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INTRODUCTION

INTRODUCTION

In the last ten years, a large number of losses have been caused by
earthquakes occurred in Italy (Abruzzo 2009, Emilia Romagna 2012,
central Italy earthquake 2016). The collapse of masonry buildings is the
primary cause for loss of life during an earthquake (Coburn & Spence,
2002), thus the strong interest to assess the seismic vulnerability of existing
buildings to prepare seismic risk mitigation plans.

A good semantic definition of vulnerability is given by Sandi [1986]: “the
seismic vulnerability of a building is its behaviour described by a cause-
effect law, where the cause is the earthquake and the effect is the damage”,
however beside this a quantitative definition within the framework of the
decision theory can be given: Vulnerability is the probability that an
element at risk of a given typological class (i.e. A, B, C, ....... ) can accuse a
level of damage (i.e. D1, D2, D3,......) consequent to the action of a given
level of hazard intensity (i.e. V, VI, VIL,....... ).

In order to perform vulnerability assessments of masonry buildings,
several approaches, each one related to a different level of approximation,
are available in the literature (Calvi et al., 2000). For the readet’s
convenience, such strategies can be grouped in two categories:

. Obsetved vulnerability /Statistical approach.

The vulnerability is derived from the synthetic analysis of the formal and
structural characteristics of the building.

A restricted number of building categories, called "vulnerability classes",
are identified as a function of the typological and structural characteristics.
Each class is then associated to an expected behaviour under seismic
action, this behaviour is described by a vulnerability function that generally
is calibrated by analyzing the damage observed during past events.
Applications of this method, using the Damage Probability Matrices
(DPM), were originally proposed by Whitman et al. (1973), who analyzed
the damages observed in more than1600 buildings after the 1971 San
Fernando earthquake, by Braga et al (1982,1986) after the 1980 south-
Italia earthquake and by Zuccaro et al (2000), Bernardini et al (2007a,
2007Db).
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INTRODUCTION

The validity of this approach is reliable on a large number of buildings
having characteristics to be included in specific vulnerability classes,
obviously it is not reliable for single buildings. On the other hand it has
the undeniable advantage of demanding both little information and rapid
processing. Furthermore, it is derived from observations of the actual
performance of assets in real earthquakes. For this reason it is useful for
investigating a wide range of buildings (urban scale or wider). The research
in this context aims to achieve a greater reliability of results while
maintaining an acceptable agility of the investigation.

. Calculated Vulnerability/ Mechanical approach.

The vulnerability evaluation is the result of accurate computations using
simplified limit state analysis on predefined categories of Structural
Mechanics.

The damage evaluation is formulated on the basis of analytical calculations
to determine the seismic response of the building, the stress and
corresponding strain state are derived.

In this way, the problem of seismic vulnerability of masonry structures is
developed in structural engineering terms. Vulnerability is computed as a
direct function of construction characteristics, structural response to
seismic actions and damage effects. Applications of this method can be
seen in the work of Giuffre (1991), Singhal and Kiremidjian (1996), Park
and Ang (1985), Masi (2003), Rossetto and Elnashai (2005), Dumova-
Jovanoska (2004), D’Ayala et al. (2015).

This approach provides assessments certainly more reliable on single
buildings, but it requires detailed knowledge of technical features of the
buildings and the development of time consuming structural calculations.
Therefore it is difficult to implement at large scale.

Despite its robustness, the mechanical approach requires a detailed
knowledge of structural features of the analyzed buildings and high
computational efforts in computing the structural responses and, for these
reasons, it is hardly implemented at a large scale.

In order to overcome the drawbacks of both these strategies, hybrid
methodologies, aiming at combining the results of a simplified mechanical
model with the vulnerability evaluations of a statistical approach, have
been recently proposed. Their main philosophy consists in enriching a
limited dataset, which is statistically analyzed, by the computation of

12



INTRODUCTION

simulated mechanical data or, alternatively, to introduce probabilistic
corrections, derived by observed dataset, in a mechanical model, see, e.g.,
Cavalieri et al. (2017).

Following a hybrid approach, the procedure presented in this dissertation
aims to develop collapse probability distribution for a set of building
classes suitable for the Italian structural typologies. In particular, the
statistical data derived by the survey of about 250,000 buildings is adopted
to randomly generate a virtual set of mechanical models where each
instance is characterized by mechanical properties relevant to a typological
class according to the vulnerability assessment method proposed by
Zuccaro et al. (2012). The structural models are analyzed by means of
simplified limit state analysis procedures in order to evaluate their seismic
response and to compute the vulnerability probability curves, expressed in
terms of seismic acceleration for each typological class.

In particular, the adopted hybrid methodology, aiming to determine the
vulnerability curves as functions of the structural typology and of the
seismic acceleration, can be described in the following steps both statistical
and mechanical nature:

. Statistical analysis of existing masonry buildings. The analysis, pursued
thanks to the PLINIVS Study Centre' Database, is based on the
survey performed all along the Italian peninsula. About 250,000 of
the residential masonry buildings (ISTAT Census 2011) have been
surveyed distributed on about 600 municipalities. This analysis has
allowed to investigate the geometrical and structural characteristics
of Italian masonry buildings and identify the recurring
combinations of these characteristics. The probability of
combination between a particular characteristic (e.g. type of
vertical structure) and other features (e.g. type of horizontal
structure, presence of ties, etc.) have been then evaluated.

i.  Iterative model generation. An iterative procedure has been
implemented by an ad-hoc software developed in order to
generate virtual model of buildings (about 100,000). The program
adopts a random assignment procedure of the structural

1 PLINIVS Study Centre for Hydrogeological, Volcanic and Seismic Engineering.
University of Naples, Italy. Centre of competence of Italian Civil Protection.
www.plinivs.it
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INTRODUCTION

characteristics whose probability distributions are known from
previous step.

. Seismic Vulnerability classification by “SAVE” method’. The generated
virtual buildings have been classified in vulnerability classes (A, B,
C, D) according to the assignment procedure based on the criteria
defined in the "SAVE" project (Zuccaro et al. 2015).

1v. Collapse Mechanisms calenlation. For each virtual building the trigger
acceleration (ag) responsible of the relevant Collapse Mechanisms
have been computed. The mechanisms considered, assumed with
reference to the classification adopted in the MEDEA
methodology (Zuccaro and Papa, 2002), are: in-plane (shear crack,
failure by slip and buckling failure) and out-of-plane (simple
overturning, vertical bending and horizontal bending) collapse
mechanisms.

w.  Vulnerability curves assessment. Collecting the obtained results, for
each typological class (A, B, C, D), vulnerability curves are built,
expressing the collapse probability as a function of the ground
acceleration (ag ).

The approach adopted constitutes a preliminary study to understand the
basic seismic behaviour of the ordinary masonry buildings. Further
developments of this research will include additional improvements also
in dynamic state, able to identify a more accurate evaluation of collapse
accelerations  (Boothby, 2001; De Jong, 2009), considering
micromechanical modelling of failure (effects of deformations in the
mortar joints, detailed properties of the material, irregularity in the panels,
etc.) and more detailed sensitivity analyses on the observed data used and
on their reliability.

2 “SAVE” - Updated Tools for the Seismic Vulnerability Evaluation of the Italian Real
Estate and of Urban Systems. National Research project funded by Italian Government

14



SUMMARY

SUMMARY

This dissertation includes a detailed analysis of the seismic vulnerability
assessment of the masonry buildings. Chapter 1 starts from the definition
of the seismic risk assessment and reviews the relevant literature for the
buildings seismic vulnerability assessment. In particular, this study
discusses the current state of the buildings seismic vulnerability
approaches (observed vulnerability, calculated vulnerability and hybrid
approach) and their assessment tools (damage probability matrices,
vulnerability index method, vulnerability curves).

Moreover Chapter 2 includes details about the mechanical characteristics
of the masonry structure and its constitutive models. Chapter 3 includes
an analysis of the no-tension material (NTM) according to Heyman
(Heyman, 1966; Heyman, 1969) assumptions. In particular the chapter
reviews some formulations of the constitutive problem of no-tension
material, all based on the use of mathematical algorithmic (Del Piero
(1989), Baratta et al. (1991, 2005), Addessi (2014)).

Chapter 4 analysed the collapse mechanisms (in-plane and out-of-plane)
potentially triggered in masonry buildings by the seismic action. This work,
based on Heyman's general principles of limit analysis (Heyman 1960,
1995, 1998), examines the collapse mechanisms of masonry structures in
response to horizontal ground accelerations. The masonty structure is
analyzed using rigid block or “macro-elements” analysis based on
equilibrium and making work calculations in order to verify the stability
of the structure and determine the critical collapse mechanism. In
particular in paragraph 8.7 the study of the mechanisms of collapse is used
to analyze the seismic damage caused by the earthquake that hit the central
Apennines on 24th August, 2016. In particular, among all towns, it is
investigated the case study of Fonte del Campo.

The hybrid vulnerability approach presented in this dissertation is analysed
in Chapter 5, which also summarizes the iterative procedure adopted in
this research based on a Montecarlo simulation analysis.

Numerical results are presented by discussing the failure probability curves
relevant to each collapse mechanism, and by computing the vulnerability
curves of each structural typology, shown in Chapter 6.
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SUMMARY

The presented results are compared with alternative strategies, such as the
approach proposed by Cattari et al., (2014) and the procedure presented
by Zuccaro et al. (2015). A brief discussion on such comparisons and on
the robustness of the proposed algorithm is reported in paragraph 6.2;
Finally, conclusions and future work are summarized in Chapter 7.

16



SEISMIC VULNERABILITY

1 SEISMIC VULNERABILITY

1.1 SEISMIC RISK ASSESSMENT

Every year, from 1700 to 2500 earthquakes equal to or greater than
magnitude 2.5 occurred in Italy (INGV database) (Fig. 1). These
earthquakes range from very small events felt by only a few individuals to
great earthquakes that destroy entire cities.
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Fig. 1 The seismic activity map recorded by INGV National Seismic Network in
2016 (Iside, http://iside.rm.ingv.it).

The number of lives, lost and the amount of economic losses that result
from an earthquake depend on the size, depth and location of the
earthquake, the intensity of the ground shaking and related effects on the
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building inventory, and the vulnerability of that building inventory to
damage.

The seismic risk assessment has a fundamental role for the society because
provides all the information for each community or organizations to
support the risk mitigation decision-making.

The seismic risk can generally be defined as the measurement of the
damage expected in a given interval of time, based on the type of
seismicity, the resistance of buildings and the nature, quality and quantity
of assets exposed.

The seismic risk is determined by the convolution of three parameters:
hazard, exposure and vulnerability. They can be defined as:

e Seismic hazard is defined as the probability in a given area and in
a certain interval of time of an earthquake occurring that exceeds
a certain threshold of intensity, magnitude or peak ground
acceleration (PGA).

It can be evaluated from instrumental, historical, and geological
observations and is quantified by two parameters: a level of hazard
and its recurrence interval or frequency: for example, an M7.5
carthquake with a recurrence interval of 500 years, and peak
ground acceleration (PGA) of 0.3g with a return period of 1,000
years.

Two major approaches — deterministic and probabilistic — are
worldwide used at present for seismic hazard assessment.

The deterministic approach is based on the study of damage
observed during seismic events in the past at a given site,
reconstructing the damage scenarios to determine the frequency
of repetition of earthquakes of the same intensity.

In the probabilistic approach, initiated with the work of Cornell
(1968), the seismic hazard is estimated in terms of a ground
motion parameter — macroseismic intensity, peak ground
acceleration — and its annual probability of return period at a site.
The method yields regional seismic probability maps, displaying
contours of maximum ground motion (macroseismic intensity,
PGA) of equal — specified — return period.

In Italy there are numerous studies and documents regarding the
seismic hazard of the peninsula, representing by a seismic hazard
map (Fig. 2)
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Fig. 2 The seismic hazard map made by INGV National Seismic
Network in 2016 (http://zonesismiche.mi.ingv.it/).

Eaborazione: aprile 2004

It is clear that although seismic hazard and risk have often been
used interchangeably, they are fundamentally different concepts.
High seismic hazard does not necessarily mean high seismic risk,
and vice versa. For example, there are high seismic hazards in the
California deserts, but low seismic risk because there are few
exposures (people or buildings).
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e In a seismic risk assessment the exposure is defined as a quality
and quantity analysis of assets (people, buildings, infrastructure
and activities) exposed. The first objective for a general risk
mitigation project is safeguarding human life. For this reason it is
very important to assess the number of people involved, dead
and/or injured using calculations based on the number of
collapsed or damaged buildings.

e Seismic vulnerability can be defined as the probability that exposed

assets (people, buildings, infrastructure and activities) have a given
level of damage due to a seismic event of a given intensity.
One of the main causes of death during an earthquake is building
collapse. The kind of building damage depends on: the duration
and intensity of the earthquake, the structure of the building, its
age, materials, location, vicinity to other buildings and non-
structural elements.

In order to estimate seismic risk, we have to assume a model (distribution)
for the probability of earthquake occurrence in time. One commonly used
distribution is the Poisson model (Cornell, 1968).

The methodology of the risk analysis, including hazard, vulnerability and
exposed assets, depends on the geographical scale of the task (national
scale, regional scale or local studies of urban areas).

The studies on the Italian peninsula show that Italy has high seismic risk,
in terms of victims, damage to buildings and direct and indirect costs
expected after an earthquake. It has a medium-high seismic hazard (due to
the frequency and intensity of phenomena), very high vulnerability (due to
the fragility of building, infrastructural, industrial, production and service
assets) and an extremely high exposure (due to population density and its
historical, artistic and monumental heritage that is one of its kind in the
wortld).

In order to reduce the seismic risk, it is useful to reduce the vulnerability
of the exposed assets.

Most of the loss of lives and casualties during an earthquake are caused by
the collapse of structures and buildings thus it is fundamental to assess the
seismic vulnerability status of existing buildings and include the results of
this assessment in the planning of seismic risk mitigation.
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This study includes a detailed analysis of the seismic vulnerability of the
buildings and its assessment methodologies.

1.2 BUILDINGS SEISMIC VULNERABILITY

The seismic vulnerability in the study is considered exclusively in the
structural sense, implying the ability of buildings and structures to resist
damage from earthquakes.

A good definition of vulnerability is given by Sandi (1986): “the seismic
vulnerability of a building is its behavior described by a cause- effect law,
where the cause is the earthquake and the effect is the damage”.

There are different factors that affect the overall vulnerability of a
structure besides construction type. These factors, described by Grinthal
(1998) in EMS 98, are generally applicable to all types of structures:

o Quality of the materials and workmanship.
A building that is well-built will be stronger than one that is badly
built. The use of good quality materials and good construction
techniques is crucial to improving the seismic behavior of the
building. In the case of materials, the quality of the mortar is
particularly important, and even rubble masonry can produce a
reasonably strong building if the mortar is of high quality. Poor
workmanship can include both carelessness and cost-cutting
measures, such as a failure to tie in properly parts of the structure.
In cases of poorly built engineered structures, it may be that the
finished structure actually fails to meet the provisions of the
appropriate seismic building code.
o State of preservation and strengthening of the buildings.

A good state of preservation allows to have a performance of the
building in accordance with its expected strength from other
factors. A building which has been allowed to decay may be
significantly weaker. In cases of abandoned or derelict buildings,
and also in cases where there is an evident lack of maintenance
some measures must been taken to retrofit buildings in order to
improve their seismic behaviour.

o Regularity in plan and in elevation.
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It is often possible to observe in damaged buildings how the
irregularity contributed to the bad seismic behavior. The ideal
building would be a cube in which all internal variations in stiffness
(Iike stairwells) were symmetrically arranged. Regularity should be
considered in a global sense in plan and elevation. In some cases,
especially old masonry buildings, buildings that previously had a
good level of regularity may be adversely affected by subsequent
modifications

Ductility.

Ductility is defined as the ability of the structure or parts of it to
sustain large deformations beyond the yield point without
breaking. It depending on the construction type and structural
system. In the field of applied seismic engineering, the ductility is
expressed in terms of demand and availability. The ductility
demand is the maximum ductility level that the structure can reach
during a seismic action, which is a function of both the structure
and the earthquake. The available ductility is the maximum
ductility that the structure can sustain without damage and it is an
ability of the structure. In buildings designed against earthquakes,
the parameters of the building determining dynamic characteristics
will be controlled.

