response, is still at its embryonic stage. It is not a coincidence, indeed, that
the current Italian code [11]-[13] does not provide reliable methodologies and detailed procedures for
the seismic assessment of such typology of structures.

In the literature, simplified methods have been proposed to perform speedy large scale [14][15] or
more detailed local scale [16]-[18] seismic vulnerability evaluations, but the estimation of their actual
reliability seems still missing, because it should be made using sophisticated full 3D FE non-linear
dynamic computations. Pushover computations have been performed on full 3D complex models or
equivalent frames with the aim of estimating the vulnerability of building aggregates in Baixa
Pombalina quarter in Lisbon [19][20]. The application of a non-linear dynamic excitation appears
however prohibitive in the first case or questionable in the second one, where the cyclic behavior of
concentrated hinges is not easily deducible at a sectional level. The Distinct Element Method (DEM)
[21]-[25] could be an interesting alternative, but whilst literature seems to be consolidated in micro-
modelling, the utilization of macro-elements appears still very limited [26]. DEM has indeed the
advantage that is conceptually simple (also in the implementation of contact and friction between
blocks [27]) and allows effectively performing fast and reliable non-linear dynamic analyses. One of
the main open problems is however the correct definition of both macro-elements and interface
mechanical properties, which could be found using, for instance, the most updated limit analysis
procedures with optimization/adaptation of the mesh combined with homogenization [28][29].

As a matter of fact, a seismic response assessment of such a typology of structures that can be adopted
as reference certainly requires the analysis of the whole aggregate, taking into account all the
structural units composing the aggregate together in a single step. Moreover, in some cases the
definition and identification of a structural unit may result somewhat questionable and methods based
on constraining a single unit with lateral springs at given equivalent stiffness are by definition
debatable and for sure limited in the effectiveness to specific case-studies. In this complex framework,
reliable numerical approaches and analysis methods may represent necessary tools to evaluate the
structural behavior of masonry aggregates. In the literature, there are several significant examples of
application of the non-linear finite element (FE) method to study the seismic response of historical
masonry constructions, but mainly applied to isolated structures, such as churches, towers and palaces
[30]-[35].

The present study is aimed at presenting a complex real example, whose results can be taken as
reference to validate any simplified approach applicable to building aggregates in common practice.
An important aspect is clearly pointed out in this work: advanced FE analyses should be regarded as



a preferential research procedure able to provide significant information on the seismic behavior of
historical masonry aggregates. Such an approach is expected to be the closest one to reality and hence
eligible to be considered as benchmark for all those alternative approaches based on successive
simplifications that can be used in daily design.

An accompanying paper [36], following the present one, will show that a “reasoned” utilization of
(1) kinematic limit analysis on partial failure mechanisms and (2) pushover analyses with equivalent
frames conducted on both whole aggregate and single units, may lead to preliminary predictions of
the seismic vulnerability not far from those provided by the present complex 3D FE non-linear
dynamic computations.

The benchmark here discussed relies on the seismic performance evaluation of two existing
traditional masonry building aggregates located in the city of Sora, Central Italy [37][38]. One of the
most common typologies of masonry aggregates in Italian historical centers is the so called row
housing typology, consisting of a series of structural units arranged in line along the longitudinal axis
parallel to the street: it corresponds to the case here treated and indeed the two aggregates face the
same street.

For each aggregate, a detailed three-dimensional finite element (FE) model is developed and analyzed
in the non-linear dynamic range. It is assumed that masonry behaves as an isotropic material with
damage and plasticization in both tension and compression, with different strength and damage
parameters in tension and compression and cohesive frictional behavior under shear actions. The
modelling technique adopted, therefore, is based on the so-called macro-modelling approach (units
and mortar are smeared in a fictitious homogeneous material at a structural level), the only one
possible for very large scale examples, but exhibiting at the macro-scale a behavior not far from that
shown by a quasi no-tension material. In particular, the analyses are carried out considering the same
material for all the units with properties derived from little information available. This assumption
certainly affects the results obtained in terms of global seismic capacity and damage patterns.
Nevertheless, as underlined in the following sections, it allows emphasizing aspects specifically
related to the global behavior of masonry aggregates and the interaction among the units. It is evident
that additional information concerning both the masonry material and structural details allow
capturing further aspects of the response, such as failure modes related to structural deficiencies that
are not included in the proposed model. Such additional information can represent a subsequent
detailed step of analysis.

The seismic performance of the two aggregates is evaluated in terms of damage distribution, energy
density dissipated by tensile damage and maximum normalized displacements. The numerical
analyses show the high vulnerability of the perimeter walls that may be subjected to overturning
mechanisms. In particular, the units at the extremities of the aggregate are subjected to large
displacements, being not efficiently braced by the adjacent units and being subjected to the torsional
effects induced by the seismic action. The presence of several openings is another crucial feature that
significantly decreases the strength of the perimeter walls, influencing the damage distribution in the
aggregate and out-of-plane partial collapses. It is important to observe that the most damaged
elements turn out to be, generally, the walls of the tall units without lateral support and the adjacent
slabs covering large spans. Numerical results show that the structural response of a single building
unit is affected by the interactions with adjacent structural parts and that an assessment by means of
the kinematic limit analysis on partial failure mechanisms may be reliable, but only after an adequate
estimation of all those aspects playing a role in the horizontal behavior. In particular, the interlocking
between walls, typology of masonry, distribution of horizontal loads, lateral constraints and vertical
and horizontal loads distribution turn out to be paramount.

The paper is organized as follows. Section 2 describes the main characteristics of the two aggregates
under study. Section 3 shows the FE model of the aggregates and the damage model adopted for
masonry. The results of the advanced numerical simulations performed on both the aggregates are
presented in Section 4. Section 5 compares and discusses the main results obtained from the numerical
analyses. The main conclusions of the work are summarized in Section 6.
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Figure 1. Two schematic views of the two aggregates under study: Aggregate 1 (yellow color) and
Aggregate 2 (blue color).

2. Description of the aggregates under study

The compound of Borgo San Rocco is located in the municipality of Sora in Lazio region, Central
Italy. It is composed of two aggregates facing each other and divided by Borgo San Rocco street. In
this study, the west aggregate is named Aggregate 1 and the east aggregate is named Aggregate 2:
two rough schematic views of the volumes and relative positions of the two aggregates are shown in
Figure 1. The geometrical characteristics of the two aggregates approximately recall the features of
the row housing typology, which is very widespread in Italian historical centers [37][38]. A very short
description of the main features of the two aggregates under study is presented in the following.
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Figure 2. Aggregate 1: schematic drawings (plan, front view, section) and indication of the different
structural units.

2.1.Aggregate 1

Aggregate 1, which is located on the west side of Borgo San Rocco street, is oriented longitudinally
along the north-south direction; it is about 120 m long and consists of 20 structural units characterized
by masonry load-bearing walls. The structural units composing the aggregate present different storeys
and the height varies considerably along the construction: the smallest units are composed of a single
storey, while the highest units present up to four stories. The maximum height is 15.4 m in
correspondence with unit U13, while the smallest unit U20 on the back (west) side of the aggregate
is 3.35 m high.

