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Introduction

After the seismic event in Friuli in 1976 and, much more, after
the Irpinia event in 1980, the attention to the seismic problem has
grown in Italy since the relevant social and economic impact, the
number of victims and building structures lost. Italian authorities
developed the consciousness of the high seismicity of the penin-
sula and of the weakness of the Italian built stock to face threats.
The awareness of such a kind risks led to the estabilishment of the
National Department of Civil Protection in 1992, a new Institution
with the task of managing emergencies due to disastrous events.
Starting from this year, an increasing attention has been paid to the
prevention and mitigation measures and to the emergency manage-
ment.

The first step to provide a Civil Protection Plan to respend the needs
generated by a seismic emergency is the risk assessment of the ex-
posed assets. Seismic risk is defined as the cumulative assessment,
related to the potential total damage generated by the all possible
events that can occur in a considered area in a fixed time period.
On the other hand, seismic scenario is defined as the probabilistic
distribution of the damage, in a given geographical area, caused
by a single seismic event with a fixed value (chosen as “reference
scenario”), with assigned probability of occurrence. Risk is, there-
fore, given by the combination of scenarios. In both analyses three

17
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aleatory variables (hazard, exposure and vulnerability) have to be
considered according to the convolutions 1 and 2.

Risk = Hazard x Exposure x Vulnerability (1)

S cenario = [Single Hazard] x Exposure x Vulnerability (2)

The “hazard” is the probability of occurrence of a seismic event
of a given intensity in a fixed area and in a predetermined time
window. The “exposure” is the qualitative and quantitative geo-
graphic distribution of the different elements at risk (population,
buildings, infrastructures, activities and facilities, etc) which char-
acterize the examined area, whose conditions and/or functionality
could be damaged, modified or destroyed since the occurrence of
the seismic event. The “vulnerability” is the response of an ex-
posed element at risk to a given seismic, event and it can be as-
sessed as the probability that an exposed element at risk reaches
a given level of damage, according to an opportune measurement
scale, under the effects of a natural event of given intensity. A cor-
rect assessment of the three factors is a fundamental prerequisite to
define the risk.

The work presented in this thesis has been developed in the
frame of the activities of the PLINIVS Study Centre (http://plinivs.it/en-
homey/), a structure of L.U.P.T. Research Interdepartmental Centre
(University of Naples Federico II). The Centre works since 30 years
in the development of several probabilistic simulation models to as-
sess the impacts of natural hazards, taking into account the impact
distribution in time and space and the cumulative effects given by
possible cascading events, as well as a continuous data collection
activity on built environment and population, at national and re-
gional scale. Furthermore, since 2006 it is a National Competence
Centre on Volcanic Risk for the Italian Civil Protection. The activ-
ities of the thesis has been also involved in the framework of tech-

18



nical board promoted by the Italian Civil Protection with the aim to
develop a seismic vulnerability tool for Italian buildings differently
classified in function of vertical structures (masonry and reinforced
concrete) to assess scenario and risk analyses by IRMA platform,
Italian Risk Map [1].

In the framework of these activities, the topic of research presented
in this thesis is born. The aim of this research is to furnish a tool
able to define vulnerability curves that describe the behaviour of
the Italian masonry buildings.

This work proposes two methodologies to assess the vulner-
ability of the Italian masonry buildings in respect to the seismic
actions: the first one is empirical/observational and the second one
is analytic. Through the observational method, the behaviour of the
masonry buildings has been, determined on the basis of statistical
correlations among the most common and influencing typological
characteristics of the Italian masonry contructions and the damages
that the buildings has suffered as a result of a seismic event. To this
purpose, the PLINIVS database, containing information on about
240,000 masonry buildings collected after the main italian seismic
events, has been used and correlated to the seismic input values
furnished by the INGYV, the Italian National Institute of Geology
and Vulcanology (http://www.ingv.it/it/). This observational evalu-
ation of the vulnerability has the advatage to quickly furnish a final
product of the all-inclusive of a fair variety of buildings typologies,
although it has the weakness that the outcomes are particularly in-
fluenced by the typological distribution of the buildings reported in
the considered sample.

The second part of the work provides an analytic tool that define
the behaviour of the in plane and out of plane walls of the masonry
buildings. These analysis has been focused on buildings with a
good connections among perpendicular walls, 1. e. well designed

19
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buildings having a good quality masonry and good technological
solutions.

With reference to the out of plane behaviour, some mathematical
assumption on the masonry material have been done and an analyt-
ical model has been developed with the aim to estimate the lower
value of seismic input that activate a collapse kinematism. The
analyses only considers a facade of the building and the calcula-
tion has been done in 2D. The developed model is based on the
Heymann assumption on the material, and the facade is considered
as a composition of rigid blocks. At the end, the kinematic the-
orem of the limit analysis has been used to define the conditions of
collapse.

The in plane behaviour of the walls has been analyzed through a
discrete element method. The model considers walls with rigid
blocks, representative of the good quality briks, disposed regular
and connected with deformable mortar. The procedure adopts a
dynamic analysis that for each temporal step furnishes displace-
ments, velocities and accelerations values of the blocks and the
tensional configuration of their interaction through the mortar. The
model, also, considers two kinds of interactions depending on the
tensional state of the mortar: in particular, before the crack of the
mortar an elastic law describes the interaction, while after the crack
a friction law is used. Increasing linearly in time the seismic input
value, the configuration of the wall for each time step has been cal-
culated and, on the basis of the percentage of cracks and relative
distances between contiguous blocks, the evoltuion of the damage
has been defined.

This thesis has been organized in five Chapters. The Chapters 1
and 2 constitutes a compilation part and concern the contextualiz-
ation of the treated arguments: masonry and seismic vulnerability.
The Chapters 3 - 4 and 5 concern the three methodologies adopted

20



for the three degree of depth and their outcomes.

Specifically, Chapter 1 descibes the mechanical characteristics of
the masonry material, the most common techincal solutions adop-
ted for the masonry buildings and their distribution on Italian ter-
ritory.

Chapter 2 presents an overview of the main approaches and tools
used for the seismic vulnerability assessment. In particular: the
first part contains a brief description of the statistical-observational
method and the analytical-machanical one, the second part outines
the historical evolution of the criteria used for the damage defini-
tion and vulnerability class assignment, and, at the end, the third
part presents the main obseravional and analytical tools adopted
since 1970 to today.

Chapter 3, the first one of the experimental part, contains the meth-
odology adopted to calculate the vulnerability curves with the first
degree of depth. A description of the used database and its har-
monization has been depth, and the mathematical calibration on
the data has been presented.

Chapter 4 contains the methodoligies adopted for the analytical
studies of the in plane and out of plane behaviour of the wall. The
first part delines the criteria adopted for the out of plane analysis.
It is described the methodology to define the low PGA vlue able to
activate the considered mechanism on the basis of the typological
characteristics of the wall The second part describes the structure
of the D.E.M. analysis built in MATLAB to define the in plane be-
haviour of the wall and the assumption adopted on the mortar.
Chapter 5 presents the simulation and the outcomes in terms of
vulnerability curves obtained through the models described in the
Chapter 4. Some considerations on the influence of the considered
parameters and on the interaction among walls with in plane solli-
citations and walls with out of plane sollicitations are also shown.
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Chapter 1

The masonry structure

1.1 Introduction

The masonry is one of the oldest and most widespread kind of con-
struction used in the world. The term “masonry” indicates a set
of technological techniques particularly varied, and its behaviour
is stricktly connected to the nature of the materials and the way
they are assembled. The main materials that compose the masonry
walls are essentially elements with good resistence connected by
binding material. The resistent elements can be done in stone or
brick; the first ones have a natural origin, and the second ones are
artificial.

The natural stone is the oldest used material. It has uniform and
good charachteristics and an high resistence to the deterioration.
Stones can have different dimensions according to their nature.
The artificial bricks have mechanical characteristics that depends
on the materials used to create them and to the adopted cooking
process. The dimensions of the elements are defined by the neces-
sities.
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Chapter 1. The masonry structure

The binding material is generally a mortar obtained by sand and
lime. Its mechanical characteristics depend on the used sand and
on its adhesion to the lime.

Althrough the masonry has an easy structure obtained by the
composition of two materials only, its behaviour is difficult to define.
It depends on the nature of the materials, on the texture in which
they are assembled and on the direction of the sollicitation. To
define the behaviour of a masonry wall is necessary to analyze the
mechanical characteristics of the elements that compose the wall:
stones/bricks and mortar.

1.2 Mechanical characteristics of the ele-
ments of a masonry wall

The first significant information on the resistence of the masonry
elements can be found in treatment Istruzioni di Architettura, Stat-
ica e Idraulica written by Cavalieri in 1845 [2]. About the bricks,
the author report the resistence values produced by previous re-
searches, and also states that if it is not possible testing the bricks
to be used it is necessary to adopt the low value reported in his
treatment. The range of resistence values indicated by the au-
thor is 40 — 170kg/cm?. About the stones, the author states that
this materials always can be considered with an high resistence
(600 — 1,400kg/cm?). In 1876 Gabba produced the first studies on
the mortar [3], for which a range of resistence of 6 — 10kg/ cm? has
been detected.

All these studies have been collected and re-organized in six volumes
by Curioni from the 1864 to the 1884 [4]. that in his works sum-
marized the density and the resistence of these materials. In the
Tables 1.1 and 1.6 the values of density and resistences for some
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*SHL SHEAR BOND TEST LONG (LENGTH 23 cm)
*SH SHEAR BOND TEST (LENGTH 17 cm)

BOJ BOND, JOINT

*CRJ CROSS, JOINT

CSB COMPR., STACK, BOND

WSB 'WRENCH, STACK. BOND

MU6 MASONRY UNIT, 6. (HEIGHT 60 cm)
*MU6H MASONRY UNIT, 6, (HEIGHT 110 cm)

Figure 1.1: Monoaxial tests on prisms of masonry

natural stones, bricks and binding materials have been reported.
At the beginning of the XX century the first studies on the
composite material brick-mortar or stone-mortar have been done.
In the work produced by Campanella in 1928 [5]) it is shown that
the strength of the masonry is bonded by the strength of the mortar
if this last is weak in respect to the bricks and, on the other hand,
if the quality of the mortar is good the crack is caused by the disin-
tegration of the brick.
Some other important experimental analyses have been produced
by Binda in 1994 [6] that studied the behaviour of some masonry
prisms having different dimensions and textures. In Figure 1.1 the
considered sample have been reported, and in Table 1.7 the cor-
responding outcomes have been summarized. The author obtained
that the behaviour of the masonry is always worse of the bricks
and better of the mortar. The experimental campaigns on the ma-
sonry structures has been used to define reference legislations use-
ful for designers and researchers. In Italy, for example, the D.M.
20.11.1987 provides the admissible tensions for the masonry struc-
tures as reported in the Tables 1.8 and 1.9.
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Chapter 1. The masonry structure

1.3 The box effect

The behaviour of a masonry wall is highly depending on the quality
of the material and on their composition, however the response of
the global buildings is condictioned by several structural parts that
defines its whole resistence in respect to the seismic actions. The
behaviour of a building under seismic actions is influenced, in par-
ticular, by the technological solutions adopted for the realization of
the floors and the grade of connection anomg the walls. Synthetic-
ally, it can be assert that if a building reaches a "box system”, i.e.
an efficient connection among its parts, its response to the actions
is global and, consequently, better.

To understand this phenomena it’s enought to examine a paper box:
each sheet taken singularly offers a poor resistence to the stress.
However, if two orthogonal sheets are connected, a considerable
increasing of resistence is obtained. Furthermore, adding a cover
(horizontal structure) on the connected sheets, the global resistence
considerably increases. For these reasons, the vertical walls and the
horizontal floors are the responsibles of the resistence.

The floors are the first elements of the structure that distribute the
seismic actions on the walls. To well exploit this function they
have to be rigids and well connected to the walls. Rigid elements
can be obtained if realized in concrete or vaults, however often in
the past they have been built in wood that is not able to guarantee
the hoped loads distribution. To overcome this problems, some his-
torical buildings have been reinforced by the introduction of ”floor
curbs”, elements realized in reinforced concrete disposed on the
perimeter of the wall.

Another solution often adopted with the aim to improve the con-
nection is the introduction of the ties, steel elements disposed in
the floors able to connect parallel walls.
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1.4 Mechanical models for masonry beha-
viour

There are two different scale approaches to study the structural re-
sponse of masonry elements: micro-mechanical model and macro-
mechanical model. In the micro-mechanical model, the masonry
is considered as a heterogeneous material, represented as an as-
semblage of mortar and rigid particles of stone or bricks joined
held together by compressive forces. The cracks occurring in ma-
sonry are usually located at the mortar joint-brick interfaces, which
represent planes of weakness due to the coupling of two differ-
ent materials. The macro-mechanical model is based on the use
of phenomenological constitutive laws for the masonry material,
considered as a homogenized medium. The very small size of the
stones compared to the dimension of the whole structure allows
us to consider continuous body instead of a discrete system com-
posed of a large number of particles. The masonry is considered as
a continuous body instead of a discrete system composed of a large
number of particles [7].

The micro-mechanical model

The most common way to study the micro-mechanical behaviour
of the masonry is though the Discrete Element Method (DEM), that
was introduced by Cundall 1971 [8] for the analyses of the rock
mechanisms and it was subsequently applied to similar problems
as modelling the masonry brick elements. The formulation and
solution of the method is based on the formulation and the solu-
tion of equations of the motion of rigid or deformable bodies. The
treatment can be done using an explicit or an implicit approach: in
the first case a finite volume method (FVM) is used for the discret-
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Chapter 1. The masonry structure

ization of the system, instead in the second one the discussion uses
a finite element method (FEM) to the same purpose.

The DEM provides to study the analysed system as an assemblage
of blocks (rigid of deformable) connected in specific points with
analytical relations. The motion process provides to update in each
considered time step the deformation and the tensile status of the
system. The DEM is not a continuum method since the contact pat-
terns between the components continuously change. The structure
of a DEM analysis is articulated in three macro-step: identifica-
tion of block system configuration, evaluation of the solution of
equations of motion of the block system for each time step, updat-
ing of varying contacts between the blocks. Analyses of system
constituted by rigid blocks are often treated with an explicit time-
marking that allows to easily calculate the solution of the dynamic
equation of the motion.

The most representative explicit DEM methods is the Distinct Ele-
ment Method created by Cundall [9], [10]. Other developments
have been made in parallel with the distinct element approach and
used the name ‘discrete element methods’, such asin [11], [12] and
[13].

Explicit DEM -

The first formulation of the explicit DEM was proposed in [14]
with the aim to define the structure of a discrete element program.
In particular indications for the representation of contacts, the rep-
resentation of solid material; and for the scheme used to detect and
revise the set of contacts are reported.

The explicit discrete element method is based on a discretization of
the system according to an FVM scheme that represents the indi-
vidual blocks composing the domain as polygons subdivided into
a finite number of triangles (2D analysis) or tetrahedra (3D ana-
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lysis) An explicit Lagrangian formulation is used to represent the
deformations of the blocks, while the kinematic condition of the
contacts is described on the basis of the smallest distance between
two contiguous blocks, pre-set in the model. In particular, when
this distance is within a prescribed threshold, a potential contact
between these two blocks 1s numerically established. The contact-
law is also depending on the gap between the blocks. In particular,
interaction between two contacting blocks is described by a force
related to a stiffness value, depending in the material of the con-
tact, in the normal direction and a force depending on a stiffness
or a friction value in the tangential directions, with respect to the
contact statement.

