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Abstract

The preservation (in terms of inhibition of failures and collapses) of architectural heritage against
horizontal loads (such as earthquakes) requires an accurate assessment of the non-linear response up
to failure: to this aim, the use of advanced numerical tools to perform three-dimensional non-linear
dynamic analyses is fundamental. This paper investigates the performance (up to the activation of
local failures and under horizontal loads) of three historical masonry palaces of the outstanding
cultural heritage in Mantua (Northern Italy) after the 2012 Emilia earthquake. Despite the
unquestionable importance of the three case studies, until now these palaces have not been studied
with advanced numerical simulations; moreover, the recent seismic sequence and the consequent
significant cracks patterns observed in the post-earthquake survey phase have pointed out their
vulnerability even to small seismic actions. The first part of the study was addressed to an accurate
knowledge of the three palaces, focusing especially on the information gathered during on-site
surveys, bibliographical and historical research: the data collected were employed to detect the
complex three-dimensional geometry of the palaces under study and to define the cracks patterns. In
the second part of the study, detailed and representative three-dimensional finite element (FE) models
of the structures were developed and non-linear dynamic analyses were carried out to obtain a deep
numerical insight into the seismic response of the three palaces, identifying the most vulnerable
elements for each structure. The comparison between the numerical results and the damage survey
showed that the numerical approach used in this study may be an adequate tool to properly evaluate
the seismic response of historical masonry buildings. A comparative assessment of the results
obtained for the different palaces was performed in terms of predicted damage distributions, energy
density dissipated by tensile damage and displacement demand for the different macro-elements.

Keywords: failure analysis of historical masonry palace; crack patterns under seismic loads; 3D FE
model and non-linear dynamic analysis; damage distribution.



1. Introduction

Historical masonry constructions were not conceived to properly withstand horizontal loads and are
highly vulnerable to seismic actions, as also demonstrated during recent earthquakes in Italy [1-5].
Their high seismic vulnerability can be attributed mainly to the very low tensile strength of masonry,
very small capacity to dissipate energy, inadequate connections between structural elements, poor
out-of-plane capacity, presence of flexible floors/roofs and deterioration of materials over time [6-7].
A reliable seismic performance assessment of historical masonry constructions represents a
fundamental step for the adoption of appropriate strategies aimed at reducing their seismic
vulnerability and preserving the cultural and artistic value of the built heritage: for such reasons, the
seismic assessment of masonry monumental buildings is currently a topic of great interest [8-14].
Several approaches and analysis methods can be used to evaluate the structural behavior of masonry
structures, comprising simplified procedures based on structural macro-elements, limit analysis,
discrete element (DE) method and micro-modelling or macro-modelling based on the finite element
(FE) method [15-24]. The differences among the various approaches are mainly related to
assumptions about the material and structural behavior, input parameters, modelling effort and
computational time required. For historical masonry constructions, reliable structural analyses are
fundamental in order to identify the most probable collapse mechanisms and address specific and not
invasive retrofitting interventions.

Limit analysis is a frequently applied strategy for structural analysis and strengthening of historical
masonry buildings. This method can be carried out without excessive computational effort, but it
requires previous knowledge of the possible collapse mechanisms and can be used mainly to examine
the ultimate state condition. The choice of the most probable mechanisms depends on the experience
of the practitioner and may not be simple when a large variety of mechanisms are possible in the
structure. Simplified procedures for the seismic vulnerability assessment of masonry building
aggregates, typically widespread in historical centers of many Italian towns, have been proposed and
numerically calibrated with reference to some case studies at small and large scales [25-26]. Masonry
structures can be represented by discrete element models as an assembly of blocks with suitable
interface laws. It is worth mentioning that discrete element approaches may encounter difficulties
related to the analysis of buildings of relevant size, leading to a huge computational demand.

The equivalent frame model, generally used in combination with non-linear static analyses, is widely
diffused in the engineering practice to investigate the global structural performance of masonry
buildings with a reasonable computational effort and a small amount of mechanical parameters that
may be quite simply defined through the results of standard tests. The accuracy of this method, which
introduces strong simplifications and unavoidable approximations of the actual behavior and
geometry of the building, depends on the consistency between the simplified hypothesis adopted and
the real structural behavior.

In the literature, there are several significant examples of applications of the non-linear finite element
(FE) method to study the seismic response of historical masonry constructions [27-32]. Depending
on the level of accuracy and the simplicity desired, different modeling strategies can be adopted,
including the micro-modelling and the macro-modelling approaches. The micro-modelling approach
describes the behavior of units, mortar and the unit-mortar interface: due to the high level of detail in
this type of modeling, its application is generally limited for the detailed analysis of portion of
masonry structures. Conversely, the macro-modelling approach treats masonry as a homogeneous
continuum, without any distinction among masonry constituents, and can be also applied for the
analysis of large structures. Non-linear static analysis, which is generally based on macro-modelling
approach, is one of the commonly used tools for seismic assessment of masonry buildings: on the
other hand, non-linear dynamic analysis provides the most accurate and reliable assessment of the
structural seismic response of historical masonry constructions when the non-linear behavior of the
masonry material is properly defined. This study aims at pointing out that the use of advanced
numerical tools, based on a macro-modeling approach and non-linear three-dimensional (3D)



dynamic analyses, can provide a thorough understanding of the seismic behavior of historical
masonry buildings, highlighting all possible (both local and global) failure mechanisms.

The seismic sequence that occurred in Emilia-Romagna region, Northern Italy, in May-June 2012,
caused heavy damages, showing mainly the seismic vulnerability of historical masonry constructions.
A comprehensive description of the major damages occurred in existing masonry buildings and
churches can be found in [33-34]. Detailed field surveys of some churches damaged during the
seismic sequence are reported also in [35-36] along with the main results obtained through simplified
procedures and advanced numerical simulations: numerical results were compared with real damages
and collapses observed during in-situ surveys. The 2012 Emilia earthquake, whose magnitude
reached M1=5.9 (May 20) and M1=5.8 (May 29), hit also the southern part of the Lombardia region
and considerable damages were observed on several historical constructions located in the city of
Mantua, where Politecnico di Milano has a large campus. The major damages suffered by three
monumental masonry churches located in Mantua and the results of advanced numerical
investigations performed on detailed 3D finite element (FE) models are presented in [37]: numerical
results were discussed with respect to the cracks patterns registered during in-situ surveys. In [38] a
multi-disciplinary approach was adopted to assess the structural safety and the seismic vulnerability
of an historical palace in Mantua.

The historical center of Mantua was declared an UNESCO World Heritage Site in 2007 and was
chosen as Italian Culture Capital in 2016. The cultural value of Mantua is outstanding, with several
buildings being unique important examples of Italian Renaissance architecture. This paper describes
the damage occurred in some important historical palaces in Mantua during the 2012 Emilia
earthquake and presents the results of an extensive numerical investigation carried out on detailed FE
models. The three palaces under study have a significant historical and architectural value, thus being
some of the most important and renowned civic structures in Mantua.