The transversal dimension (width) of Aggregate 1 is variable and maximum (about 24 m) at the
southern extremity, in correspondence with units U1 and U2. In the central-northern part, which is
characterized by single-room structural units, the width is quite uniform and equal to about 7.5 m,
while at the northern extremity, in correspondence with units U19 and U20, it is equal to about 13 m.
The external walls exhibit a quite uniform thickness (60-70 cm), while the thickness of the internal
walls varies between 30 and 70 cm.

A large variety of coverings typologies can be found: masonry barrel vaults (mainly at the ground
floor), concrete-masonry slabs, wooden slabs, flooring blocks and steel beams. Several openings are
present on each side of the aggregate, especially on the front (east) side; they are particularly
numerous in the central part, while at the two extremities their number is smaller. On the back (west)
side, there are several windows and very few doors.

Figure 2 shows the schematic drawings of Aggregate 1 along with some geometrical dimensions and
an indication of the different structural units.

2.2. Aggregate 2

Aggregate 2, which is located on the east side of Borgo San Rocco street, is oriented longitudinally
along the north-south direction; it is about 120 m long and consists of 12 structural units characterized
by masonry load-bearing walls.

The structural units composing the aggregate present different storeys and height. The lowest units
consist of two storeys, while the highest one exhibits up to five storeys. In detail, the maximum height
is about 16 m in correspondence with unit U5 in the central part, while the smallest unit U1 located
in the northern part is about 6.1 m high.



The transversal dimension (width) of Aggregate 2 is more uniform than that of Aggregate 1, reaching
the maximum value in the southern extremity (unit U12): the width is about 13 m in correspondence
with unit U12, while it is more uniform and about 6 m in the remaining part of the aggregate.

The thickness of the external walls is quite uniform (about 60 cm), with some exceptions, such as the
northern wall of unit U1 that is 50 cm thick. The thickness of the internal walls varies between 30
and 65 cm.

A large variety of coverings typologies can be found: masonry barrel vaults, concrete-masonry slabs,
wooden slabs, flooring blocks and steel beams. The coverings of the ground floor and in the south
part generally consist of barrel vaults. On the front (west) side of the aggregate there are several
openings (windows and doors), while the back (east) side presents very few openings (only small
windows).

Figure 3 shows the schematic drawings of Aggregate 2 along with some geometrical dimensions and
an indication of the different structural units.
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Figure 3. Aggregate 2: schematic drawings (plan, front view, section) and indication of the different
structural units.

3. FE models and material model adopted

Detailed three-dimensional FE models of the two aggregates under study are developed through the
computer code Abaqus using four-node tetrahedral solid elements [39]. The complex geometry of the
aggregates is reproduced accurately using the drawings and the data collected from existing available
documentations. Figure 4 and Figure 5 show different views of the geometrical and FE models of
Aggregate 1 and Aggregate 2, respectively. The numerical models are created considering the load-
bearing masonry walls, masonry vaults and the concrete-masonry slabs present in the aggregate as
floors coming from recent interventions. Arches and vaults have been considered in the numerical
simulations, modeling also the infill, where present, through few 3D elements with poor mechanical
properties.

As it generally occurs in historical structures, the most diffused typology of floors in the aggregate
system is constituted by traditional wooden slabs supported by wooden beams simply supported by
perimeter masonry walls. In some few cases, a system with steel beams with small tile vaults has



been used. In both cases, their stiffness is typically considered negligible, hence they are not reported
in the FE model. Gravity loads are therefore directly transferred to masonry piers as distributed
pressures. Analogously, wooden and steel beams are not represented in the FE mesh, implicitly
renouncing to account for the possible punching of beam head on the walls induced by the earthquake.
Such a typology of collapse is certainly important, but very local and characterized by masonry
crumbling, especially if masonry is constituted by mortar with very poor mechanical properties and
blocks are stiff and relatively resistant. Crumbling is a phenomenon hardily reproducible with
continuous damaging models, as that used in this study, which requires the utilization of DEM
[23][27]. Finally, the mesh refinement utilized, as a consequence of the considerable dimensions of
the aggregate, is unavoidably not suited to accurately reproduce such a type of local phenomenon.
Moreover, it is worth mentioning that some approximations of the geometrical features of the two
aggregates are introduced in some cases, because of the inherent complexity of the structures under
study: despite such modifications, the FE models provide two representative case studies useful to
have an insight into the seismic performance assessment of such typologies of structures.

g 1o g o

Figure 4. Geometrical and FE model of Aggregate 1: different views.



The concrete damaged plasticity (CDP) model is used to simulate the non-linear behavior of masonry
in this study. Such a mechanical model, developed by Lubliner et al. [40] for concrete and further
elaborated by Lee and Fenves [41], may be applied to materials with quasi-brittle behavior such as
masonry. In particular, the CDP model has been already used to describe the seismic behavior of
ancient masonry structures, see, among the others [42]-[48]. The model is characterized by linear and
isotropic behavior in the elastic range and plastic damageable behavior in the non-linear range. It
allows assigning different strength and distinct damage parameters in compression and tension, taking
into account the softening once the material strength is reached, Figure 6: the main failure
mechanisms are tensile cracking and compressive crushing.
The post-elastic behavior in tension and compression is described by uniaxial stress—strain
relationships defining the uni-axial tensile 6t and compressive oc Stresses:

o, =(1—-d,)E, (é‘t —&” )

o-c=(1—dc)E0(£C—£cp') (1)

- . . . | | . .
where &t and & are the total strain in tension and in compression, ¢" and ¢ are the equivalent plastic

strain in tension and in compression, Eo is the initial elastic modulus, and d: and d. are the scalar
damage variables in tension and in compression.



Under cyclic loading conditions, the possible recovery of stiffness is expected in correspondence with
a load reversal: such a recovery of stiffness is more pronounced as the stress state changes from
tension to compression, causing tensile cracks to close. The stiffness recovery effects are taken into
account with two parameters, wc and wy, as shown in Figure 6.

The CDP model uses a Drucker-Prager strength criterion that is modified through a parameter K
representing the ratio of the second stress invariant on the tensile meridian to that on the compressive
meridian: the value of the parameter K is set equal to 0.666, as suggested by the user's Guide of
Abaqus [39]. The constitutive model is characterized by non-associated plastic flow condition. The
dilation angle is assumed equal to 10°, in agreement with experimental data available in the literature.
The flow potential eccentricity is set equal to 0.1, as suggested by the Abaqus user's Guide [39]. The
ratio of initial biaxial compressive yield stress to initial uniaxial compressive yield stress is assumed
equal to 1.16, in agreement with experimental results reported by Page [50] and then confirmed
numerically in [51]. In order to obtain a visco-plastic regularization that improves the convergence
of the model in softening conditions, a smoothing of the tension corner has been implemented through
an eccentricity parameter equal to 0.002.