To be more exhaustive, the interaction is described by a stiffness
model that provides a relationship between the contact force and
its displacement like in the Equations 1.1 and 1.2.

F,=k,-U, (L.1)
F, =k U, (1.2)

in which F, is the contact force in the normal direction, F;, is the
contact force in the tangential direction, k, is the stiffness in the
normal direction, k; is the stiffness in the tangential direction, U,
is the normal displacement in the direction between the two blocks
and U, is the tangential displacement in the direction between the
two blocks. When the tangential force matches the maximum ad-
missible value of the tangential contact force, the tangential contact
response has an attritive nature. So, the frictional contact is mod-
elled as like in the Equation ??

Fi == p-|F)| (1.3)

t =1

in which F; is the tangential force in the generic point i, F/"**
matches the maximum admissible value of the tangential contact
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force in the generic point i, ¢ is the minimum frictional coefficient
among the contact bodies and F! is the normal force in the generic
point i. At the end, the contact model in the normal direction can
be modelled as a:

e soft contact model, if the value of the contact force in the nor-
mal direction is zero in the initial instant and depending on
the displacements (positive and negative) in the others step
time. This model can be used in case of low values of tension
and friction;

e hard contact model, if the compenetrating between the block
is allowed. Mathematically, the concept of contact ‘overlap’
can be accepted since the deformability description. This
model is suggested in case of high values of tension and fric-
tion.

From a numerical point of view, the solution is described by an
algorithm that proceeds by successive steps and describes the dy-
namic behaviour of the system; during time steps the acceleration
is generally assumed to be constant or linear. In the formulation it
is necessary to use sufficient small time-steps such that the perturb-
ations within the system can only propagate from one element to
the contiguous ones. At any time, the resulting forces on any ele-
ment are, therefore, determined exclusively by its interaction with
those to which it is in contact. The algorithm used to integrate the
equation of motion is an explicit central difference scheme as op-
posed to the implicit approach utilized in other continuum based on
numerical methods. The contact and inertial forces of the block are
determined locally at each time step from the known variables on
the boundaries. In particular, the second Newton law for a generic
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block 1 can be written as in the Equations 1.4 and 1.5.

v+ A2+ 120 4 b (1.4)
m
LIy (1.5)

12 L I
where v; and w; are the translational and rotational velocity respect-
ively, At is the time step, m is the mass of the block, I is the mo-
ment of inertia, b; is the vector of the volume force component in
the blocks, M; is the vector of the resultant moments. The displace-
ments in the next time step can be evaluated as in the Equations 1.6
and ??

i =l + v AL (1.6)

i i

O = 6 + WAL (1.7)

]

in which u; and 6; are the translational and angular displacement
components.

Implicit DEM - Distontinuous Deformation Analysis method
The DDA method was proposed the first time in which a back ana-
lysis algorithm is proposed with the aim to define the best approx-
imation of the deformed configuration of the block system start-
ing from known displacements and deformations. The proposed
formulation represents the motion and deformation of a regular
shaped block depending on three rigid body motion and three con-
stant strain components.

The analysis sinks the roots in the second law of thermodynamic,
that says that a loaded system by internal or external forces moves
in such a way as to produce the least amount of total energy E, that
is given by the sum of the potential energy U, the kinematic energy

31



Chapter 1. The masonry structure

K and the dissipate energy W according to the Equation 1.8.
E=U+K-W (1.8)

Minimizing the equation with respect to the displacements d, the
motion equation on the corresponding block can be written as in

the 1.9.
O0E  oU + oK — oW

od od
Using this criterium for each element of the dominium, the same
system of algebraic equation of the FEM analysis is obtained. In
fact, considering a dominium with N blocks, in which each one
is discretized in m nodes, having u and v represent normal and
tangential displacement of each node, the minimization of the total
energy can be written in a matrixial form as in the Equation 1.10

=0 (1.9)

K-d=F (1.10)

The macro-mechanical model

One of the most common method to model the macro-mechanical
behaviour of the masonry is through the theory of no tension ma-
terial, originally formulated by Heyman [15], [16]. In these treat-
ments the masonry is modelled like an assemblage of rigid ele-
ments that can react to compressive forces only but are incapable
of sustaining any tensile stress. In literature several studies about
bodies with no tension behaviour of elastic been done by many au-
thors [17],[18],[19],[20] and [21]. Even if this approach is based on
very strong semplifications and the representation of the behaviour
of the masonry is not particularized, it is efficient as tool for the
structural assessment ot the safety of buildings. In order to define
the model no-tension material, it is useful to recall the assumptions
introduced by Heyman:
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e Stone has no tension strength: The model does not consider
the capacity of the material to resist to tension strength. Al-
lowed deformation are inelastic only, and the collapse mech-
anisms are always characterized starting from the opening
of cracks in tension zones and after by the activation of the
kinematism. No tensile forces can be transmitted from one
portion of the structure to another.

e Stone has an infinite compressive strength: Even if the as-
sumption is unsafe, the errors introduced are very small since
this hypothesis can be considered adequate if the collapse is
accompanied by low compressive stresses, only.

o Sliding failure cannot occur: The assumption considers that
that friction is high enough, or that the stone are effectively
interlocked, so that the elements cannot slide on each other.
It implies that wherever there is a weak plane, for example
between the bricks, the line of thrust should not depart too
far from normality in the plan.

The above no-tension conditions for the masonry continuum can
be formulated in a more general form in the Equation 1.11, so that
of the body, the maximum eigenvalue of the normal stress tensor
o ax cannot be positive because the stone has zero tensile strength
and the 3x3 matrix o;(i, j = x,y,2)(i,j = x,y,2) results in being
negative semi-definite. In terms of stress components in the plane
case the no-tension condition can be restated as in the Equation
1.12

Omax <0 (1.11)

— 2
¢:O-max:@+\/w+‘riygo (112)
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€+ € (€< — €)?
lp:Esn'n: D) z \/ —4 2 +6§§20 (113)

oij€j =0 (1.14)

1.5 The masonry distribution on Italian ter-
ritory

A big part of Italian Masonry buildings have been constructed in
very ancient times, and not always with good quality materials or
techniques. Often, the choice of the material has been conditioned
more by the local availabilities than by a good previous design. For
these reasons, Italian territory is reach of a particularly widespread
of masonries that often have a not good behaviour. The know-
ledge of the quantities and the distributions of the masonry types
on Italian soil is one of the useful instruments for the analysis of
risk.

In a work developed for the line of research CARTIS, a study of the
masonry buildings distribution on Italian territory has been done.
n particular, some teams of technician have detected, among a lot
of information, the prevalent masonry structure of each buildings
compartment present in the studied areas. In Figures 1.2, 1.3 and
1.4 have been resumed the completeness of the survey of buildings
for each Italian region, expressed as a function of the total number
of buildings, population and municipalities within the region.

In particular, it is shown that the best completeness value can be
founded in Campania about number of buildings and population,
and in Basilicata about the number of municipalities. In Figure
1.5 is represented the distribution of the masonry typologies for
each Italian region. It is shown that a quantity mayor of the 50% of
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Figure 1.2: Completeness of survey activities in CARTIS in reference to the
number of buildings

poor-quality masonry can be founded the regions of Calabria, Mol-
ise, Toscana and Lombardia, instead a quantity mayor of the 50%
of good masonry is in Sicilia, Campania, Abruzzo, Marche, Um-
bria, Emilia Romagna, Friuli Venezia Giulia, Veneto and Piemonte.
Moderate quantities of slab-shaped or almost regular masonry is
in Puglia, Molise and Liguria. Another interesting result is also
shown in Figure 1.6 in which the correlation between the kind
of masonry and the demographic classes of the municipalities is
shown. In particular, it can be noticed that quality of the masonry
increases if the demographic class increase.
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Figure 1.3: Completeness of survey activities in CARTIS in reference to the
population
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Figure 1.4: Completeness of survey activities in CARTIS in reference to the
municipalities
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VERTICAL STRUCTURE
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Figure 1.5: Masonry typologies distribution on Italian regions
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VERTICAL STRUCTURE FOR DEMOGRAFHY
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Figure 1.6: Correlation between the kind of masonry and demographic classes
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Table 1.1: Density and comprehessive resistence of the natural stones (Curioni

1868)
Densita Resistenza a compressione

PIETRE NATURALI lke/dm’] ke/cm?]
Calcari teneri 1.40-2.20 60 - 130
Calcari mezzani 2.20 - 2.60 130 - 200
Calcari duri 2.60-2.90 300 - 500
Marmo di candoglia sul Lago Maggiore 2.70 300
Marmo bianco di Carrara 2.71 320
Marmo nero di Varenna sul Lago Maggiore 2.72 340
Marmo di Genova 2.70 360
Marmo turchino di Genova 2.71 600
Marmo bianco venato presso Carrara 272 650
Pietre silicee tenere 1.40 - 2.20 4-90
Pietre silicee mezzane 2.20 - 2.60 90 - 420
Pietre silicee dure 2.60 - 2.90 420 - 800
Granito rosso di Baverno 2.60 680
Pietra arenaria di Vigano 221 140
Pietra di Viggiu 223 150
Pietra argillosa di Firenze 2.56 420
Pietre vulcaniche tenere 0.60 - 2.20 34-230
Pietre vulcaniche mezzane 2.20 - 2.60 230-590
Pietre vulcaniche dure 2.60 - 2.95 590 - 2.000
Pietra pomice 0.60 34
Tufo di Roma 1.22 57
Lava nera di Napoli 1.72 160
Lava grigia di Roma (peperino) 1.97 228
Lava di Napoli (piperno) 2.61 592
Basalti 2.95 2.000
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Table 1.2: Traction resistence of the natural stones (Curioni 1868)

Resistenza a trazione

PIETRE NATURALI 2

[kg/cm~]
Basalto d’ Alvernia 77
Calcare di Portland 60
Calcare bianco a grana fina ed omogenea 144
Calcare litografico a tessuto compatto 308
Calcare a tessuto arenaceo 229
Calcare a tessuto dolitico 137

Table 1.3: Density and comprehessive resistence of the bricks (Curioni 1868)

Densita  Resistenza a compressione

MATTONI [ke/dm3] [ke/em2]
Mattoni crudi 33
Mattoni poco cotti 2.09 40
Mattoni cotti a giusto grado 2.17 60
Mattom .11 cui grafio di cottura supera 510 70
di poco il punto giusto
Mattoni troppo cotti 1.56 150

Table 1.4: Traction resistence of the bricks (Curioni 1868)

Resistenza a trazione

MATTONI [kg/cm?]
Mattoni di Provenza, ben cotti 19.5
Mattoni ordinari, deboli 8.0
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Table 1.5: Density and comprehessive resistence of the binding materials (Cur-
ioni 1868)

MALTE E CEMENTI Densita Resistenza a compressione

[kg/dm3] [kg/cm2]
Malta comune di calce grassa e sabbia 1.70 19
Malta di calce mediamente idraulica e sabbia 1.70 74
Malta di calce eminentemente idraulica e sabbia 1.70 144
Malta in parti eguali di cemento di Vassy e sabbia 15 gg 1.65 136
Malta di calce grassa e sabbia a 18 mesi 1.63 30
Malta di calce grassa e coccio a 18 mesi 1.46 47
Malta di calce grassa e di pozzolana di Roma o di Napoli a 18 mesi 1.46 37
Gesso impastato con acqua 1.46 50
Gesso impastato con latte di calce 1.57 72
Gesso impastato duro 1.40 90
Calcestruzzo fatto con buona malta idraulica a 18 mesi 2.20 48

Table 1.6: Traction resistence of the binding materials (Curioni 1868)
Resistenza a compressione

MALTE E CEMENTI

[kg/cm2]

Gesso impastato solidamente 120
Gesso impastato con metodo ordinario e un po’ di sabbia 4

Malta di calce grassa e di sabbia a 14 anni 35
Malta di cattiva qualita di calce grassa e sabbia 0.8
Malta di calce idraulica ordinaria e sabbia a 18 mesi 8

Malta con calce eminentemente idraulica a un anno 14
Malta di parti eguali di cemento Pouilly e sabbia a 1 anno 9.6
Malta di parti eguali di cemento di Vassy e sabbia a 6 mesi (in acqua) 9.6
Malta di parti eguali di cemento di Vassy e sabbia a 1 anno (in acqua) 15.1
Malta di puro cemento di Vassy ad 1 anno (in luogo umido) 20.7
Malta di parti eguali di cemento di Vassy e sabbia ad 1 mese (in acqua di mare) 11.3
Malta di puro cemento di Vassy ad 1 mese 8.5

Table 1.7: Mechanical characteristics of the masonries MU6H (Binda et
al.1994)
Eyz0-50%) €n/€(AB) €/€,(CD) €,/6(ABCD)

filMPa] el1071 Vo™ 30.60%) (30-60%)  (30-60%)

MUG6H-1 5.75 6.4 1281 -0.26 -0.24 -0.25
MUG6H-2 5.66 54 2411 -0.14 0.15 -0.14
MUG6H-3 6.06 5.81 1255 -0.19 .0.10 -0.14
MUG6H-4 6.01 6.22 1389 -0.15 -0.21 -0.18
MUG6H-5 7.52 5.06 2040 -0.14 -0.14 -0.14
MEDIA  6.20 5.79 1491 -0.18 -0.17 -0.18
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Table 1.8: Characteristic resistence to compression of masory with bricks ac-
cording to the DM.20.11.1987

Resistenza Classe della malta
del mattone M1 M2 M3 M4
[MPa] (fx 2 12MPa) (fiy =2 8MPa) (fi =5MPa) (fy >2.5MPa)

2.0 1.2 1.2 1.2 1.2
3.0 2.2 2.2 2.2 2.0
5.0 3.5 34 33 3.0
7.5 5.0 4.5 4.1 35
10.0 6.2 5.3 4.7 4.1
15.0 8.2 6.7 6.0 5.1
20.0 9.7 8.0 7.0 6.1
30.0 12.0 10.0 8.6 7.2
40.0 14.3 12.0 10.4 -

Table 1.9: Characteristic resistence to compression of masory with natural stone
according to the DM.20.11.1987

Resistenza Classe della malta
della pietra M1 M2 M3 M4
[MPa] (fe = 12MPa) (fy =2 8MPa) (fy =5MPa) (fy =2.5MPa)

2.0 1.2 1.2 1.2 1.2
3.0 2.2 2.2 2.2 2.0
5.0 35 34 33 3.0
7.5 5.0 4.5 4.1 35
10.0 6.2 53 4.7 4.1
15.0 8.2 6.7 6.0 5.1
20.0 9.7 8.0 7.0 6.1
30.0 12.0 10.0 8.6 7.2
40.0 14.3 12.0 10.4 -
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Chapter 2

The seismic vulnerability

2.1 Seismic vulnerability assessment approaches

In the last 30 years some experimental approaches for the vulner-
ability assessment of the building behaviour have been developed.
These methodologies can be grouped in two typologies: the observational-
statistical approach and the mechanical analytical approach. Fur-
thermore, recent works are implementing a third method (the hy-
brid one) that combines the mechanical and observational analyses
of the damages produced by past event with the aim to overcome
the weaknesses of both approaches.