The multi-disciplinary approach adopted to assess the structural safety and the seismic vulnerability
of the three palaces involved different activities: historical analysis, documentary research, visual
inspection, geometrical and construction typology documentation, photographic collection of damage
and cracks patterns, development of sophisticated FE models, advanced numerical analyses to
simulate the seismic response of the structures and to predict the seismic performance and damage
distribution for different levels of seismic actions. This paper summarizes mainly the information and
the results provided by the execution of documentary research, visual inspection and advanced
numerical simulations. In spite of the unquestionable importance of these case studies, until now the
seismic performance of the three buildings have not been studied through advanced numerical
simulations and one of the aims of this study is to give a valuable contribution to fill the gap of
knowledge about these three buildings. The results of the seismic assessment methodology adopted
in this study allow estimating the possible damage patterns in the palaces during seismic events with
different intensity levels, showing the most probable failure mechanisms. Comparisons among the
seismic responses of the three palaces are made in terms of the predicted damage distribution, energy
density dissipated by tensile damage (EDDTD) and displacement demand for the different macro-
elements composing the structures.

2. Description of the historical buildings under study

This section provides a short description of the main historical, geometrical and constructive features
of the buildings under study. A general view of each historical masonry building is shown in Fig. 1.
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Fig. 1. General views of the historical masonry buildings under study. (a) Palazzo Te (1525-1535);
(b) Palazzo d’Arco (1784); (c¢) Palazzo dell’Accademia (1773).

2.1. Palazzo Te

Palazzo Te is located in the suburbs (south part) of Mantua and is universally considered a
masterpiece of the late Renaissance. It was built by Giulio Romano between 1525 and 1535, as a
suburban residence for Federico II Gonzaga: the site chosen was that of the family's stables. The
main block of Palazzo Te presents a large square plan with sides equal to about 70 m including a
large inner courtyard, recalling an ancient Roman villa. The maximum height of the building is about
13 m in correspondence with the tympanum of the Loggia of David. The walls are about 11 m high
and present an average thickness of about 65 cm: the openings are generally uniformly arranged. The
north, east and west external sides present one or more arcades in the middle, while the south side is
without entrance arcades and the arrangement of the windows does not follow a regular distribution,
as observed for the other sides. The east side overlooking the large garden presents a high openings
percentage due to the presence of large central arcades and a series of side Serlian windows. The sides
delimiting the courtyard present a series of openings that are vertically and horizontally aligned. The
east and west walls overlooking the courtyard are characterized by a series of niches that are 40 cm
thick, both at the ground level and in correspondence with the mezzanines, and present a limited
number of openings.

The bearing walls of the building are built in regular course bricks with lime mortar and plastered to
simulate a coursed rubble. The covering elements are masonry (barrel, cloister and ribbed) vaults and
wooden coffered slabs. The pitched roof consists of wooden truss beams and clay tiles.

Fig. 2 presents the plan and two sections of the building along with the main geometrical dimensions.
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Fig. 2. Palazzo Te: plan, two sections and indication of the main geometrical dimensions.



2.2. Palazzo d’Arco

Palazzo d’Arco is the historical Mantuan residence of the ancient family of the Counts d’Arco: it is a
wonderful example of neo-classical architecture in Mantua. The building, which arose on the ruins
of an ancient medieval complex, was built by the neo-classical architect Antonio Colonna in 1784.
During the Second World War the building was damaged by bombings and was restored between
1946-1960.

Currently, the complex consists of the main building overlooking Piazza d’ Arco, the fagade of which
continues on the left with the building of the “Stables”, which nowadays acts as a theatre. The long
side is marked by pilasters and semicolumns supporting the tympanum that partially hides the square-
plan block of the tall “Hall of Honour” rising above the remaining part of the building. Palazzo d’ Arco
presents a U-shaped plan with a courtyard that is closed by a large exedra. The south side exhibits a
length equal to 46 m, while the north side presents a length equal to 38 m. The exedra, which is
located along the entrance axis, connects the two wings of the building and presents a semicircular
shape, except the two edges: it is 7.5 m high and is characterized by the presence of niches and large
arches connecting the courtyard and the garden.

The complex exhibits three storeys (ground level, mezzanine and second level) and is composed of
three wings rising uniformly up to 13 m, except the greenhouse, called “giardino d’inverno”, that is
6.4 m high. On the left side, the adjacent theatre is 11 m high with plan dimensions of about 19 m x
24 m. The greenhouse is about 16.5 m long and is not aligned with the south wing of the building,
protruding from one side. The long front side overlooking Piazza d’Arco, which is characterized by
the central square block that is 17 m high, exhibits two rows of openings that are uniformly arranged:
a similar regular arrangement of openings can be observed on the other sides.

The walls of the building are made of brick masonry and lime mortar, the coverings consist of
masonry vaults and wooden slabs. The pitched roof is composed of wooden truss beams and clay
tiles. Fig. 3 presents the plan and a section of the building along with the main geometrical
dimensions.

Section A-A

Fig. 3. Palazzo d’Arco: plan, section and indication of the main geometrical dimensions.

2.3. Palazzo dell’Accademia

Palazzo dell’ Accademia, which is located in the north-east part of Mantua, rises on the ruins of an
ancient medieval building renovated in the late fifteenth century. In 1773 the actual building was built
on the project by Giuseppe Piermarini and under the direction of the architect Paolo Pozzo.

The building occupies an entire block along with the adjacent theatre and is characterized by a
rectangular plan with an internal courtyard. The two long sides (east and west sides) present a length
of about 51 m and 55 m, respectively, while the short sides (north and south sides) are about 34 m
long: the short sides are not orthogonal with respect to the long sides. The height of the walls of the
complex is 13.6 m, except the north and east sides that are about 16 m high due to the presence of a
“veletta” in the upper part. The four walls overlooking the internal courtyard are 13.6 m high, except



the west wall that is 10.6 m high. The perimeter walls of the complex are characterized by several
large openings that are horizontally and vertically aligned. In particular, the west and east walls
overlooking the internal courtyard present large arcades and windows, both at the ground level and
in the upper part.

The bearing walls of the building consist of brick masonry and lime mortar. The coverings are
composed of masonry or wattle vaults and wooden or concrete-masonry slabs. The pitched roof
consists of wooden truss beams and clay tiles.

Fig. 4 presents the plan and two sections of the building along with the main geometrical dimensions.
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Fig. 4. Palazzo dell’Accademia: plan, two sections and indication of the main geometrical
dimensions.

3. Damage survey

Extensive surveys of the cracks patterns of the three buildings were carried out after the 2012 Emilia
earthquake: a photographic documentation of the main cracks is reported for each building in this
section. It is worth mentioning that the majority of the cracks were due to the recent seismic sequence:
in addition, some pre-existing cracks were enlarged by the seismic events.