In this study, the same masonry material is assumed for all the units composing both the models in
order to compare the global behavior of the two aggregates. This assumption can be adopted because
the aggregates under study were built in the same period and belong to the same territorial area and,
as previously pointed out, to focus the attention on the global behavior of aggregates and the
interaction among the units. The main mechanical properties of masonry are assumed referring to the
indications provided in the Italian recommendations for existing buildings and built heritage [11]-
[13]. According to Table 8.2.1 in the Explicative Notes to the Italian code [12] the following
assumptions are taken into account for a split stonework with good texture: (i) the density and the
elastic modulus are equal to 2100 kg/m® and 1740 MPa, respectively; (ii) the compressive strength is
equal to oe=2.6 MPa. The tensile strength is assumed equal to ot%=0.16 MPa, obtaining a ratio
between the tensile and compressive strength equal to about 0.06. The compressive (dc) and tensile
(dy) scalar damage variables, representative of the stiffness degradation of the material, are assumed
to vary linearly: the values range from zero, for the strain corresponding to the stress peak, to 0.95,
for the ultimate strain value of the softening branches.
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Figure 6. Stress-strain relationships of the CDP model: tension curve, compression curve and uniaxial
load cycle (tension-compression-tension) response assuming different values for the stiffness
recovery factors (w, =0 and w, =1).

The geometrical models of the two aggregates are subdivided into different macro-elements (walls),
which are classified as perimeter walls facing north (N), east (E), south (S), west (W) and internal
walls (I). Each perimeter macro-element generally coincides with a single perimeter wall of a unit
and it is denoted by a number indicating the unit and a letter indicating the side: in the same way,
each internal wall is denoted by the letter | and a progressive number. Figure 7 provides a schematic
indication of the main walls in the geometrical models of the two aggregates. The subdivision into
macro-elements allows identifying the local weaknesses of each structure and quantitatively
comparing the seismic response of the two aggregates.
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Figure 7. Schematic indication of the main walls in the FE models: Aggregate 1 (top) and Aggregate
2 (bottom).

4. Numerical analyses

Eigen-frequency analyses were conducted on the 3D FE models in order to obtain a preliminary
insight into the dynamic behavior of the aggregates under study, identifying the main vibration
modes, the corresponding periods and the participating mass ratios.

Whilst the results obtained have a strict numerical meaning, because they do not take into account
that masonry is a damaging material with low tensile strength and pre-existing cracks patterns are
disregarded, they provide an estimation of the most important natural frequencies and the
corresponding excited mass. It is expected that, if the excited mass is not negligible and the period
lays in the plateau range of the response spectrum, the activation of a failure mechanism described
by the corresponding modal deformed shape can be active in the first instants of the application of
the accelerogram [52]. In this regard, such an analysis provides useful hints for the subsequent
application of limit analysis with pre-assigned failure mechanisms. Another interesting preliminary
activity would be the determination of the experimental frequencies of the aggregate, with the
subsequent structural identification. However, there was no possibility to perform such an
experimentation to validate the numerical frequencies found. Moreover, many accelerometers should
be used to experimentally estimate, with sufficient accuracy, the most important eigen-frequencies.
It is an issue very difficult to tackle, also considering that there are only few papers available in the
literature for the dynamic identification of palaces with complex geometry (see for example [53]),
but nothing for aggregates, which are even more difficult to study.

The seismic response of the two aggregates was investigated through non-linear dynamic analyses
using the real accelerogram registered on April 6 during the 2009 L’ Aquila earthquake. Two different
PGA values (PGA=0.15g and PGA=0.25¢g) were used in the non-linear dynamic analyses. It is worth
mentioning that the highest values of the PGA used in the non-linear dynamic analyses approximately
correspond to the maximum horizontal acceleration (ag) prescribed for that region at the Life Safety
Limit State (SLV) according to Italian Code [11]-[13]. Figure 8 shows the two horizontal components
of the acceleration time histories with PGA=0.25g applied in the longitudinal (north-south) and
transversal (east-west) directions and the corresponding acceleration response spectra. The duration
of the accelerograms was assumed equal to 10 s because of the high computational demand required



by the analyses. During the analyses the two horizontal components of the accelerograms have been
applied simultaneously.

The tensile damage contour plots obtained at the end of the numerical simulations are shown for each
aggregate; then, the maximum normalized displacements (top displacement/height) and the energy
density dissipated by tensile damage (EDDTD) are reported for the main macro-elements (walls) of
each aggregate.

The main aims of the numerical simulations are: (i) to describe the main features of the seismic
response of such a typology of structures for which there is a lack of knowledge and information; (ii)
to identify the most vulnerable elements of each aggregate; (iii) to assess and compare the damage
evolution and the main response parameters variations of the two aggregates for different levels of
seismic action.
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4.1. Aggregate 1

Figure 9 shows the deformed shapes and the corresponding periods of the main vibration modes with
participating mass ratio (PMR) larger than about 4% for Aggregate 1: moreover, the distribution of
the first three hundred modes in the longitudinal and transversal directions is presented with reference
to the response spectra of the accelerograms used in the non-linear dynamic analyses.

The first four modes concern the central-northern part of the aggregate. In particular, the first mode
(T=0.218 s) involves the central part of the aggregate with a significant PMR equal to about 22.4%
in the transversal direction. The second mode (T=0.176 s) concerns the central part of the aggregate
and the tallest unit in the northern part with a high torsional PMR. The third mode (T=0.158 s)
involves the central part of the aggregate and the tallest unit in the northern part with the highest PMR
equal to about 33.6% in the longitudinal direction. The fifth (T=0.146 s) and sixth (T=0.138 s) modes
involve the southern extremity of the aggregate with a significant PMR equal to about 23.4% and
25.3% in the transversal and longitudinal directions, respectively. Considering the first three hundred
modes, a cumulative participating mass ratio of about 89% in each horizontal direction is obtained.

Figure 10 and Figure 11 show the tensile damage contour plots for Aggregate 1 at the end of the non-
linear dynamic analyses with PGA=0.15g and PGA=0.25g, respectively.

It can be observed that damage concentrates in the tallest units, in the central-northern part (U10-
U18) and in the southern extremity, involving both the load-bearing walls and the floor/roof
diaphragms: it has to be noted that the most damaged slabs and vaults are located in correspondence
with the walls presenting extensive damage.

In detail, the non-linear dynamic analyses show the following significant damage concentrations.

- Severe damage, already marked under PGA=0.15g, is observed in the upper part of the tall
unit U18 located in the northern part of the aggregate. Under PGA=0.25g, damage extends
clearly also near the openings of the bottom stories. It is important to observe that in unit U18
damage is widespread both on the front and back sides. Considerable damage is registered
also in the slabs of the upper stories, even under PGA=0.15¢g: damage concentrates mainly at
the edges, in the connection regions with the walls. Moreover, it can be noted that the
extensive damage observed in unit 18 spreads into the upper part of the adjacent unit U17.