Position of the building.

The position of a building with respect to other buildings in the
vicinity can affect its behavior in an earthquake. In the case of a
houses anchored to a neighbor causing an irregularity in the overall
stiffness of the structure which will lead to increased damage.
Severe damage can be the result of two tall buildings of different
natural periods that are situated too close to one another. During
an earthquake they may sway at different frequencies and smash
into each other, causing an effect known as pounding.

The aim of a vulnerability assessment is to obtain the probability of a
specific level of damage caused by a scenario earthquake to a given
building type.

In order to assess a seismic vulnerability of an urban area it is not always
possible to analyze the characteristics of each single building. It is
recommended to group the buildings that have similar seismic behavior in
typological classes also known as vulnerability buildings classes.
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In summary, a seismic vulnerability assessment take in to account three
elements:
1. The measures of the earthquake.
ii.  The vulnerability class of the buildings.
iii.  The damage level.

1.2.1 Seismic hazard measures

A vulnerability assessment needs a particular characterization of the
ground motion, which will represent the seismic demand of the
earthquake on the building.
Traditionally, the measures of the earthquake is expressed in macroseismic
intensity scales (Modified Mercalli Intensity, MMI, EMS 98) and
instrumental quantities (peak ground acceleration, PGA).
Macroseismic intensity scales are based on how strongly the ground
shaking is experienced in an area, as well as observations of building
damage. This means that macroseismic scales include information about
building fragility in the areas in which they have been calibrated. This
should be taken into account when applying a macroseismic scale outside
the area in which it was originally developed — for example, using the
European Macroseismic Scale (EMS) outside Europe.
The Macroseismic intensity scales have this characteristics:

e They are discrete rather than continuous and often Roman

numerals are used to reflect this.

e They are monotonic (in the sense that VII generally relates to a
stronger ground shaking than VI, for example), but nonlinear
(each increment does not necessarily represent a constant increase
in ground shaking).
Instrumental intensity measures are based on quantities that are calculated
from strong ground motion recordings. The most commonly used
instrumental measure in the vulnerability literature is peak ground
acceleration (PGA). Compared with macroseismic scales, instrumental
measures may be less correlated with damage.
More recent proposals have linked the seismic vulnerability of the
buildings to response spectra obtained from the ground motions.
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1.2.2  Vulnerability classes

A vulnerability classes express a different ways that buildings respond to
earthquake shaking.

Grinthal (1998) gives a general description of the vulnerability class: “If
two groups of buildings are subjected to exactly the same earthquake
shaking, and one group performs better than the other, then it can be said
that the buildings that were less damaged had lower earthquake
vulnerability than the ones that were more damaged, or it can be stated
that the buildings that were less damaged are more earthquake resistant,
and vice versa”.

The most common scale used to classify the buildings vulnerability is the
EMS scale (Grunthal, 1998).

The EMS 98 defined four groups of buildings structure (masonry, RC,
steel and wood) and six classes of decreasing vulnerability (A-F) (Fig. 3):
The A, B and C classes represent the strength of an adobe house, brick
building and reinforced concrete (RC) structure. They should be
compatible with building classes A-C in the MSK-64 and MSK-81 scales.
Classes D and E are intended to represent an improved level of earthquake
resistant buildings as reinforced or confined masonry and steel structures,
which are well-known to be resistant to earthquake shaking. Class F is
intended to represent the vulnerability of a structure with a high level of
earthquake resistant design.
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Type of Structure Vulnerability Class
AB CDEF
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; simple stone I- O
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=range of less probable, exceptional cases

Fig. 3 Classification of structures (buildings) into vulnerability classes according
to EMS 98 (Griinthal, 1998).

In some cases, the EMS 98 vulnerability scale has high level of uncertainty:
the “probable range” may be large and this can falsify the planning of
seismic risk mitigation.

1.2.3 “SAVE” methodology

Zuccaro et al. (2006, 2009, 2015) made a reformulation of EMS 98
vulnerability classes assighment. This procedure, defined as “SAVE”
methodology (Strumenti di Analisi di Vulnerabilita degli Edifici esistenti),
classifies the buildings taking into account not only the vertical structure
of the buildings as in EMS 98 but also the typological-structural
characteristics of the buildings or "vulnerability factors".
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The vulnerability factors are defined as the most recurrent structural
characteristics responsible of the seismic behavior of the buildings
(pushing roofs, floor stiffness etc.).

This typological characteristics are identified through the analysis of the
observed damages due to previous earthquakes and parameterized
through the Synthetic Parameter of Damage (SPD).

The SAVE assignment procedure can be synthetically defined in these
steps (Fig. 4):

1.
il.

1.

1v.

Each building is classify according to EMS 98 vulnerability scale.
The SPDv is obtained calculating the average value of SPD
corresponding to the EMS 98 class of the building. The table
(Table 1) shows the range of SPD values assigned for each
vulnerability class of the buildings. The values of the SPD range is
the result of a statistical analysis of the average behavior of
buildings with same characteristics.

Table 1 SPD range assigned for each vulnerability class of the buildings.

Vulnerability class
A B C D E
- 2.0 1.7 1.4 1.0
2.0 1.7 1.4 1.0 -

The typological-structural characteristics of the building
(vulnerability factors) are analysed and parameterized in
coefficients of influence (positive or negative) “Ps(1,2,3...)”.

The results thus obtained is summed with the value of the SPDv
to obtain a new value defined as SPDP. If the SPDP is bigger than
SPDv this means that the building structure has a lower resistance
than that evaluated by the EMS 98 and vice versa (Fig. 5).

A new vulnerability class, corresponding to the value of SPDP, is
assigned to the building.
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Fig. 4 Save Methodology (Zuccaro et al. 2006).
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Fig. 5 Difference between SPDv function of EMS$’98 and SPDP modified by
vulnerability parameters.
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1.2.4 The damage level

Each vulnerability assessment method models the level of damage on a
discrete damage scale according to the MSK scale (Medvedev and
Sponheuer, 1969), the Modified Mercalli scale (Wood and Neumann,
1931) or the EMS98 scale (Grinthal, 1998).

The most frequently used method is the classification according to
European Macroseismic Scale (EMS) 1998, which includes a low level of
damage (Level 0, Level 1, Level 2), a substantial to heavy damage state
(Level 3), very heavy damage state (Level 4), and destruction damage state
(Level 5).

The way in which a building deforms under earthquake shaking depends
on the building type.

EMS 98 analyzed the classification of damage in two categories: masonry
buildings (Fig. 6) and buildings of reinforced concrete (Fig. 7).

In both categorizes is it possible to distingue the damage to the primary
(load bearing/ structural) system and damage to secondary (non-
structural) elements (like infill or curtain walls).
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Clazsification of damage to masonry buildings

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

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

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

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

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

Fig. 6 Classification of damage to masonry buildings according to EMS 98
(Griinthal, 1998).
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Classification of damage to buildings of reinforced concrete
Grade 1: Negligible to slight damage
(no structural damage,
slight non-structural damage)
Fine cracks in plaster over frame members
or in walls at the base.
Fime cracks in partitions and infills

Grade 2: Moderate damage
(slight structural damage,
moderate non-structural damage)
Cracks in colunms and beams of frames
and in structural walls.
Cracks in paration and imfill walls; fall of
brittle cladding and plaster. Falling mortar
from the joints of wall panels.

Grade 3: Substantial to heavy damage
(moderate structural damage,
beavy non-structural damage)
Cracks in cohunms and beam colunm joints
of frames at the base and at joints of
coupled walls. Spalling of conrete cover,
buckling of reinforced rods.
Large cracks in partition and infill walls,
fatlure of individual infill panels.

Grade 4: Very heavy damage
(heavy structural damage,
very heavy non-structural damage)
Large cracks i stuctural elements wath
compression failure of concrete and
fracture of rebars; bond fatlure of beam
reinforced bars; tlting of colummns.
Collapse of a few colunms or of 2 single
upper floor.

Grade §: Destruction
(very heavy structural damage)
Collapse of groumd floor or parts (e. 2
wings) of buildings.

Fig. 7 Classification of damage to buildings of reinforced concrete according to
EMS 98 (Griinthal, 1998).

In summary, the table (Table 2) shows the general descriptions of damage
level of the buildings:
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Table 2 Classification of damage according to the European Macroseismic Scale,

EMS.
Dzrer‘lfi;lge Description

DO No damage
Cracking of non-structural
elements, such as dry walls.

D1 . i
Brick or stucco external
cladding
Major damage to the non-
structural elements, such as

D2 collapse of a whole masonry
infill wall; minor damage to
load bearing elements
Significant damage to load-

D3 bearing elements, but no
collapse
Partial ~ structural  collapse

D4 (individual floor or portion of
building)

D5 Full collapse

1.3 SEISMIC VULNERABILITY ASSESSMENT APPROACHES

The various approaches for vulnerability assessment that have been
proposed in the last 30 years and used in loss estimation can be divided
into two main categories: statistical or empirical approach and mechanical
or analytical approach, both of which can be used in hybrid approaches.

(Fig. 8).

The choice of the most suitable procedure is highly dependent on the
resources available and the scale and aim of the study. Statistical approach
can be used for large scale studies to define damage scenarios, however if
the purpose of the study is to identify within a district or urban center
specific buildings in need of strengthening, so as to increase their seismic
resilience, then a suitable mechanical procedure should be preferred.
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Vulnerability
Assessment Method
1
Empirical Hybrid Analytical
Damage Vulnerability Capacity Collapse
Probability Functions Spectum Mechanism
Mamix e :
Based Based
I I Fully
Field Expen Displacement
Typological Survey Judgement Based
| I I |
Ratio between cost of repair and cost of
replacement for the whole bwlding
stock

Fig. 8 The vulnerability assessment method; the bold path shows a traditional
assessment method. (Calvi, 2000).

1.3.1 Observed vulnerability - Statistical approach.

This method constitutes the only reasonable and possible approach that
could be initially employed in seismic risk analyses at a large scale.

It has been first carried out in the eatly 70’s and calibrated as a function of
macroseismic intensities. Applications of this method, using the Damage
Probability Matrices (DPM), were originally proposed by Whitman et al.
(1973), who analyzed the damages observed in more than 1600 buildings
after the 1971 San Fernando earthquake, by Braga et al (1982,1986) after
the 1980 south-Italia earthquake and by Zuccaro et al (2000), Bernardini
et al (2007a, 2007b).
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The statistical assessment method classify the vulnerability of the buildings
based on damage observed in previous earthquakes to the same kind of
buildings.

This method is generally the most desirable from a risk management
viewpoint because it is derived wholly from observations of the actual
performance of assets in real earthquakes.

Although this method is an observational method and hence of good
affability, in practice there are several uncertainties about the way in which
the data are acquired.

To produce such 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 intensity considered, and multiple observations
of building performance for the same level of intensity.

However, it has been seen that is not always possible to require damage
data from past earthquakes and that the damage data available today are
inadequate, especially for intensities greater than MMVII.

In general, any procedure for the statistical prediction of damage consists
basically of three steps: collecting observations after an earthquake,
grouping the results by buildings characteristics and performing a
statistical analysis of the data.

First the observations of previous earthquakes are collected recording:

xi = intensity of the earthquake at each building i

yi = damage of the building i

ci = attributes of the building i (structural material, lateral force
resisting system, height, age, etc.)

Second the results are analyzed and grouped by one or more attributes of
the buildings or by vulnerability classes of the building. A last, for each
group of the data a statistical analysis (average, standard deviation,
regression analysis...) is made.

There are three main types of statistical tools using in statistical approach
for the seismic vulnerability assessment of buildings: damage probability
matrices (DPM), Vulnerability Index Method and vulnerability functions.
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1.3.2 Calculated Vulnerability - Mechanical approach.

The mechanical approach determines the response of a particular building,
representative of a typology, by using structural analysis techniques and
numerical tools. Applications of this method can be seen in the work of
Giuffre (1991), Singhal and Kiremidjian (1996), Park and Ang (1985), Masi
(2003), Rossetto and Elnashai (2005), Dumova-Jovanoska (2004), D’Ayala
et al. (2015).

This approach is particularly useful when studying a single building or a
single typology of building or when assessing the improved performance
due to strengthening and retrofit.

The reliability of the results is affected by the simulated models that
reproduce the main characteristics of the buildings and their structural
behavior. It is also dependent on the numerical tools available and by the
ability of the assessor to interpret the results.

Mechanical methods, which use numerical simulations to analyze the
structural behavior of buildings, are more sophisticated approaches than
statistical methods. The data required for these approaches can be
extracted from construction drawings and/or laboratory tests.

These approaches present the advantage of framing the problem of
seismic vulnerability of masonry structures in structural engineering terms,
defining their vulnerability as a direct function of construction
characteristics, structural response to seismic actions and damage effects.
However the following should be noted in applying these methods:

* Mechanical methods are suitable to identify structural damage states,
through structural analysis. They are less useful in quantifying the likely
damage to content and non-structural elements.

* Many of the different mechanical approaches that exist are specific to
particular types of structure, and have diverse data requirements and
computational burdens.

* When comparing results from different mechanical methods it should
be borne in mind that output in terms of vulnerability are dependent on
different assumptions on the representative intensity measures chosen and
representative response measures chosen.

According to "Norme Tecniche per le Costruzioni" (DM 14-1-2008)
mechanical methods used to predict the seismic performance of a building
are:

— Linear static analysis.
— Linear dynamic analysis.
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— Nonlinear static analysis. (Pushover analysis)
— Nonlinear dynamic analysis (NDA).

The last two are considered the most accurate methods for predicting
Reinforced Concrete building response to earthquake ground motion.
The most used seismic analysis of unreinforced masonry structures is
based on mechanical approach. Mechanical method is based on the
application of kinematics models, which identify lateral collapse load
multipliers of a given configuration of macro-elements and loads by
imposing 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.

1.3.3 Hybrid Method

Hybrid methods combine post-earthquake damage statistics with
simulated, analytical damage statistics from a mathematical model of the
building typology. Applications of this method can be seen in the work of
Kappos et al. (1995, 1998), Barbat et al. (1996), Zuccaro et al. (2012),
Cavalieri et al. (2017).

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.

Kappos et al. (1995, 1998) have derived damage probability matrices using
a hybrid procedure. The DPMs for each intensity level were constructed
using the available data from past earthquakes and the results of nonlinear
dynamic analysis of models that simulated the behaviour of each building
class. Intensity and PGA were correlated using empirical relationships.
Barbat et al. (1996) made a hybrid vulnerability assessment of Spanish
urban areas. A post-earthquake study was initially performed for two
earthquakes with a maximum intensity of VII on the MSK scale.
Statistical analyses were then performed to obtain the vulnerability
function for the MSK intensity level VII. A computer simulation process
was subsequently used to obtain the vulnerability functions at other
intensity levels.

The main difficulty in the use of hybrid methods is that the two
vulnerability curves, statistical and mechanical, include different sources
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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.

1.4 SEISMIC VULNERABILITY ASSESSMENT TOOLS

Regardless of the assessment method used, there are three main types of
statistical tools using for the seismic vulnerability assessment of buildings:
damage probability matrices (DPM), Vulnerability Index Method and
vulnerability functions.

1.41 Damage Probability Matrices (DPM)

The Damage Probability Matrices (DPM), traditionally derived using
observed damage data, express in a discrete form the probability that a
building obtaining a damage level j, due to a ground motion of intensity 1

(D:
PD=jli] 1)

The concept of a DPM is that a given structural typology will have the
same probability of being in a given damage state for a given earthquake
intensity.

The general form of DPM suggested by Whitman et al. (1973) is compiled
for various structural typologies according to the damaged sustained in
over 1600 buildings after the 1971 San Fernando earthquake (Table 3).
Damage to buildings is described by a series of damage states (DS), while
the intensity of the earthquake is described by the modified Mercalli
intensity (MMI) scale. In a particular column, each number PDSI in the
matrix is the probability that a particular state of damage will occur, given
that a level of earthquake intensity is experienced. The sum of the
probabilities in each column is 100%.

36



SEISMIC VULNERABILITY

Table 3 Format of the Damage Probability Matrix Proposed by Whitman et al.
(1973).