The choice of the procedure to adopt strictly depends on the avail-
able resources and the scale and aim of the study. In fact, the statist-
ical approach can be used for large scale studies to define damage
scenarios. However, if the purpose of the study is to identify the
seismic behaviour of a single building, or a little group of build-
ings, with the aim to increase their seismic resilience, a suitable
mechanical procedure should be preferred. In the following, a brief
description of the two methods is proposed, and a mention to the
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third one is reported.

2.1.1 Observational approach

The observational methods exploit a semi-empirical statistical ob-
servational approach and are essentially based on the results of the
damage detection carried out in the post-earthquake period on a
large number of buildings. The statistical correlations are calcu-
lated among the reached level of damage, the input hazard and the
typological characteristics (vulnerability factors) of the analysed
building. Once determined these correlations on the sample of
damaged buildings, it is possible to carry out a criteria for merge
buildings with similar behaviour in vulnerability classes on the
basis of their vulnerability factor, and to describe their behaviour
(the corresponding damage to the considered input value) with a
mathematical form. The first observational works have been pro-
posed early 70’s and the considered input hazard to describe the be-
haviour of the building was expressed in macro-seismic intensities.
Generally, these results of the statistical calibration are reported in
Damage Probability Matrices (DPM).

The observational assessment is sufficiently simple, but it is strictly
influenced by the engineering sensitivity of the surveyor and by the
dimension of the sample and its contents. In fact, a high number of
detected buildings doesn’t guarantee an efficacious calibration of
the correlations if the buildings are similar to each other or if the
all the sample is concentred on the same input hazard value. With
the aim to produce reliable statistical analysis, large sets of data
are needed to cover the whole range of performances of a given
building typology to the whole range of possible seismic hazard
considered, and multiple observations of building performance for
the same level of input. There are three main types of statistical
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tools using in statistical approach for the seismic vulnerability as-
sessment of buildings: damage probability matrices (DPM), Vul-
nerability Index Method and vulnerability functions. Some import-
ant works with observational approach have been produced in [22],
[23], [24], [26], [27], [28], [29], [30].

2.1.2 Mechanical-analytical approach

The methods in the second category are based on a mechanical
approach, i.e. direct assessment of the seismic capacity of the indi-
vidual building or groups of buildings. In particular, the response
of a building is calculated, representative of a typology, by using
structural analysis techniques and numerical tools.

Obviously, the adoptability of this kind of methodologies requires
an in-depth knowledge of the construction and a relatively long
time to carry out the corresponding assessment. Therefore, apart
from the intrinsic difficulties connected to the carrying out of a
correct seismic analysis of existing buildings, they are not easily
applicable in evaluations on an urban scale both from the technical
point of view and from the temporal and economic one.

The reliability of the results depends on the accuracy of the model
to reproduce the main characteristics of the buildings and their
structural behaviour. It is also dependent on the numerical tools
available and by the ability of the researcher to interpret the res-
ults. One of the strongness of this method is to frame the prob-
lem of seismic vulnerability of masonry structures in structural en-
gineering terms, defining their vulnerability as a direct function of
building characteristics.

The required data for these approaches can be extracted from the
results coming from the observational approach, that can give in-
formation on the significant vulnerability parameters, and from the
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sensitivity of the scholar. The required data can also be different on
the basis of the adopted methodology. Furthermore, when the aim
of the work is to study a specific geographical area the modelled
typologies of buildings must be congruent with the typologies in
the analysed area. It’s important, therefore, to combine the mech-
anical work for the study of the behaviour of the building, a study
of the spread of building types in the territory considered.
According to "Norme Tecniche per le Costruzioni” (DM 14-1-2008)
the macro-modelling mechanical methods usedd to predict the seis-
mic performance of a building are linear static analysis, linear dy-
namic analysis, nonlinear static analysis and nonlinear dynamic
analysis. The last two are considered the most accurate methods for
predicting Reinforced Concrete building response to earthquake
ground motion. Mechanical methods are based on the application
of kinematics models, which identify lateral collapse load multipli-
ers of a given configuration of macro-elements and loads by impos-
ing either energy balance or equilibrium equations. These methods
present the advantage of requiring few input parameters to estimate
the vulnerability and to identify the occurrence of possible in-plane
or out of plane mechanisms for a given building.

Furthermore, the micro-modelling method can be used to analyse
the structure. Using these approaches, the masonry wall is discret-
ized in its minimum elements (the bricks/stones) and their interac-
tions are described on their interfaces. These methodologies allow
to implement the dynamic behaviour of the analysed wall, and to
describe in detail the evolution in the time of the patterns crack
and the strain configuration. Althrough these calculation approach
provides a better completeness of the results, it’s important to high-
light that they need more expensive calculation times.

Some important references can be found in [31], [32], [33], [34],
[43], [36], [37], [38], [39], [40], [41] and [42].
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2.1.3 The hybrid approach

Hybrid methods combine post-earthquake damage statistics with
simulated one, in which analytical damage statistics from a math-
ematical model of the building typology are carried out. These
methods are useful when there is a lack of damage data at certain
intensity levels for the geographical area under consideration and
they also allow calibration of the analytical methods.

The main difficulty in the use of hybrid methods is that the two
vulnerability curves, statistical and mechanical, include different
sources of uncertainty and are thus not directly comparable. In the
mechanical curves the sources of uncertainty are clearly defined
during the generation of the curves whilst the specific sources and
levels of variability in the statistical data are not quantifiable. The
method used to calibrate the mechanical vulnerability curves using
statistical data should include the additional uncertainty present in
the statistical data which is not accounted for in the mechanical
data. Examples of hybrid approaches can be found in [43] and
[44].

2.2 Criteria for the definition of the levels
of damage

One of the most shared reference for the definition of levels of dam-
age 1s found within the EMS 98 guide [45]. This treatment essen-
tially grades the damage in six levels that ideally represent a linear
increase in the strength of shaking. The definition of these dam-
ages is influenced by the need to describe damage classes which
can be readily distinguished by the operator.

The variety of building typologies makes difficult the summariza-
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tion of the damages few levels since different types of building re-
spond and fail in different ways to the seismic input. Furthermore,
the locations of damages and their patterns may also be different
for engineered and non-engineered structures. So, the definition
of the damages is distinct in macro-typologies. The first distinct-
ness adopted for definition the level is to recognize the difference
between structural and non-structural damage, and carefully dis-
tinguish between damage to the primary (load bearing/ structural)
system and damage to secondary (non-structural) elements (like
infills or curtain walls). The second distinctness, established that
the damage is structural, takes into account possible collapse of the
structure. So, on the basis of these macro typologies of damage (no
structural damage, structural damage and collapse) the six follow-
ing levels: DO: no damage, D1: Negligible to slight damage; D2:
Moderate damage; D3: Substantial to heavy damage; D4: Very
heavy damage; DS5: Destruction (Figure 2.1).

2.3 Criteria for the definition of the vul-
nerability class assignment

2.3.1 The E.M.S. 98 Criteria

The EMS’98 also represents one of the most important references
for building vulnerability classification, in which a criterium is de-
scribed. It contains a subdivision that is not generic and allows
a sufficiently clear and precise allocation. The discussion distin-
guishes, first, the buildings according to the structural material:
masonry, reinforced concrete, steel, wood, for each category are
then identified different types of constructions.

For masonry constructions, seven types are considered which rep-
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Classification of damage to masonry buildings

Grade 1: Negligible to slight damage
(no structural damage,
slight non-structural damage)
Haiur-line cracks in very few walls.
Fall of small pieces of plaster only.
Fall of loose stones from upper parts of

buildings in very few cases.

Grade 2: Aoderate damage
(slight structural damage, moderate
non-structural damage)
Cracks in many walls,
Fall of fairly large pieces of plaster.
Partial collapse of chimneys.

Grade 3: Substantial to heavy damage
(moderate structural damage,
heavy pon-structural damage)
Large and extensive cracks in most walls.
Roof tiles detach. Chinmeys fracture at the
roof line; failure of individual non-stric-
tural elements (partitions, gable walls).

Grade 4: Very heavy damage
(heavy struciural damage,
very heavy non-structural damage)
Serions failure of walls: partial strucnural
failure of roofs and floors.

Grade 5: Destruction
(very heavy structural damage)
Total or near total collapse.

Figure 2.1: Grade of damages according to the EMS98
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resent rather well the Italian construction tradition, very varied in
materials, installation technique and construction details. It is sig-
nificant to note that priority is given to the quality of the masonry
material, which constitutes the seismic-resistant elements of the
construction (walls); at this first level of classification it is assumed
that the quality of the other elements that influence the response
are, on average, consistent with the type of masonry. For example,
buildings made of rough stone will generally have worse construc-
tion qualities in the floors and connections than those made of
rough or split stone; more recent buildings made of masonry not
reinforced with artificial elements (bricks, concrete blocks) will in
most cases have laterally-concrete horizons.

The scale provides a blurred relationship between the construction
types and 6 classes of vulnerability with a decreasing trend from
A to F. This relationship is represented by an interval composed of
some symbols:

e circle: most of the buildings belong to the class indicated in
the

e continuous stroke: indicates a probable interval, i.e. a part of
the buildings can belong to that class

e hatching: indicates an interval with very low probabilities, it
is about exceptional cases.

2.3.2 The S.A.V.E. method

The definition of the behaviour of a building based on its structural
typological characteristics can be also done using the ”S.A.V.E.”
method [46], a procedure for a quick assignment of the seismic
vulnerability according to the classification adopted in EMS’98.
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Type of Structure Vulnerability Class

ABCDEF

rubble stone, ficldstone O'

adobe (carth brick) cH
-

]- - o -

% simple stone }. O
% massive stone l— -I
=

unreinforced, with .

manufactured stone units Ii O
unreinforced, with RC floors =
reinforced or confined

frame without I "I
carthgquake-resistant design (ERD)

frame with moderate level of ERD

Q
L

frame with high level of ERD | =
walls without ERD FOH

walls with moderate level of ERD |4 O

walls with high level of ERD FOH

.|

O
steel structures | O—'

_|

——

timber structures

WOOD [STEEL | REINFORCED CONCRETE (RC)

(O most likely vulnerability class; — probable range;
—range of less probable, exceptional cases

Figure 2.2: Vulnerability classes depending on the vertical structures according
to the EMS’98
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The assignment criterion adopted by the EMS98 [45] is essen-
tially based on the characteristics of the vertical structure, with un-
certainty intervals in some rather large cases. These uncertainty
intervals can also significantly influence risk or impact analyses.
”S.A.V.E.” method starts from the same concept of the EMS’98
and defines the average behaviour of a building considering its ver-
tical structure. In a second step reduces the uncertainty in the as-
sessment of the vulnerability class through the systematic observa-
tion of others typological and structural characteristics of the build-
ing influencing the response. These are associated to numerical
parameters that represent the vulnerability level modifiers, applied
within a rapid vulnerability estimation algorithm. Numerically, the
weight of each of these parameters is evaluated through the statist-
ical analysis on the PLINIVS database of typological recurrences
and seismic damage recorded during past earthquakes.

The “S.A.V.E”. method proposes the definition of vulnerability
classes on the basis of the vertical structure behaviour. In particu-
lar, three classes of Vertical Structure (VS) are defined as below:

e VO- "Generic” masonry (in the absence of information on
the quality of the wall structure)

e V1 - Weak and irregular masonry.
e V2 - Regular and good quality masonry

Each building in the database is assigned the corresponding Vi
class. The response of buildings grouped by class is examined for
each level of seismic intensity and damage distributions are defined
(DO, DI, .... D5). For each of the three VS damage distributions
the Synthetic Damage Parameter (S PDy,) is estimated, identifying
it as the barycentric abscissa of the damage distribution. On the
basis of this analysis, three ranges of SPD representative of the VS
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Table 2.1: Ranges of SPDv for each vulnerability class
| class A class B class C
SPDVmax | 5.00 2.20 1.60
SPDVmin 2.20 1.60 0.00

are evaluated (Table 2.1) In particular, Class A represents the weak
and irregular masonry, class B the “Generic” masonry and class C1
the regular and good quality masonry.

The modifier that can improve or worsen the average behaviour of
a building under seismic action and, consequently, influence the
assignment of the vulnerability class are essentially: the horizontal
structure, the horizontal connection, the kind of roof, the number
of floor, the age, the position of the building in the aggregate. With
the aim of evaluating their influence, the S PDy;_pj is estimated
on the sample of buildings with a chosen VS and the considered
parameter. For example, with the purpose to evaluate the influence
of the horizontal structure on “Generic” masonry (V0) buildings,
S PDyg_pjc value is calculated for VO with wooden floor sample,
VO with steel floor sample, etc. The difference between S PDy;_pj
value and the S PDy,; value defines the influence of the modifier k
of the parameter P; in the vertical structure V;. An example of the
influence of the parameter is represented in Figure 2.3. At the end,
for each building, assumed as the “base” score the average S PDy,
value of the class VS belonging to, the vulnerability score is calcu-
lated by adding to it the contributions of all the known parameters
by the Equation 2.1

- i1 2ie(pj + picij
SPD:SPDV+qu+Z“Z”2p’ P
m

s=1

(2.1)

in which:
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influence of the horizontal structure
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Figure 2.3: Example of influence of the horizontal structure in the vulnerability
behaviour

e ¢ is the influence of the independent parameter

p is the influence of the dependent parameter

n is the number of independent parameters

m 1s the number of dependent parameters

cij is che coeflicient of correlation between pi and pj para-
meters

The coeflicient of correlation ¢;; takes into account the simultan-
eous occurrence of two considered parameters. It is possible, in
fact, that choosing two variables of two parameters the obtained
sample of buildings are similar. For example, there is a high prob-
ability that ancient buildings, pre 1919, have wooden floors. If
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the sample of buildings is similar, the influence of the combined
parameters is considered for two times. To avoid this problem, the
coeflicient of correlation between the parameters i and j is intro-
duced, and it is defined as the probability of non-occurrence of the
two parameters.

2.4 Seismic vulnerability assessment tools

2.4.1 The Damage Probability Matrices

Damage Probability Matrices represents the probability of a spe-
cific building typology to reach a fixed level of damage for dis-
crete values of input, generally espressed in intensity. Pioner of the
DPMs, and generally of the vulnerability evaluation of the build-
ings, has been Whitman, that in 1973 proposed some in deph treat-
ments on the correlations among buildings typologies, seismic in-
put values (expressed in Modified Mercalli Intensity - MMI) and
level of damage. His works already shows an high sensitivity to
the seismic risk and its mitigation (in terms of damages and costs),
although it’s not expressed as the convolution of hazard, exposure
and vulnerability yet. In the [22], in fact, is specifically presen-
ted a methodology for analyzing the costs and the risks associated
with designing of tall buildings against earthquake, while aim of
the [23] is to define a Seismic Design Decision Analysis (SDDA)
to multistory buildings in Boston according to the Building Code
for ZONE.