- Significant damage is registered in the central part of the aggregate, mostly in units U10-U13.
It can be noted that damage concentrates mostly in the front (east) side of the aggregate. The
slabs of unit U10 are severely damaged at the second and roof stories, even under PGA=0.15g:
damage concentrates at the edges, in the connection regions with the walls. Under
PGA=0.25¢, evident damage can be observed also on the front (west) side of units U14-U16.

- Widespread damage is registered in units U1-U2 located at the southern edge of the aggregate.
Under PGA=0.15g, damage concentrates mostly on the back (east) side of the aggregate and
in the wall facing south: under PGA=0.25g, significant damage can be observed also on the
front (west) side and in the internal walls. Widespread damage can be observed in the slabs
of unit U1, mainly at the second and roof storeys, even under PGA=0.15g: damage is
uniformly distributed, indicating a probable collapse of the diaphragms.

It can be noted that in the central and northern parts damage is widespread especially from the second
story upwards and concentrates mainly in correspondence with the openings, while in the southern
extremity it is more distributed along the height of the structure: in particular, under PGA=0.25g, a
clear damage concentration can be observed at the base of the wall facing south, indicating a probable
overturning mechanism.
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Figure 10. Aggregate 1: tensile damage contour plots at the end of the non-linear dynamic analysis
with PGA=0.15g.
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Figure 11. Aggregate 1: tensile damage contour plots at the end of the non-linear dynamic analysis
with PGA=0.25¢.

Figure 12 shows the maximum normalized displacements registered for the main walls of Aggregate
1 in the longitudinal (X) and transversal (Y) directions during the non-linear dynamic analyses with
PGA=0.15g and PGA=0.25g: moreover, the walls exhibiting the largest normalized displacements
under PGA=0.25¢g are schematically indicated in the aggregate.

The largest normalized displacements in the longitudinal (X) direction are registered for some internal
walls and the south wall 1S (U1). In detail, three critical parts of the aggregate can be identified.



In the southern part, large normalized displacements (about 0.95%) are computed for the south wall
1S (U1) due to the lack of support from the adjacent slabs that present extensive damage: moreover,
itis a perimeter wall that is prone to out-of-plane overturning due to the lack of support on the outside.
The vulnerability of unit U1 is also enhanced by the presence of many openings on all the sides, and
in particular on the south wall 1S. Normalized displacements larger than about 0.25% are also
registered for the internal walls 15 (U5) and 11 (U1).

In the central part, normalized displacements larger than about 0.25% are computed for the internal
wall 19 (U10). The lack of support from the adjacent unit, which is two storeys smaller, can lead to
an overturning mechanism of the upper part; moreover, the vulnerability of such a wall is enhanced
by the collapse of the adjacent slab at the fourth storey, resulting in a lack of support also on the other
side.

In the northern part, large normalized displacements (about 0.7%) are registered for the internal wall
124 (U18) because it lacks supports from the adjacent unit, which is two storey smaller; moreover,
the connections with the slabs of unit U18 are largely damaged and are ineffective to prevent an
overturning mechanism. In addition, it should be noted that unit U18, similarly to the southern unit
U1, is located at the extremity of the aggregate and consequently is subjected to high torsional effects
induced by the seismic action. Normalized displacements larger than 0.32% are also registered for
the internal wall 123 (U18).

The largest normalized displacements in the transversal (Y) direction are registered for some walls
located on the west and east sides. In detail, three critical parts of the aggregate can be identified.

In the southern part, large normalized displacements (larger than about 0.6%) are computed for the
west walls 1W (U1), 2W (U2) and the east wall 1E (U1). Such a result can be explained by both the
peripheral position of such walls inside the aggregate and the lack of external supports: moreover, it
can be noted that the slabs of units U1 and U2 are severely damaged.

In the central part, large normalized displacements (about 0.6%) are registered for the east wall 13E
(U13) due to the lack of external support, the presence of several openings, the relevant height (larger
than the nearby units) of the wall and the ineffective support provided by the internal slabs that are
subjected to considerable damage. It has to be noted that normalized displacements larger than 0.35%
are also computed for the east wall 10E (U10).

In the northern part, large normalized displacements (larger than about 0.35%) are computed for the
east walls 18E (U18) and 19E (U19) and the west wall 18W (U18). In the case of unit U18, the out-
of-plane displacement of the perimeter walls causes high deformations of the edges of the internal
walls 123 and 124, which are vulnerable because they lack supports from the adjacent units: moreover,
the connection regions with the slabs are severely damaged and thus ineffective to prevent out-of-
plane displacements. It should be noted that such units (U18 and U19) are subjected to high torsional
effects induced by the seismic action.



Y direction PGA=0.15g M PGA=0.25g
< 09 - - - 7
= 08 |
w 0.7 -
o
2 o
e 04 -
8 03 -
= 02 -
wI
5 00 IS PO [T N U
1W 2W 3W 4W 5W 6W 7W 8W 9W 10W 11W 12W13W 14W 15W 16W 17W 18W 19W 20W
1
0.9 LY direction] | 11PGA=0.15g mPGA=0.25¢ |

Displacement/Height [%]

JJ-.---[JJJJJJ

1E 2E 3E 4E 5E 6E 7B 8E O9E 10E 11E 12E 13E 14E 15E 16E 17E 18E 1SE

|X direction B PGA=0.15g W PGA=0.25g ‘

0.9

o
oo

o
~

o o
n o

o
~

Displacement/Height [%)]

o
w

o
o

©
[N

Jll;ljlll.l.l,ld;lglll.l;l;l.lnlgl;l;lglnl .llLl.l

1S 11 12 13 14 15 16 17 18 19 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 19N 20S 20N

o

Figure 12. Aggregate 1: maximum normalized displacement registered for the main walls in the
longitudinal and transversal directions during the non-linear dynamic analyses with different PGA.



Figure 13 shows the energy density dissipated by tensile damage (EDDTD) for the main walls of
Aggregate 1 at the end of the non-linear dynamic analyses with PGA=0.15g and PGA=0.25g:
moreover, the walls exhibiting the highest EDDTD values under PGA=0.25g are highlighted in the
aggregate.

In the northern part, high EDDTD values are registered for the perimeter walls 18E and 18W of the
tall unit U18: damage concentrates mainly in the upper part, which is not braced by the adjacent units,
and especially close to the openings. Moreover, high EDDTD values are also observed for the internal
walls 123 and 124 (U18), which exhibit notable damage along the whole height.

In the central part, high EDDTD values are registered for the east wall 10E (U10) and the internal
wall 19: such a result may be correlated to the large displacements of the wall 10E and the extensive
damage registered in the connection regions with the slabs: moreover, significant damage is observed
at the base and near the openings of the upper part. It is important to highlight that high EDDTD
values are also registered for the east tall wall 13E (U13): considerable damage is observed in the
central part and close to the openings.