Damage | Structural Stiggml D;;I;?Oge Intensity of Earthquake
State Damage Damage %) vV | VI | VII | VIIT | IX
0 None None 0-0.05 95 79 33 6 0
1 None Minor 0.05-0.3 5 18 34 19 2
2 None Localized 0.3-1.25 0 3 20 44 18
3 Not Widespread | 1.25-3.5 0 0 10 13 30
Noticeable
4 Minor Substantial 3.5-7.5 0 0 3 6 20
5 Substantial Extensive 7.5-20 0 0 0 12 10
6 Major Nearly 20-65 0 0 0 0 7
Total
7 Building Condemned 100 0 0 0 0 8
8 Collapse 100 0 0 0 0 5

One of the first European versions of a damage probability matrix was
produced by Braga et al. (1982) (Table 4, Table 5, Table 6), which was based
on the damage data of Italian buildings after the 1980 Irpinia earthquake.
The damage distributions of any class buildings for different seismic
intensities was described by a binomial distribution which has the
advantage of needing one parameter only which ranges between 0 and 1.

The buildings were separated into three vulnerability classes (A, B and C)
and 2 DPM based on the MSK scale was evaluated for each class.

Table 4 Damage Probability Matrix, class A (Braga et al., 1982, 1985).

Class A
Intensity of Damage State
Earthquake 0 1 2 3 4 5
VI 0.188 0.373 0.296 0.117 0.023 0.002
VII 0.064 0.234 0.344 0.252 0.092 0.014
VIII 0.002 0.020 0.108 0.287 0.381 0.202
IX 0.0 0.001 0.017 0.111 0.372 0.489
X 0.0 0.0 0.002 0.030 0.234 0.734
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Table 5 Damage Probability Matrix, class B (Braga et al., 1982, 1985).

Class B
Intensity of Damage State
FEarthquake 0 1 2 3 4 5
VI 0.36 0.408 0.185 0.042 0.005 0.0
VI 0.188 0.373 0.296 0.117 0.023 0.002
VIII 0.031 0.155 0.312 0.313 0.157 0.032
IX 0.002 0.022 0.114 0.293 0.376 0.193
X 0.0 0.001 0.017 0.111 0.372 0.498

Table 6 Damage Probability Matrix, class C (Braga et al., 1982, 1985).

Class C
Intensity of Damage State
FEarthquake 0 1 2 3 4 5
VI 0.715 0.248 0.035 0.002 0.0 0.0
VII 0.401 0.402 0.161 0.032 0.003 0.0
VI 0.131 0.329 0.330 0.165 0.041 0.004
X 0.050 0.206 0.337 0.276 0.113 0.018
X 0.005 0.049 0.181 0.336 0.312 0.116

Later, an additional vulnerability class D has been included, using the
EMS98 scale (Gruntal, 1998), to account for the buildings that have been
constructed since 1980. These buildings should have a lower vulnerability
as they have either been retrofitted or designed to comply with recent
seismic codes.

An example of Damage Probability Matrices (DPM) which take in to
account the EMS98 scale are exposed by Zuccaro et al. (2015) (Table 7)
The DPM are obtained by a statistical analysis, made thanks to the
PLINIVS Study Centre Database, which is based on the data collected on
the observed damages due to previous earthquakes taken place in Italy
since 1980.

About 4% of the 6.903.982 residential masonry Italian buildings (ISTAT
2011) belonging to about 550 municipalities was investigated.
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Table 7 DPM obtained through a statistical analysis of the data collected about
the observed damages due to earthquakes occurred in Italy since 1980 (Zuccaro
et al. , 2015).

Damage State
Class Intensity of
Earthquake
DO D1 D2 D3 D4 D5
A 0,3487 | 0,4089 | 0,1919 | 0,0450 | 0,0053 | 0,0002
B v 0,5277 | 0,3598 | 0,0981 0,0134 | 0,0009 | 0,0000
C 0,6591 | 0,2866 | 0,0498 | 0,0043 | 0,0002 | 0,0000
D 0,8587 | 0,1328 | 0,0082 | 0,0003 | 0,0000 | 0,0000
A 0,2887 | 0,4072 | 0,2297 | 0,0648 | 0,0091 0,0005
B VI 0,4437 | 0,3915 | 0,1382 | 0,0244 | 0,0022 | 0,0001
C 0,5905 | 10,3281 0,0729 | 10,0081 0,0005 | 0,0000
D 0,7738 | 0,2036 | 0,0214 | 0,0011 0,0000 | 0,0000
A 0,1935 | 0,3762 | 0,2926 | 0,1138 | 0,0221 0,0017
B VII 0,3487 | 0,4089 | 0,1919 | 0,0450 | 0,0053 | 0,0002
C 0,5277 | 0,3598 | 0,0981 0,0134 | 10,0009 | 0,0000
D 0,6591 | 0,2866 | 0,0498 | 0,0043 | 0,0002 | 0,0000
A 0,0656 | 0,2376 | 0,3442 | 0,2492 | 0,0902 | 0,0131
B VIII 0,2219 | 0,3898 | 0,2739 | 0,0962 | 0,0169 | 0,0012
C 0,4182 | 0,3983 | 0,1517 | 0,0289 | 0,0028 | 0,0001
D 0,5584 | 0,3451 0,0853 | 0,0105 | 0,0007 | 0,0000
A 0,0102 | 0,0768 | 0,2304 | 0,3456 | 0,2592 | 0,0778
B X 0,1074 | 0,3020 | 0,3397 | 0,1911 0,0537 | 0,0060
C 0,3077 | 0,4090 | 0,2174 | 0,0578 | 0,0077 | 0,0004
D 0,4437 | 0,3915 | 0,1382 | 0,0244 | 0,0022 | 0,0001
A 0,0017 | 0,0221 0,1138 | 0,2926 | 0,3762 | 0,1935
B X 0,0313 | 0,1563 | 0,3125 | 0,3125 | 0,1563 | 0,0313
C 0,2219 | 0,3898 | 0,2739 | 0,0962 | 0,0169 | 0,0012
D 0,2887 | 0,4072 | 0,2297 | 0,0648 | 0,0091 0,0005
A 0,0002 | 0,0043 | 0,0392 | 0,1786 | 0,4069 | 0,3707
B XI 0,0024 | 0,0284 | 0,1323 | 0,3087 | 0,3602 | 0,1681
C 0,0380 | 0,1755 | 0,3240 | 0,2990 | 0,1380 | 0,0255
D 0,0459 | 0,1956 | 0,3332 | 0,2838 | 0,1209 | 0,0206
A 0,0000 | 0,0000 | 0,0000 | 0,0010 | 0,0480 | 09510
B XII 0,0000 | 0,0000 | 0,0006 | 0,0142 | 0,1699 | 0,8154
C 0,0000 | 0,0001 0,0019 | 0,0299 | 0,2342 | 0,7339
D 0,0000 | 0,0002 | 0,0043 | 0,0498 | 0,2866 | 0,6591

The DPMs are based on intensity scale so the assessment of seismic risk

on a large scale is made possible in both an efficient and cost-effective

manner because in the past seismic hazard maps were also defined in terms
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of macroseismic intensity. The use of observed damage data to predict the
future effects of earthquakes also has the advantage that when the damage
probability matrices are applied to regions with similar characteristics, a
realistic indication of the expected damage should result and many
uncertainties are inherently accounted for.

However, there are various disadvantages associated with the use of
DPM’s:

e A macroseismic intensity scale is defined by considering the
observed damage of the building so both the ground motion input
and the vulnerability are based on the observed damage due to
earthquakes.

e Jarge magnitude earthquakes occur relatively infrequently near
densely populated areas and so the data available tends to be
clustered around the low damage/ground motion end of the
matrix and limiting the statistical wvalidity of the high
damage/ground motion end of the matrix.

e The use of observed vulnerability definitions in evaluating retrofit
options or in accounting for construction changes cannot be
explicitly modelled.

e Seismic hazard maps are now defined in terms of PGA (or spectral
ordinates) and thus PGA needs to be related to intensity; however,
the uncertainty in this equation is frequently ignored.

e When PGA is used in the derivation of observed vulnerability, the
relationship between the frequency content of the ground motions
and the period of vibration of the buildings is not taken into
account.

In order to overcome some of the drawbacks of the Damage Probability
Matrices derived using observed damage, recent proposals have been
made using the data derived by a computational analyses.

1.4.2 Vulnerability Index Method

The Vulnerability Index Method (Benedetti and Petrini, 1984; GNDT,

1993) has been used extensively in Italy in the past few decades and is

based on a large amount of damage survey data.

This approach is based on estimating the vulnerability of masonry

buildings by calculating a “vulnerability index” (Iv). This vulnerability

index derives from the summation of weighted parameters associated with
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the structural features of the building typology, which have been observed
to affect their seismic response.

There are eleven parameters in total (quality of materials, state of
conservation, plan and elevation configuration ecc...), which are each
identified as having one of four qualification coefficients, Ki , in
accordance with the quality conditions — from A (optimal) to D
(unfavorable) — and are weighted to account for their relative importance
(Wi).

The global vulnerability index Iv of each building is then evaluated using
the following formula (2):

L, = Z KW, )

The vulnerability index ranges from 0 to 382.5, but is generally normalised
from 0 to 100, where O represents the least vulnerable buildings and 100
the most vulnerable.

The data from past earthquakes is used to calibrate vulnerability functions.
By relating the vulnerability index (Iv) to the observed global damage
levels for a building typology with reference to macroseimic intensity
levels, the Iv can be applied to regions characterized by the same building
typologies and same level of macroseismic intensity or peak ground
acceleration.

The damage factor ranges between 0 and 1 and defines the ratio of repair
cost to replacement cost. The damage factor is assumed negligible for
PGA values less than a given threshold and it increases linearly up until a
collapse PGA, from where it takes a value of 1 (Fig. 9).
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Damage factor, d

PGA

Fig. 9 Vulnerability functions to relate damage factor (d) and peak ground
acceleration (PGA) for different values of vulnerability index (Iv ) (adapted from
Guagenti and Petrini(1989))

The main advantage of the vulnerability index method is that it allow to
determine the vulnerability characteristics of the building not only on the
base of its typology.

Nevertheless, the methodology still requires expert judgment to be applied
in assessing the buildings, and the coefficients and weights applied in the
calculation of the index have a degree of uncertainty that is not generally
accounted for.

Furthermore, in order to do the vulnerability assessment of buildings on
a large (e.g., national) scale, in a country where data is not already available,
the calculation of the vulnerability index for a large building stock would
be very time consuming. However, in any risk or loss assessment model a
detailed collection of input data is required for application at the national
scale.

1.4.3 Vulnerability Curves

Vulnerability functions are a mathematical function representing the
probability of exceeding a given damage state as a function of an
engineering demand parameter that represents the ground motion (pick
ground acceleration, spectral displacement at a given frequency,
macroseismic intensity).
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The damage state data, recording on the base of calculations or based on
experience data (the later could be from real earthquakes or dynamic tests),
are collected and grouped by one or more attributes (e.g., by model
building type). For each group a regression analysis is performed in order
to fit a fragility function. The results are continuous vulnerability curves
that can be expressed in a table of mean and standard deviation of loss at
each of many levels of excitation for the given class of building.

The most common forms of a seismic vulnerability function are:

e Normal cumulative distribution function (3)

Fdx)=P[D=>d|X=x] de€{01234,5) &
= ®((x/0)/B)

e Lognormal cumulative distribution function (4) (Fig. 10):

Fy(x) =P[D>d|X =x] de€{01,234,5}

_ <ln(x/t9)> W
Bln

Whetre
P[A|B] is the probability that A is true given that B is true;
D is the uncertain damage state of a particular component. It can

take on a value in {0,1,..}, where D = 0 denotes the undamaged state, D
= 1 denotes the first damage state, etc.;

d is a particular value of D, i.e., with no uncertainty;

X is the wuncertain excitation (peak zero-period acceleration,
macroseismic intensity);

X is a particular value of X, i.e., with no uncertainty;

Fd(x) is a vulnerability function for damage state d evaluated at x;

®(s) is the standard normal cumulative distribution function (often
called the Gaussian):

In(s) is the natural logarithm of s;

0 is the median capacity of the asset to resist damage state d
measured in the same units as X.
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B8 is the standard deviation of the capacity of the asset to resist
damage state d.
Bln  is the logarithmic standard deviation defined as the standard
deviation of the natural logarithm of the capacity of the asset to resist
damage state d.
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Fig. 10 Lognormal cumulative distribution function.

Three general classes of vulnerability functions can be distinguish by the
method used to create them:

o Observed vulnerability function.

An observed vulnerability function is one that is created by fitting a
function to approximate observational data after an earthquake. This kind
of fragility functions were introduced slightly later than DPMs; one
obstacle to their derivation being the fact that macroseismic intensity is
not a continuous variable. This problem was overcome by Spence et al.
(1992) through the use of the Parameterless Scale of Intensity (PSI) to
derive vulnerability functions based on the observed damage of buildings
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using the MSK damage scale (Fig. 11). Subsequently the PSI was converted
to PGA using empirical correlation functions.

10

0.8 A

06 4

04 A

P(d >D / PSI)

0.2

0.0 —

Fig. 11 Vulnerability curves produced by Spence et al. (1992).D1 to D5 relate to
damage states in the MSK scale.

o Mechanical vulnerability functions.

A mechanical vulnerability function is one derived by structural analysis.
Although vulnerability curves have traditionally been derived using
observed damage data, recent proposals have made wused the
computational analyses to overcome some of the drawbacks of the
statistical method.

Singhal and Kiremidjian (1996) developed vulnerability curves for three
categories of reinforced concrete frame structures using Monte Catlo
simulation. The probabilities of structural damage were determined using
nonlinear dynamic analysis with an ensemble of ground motions. The
structural models employed in this study were representative of the
buildings designed and constructed in Italy over the past 30 years. The
seismic response of the structures, subjected to ground motions of various
levels of intensity, was estimated through nonlinear dynamic analyses with
artificial and natural accelerograms.
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One of the principle disadvantages of the derivation of mechanical
vulnerability curves is that the procedure is extremely computationally
intensive and the curves cannot be easily developed for different areas or
countries with diverse construction characteristics. However, mechanical
vulnerability curves have frequently been used to support, rather than to
replace, the empirical DPMs and vulnerability curves based on the
observational damage data.

. Hybrid vulnerability function.

This vulnerability function is derived by a mechanical model calibrated
used the observational data.

Barbat et al. (1996) used the Italian “Vulnerability Index Methodology”
for a hybrid vulnerability assessment of Spanish urban areas. A post-
earthquake study was initially performed for two earthquakes with a
maximum intensity of VII on the MSK scale.

The structural and non-structural damage to masonry structures was
analyzed and statistical analyses were then performed to obtain the
vulnerability function for the MSK intensity level VI

An analytical simulation process was subsequently used to obtain the
vulnerability functions at other intensity levels. Sixty hypothetical
buildings with characteristics obtained from the building stock in the area
were generated using Monte Carlo simulation and the capacity of the
structures is calculated. The vulnerability index was calculated for each
building, this was plotted against the global damage index for the MSK
intensity level VII, and a curve was obtained by regression analysis; this
curve was then re-calibrated so as to match the field observations (Fig. 12).
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Fig. 12 Simulated (thick line) and observed (thin line) vulnerability functions for
MSK intensity VII (Barbat et al., 1996).

The difference between the calculated and observed curves was assumed
to be due to the use of the proposed weighting factors for Italian buildings
and so the weighting factors were modified such that the observed and
calculated vulnerability functions matched. Once the calibration with the
60 random buildings had been carried out, the vulnerability functions for
the other intensity levels were then produced using 2000 hypothetical
buildings in conjunction with the calibrated weighting factors.

This research follows a hybrid vulnerability assessment method proposed
by Zuccaro et al. (2012) who using the high reliability of the observational
approach data in order to validate the results of the mechanical analysis.
Combining the "observed" and the "mechanical" vulnerability, this
method allows to analyze the correlations among the structural-
typological characteristics which define Italian masonry buildings and the
trigger acceleration (PGA) of the possible collapse mechanisms (in-plan
and out-of-plan).

Starting from a statistical analysis of existing Italian masonry buildings,
based on the data collected on the observed damages caused by previous
earthquakes taken place in Italy since 1980, the mechanical buildings
vulnerability is obtained using a Monte-Carlo simulation model and
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evaluating the trigger accelerations (PGA) of the collapse mechanisms (in
plan and out of plan).