3.1. Palazzo Te

The major damage is concentrated mainly in the north and east sides of the complex, while the south
and west sides present negligible damage. Through-cracks have been observed in correspondence
with the masonry walls and vaults, with consequent severe damage to the decorations and
detachments of stucco fragments. The cracks surveyed were caused by the seismic sequence, taking
into account the re-opening and consequent enlargement of some pre-existing cracks.

In detail, the main damage involves the following parts of the building, Fig. 5.

e “Room of the Sun and the Moon” (photos 1-3). A severe crack has been observed above and
on the right of the door facing the “Loggia of the Muses” and the pre-existing crack on the
wall in the north-east corner was enlarged. The stucco cornice and the plaster of the walls
exhibit significant damage.

e “Loggia of the Muses” (photo 4). Marked cracks have been detected in correspondence with
the short sides of the Loggia, where there are the doors connecting the Loggia and the “Room
of the Sun and the Moon” on one side and the “Hall of the Horses™ on the other side. Diagonal
cracks have been observed in the upper part of the west wall, involving a multiple leaf wall
and propagating on the frescoed lunette above the vault. Moreover, the earthquake has caused
the fall of the stucco cornice decorating the lunette and fragments of the plaster along the
crack involving the wall.

e “Hall of the Horses” and “Room of Eros and Psyche” (photos 5-7). A relevant crack has been
surveyed in correspondence with the wall dividing the “Hall of the horses” and “Room of



Eros and Psyche”, involving the whole corner. Moreover, the seismic event has caused the
formation of new cracks along the stucco cornice of a window of the east wall of the “Room
of Eros and Psyche”.

“Loggia of David”, (photo 8). An evident crack has been observed along the south wall of
the Loggia, in correspondence with the stucco cornice and the clay bas-relief above the door
leading to the “Room of the Stuccoes”, with a consequent fall of small stucco fragments.
Moreover, many small cracks have been registered above the south door.

“Room of the Emperors”, (photo 9). A marked crack is visible along the wall separating the
“Room of the Emperors” and the “Room of the Giants”, with a consequent detachment of the
plaster finish in the “Room of the Emperors”.
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Fig. 5. Palazzo Te: photographic documentation of the crack patterns. 1. Room of the Sun and the Moon,
ground floor, cornice. 2-3. Room of the Sun and the Moon, ground floor, wall. 4. Loggia of the Muses, ground
floor, wall. 5-7. Hall of the Horses and Room of Eros and Psyche, ground floor, wall. 8. Loggia of David,
ground floor, cornice and bas-relief above the door. 9. Room of the Emperors, ground floor, wall.



3.2. Palazzo d’Arco

The major damage is concentrated mainly in the greenhouse (orangerie) with prominent cracks along
the connection regions between the cross vaults and the perimeter walls. Further evident cracks have
been observed along the masonry vaults of the inner spaces and in some parts of the south-west facade
of the building.

In detail, the main damage involves the following parts of the building, Fig. 6.

Vaults of the greenhouse, (photos 1-6). Severe cracks, mainly due to the lack of adequate
interlocking between masonry cross vaults and masonry walls, have been observed.
South-west wall of the greenhouse, (photos 7-8). Marked cracks have been detected in
correspondence with the corner wall, near the opening of the upper storey and along the
wall connecting the greenhouse and the south-west wing of the building.

Ceiling of the “Green Room”, (photos 9-10). The seismic event has caused the formation
of evident cracks in the wooden ceiling and in correspondence with the decorative
elements; moreover, some pre-existing cracks have been furtherly enlarged. Notable
cracks have been observed in the lintel of the door.

Vaults of the corridor, (photo 11). Slight cracks have been detected in the masonry vaults
of the first storey corridor leading to the “Hall of Ancestors” on one side and to the library
on the other side. The major crack starts from the barrel vault, involving the arcade, and
propagates along the ribbed vault.

Vault of the library, (photo 12). Widespread cracks have been observed in correspondence
with the barrel vault of the library, with a consequent progressive enlargement of the pre-
existing cracks patterns.
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Fig. 6. Palazzo d’Arco: photographic documentation of the crack patterns. 1-6. Vaults of the greenhouse,
ground floor. 7-8. South-west wall of the greenhouse, external wall. 9-10. Wooden ceiling and lintel of the
door, Green Room, first floor. 11. Vaults of the corridor, first floor. 12. Vault of the library, first floor.



3.3. Palazzo dell’Accademia

The major damage is concentrated mainly in masonry arches and vaults with the formation of severe
cracks patterns and consequent detachment and fall of rubble: it can be noted that also the wattle
vaults have presented extensive damage. Further cracks have been registered in the lintels of doors
and windows, as well as along the corners of masonry walls. No remarkable damage has been
registered along the external and internal fagades, except in some limited portions.

In detail, the main damage involves the following parts of the building, Fig. 7.

Wall of the director’s office, (photo 1). Vertical and horizontal through-cracks have been
observed in correspondence with the door.

Wall of the hallway, (photo 2). Vertical cracks have been detected in correspondence with the
opening of the wall of the hallway, similarly to the cracks registered along the wall of the
office of the director.

Vault and wall of the “Staircase of Honour”, (photo 3). Severe cracks have been observed in
correspondence with the cross vault and the wall of the “Staircase of Honour” adjacent to the
library.

Wall of the corridor of the “Entrance of Honour”, (photo 4). Severe cracks have been surveyed
on the vertical structures delimiting the corridor adjacent to the entrance “Staircase of
Honour”.

Vaults of the corridor of the “Entrance of Honour” (photos 5-10). Severe cracks and fall of
materials have been observed in the corridor adjacent to the entrance “Staircase of Honour”,
in correspondence with the cross vaults and the arches between the vaults.

Vaults of the “Oval Room”, (photo 11). The pre-existing cracks of the wattle vaults have been
enlarged by the seismic event.

Vault of the library, (photo 12). Several cracks due to causes similar to those registered in the
“Oval Room” have been registered in the wattle vault.

Lintel of the door of the historical archive, (photo 13). A marked crack has been observed in
the lintel of the door, with severe damage near the left support; moreover, a through-crack is
visible along the upper right side.

Wall of the stair, (photo 14). A severe crack is located in the corner of the wall of the stair
leading to the second floor. The crack is almost vertical and propagates along the entire wall.
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Fig. 7. Palazzo dell’Accademia: photographic documentation of the crack patterns. 1. Wall of the director’s
office, ground floor. 2. Wall of the hallway, first floor. 3. Vault and wall of the Staircase of Honour, ground
floor-first floor. 4. Wall of the corridor/Entrance of Honour, first floor. 5-10. Vaults of the corridor/Entrance
of Honour, first floor. 11. Vaults of the Oval Room, first floor. 12. Vault of the library, first floor. 13. Lintel

of the door of the historical archive, second floor. 14. Wall of the stair, first and second floor.