In the southern part, high EDDTD values are registered for the west walls 1W (U1) and 2W (U2), the
internal wall 11 (U1), the east wall 1E (U1) and the south wall 1S (U1). In this portion of the aggregate,
damage is distributed quite uniformly along the height with a clear concentration close to the
openings. Significant damage is registered at the base of the south wall 1S (U1) and west wall 2W
(U2), indicating an onset of possible overturning mechanisms. The high EDDTD value computed for
the internal wall 11 (U1) could be correlated to the extensive damage observed in the connection
regions with the slabs.
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Figure 13. Aggregate 1: energy density dissipated by tensile damage (EDDTD) registered for the
main walls at the end of the non-linear dynamic analyses with different PGA.



From the numerical results, the following observations can be summarized for the critical parts of
Aggregate 1:

- In the southern part, the large displacements of the perimeter walls, which are prone to
possible overturning mechanisms, and the extensive damage of the slabs at the upper floors
result in significant damage also in the nearby walls and in the lower slabs. The out-of-plane
displacements of the walls can weaken the wall-slab connections, as shown by the damage
concentration at the edges of the slabs. Moreover, it is important to point out the small number
of internal walls in such an extremity, which would provide higher stiffness and would reduce
the spans and thus the deformation of the slabs.

- Inthe central part, the perimeter walls 13E and 10E exhibit large out-of-plane displacements
due to the lack of lateral support, presence of several openings and the extensive damage
observed in the wall-slab connections. Remarkable damage and large displacements are also
observed for the internal wall 19, which lacks lateral support from the smaller adjacent unit.

- In the northern extremity, unit U18 can be identified as the critical one because all the four
walls present significant damage as well as the internal slab at the fourth floor. The walls are
particularly vulnerable due to their relevant height when compared with that of the small
adjacent units.

4.2. Aggregate 2

Figure 14 shows the deformed shapes and the corresponding periods of the main vibration modes
with participating mass ratio (PMR) larger than about 5% for Aggregate 2: moreover, the distribution
of the first three hundred modes in the longitudinal and transversal directions is presented with
reference to the response spectra of the accelerograms used in the non-linear dynamic analyses.

The first three modes concern different parts of the aggregate in the transversal direction. The first
mode (T=0.267 s) involves the tallest unit of the aggregate with a PMR equal to about 12.6% in the
transversal direction. The second mode (T=0.211 s) concerns the central-northern part of the
aggregate with a PMR equal to about 6.5% in the transversal direction and a significant torsional
component. The third mode (T=0.204 s) involves the central-southern part of the aggregate with a
significant PMR equal to about 30.8% in the transversal direction and a significant torsional
component. The fifth mode (T=0.167 s) concerns the tallest unit in the central part of the aggregate
with a PMR equal to about 7.2% and 7.1%, respectively, in the longitudinal direction. The ninth mode
(T=0.135 s) involves the tallest block in the southern zone of the aggregate with the highest PMR
equal to about 37.8% in the longitudinal direction. The eleventh mode (T=0.121 s) involves the
central-northern zone of the aggregate with a PMR equal to about 10.9% in the longitudinal direction.
Considering the first three hundred modes, a cumulative participating mass ratio of about 90% in each
horizontal direction is obtained.



[—Transversal
0.8 —Longitudinal

Spectral Acceleration [g]

t t t
Q 0.1 0.2 0.3 0.4 0.5

Period [s]
0 01 0.2 03 0.4 05
0 A oo
Vode 11 T—0.1a1 o Mode 1 T=0.267 s
ode =0.121s 10 e 4 “""-\r.,‘_,_ PMR long=0.04%
PMR long=10.92% — "/ Y PMR trafs:IZ 620%
20 ;J' T + :

PMR trans=0.03%

Mode 9 T=0.135 s '§ Mode 2 T=0.211 s
- . PMR long=0.05%
PMR frans=0.75% Transversal dlrect[on -
Mode 5 T=0.167 s Mode 3 T=0.204 5
PMR long=7.2% PMR long=0.12%
PMR trans=0.02% PMR trans=30.85%

Figure 14. Aggregate 2. Distributlon of the flrst three hundred modes in the longitudinal and
transversal directions with reference to the response spectra of the accelerograms used in the non-
linear dynamic analyses. Deformed shapes of the first six main modes, corresponding periods and
participating mass ratios.

PMR (%] ",

Figure 15 and Figure 16 show the tensile damage contour plots for Aggregate 2 at the end of the non-
linear dynamic analyses with PGA=0.15g and PGA=0.25¢, respectively. It can be observed that
damage concentrates in the tallest units, in the northern extremity (U1-U2), in the central-northern
part (U3-U6) and in the southern extremity (U10-U12) for both the PGA values: moreover, the most
damaged slabs and vaults are located in correspondence with the walls presenting extensive damage.
In detail, the results of the non-linear dynamic analyses show the following significant damage
concentrations:

- Notable damage, already visible under PGA=0.15g, is registered in the front (west) side of
units U1-U2 located in the northern extremity of the aggregate: several marked cracks are
observed mostly in correspondence with the openings. The diaphragms of units U1-U2 exhibit
considerable damage, mainly in the connection regions with the walls.

- Significant damage, already marked under PGA=0.15g, is observed in the central-northern
part of the aggregate, mainly in the front (west) side of units U5-U6. Under PGA=0.25g,
relevant damage appears also in units U3-U4 and a more widespread damage is detected in
the upper part of the back (east) side of unit U5. The diaphragms of units U5-U6 present
extensive damage.

- Widespread damage, already marked under PGA=0.15g, is registered in units U10-U12
located in the southern extremity: under PGA=0.25g damage increases involving also unit
U9. Several marked cracks are observed mostly in correspondence with the openings. In such
units the diaphragms exhibit significant damage mainly at the edges, in the connection regions
with the bearing walls.

It is important to observe that widespread damage is visible mainly in the front (west) side of the
aggregate. Minor damage is observed in the back (east) side, with some exceptions: the southern
extremity (units U11-U12) and the central-northern part (units U5-U6). Moreover, it can be noted
that in the central and northern parts clear damage is visible especially from the first storey upwards
and concentrates mostly in correspondence with the openings. In the southern extremity damage is
distributed more uniformly on the whole height, including the back (east) side.
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Figure 15. Aggregate 2: tensile damage contour plots at the end of the non-linear dynamic analysis
with PGA=0.15g.
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Figure 16. Aggregate 2: tensile damage contour plots at the end of the non-linear dynamic analysis
with PGA=0.25¢.



Figure 17 shows the maximum normalized displacements registered for the main walls of Aggregate
2 in the longitudinal (X) and transversal () directions during the non-linear dynamic analyses with
PGA=0.15g and PGA=0.25g: moreover, the walls exhibiting the largest normalized displacements
under PGA=0.25g are schematically indicated in the aggregate.

The largest normalized displacements in the longitudinal (X) direction are registered at the top of
some internal walls and three critical parts of the aggregate can be identified.