For each typological vulnerability classes of the buildings, the results are
fixed in order to generate the vulnerability curves, which are
representatives of the occurrence probability of the building to trigger a
failure mechanism at a specific PGA value.
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2 THE MASONRY STRUCTURE

2.1 INTRODUCTION

The masonry material is one of the oldest building material, as confirmed
by the historical heritage. The development of a method that analyses the
structural behaviour of masonry represents an important task to verify the
stability of masonry constructions as old buildings, historical town and
monumental structures.
The analysis of masonry structures is not simple because it can be
considered as a composite material obtained by assembling bricks by
means of mortar joints.
The masonry buildings can be classify in two main categories:
a) Unreinforced masonry buildings (UBM) (Fig. 13).
Unreinforced masonry can be defined generally as masonry that
contains no reinforcing in it. It is made with natural or artificial
stones and the proper filling of mortar between the spaces of
stones. This type of structures are the most vulnerable during an
earthquake.

wall, indicating that there is no
cavity where reinforcing could
have been placed.

‘._--—-—-"‘""""- Header bricks extend into the

Wythe (2-wythe-thick wall
shown)

Unreinforced concrete block
walls do not have reinforcing
steel bars placed vertically in
the hollow cells or horizontally
between the courses.

Fig. 13 Components of unreinforced brick (left) and unreinforced concrete
block (right) walls. FEMA P-774 (2009).

b) Reinforced masonry buildings (RBM) (Fig. 14).
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Reinforced masonry is any type of brick, concrete or other type of
masonry that is strengthened with the use of mild steel flats, hoop
iron, expanded mesh or bars. The use of reinforced brick masonry
(RBM) it has been development by Marc Isambard Brunel in the
nineteenth century. The reinforced brick masonry is capable of
resisting both compressive as well as tensile and shear stress. On
account of its ability to resist lateral forces, reinforced brick
masontry is extensively used in seismic areas. It is essential to use
good quality of bricks (having crushing strength of 140 kg/sq. cm
or more) and rich and dense cement mortar in the reinforced brick
work. The reinforcement should be effectively bedded and
surrounded with mortar cover of 15 to 25 cm. This is necessary to
protect the reinforcement against corrosion.

Fig. 14 Reinforced brick wall (FEMA 1994).

The collapse of masonry buildings is the primary cause for loss of life
during an earthquake (Coburn & Spence, 2002).

Fig. 15 shows the breakdown of the fatalities due to earthquakes in the
period of 1900-1999 to different causes. About 75% of the fatalities
attributed to earthquakes are caused by the collapse of buildings and the
greatest proportion is from the collapse of masonry buildings
(Navaratnarajah, Sathiparan, 2015).
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Fig. 15 Breakdown of fatalities attributed to earthquake by cause (Period 1900-
1999) Navaratnarajah, Sathiparan (2015).

This study includes a detailed analysis of the unreinforced masonry (UBM)
used in buildings structures.

2.2 MASONRY STRUCTURE

Masonry structure is defined as a manufactured product made with natural
or artificial stone elements joined with or without mortar (Baratta, 1991).
The strength of masonry is conditioned by the characteristics of its
elements and by the quality of the links between them (Table 8).

Table 8 Typology of masonry components

e Adobe (Sun dried blocks);

e  Stone, Laterite blocks;

Masonry units e  Clay bricks;

e  Concrete blocks (solid or hollow);

e  Stabilized mud blocks (SMB);
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e  Calcium silicate bricks;

e  Gypsum blocks

Mortar

e Lime mortar;

e Cement mortat;

e  Composite mortar;

e  Lime- pozzolana mortar;

e  Soil-cement mortar;

Giuffré (1991) defined for the first time two categories of masonry
structure depending on its layout: “folk tradition” and “civilized tradition”.
These big categories are in general defined as:

1. Rubble masonry or “folk tradition”.

Itis an irregularly masonry and is usually made with mortar
and square or polygonal natural stones (rounded or spiky
river pebble, lava stone etc.).

The strength of rubble masonry depend on the quality of
mortar, the use of long through stones and the proper
filling of mortar between the spaces of stones.

Further classifications of this kind of masonry are (Fig. 16):

a)

b)

)

d)

Coursed rubble masonry.

In coursed random rubble masonry there are stone
courses of equal height.

Un-coursed rubble masonry.

In un-coursed random rubble masonry, the
courses are not maintained regularly. The larger
stones are laid first and the spaces between them
are then filled up by small stones.

Dry rubble masonry.

In the dry masonry the strength of a wall is not
dependent on the bond between the stones and the
mortar; the friction between the interlocking
blocks of masonry and the force of gravity are
often strong enough to provide a great link
between the elements.

“Composite” rubble masonry.
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This kind of masonry has performed extremely
well over the past millennium and it can be still
found in many old town of Italy. It is made with
two skins of stonework and a rubble core.

Fig. 16 General classification of rubble masonry: (a) coursed masonry, (b) un-
coursed masonry, (c) dry masonry, (d) “composite” masonry.

2. Ashlar masonry or “civilized tradition”.
This kind of masonry has in general a good quality
structures. It is made with natural stones (tuff, adobe etc.)
or artificial stones (bricks etc.). In this masonry all joints
are regular, thin, and of uniform thickness.
Further classifications of this kind of masonry are (Fig. 17):
e) Ashlar fine masonry.
In this kind of masonry, each stone is cut to
uniform size and shape with all sides rectangular,
so that the stone gives perfectly horizontal and
vertical joints with adjoining stone.
f) Ashlar rough masonry.
In this type of masonry the exposed faces of stone
generally have a fine dressed chisel drafting all
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round the edges. The portion the face stone
enclosed by the chisel draft is rough tooled. The
stones thickness should never exceed 6mm.
@) Ashlar chamfered masonry.

This type masonry is similar to the one described
above with the only difference that the edges
around the exposed faces of stone are bevelled off
at an angle of 45° for depth of 25mm or more.

Fig. 17 General classification of ashlar masonry: (e) Fine masonry, (f) Rought
masonry, (g) Chamfered masonry.

2.3 MECHANICAL MODELS OF MASONRY STRUCTURE

There are two different scale approaches to study the structural response
of masonry elements: wzicro-mechanical model and macro-mechanical model
(Laurenco et al., 1995; Addesst et al., 2014) (Fig. 18).
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Fig. 18 Modeling method for masonry structures: (a) masonry sample, (b) detail
micro-mechanical model, (c) simplified micro-mechanical model, (d) macro-

mechanical model (Laurenco et al., 1995).

In the wicro-mechanical model the masonry is considered as a
heterogeneous material, represented as an assemblage of mortar
and rigid particles of stone or bricks joined held together by
compressive forces. The cracks occurring in masonry are usually
located at the mortar joint-brick interfaces, which represent planes
of weakness due to the coupling of two different 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 composed 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 (Como, 1992).
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2.4 'THE CONSTITUTIVE MODEL

The masonry does not apparently respect any hypothesis assumed for
other materials (isotropy, elastic behaviour, homogeneity) and the
continued modifications happened in the building history produce several
uncertainties in the model definition (geometry, materials, connection
etc.).

In order to define a formulation of the constitutive model, according to
the macro-mechanical model, the behaviour of the masonry is generally
considered intermediate between the behaviour of the brick and mortar,
(Fig. 19).

Mortar
D Masonry

Brick o A

Fig. 19 Qualitative stress-strain diagram in uniaxial tension and compression
(Ricamato et al, 2007).

Subjected to a uniaxial load, the masonry material has a stress-strain curve
that presents a brittle failure, characterized by a compression stress failure
value greater than the tensile one, as illustrated in (Fig. 20).
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i 4

Fig. 20 Stress - strain masonry curve (Ricamato et al, 2007).

In particular, it can be individuated the following characteristic features:

e compression 0-A that is essentially linear; A-B characterized by a
nonlinear behaviour, increasing until the maximum value of the
compression stress; B-C, decreasing feature with nonlinear
behaviour and softening; the point B represents the peak load and
the point C represents the point in correspondence of which the
masonry material collapses in compression.

e tension 0-I very short feature that has a linear behaviour and I-L.
decreasing feature.
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3 NO-TENSION MATERIAL (NTM)

The theory of No Tension Material (NTM), originally formulated by
Heyman (Heyman, 1966; Heyman, 1969), is a simple and complete macro-
mechanical model in which the masonry continuum can be represented as
an assemblage of rigid particles of stone held together by compressive
force, incapable of sustaining any tensile stress. Isotropy and homogeneity
are assumed.

In-depth studies into the behaviour of elastic no-tension bodies have been
conducted by many authors ( e.g. Di Pasquale (1984), Del Piero (1989),
Romano and Sacco (1984), Baratta (1991), Como (1992), Giuffre (1993),
Angelillo(1994), Zuccaro and Papa (1996), Addessi et al. (2014)).

This model is a drastic representation of the real behaviour of the masonry
and it is considerable as a safety precaution for the structural calculation
of the buildings.

The hypotheses of the theory of NTM are that masonry material
constituting the structures of monumental and old constructions is often
characterized by very low tension strength with respect to the compression
strength. Moreover, the tension strength of the masonry can decreases
related to the age of the material and for ground vibrations. This model it
is almost exactly true if a structure has an irregular texture, made up of
bricks laid either dry or with very weak mortar.

In this kind of structures, it isn’t possible apply the classic theory of
elasticity because the only one reliable resistance is to compression.

In order to define the model of N'TM, it is useful to recall the key
assumptions introduced by Heyman (Heyman, 1966; Heyman, 1969). He
assumed that:

1. Stone has no tension strength (INTM).
It is excluded the capacity of the material to resist to tension
strength with the possibility of inelastic deformation and the
collapse mechanisms are often characterized by the opening of
cracks in tension zones.
Concerning this first point Heyman explained that although the
stone itself may have some tensile strength, the joints will not, and
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no tensile forces can be transmitted from one portion of the
structure to anothet.

2. Stone has an infinite compressive strength.

This is equivalent to the assumption that stresses are so low in
masonry that there is no danger of crushing of the material. For
compressive strength the material has a classic linear-elastic
behaviour.

The assumption is obviously unsafe, but the errors introduced are
very small: this assumption can be considered adequate only when
the collapse mechanism is accompanied by low compressive
stresses. On the contrary, when the compression strength plays a
significant role in the structural collapse load, the no tension
model does not appear to be suitable.

3. Sliding failure cannot occur.
It will be assumed that friction is high enough, or that the stone
are effectively interlocked, so that they cannot slide one on
another. This is assumption did to Coulomb (1773). 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:
The condition (5):

Omax < 0 (5)

Holds in the sense that, at any point of the body, the maximum eigenvalue
of the normal stress tensor 0y, 4, cannot be positive because the stone has
not tension strength and the 3x3 matrix [O'i j] (i,j = x,y,2) results in
being negative and semi-definite.

In the stress components the no-tension condition can be restated as
follows (6):
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2
g, + o 0, — O.
¢ = Omax = x2 Y+ (x4y) +T3%yS0 ©)

The above equation, that in plane stress conditions takes the shape of a
convex cone (Fig. 21), gives the analytical expression of the yield surface ¢.

The cone has its axis defined by (7):
)

Ox = 0y, Tyy =0

Fig. 21 NTM model: yield surface in 6y, Gy, T,y stress space (Zuccaro and Papa,
1996).

The decomposition of total strain tensor &; (i,j = x,y,2) is assumed
also to hold (8):
®)

— € c
€ij = & t &

Where:
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Siej is the elastic strains;
eicj is the inelastic strains or crack strains;
The crack strains &f; are produced by the internal fracture of the material

and take place if Gy g, = 0.

3.1 THE CONSTITUTIVE MODEL OF NO-TENSION
MATERIAL.

3.11 Simplified uniaxial models

In paragraph 6.4 a constitutive model for masonry material is presented
(Fig. 20). According to the assumptions introduced by Heyman (Heyman,
1966; Heyman, 1969) for the N'T material, it is possible analysed simplified
models for idealizing the uniaxial masonry-like behaviour.

Fig. 22 shows three simplified models analysed by Angelillo (2014):

I
/..

b C d

Fig. 22: (a) model zero, (b) model one, (c) model two, (Angelillo, 2014).

The first model proposed the Rigid No-Tension material (Model zero
RNT) (Fig. 22 a). This model describes the masonry material as indefinitely
strong and stiff in compression but incapable of sustaining tensile stresses.
This material is rigid in compression and can elongate freely, a positive
deformation of the bar being interpreted as a measure of fracture into the
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material (either smeared or concentrated). This statement, that may appear
“paradoxical”, derives from the primitive definition of elasticity: stress
determined by strain, and the stress has actually a definite value (zero) if
the bar elongates.

The second model (Model one ENT) (Fig. 22 b) proposed the Elastic No-
Tension material (Romano and Romano (1979), Baratta and Toscano
(1982), Como and Grimaldi (1985), Romano and Sacco (1985), Castellano
(1988), Del Piero (1989), Angelillo (1993)). In this case the uniaxial stress
state can be represented with a linear-elastic behaviour for compressive
strength and no tension strength. The strain can be positive or negative,
positive strain being the fracture part of deformation and negative strain
the elastic part.

The last model (Model two ML) (Fig. 22 ¢) adding to model ENT (Fig. 22
b), the assumption of a limited strength oc in compression. It is assumed
that the material behaves as perfectly plastic in compression, therefore the
constitutive response becomes incremental and the actual stress state is
path dependent, being determined by the whole strain history.

The anelastic part of deformation is further decomposed into a reversible
fracture part and in an irreversible crushing part. This is a peculiar perfectly
plastic material, since, due to the different behaviour in tension (elastic
fracture) and compression (incremental plasticity), the plastic
deformations cannot be cancelled by reversing the strain. This model
requires the setting of two material parameters: the elastic modulus E and
the strength in compression oc, strength and stiffness being still
completely neglected in tension.

Any attempt to enrich this model for real applications is usually frustrated
by the lack of sufficient confidence on the material properties of the real
materials and of their assemblages.

Below will be proposed some formulations of the constitutive problem,
all based on the use of mathematical algorithmic.

In order to define the relationship between stress and strain, the NTM
model can be divided in two categories, according as it is valid or not the
Drucket’s stability postulate™:

3Drucker (1952,1958) introduced the idea of a stable plastic material. This postulate,
when applied to an element of elastic-plastic materials in equilibrium under the action
of surface loads and body forces, may be stated as follows:
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— Standard NTM
— No-Standard NTM

3.1.2 Approach formulated by G. Del Piero (1989)

This approach stems from three constitutive assumptions:
e infinitesimal elasticity;
e g unilateral constraint on the stress;

e a Drucker postulate of normality;
A material which does not support tension is a material in which the
Cauchy stress T is constrained to be negative- semidefinite (9):

T € Sym~ 9)

“Consider an element initially in some state of stress, to which by an external agency
ad additional set of stresses is slowly applied and slowly removed. Then, during the
application of the added stresses and in a cycle of application-and-removal of
the added stresses, the work done by the external agency is non-negative”.

Ducker’s stability postulate can be shown to lead to the following two important
inequalities:

W=fCOA0:6£” >0 W= fco(a—ao):6£p20

where

Co is the closed stress cycle, a loading-unloading path in the stress space.
W is the work done by the external agency.

epP is the plastic deformation

o is the stress tensor

The integrals represent the work done by the external agency over Co. It was shown
by Drucker (1956) that any material that does not obey this inequality is unstable. It
follows, from inequality that:

1. During the application of the additional stress A, the work W done by the
external agency must be positive.

2. Over the cycle of the application and removal of the additional stress Ag,
the work done by the external agency must be nonnegative. It is zero if only
elastic deformation e®occurs over the cycle; it is positive if there is plastic
deformation ePover the cycle. (A.Khan S.Huang, v,wiley-Interscience
Publication, 1995) (Hai-Sui Yu, Plasticity and geothenics, Springer, 2006)
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Assume that the infinitesimal strain tensor E be decomposed into the sum
of an “elastic” part E€ and an “anelastic” part E€ (10):

E = E® +E€ (10)

Assume that there is a linear relationship between T and elastic strain E®

(11):

T = CE® (11)

C is the elasticity tensor.
Than the anelastic part is defined as (12)

ES=E—-E¢=[E—-(C'T)] (12)

Assume that E€ obeys the following hypothesis Drucker’s stability
postulate (13):

(T—-T')-E°>=0 VT €Sym~ (13)

Egs. (9) and (13) define a linear elastic masonry-like material.
In the case of a unilateral constraint on the stress (14)

6(M <0 (14)
And

(T'"-T)-E°<0 E€eSym* (15)

Than the normality assumption reduces to the linear variation inequality
that defined the constitutive equation of no-tension material (16)

(T'"=-T)-ES=(T'"-T)-(E-CIT)<0 VT'ex (16
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Where
X% {T e Sym™:6(T) < 0} 17

It is know that this problem admits a unique solution for any E € Sym
whenever y is convex and C is positive-definite.