4. FE models and material model adopted

Detailed three-dimensional FE models of the buildings under study were created through the software
code Abaqus [39] using the drawings and the data collected from existing available documentations
and during the survey phase. Figs. 8,10,12 show the geometrical and FE models of the three buildings.
It is worth mentioning that the wooden structures of the coverings were not considered in the FE
models. Four-node tetrahedral elements (about 430000 for Palazzo Te, 370000 for Palazzo d’Arco
and 390000 for Palazzo dell’ Accademia) having a size ranging between 20 cm and 40 cm were used
in the discretization of the models. In each FE model, the most relevant macro-elements, indicated in
Figs. 9,11,13 have been highlighted and investigated in detail in the following sections.

-

é"&‘/
& »

North side South side

+13.7‘

+11.1
A +7.75‘

West side East side

> +13.1
N .’
75

*13.1‘

South side West side North side

South side QIR East side

z

Fig. 8. Palazzo Te. Geometrical and FE models.
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Fig. 9. Palazzo Te. Indication of the different macro-elements in the FE model.
Notation: WL=Loggia wall. WEE=External east wall. WEC=Courtyard east wall. WNE=External north wall.
WNC=Courtyard north wall. WWE=External west wall. WWC=Courtyard west wall. WSE=External south wall.
WSC=Courtyard south wall. VE=East vaults. VW=West vaults. VN=North vaults.
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Fig. 11. Palazzo d’ Arco. Indication of the different macro-elements in the FE model.

Notation: CB=Central block. E=Exedra. EEW=External East wall. IEW=Internal East wall. ENW=External north wall.
INW=Internal north wall. NWW=North-west wall. ESW=External south wall. ISW=Internal south wall. SWW=South-
west wall. OR=Orangerie. T=Theatre. VE=Entrance vaults. VS=Orangerie vaults.
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EWC NWC WWC SWC TBW

VClI

Fig. 13. Palazzo dell’ Accademia. Indication of the different macro-elements in the FE model.
Notation: EWC=Courtyard east wall. NWC=Courtyard north wall. WWC=Courtyard west wall. SWC=Courtyard south
wall. TBW=Wall separating theatre and building. EW=East wall. NW=North wall. WW=West wall. SW=South wall.
VC1=Corridor vaults, first floor. VCG=Corridor vaults, ground floor. VS=Vaults of the staircase. VB=Vaults of the
basement.

The Concrete Damage Plasticity (CDP) model has been adopted to simulate the non-linear behavior
of masonry. Although originally developed to describe the non-linear behavior of concrete [40-41],
the utilization of such a model for masonry is commonly accepted in the literature after an appropriate
adaptation of the main parameters. The CDP model is a continuum plasticity-based damage model
that allows for different tensile and compressive strength, as the case of masonry, with distinct
damage parameters in tension and compression.

The model assumes that the uniaxial tensile and compressive response is characterized by damaged
plasticity, see Fig. 14.

Under uniaxial tension the stress-strain response follows a linear elastic relationship until the value
of the failure stress o, is reached. The failure stress corresponds to the onset of micro-cracking in

to
the material. Beyond the failure stress the formation of micro-cracks is represented macroscopically
with a softening stress-strain response.

Under uniaxial compression the response is linear until the value of the initial yield o, . In the plastic
range the response is typically characterized by stress hardening followed by strain softening beyond



the ultimate stress o, . Such a representation, although somewhat simplified, captures the main
features of the response of masonry.
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Fig. 14. Representation of the masonry constitutive behavior in tension and compression.

When the material is unloaded from any point on the strain softening branch of the stress-strain curve,
the unloading response is characterized by a reduced elastic stiffness. The degradation of the elastic
stiffness is different in tension and compression; in both cases, the effect is more pronounced as the
plastic strain increases. The degradation of the elastic stiffness is characterized by two damage
variables, denoted as dt and dc in tension and compression, respectively, which are increasing
functions of the equivalent plastic strains: their values range between zero and one, representing a
zero-damage state and complete damage state.

The following standard relationships define the uniaxial tensile 6t and compressive cc stresses:

o, =(1-d)E(¢,~¢&/") (1

t

Uc = (l_dc)EO(gc _gfl)

where E, is the initial elastic modulus, d, and d, are the scalar damage variables in tension and in
compression, & and &, are the total strain in tension and in compression, ¢/’ and ¢ are the equivalent

plastic strain in tension and in compression.

The CDP model describes the post-failure behavior in tension as a function of the cracking strain &

, which can be expressed as follows:
&' =€ ¢, 2)

where ¢ is the total tensile strain and ¢! = ©t s the elastic tensile strain.
0

The tensile equivalent plastic strains £/’ can be obtained as follows:
gl =gt - d__o, 3)
(1-d,) E,

Similarly, the post-failure behavior in compression is related to the inelastic strain ¢, which can be

expressed as follows:
& =¢ -l 4)

c

where ¢, is the total compressive strain and ¢’ = —< is the elastic compressive strain.
0



The compressive equivalent plastic strain &”’ can be evaluated from Eq. (5):
P (5)
- (1-d)) E,

In addition, the CDP model takes into account the effect of closing of previously formed cracks under
cyclic loading conditions, which results in the recovery of the compression stiffness. In fact,
experimental observations in most quasi-brittle materials indicate that the compressive stiffness is
recovered upon crack closure as the load changes from tension to compression. On the other hand,
the tensile stiffness is not recovered as the load changes from compression to tension once crushing
microcracks have developed.

In uniaxial stress conditions the loss of elastic stiffness is computed as follows:

(1-d)=(1-sd,)(1-sd,) (©6)

where st and sc are functions of the stress state and are introduced to model the stiffness recovery
effects due to stress reversal. They are computed using the following equations:

s,=1-wH(o)

SCZI-WC(l-H(G“)) @

where wt and wc are the weight factors (assumed as material properties) that control the recovery of
tensile and compressive stiffness upon load reversal: they can range from zero, which represents no
stiffness recovery, to one, which represents a total stiffness recovery. H(o11) is the Heaviside function
that is assumed equal to 1 if 61:>0 and equal to 0 if 61:<0. Fig. 15 illustrates a uniaxial load cycle
assuming the default behavior adopted in Abaqus [39], which corresponds tow, =0 and w, =1.

o\l
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Fig. 15. Uniaxial load cycle (tension-compression-tension) assuming default values for the stiffness
recovery factors: w, =0 and w, =1

The CDP model uses a Drucker-Prager strength criterion, modified through a parameter, K¢, which
represents the ratio between the second stress invariant on the tensile meridian and the one on the
compressive meridian, and assumes a non-associated potential flow rule. The value of K¢ is set equal



to 0.666, as suggested by the Abaqus users guide [39]. A regularization of the tensile corner has been
performed using a correction parameter, called eccentricity: such a parameter defines the rate at which
the plastic flow potential approaches the asymptote, i.e. the flow potential tends to a straight line as
the eccentricity tends to zero. A value equal to 0.1 is adopted for the eccentricity parameter. It is
worth mentioning that smaller values of the eccentricity parameter may cause convergence problems
when the material is subjected to low confining pressures because of the very tight curvature of the
flow potential [39]. The dilatation angle v, which is the angle due to a variation in volume of the
material following the application of a shear force, is set equal to 10°, in agreement with experimental

evidences available in the literature [42]. The strength ratio f,,/ f.,, which is the ratio of initial

equibiaxial compressive yield stress to initial uniaxial compressive yield stress, is assumed equal to
1.16, as suggested in [43].