In the northern part, large normalized displacements (about 0.3%) are computed for the internal wall
13 (U1) due to the lack of support from the adjacent smaller unit and the extensive damage observed
in the connection regions with the internal slabs. Normalized displacements larger than 0.25% are
also observed for the internal walls 15, 16, 17 of unit U2.

In the central part, large normalized displacements (about 0.5% and 0.75%, respectively) are
registered for the internal walls 111 and 113 (U5), which are two storeys higher than the adjacent units
and consequently lack external supports in the upper part; in addition, the internal slabs present
widespread damage in the connection regions.

In the southern part, large normalized displacements (about 0.4%) are registered for the internal wall
130, which is the south wall of the tall unit U11 and lacks support from the smaller edge unit U12 of
the aggregate. Normalized displacements larger than about 0.3% are computed also for the internal
wall 127, which is the north wall of U11 and is not braced by the smaller adjacent unit U10, and for
the edge south wall 12S (U12), which is also subjected to high torsional effects induced by the seismic
action.

The largest normalized displacements in the transversal (Y) direction are computed for some walls
located on the west and east sides, defining three critical parts of the aggregate. Moreover, it can be
noted that the walls on the east side, which are characterized by very few openings, present smaller
displacements than the walls on the west side.

In the northern part (U1-U2), large normalized displacements (0.55% and 0.3%, respectively) are
computed for the west walls 1W (U1) and 2W (U2) that can be subjected to a possible overturning
mechanism. It can be noted that the west wall 1W presents several openings and the connection
regions with the internal slabs are largely damaged. The west wall 2W (U2) exhibits several openings
and is prone to a possible overturning mechanism considering the significant damage at the edges of
the internal walls. Both the walls are subjected to high torsional effects due to the seismic action.

In the central part (U5-U6), large normalized displacements (about 0.45%) are registered for the west
walls 5W (U5) that can be subjected to a possible overturning mechanism: it can be noted that such
a wall belongs to the tall unit 5, which presents severe damage in the connection regions with the
internal slabs. Moreover, normalized displacements larger than 0.2% are computed for the adjacent
west wall 6W (U6) that exhibits several openings.

In the southern part (U11-U12), normalized displacements larger than about 0.3% are registered for
the west walls 11W and 12W (U11-U12) and the east walls 11E and 12E (U11-U12), which can be
prone to a possible overturning mechanism. Such perimeter walls are characterized by several
openings and are subjected to high torsional effects induced by the seismic action.
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Figure 17. Aggregate 2: maximum normalized displacements registered for the main walls in the
longitudinal and transversal directions during the non-linear dynamic analyses with different PGA.



Figure 18 shows the energy density dissipated by tensile damage (EDDTD) for the main walls of
Aggregate 2 at the end of the non-linear dynamic analyses with PGA=0.15g and PGA=0.25g:
moreover, the walls exhibiting the highest values of EDDTD under PGA=0.25g are schematically
indicated in the aggregate.

In the northern part (U1-U2), high EDDTD values are registered for the internal walls (I3, 14, 15, 16,
17) of unit U2. Damage concentrates mainly in correspondence with the east wall, the openings and
the connection regions between the walls and the slab. In addition, it can be noted that such walls
present damage from the first storey upwards, while the lower part exhibits negligible damage. High
EDDTD values are observed for the west walls 1W and 2W, which exhibit damage mainly close to
the openings.

In the central part (U5-U6), high EDDTD values are registered for the west wall 5W, which presents
significant damage around the openings and at the base, and for the east wall 5E. High EDDTD values
are computed also for the internal walls 111 and 113, which exhibit marked damage in the middle part
and in the connection regions with the diaphragms. High EDDTD values are observed for the west
wall 6W, which shows relevant damage near the openings and at the base.

In the southern part (U11-U12), high EDDTD values are registered for the internal walls 127 and 130
(U11). Damage concentrates around the openings and, in the case of wall 130, in the connection
regions with the east wall. High EDDTD values are observed for the east walls 11E and 12E and the
west walls 10W, 11W and 12W: the east walls present substantial damage along the whole height,
while the west walls exhibit notable damage around the openings and at the base.
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Figure 18. Aggregate 2: energy density dissipated by tensile damage (EDDTD) registered for the
main walls at the end of the non-linear dynamic analyses with different PGA.



From the numerical results, the following observations can be summarized for the critical parts of
Aggregate 2:

- In the northern part, the perimeter wall 1W presents large displacements in the transversal
direction: it can be noted that the adjacent slabs are characterized by large spans and present
significant damage in the connection regions with the wall. In unit U2, the internal walls are
subjected to relevant displacements and notable damage in the upper part. Moreover, the
possible overturning mechanism of the west wall 2W generates significant damage at the
edges of the internal walls.

- The central part presents large displacements and considerable damage in correspondence
with the tall unit U5. The absence of lateral supports and the extensive damage in the slabs
and in the connection regions with the walls favors the out-of-plane displacements of the
perimeter and internal walls. It can be noted that the bottom part of the unit is strengthened
by the presence of a barrel vault, while the upper part, where the slabs are severely damaged,
shows relevant damage and displacements.

- In the southern extremity, the east and west walls present large normalized displacements in
the transversal (Y) direction: the out-of-plane displacements of the perimeter walls create a
remarkable damage concentration at the edges of the internal walls.

- Comparing the different response of the west and east sides, it can be noted that the presence
of openings significantly increases both the normalized displacements and damage level of
the perimeter walls.

5. Comparison and discussion of the numerical results

The results of eigen-frequency analyses indicate that the first main modes of both the aggregates
involve mainly the tallest units: moreover, the transversal direction is the critical direction for both
the aggregates, especially for Aggregate 2. On the basis of the damage observed during the following
non-linear dynamic analyses, it can be affirmed that eigen-frequency analysis may represent a fast
and useful tool to provide a preliminary assessment of the structural weaknesses and deficiencies of
the aggregates. Moreover, it can be noted that low values of PMR are associated with the main modes:
as a result, a large number of modes should be considered to reach significant effective modal masses
and thoroughly describe the global response of the aggregates. In addition, it is important to observe
that similar low values of period are registered for the first main modes of the two aggregates: in fact,
for both the aggregates the modes characterized by high PMR present low values of period, which
correspond to high amplifications of the spectral acceleration.

Figure 19 shows the evolution of the global energy density dissipated by tensile damage (EDDTD)
for the two aggregates during the non-linear dynamic analyses with different PGA. A large increase
of EDDTD can be observed in the case of PGA=0.25¢g for both the aggregates. Moreover, it can be
noted that the EDDTD values are larger in Aggregate 1 than in Aggregate 2. In fact, the low damage
level on the back side of Aggregate 2 results in smaller values of EDDTD when compared to
Aggregate 1. Such a difference is mainly due to the higher number of openings on the back side of
Aggregate 1 than that of Aggregate 2, because considerable damage tends to concentrate in
correspondence with openings.