The constitutive equation of the linear elastic masonry-like material can be
defined, alternatively, by the system:

e E=FE°+E‘=CT+ES
e T eSym™ thatis the internal constraint;
e EfeSym*
e T:E° =0 thatimplies that T and E° are coaxial.
These conditions together are equivalent to variation inequality (16).

3.1.3 Approach formulated by A. Baratta et al. (1991, 2005)

This approach starts from the assumptions of the Drucker’s stability
postulate.). The Drucker’s postulate assumption implies an analogy of the
NRT model with elastic- perfectly- plastic associated flow law.

Assuming that o is the stress tensor at a generic point P of the wall and
denoting byo;ando, (0, < 0;) the respective principal = stress
components.

Since the material is not able to resist tensile stresses, it allows for the
development the anelastic strain &/, defined as “fracture strain tensor”.
The fracture strain €/ has the role of transferring the forces deriving from
inadmissible tensile stresses to the neighbouring material, in cases where
the body has the capacity to achieve equilibrium with the same forces in
pure compression.

Assuming that the displacement satisfies the conditions for the strain to
be treated as infinitesimal, and denoting by e the total strain tensor at the
point, it is possible to write (18, 19):

e =6+ ¢f (18)

€= Co (19)
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Where C denotes the usual tensor of elastic constants and o is the
admissible stress.

The following hypothesis can be assumed:

1. From Durcker’s stability postulate the fracture strain is positive
semi-definite (fracture corresponds to a strain state which does not
produce contraction of any material element) (20):

=0 Vaer, (20)
£ denotes the set of lines passing through the generic point P.

ii.  The stress state is negative semi-definite (the stress state cannot
suffer tractions) (21).

0, <0 Vaern, 21)

ii.  On any principal direction where the material is actually
compressed, the corresponding coefficient of linear dilatation of
the fracture strain must be zero. That is, in symbols (22):

0;<0 oef;=0 (22)
Than the fracture work is zero. In symbols (23):
c-ef=0 (23)

From the hypothesis it follows that:
o Ifo=0 - 0,=0,=0
In this case the material hasn’t a compression stress and it can be
fractured in any directions.
When the tensor stress is equal to zero, any directions are principal
directions so the fracture strain tensor and the stress tensor atre
coaxial.
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o Ifo<0 - 0,<0;0,<0
In this case the material is compressed in any directions. From
hypothesis (iii):

0, <0 ©¢&,=0Vaern,

The fracture strain tensor is equal to zero so also in this case the
fracture strain tensor and the stress tensor are coaxial.

e [fo<0 = 0,<0;0,=0
From hypothesis (iii):

0, <0 &, =0Vaer,

From hypothesis (ii) fracture strain tensor is always not negative
than &/, is a minimum value and it is a principal direction. Also
in this case the fracture strain tensor and the stress tensor are
coaxial.

From the Drucker’s stability postulate (24):

(6’ —0)-ef<0 voex (24)

Where ¢' is any admissible stress state other than the effective .

Summarizing, the fracture strain is characterized by nonnegative principal
components and it is coaxial with the strain tensor because they have the
same principal directions.

In order to formulate explicitly the relationships that express the fracture
strain as a function of the stress, let us consider that the space of
symmetrical bidimensional second-order coaxial tensors is a two-
dimension vector space.

Consider the two-dimension vector space constituted by the stress tensor
o and the unit tensor I, it is possible to express the fracture strain through
the superposition of two tensor, both coaxial to the stress tensor (25):
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lo|?

f_
el =0¢|o
fl loy + o,

* . .
where €/ is the free fracture that can develop at the point when the
stress state is zero.

The coefficients 9f and ¢ are parameters that control the activation of

the different types of fracture strain, and are subject to the following
conditions (26-31):

Thenif 6 =0 & 6fc # 0 and viceversa.
lo|? -8 =0 27)

Thenifo =0 & 6f # 0 and viceversa.

§-ef" =0 (28)

Then
=0 Vne n, (29)
6 =0 3D

3.1.4 Approach formulated by D. Addessi et al. (2014)

This approach assumed that the total strain € is partitioned into the sum
of an elastic part €%and two inelastic contributions e/ and €° , which
account for fracture (in tension) and crushing (in compression),
respectively (32):
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e=e® +ef +¢¢ (32)

A linear elastic relationship between the admissible stress o and the elastic

strain &’ is assumed:

o= ¢g°C (33)
1 v 0 (34)
c=—v 1 0
o0 1-w)/2

Where:

C is the isotropic elasticity matrix;

E is the masonry Young’s modulus;

v is Poisson ratio;

The inelastic fracture strain ¢ occurs in the masonry material when the
maximum normal stress reaches the zero strength value.

Defined a two-dimensional plane stress elastoplastic and denoting with o3
and o the principal values of the stress.

The admissible stress domain K is defined as:

K= {0:0, <0, 0, <0} (35)

The fracture strain tensor & is assumed to fulfil a normality rule with
respect to K.
The Drucker’s postulate hypothesis implies the conditions:

(c' —o0)ef <0, (36)
oc €K Vo' €K

Wherte ¢’ is any admissible stress state other than the effective one 0.
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Accordingly, the fracture strain e/ can be characterized as the solution of
the following nonlinear problem:

m (1 (37)
f— min {_ ec _ 1\T ec _ }

e =arg o 2(8 H)'C(e H)

Where:

=g+ ¢¢

K* is the polar cone of K.

It can be proved that, for the isotropic case, the fracture strain e/, the
strain €°“and the stress o are coaxial and they present common principal
directions.

Setting €°“; < €%¢,, the fracture strain principal components are
determined as:

o %<0 €%, +ve®y <0 no fracture is possible, so that the
fracture principal strains result:
Sfl = sz = 0

e &% > 0 the material is completely fractured and the £°¢; fracture
principal strains result:

— ec — c€cC
€f1—€ 15f2—5 2

fracture principal strains result:
efi=0 ¢&f,=¢e°, +ve,

o %<0 €%, 4+ ve®y > 0 no fracture is possible, so that the

The plastic yield function, based on the Drucker-Prager written in terms
of the principal stresses 07 and 05 as:
1

F= (8] + 0, — ,30'10'2 - 0-3% <0 (38)
Where:
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p is a material parameter;
ay is the initial yield limit value;

The evolution law of the plastic strain is ruled by the equation:

.OF
sC _ 39
s—/16c 39)

Where:
A is Lagrange multplier satisfying the loading-unloading and the

Consistency conditions:
j > F < 9. F=

In Fig. (Fig. 23), the set of admissible stresses and the inelastic strain are
schematically illustrated.

fracture & plasticity

; t\ frac'T.l re t 22

admissible
stresses

plasticity

Fig. 23 No-tension plastic admissible stresses: normality rule of the fracture and
crushing tensors. (D. Addessi, S. Matrfia, E. Sacco and J. Toti , 2014)
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4 COLLAPSE MECHANISMS OF MASONRY
STRUCTURES

4.1 INTRODUCTION

The seismic assessment of historical masonry buildings is a complex task
because the global behaviour of this kind of structures depends on various
factors, as the behaviour of the single walls, the connections between
them, the typology and stiffness of the floor (flexible or rigid diaphragms),
and the strong nonlinearities of the material.

This work, based on Heyman's general principles of limit analysis
(Heyman 1966, 1995, 1998), examines the collapse mechanisms of
masonry structures in response to horizontal ground accelerations. The
masonry structure is analyzed using rigid block or “macro-elements”
analysis based on equilibrium and making work calculations in order to
verify the stability of the structure and determine the critical collapse
mechanism.

The collapse of a masontry structure may be caused by one of three general
actions:

i applied loading (as in the overloading of a masonry bridge);

1. applied displacements (as in the differential settlement of
foundations);

1i. applied ground accelerations (as in the case of an earthquake) (Fig.
24);

Engineers have already explored the first action in some detail, particularly
for masonry bridges.

The second action is a very real problem, particularly due to the long-term
movements of the deformable foundations of a masonry building.
Likewise, ground accelerations as a result of seismic activity are also a
significant threat to masonry structures.

This study focusses on the third actions and seeks to determine the
influence of applied accelerations on the stability of masonry structures.
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Wall buckling due to Vertical cracks due
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P
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vy~  Direction
¥ ¥ of shaking

Staircase-wall separation

Fig. 24 Typical earthquake damage of masonry structures due to different

direction of shaking (Pitta, 2000).

In particular, the research investigates the conditions necessary for
collapse to occur on the structure. The influence of seismic action can be
approximated to first order by equivalent static analysis to determine the
initial collapse mechanism.
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4.2 'THEORY OF MASONRY STRUCTURES

There are two dominant theories for the structural analysis of masonry
(Ochsendorf, 2002): elastic analysis and limit analysis. Both theories
require the analyst to make assumptions about the material properties.

4.2.1 Elastic analysis

The classic elastic analysis requires numerous assumptions, many of which
are not justifiable for masonry structures. This structural analysis was
introduced by Navier (1826) to determine the stress state in statically
indeterminate structures. The engineers have applied this theory to the
design and assessment of structures.

Elastic analysis assumes that the material is a continuum, which behaves
as a linear-elastic solid. The method is inappropriate for assessing masonry
structures for the following reasons:

. The deformations in masonty structures are not due to elastic
deformations of the masonry material, and cannot be predicted
satisfactorily by an elastic analysis.

. The exact stress state is unknowable in a masonry structure, due
to the unknown loading history, boundary conditions, and material
properties.

. The material is heterogeneous, and is separated by joints and
fractures throughout, making it unreasonable to model as an elastic
continuum.

4.2.2 Limit analysis

In the 20th century there were many studies (Kooharian (1952), Como
(1985), Heyman 1998; Giuffre, 1999; D’Ayala et al, 2002, Zuccaro et al,
2009 ) based on the limit analysis for masonry structures by using
equilibrium, combined with kinematic analysis of mechanisms, to examine
the safety of masonry structures.

The problem is to define the stability conditions for rigid-block structures
using conventional structural mechanics.

The three well-known assumptions required to apply limit analysis to
masonry are (Heyman 1966, 1995, 1998):
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L masonry has no tensile strength;
1. masonry has an infinite compressive strength;
1il. sliding failure does not occur;

The first assumption is slightly conservative, but is accurate. Stone is very
weak in tension, and mortar joints do not provide significant tensile
resistance between stones. The final assumption is generally true, since the
very high friction between stones is sufficient to prevent sliding in most
cases.

These three assumptions, analysed in details in the previous chapter of this
thesis, lead to simple computations which provide accurate predictions of
the behaviour of masonry structures.

The aim of the limit analysis is to evaluate the load capacity and the
collapse mechanism of structures. Considering the limit behaviour of the
material, through a definition of a yield function ¢ in terms of stresses, it
is assumed that if ¢ < 0 the material remains in the elastic phase, if ¢ =0
the material becomes plastic and if ¢ > 0 the stress state is inadmissible.
The conditions ¢ = 0 represent the admissible stresses.

According to the definition of ¢, all points that are inside or on the yield
surface are admissible, while all points located outside the yield surface are
inadmissible.

For a structure, it is possible to define a statically admissible state (safe
state) for which the internal stresses are in equilibrium with the external
forces and the yield conditions are fulfilled in all the points.

This research follows a simplified limit state analysis proposed by the
MEDEA methodology (Zuccaro et al, 2002). MEDEA (Manual for
Earthquake Damage Evaluation and safety Assessment) is a manual used
for the evaluation of the damage due to a seismic event on masontry or
reinforced concrete building. According to this methodology, the limit
state analysis consists in modelling the analyzed building structure by
means of macro-elements and in assuming a set of the collapse
mechanisms which have been observed as the most significant in the
structures.
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4.3 COLLAPSE MECHANISMS CLASSIFICATION
According to MEDEA (Zuccaro et al, 2002) the Collapse Mechanisms are

classified as:

Global mechanisms (Fig. 25).

Global mechanisms are those mechanisms involving the
structures as a whole and then related to the evolution of the
cracks in a sufficient number of elements such that a total
compromising of the static and dynamic equilibrium of the
structural system is achieved.

For masonry structures, the global mechanisms have been
subdivided as follows:

1.

1.

1ii.

in plane: these mechanisms occurs when the walls of the
masonry box, excited by in plan actions in both versus,
respond by showing the classical diagonal X cracks,
consequent to the formation of diagonal compressive
beams. This mechanisms are due to poor tensile strength
of the masonry material;

out of plane: damage mechanisms that appear through an
out of plane kinematism of one or more walls of the
masonry box that, under seismic actions, loses his own
original toothing connection between the walls of the
facade and the orthogonal ones, possibly aided by the
action of thrusting floors and roofs;

other mechanisms: in this category are classified those
mechanisms that couldn’t directly be recognized as in
plane or out of plane, nevertheless are able to involve the
building as a whole, generating the total collapse of the
structure.
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GLOBAL MECHANISMS
1 ;Stnrey shear mecha-gm 2 ;Slorey shear mecha- F‘
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Fig. 25 MEDEA: Global Collapse Mechanisms (masonry). (Zuccaro et al. 2010).

Local mechanisms (Fig. 26).
This kind of mechanisms are concerned to marginal parts of the
structure; their evolution, even if determines the collapse of a
single element, generally does not involve the whole structural

equilibrium.

The local mechanisms have been classified as:

i.  forlocalized dislocation: these mechanisms are those, for
example, that arise for arch or architrave failure, or in
part of the structure characterized by different
irregularities, often connected to significant stiffness

variations.

i.  for thrusting elements: these mechanisms are determined
by the action of single elements at produce horizontal
thrust on the supporting structures.
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LOCAL MECHANISMS

Lintel or masonry arch
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Fig. 26 MEDEA: Local Collapse Mechanisms (masonry) (Zuccaro et al. 2010).

4.4 GLOBAL COLLAPSE MECHANISMS

This research analysed a set of global collapse mechanisms, which have
been observed as the most significant in masonry structures.

According to the MEDEA classification (Zuccaro et al, 2002), considering
a single wall, it is possible to distinguish two different types of failure that
lead to two different collapse mechanisms: out-of-plane and in-plane
failures, which correspond to collapses that are called first mode and
second mode collapse mechanisms respectively.

The first mode mechanism regards only parts of the wall and occurs when
a wall is subjected to an out-of-plane action and there is poor anchorage
of the orthogonal walls or a poor connection between floor and walls. The
second mechanism regards entire panels and occurs when a load is applied
in the same plane of the masonry wall (Fig. 27).

Fig. 27 Out-of-plane (left) and in-plane (right) behaviour of a single wall.
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The analysis method is based on the Equilibrium Limit Analysis. It takes
in consideration Kinematic theorem, applied to the masonry considered
as an assemblage of rigid blocks or “macro-element”, held together by
compressive force and liable to crack as soon as tension stress begin to be
development.

More in detail, a macro-element is the building portions structurally
recognisable with an autonomous behaviour respect to the whole building,.
Macro-elements are defined by single or combined structural components,
(walls, floors and roof), considering their mutual bond, (potential damage
pattern, cracks, borders of poor connections, etc...), and restraints, (e.g.
the presence of ties or ring beams), the constructive deficiencies and the
characteristics of the constitutive materials. They behave independently as
a whole without any support by other portions of the building, but they
follow kinematic mechanisms, both out- and in-plane.

This approach is based on the observation of the real behaviour of
masonty structures. They are generally characterized by a negligible elastic
deformation of the single parts, although displacement and rotations are
possible.

Once defined a set of possible mechanisms the equilibrium is possible only
under load particular conditions. The value of the load multiplier a for
which the structure is in equilibrium is defined collapse load multiplier.
The effective collapse mechanism is the one for which the load multiplier
(or collapse multiplier) determines an admissible stress state (no tension)
in the whole structure.