Material models exhibiting softening behavior and stiffness degradation may lead to severe
convergence difficulties in implicit analysis programs, such as Abaqus/Standard. Some of these
convergence difficulties can be overcome by using a viscoplastic regularization of the constitutive
equations. The CDP model can be regularized using viscoplasticity with a small value for the
viscosity parameter that usually helps improve the convergence rate of the model in the softening
branch, without compromising results.

The visco-plastic strain rate component £’ and the viscous stiffness degradation variable d are

expressed as:

éﬂ=iwﬂ—x® ®)

d, =l(d —d)
MU

where 4 is the viscosity parameter representing the relaxation time of the viscoplastic system, &”' is

the plastic strain component and d is the degradation variable.
The stress—strain relationship of the viscoplastic model becomes as:

o =(1-d,)E, (s~ &) ©)
If the viscosity parameter is different from zero, output results of the plastic strain and stiffness
degradation refer to the viscoplastic values ¢”' and d, . A value of the viscosity parameter equal to

0.002 has been assumed in this study.

In the absence of available results from experimental tests for the case studies, the mechanical
parameters of the material are selected referring to Table C8A.2.1 in Circolare 02/2009 [45-46]. A
masonry typology with quite regular texture constituted by clay bricks and lime mortar is considered.
The parameters used in the non-linear dynamic analyses are the following: (1) the density and the
elastic modulus are equal to 1800 kg/m? and 1500 MPa, respectively; (2) the compressive strength is
equal to cew=2.4 MPa. The tensile strength is set equal to o1=0.15 MPa, obtaining a ratio between the
tensile and compressive strength equal to about 0.06. The scalar damage variable in tension (dx),
representative of the stiffness degradation of the material, is assumed to vary linearly: the value ranges
from zero, for the strain corresponding to the stress peak, to 0.95, for the ultimate strain value of the
softening branches. Table 1 specifies the uniaxial stress-strain values assumed in compression and in
tension and the evolution of the scalar damage variable in tension.



Table 1. Uniaxial stress—strain values and scalar damage values utilized in the CDP model for

masonry.
Compression Tension Damage in tension
Stress [MPa] Inelastic strain [-] Stress [MPa]  Cracking strain [-] d; Cracking strain [-]
1.9 0 0.150 0 0 0
24 0.0051 0.075 0.00025 0.95 0.00121
0.96 0.0102 0.018 0.00057
0.48 0.0307 0.009 0.00121

5. Numerical simulations

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

The seismic response of the three buildings was investigated through non-linear dynamic analyses
using the real accelerograms registered on May 29 during the 2012 Emilia seismic sequence. The
same accelerograms, presenting equal intensity in the two orthogonal directions, were used for the
numerical simulations of all the buildings. Fig. 16 shows the two horizontal components of the
accelerogram with PGA=0.15g applied in the X and Y directions and the corresponding acceleration
response spectra. The duration of the acceleration time histories was assumed equal to 10 s because
of the high computational demand required by the analyses.

Three different PGA values, ranging between 0.05g and 0.15g, were used in the non-linear dynamic
analyses. The non-linear dynamic analyses with PGA=0.05g aim at simulating the seismic response
of the buildings to earthquakes of small magnitudes and comparing the results with the real damage
observed after the 2012 earthquake. The non-linear dynamic analyses with PGA=0.1g and
PGA=0.15g provide useful information about the seismic response and damage distribution of the
buildings for higher PGA values than those registered in Mantua during the 2012 Emilia earthquake.
The tensile damage contour plots obtained at the end of the numerical simulations are shown for each
building; then, the energy density dissipated by tensile damage (EDDTD) and the maximum
normalized displacements are reported for the main macro-elements of each building.

The main aims of the numerical simulations are: (i) to identify the most vulnerable elements for each
building; (ii) to assess the damage evolution and the main response parameters variations for different
levels of seismic action.
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Fig. 16. Horizontal components of the accelerogram (Mirandola, 29 May 2012) used in the non-linear
dynamic analyses: North-South (N-S) component (red) applied in the X direction, East-West (E-W)
component (blue) applied in the Y direction.



5.1. Palazzo Te

Fig. 17 shows the deformed shapes and the corresponding periods of the main vibration modes with
participating mass ratio (PMR) larger than about 5% for Palazzo Te: moreover, the distribution of the
first three hundred modes in the two orthogonal directions is presented.

The first two main modes are Mode 3 (T=0.253 s), involving the upper part of the walls of the Loggia
and the external east wall with PMR equal to 5.52% in the Y direction, and Mode 15 (T=0.153 s),
involving the north wall with PMR equal to 7.6% in the X direction. It is interesting to observe that
there is a large difference between the periods of the first two main modes. The most relevant modes
are Mode 17 (T=0.148 s), involving the east and north sides with the largest PMR (14.6%) in the X
direction, and Mode 25 (T=0.128 s), involving the north side with the largest PMR (15.3%) in the Y
direction. The first three hundred modes correspond to a total PMR of 83% in the X direction and
82% in the Y direction.

It can be noted that the main vibration modes present a period corresponding to high amplifcations
of the spectral accelerations, above all in the Y direction: the critical elements of the building result
the east and north sides.
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Fig. 17. Palazzo Te. Distribution of the first three hundred modes in the X and Y directions. Deformed
shapes and corresponding periods of the main vibration modes with indication of the participating
mass ratios in the X and Y directions.

Fig. 18 and Fig. 19 show the tensile damage contour plots of Palazzo Te at the end of the non-linear
dynamic analyses with different PGA.

-The results of the non-linear dynamic analysis with PGA=0.05g show the onset of damage in the
critical elements of the building. It can be noted that the vaults present an evident damage in the
connection regions with the walls. A good correlation can be observed between the numerical results
and the real damage observed after the 2012 earthquake: in fact, there is an onset of cracks along the
corners of the walls, as registered in the “Hall of the Horses” and in the “Room of Eros and Psyche”:
such cracks can be enlarged by the thrusts of the vaults on the walls.



-A moderate damage can be observed in different parts of the building at the end of the non-linear
dynamic analysis with PGA=0.15g. An onset of damage is registered in correspondence with the
corners of the walls. The damage is widespread not only in the external walls and in the walls
overlooking the courtyard, but also in the orthogonal partition walls subdividing the internal spaces.
The masonry vaults of the south, east and west sides present cracks in the connection regions with
the perimeter walls: damage increases in correspondence with the vaults covering long spans, causing
a stiffness reduction of such vaults.