To these purposes the estimation of the probable behaviour of the
considered buildings typologies in respect to considered input value
is presented in the works, through damage probability matrices. In
[22] the analyses are focused on the high rise buildings (5 or more
storyes) in the Los Angeles area hitten by the San Fernando earth-
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SUMMARY OF BUILDING CATEGORIES

BUILDING  BUILDING  FOUNDATION DESIGN
TYPE HEIGHT TYPE STRATEGY

All types All heights All types All buildings

Steel 5-7 Pre-1933
Concrete 8-13 1947-1971
14-18
19+-

Figure 2.4: Buildings parameters considered by Whitman 1973

quake on 9 February 1971. The DPMs have been produced on
the basis dataset in which about 1,500 buildings were collected by
five differents database (Original data base, BOMA Questionnaire,
MIT Questionnaire, MIT/BOMA Questionnarie and Steinbrugge
damage). The considered typological characteristics have been
summarized in Figure 2.4. On the basis of these parameters and
adopted design strategies, some specific buildings systems have
been defined. The concept of the building system is, essentially,
the precursor of the concept of vulnerability class. Furthermore,
the work considers nine levels of damage (included no damage),
that are resumed in Figure 2.5.

On the basis of these data and considering the input value in MM,
Whitman produced DPMs in the forms reported in Figure 2.6.

In 1982 the authors Braga, Dolce and Liberatore developed the first
DPMs for the Irpinia event following the line adopted by Withman.
The work was based on the information about damages detected on
a statistical sample of 38,000 buildings. The damage distributions
of each class of buildings corresponding to the different seismic
intensities has been calculated on the basis of a binomial distribu-
tion. Also, hree vulnerability classes (A, B, and C and) has been
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EARTHQUAKE DAMAGE STATES

Damage Ratio* %

Desceripiion of Level of Damage Central Value
No damage 0
Minor non-structural damage——a few walls 0.1

and partitions cracked, incidental
mechanical and electrical damage

Localized non-structural damage--—more 0.5

extensive cracking (but still not wide-
spread); possibly damage to elevaters and/or
other mechanical/electrical components

Widespread non-structural damage--possibly 2
a few beams and columns cracked, although
not noticeable

Minor structural damage-—obvious cracking 5
or ylielding in a few structural members;

substantial non-structural damage with

widespread cracking

Substantial structural damage requiring 10
repair or replacement of some structural

members; assoclated extensive non-structural

damage

Major structural damage requiring repair er 30
replacement of many structural members:

associated non—-structural damage requiring

repairs te major portion of interior;

building vacated during repairs

Building condemned 100
Collapse 100

Ratio of cost of repair to replacement cost

Figure 2.5: Levels of damage defined by Whitman 1973
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0-0.05
0.05-0.3

0.3-1.25

1.25-3.5

3.5-7.5
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Chapter 2. The seismic vulnerability

GROUP CHARACTERISTICS: NUMBER OF BUILDINGS: 368, HEIGHT: 5 te 100
STORIES. AGE: 1800 to 1972, STRUCTURAL TYPE: ALL TYPES. FOUNDA-
TION TYPE: ALL TYPES.

DAMAGE PROBABILITY MATRIX

DAMAGE STATE

DAMAGE RATIO MERCALLI INTENSITY
UPPER BOUND (%)

STATE (%) VI Vit VIIL
0 0.05 80.5 25.1 [
1 0.3 15.6 24.7 19
2 1.25 3.9 26.2 44
3 3.5 2.7 14.2 13
4 7.5 ¢] 5.8 3
5 20 0 2.5 12
6 65 [¢] 1.5
7 100 0 0

NO. BUILDINGS 77 275 16

Figure 2.6: Example of damage probability matrix produced by Whitman 1973
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Table 2.2: Damage probability matrices for vulnerability class A produced by
Braga et al (1982)
Vulnerability class A
I DO DI D2 D3 D4 D5
VI 0.19 037 030 0.12 0.02 0.00
viI 006 023 034 0.25 0.09 0.01
vl 0.00 0.02 0.11 029 0.38 0.20
IX 0.00 0.00 0.02 0.11 0.37 0.49
X 0.00 0.00 0.00 0.03 023 0.73

Table 2.3: Damage probability matrices for vulnerability class B produced by
Braga et al (1982)
Vulnerability class B
I DO D1 D2 D3 D4 DS
Vvl 036 041 0.18 0.04 0.00 0.00
vl 0.19 037 030 0.12 0.02 0.00
vixr 0.03 0.15 031 0.31 0.16 0.03
IX 000 002 0.11 029 0.38 0.19
X 000 000 0.02 0.11 0.37 0.50

introduced by the authors depending on the typological character-
istics on the buildings and a DPM based on the MSK scale was
evaluated for each class. Their conents have been summarized in
the Tables 2.2, 2.3 and 2.4 for the vulnerability classes A, B and C
respectively. The DPMs for the same seismic event has been also
proposed by Zuccaro following the same principles, but the data
have been subdivided in four vulnerability classes. In Figure 2.7
the data have been resumed.
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Figure 2.7: Damage probability matrices produced by Zuccaro et al. 2000

vuleerabiliy | Level of Damage
cLass Do D1 D2 D3 D4 D5
A 345 41%  21% 4% 0% 0%
B o |.52%. 3% 1% 1% 0% 0%
c §6%  29% 5% 0% 0% 0%
D 86%  13% 1% 0% 0% 0%
A 20%  41%  24% 6% 0% 0%
B o | 44% sew  15% % ow  ow
C 50% 33% 8% 0% 0% 0%
D 77% 20% 3% 0% 0% 0%
A 10% 38% 30% 11% 2% 0%
B L lasmomw aow  aw om 0%
c 53% 3%  10% 1% 0% 0%
D §6%  20% 5% 0% 0% 0%
A &%  24%  35%  25% 09 1%
B g | 22% 39% 27% 10% 2% 0w
C 41% 39% 17% 3% 0% 0%
D S6%  34% 9% 1% 0% 0%
A 1% 7% 23%  35%  26%  B%
B o |10%  30% 3e%  1ee sk 0%
c 31%  40%  23% 6% 0% 0%
D 44% 39% 17% 0% 0% 0%
A 0% 2%  11%  30%  38%  19%
B | 2% 16% a1%  31% 16w 3%
C 27%  39%  28% 0% 1% 0%
D 8% 41%  25% &5 0% 0%
A 0% 0% 4% 1E%  A1%  37%
B py D6 2% 4w 31%  38%  17%
c 2% 18%  33%  30%  13% 2%
D S 20%  33%  28%  12% 2%
A 0% 0% 0% 0% 5%  95%
B io T S Db 2 AT, B1%
c 0% 0% 0% 4% 3% 73%
D 0% 0% 0% 5% 29%  66%

60



Table 2.4: Damage probability matrices for vulnerability class C produced by
Braga et al (1982)
Vulnerability class C
I DO DI D2 D3 D4 D5
VI 0.71 0.25 0.03 0.00 0.00 0.00
vil 040 040 0.16 0.03 0.00 0.00
vl 0.13 033 033 0.17 0.04 0.00
IX 0.05 021 034 028 0.11 0.02
X 0.00 0.05 0.18 0.34 031 0.11

2.4.2 The Vulnerability curves

The vulnerability curves of a building class represent the probabil-
ity that a building of the class will reach a fixed damage level as the
hazard changes. Mathematically, it can be described as P[LD|H]
1.e. as a function of the conditional probability of a fixed dam-
age level for a fixed hazard value. The construction of the fragility
curves for the particular structural system allows to estimate the
degree of damage expected for each hazard level, thus representing
the clearest, and also the most complete, conceptual way to estim-
ate the vulnerability of the individual building.

The determination of vulnerability curves is different if an obser-
vational or analytical approach is used. In the first case, in fact, the
curves are calibrated with a linear regression method starting from
a dataset. Once a vulnerability class has been fixed and the dis-
tribution of buildings on the damage levels for each hazard value
recorded, it is in fact possible to construct the representative curve
of the damage indicated using the probability or average squared
deviation method.

When the approach is analytical, on the other hand, the calibra-
tion of the vulnerability curves of a building class depends on the
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imitato Canno severo

Figure 2.8: Example of vulnerability curve (Polese, 2002)

determination of the fragility curves of the structural system con-
sidered. An example of fragility curves constructed as a function
of peak ground acceleration as a seismic hazard parameter (PGA)
is shown in Figure 2.8 where three fragility curves obtained for the
same structural system are simultaneously represented, each cor-
responding to a different limit state (insignificant damage; slight
damage; severe damage). However, it is necessary to distinguish
the case in which one wants to study a single building, taking into
account all its details and characteristics that distinguish it, from
the case in which one wants to study a sample of buildings of a
certain area represented by a typological class.

In the first case, in fact, given the completeness and accuracy of the
input data, it is possible to go to high levels of detail and obtain the
fragility curves for data damage levels in an analytical way through
numerical simulations on the seismic response of the building. In
general, given the great burden of computation and modeling this
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operation is aimed at buildings with particular strategic value or
historical monuments. In the second case, instead, since we study
a class of buildings that can be represented by macro-parameters
such as shape, size, year of construction, etc., we end up studying
a medium” building in which there is the difficulty of considering,
with an analytical approach, the influence of all macro-parameters
on the seismic behavior of the structure. It is for this reason, the
fragility curves of typological classes of buildings are empirically
constructed by means of a statistical analysis of the data concern-
ing the behaviour of buildings that can all be traced back to the
same class.

2.4.3 Capacity spectrum method

The Hazus method (1999) can be considered a method that can be
considered quantitative, although there is a component based on
expert judgement and heuristic data. The method allows to calcu-
late the probability that a class of structures suffers a fixed level of
damage. The damage scale is divided into four boundary states:
light, moderate, extended and total; for each of which a qualitative
description is provided in relation to the different structural cat-
egories. In the probabilistic evaluation of the different degrees of
damage that can occur, the variability of the seismic input and the
variability of the capacity of the building class are taken into ac-
count. Building classes are identified by building type, number of
floors and time of construction of the building.

The capacity of a “class” of buildings is expressed through the ca-
pacity curve, which expresses the lateral resistance of a building as
a function of a significant lateral displacement. It is expressed in
terms of acceleration and spectral displacement in order to easily
compare the values of the curve with the seismic demand represen-
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ted in response spectra. Its representation is similar to a push-over,
but it is obtained in a simplified way, considering only two repres-
entative points: the capacity at the plastic limit and the ultimate
capacity.

Seismic demand is assessed using the Capacity Spectrum Method
(CSM). To obtain the spectral intensity parameter that defines the
threshold for the level of collapse, the point of intersection of the
capacity curve of a certain structural class with the fixed spectrum
is considered, derived from the probabilistic seismic mapping of
the territory, suitably reduced to take into account the non-linear
behavior of the structure. The probability of reaching or exceeding
predetermined limit states, assigned to be the “median” spectral re-
sponse, is expressed by means of fragility curves with lognormal
distribution.

2.4.4 Collapse mechanisms

The first analyses based on the collapse mechanisms has been pro-
posed by D’Ayala and Speranza in 2002 with the methodology
FaMIVE (Failure Mechanism Identification and Vulnerability Eval-
uation). The methodology is specific for the studies of historic ma-
sonry buildings. The procedure provides to define the low value of
collapse multiplier for the in-plane and out-of-plane mechanisms
that can occours on the facades of the buildings.
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Empirical calibration of the
vulnerability curves for
Italian masonry buildings

3.1 Introduction

In this Chapter, the seismic vulnerability of Italian masonry build-
ings is evaluated adopting a critical observational approach based
on the statistical analyses of damaged surveyed on Intalian ma-
sonry buildings after past seismic events. The described approach
aims to assess vulnerability curves, as a lognormal distribution in
function of the acceleration, for Italian masonry buildings. To this
purpose, a damage and typological Italioan database has been ex-
ploited and, on the basis of statistical correlations among buildings
typologies, damages and ground motion have been studied .As all
empirical approaches, the study assumes that damage due to past
earthquakes observed in the structures classified by tyoe, will be
the same in future earthquakes in the same region and also this
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Italian masonry buildings

damage is representative of the vulnerability of areas having sim-
ilar building stokcs hitten by a future seimsic event with similar
size.

The reliability of the curves, in the framework of Italian risk asses-
ment at national scale, is connected to the larg size of the database,
in which about 240,000 buildings are collected. This database can
carefully reflects the real damag and also incorporates the effects
on building response of the factors difficult to model like material
degradation, configuration and detailing arrangement.

The curves are developed in the framework of the technical board
promoted by Italian Civil Protection with the aim to develop seis-
mic vulnerability curves for Italian buildings differently classified
in function of vertical structures (masonry and reinforced concrete)
to assess scenario and risk analyses by IRMA platform (Italian
Risk MAp) The vulnerability curves have been derived using a re-
gression method and their calibration has been supported by critical
observations on the reliability of the dataset and, consequently, by
introducing corrective assumptions.

3.2 Calibration

The steps adopted to calibrate the vulnerability curves exploiting
the PLINIVS database have been: harmonization of the data; as-
signment of the vulnerability class to each building in the data-
base; mathematical calibration of the vulnerability curves. The
second step of the procedure provides to assign the vulnerability
class through the S.A.V.E. procedure presented in the paragraph
2.3.2. Also, the last step have been done exploiting the procedure
illuastrated in Figure 3.1.
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observed damage
(partial area)

vulnerability curve
calibration
hypotesis on not
observed damage +
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A scenario
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with
expected
results?

END

Figure 3.1: The adopted empirical procedure
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3.2.1 Harmonization of the database

The PLINIVS database contains information on about 240,000 dam-
aged masonry buildings collected for main Italian seismic events
(Irpinia 1980, Abruzzo 1984, Umbria Marche 1997, Pollino 1998,
Molise Puglia 2002, Emilia 2003, Aquila 2009, Emilia 2012). Sur-
vey activities have been done with different forms that differently
organizes information about typological characteristics and levels
of damage. In particular, four different forms have been used to
collect data: the Irpinia Form for Irpinia 1980 event, the Abruzzo
form for Abruzzo 1984 event, the Pollino form for the Pollino 1998
event and the AeDES form for the remaining events. In Appendix
all the forms have been presented.

The first step of harmonization of the dataset provides to uniform
(where possible) the nomenclature of the typological characterist-
ics and to organize these information in classes of parameters. The
outcomes of this work of harmonization has carried out the follow-
ing list of parameters:

e Vertical Structure: generic masonry, irregular and weak
masonry, regular and good quality masonry;

e Horizontal Structure:: wooden floors, steel floors, brick
concrete floors, vaults, mixed;

e Number of floors: 1 or2,3 or4, 5 or 6, 7 or 8, more of §;

e Age of construction: before 1919, 1919 - 1945, 1946 -
1961, 1962 - 1971, 1972 - 1981, after 1981;

e Position of the building in the aggregate: isolated, lateral,
centred, corner;

e Isolated pillars: yes, no;
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e Horizontal connections: yes, no;
¢ Plant regularity: yes, no;
e Panels regularity: yes, no;

e Roof: light roof, light and of thrust type, light and no of
thrust type, heavy roof, heavy and of thrust type, heavy and
no of thrust type;

e Reinforcement: no reinforce, steel reinforces, no steel rein-
forces.