For each of the adopted limit states, the analysis computes the collapse
multiplier o, significant of the horizontal loads, for which the macro-
element model attains the ultimate limit state relevant to each considered
mechanism. The corresponding value a, of the trigger seismic base
acceleration is computed by the typical relationship (41) [CM, 2009-
C8A.4.9]:

aq (41)
A, = —
g S g
where:
a is the horizontal mass multiplier;
q is the ductility factor;
S is the subsoil factor, fixed equal to 1.25;
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g is the gravity acceleration (9,81 m/s?);

It is worth to emphasize that value of the collapse acceleration depends
on the typological and structural properties assumed for the analysed
virtual model. Such structural features can be considered as #pological
vulnerability factors since their combination has a great influence on the
building capacity.

4.5 IN-PLANE COLLAPSE MECHANISMS

In-plane collapse mechanisms, according Giuffré definition (Giuffre,
1993), can be considered as “second mode mechanisms”. The associated
damage (shear cracks) generally does not lead the structure to collapse, but
it can facilitate contemporary out-of-plane mechanisms.

In general, several in-plane collapses present a classical X-shaped crack
pattern due to diagonal orientations of the tensile-compressive principal
stresses. Such a behaviour is typical of shear or slip failure which are
assumed as the first two collapse mechanisms of the presented procedure.
Moreover, it is considered a further collapse behaviour, although not as
frequent as the previous ones, consisting in the vertical buckling of the
rectangular panel (Fig. 28).

Fig. 28 In-plane collapse mechanisms: failure modes in unreinforced masonry
walls (a ) Shear crack, (b) Failure by slip, (c) Buckling failure.

Different models for the assessment of masonry structures exist in the
literature. A simple approach includes models that schematize a masonry
wall in one-dimensional model with macro-elements. Various authors
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proposed these kinds of models (D’Ayala et al, 1995, Gambarotta and
Lagomarsino,1997 ).

In this approach the wall is described by a set of macroscopic no tensile
elements, which represent (Fig. 29):

e the pier panels, which are the vertical macro-elements between
two or more consecutive openings. They are the principal vertical
resistant elements for seismic loads.

e the spandrel panels, which are the horizontal macro-elements
between two or more consecutive openings- They are the second
resistant elements.

e the joint panels, which link pier and spandrel panels;

The advantage of the macro-elements approach is represented by a
reduction of the degrees of freedom that reduces the computational effort.

Window opening
Pier panels
Spandrel panels
Joint panels

JOUL

Fig. 29 Macro-Element model of the masonry structure.

In this approach, the value of trigger acceleration of the mechanism is
calculated to a single masonry panel considering the distribution of the
seismic forces on the different panels.
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It is worth being emphasized that, whenever the original wall is composed
by more than a single panel, each sub-element presents a peculiar value of
the collapse mass multiplier « and, subsequently, of the trigger acceleration
ag. In such a case, the original wall is assumed to behave as a series system
so that its collapse multiplier corresponds to the minimum o computed in
all its sub-elements.

All the considered in-plane collapse mechanisms are analysed by
considering a rectangular panel with thickness s, height h and width lp
subject to vertical compression N and to a shear action T at the lower and
upper base. In conclusion, the in-plane collapse mechanisms considered
in this study are:

. Shear crack,
. Failure by slip,
. Buckling failure.

Their limit conditions are reported below.

4.5.1 Shear crack

Shear strength of masonry structure significantly affects the seismic
behaviour of existing masonry buildings. Usually, masonry panels
subjected to seismic loads in their plane collapse for shear with diagonal
cracking and a specific failure criterion has been formulated to predict
the ultimate shear strength. Originally, this criterion was proposed by
Turnsek and Cacovic (Turnsek V. et al, 1971), and it has been included in
the current Italian seismic Code for buildings (NTC, 2008).

The assumed limit state condition consists in the opening of a diagonal
crack, as shown in Fig. 30, Fig. 31, Fig. 32, depending on the attainment of
the tensile limit value by the stress components orthogonal to the crack
direction.
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Fig. 31 Diagonal shear cracks due to earthquake Central Italy- Arquata del
Tronto 2016.
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Fig. 32 Diagonal shear cracks due to earthquake Central Italy- Illica
(Accumuoli) 2016.

Denoted by Ty the characteristic value of the limit shear stress component
and setting N equal to the normal compression strength, the shear
strength T,, i.e. the value of the horizontal shear corresponding to the
attainment of the ultimate limit state, is computed as the equation (42):

To=(pst) [1+ (42)

p(p s Tw)

Where p is a coefficient accounting the distribution of the shear stress
components over the panel. Usual values of p span between 1, in the case
of thick walls, and 1.5, for thin panels. I, is the length of the panel and s is
the wall thickness;

Turnsek and Cacovic obtained equation (42) considering a masonry panel
loaded in its plane by a vertical compressive action and a horizontal shear
force, with double bending boundary conditions (Fig. 33).
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Fig. 33 Shear crack mechanism

They supposed that the first crack appearsat the centre of the panel
when the principal tensile stress reached the tensile strength of the

masonty.
Defined:
a) Oon = lp_s
b) T,
T
) Tp= lp—L;
d) ™Tm =DpT;

¢) Ok = pTy
stress;

Ok
T = X
f)kp

the normal compressive stress;

the medium shear stress;

the shear stress at failure;

the maximum limit shear stress;

the characteristic value of the limit compressive

the characteristic value of the limit sheatr stress;
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The state of stress which is located at the intersecting point of the
diagonals cracks can be analysed by the Mohrt’s circle (Fig. 34).

TA

Prr

P
Pix

= 4

Ok 0 C On

Fig. 34 Mohr’s circle for shear crack stress.

Considering the triangle CPQ), using Pitagoras’s theorem it is possible to
write the analytic relation (43) between Oy, Ok , Ty :

(o +2) = or 2 + () 43)

From the definition of the characteristic value of the limit compressive
stress (e) it is possible to defined Ty (44):
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Gn
Pk

T, =1 |1+ (44)

From the definition of shear stress at failure (c) it is possible to write the
final equation (42) of the limit shear strength T..

From the limit shear strength T, and the value of the mass of the panel M
it is possible to write the horizontal mass multiplier (45):

M (45)

4.5.2 Failure by slip

A similar limit state condition concerns the slip collapse mechanism
shown in Fig. 35, Fig. 36, where the crisis of the panel is assumed to be
activated by the attainment of the tensile limit of the stress component
parallel to the crack.

In such a case, the shear strength T, is computed by the relationship (406)
provided by the Italian structural code (NTCOS) (Fig. 37):

Tu = lpS ka (46)

where fyy is the characteristic value of the limit shear stress of the panel.
According with the Mohr—Coulomb failure criterion (Coulomb, 1775;
Mohrt, 1882) fy is defined by (47):

ka = kaO + HOp (47)

With fyko is denoting the characteristic shear stress of the material and
0, the normal compressive stress component acting among the panel. p
, whose value is between 0,30 = 0,80, is the coefficient of friction. The
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Italian structural code (NTCOS8) suggests to use a coefficient of friction of
0,4.

From the limit shear strength T, and the value of the mass of the panel M
it is possible to write the horizontal mass multiplier (45).

Fig. 35 Failure by slip due to earthquake Central Italy- Pescara del Tronto 2016.
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Fig. 36 Failure by slip due to earthquake Central Italy- Illica (Accumuli) 2016.
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Fig. 37 Failure by slip
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453 Buckling failure

The last in-plane collapse condition, considered in this research, models
the crisis due to the combination of vertical compression and uniaxial
bending of a rigid rectangular panel.

Assuming a compressive-only behaviour of the material, the maximum
values of the compressive stress, for which collapse is induced, are
clustered at the extreme base region of the panel, as sketched in Fig. 38,
Fig. 39, Fig. 40. In fact, because of the rigid behaviour of the panel, bending
induces a rigid rotation about the axis orthogonal to the middle plane.

Fig. 38 Buckling failure of a masonry wall
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Fig. 40 Buckling ultimate limit state
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Defined:
The normal compressive strength N:

N =opl,s 48)

The length of stress diagram b:

. N
~ 0,85f3s (49)

The eccentricity of the normal compressive strength e:

(50)

The panel limit state is defined by the ultimate value of the bending
moment M, which is computed:

(1)

From Eqn. (49-50-51) it is possible to write the simplified equation for the
ultimate value of the bending moment M, (52), provided by the Italian
code [NTC, 2008]:

2 Op On >
— _n _ 52
M, (lp s 5 ) (1 T, (52)
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where 0y, is the vertical compressive stress component of the panel and
fq is the characteristic value of the compressive limit stress of the masonty.
Assuming the static constraint of the wall be fixed at the base and linked
support at the top, by equilibrium considerations (53), the ultimate shear
strength T of the panel is (54):

2M
T, == (54)

with h denoting the height of the panel.
From the limit shear strength T, and the value of the mass of the panel M
it is possible to write the horizontal mass multiplier (45).

4.6 OUT-OF-PLANE COLLAPSE MECHANISM

Out of plane collapse mechanisms consist in cinematically indeterminate
displacements of one or more structural elements compromising the
structural capacity of the model (Fig. 41). Such behaviours can be induced
by different phenomena, such as ineffective connections between
contiguous walls, insufficient anchoring of the floors or out-of-plane
horizontal loadings due to vaults, floors and roofs. In some cases, diagonal
cracks due to in-plane mechanisms behave as cylindrical hinges although
this last case usually occurs for high levels of overall damage.
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Fig. 41 Out-of-plane failure mechanisms of the FaMIVE method (D’Ayala and
Speranza 2003)

Regardless of the nature of kinematic collapse, such mechanisms are
particularly dangerous in absence of temporary retaining structures even
if the incipient kinematic indeterminacy has not completely developed. In
this respect, after the attainment of in-plane limit states, structural
elements usually present a residual capacity due to their ductility so that
the structural model is capable of achieve a sufficiently stable equilibrium
condition. On the contrary, several cases of incipient out-of-plane collapse
correspond to values of the potential energy which, although stationary,
are not local minima; thus, even limited perturbations can trigger
disastrous failure. For this reason, the analysis of such a class of collapse
mechanisms is of outmost importance in estimating the structural
vulnerability.

Because of the kinematic indeterminacy of the schemes modelling out-of-
plane mechanisms, the estimation of the collapse multiplier a related to a
structural panel must be performed by applying the virtual work theorem
according to the Lagrange’s procedure.

To this end, following the macro-element philosophy adopted in this
analysis, the limit state conditions are computed by means of rectangular
panels subject to a standardised set of loads. In particular, the generic
panel is subject to » vertical loads Ps; due to the floorings; the horizontal
load Py due to the roof; the horizontal load Ti due to any tie-beams at top;
and 7 static actions related to arches and vaults, characterized by means of
their vertical Fyi and horizontal Fui components where subscripts 7 are
progressive indexes.
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Each collapse mechanism is characterized by the presence of a cylindrical
hinge; therefore, the panel is partitioned in # regions, whose self-weight is
defined as W, which can rotate independently about the hinge’s axis. The
kinematic scheme determines the distances of the static actions with
respect to the location of the hinge. Specifically, assumed the hinge as
origin of a horizontal-vertical reference system, the centre of mass of the
7~th sub-panel is located at [Xai, Yai]; |; the actions Py and Ps; are applied
at [d;, hi], while the coordinates of actions Fy; and Fyi are [dy, hyi].
Analogously to the in-plane mechanisms, the simplified analysis aims to
determine the collapse multiplier « of the horizontal loads which is
computed by defining a rotational equilibrium relationship with respect to
the hinge location:

a(zwiyci S, di)+zpﬁi by
n m r
= 2 W, Xg, + 2 Pg; hg, + z Fy, dy,
n m S

It is worth being emphasized that the left side of Equation (55) represents
the momentum of the horizontal actions about the hinge axis. The
presence of Wi, Psi and Fvi, formally vertical actions, is due to the fact that
multiplier o is significant of the horizontal acceleration; therefore, the
terms inside the brackets physically represent horizontal inertia forces. In
this sense, the overturning moment at the left side of Equation (55), is in
equilibrium with the resisting moment computed in the right side.

The trigger horizontal acceleration ag is then computed by a relationship

(55)

conceptually analogous to the one reported in Equation (56) which yields

[CM, 2009- C8A.4.9]:

_ a(Xin Wi + X2, P) q (56)
e T M s

where q is the ductility factor, S is the subsoil factor assumed to be equal
to 1.25, g is the gravity acceleration and M* is the participating mass. This
last quantity is due to the presence of the non-uniform displacements
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distribution presented by the system of rigid sub-elements excited by the
base acceleration and is computed by:

*

2
(TR W deg + 2T Py dyy)
g Qs Wi dazc,i + Z;’n=1 P; dpzc,j)

(57)

where dy jdy ; are the values of the virtual displacement computed at the
application points of actions W; and P;, respectively.
The values of the weights and external actions and their locations are
computed by the simplified structural analysis for each macro-element
while the location of the kinematic hinge depends on the peculiar collapse
mechanism considered in the analysis. In particular, each macro-element
has been analyzed with respect to three out-of-plane failure schemes,
namely:

e simple overturning;

e vertical bending;

e horizontal bending.
whose analyses are reported in the following subsections.

4.6.1 Simple overturning

The simple overturning of external walls could be considered as one of
the most frequent collapse mechanism. The mechanism consists in a rigid
rotation about one of the edges of the base section, as shown in Fig. 42
where the wall is represented by its transverse vertical section and a
counter-clockwise rotation is assumed. In such a case, the panel does not
present any internal discontinuity. The boundary conditions are, in
general, the lack of effective connections and constraints.

The mechanism is easy recognisable by vertical crack patterns between the
wall and the orthogonal lateral walls (Fig. 43) and the presence of
horizontal cracks. In some cases, the floor beams collapse (Fig. 44). The
mechanism could be limited to one or more building floors, related to the
floor connection, masonry typologies, restrain geometry etc.
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Fig. 43 Vertical crack patterns between the wall and the orthogonal lateral walls,
Illica, 2016
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8 __ SN =

Fig. 44 Simple overturning due to earthquake Central Italy, Amatrice, 2016
Fig. 45 reports all the forces acting on the generic panel and contributing
to the kinematic equilibrium; The collapse multiplier « is calculated after
evaluating the forces which determine the overturning of the body (the
overturning moment) (58) and the forces that oppose the rotation (the
stabilizing moment) (59).

M, = «[WY; + Fyhy + Psh] + Fghy + Pgh (58)

M; = WXg + Fydy, +Psd + Th 59)
Where:
W is the weight of the wall;
Yg is the vertical distance of the center of gravity G respect to the
hinge A;

Fy is the vertical component of the push of arches on the wall;
h, is the vertical distance from the hinge A of the point of application
of FyandFy;
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Ps is the weight loaded by the horizontal structure acting on the wall;
h is the height of the wall respect to the hinge A;

Fy is the horizontal component of the push of arches or vaults on the
wall;

Py is the thrust of the horizontal structure acting on the wall;

Xg is the horizontal distance of the center of gravity G respect to the
hinge A;
d, is the horizontal distance from the hinge A of the point of

application of Fy,

d is the horizontal distance from the hinge A of the point of

application of Ps;

T is the maximum resistance due to architectural constrains (tensile
tie if present, friction by the slab etc...);

S is the wall thickness;

The equilibrium equation (55) can be specialized as:

= WX¢ + Fyd, +Psd + Th

and the collapse multiplier o turns out to be:

. WXG + FVdV + Psd + Th — FHhV - PHh

(61)
WY, + F.h, + Psh

(04

representing the relationship proposed by Milano et al.(2008).
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— hv

Yo

Fig. 45 Simple overturning failure, vertical section of the wall

4.6.2 Vertical bending

The vertical bending mechanism (Fig. 46) involves a vertical instability of
the wall induced by the seismic inertial forces and the action of an
intermediate floor. For this reason, the hinge is located in correspondence
of an intermediate floor (point C) while the neighboring floors act as
horizontal restraints (points A and B). Subsequently, the panel is
partitioned in two sub-elements which can rotate about point C (Fig. 47).

Fig. 48 shows a vertical transverse section of the considered model and
reportts all the assumed actions and their locations.