-A significant increase of damage is observed in the case of non-linear dynamic analysis with
PGA=0.25g. Damage is considerably widespread in the vaults and in the external and internal walls.
The onset of damage visible in the external walls in the case of smaller PGA increases significantly.
Horizontal cracks can be seen in the spandrels in correspondence with the openings: moreover, shear
cracks can be observed along the piers (in-plane mechanism), then reducing their strength. The thrusts
of the vaults on the walls enlarge the cracks, triggering possible overturning mechanisms. The
partition walls and the vaults covering long spans exhibit widespread damage.
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Fig. 18. Palazzo Te. Tensile damage contour plot at the end of the non-linear dynamic analyses with
different PGA: axonometric views.
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Fig. 19. Palazzo Te. Tensile damage contour plot at the end of the non-linear dynamic analyses with
different PGA: top and bottom views.

Fig. 20 shows the energy density dissipated by tensile damage (EDDTD) for the main macro-elements
of Palazzo Te at the end of the non-linear dynamic analyses with different PGA. It has to be pointed
out that the vaults are the most damaged elements of the building. Under PGA=0.25g, the maximum
value of EDDTD is registered for vault V7 in the west side and vault V17 in the north-east corner.
High values are computed also for vaults V1 and V2 in the south side, vault V4 in the south-east
corner, vaults V13, V15 and V16 in the north side.

As regards the transversal walls, the highest values of EDDTD are registered for walls T13-T17 in
the north side, walls T4-T5 in the south side and T20 in the east side. Among the external and internal
walls, the wall of the Loggia (WL) presents the highest EDDTD value.

It can be noted that there is a large increase of EDDTD for all the macro-elements in the case of
PGA=0.25g.
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Fig. 20. Palazzo Te. Energy density dissipated by tensile damage (EDDTD) for the different macro-
elements (walls, transversal walls, vaults) at the end of the non-linear dynamic analyses with different
PGA.

Fig. 21 shows the maximum normalized displacements (top displacement/height) registered in the X
and Y directions for the main macro-elements of Palazzo Te during the non-linear dynamic analyses
with different PGA. The external north wall (WNE) presents the largest normalized displacement
(larger than 2%) in the X direction: high values (larger than 1%) are registered also for the courtyard
north wall (WNC), the external south wall (WSE) and the courtyard south wall (WSC). The wall of
the Loggia (WL) presents the largest normalized displacement (larger than 2%) in the Y direction:
high values (larger than 1.35%) are registered also for the external west wall (WWE) and the
courtyard west wall (WWC).

As regards the transversal walls, the highest normalized displacements are registered for the walls
T13-T16 (north side) and walls T4-T5 (south side) in the Y direction and walls T20-T17 (east side)
in the X direction.

Fig. 22 shows the maximum vertical displacements registered for the main vaults during the non-
linear dynamic analyses with different PGA. It is important to highlight that vaults V7 (west side),
V1 (east side) and V17 (north-east corner) present considerable vertical displacements (larger than
20 cm), indicating an onset of a probable collapse.
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Fig. 21. Palazzo Te. Maximum normalized displacements (top displacement/height) registered for the

main macro-elements in the X and Y directions during the non-linear dynamic analyses with different
PGA.
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Fig. 22. Palazzo Te. Maximum vertical displacements registered for the main vaults during the non-
linear dynamic analyses with different PGA.

5.2. Palazzo d’Arco

Fig. 23 shows the deformed shapes and the corresponding periods of the main vibration modes with
participating mass ratio (PMR) larger than about 5% for Palazzo d’Arco: moreover, the distribution
of the first three hundred modes in the two orthogonal directions is presented.

The first two main modes are Mode 2 (T=0.239 s) with the largest PMR (equal to 14.7%) in the Y
direction, and Mode 7 (T=0.156 s) with PMR equal to 6.33% in the X direction: they both involve
mainly the central block of the building. It can be noted that there is a large difference between the
periods of the first two main modes. Other relevant modes are Mode 8 (T=0.155 s), involving mainly
the left wing, and Mode 11 (T=0.145 s), involving the central block and the theatre: they both present
a large PMR equal to 13.08% and 13.98%, respectively, in the Y direction. Mode 9 (T=0.153 s) and
Mode 12 (0.142 s) involve mainly the exedra and the left and right wings, with a relevant PMR in the
X direction. The first three hundred modes correspond to a total PMR of 85% for both the directions.
It can be noted that the main vibration modes present a period corresponding to high amplifcations
of the spectral accelerations, above all in the Y direction: the critical elements of the building result
the central block, the exedra and the wings of the complex.
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Fig. 23. Palazzo d’Arco. Distribution of the first three hundred modes in the X and Y directions.
Deformed shapes and corresponding periods of the main vibration modes with indication of the
participating mass ratios in the X and Y directions.

Fig. 24 and Fig. 25 show the tensile damage contour plots of Palazzo d’Arco at the end of the non-
linear dynamic analyses with different PGA.

-The results of the non-linear dynamic analysis with PGA=0.05g highlight the onset of damage in the
critical elements of the building. Visible damage can be observed along the corners of the walls and
mainly in the central block and in the tympanum of the main facade. Evident damage is registered
also in the exedra in correspondence with the large arches.

The numerical results confirm that the real damage observed in correspondence with the vaults of the
greenhouse is due mainly to a poor interlocking between the perimeter walls and the vaults. In fact,
the numerical model shows that a proper level of interlocking can prevent the formation of such
cracks under PGA=0.05g. The numerical analyses with higher PGA values indicate that the vaults of
the greenhouse are critical elements, showing cracks similar to those surveyed after the seismic
sequence.

Moreover, it can be noted that in the numerical model the barrel and ribbed vaults of the first floor
(towards the south side) present visible damage, as confirmed by the crack running the surface of the
vault. Further damage is registered also in correspondence with some lintels in agreement with the
damage survey, like the crack detected along the lintel of a door of the Green Room located at the
first floor in the north part of the complex.

-The results of the non-linear dynamic analysis with PGA=0.15g show that the building exhibits
widespread damage. The external and internal (towards the garden) walls present an onset of damage
in correspondence with the openings at the ground and at the first levels, while the cracks are
considerably marked along the corners of the walls. No visible damage is registered in the walls of
the greenhouse, but significant damage can be observed in the vaults due to their small thickness and
in the connection regions with the north-west wall. The other masonry vaults, located in the central
part of the complex, present widespread damage over the whole surface.



-The numerical analyses show a significant increase of damage in the case of non-linear dynamic
analysis with PGA=0.25g. The onset of damage observed in the external walls under PGA=0.15g
considerably increases, presenting cracks in the spandrels, mainly in correspondence with the
openings. Several walls show widespread inclined shear cracks originating from the corners of the
openings. In correspondence with the corners of the walls there is evident damage caused by out-of-
plane mechanisms and favored by the presence of openings and by the irregular plan configuration
of the complex. The presence of irregularities in elevation, mainly in the south-west side, causes
cracks in correspondence with the connection regions between two blocks with different heights.
The cross vaults of the greenhouse exhibit widespread damage in correspondence with the perimeter
walls, presenting several cracks over the entire vaulted surface, similarly to the barrel and ribbed
vaults of the central block.
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Fig. 24. Palazzo d’Arco. Tensile damage contour plot at the end of the non-linear dynamic analyses
with different PGA: axonometric views.
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Fig. 25. Palazzo d’Arco. Tensile damage contour plot at the end of the non-linear dynamic analyses
under different PGA: top and bottom views.