For Aggregate 1 the maximum EDDTD values are registered for the perimeter east wall 18E located
in the northern part and the perimeter west wall 2W located in the southern part. For Aggregate 2 the
maximum EDDTD values are registered for some internal walls (17 and 113) and the west wall 5W
of the tall units and the east wall 12E of the southern extremity.
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Figure 19. Energy density dissipated by tensile damage (EDDTD) registered for the two aggregates
during the non-linear dynamic analyses with different PGA: Aggregate 1 (left) and Aggregate 2

(right).

Figure 20 shows the maximum normalized base shear (base shear/weight) in the two orthogonal
directions registered for the two aggregates during the non-linear dynamic analyses with different
PGA. The highest values of the normalized base shear are observed in the longitudinal direction for
both the aggregates, as could be derived from the preliminary results of the modal analysis indicating
a lower stiffness in the transversal direction. Moreover, it can be noted that the values of the
normalized base shear are larger for Aggregate 1 under PGA=0.15g and for Aggregate 2 under
PGA=0.25g.
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Figure 20. Maximum base shear/weight ratio registered for Aggregate 1 (left) and Aggregate 2 (right)
in the transversal and longitudinal directions during the non-linear dynamic analyses with different
PGA.

For both the aggregates, the structural response of a unit is strongly affected by the adjacent units. As
regards the damage distribution, for both the aggregates the walls present significant damage mainly
in correspondence with the openings, in the connection regions with the slabs and the orthogonal
walls. Some critical perimeter walls exhibit marked damage also at the base, indicating the probable
occurrence of an overturning mechanism: such a result is generally related to extensive damage in
the connection regions with the slabs. The tallest units and the units at the extremities are the most
damaged portions for both the aggregates. In Aggregate 1 extensive damage is registered both on the
front and back sides, while in Aggregate 2 damage concentrates mainly on the front side because the
back side does not present openings.



Significant damage can be observed in the floor and roof diaphragms of the critical units of the
aggregates: it can be noted that the most critical diaphragms present wide span and belong to the
tallest units. In both the aggregates, the diaphragms with extensive damage are generally subjected to
large vertical displacements or are located near the walls presenting high horizontal displacements.
Damage generally concentrates at the edges, in the connection regions with the walls. It can be noted
that Aggregate 2 presents more barrel vaults than Aggregate 1, both at the ground floor and in the
upper part; damage is generally reduced in the case of barrel vaults. The covering in the southern part
of Aggregate 1 present more significant damage than those of Aggregate 2, due to the larger span and
smaller number of vaults.

For both the aggregates the largest normalized displacements in the longitudinal (X) direction are
computed for the internal transversal walls of the tallest units, which are not efficiently braced by the
smaller neighboring units, or the transversal walls located at the extremities of the aggregate, which
lack lateral support from the adjacent units. For Aggregate 1 the largest displacements are registered
for the south wall 1S located in the southern part and the internal wall 124 located in the northern part.
For Aggregate 2 the largest displacement is registered for the internal wall 113 located in the central
part.

For both the aggregates the walls subjected to the largest displacements in the transversal (Y)
direction are the perimeter walls that may be prone to possible overturning mechanisms due to the
lack of external supports. It can be noted that the walls facing Borgo San Rocco street (east walls for
Aggregate 1 and west walls for Aggregate 2) are more critical because they are characterized by
several openings. Moreover, it is important to observe that for both the aggregates the largest
displacements are computed for the walls of the tallest units, in presence of extensive damage in the
connection regions with the slabs and vaults, and the walls at the extremities of the aggregate, where
the torsional effects induced by the seismic actions are larger. For Aggregate 1 the largest
displacement is registered for the perimeter east walls 1E and 18E located at the two extremities and
the perimeter west wall 1W located in the southern extremity. For Aggregate 2 the largest
displacement is registered for the west walls 1W and 12W at the two extremities.

The presence of deformable floors, as already pointed out, is certainly responsible for the activation
of partial failure mechanisms, with the collapse of portions of the most vulnerable units for out-of-
plane overturning.

Kinematic limit analysis applied on out-of-plane pre-assigned failure mechanisms is certainly the
most straightforward approach that can be used in practice to quickly estimate the horizontal
acceleration associated with the activation of the first failure mechanisms. It is extremely useful for
practitioners, because they certainly do not have the possibility (and the sufficient know-how) to
perform complex and demanding non-linear dynamic analyses.

Alternative simplified procedures are possible, as for instance the possibility to apply the
methodology recommended by the Italian guidelines for cultural heritage for palaces [13]. However,
such a procedure is a revisited POR method that must be considered as a global approach where piers
are modeled with mono-dimensional elements. The presence of wooden floors with insufficient
stiffness promotes the activation of out-of-plane failure mechanisms, therefore the utilization of
models based on equivalent frame assumptions may be considered questionable in their capability to
predict the real behavior at collapse. Such a discussion is definitely interesting and postponed, in its
quantitative details, to a future research.

For aggregates, the utilization of limit analysis with pre-assigned failure mechanisms can be regarded
as a simplified empirical procedure. It bases on the observation of the real damages suffered by
masonry buildings with deformable floors during previous earthquakes. The Italian Network of the
Earthquake Engineering University Laboratories (ReLUIS) has put at disposal Excel spreadsheets for
a semi-automatized estimation of such collapse accelerations [54].



Basing on the aforementioned idea, in the last decades huge developments followed, leading to the
introduction of a comprehensive abacus of several possible partial failure mechanisms, with an
exhaustive taxonomy of the most common possibilities. The results of the non-linear dynamic
analyses here discussed can be regarded as extremely useful, because they give a clear idea of the
most vulnerable units and the expected mechanisms. It is therefore possible to restrict the application
of limit analysis to a few failure mechanisms, instead of checking all the possibilities in each single
unit.
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Figure 21. Results of kinematic limit analysis applied on the most vulnerable units. Application
of a static horizontal load along the X (A), the Y (B) and contemporarily the X & Y (C)
directions. Normalized collapse horizontal accelerations, ag/g, and active failure mechanisms.

As a matter of fact, it is worth mentioning that the role played by the interlocking between
perpendicular walls is crucial for the activation of a specific partial out-of-plane failure mechanism,
for the determination of its shape as well as for the evaluation of the collapse acceleration. When
interlocking is assumed absent, mode 1 failure is a classic overturning mechanism of the wall at the
base. The resultant normalized failure acceleration is typically extremely low and dependent
exclusively on the geometrical features of the wall, being equal to the ratio between the thickness and
the height. In order to consistently compare limit analysis results with non-linear dynamic analyses
ones, it is necessary to assume a perfect interlocking in correspondence with the corners. The FE
code, indeed, is conceived without any particular adjustment of the corners strength, allowing to
account for the effects of a suboptimal interlocking, as for instance the utilization of interface
elements with different mechanical characteristics.

As already pointed out, the non-linear dynamic analyses have been performed applying
simultaneously the two components of the accelerogram in the longitudinal and transversal directions.
The application of accelerograms along two perpendicular directions promotes the activation of out-
of-plane partial failure mechanisms with overturning of the most exposed corners (i.e. upper parts of
the single units, near the roof, not sufficiently constrained).