The collapse multiplier o derived from the kinematic analysis of the two
sub-elements which can rotate about point C. Imposing a unitary
rotation P = 1, the boundary conditions of A and B are:

uA:O uB:O

— Vg = Sy
CORLINS WA R
¥ = p=— =0
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Fig. 46 Vertical bending of masonry wall due to earthquake Central Italy, Fonte
del Campo, 2016.

Fig. 47 Vertical bending of masonry wall due to earthquake Central Italy, Illica,
2016
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Fig. 48 Vertical bending failure, vertical section of the wall

hy
M = (X[Wchl + WZYGZ h +FV1hV1 + szhvz h

+ Pslhp] +FH1hV1 + FHZhVZ h_2
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Calculated the virtual displacements of the point of application of the
force acting on the two sub-elements, it is possible to evaluate the forces
which determine the overturning of the body (the overturning moment)
(63) and the forces that oppose the rotation (the stabilizing moment) (64).

hy (63)
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S1 1h,
MS = Wl?-l_ Wzsz (1 + Eh_2> + Fvldvl

h, hy
+ FV (SZ + dV _) + N (SZ + dn _) (64)
2 2 hZ hZ

h
+ Ps;d, + Ps, (sz +d, h—z) + Th,

Where:

W1 is the weight of the wall panel 1;

Ys, s the vertical distance of the center of gravity Gi respect to the
hinge A;

W2 is the weight of the wall panel 2;

Ys, is the vertical distance of the center of gravity G2 respect to the
hinge B;

h,; is the height of the wall panel 1 respect to the hinge A

h, is the height of the wall panel 2 respect to the hinge B

Fy, s the vertical component of the push of arches or vaults on the
panel 1;

hy,  is the vertical distance from the hinge A of the point of application
of Fy, and of Fy ;

Fy, s the vertical component of the push of arches on the panel 2;
hy, s the vertical distance from the hinge B of the point of application
of Fy, and of Fy_;

Ps;  is the weight loaded by the horizontal structure acting on the panel
1;

h, is the vertical distance from the hinge A of the point of application
of Psjand T;

Fy,  is the horizontal component of the push of arches or vaults on the
panel 1;

hy, s the vertical distance from the hinge B of the point of application
of Fy, and of Fy_;

Fy,  isthe horizontal component of the push of arches or vaults on the
panel 2;
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hy, s the vertical distance from the hinge B of the point of application
of Fy, and of Fy;

S1 is the thickness of the panel 1;

S is the thickness of the panel 2;

dy;  is the horizontal distance from the hinge A of the point of
application of Fy_;

dy, is the horizontal distance from the hinge B of the point of
application of Fy,_;

N is normal compression strength;

da is the horizontal distance from N to the hinge C;

Ps;  is the weight loaded by the horizontal structure acting on the panel
1;
d,; is the horizontal distance from the Ps; to the hinge A;

Ps,  is the weight loaded by the horizontal structure acting on the panel

d, is the horizontal distance from the Ps,to the hinge B;

T is the maximum resistance due to architectural constraints (tensile
tie if present, friction by the slab etc.);

hp is the vertical distance from the hinge A of the point of application

of Psjand T

The virtual work relationship is derived assuming a counter-clockwise
rotation of the bottom sub-element. As shown in Milano et al. [2008], the
equilibrium equation (55) can be specialized for this kinematic scheme as:
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hq
a|W;iYg, + WoYg, — n +Fy hy, +F, hy, — h

h
+ Pslhp] +Fy, hy, + Fy,hy, —

Vzh_
1h,
= Wl > +W252 (1 + 2h2> + Fy dy, (65)
hq hy
+F, (sz+dV )+N(sz+dn )
2 2 p, h,

h
+ Poydy + Py (sz +dyyt )+Th

Defined:

Wi
E = 751 + Fvldvl + (WZ + PSZ + N + FV2)52 +

(66)
hl WZ
h_<_ Sy + PSzdz + Nd + szdvz FHZhVZ) + PSldl
2
— FthV1 + Thp
the collapse multiplier o is:
E
o = (67)

h
WiYe, +Fy hy, + Psihy + (WoXg, + Fy,hy,) gt

4.6.3 Horizontal bending

The last out-of-plane mechanism considered in this study
concerns horizontal bending of two adjacent panels. Restrained
panels to orthogonal walls but not in the upper side could be
damaged by bending in the horizontal plane.
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The general behaviour involves an arch mechanism within the
wall section caused by the out of plane actions (Fig. 49 a-c) (Fig.
50). In case of good quality of the lateral masonry and
effectiveness of the connections, the collapse does not happen
but the inner side of the wall could be compressed (Fig. 49 b).

(a) (b) (c)

Fig. 49 Horizontal bending of a masonry wall (Borri, 2004)

In multiple leaf masonry, the mechanism could involve only the
external leaf that could collapse.

Chimney flues, internal masonry discontinuities like holes for
rainwater pipes or ducts for other technical plants reduce the
load bearing section, localising the hinges for the kinematic
mechanism.

In such a case, three hinges, reported in Fig. 51, are considered.
Moreover, apart from the standard actions introduced before, a
further contribution must be considered. It consists in a
horizontal force accounting for architectural constraints, such as
the action of steel ties, if present, and the friction between the
panel and the floor slab.
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Fig. 50 Horizontal bending due to earthquake Central Italy, Pescara
del Tronto, 2016

The collapse multiplier o is derived from the kinematic analysis
of the two sub-elements which can rotate about point C.

Imposing a unitary rotation ¥ = —1, the boundary conditions
of A and B are:

vp =0 (68)
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Calculated the virtual displacements of the point of application
of the force acting on the two sub-elements, it is possible to
evaluate the forces which determine the overturning of the body
(the overturning moment) (69) and the forces that oppose the
rotation (the stabilizing moment) (70).

1
M, =« [W1XG1 + Wzlp—lez + Z Ps,, du,,
P2

| i ©9) (
P1
+ z Ps 1 dHiz]
i P2

_ lpl d lp1 d
MS o TS 1 + l_ + PHil Hil + PHiz l_ Hi2 (70) ((
P2 i i b2

Where:
Wi is the weight of the wall panel 1;

X, is the horizontal distance of the center of gravity
G respect to the hinge A;

W, is the weight of the wall panel 2;

X, s the horizontal distance of the center of gravity
G respect to the hinge B;

1
1

p1 is the is the length of the panel 1;

P2 is the is the length of the panel 2;

Ps.,  is the weight loaded by the horizontal structure
acting on the panel 1;

dy;, is the horizontal distance of the hinge A and the
point of application of Py, ;
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Ps,,  is the weight loaded by the hotizontal structure
acting on the panel 2;

dy;, is the horizontal distance of the hinge B and the
point of application of Py,

T is the maximum resistance due to architectural
constraints (tensile tie if present, friction by the
slab etc.);

S is the wall thickness;

Py,,  is the thrust of the horizontal structure acting on
the panel 1;

Py,  is the thrust of the horizontal structure acting on
the panel 2;

oPs,  is the horizontal component of the weight loaded
by the horizontal structure acting on the panel 1;

oPs,, is the horizontal component of the weight loaded
by the horizontal structure acting on the panel 2;

As shown in Milano et al. [2008], the equilibrium equation (55)
can be specialized for this kinematic scheme as:

(0

1
W Xg, + W, I’JXGZ + Z Ps,, dy,,
P2 i
lp1
+ Z Psiz 1_ dHiZ
i P2
| (71)
_ P
=Ts <1 + 1_1) + Z PHil dHil
P2 i

1
E p
+ PHiz 1 - dHiZ
i P2
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The equilibrium condition of Equation (55), computed by the
application of the rigid displacement and considering the
distances reported in Fig. 51, permits to determine the collapse
multiplier which turns out to be (Milano et.al 2008):

1 1
P1 . . P1
TS(1+lp2)+Zl PHildHi1+Zl PHilez dHiZ

a= Tp, Tpy (72)
W1Xg; +Wa1—=XG,+2iPs;; dHj; +2i Ps;,1—dHj,
p2 P2
dHn dHiZ
FH'li FHﬂi FHni & Flei
aPg i aPSﬂi aPSili aPSlzi
G G
S 2
Xe, Xg,
orWl O(Wz
0@ T
A Be¢—
[eXe]

Fig. 51 Horizontal bending, horizontal section of the wall.
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4.7 ANALYSIS OF THE MECHANISMS OF COLLAPSE: THE
CASE STUDY OF FONTE DEL CAMPO

In this paragraph, the study of the mechanisms of collapse is used to
analyze the seismic damage caused by the earthquake that hit the central
Apennines on 24th August, 2016. Several information related different
towns were collected during the surveys activities performed in October
2016. In particular, among all towns, it is investigated the case study of
Fonte del Campo. This is because the dimensions of Fonte del Campo
town make it possible a more thorough and quicker analysis then the other
towns analysed.

4.71 Earthquake central Italy

On August 24th, 2016, at 03:36 (CEST) a MW 6.0 earthquake hit the
central Apennines in Italy (Fig. 52). A number of aftershocks continued
after the main event (Fig. 53), the largest one of Mw 5.5 On October 26th,

INGV ShakeMap : Rieti
24 Aug 2016 01:36:32 UTC M 6.0 N42.70 E13.23 Depth: 8.1km 1D:7073641

] -"' ) " 7
2l 4% 2 {Frs a
L . “ 40 w
\ P
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Map Version 27 Processed 2017-11-02 14:53:23 UTC

PP | Notfolt| Weak | Light Stong |Very strong| Severe | Violen!
POTENTIAL none | none | none |Verylight| Light | Moderate |Mod/Heavy | Heavy |Very Heavy
70
45

i

PEAKACC{%g) | <0.06 | 0.2 08 20 48 12 29 >171

PEAK VEL{(cm's) | <0.02 | 0.08 0.3 0.9 24 64 17 >120
Fig. 52 Shake Map on 24 August in the Rieti, Ascoli
and Perugia provinces. Source: INGV
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two aftershocks of magnitude 5.5 and 6.1 hit Visso, north of Amatrice.
On October 30th, a magnitude 6.6 earthquake struck Norcia, situated
between Amatrice and Visso. Overall 299 lives were lost. The depth of the
24th August earthquake was 4 km and the epicenter area was between
Norcia and Amatrice, at the boundaries among Lazio, Marche, Abruzzo
and Umbria regions. The epicenter is just tens of kilometers NW of
I’Aquila (Abruzzo), hit by a slightly larger seismic event (MW 6.3) on April
6, 2009.
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Fig. 53 The seismic sequence started on 24th August in the Rieti, Ascoli and
Perugia provinces (updated 16 September 2016). Source: INGV

The distribution of the dislocation is concentrated in two areas: one, quite
shallow near Accumoli and Amatrice, and a deeper one near Norcia. This
suggests a bilateral rupture, along the NW - SE direction, with coherent
directivity effects.

Despite the relatively low moment release, the event occurred on August
24 has been particularly devastating. Field reports indicate severe damage
in the epicentral area and, in particular, in the town of Amatrice.
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The number of victims is almost equal to that calculated after the 2009
I’Aquila event, which had greater 5 magnitude (Mw 6.3). Major causes for
such loss of lives in 2016 are both the occurrence of the main shock in
night-time (3:36 am local time) and the presence of many tourists in
holiday houses, including those from other countries.

4.7.2 Impact on the buildings

On October 2016 visual surveys were made in the places affected by the
earthquake Central Italy.

The towns analysed are: Amatrice, Libertino, Fonte del Campo, Saletta,
Accumoli, Illica, Pescara del Tronto and Arquata del Tronto (Fig. 54). The
observed data showed that in these places most of the buildings are
unreinforced masonry ones. The main construction technique used for
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Fig. 54 Towns analysed by visual surveys on October 2016.

URM buildings is coursed or un-coursed rubble masonry (Fig. 55, Fig. 56).
This kind of masonry, usually made with mortar and irregular natural
stones, it can be still found in many old town of Italy.

The buildings seismic damage depends on their “vulnerability factors” (the
quality of the masonty, the plan layout and structural irregularities etc.).
The observed buildings are characterized by poor wall-to-wall and wall-
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to-floor connections. The seismic vulnerability of this type of buildings is
therefore very high because of their poor resistance to lateral loads.

Fig. 56 Un-coursed rubble masonry, Fonte del Campo October 2016
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The main observed failures on the URM buildings are:
e Out-of-plane collapse mechanisms of the wall due to ineffective
connection to walls (Fig. 57).
e In-plane collapse mechanisms activated in buildings with a better
degree of connection of the walls exhibited (Fig. 58).

7 AR

Fig. 57 Out-of-plane collapse mechanisms, Accumoli October 2016.
N —

Fig. 58 In-plane collapse mechanisms, Illica October 2016.
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Several buildings in which the original timber floors and roofs were
replaced with reinforced concrete elements have collapsed partially or
totally. The addition of R.C. roofs does not seem to have been supported
by the existing masonry walls. The insertion of concrete elements has, in
fact, only increased the mass of the buildings making them even more
vulnerable (Fig. 59).

A good seismic behavior and low level of damage have been recorded in
buildings in which the quality of the masonry walls was improved (mortar
injections etc..) and the out-of-plane mechanism was minimized inserting
steel ties and properly connected ring beams (Fig. 60, Fig. 61).

e

Fig. 59 Masonry building with RC roof, Accumoli October 2017.
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Fig. 60 Masonry building renovated with mortar injection (on the left) and old
collapsed masonry building (on the right), Saletta, October 2017.

Fig. 61 Old masonry building with steel ties, Accumoli October 2017.
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4.7.3 Analysis of Fonte del Campo

Fonte del Campo is a district of the village of Accumoli (Fig. 62). On
October 2016 visual surveys showed that in the town there are 100
buildings, most of them (90) are residential buildings (Fig. 63). Only 27
people live in Fonte del Campo and most of the residential buildings are
uninhabited during the most part of the year. This involves that most of
the buildings are abandoned and in bad conditions.

Fig. 62 Planimetry of Fonte del Campo.
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m Residential buildings
‘Worship buildings

m Storage

Fig. 63 Classification of Fonte del Campo buildings.

4.7.3.1 Data collection

During the survey activities the collection of the buildings information
were performed using two different forms:

. AeDES form.

AeDES (Agibilita e Danno nell'Emergenza Sismica) is a first level form
for post-earthquake damage assessment, created by National Seismic
Survey (SSN) and GNDT (Italian national seismic protection group). The
form is the outcome of the field experience, matured after several past
earthquakes, when forms with different levels of detail were used (Irpinia
’80, Abruzzo ’84, Basilicata *90, Reggio Emilia *96).

AeDES form allows a quick survey and a first identification of the building
stock, with the collection of metrical and typological data of the buildings.
The form has 9 sections concern information about position of the
building, classification, material, structural typology, damage of the current
event and previous damages (Fig. 64).
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SEZIONE 3 Tipologia (multiscelta: per gli edifici in muratura indicare al massimo 2 tipi di combinazioni strutture verticali-solai)

Strutture in muratura Altre strutture
L} o
8 | Atessitura imegolare | A tessitura regolare | _ Telai inc.a. m)
Strutiure = & di cattiva qualita ed buona qualita k] T
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5 [Sema [ Con | Sema | Con ;_Lﬁé =z on
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ocordoll | o condoli | o cordoli | o cordol REGOLARITA' | regolare
A © T 5 T [Flo[n A B
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1 [Non Identificate o O m} [m) o (s |00 1] ed slevazions | O o
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3 |Volte con catene m} m} a a m] ajo Copertura
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8 (solai di c.a., travi ben collegate a solette d ca._) ) a ) a o G3| H3 40 Non sgi P
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1 |Strutture verticali g|a|lagjo|o|ojjo|o]jofo [®] a a m) a a
2 |Solai g|0|lofo|o|ojo|a|ojo o] a a a a a
3 |Scale g|0|lofo|0|ojo|a|ojo o] a a a a a
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Fig. 64 AeDes form: sections 3 and 4

. MEDEA form.

MEDEA (Manual for Earthquake Damage Evaluation and safety
Assessment) (Zuccaro et al, 2002), is a manual used for the evaluation of
the damage due to a seismic event on masonry or reinforced concrete
building. The first sections of MEDEA form concern the description of
vulnerability characteristics of the building. The other sections concern
the damages classification of the structures of the buildings (Fig. 65). The
damage assessment survey is supported by forms where every damage type
is described with notes, iconographic representations showing different
damage levels, and possible links to their associated collapse mechanisms.