Fig. 26 shows the EDDTD values for the main macro-elements of Palazzo d’Arco at the end of the
non-linear dynamic analyses with different PGA. The vaults of the entrance (V9 and V11) present
the maximum values of EDDTD: the eight small vaults of the greenhouse show similar EDDTD
values. As regards the walls, the central block (CB) presents the highest value of EDDTD. High
EDDTD values are registered also for the exedra (E), the external north wall (ENW), the north-west
wall (NWW) and the theatre (T).
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Fig. 26. Palazzo d’Arco. Energy density dissipated by tensile damage (EDDTD) for the main macro-
elements at the end of the non-linear dynamic analyses with different PGA.

Fig. 27 shows the maximum normalized displacements (top displacement/height) registered in the X
and Y directions for the main macro-elements of Palazzo d’Arco during the non-linear dynamic
analyses with different PGA. The external north wall (ENW) presents the highest normalized
displacement (1.8%) in the X direction: values larger than 1% are registered also for the internal south
wall (ISW) and the theatre (T). Larger normalized displacements are generally registered in the Y
direction: in fact, several walls present normalized displacements larger than 1.2%, such as the central
block (CB), the exedra (E), the external east wall (EEW), the north-west wall (NWW) and the theatre
(T).

Fig. 28 shows the maximum vertical displacements registered for the main vaults of Palazzo d’Arco
during the non-linear dynamic analyses with different PGA. It can be noted that that the vaults of the
entrance (V9-V11) present vertical displacements larger than 2.5 cm.
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Fig. 27. Palazzo d’Arco. Maximum normalized displacements (top displacement/height) registered

for the main macro-elements in the X and Y directions during the non-linear dynamic analyses with
different PGA.
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Fig. 28. Palazzo d’Arco. Maximum vertical displacements registered for the main vaults during the
non-linear dynamic analyses with different PGA.

5.3. Palazzo dell’Accademia

Fig. 29 shows the deformed shapes and the corresponding periods of the main vibration modes with
participating mass ratio (PMR) larger than 5% for Palazzo dell’ Accademia: moreover, the distribution
of the first three hundred modes in the two orthogonal directions is presented.

It can be noted that the first eight modes are characterized by PMR smaller than 5%: the first two
main modes are Mode 9 (T=0.236 s), involving the south wall of the courtyard (SWC) and the wall
separating the theatre and building (TBW) with PMR equal to 5.3% in the X direction, and Mode 10
(T=0.224 s), involving the west wall (WW) with PMR equal to 5.8% in the Y direction. Mode 14



(T=0.185 s) concerns mainly the east walls (EWC and EW) with PMR equal to 5.5% in the Y
direction. In this case there is a notable difference between the periods of the second and third main
modes. The most relevant modes are Mode 16 (T=0.176 s), involving the lateral walls along the Y
direction with the largest PMR (27.5%) in the X direction and Mode 19 (T=0.166 s), involving a large
part of the building with the largest PMR (7.7%) in the Y direction. The first three hundred modes
correspond to a total PMR of 89% for both the directions.

It can be noted that the main vibration modes present a period corresponding to high amplifcations
of the spectral accelerations: the external perimeter walls can be preliminarily considered the critical
elements of the building.
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Fig. 29. Palazzo dell’Accademia. Distribution of the first three hundred modes in the X and Y
directions. Deformed shapes and corresponding periods of the main vibration modes with indication
of the participating mass ratios in the X and Y directions.

Fig. 30 and Fig. 31 show the tensile damage contour plots of Palazzo dell’ Accademia at the end of
the non-linear dynamic analyses with different PGA.

-The results of the non-linear dynamic analysis with PGA=0.05g show that the building presents an
onset of damage in correspondence with the openings and the corners of the walls. A good correlation
between numerical results and damage survey can be observed for the cross vaults of the first floor
and the lintels of the doors (typical shear failure), such as the door of the historical archive at the
second floor. Moreover, the numerical model shows a crack along the wall of the stair leading to the
second floor in the north part of the building, as confirmed by the damage survey.

It is worth mentioning that no damage is registered in the numerical model along the wall dividing
the “Staircase of Honour” and the library. This result confirms that the damage observed during the
survey was due mainly to the thrust of a steel beam, which is not present in the numerical model.
-The results of the non-linear dynamic analysis with PGA=0.15g show that the whole building
experiences extensive damage in the masonry walls and vaults. Cracks are concentrated mainly in
correspondence with the corners of the building: vertical cracks above the lintels and X-shaped cracks



near the openings can be observed. Visible damage is detected in correspondence with the cross vaults
of the Corridor of Honour at the first storey.

-The results of the non-linear dynamic analysis with PGA=0.25g show a large increase of damage in
the whole building. The damage observed along the corners of the complex is much marked:
significant damage concentration, which is mainly due to the absence of orthogonal walls and slabs,
may be observed in correspondence with the upper part of the corner between the north and east walls
and along the height of the corner between the west and south walls. A series of cracks can be
registered in correspondence with a “veletta” of small thickness and relevant height, which is located
in the upper part of the north and east walls: such cracks propagate along the remaining part of the
wall involving the openings.

The presence of several openings significantly decreases the strength of the perimeter walls, causing
widespread X-shaped cracks near the openings and triggering shear failure mechanisms of the walls:
it can be noted that the cracks generally originate from the corners of the openings.

Widespread damage can be observed in the cross vaults and in the concrete-masonry slab located in
the west part and partially in the north and east parts of the building.
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Fig. 30. Palazzo dell’ Accademia. Tensile damage contour plot at the end of the non-linear dynamic
analyses with different PGA: axonometric views.
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Fig. 31. Palazzo dell’ Accademia. Tensile damage contour plot at the end of the non-linear dynamic
analyses with different PGA: top and bottom views.

Fig. 32 shows the EDDTD values for the main macro-elements of Palazzo dell’ Accademia at the end
of the non-linear dynamic analyses with different PGA. The vaults of the corridor at the first floor
(VC1) present the highest values of EDDTD: high EDDTD values are registered also for the vaults
of the staircase (VS). As regards the walls, the north wall (NW) presents the highest value of EDDTD:
high EDDTD values are registered also for the east wall (EW), the south wall (SW), the wall
separating the theatre and building (TBW).
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Fig. 32. Palazzo dell’ Accademia. Energy density dissipated by tensile damage (EDDTD) for th
macro-elements at the end of the non-linear dynamic analyses with different PGA.
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Fig. 33 shows the maximum normalized displacements (top displacement/height) registered in the X
and Y directions for the main macro-elements of Palazzo dell’Accademia during the non-linear
dynamic analyses with different PGA. The north wall (NW) presents the largest normalized
displacement (about 3.5%) in the X direction. Normalized displacements larger than 1.2% are
registered also for the wall separating the theatre and the building (TBW) and the south wall (SW).
In the Y direction, the largest normalized displacement (about 1.6%) is registered for the east wall
(EW): high values (larger than 1.2%) are observed for the west wall of the courtyard (WWC) and the
west wall (WW).