With regard to the second harmonization step of the database, an
unequivocal damage scale has been defined to which the formats
of the survey forms could be attributed. In particular, the reference
scale has been identified in the EMS98 guide, that introduces the
following six levels of damage (no damage includeed):

e DO - no damage;
e DI - no structural damage, slight non-structural damage;

e D2 - slight structural damage, moderate non-structural dam-
age;

e D3 - moderate structural damage, heavy non-structural dam-
age;

e D4 - heavy structural damage, very heavy non-structural dam-
age;

e D5 - very heavy structural damage.

69



Chapter 3. Empirical calibration of the vulnerability curves for
Italian masonry buildings

Table 3.1: Conversion from damage reported in Irpinia Form and EMS98 dam-
age

Entity of the damage grade

no damage
not relevant damage - non-urgent repairable
light damage - repairable
considerable - to be partially cleared - repairable
serious - to be cleared - repairable
very serious - to be cleared and demolished
partial collapse - to be demolished
collapsed

0NN LNt W~

The scales adopted by Irpina, Abruzzo and AeDES forms and the
meaning of each grade have been reported in the Tables 3.1, 3.2 and
3.3 respectively. On the basis of the definitions, the correspondence
with the EMS98 scale have been considered as reported in 2.1.

With reference to the seismic input, the values of PGA for
each municipality hitten by the seismic event of L’ Aquila 2009
have been retrieved by the INGV shakemap. For the others events,

Table 3.2: Conversion from damage reported in Abruzzo Form and EMS98
damage

Entity of the damage | grade
light damage 1
relevant damage
serious damage
very serious damage
destroyed

[ I SRS \S]
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Table 3.3: Conversion from damage reported in AeDES Form and EMS98 dam-
age

vertical | horizontal
structure | structure
>2/3 A 5 5
high 1/3-2/3 B 5 4
<1/3 C 4 4
>2/3 D 3 3
medium | 1/3-2/3 E 3 3
<1/3 F 3 3
>2/3 G 3 2
light 1/3-2/3 H 2 2
<1/3 I 2 1
no damage - L 0 0

the Macroseismic Intensity of the municipalities has been obtained
by the DBMI-INGYV site (https://emidius.mi.ingv.it/DBMI/), and
after converted in PGA through the Margottini Law Conversion es-
pressed in 3.1.

100.525+0.22i

a= —ogl (3.1)

3.2.2 Mathematical calibration of the vulnerability
curves

The vulnerability curve represents the probability that a level of
damage is reached or exceeded for a fixed value of hazard. In this
work the vulnerability curves are obtained applying the minimum
square regression method on the DPMs derived by the PLINIVS
database. To this purpose, for each of the three vulnerability class
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Table 3.4: Damage Probability Matrix of the masonry buildings for the vulner-
ability class A

Vulnerability class A

HAZARD Level of damage
I pga| DO DI D2 D3 D4 D5
vV 0.04|0.19 030 020 0.18 0.09 0.04
VI 0.07 | 0.12 030 0.16 0.21 0.13 0.08
VII 0.2 ]0.12 022 020 021 0.16 0.08
VIII 0.20 | 0.08 0.17 0.22 0.18 0.26 0.09
IX 033]006 0.12 021 0.18 0.27 0.17
X 054|010 0.14 0.12 0.18 0.26 0.19

(A, B and C) the building distribution on each PGA value has
been estimated, and the cumulative values of each level of dam-
age have been calculated. On the basis of these data, a regression
method has been applied on the cumulative DPMs and the vul-
nerability curves depending on the surveys data only have been
derived. Damage Probability Matrices (DPMs) associated to the
PLINIVS database have been extracted from the data considering
the correlations among the vulnerability class, the seismic input
value and the level of damage. The DPMs have been summarized
in Tables 3.4 , 3.5 and 3.6 for the vulnerability class A, B and C
respectively. The seismic input is reported both in intensity (I) both
in acceleration (PGA) .

On the basis of these data, continuous vulnerability functions de-
pending on acceleration in the lognormal shape have been elabor-
ated. To this purpose the minimum square regression method has
been applied to the dataset, and the parameters of each vulnerabil-
ity curve have been defined through the equation 3.2

find(A, B) : min[y—log(x;, A, B)]? (3.2)

in which
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Table 3.5: Damage Probability Matrix of the masonry buildings for the vulner-
ability class B

Vulnerability class B

HAZARD Level of damage
I pga| DO DI D2 D3 D4 D5
vV  0.04|025 037 021 0.11 0.04 0.02
VI 0.07 {030 034 0.18 0.11 0.05 0.02
VII 0.12 {028 033 021 0.10 0.06 0.02
VIII 0.20 | 0.18 0.25 0.25 0.15 0.15 0.03
IX 033012 020 0.32 0.15 0.15 0.06
X 054|019 020 0.18 0.15 0.18 0.10

Table 3.6: Damage Probability Matrix of the masonry buildings for the vulner-
ability class C

Vulnerability class C

HAZARD Level of damage
I pga| DO DI D2 D3 D4 D5
V.  0.04|032 044 0.14 0.07 0.03 0.01
VI 0.07 038 039 0.12 0.07 0.03 0.01
VII 0.12| 045 033 0.13 0.06 0.04 0.01
vir 0.20 | 0.31 033 0.17 0.08 0.09 0.02
IX 033|040 028 0.17 0.06 0.06 0.03
X 054|037 029 0.16 0.09 0.06 0.03
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Table 3.7: Error measurement of the vulnerability curve of the class A (without
revisions) in reference to the observed data

Vulnerability class A
HAZARD square of the errors
I pga D1 D2 D3 D4 D5

V  0.04 | 489E-3 997E-4 1.60E-6 199E.3 1.66E-4
VI 0.07 | 545E-3 1.14E-3 1.59E-3 3.68E-4 7.96E-4
VII 0.12 | 6.02E-4 3.31E-3 1.56E-4 1.16E-3 3.04E-5
VIII 0.20 | 5.77E-4 9.08E-3 3.39E-4 248E-4 2.84E-4
IX 0.33|287E4 147E-2 191E-3 2.79E-3 4.62E-4
X 054 | 3.05E-3 1.84E-5 2.81E-6 2.14E-5 3.35E-5
S.R.S.S.  2.03E-2 2.85E-2 1.05E-2 1.35E-2 7.02E-3

e x; is the PGA value;

e y; is the cumulative distribution of the considered damage
associated to the xi value;

e Ais the logarithmic mean of the curve;
e [ 1is the logarithmic standard deviation of the curve.

In Figures 3.2 - 3.4 the vulnerability curves for the classes A, B
and C have been represented respectively, and scatter charts of the
DPMs values have been overlaid. Furthermore, an estimation of
the correspondence between the observed data (DPMs) and the
continuous curves has been deepened. In particular, in the Tables
3.7, 3.8 and 3.9 for each acceleration value have been summar-
ized the squares of the differences between the vulnerability curve
value and observed data and for each vulnerability curve has been
calculated the Square Root of the Sum of Squares value (S.R.S.S.).
The high error has be founded in the D1 vulnerability curve of the
class C, but it is lower than 5% so it can be considered that all
the vulnerability curves have a good trend with observed data.
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Figure 3.2: Vulnerability curves for Italian masonry buildings in class A -
without assumptions
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Figure 3.3: Vulnerability curves for Italian masonry buildings in class B -
without assumptions

Table 3.8: Error measurement of the vulnerability curve of the class B (without
revisions) in reference to the observed data
Vulnerability class B

HAZARD square of the errors
I pga D1 D2 D3 D4 D5
V  0.04 | 2.00E-2 1.79E-2 3.69E-3 8.63E-4 4.53E-4
VI 0.07 | 5.36E-4 5.94E-4 3.14E-4 9.66E-5 1.10E-4
VII 0.12 | 2.00E-4 6.41E-4 1.77E-3 5.17E-4 231E-5
VIII 0.20 | 1.55E-3 5.74E-3 1.53E-3 1.03E-3 1.38E-4
IX 033 | 347E-3 1.07E-2 2.22E-6 3.89E-6 7.87E-4
X 054 | 292E-3 2.26E-3 191E-5 297E-5 1.38E-3
S.R.S.S. 2.82E-2 3.24E-3 143E-2 8.40E-3 8.96E-3
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Vulnerability Class C
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Figure 3.4: Vulnerability curves for Italian masonry buildings in class C -
without assumptions

Table 3.9: Error measurement of the vulnerability curve of the class C (without
revisions) in reference to the observed data
Vulnerability class C

HAZARD square of the errors
I pga D1 D2 D3 D4 D5
V  0.04 | 3.17E-2 9.13E-3 5.13E-3 6.73E-4 3.89E-5
VI 0.07 | 4.84E-3 1.88E-3 4.38E-3 1.05E-3 1.34E-4
VII 0.12 | 2.33E-3 1.19E-5 1.05E-3 5.18E.4 1.02E-4
VIII 0.20 | 1.41E-3 5.80E-3 6.98E-3 4.62E-3 3.47E-4
IX 033 | 798E-3 1.58E-4 238E-5 6.15E-4 3.33E-4
X 054 | 945E-3 2.58E-3 292E-4 1.32E-4 9.49E-5
S.RS.S.  4.00E-2 233E-2 2.23E-2 1.46E-2 540E-3
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However, although the errors summarized in the Tables 3.7, 3.8
and 3.9 can be considered acceptable, some critical remarks have
to be done on the reliability of the DPMs dataset. In fact, the ac-
curacy of the distribution of the damage level building is strictly
related to the completeness of the detection at each seismic input
value. Generally, when the seismic input value is low, less accur-
acy is associated to the building distributions because there is a
high probability that buildings have been not damaged and no sur-
vey activities have been done. This problem has been highlighed
since first emirical works on collected data: in [? ] the author re-
ports: “While cases of heavy damage to multi-story buildings have
been well documented, there is little or no documentation on such
buildings with no damage or only very light damage”.

To overcome the problem of wrong calibrations of the vulnerabil-
ity curves, three assumtpions have been introduced to correct the
trend. The first one consists into weigh the reliability of the data
(i. e. the buildings distribution on the level of damage) for each
seismic input value on the basis of the associated comprehensive-
ness of the survey activity. To this purpose, the Completeness In-
dex I. of the survey activity for each input value has been intro-
duced, and it has been defined as the percentage of surveyed build-
ings compared to the total area invested by the considered input
value. In this work, the Completeness Index Ic has been estimated
in reference to data on the L Aquila 2009 event only, since its best
completeness on data. Required information are: the input value,
the total number of buildings in the affected area and the number
of surveyed buildings. The input value has been derived by the
shakemap of the INGV, in which PgA values are furnished through
iso-acceleration curves with steps of 0.02 g. The total number of
buildings in the affected data has been derived by the ISTAT 2001
database, in which the total number of buildings is furnished for
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Figure 3.5: L’ Aquila shakemap

unit zones. The number of surveyed buildings has been provided
by the PLINIVS database for each municipality. Since the invent-
ory of buildings stored in the PLINIVS database is grouped by mu-
nicipalities, in order to harmonize the information, the ISTAT2001
data, provided by census zones, have been grouped by single muni-
cipalities. Furthermore, a single value of PGA has been associated
to each considered municipality; in particular, it is obtained consid-
ering the PGA value of the L’ Aquila 2009 shakemap (Figure 3.2.2)
corresponding to the centroid of the municipality.

For each step of PGA, all associated municipalities have been con-
sidered and the number of surveyed buildings (by PLINIVS data-
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base) and the number of total buildings (by ISTAT2001 database)
have been evaluated. At the end, the Completeness Index /. on
the L’ Aquila2009 sample has been calculated. This value, repres-
entative of the reliability of the data, has been introduced in the
regression by correcting the equation 3.2 in the equation 3.3

find(A, B) : minl[y—log(x;, A, ) (3.3)

The outcomes show that at lower values of seismic input corres-
ponds lower values of Ic, since lower hazard generates less dam-
ages and, probably, no damaged buildings have been neglected.
“No information” at lower seismic values can be considered, in
fact, as a “no necessary information” for the surveyors, i.e. ab-
sence of damage. On the basis of these considerations, the second
assumption has been introduced, that considers the absence of data
for low acceleration values (PGA < 0,03 g). In particular, it is
considered that all no detected buildings in vulnerability classes B
and C have no damage (D0), the 30% of no detected buildings in
vulnerability class A have a no structural damage (D1) and the re-
maining 70% have no damage (DO).

At the end, the last conceptual assupmtion takes into account that
vulnerability curves representative of different levels of damage
but belongig to the same class cannot have intersection points. To
avoid mathematecally the proble, the same logarithmic standard
deviation has been assumed for curves of the same vulnerability
class. In Figures 3.6 - 3.8 the updated vulnerability curves for the
classes A, B and C respectively have been represented, and scat-
ter charts of the DPMs values have been overlaid. Furthermore,
analogous to the previous case, in Tables 3.10 - 3.12 have been
summarized the squares of the differences between the vulnerab-
ility curve value and observed data for each acceleration value,
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Figure 3.6: Vulnerability curves for Italian masonry buildings in class A - with
assumptions

and furthermore the Square Root of the Sum of the Squares value
(S.R.S.S.) for each vulnerability curve has been calculated.