The results of the non-linear dynamic analyses show that the most vulnerable units are U18 and U5
for Aggregate 1 and Aggregate 2, respectively. Limit analyses are therefore limited to such units, and



the possible partial failure mechanisms (associated with the minimum multiplier) found are depicted
in Figure 21.

Kinematic limit analysis computations show that the corners of the upper stories of units U18 and U5
for Aggregate 1 and Aggregate 2, respectively, are the most vulnerable in the case of the simultaneous
application of the seismic action along the X and Y directions. In limit analysis, the independent
application of horizontal forces along the geometrical principal axes of the aggregate results - as
expected - in an increase of the collapse acceleration: in any case, it is confirmed that U18 and U5
are still the most vulnerable units, with activation of an out-of-plane overturning mechanism of the
upper part. The reason is linked to the geometrical features of such units, which result to be either
isolated or scarcely connected with neighboring buildings at the upper stories. A similar outcome
may be expected performing non-linear dynamic analyses with accelerograms applied separately
along the X and Y directions. In non-linear dynamic analyses the PGAs causing the collapse of such
portions of the units are finally similar to the ultimate accelerations obtained through the kinematic
limit analysis approach previously discussed, confirming that kinematic limit analysis with pre-
assigned failure mechanisms can provide preliminary results that are useful for practical purposes.

6. Conclusions

This study has investigated the seismic response of two historical masonry aggregates through non-
linear dynamic analyses performed on detailed 3D FE models assuming an elasto-plastic damage
constitutive law for masonry. Such a numerical approach is very effective for assessing the seismic
response of the whole aggregate, presenting several advantages when compared to the current
simplified methods. As a matter of fact, it allows taking into account the dynamic characteristics of
the aggregate with reference to the main features of the accelerogram, the torsional effects induced
by the seismic action on the perimeter walls located at the extremities of the aggregate, as well as the
potential interactions due to the structural contiguity of the units within the aggregate. The non-linear
dynamic analyses have highlighted the most vulnerable elements and the damage distribution of the
two aggregates for different seismic intensity levels.

The main conclusions that can be drawn from the numerical simulations performed in this study are
summarized and shortly discussed below.

- The most relevant modes of both the aggregates present low values of periods: as a result,
such structures may experience high amplifications of spectral accelerations and therefore
extensive damage. In some cases, the geometrical features are not sufficient to
comprehensively explain the seismic behavior and vulnerability of the main walls and critical
portions of the aggregates, but also their dynamic properties should be taken into account with
reference to the characteristics of the accelerograms considered. The results provided by
eigen-frequency analysis associated with the response spectra may preliminarily indicate the
critical parts of the aggregate in terms of spectral acceleration amplifications corresponding
to the PMR involved. Indeed, as emerged from the present study, eigen-frequency analysis
highlights modes characterized by high values of the PMR with vibration periods
corresponding to relevant spectral accelerations. Moreover, such modes are particularly
influenced by the dynamic behavior of some structural parts of the aggregate that have shown
relevant damages at the end of the non-linear dynamic analyses. Such a dynamic behavior is
typical of complex structures that are generally characterized by local modes playing a crucial
role in the global structural response. In this case, the main findings obtained from modal
analysis could be useful to identify the units of the aggregates where a seismic damage
concentration is expected. Nevertheless, it is also evident that modal analysis, which is based
on a linear-elastic behavior of the model, is not able to account for the influence of the damage



on the dynamic properties of the aggregate and, then, on possible modifications of the cracks
distributions among the different structural parts of the aggregate.

The numerical analyses show the high vulnerability of the perimeter walls that may be prone
to overturning mechanisms. In particular, the units at the extremities of the aggregate are
subjected to large displacements because they are not efficiently braced by the adjacent units.
Moreover, the perimeter walls located at the edges of the aggregate present large
displacements due to the torsional effects induced by the seismic action. It is important to
point out that the FE model here considered provides damage scenarios influenced by both
the in-plane and out-of-plane behavior of walls that interact among them through a continuous
3D model. Although this approach does not explicitly consider rigid-block mechanisms that
are at the basis of the kinematic analysis, it allows deriving important information regarding
the possible activation of mode 1 failure mechanisms from the results of the non-linear
dynamic analyses. Indeed, the distribution and severity of cracks allow identifying both the
zones of the aggregate particularly susceptible of damages due to out-of-plane actions and the
structural parts where the damage patterns could lead to the subsequent activation of mode 1
failure mechanisms. It is evident that the results obtained from the numerical analyses
presented in this paper are influenced by the hypotheses at the basis of the model, including
the connections among transversal walls. Such an assumption, which in some cases may not
reflect the real status of some parts of the aggregate, has been here introduced in order to gain
information on the global response of the aggregate, considering it as a body composed of the
effective assemblage of units interacting among them.

The most damaged elements of each aggregate are generally the walls of the tall units without
lateral support and the adjacent slabs covering large spans and characterized by small
thickness. The perimeter walls generally exhibit extensive damage in correspondence with the
openings and in some cases also at the base, indicating the possible occurrence of overturning
mechanisms. The internal walls do not generally exhibit remarkable displacements, except
the tall internal walls that are not braced by adjacent units; conversely, they present significant
damage, mainly in the connection regions with the diaphragms.

The structural response of a single unit is affected by the interactions with the adjacent parts
due to the structural continuity of the building units composing the aggregate. The perimeter
walls exhibit large out-of-plane displacements involving the adjacent walls and the slabs that
are largely damaged: such a result is more evident when the walls present several openings
and the diaphragms cover large spans. For both the aggregates, the majority of the diaphragms
present significant damage at the edges, in the connection regions with the walls, influencing
the out-of-plane displacements of the walls.

The presence of several openings is a fundamental feature that significantly decreases the
strength of the perimeter walls, influencing the damage distribution in the aggregate, as it is
especially shown by the different crack patterns observed in the east and west sides of
Aggregate 2: high EDDTD values are registered for the walls of the west side, which exhibit
extensive cracks in correspondence with the numerous openings.

It can be noted that a good correlation of results in terms of normalized displacements and
EDDTD values is found for the critical walls: in both the aggregates, the most damaged walls
are generally subjected to large displacements. However, some exceptions can be observed,
such as some internal walls, which present extensive damage only in the upper part, and some
perimeter walls, which present a damage concentration at the base.



The above outcomes clearly show the importance of the analysis approach here employed to
investigate the seismic response of masonry building compounds. Indeed, the use of advanced
dynamic analyses based on a non-linear FE model of the whole aggregate allows examining the global
response of the system by taking into account the crucial role of the interaction among structural
units. The emerged damage scenarios, which can be preliminarily interpreted also on the basis of the
results of a modal analysis of the compound, emphasize several vulnerabilities that are particularly
influenced by the interaction among the units composing the compound.
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