Fig. 34 shows the maximum vertical displacements registered for the main slabs and vaults during
the non-linear dynamic analyses with different PGA. It can be noted that the vaults of the corridor at
the first floor (VC1) present vertical displacements equal to about 3 cm: the maximum vertical

displacements (larger than 13 cm) are registered for slabs S1 and SO that are characterized by an
elongated shape.

2 2
1.8 |Xdirection mPGA=0.05g MPGA=0.15g MPGA=0.25g 18 Y direction| | mPGA=0.05g  WPGA=0.15g M PGA=0.25g

Displacement/Height [%]

Displacement/Height [%]
=

NWC EwW TBW NW ww SW EwWC swc wwc NWC Ew TBW NW ww W EWC SWC wwc

Fig. 33. Palazzo dell’Accademia. Maximum normalized displacements (top displacement/height)
registered for the main macro-elements in the X and Y directions during the non-linear dynamic
analyses with different PGA.
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Fig. 34. Palazzo dell’ Accademia. Maximum vertical displacements registered for the main slabs and
vaults during the non-linear dynamic analyses with different PGA.



6. Comparison of the numerical results

-The results of the eigen-frequency analyses show that all the buildings present low values of periods
for the most relevant modes (with high participating mass ratio) and consequently high amplifications
of spectral accelerations are expected for such a typology of structures. It is important to observe that
the eigen-frequency analysis provides a preliminary rough indication of the critical elements for each
building, which are in a good agreement with the following results obtained through non-linear
dynamic analyses.

-Fig. 35 shows the total energy and the total energy density dissipated by tensile damage (EDTD and
EDDTD, respectively) for the three buildings at the end of the non-linear dynamic analyses with
different PGA. It can be noted that the highest EDTD value is computed for Palazzo Te due to its
large volume: conversely, the highest EDDTD value is registered for Palazzo dell’ Accademia for all
the PGA considered. Similar EDDTD values are observed for Palazzo Te and Palazzo d’Arco, for
PGA=0.05g and PGA=0.15g: however, Palazzo Te shows the lowest EDDTD value under
PGA=0.25g.
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Fig. 35. Total energy (EDTD) and total energy density (EDDTD) dissipated by tensile damage for
the different buildings at the end of the non-linear dynamic analyses with different PGA.

-The vaults are the most damaged elements for all the buildings: the highest EDDTD value is
registered for the vaults of the corridor at the first floor (VC1) of Palazzo dell’ Accademia and for the
east vaults (VE) of Palazzo Te. Palazzo d’Arco shows the smallest peak values of vertical
displacements. Moreover, it can be noted that Palazzo Te presents a more uniform damage
distribution in the walls than the other buildings, showing the lowest EDDTD values for the vertical
elements. Palazzo d’Arco and Palazzo dell’ Accademia show similar EDDTD values for the vertical
elements. The most damaged vertical elements are the external north wall (WNE) for Palazzo Te, the
central block (CB) and the exedra (E) for palazzo d’Arco, the east wall or facade (EW) for Palazzo
dell’Accademia.

-The maximum values of the normalized horizontal displacements are registered for the lateral
external walls for all the buildings. Palazzo Te shows the highest values of normalized displacements
for the external north wall (WNE) in the X direction and for the wall of the Loggia (WL) in the Y
direction. As regards Palazzo d’Arco, the maximum values of normalized displacements are
registered for the external north wall (ENW) in the X direction and for the exedra (E) in the Y
direction. Palazzo dell’ Accademia exhibits the maximum values of normalized displacements for the
north wall (NW) in the X direction and for the east wall (EW) in the Y direction.

It is interesting to observe that the maximum normalized displacements in the two orthogonal
directions are similar for Palazzo d’ Arco, while there is a large difference for Palazzo Te and Palazzo
dell’Accademia due to the high values computed for the two weak parts (the external north wall
(WNE) for Palazzo Te and the north wall (NW) for Palazzo dell’ Accademia).



-Palazzo Te shows the largest vertical displacements among the three buildings: they are registered
for the west vaults (VW). Significant vertical displacements are also observed for the east vault (VE),
as confirmed by the high EDDTD values. Palazzo d’ Arco and Palazzo dell’ Accademia exhibit smaller
vertical displacements of the vaults than Palazzo Te.

7. Conclusions

This paper has described the main damage occurred in three important historical buildings of the
outstanding cultural heritage in Mantua during the recent Emilia seismic sequence: then, the seismic
response of the three palaces has been investigated through advanced numerical simulations carried
out on detailed FE models using a damage plasticity model with different softening behavior in
tension and compression for masonry.

-The damages suffered by the buildings during the 2012 Emilia earthquake have shown the poor
seismic behavior of such a typology of structures even under low seismic actions. Visual inspections
and photographic collections have highlighted the most vulnerable elements and the critical parts of
the buildings under study. In particular, significant cracks were observed in correspondence with the
masonry walls and vaults with severe damage to the decorations, in the connection regions between
the vaults and the perimeter walls: further cracks were registered in the lintels of doors, near the
windows and along the corners of masonry walls.

- The available information and data collected from field surveys and documentary research have
provided a preliminary knowledge of great importance for developing detailed FE models of the
structures and for better understanding the results of advanced numerical simulations.

- A good correlation between numerical results and real damage has been observed in this study. The
results of the non-linear dynamic analyses with low PGA show that the cracks patterns observed in
the buildings after the 2012 Emilia earthquake can be simulated satisfactorily by the numerical
approach adopted.

-The numerical simulations have provided a deep insight into the seismic behavior of the buildings
for different seismic intensity levels. In particular, the non-linear dynamic analyses have given a
proper indication of the damage distribution and the most vulnerable parts of the buildings for higher
PGA values than those registered in Mantua during the 2012 Emilia earthquake.

-The numerical results have highlighted extensive damage in the vaults, which are the critical
elements for all the buildings: the highest EDDTD values are registered for the vaults of the corridor
at the first floor (VC1) of Palazzo dell’Accademia and for the east and west vaults (VE and VW) of
Palazzo Te. The analysis of the vertical displacements show the probable collapse of the west vaults
(VW) of Palazzo Te.

-The maximum values of the normalized horizontal displacements are registered for the external walls
for all the three buildings. The critical elements for each building are: (1) the external north wall
(WNE) for Palazzo Te; (2) the external north wall (ENW), the central block (CB) and the exedra (E)
for Palazzo d’Arco; (3) the fagcade (EW) and the north wall (NW) for Palazzo dell’ Accademia.
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