It is shown that very high error values can be found especially
in the D1 curves: the error is of the 24% for the class A and of
45% for the classes B and C. It is, also, shown that in all the classes
high error values are estimated for low levels of damage than for
high ones, and that the error decreases as the acceleration value
increases.
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Figure 3.7: Vulnerability curves for Italian masonry buildings in class B - with
assumptions

Table 3.10: Error measurement of the vulnerability curve of the class A (with
revisions) in reference to the observed data

Vulnerability class A
HAZARD square of the errors
I pga D1 D2 D3 D4 D5

vV  0.04 | 236E-1 1.61E-1 8.17E-2 1.73E-2 1.84E-3
VI 0.07 | 1.27E-1 1.14E-1 1.11E-1 3.54E-2 5.54E-3
VII 0.12 | 3.03E-2 6.10E-2 6.34E-2 3.17E-2 4.42E-3
VIII 0.20 | 591E-3 2.39E-2 222E-2 3.47E-2 2.01E-3
IX 033 | 245E-4 4.73E-3 1.58E-3 1.62E-2 2.66E-3
X 0.54 | 596E-3 142E-2 149E-2 2.79E-3 2.8I1E-3

S.RS.S.  1.06E-1 1.03E-1 9.04E-2 6.19E-2 2.31E-2
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Vulnerability Class C
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Figure 3.8: Vulnerability curves for Italian masonry buildings in class C - with
assumptions

Table 3.11: Error measurement of the vulnerability curve of the class B (with
revisions) in reference to the observed data

Vulnerability class B
HAZARD square of the errors
I pga D1 D2 D3 D4 D5

vV  0.04 | 454E-1 1.38E-1 2.89E-1 4.52E-3 6.11E-4
VI 0.07 | 2.38E-1 8.68E-2 2.59E-2 4.99E-3 3.69E-4
VII 0.12 | 9.15E-2 4.73E-2 1.0E-2 3.52E-3 1.53E4

VIII 0.20 | 3.43E-2 4.89E-2 2.11E-2 1.30E-2 1.27E-4

IX 033 | 473E-3 1.27E-2 1.74E-8 1.34E-3 3.07E-4

X 054 | 137E-2 241E-2 2.07E-2 4.02E-3 6.16E-3

S.R.S.S. 1.52E-1 9.97E-2 S5.50E-2 2.95E-2 1.46E-2
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Table 3.12: Error measurement of the vulnerability curve of the class C (with
revisions) in reference to the observed data

Vulnerability class C
HAZARD square of the errors
I pga D1 D2 D3 D4 DS
V  0.04 | 449E-1 5.67E-2 9.81E-3 1.00E-3 4.01E-5
VI 0.07 | 3.38E-1 5.06E-2 1.22E-2 1.94E-3 1.41E-4
VIl 0.12 | 1.69E-1 4.35E-2 8.88E-3 2.20E-3 1.20E-4
VIII 0.20 | 1.25E-1 7.84E-2 2.10E-2 9.39E-3 2.96E-4
IX 033 | 6.58E-4 1.17E-2 1.89E-4 197E-3 2.96E-4
X 054 | 244E-3 8.25E-3 1.87E-2 2.58E-3 1.29E-4
S.R.S.S. 1.75E-1 8.32E-2 4.43E-2 2.29E-2 5.63E-3

3.3 L’Aquila 2009: a validation of the out-
comes calculated through the IRMA
platform

To test the proposed vulnerability curves, the impact scenario con-
sequent to the L’ Aquila earthquake 2009 has been assessed through
the IRMA tool. For the hazard values, the platform exploits the
INGV shakemap of the L’ Aquila 2009 event and assigns to each
municipality the pga value corresponding to the centroid of its
geometry. The exposure values are estimated by IRMA through
the correlations among three typological parameters (vertical struc-
ture, number of floors, age of construction) of the ISTAT2001 data-
base and the distribution of the buildings on the three vulnerability
classes A, B and C introduced by the user. The vulnerability para-
meters have been introduced through mean and standard deviation
of the estimated curves. Furthermore, to avoid overstatement prob-
lems in areas with low values of PGA, the platform considers a cut

84



whole area (328 389) buiIdir'gs}|

T6%

A%

Figure 3.9: buildings distribution on the levels of damage in reference to the
whole area and the effective AEDES forms

off of the curves for PGA < 0,03 g.

On the basis of these parameters, the buildings distributions on the
levels of damage caused by the L’ Aquila seismic event through the
two vulnerability approaches have been calculated. The outcomes
are summarized in Figures 3.9 - 3.13. In particular, Figures 3.9 -
3.10 refer to the outcomes on the whole area invested by the earth-
quake.

In Figure 3.9 the buildings distribution on the basis of the AE-
DES form is estimated considering the effective surveyed build-
ings only, that are 49.827 on the 328.389, i. e. the 17% of the
total buildings. Keeping the assumption on accuracy, it can be con-
sidered that the reliability of the data is under the 20%, so very low.
Figure 3.10 shows the outcomes of the two approaches compared
to the integrated AEDES, i. e. it is considered that the 20% of the
not detected buildings have a level of damage equal to D1 and the
remaining 80% is not damaged. It is shown that in the first case
there is more similarity of outcomes between the AEDES forms
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Figure 3.10: buildings distribution on the levels of damage in reference to the
whole area and the integrated AEDES forms
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Figure 3.11: buildings distribution on the levels of damage in reference to the
municipalities fully detected
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Figure 3.12: buildings distribution on the levels of damage in reference to the
municipalities with pga < 0.05g
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Figure 3.13: buildings distribution on the levels of damage in reference to the
municipalities with pga > 0.20g
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Figure 3.14: number of buildings on the levels of damage in reference to the
whole area

and the “without revisions” model, instead in the second case the
affinity is more evident between the integrated AEDES form and
the “with revisions” model. Figure 3.11 shows the buildings distri-
bution on the levels of damage calculated through the two models
and the observed data for municipalities fully detected by AEDES
forms. It is evident that both the models have a good compatibility
with the data.

Furthermore, a comparison between the two models only is shown
in Figures 3.12 - 3.13, in which damage buildings distribution is
calculated for municipalities with PGA < 0.05g and PGA > 0.20g,
respectively. It is shown that high discrepancies can be recorded
for low levels of damages and low PGA values, and on the contrary
less differences can be found for high PGA values in all levels of
damage, this is obviously justified by the assumptions of the “with
revisions” method.

At the end, Figure 3.14 summarizes the number of buildings in
each level of damage with reference to the whole area. A signi-
ficant result that must be highlighted is that there is more accord-
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ance of collapsed buildings between the “with revisions” model
and the effective AEDES forms. An analysis of the errors of both
methods in reference to effective AEDES forms shows that: both
methods overestimate the number of no damaged buildings (DO0),
but the error of the “with revision” method in reference to the AE-
DES form is higher; the “without revisions” method overestimates
significantly the high levels of damage (D3-D5). This shows that
the “with revisions” method is more reliable because while it is
reasonable that the AEDES forms are not compiled for undamaged
buildings (D0), it is very unlikely that for very damaged buildings
(D4-D5) the forms (which is the basis of requests for contributions
for seismic improvement and adaptation measures) are not com-
piled. Furthermore, it is important to note that the “with revisions”
method slightly underestimates the number of buildings with high
damage levels (D4-D5), but this is caused by the intrinsic error of
ISTAT 2001 database which, by confusing buildings and aggreg-
ates, provides a smaller total number of buildings than effective.
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Chapter 4

Seismic behaviour of masonry
buildings, out of plane and in

plane, through limit state and
D.E.M. analyses

4.1 Introduction

Seismic global behaviour of an unreinforced masonry building strictly
depends on the combination of the typological vulnerability factors
of the considered structure (quality of the masonry, typology and
stiffness of the floor, typology and stiffness of the roof, connection
among orthogonal walls, connection among bearing-walls and ho-
rizontal structures, etc). The collapse of a structure can be reached
for

e Global mechanisms of collapse: the mechanism involves
the structure as a whole. Before the collapse, the structure
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reached a state of cracking that compromised the equilibrium
of the entire system.

e Local mechanisms of collapse: : the mechanism involves
marginal parts of the structure but their evolution, even if
determines the collapse of a single element, does not involve
the whole structural equilibrium.

MEDEA, a tool developed by the PLINIVS Study Centre for Civil
Protection, contains a catalogue describing the mechanisms of global
collapse of masonry and reinforced concrete buildings. The main
global mechanisms related to masonry reported in the tool are shown
in Figure 4.1. The effective collapse of a structure always occurs
through the overturning of a facade or of one of its part, out of
its geometric plane. This kinematic mechanism, however, can be
activated after that the walls connected to the overturning facade
are no longer able to resist to the seismic forcing that strikes the
structure. When the resistance of these walls is remarkably low,
or if the connections among the walls is not able to create an effi-
cient interaction, it is possible to simplify the analysis considering
the kinematic aspects only on the facade invested by the out of
plane seismic force. This case is quite recurrent for very vulner-
able buildings, defined as class A buildings. In literature, many
treatments study these cases through the kinematic theorem of the
limit analysis in which a collapse multiplier is estimated exploiting
the Virtual Work Principle written for the considered mechanism
analysed. A series of surveys on buildings collapsed as a result
of seismic events have shown that the mechanisms that most fre-
quently lead to the collapse of the structure are the simple over-
turning, the overturning for vertical flexion and the overturning for
horizontal flexion. In the first part of this Chapter, the procedure
to analyse the facade behaviour exploiting the limit analysis for
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Figure 4.1: Global mechanisms of collapse for the masonry buildings according
to Medea
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these three collapse mechanisms. In the second part of this work is
described the methodology used to define the in plane behaviour,
with the aim to investigate the contribution of walls to resistance
with reference to the seismic actions. To this purpose, a discrete
element analysis (micro-modelling) has been used on walls made
of rigid bricks and regular texture. Within the model, the crisis of
the wall can only be reached by the breakage of the mortar and the
consequent sliding between the bricks. Surveys were conducted on
the formation and quantity of dislocations that are formed on the
walls involved for resistance to the growth of seismic force. Af-
terwards, threshold limit values were defined for wall dislocations
and for the identification of damage levels.

4.2 Model of the out of plane behaviour -
Limit analysis

In the first part of this Chapter has been described the used method-
ology to evaluate the out of plane behaviour of the masonry walls
under seismic actions. To this purpose a study based on the limit
analysis for masonry structures has been adopted, combining the
equilibrium contition of the wall with its potential kinematism. The
masonry blocks are considered as rigids.

The Heyman assumptions are on the basis of the treatment: no
tensile strength, infinite compressive strength and no sliding fail-
ure. In the analyses a single wall of the structure is considered and
all the connected elements are modelled as applied forces. The ap-
plied loads are the permanent ones (verticals P; and horizontals F;)
and the seismic ones (horizontal only) that are obtained moltiply-
ing the vertical permanent ones with a factor «;.

A configuration of the wall is defined cinematically possible if it
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guarantees that the work produced by the loads P;, F; and «;P; and
the internal work associated to the deformations are equals. How-
ever, considering that rigif blocks have been assumed, the internal
work of the wall is equal to zero. The lower value a able to activate
the kinematism is defined as the collapse multiplier. Its evaluation
can be done through the calculation of the virtual work theorem as
in the equation 4.1, in which x and y represent the horizontal and
vertical coordinates of the point in which is applied the considered
force in respect to the rotation center.

ZP,--xpl,+ZFi-yFi+a/Zyi-upi:0 4.1)

According to the MEDEA tool, a methodology developed by the
Italian Civil Protection with the aim to evaluate damages caused
by seismic actions on masonry and R.C. buildings, the determin-
ation of the collapse multiplier has been specialized for the most
common out of plane mechanisms: simple overturning, vertical
bending, horizontal bending. In particular, for each considered kin-
ematism the hinge configuration has been adopted and the virtual
work theorem has been used to estimate the multiplier. In the eval-
uations the following quantities has been considered.

e ( is the collapse multiplier;

e W; is the weight of the wall i;

Fy; s the vertical component of the vault on the floori;

Fy; 1s the horizontal component of the vault on the floori;

Py, is the weight of the floor on the wall i;

N 1is a generic vertical load on the wall i;
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e Py is the horizontal contribute of the roof;
e T, is the action of the tie on the wall i;
e s, is the thickness of the wall i;

e }; is the vertical distance of the floor i or the tie i from the
hinge;

e [, is the length of the element i;

e Xxg, is the horizontal distance of the weight of the element i
from the hinge;

® yg, is the vertical distance of the weight of the element i from
the hinge;

e d is the horizontal distance of the generic vertical load on the
element i;

e ¢; is the horizontal distance of the generic vertical load on
the element i;

e hy, is the vertical distance of the horizontal force of the vault
I

e dy, is the horizontal distance of the vertical force of the vault
I
At the end, the corresponding a, value of the trigger seismic base

acceleration has been computed throught the equation 4.2

(04
ag = ?q 4.2)

where:
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Figure 4.2: Simple overturning of one floor in a buildings wih more floors

« is the collapse multiplier;

q 1s the ductility factor;

S 1s the subsoil factor;

g is the gravity acceleration.

4.2.1 Simple overturning

The simple overturning kinematism consist in a rigid rotation of
a facade around a hinge on the basis or in the middle of the wall
(Figures 4.2 and 4.3 respectively). In Figure 4.4 the kinematism
has been represented in the transverse vertical section assuming a
counter-clockwise rotation.

On the basis of the quantities reported in Figure 4.4, the multiplier
a able to activate the mechanisms can be calculated through the
equation 4.3.
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Figure 4.3: Simple overturning of the wall

2iWi5 + Fydy, + Ps,di + T; % h; — Fy.hy, — Py)

4.3
Zi Wini + FVihVi + PSihi ( )

a

4.2.2 Vertical bending

The vertical bending kinematism involves in a vertical instability of
the wall induced by the seismic inertial forces and the action of an
intermediate floor (Figure 4.5). Rarely, it can be activated on one
floor since the inertia of the wall (Figure 4.6). In the first case, the
hinge is located in correspondence of an intermediate floor, while
in the second case is on a point of an interstorey wall.

Figures 4.8 and 4.7 respectively show the cases in a section view.
On the basis of the quantities reported in Figures 4.8 and 4.7 re-
spectively, the multiplier @ able to activate the mechanisms can be
calculated through the equations 4.4 and 4.6. The quantity E in the
equation 4.4 has been reported in the equation 4.5.

E
Wiy6, + Fy,hy, + Ps,hp + (Wayg, + Fy,hv,) it

a 4.4)
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Figure 4.4: Simple overturning - a section view
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Figure 4.5: Vertical bending for a building of two floors

Figure 4.6: Vertical bending for one floor
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Figure 4.8: Vertical bending for two floors, a section view
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W

E = 751 + Fy,dy, + Wy + Ps, + N + Fy,) s>+
hy W
+ h—1(72s2 + Ps,a; + Nd + Fy,dy, — Fy,hy,)+ (4.5)
2

+PSla1 _FthV1 + Thp

(/J— )(Nd + Psa + Fydy — Fyhy) + s(W + NPg + Fy)
(1 - 1)(W£ +2Fyhy)

a=72

(4.6)

4.2.3 Horizontal bending

The horizontal bending mechanism refers to two adiacent panels
and it 1s related to arch mechanisms induced, within the wall sec-
tions, by out-of-plane actions (Figure 4.9).

In such a case, thre hinges, as reported in Figure 4.10, are con-
sidered. Moreover, a horizontal force accounting for architectural
constraints, such as the action of steel ties has to be considered.
On the basis of the quantities reported in Figure 4.10, the multi-
plier a able to activate the mechanisms can be calculated through
the equation 4.7.

H-s(1+ i—;) = 2i(Puad; + Pyody)

a =
L L
W]XG] + WZL_;'XG2 + Zi(PV,-ld,'l + PViQdizL_;)

4.7)

4.3 Model of the in plane behaviour - D.E.M.
analysis

In this second part of the chapter, the adopted methodology used
to estimate the in plane behaviour, under a seismic action, of a
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Figure 4.10: Horizontal bending, a section view
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good quality wall masonry is presented. A micro-modelling has
been used that through a discrete element method describes the
kinematic and static configuration of each part of the studied wall.
This model is specific for good designed wall masonry, since their
ability to oppose to the out of plane kinematism, so rigid blocks
regularly disposed have been considered to create the facade. Since
rigid blocks have been assumed, the crisis of the wall under seis-
mic actions can occur statically for the breackage of the mortar
and, consequently, kinematically for the sliding of the bricks. The
interaction among the elements is represented through a stiffness
matrix, and its quantities are estimated on the basis of the mortar
properties (i.e. mechanical characteristics and geometry).

The built method exploits a dynamic analysis. The period of the
seismic sollecitation is discretized in time steps compatibles with
the frequencies of the elements of the system, and for each time
step the Newmark Method is applied. The Newmark Method cal-
culates for each step the final kinematic quantities (displacements,
velocities and accelerations) of each element of the wall on the
basis of the initial ones and of the increments of the external forces
in the considered time. The external forces applied on the wall
are representative of the seismic actions only. In this work, hori-
zontal seismic actions that linearly increases in the time have been
considered. In particular, its increment in each time step has been
defined as percentage of the gravitational forces or vertical loads
applied to each element.

Starting from the kinematic values estimated for the rigid blocks,
the tensile configuration in the mortar in each time step is calcu-
lated and a check of the sollicitation with the limit tension values
of the mortar is done. On the basis of this check, i. e. the verific-
ation of eventual cracks in the mortar and new disposition of the
blocks, the interaction among the elements is updated through new
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stiffness and frictional laws adopted for the subsequent step.

At the end, the achievement of a level of damage is defined on the
basis of the percentage of cracks on the masonry wall and the re-
ciprocal distance between contiguous elements. In particular, when
the condition of equilibrium between two contiguous elements can-
not be verified, the kinematism is actived and the analysis stops. In
particular, when the condition of equilibrium between two contigu-
ous elements cannot be verified, the kinematism is actived and the
analysis stops.

4.3.1 The wall discretization

The discrete element analysis proposed in this work has the aim
to define the in-plane behaviour of a facade of a building under a
seismic action. Both sollicitation both the investigated behaviour
of the wall are in the plane of the facade, so a 2D model has been
adopted. Also, since good designed masonry only has been con-
sidered, the wall has been subdivided in single rectangular bricks
with a regular pattern, and modeled as rigid blocks with infinite
resistance. The bloks are connected through a deformable mor-
tar with a finite resistance. This connection is modelled through a
sample of points, called control points, disposed on the edges of
the elements, at which the interaction law depending on the mech-
anical characteristics and the geometry of the mortar is associated.
At each control point, also, the portion representative of the contact
area between contiguous elements is assigned. An example of the
elements representative of the wall is reported in Figure 4.3.1 and
the considered modelling in 2D of the wall is represented in Figure
4.3.1, in which different colors have been used to indicate different
interaction laws among the elements.

The wall is predominantly constituted by blocks having the same
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rigid block  deformable mortar

Figure 4.11: The elements constituting the wall

dimensions. However, to ensure the perfect fit of the facade some
blocks with an half length are needed on the extremities, as shown
in the Figures 4.3.1. On this basis, one or two control points are
assigned depending on the geometry of the elements. In the first
case, the control point is located in the centre of the edge, while in
the second cases they are located on 1/4 and 3/4 of the length of
the edge.

The portion representative of the contact area associated to each
control point depends on the depth of the element and on the num-
ber of points on the edge. If one point is associated to the edge, the
total length of the block is used to define the contact area; while if
two points are associated to the edge, just half of the length of the
block is used (Figure 4.3.1).

Both normal and tangential forces act on the contact area, and they
depend on the reciprocal displacements of contiguous elements and
on the stiffness values of the mortar. With the aim to calculate the
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Figure 4.12: The modelling of the wall: the control points

Figure 4.13: The contact areas associated to the control points
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Figure 4.14: Reference Systems associated to the control points of an element

forces components in these areas, a specific reference system with
normal and tangential axes has to be associated to each control
point and, also, a relationship between two control points belong-
ing to two different elements has to be estabilished. The refer-
ence system have been defined so that the normal axis goes out-
ward from the element and the tangential one is rotated counter
clockwise in respect to the normal. In Figure 4.3.1 the reference
system of the control points associated to a single element have
been presented. The connection between two (and two only) con-
trol points is estabilished by the tool on the basis of their global
coordinates and on the angle generates by their normal axes. In
particular, at each time step the procedure verifies if the distance
between two generic contact points of the system and the angle
generates by their normal axes are minor of fixed values of toller-
ance. If this check is satisfied, it means that the considered points
are close enough, and their lying are such that the two elements
manage to interface. In Figure 4.3.1 an example of check is repor-
ted.

109



Chapter 4. Seismic behaviour of masonry buildings, out of plane
and in plane, through limit state and D.E.M. analyses

CONNECTION NOT VERIFIED

r———"—" Tt " Bl
CONNECTION VERIFIED |
|

du < distance tollerance du > distance tollerance

CONNECTION NOT VERIFIED CONNECTION NOT VERIFIED

|

i

! |dgn| < angle tollerance | |dgn| < angle tollerance
| |

| |

| |

| — | !

| |

| |

| |

| |

| D |

| |

—_— 4
| du < distance tollerance | du > distance tollerance
! |dgn| > angle tollerance | |dgn| < angle tollerance
|

|

|

i

: |

|

‘ 1

}

|

|

|

|

|

|

|

|

|

Figure 4.15: Verifying of connection among the control points

4.3.2 The static values in the contact points

At each control point of the wall system, one normal and one tan-
gential force is assigned (F,, and Fr respectively) on the basis of the
contact law and the relative displacements of the connected control
point. The interaction between two control points can be governed
by an elastic law if there are no cracks in the mortar, or by a fric-
tional law if the crack is verified. The developed procedure always
calculates the elastic quantities by the equations 4.8 in which:

e k, 1s the normal stiffness associated to the investigated con-
trol point i

e k, is the tangential stiffness associated to the investigated
control point i
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e d,, is the relative displacement with the connected control
point j in the direction of the normal axis associated to the
investigated control point i

e d,, is the relative displacement with the connected control
point j in the direction of the tangential axis associated to the
investigated control point i

Joi =k, - dy ji

Ju =k - dt_,‘i

The equations 4.8 can be written synthetically as in the 4.9. If the

crack is verified and field is frictional, the procedure deteles the

elastic contributes associating zero values to the stiffnesses para-

meters k,, and k, where necessary. The frictional contribute is,

instead, taked into account through a force vector associated to the
element at which the control point belongs.

fi = ki . dji (49)

(4.8)

In the following, the model of the mortal behaviour on the basis of
the cracks and the evaluation of the relative displacements between
two connected control points is presented.

The relative displacements between the contact points

The displacements of the contact point j in the local system of the
contact point i can be written on the basis of the global displace-
ments of the points i and j as in the 4.10, according to the quantities
reported in Figure 4.3.2

dn;| _ | cose,, sing, up -
il P I

—sing,, cos¢,| |v;—v

in which:
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y dn = U-cosQn + v-singn
d; = u-cos@; + v-sing;

P

Pn

Figure 4.16: Displacements in the local system

e ¢, is the angle that the normal axis of the reference sys-
tem associated to the point i generates with the x axis of the
global reference system;

e u; and v; are the horizontal and vertical displacements of the
point i in the global reference system;

e u; and v; are the horizontal and vertical displacements of the
point j in the global reference system;

The equation 4.10 can be synthetically written as in the 4.11
dji = Ri - Au (411)

in which di is the vector of the relative displacements of the point
Jj 1n the reference system of the point i, R; is the rotation matrix and
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Au is the relative displacements between the point j and the point
Since the elements of the system are rigid, the displacements of an
its generic control point i belonging to the element e in the global
reference system can be written as in the 4.12

UG

ui| _ 1 0 —Ayi ¢

M‘[O 1 Axl.]' VGe “@.12)
ba.,

in which:

® ug, 1s the horizontal displacement associated to the barycen-
ter G of the element ¢;

e Vg, is the vertical displacement associated to the barycenter
G of the element e;

® ¢, is the rotation associated to the barycenter G of the ele-
ment e;

e Ax; is the horizontal coordinate of the point i in the baricenter
reference system of the element e;

e Ay; is the vertical coordinate of the point i in the baricenter
reference system of the element e.

The equation 4.12 can be synthetically written as in the 4.13, in
which the matrix B, contains the coordinates of the point i in the
barycentric reference system of the element e.

u; = Bei - Ug, (413)

At the end, using f to indicate the element at which the point j
belongs, the displacements of the point j in the local system of the
point i can be written as in the 4.14.

dji = Ry - (Be; - ug, — By, - ug,) (4.14)

113



Chapter 4. Seismic behaviour of masonry buildings, out of plane
and in plane, through limit state and D.E.M. analyses

The mortar behaviour

In the initial step of the procedure, all the control points of the
model are in the elastic field, and at each one of them normal and
tangential stiffness values k, and k, are associated. Their values are
calculated as reported in the equations 4.15 and 4.16 in reference
to a generic control point i,

E-b, -s;
Ky, = M (4.15)
Sm
G-(b, -s;
k= % (4.16)

in which:
e FE is the normal elastic modulus of the mortar;
e G is the tangential elastic modulus of the mortar;

e b, is the length of the element associated to the control point
i on the considered direction;

e s; is the depth of the element at which the control point i
belongs;

e 5, is the width of the mortar.

When the analysis is processed, the tensile configuration of the
contact area in each time step is estimated exploiting the 4.17 and
4.18, in which A; is the area associated to the contact point.

fo
L 4.17
=% (4.17)
4 Af_tl (4.18)



These values are compared with the limit ones associated to the
mortar. In particular, about the normal values the procedure con-
siders an infinite value of comprehessive resistance o, 5, and a
finite value of tensile resistanace o, ;,y depending on the quality of
the mortar. The limit tangential value of mortar is calculated with
the Coulomb Law in the 4.19,

Oimax = C+ 0y, - tan6 4.19)
in which:
e ¢ is the coesion of the mortar;
e o, is the normal tensile sollicitation;
e 0 is the attritive angle of the mortar.

If one of the conditions in the 4.20 is true, the crack is verified
the law that governs the interaction between the connected control
point is frictional.

n < On,in
Tn = Tninf (4.20)

|0-t| > O-Z,max

In this field, another check has to be done to estabilish the new
contact law, i. e. if on the contact surface there is a comprehessive
or a tensile sollicitation. In the first case, the interaction between
the contact points is estabilished yet while in the second case the
behaviours of the two faces are independents. The comprehess-
ive or tensile sollicitation is estimated on the basis of the relative
displacements of the connected points in the previous step. If a
comprehessive configuration results in the previous step then the
normal stiffness value k, associated to the control point is calcu-
lated as in the 4.15, while if a tensile configuration results then
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Table 4.1: Stiffness values in elastic and frictional fields for the control points

Elastic Field | Frictional Field
Compressive = Bty k, = E~(fp's)
Tensile T sm k=0
: _ G(bps) k=0
Tangential k, = —= F-p.F,

stiffness value &, is considered equal to zero. At the end, the tan-
gential value k, associated to the point is considered equal to zero,
and the tangential force contribute of the control point is calculated
as in the 4.21, in which u is the friction coefficient of the material.

Ji=p- fu (4.21)

It is, obviously obtained that if a tensile sollicitation is associated
to the point then the normal force F, is equal to zero and, con-
sequently, the tangential force F, is null, too.

In the Table 4.1 and Figure 4.3.2 the stiffness values in each pos-
sible configuration and the cycle of the check have been summar-
ized.

4.3.3 The stiffness matrix

The stiffness matrix describes the elastic relations among the ele-
ments of the wall. In Figure 4.3.3 an example of the composition of
a stiffness matrix for the represented six-elements wall is proposed,
in which:

e green submatrices K, represents the elastic relation of the
element with itself;

e light green submatrices K¢t represents the elastic relation
that the element i has with the element j;
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k, # 0
ke # 0

Figure 4.17: Cycle to define the mechanical field of the mortal in the control
points
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STIFFNESS MATRIX
+4 Ky | K | Ko | Ki | Kis | Kg

Ko [ Koz | Kog | Kag | Kos | Kog

Kai | K2 [ Kag | Ko | Kas | K

Kar | Kiz | Kag | Kag | Kis | Kag

+ Ksi | Kez | Keg | Kss [Kes | Kg

Kot | Ko | Kes | Kea | Kes |'Keg

Figure 4.18: Example of the composition of the stiffness matrix

e white submatrices K¢, constituted by all elements equal to
zero, represents the no relation between the element i with
the element j.

Furtherrmore, the stiffness matrix represents the relation between
the vector F representative of the elastic forces Fg , Fg, and Mg,
applied in the baricenter of the elements, and the vector d repres-
entative of the displacements ug, v and ¢¢ of the baricenter of the
elements.

In the procedure the stiffness submatrix relative to each single ele-
ment of the wall (Figure 4.3.3) is estimated and, at the end, the
global stiffness matrix is assemlbed.

The stiffness submatrices of each element have been defined through
a condition of elastic equilibrium. Set e to indicate the analysed
element and F to indicate the generic element to e through control
points. Set, also i and j to indicate the connected control points of
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Figure 4.19: Example of the composition of the submatrix of the element 1

the elements e and f respectively. Exploiting the equations 4.11,
4.15 and 4.16 the normal and tangential components of the elastic
forces assigned in each control point i of the analyzed element e
through the 4.9. As shown in Figure 4.3.3, the local forces f; can
be written in the global reference system as in the 4.22.

F,=R{-f, (4.22)

in which F; are the components of the force assigned to the point
i in the global reference system and R is the rotation matrix intro-
duced in the equation 4.11.

Using Fg, to indicate the forces applied in the baricenter of the
element e, the equilibrium condition of the element in respect to its
baricenter can be written as in the 4.23

Fs. =B! -F, (4.23)
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y Fry, = Fn - cos@n Fi, = Fy - cosgy
Frv=Fn-singn  Fy =F; - singy

Fo = kydh

Fizked, R
[

P

Figure 4.20: Example of the composition of the stiffness matrix

in which B! is the transposed of assembled matrix B, of the sub-
matrices B, introduced into the 4.13. At the end, substituting the
4.11, 4.15 and 4.16 the 4.24 is obtained.

Fg, =B} ‘R -k.-R. - (B - ug, — B - ug,) (4.24)

From the 4.24, the submatrices of the element e can be obtained as
in the 4.25 and 4.26.

K. = B! R} - k. R, - B (4.25)

K =B RT -k, -R, - By (4.26)
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4.3.4 The mass matrix

The mass matrix is obtained assembling the mass submatrices as-
sociated to each element of the system. The mass is a specific
quantity associated at each element, and it does not generate rela-
tions with the other blocks. For this reasons, the sumbatrices Mg
representatives of the mass relation between the generic elements
e and f is null. The submatrix M, instead, depends on the mass
m, of the element e, calculated as in the 4.27,

My =%, b, h,-s, (4.27)
in which:
e v, is the relative density of the element e;
e b, is the length of the element e;
e 1, is the heigh of the element e;
e s, is the depth of the element e.

The submatrix M., associated to the element e is obtained as in the

4.28,
1 0

0
M.={01 0|m (4.28)
0 0 p?

in which p, is the radius of the polar gyration of the element e in
the plane xy.

e,xy

4.3.5 The damping matrix

Whit the aim to avoid resonance problems in the model, a damping
matrix has been introduced, that contents the velocity components
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in accectables range.
The values of the used damping matrix has been considered as per-
centage of the critic damping C¢ calculated in the 4.29

Cc=2VKTM (4.29)

in which K and M are the stiffness matrix and the mass matrix
respectively.

The damping matrix C considered in the procedure is the 5% of the
critic one, as reported in the 4.30.

C=0.05-Cc (4.30)

4.3.6 The Newmark method

The Newmark Method belongs to the family of the methods to
finite differences. This model provides for the discretization of
the time interval of analysis in fixed time steps At. In particular,
knowing the configuration of the system at the initial instants, this
method evaluates the solution at the subsequent time step. This
solution becomes the initial condition for the next calculation step.
The balance problem is governed by the generic equation given in
the 4.31.

Mii(t) + Cu(t) + Ku(t) = F(t) (4.31)

in which:
e M is the mass matrix of the system;
e C is the damping matrix of the system;
e K is the stiffness matrix of the system;

e ii(t) is the acceleration vector of the system in the instant t;
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e u(t) is the velocity vector of the system in the instant t;
e u(t) is the displacement vector of the system in the instant t;

e F(t) is the external forces vector applied to the system in the
instant t;

The unknowns of the problem are the kinematic variables. Exploit-
ing the Lagrange method, the relations among these variables can
be expressed. In particular, using j to indicate the generic time
step, velocity and displacement can be written as in the 4.32 and
4.33 respectively.

flj+l = uJ + At [(1 - ’}/) LlJ +y ﬁj+1] (432)

Ui = Uy + At + 0.5 - AC[(1 - 2B)ii; + 2 iijy1] (4.33)

where At is the time step.
Replacing the 4.32 and 4.33 in the 4.31 the 4.34 is obtained, an
equation in which the only unknown is the ij,;.

Mﬁj+1 + C{ll] + At[(l - ’)/)UJ + ’yﬁj+1]}+

. iy " (4.34)
+K{u; + Ati; + 0.5At[(1 — 2B)il; + 2Biii, 11} = F(1)

Introducing the quantities M* and F* like as in the 4.35 and 4.36
respectively, the Ui, can be estimated as in the 4.37.

M* =M + CAty + KAB (4.35)

F* = Fj,; + (CAty + KACB — CAt — 0.5KA®)i;

_ (4.36)
—(C + KAt)Uj - Kllj
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F*
M+
At the end, the {ij,; can be replaced in the 4.32 and 4.33 so that the
kinematic configuration of the system can be known.

(4.37)

Ujp =

4.3.7 The time step

The definition of the time step depends on the natural period of
the elements of the system. The equation of motion of a linear
system with multiple degree of freedom, not damped and with a
free vibration assumes the form in the 4.38.

Mii(t) + Ku(t) =0 (4.38)

where 0 is a vector with all-zero components. Exploiting the ana-
logy with the behaviour of a system with a single degree of free-
dom, it is assumed that the motion in free vibration is harmonic
and assumes the form reported in the 4.39.

u(t) = 0 - sin(wt + 6) (4.39)

in whicn i is a vector that does not depend on time and represents
the shape of the configuration of the system during the cycle. The
amplitude of this shape varies over time according to the function
sin(wt + 6) and 6 is the phase angle. Deriving twice the 4.39 it is
obtained the 4.40.

ii(t) = —w” - @ - sin(wt + O%) (4.40)

The system always admits the trivial solution @ = O that corres-
ponds to the configuration in which the system is motionless. The
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non-trivial solutions, that corresponds to the possible configura-
tions of dynamic balance, is obtained when the 4.41 is verified.

(K- w*M) =0 (4.41)

The values of w that gives the solution of the problems are given
by the 4.42.

w? = VMK (4.42)

that are the natural frequencies of each element of the wall. Keep-
ing in mind the relation between the natural period and the natural
frequency, the time step in the procedure is taken as the smaller of
the all natural periods of the system, calculated as in the 4.43.

At= (4.43)
max(w)

4.3.8 The achievement of the levels of damage

The dynamic analysis of the model can define the geometrical wall
configuration, the tensile field and the crack pattern in each con-
sidered time step. The definition of the level of damage of the
building used in this work is based on kinematic aspects, and it
takes into account the dislocations and the frictional field in the
considered wall.

It’s important to keep in mind that analyses study the structural part
of the building, so that the level of damage D1, that refers to the
not structural damage, can’t be efficiently estimated. Furthermore,
analytically it can be difficult to distinguish the partial collapse of
the building (D4) to the total one (D5). For these reasons, only the
vulnerability curves in reference to the levels of damage D2, D3
and D4 are calculated.

Specifically, the adopted limit values are:
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e D2 isreached 30% of the contact points are in frictional field;

e D3 is reached the first time that two elements are distant
more than 2 mm;

e D4 is reached the first time that two elements are distant
more than 1/4 of the basis of the elements.

4.4 The vulnerability factors

The vulnerability factors considered in the model can be classified
in three typologies: material modifier, geometrical modifier and
typological modifier. In the first group there are the mechanical
characteristics of the mortal. In particular, the parameters that must
be defined are:

e FE, the elastic modulus of the mortar;

e >, the Poisson modulus of the mortar;

¢, the cohesion of the mortar;

¢, the attritive angle of the mortar;

O n,ins the limit value of traction of the mortar.

In the second grout there are the geometrical parameters of the ele-
ments and mortar, and the dimension of the wall and opening. In
particular:

e D, the length of the element;

e h, the heigh of the element;
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e s, the depth of the element;

e s, the thickness of the mortar;
e B, the base of the wall;

e H,, the heigh of a single storey;
e B,, the base of the windows;

e H,, the heigh of the windows.

In the third group there are the typological characteristics of the
masonry buildings. In particular, the considered modifier have
been:

the number of floors (Figure 4.4);

the type of horizontal structure (Figure 4.4);

the horizontal connections (Figure 4.4);

the number and the position of the openings (Figure 4.4).

Number of floors

The number of floors is the easier parameter to insert in the model
because it’s enough to insert another brick row covering a further
inter-storey. Although it is particularly easy to model this type
of parameter, it should be noted that the number of plans is one
of the parameters that most affects the computational burden of
the model. Consider, for example, that the basic dimensions and
height of a blind facade and the dimensions of the block are fixed.
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Figure 4.21: Vulnerability factor: number of floors

Figure 4.22: Vulnerability factor: horizontal structure
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Vulnerability factor: horizontal connections

Figure 4.23

Vulnerability factor: openings

Figure 4.24

129



Chapter 4. Seismic behaviour of masonry buildings, out of plane
and in plane, through limit state and D.E.M. analyses

If you increase the number of planes from one to two, the num-
ber of elements to be considered in the modelling doubles, and the
stiffness, mass and damping matrices quadruple the number of ele-
ments. For this reason, the variability of the parameter is restricted
on the choice of 1 or, maximum, 2 floors, also according to the
sample reference for the C class.

Horizontal structure

The horizontal structure of the masonry building can be considered
rigid, if it’s realized in a concrete or steel material, or deformable,
if is realized in wood. In the first case, in the summit of each rows
of brick covering an inter-storey, another rigid block having the
length of the wall and the height of 0.30 m is insert, and all the
control points of the elements strictly above and below are connec-
ted to this rigid block. The weight of the floor is associated to the
rigid block.

If the horizontal structure is considered as deformable, there are no
rigid block insert in the wall, and the weight of the floor is associ-
ated to the last row of element that covers the inter-storey.

Horizontal connections

The horizontal connections are technological solutions often adop-
ted when the horizontal structure is not rigid. The variability of this
parameter is, for this reason, considered only when a deformable
horizontal structure is chosen in the model. In particular, if hori-
zontal connections are taken into account comprehensive solicita-
tions are applied on the external bricks of the last row of elements
of each storey.
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Openings

In the model is considered that each storey can have zero, one or
two windows. The insertion of the windows also requires introdu-
cing a lintel on the opening. Its dimensions are defined adding 0.30
m to the length of the window in horizontal, and it is of 0.30 m in
the vertical dimension.
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Chapter 5

Simulations and outcomes

The in plane and out of plane behaviour of the facades have been
investigated through the proposed methodologies for a sample of
masonry walls built ad hoc. In particular, four vulnerability mod-
ifiers have been taken into account (number of floors, horizontal
structures, ties and openings) and for each of them two classes of
variability have been considered. The uniform combination of the
class of parameters has been considered, and the sample of 2% = 16
buildings reported in the Table 5.1 has been obtained. For each
building of the sample the models for the out of plane and in plane
analyses have been adopted, and the PGA values that active the out
of plane kinematisms and the in plane levels of damages have been
estimated. The outcomes have been summarized in the Tables 5.1
and 5.2 for the in plane and out of plane analyses respectively.

On the basis of these accelerations, the vulnerability curves related
to each phenomena have been built. On the basis of the assump-
tion of uniform distribution of the walls in the sample, a probability
of occurrence equal to 1/16 has been assigned to each facade and
the vulnerability curves have been built as in the equation 3.2. In
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Table 5.1: PGA values for the achievement of the in plane levels of damage for
each building of the sample

floors l;(:::lzc(;gizl ties openings | PGAp, PGAps PGAp,
1 deformable yes 0 0.31 0.58 0.63
1 deformable yes 2 0.17 0.27 0.48
1 deformable no 0 0.06 0.14 0.26
1 deformable no 2 0.05 0.10 0.23
1 rigid yes 0 0.45 0.61 0.68
1 rigid yes 2 0.32 0.41 0.57
1 rigid no 0 0.30 0.38 0.56
1 rigid no 2 0.17 0.27 0.50
2 deformable yes 0 0.12 0.16 0.38
2 deformable yes 2 0.08 0.16 0.38
2 deformable no 0 0.02 0.09 0.16
2 deformable no 2 0.02 0.08 0.14
2 rigid yes 0 0.16 0.22 0.47
2 rigid yes 2 0.15 0.22 0.40
2 rigid no 0 0.07 0.15 0.31
2 rigid no 2 0.10 0.16 0.33
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Table 5.2: PGA values for the achievement of the out of plane mechanism for
each building of the sample

floors l:t)ll"lllzc(l);:il ties openings | PGA;, PGA,, PGA.,.
1 deformable yes 0 0.95 2.22 0.77
1 deformable yes 2 0.85 2.00 0.62
1 deformable no 0 0.33 2.22 0.77
1 deformable no 2 0.30 2.00 0.62
1 rigid yes 0 1.03 2.80 0.75
1 rigid yes 2 0.93 2.52 0.60
1 rigid no 0 0.42 2.80 0.75
1 rigid no 2 0.37 2.52 0.60
2 deformable yes 0 0.49 0.48 0.77
2 deformable yes 2 0.44 0.43 0.62
2 deformable no 0 0.07 0.27 0.77
2 deformable no 2 0.06 0.25 0.62
2 rigid yes 0 0.52 0.48 0.75
2 rigid yes 2 0.46 0.44 0.60
2 rigid no 0 0.09 0.29 0.75
2 rigid no 2 0.08 0.26 0.60
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In plane behaviour - level of damage D2
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Figure 5.1: Vulnerability curve D2 for the in plane analysis in reference to the
considered sample

Figures 5.1 - 5.6 the outcomes have been reported. ~ The vulner-
ability curves obtained for the in plane behaviour, representative
of the levels of damage D2, D3 and D4 (Figure 5.1 - 5.2 - 5.3 re-
spectively) show a perfect correspondence of building typologies
on the PGA values. With reference to the out of plane analyses,
the vulnerability curve of the simple overturning phenomena (5.4)
shows the high standard deviation of the function, contrary to the
vulnerability curve of the horizontal bending (Figure 5.6)for which
the sample shows a little variation. The vulnerability curve of the
vertical bending phenomena (Figure 5.5) is in the middle. The reas-
ons about the variability of these curves can be found in the Section
4.2, in which the equation for the evaluation of the collapse mul-
tiplier of the three collapse mechanisms have been reported. It is
shown that the equation for the evaluation of the horizontal bending
does not depends on ties and number of floors but just on the static
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Figure 5.2: Vulnerability curve D3 for the in plane analysis in reference to the

considered sample
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Figure 5.3: Vulnerability curve D4 for the in plane analysis in reference to the

considered sample
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Out of plane behaviour - Simple Overturning
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Figure 5.4: Vulnerability curve of simple overturning in reference to the con-
sidered sample

Out of plane behaviour - Vertical Bending

0.75 +
=
§ 05+ :
8 8
& "3
4
0.25 -

PGA [g]

Figure 5.5: Vulnerability curve of vertical bending in reference to the con-
sidered sample
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Out of plane behaviour - Horizontal Bending
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Figure 5.6: Vulnerability curve of horizontal bending in reference to the con-
sidered sample

and geometric quantities. The openings and horizontal structures
just light change the static values of the loads and consequently the
variability of behaviour of the building in the sample is contained in
reference to the horizontal bending. On the other hand, the simple
overturning depends on all the four considered parameters, so that
the variability of behaviour for the buildings in the sample is high,
consequently, its dispersion on the PGA. The equations of the ver-
tical bending show that if the building has one floor there is no
dependence of the phenomena by the ties, contrary to the case in
which the building has two floors. The buildings distribution on the
PGA values for the vertical bending is high influenced by the floor
of the buildings. In Figure 5.7 both the in plane curves than the out
of plane curves have been represented. It is shown that the vertical
and the horizontal bending always occour after the achievement of
the level of damage D4 in the plane. The simple overturning, in-
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; Vulnerability curves for in plane and out of plane phenomena
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Figure 5.7: Vulnerability curves of in plane and out of plane phenomena

stead, has a behaviour similar to the level of damage D3 in plane for
low values of PGA and overcomes the level of famage D4 in plane
for high values of PGA. It has to be considered that for buildings
without ties the box effect is not verified so the behaviour of the
orthogonal walls is independent. For this reason in this cases it is
reasonable that the overturning of a facade occours before than the
orthogonal wall reachs a level of damage equal to D4.

In Figures 5.8 - 5.11 the influence of the number of floors have been
represented for the in plane levels of damage D3 -D4 and the out of
plane mechanisms of simple overturning and vertical bending re-
spectively. At the same way, in Figures 5.12 - 5.15 the influence of
the ties have been represented. It has to be highlighted that the rep-
resentation of the influence of the ties for the vertical bending has
been expressed for buildings with two floors only since for build-
ings of one floor there is not the influence of the ties. The level of
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In plane behaviour - level of damage D3
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Figure 5.8: Vulnerability curve D3 for the in plane analysis with reference to
the influence of the number of floors

damage D2 difference for floors has not been represented since its
low interest on the definition of significant structural damage and,
on the other hand, the horizontal bending has not been represen-
ted since its no dependence by the considered parameters.

The Figures show that both for the in plane behaviour that the out
of plane behaviour, the buildings distribution on the PGA values
is more influenced by the presence of ties than for the number of
floors, except for the vertical bending. Furthermore, the influence
of both parameter is more significant for the out of plane behaviour
that for the in plane one. It corresponds to the concept that the high
inertia of a fagade in its plane guarantees a better and more predict-
able behavior in respect to its section, for which the inertia is very
low.

A study has, also, been focused on the influence of the ties on
the simple overturning for the box effect. In Figures 5.16 - 5.17
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In plane behaviour - level of damage D4
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Figure 5.9: Vulnerability curve D4 for the in plane analysis with reference to
the influence of the number of floors

Out of plane behaviour - simple overturning
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Figure 5.10: Vulnerability curve of simple overturning with reference to the
influence of the number of floors
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Out of plane behaviour - vertical bending
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Figure 5.11: Vulnerability curve of vertical bending with reference to the influ-
ence of t