This helps to reduce the level of uncertainty in the assessment of safety
during the survey.
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FORM FOR THE QUICK CENSUS OF THE DAMAGE MECHANISMS, THE SEISMIC DAMAGE AND THE VULNERABILITY
OF THE ORDINARY MASONRY BUILDINGS

(Medea 12/04)
ISTAT Region code Town ISTAT Town code Date
ISTAT Province code Locality ISTAT Locality code Team number
Block number Building number Global damage Safety judgment AEDES Form Number
DAMAGES TO VERTICAL STRUCTURES DAMAGES TO HORIZONTAL STRUCTURES
mech, Jvi[ve[va|w]ws|ve]v|we|ve[wio|wnfwzlvia|wvie|vs|ve|wr|we|ve|ve|ve | vz |ves o | ne o || os | o | or | re | ve | wio | e | ez | e

* Damages different from the mechanisms V1-V23 and H1-H13

Fig. 65 MEDEA survey form.

For each building the great number of information collected with AeDES
and MEDEA forms are synthesized. During the survey each building is
identified with an ID number, so it is possible to join the information from
both different forms.

Table 9 summarizes some building dataset analysed in this research. In
particular, the first column represent a building identification number.
Moreover, columns 2-10 report the main structural characteristics
reported by AeDES and MEDEA forms.

122



COLLAPSE MECHANISMS OF MASONRY STRUCTURES

Table 9 A sample of the information collected by AeDES and MEDEA forms.

ID  |Typology m/ﬁ\qmcﬂﬁ_“w_w M_MMMNHM_ z:ﬁ M.M. of Pushing roof Tie U_MM%W_:@ Regularity| Level of Damage |Mechanism of collapse
782 R A 3 2 1 0 1 3 TC
525 R A 3 2 1 0 1 1 0
532 R A 3 3 1 0 0 4 TC
528 R A 3 2 1 0 1 4 TC
385 R A 1 2 1 0 1 4 FO
390 R A 1 2 1 0 1 4 RIB
393 R A 1 2 1 0 1 4 RIB
386 R A 3 3 1 0 1 4 RIB
397 R A 3 3 1 0 0 3 TC
394 R A 3 1 1 0 1 4 RIB
401 R A 3 3 1 0 1 3 FvV
408 R A 3 3 0 1 0 2 TC
412 R A 1 2 1 0 0 4 FV
404 R A 1 2 1 0 1 4 RIB
424 R A 1 2 1 0 1 4 RIB
415 R A 1 2 1 0 1 4 RIB
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4.7.3.2 Seismic Vulnerability classification of the buildings by
“SAVE” method

A Seismic Vulnerability classification of the buildings (A,B,C,D) is made
using the “SAVE” method [Zuccaro et al. 2015]. According to this
assignment procedure the vulnerability level of each building is evaluated
considering the typological characteristic as vulnerability modifiers (Table
10) and giving to each of these a numerical weight calibrated using a wide
database of seismic damage observed after the most important
earthquakes occurred in Italy in the last forty years. The vulnerability
classes (A, B, C, D) have different structural characteristics and other
vulnerability factors (age of construction, number of floor, height of the
building etc...).

Identified the vulnerability classes (A, B, C, D) of the buildings (Table 11)
it is possible to analyze their distribution on the village of Fonte del Campo
(Fig. 66).

Table 10 Typological characteristics identified on buildings of Fonte del Campo.

Typological parameter Characteristics Identification
patameter

Irregular stonework A

Hollow bricks B

. Tuff B

Typology of vertical structure

Regular stonework C

Solid bricks C

RC buildings D

Wooden beams 1

. Iron beams 2

Typology of horizontal structure -
. R.C. with hollow 3
(Intermediate slabs and roof) }
brick
Vaults 4
Number of floors 1to5 1to5

Pushing roof On/off (1/0) variable
Tie rod / ting beams On/off (1/0) variable
Regularity On/off (1/0) variable
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Table 11 A sample of the Seismic Vulnerability classification of the buildings of

Fonte del Campo.

Vulnerability
1D Typology | Vertical structure | Horizontal structure | Number of floors [  Pushing roof [Tie rod/ Ring beams|Regularity] Level of Damage Mechanism of collapse |class of buildings
"SAVE"
782 R A 3 2 1 0 1 3 TC A
525 R A 3 2 1 0 1 1 0 A
532 R A 3 3 1 0 0 4 TC A
528 R A 3 2 1 0 1 4 TS A
385 R A 1 2 1 0 1 4 FO A
386 R A 3 3 1 0 1 4 RIB A
397 R A 3 3 1 0 0 3 TC A
394 R A 3 1 1 0 1 4 RIB A
401 R A 3 3 1 0 1 3 FV A
408 R A 3 3 0 1 0 2 TC A
412 R A 1 2 1 0 0 4 FV A
404 R A 1 2 1 0 1 4 RIB A
424 R A 1 2 1 0 1 3 RIB A
415 R A 1 2 1 0 1 4 RIB A
383 R A 1 3 1 0 0 4 RIB A
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mClass A
ClassB
W Class C

mClassD

Fig. 66 Analysis of the Vulnerability class of the buildings of Fonte del Campo.

The visual surveys showed that most of the 100 buildings are Class A and
Class B buildings. Moreover in Fonte del Campo there are many buildings
with vulnerability Class C. This is because many buildings were renovated
using steel ties or RC ring beams, so most of the buildings that have a class
B typology of vertical structure, according with SAVE method, are
classified as vulnerability class C.

Using a GIS software it is possible to visualize this data on the map of
Fonte del Campo (Fig. 67 Distribution of the Vulnerability classes of the
buildings of Fonte del Campo.).

In this study only the residential buildings are take in account so the other
buildings are indicated with “NA” symbol.
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Fig. 67 Distribution of the Vulnerability classes of the buildings of Fonte del
Campo.
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4.7.3.3 Damage distribution

The visual survey showed for each building class the level of damage due
to earthquake on the 24th August 2016. Using a GIS software it is possible
to visualize the observed data on the map of Fonte del Campo (Fig. 68).
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Fig. 68 Levels of damage distribution on Fonte del Campo map.
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In Fig. 69 the observed data were used to calculate, for the vulnerability
class of buildings, the damage state probability (D0, D1-D2, D3-D4, D5).
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Fig. 69 Damage state probability (D0, D1, D2, D3, D4, D5) observed on the
vulnerability class of buildings of Fonte del Campo.

In particular, Fig. 70 and Fig. 71 show the damage state probability observed
for each mechanisms of collapse on the vulnerability classes of buildings
of Fonte del Campo. The mechanisms of collapse taken in to account are:
— Out of plane collapse mechanisms: Horizontal Bending (HB),
Vertical Bending (VB), Simple Overturning (SO),
— In plane collapse mechanisms: Bucking failure (BF), Shear
Damage (SD) and Failure by slip (FS).
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Fig. 70 Damage state probability observed for each mechanisms of collapse on
the vulnerability classes of buildings of Fonte del Campo.
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Fig. 71 Damage state probability observed for in-plane and out of plane
mechanisms of collapse on the vulnerability classes of buildings of Fonte del
Campeo.
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In conclusion, the visual survey showed that most of the vulnerability class
A buildings got a level of damage 3-4 after the earthquake of 24 August
(Fig. 69). In particular, in this vulnerability class, the out of plane collapse
mechanisms, especially the “simple overturning” mechanism, are triggered
more frequently than the in-plane collapse mechanisms (Fig. 70, Fig. 71).
This is because this class identified old buildings with irregular stone
masonry and bad conditions of structure (Fig. 72).

Low levels of damages are showed in class B and in class C (Fig. 69).

In these vulnerability classes the in-plane collapse mechanisms, especially
the “shear damage” mechanism, are triggered more frequently than the
out of plane collapse mechanisms (Fig. 70, Fig. 71).

This is because the class B and class C identified buildings with a good
quality of masonry or old buildings renovated with steel tie or RC ring
beams (Fig. 73).

Finally the visual surveys showed that in Fonte del Campo the RC
buildings (vulnerability class D) did not experience any damage caused by
the earthquake on the 24th August 2016 (Fig. 69).

Fig. 72 Before and after the 24th August 2016 earthquake. Damage level 4 on
vulnerability class A building in Fonte del Campo.
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Fig. 73 Before and after the 24th August 2016 earthquake. Damage level 3 on
vulnerability class B building in Fonte del Campo.
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5 RESEARCH STEPS: THE ITERATIVE
MODEL

The aim of the research is to evaluate the correlations between the
vulnerability factors of masonry buildings, based on their structural
typologies, and the collapse mechanisms potentially triggered by the
seismic action. This approach will allow to determine, for each
vulnerability classes of buildings (A, B, C, D), the vulnerability curves
depending on the ground accelerations.

The procedure (Fig. 74), aiming to determine the vulnerability curves as
functions of the structural typology and of the seismic acceleration,
involves different steps of both statistical and mechanical nature

VULNERABILITY FACTORS

v

OBSERVED DAMAGE COLLAPSE MECHANISM
(SPD - SAVE) (MEDEA classification)

v "

VULNERABILITY CLASSES » DPM TRIGGER. COLLAPSE
ACCELARATION
I > VULNERAERILITY CURVES |
(PGA)

Fig. 74 Research methodology, Zuccaro at al. (2012).

The result has been obtained by a Monte Carlo simulation analysis, and
can be described in five steps analyzed in more detail in the following
paragraphs:

1. Statistical analysis of existing masonry buildings

ii.  Iterative model generation.
iii.  Seismic vulnerability classification by “save” method.
iv.  Collapse mechanisms calculation.
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v.  Vulnerability curves assessment.

5.1 STATISTICAL ANALYSIS OF EXISTING MASONRY
BUILDINGS

The research is based on a statistical analysis, made by Zuccaro at al.
(2012), of the observed damages due to previous earthquakes on the
existing masonry buildings. The analysis, pursued thanks to the PLINIVS
Study Centre Database, is based on the survey performed all along the
Italian peninsula post the main Italian earthquakes from 1980 to 2012 (Fig.
75). About 250,000 of the residential masonry buildings have been
surveyed distributed on about 600 municipalities.

This analysis has allowed to investigate the geometrical and structural
characteristics of Italian masonry building and identify the recurring
combinations of these characteristics. The probability of combination
between a particular characteristic (e.g. type of vertical structure) and other
features (e.g. type of horizontal structure, presence of ties, etc.) have been
then evaluated (Table 12).

The most probable combinations of these characteristics allow the
development of an iterative model that can generate a great number of
virtual buildings, varying the sensitive parameters (vertical structure,
connections, floor stiffness, pushing roofs, etc.).
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Fig. 75 Earthquakes investigated in the Plinivs Study Centre Database.

Table 12 Probability of combination between the typology of vertical structure of
the buildings and other features (typology of horizontal structure, number of
floors and percentage of openings).

Typology of vertical structure

Typological Characteristics S(.)hd Regular Tuff Ho.llow Irregular

parameter bricks | stonework bricks | stonework
Tvool c Wooden beams 22 21 21 20 33
ﬁgf‘i’z‘ﬂ 5 Tron beams 50 52 52 20 13

R.C. with

structure hollow brick 18 18 18 60 42
Vaults 10 9 9 0 12
1 47 47 47 47 35
2 41 41 41 41 42
Nuéz];z of 3 10 10 10 10 17
4 2 2 2 2 4
5 0 0 0 0 2
b ; 10% 28 33 33 28 29
crcentage ‘; 20% 34 42 42 34 4
Opti‘:r\f;lo 30% 34 2 2 34 24
40% 4 3 3 4 6
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5.2 ITERATIVE MODEL GENERATION.

An iterative procedure has been implemented by ad-hoc MATLAB script
developed in order to generate virtual model of buildings (about 100,000).
The program adopts a random assignment procedure of the structural
characteristics (Table 13) whose probability distributions are known from
previous step.

Table 14 summarizes some occurrences of the virtual building dataset
analysed in this research. In particular, the first column represent a
progressive building identification number. Moreover, columns 2-11
report the structural characteristics assigned to the virtual buildings by the
random assignment procedure.

Table 13 Main typological characteristics identified on existing masonry
buildings and assigned to the virtual buildings by a random procedure.

Typological parameter Characteristics Identification
parameter

Irregular stonework 5

Hollow bricks 4

Typology of vertical structure Tuff 3

Regular stonework 2

Solid bricks 1

Wooden beams 1

. Iron beams 2

Typology of horizontal structure -
(Intermediate slabs and roof) RE. Wlt_h hollow 3
brick
Vaults 4
Number of floots 1to05 1to5
Inter-storey height 3-35-4-45-5m 3-35-4-45-5
Wall thickness 0,27 to 0,8 m 0,27 to 0,8
Wall length 4-5-6-7m 4-5-6-7

Percentage of openings of the wall 10- 20- 30- 40% 10- 20- 30- 40
Pushing roof On/off (1/0) variable
Tie rod/ Ring beams On/off (1/0) variable
Effectiveness of links On/off (1/0) variable
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Table 14 Dataset of virtual buildings generated by a random procedure. (Sample
of the first 13 occurrences of the computed dataset).
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5.3 SEISMIC VULNERABILITY CLASSIFICATION BY “SAVE?”
METHOD.

The generated virtual buildings have been classified in vulnerability classes:
A, B, C, D (EMS’98) on the basis of their typological characteristics.
According to the assignment procedure based on the criteria defined in
the "SAVE" project (Zuccaro et al. 2015), the vulnerability level of each
building is evaluated considering the typological characteristic as
vulnerability modifiers, and giving to each of these a numerical weight
calibrated using a wide database of seismic damage observed after the
most important earthquakes occurred in Italy in the last forty years.

Table 15 summarizes some occurrences of the virtual building dataset
analyzed in this research. In particular, the first column represent a
progressive building identification number. Columns 2-11 report the
structural characteristics assigned to the virtual buildings by the random
assignment procedure. Moreover, column 12 report the vulnerability class
assigned to the model according to the SAVE methodology.

It is possible to analyse the distribution of the structural characteristics on
the virtual buildings.

From Table 16 it is possible to identify the main typological characteristics
of the generated virtual buildings. Table 17 shows that in most of the
vulnerability class A buildings there are irregular stonework, wooden
beams slabs and pushing roof. In most of the vulnerability class B and C
buildings there are R.C. slabs, tie rod or ring beams. Moreover, in Class D
buildings there are good quality of vertical and horizontal structure.
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Table 15 Seismic vulnerability classification of the virtual buildings (Sample of

the first 13 occurrences of the computed dataset).

D Vertical | Horizontal | Number of | Pushing | Tie rod/ Ring mmmo%m:mmm of | Wall _:a?‘wsqs\ .<<m__ _umﬂnma.m@m Vulnerability

structure structure floors roof beams links length height thickness | of openings | class “SAVE”
1 5 4 2 1 0 0 5 4 0,5 10 A
2 5 1 2 1 1 0 4 45 0,6 20 A
3 4 3 1 0 1 0 6 3 0,36 30 B
4 4 3 2 0 0 0 6 4 0,45 10 B
5 3 3 2 0 0 0 5 3 0,5 30 B
6 2 4 1 0 1 1 5 45 05 20 ¢
7 4 2 1 0 1 1 7 3 0,36 30 B
8 4 3 1 0 0 0 6 3 0,45 30 B
9 3 1 4 0 1 1 6 5 0,3 30 C
10 1 1 2 0 0 1 6 3 0,36 30 D
11 2 2 4 1 0 1 5 5 0,5 20 c
12 1 4 1 0 0 1 6 3 046 20 D
13 4 3 1 0 1 0 5 35 0,45 10 B
100,000 4 2 1 0 1 1 5 3 045 10 B
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Table 16 Percentage of the virtual buildings, classified in vulnerability class
buildings, calculated for each structural characteristics.

Percentage of buildings ( %)
Typological parameter | Characteristics Class | Class | Class
Class A
B C D
Solid bricks 0 15 33 34
womor | 0| 16 [ 3] 2
Typology of vertical Tuff 11 20 13 22
structure Peéi?crlj:ed 18 ”» 16 ’
qomone | | 7 5|0
Wooif;bls’eams 54 14 13 | 15
Typology of horizontal Iron beams 5 36 20 37
structure slabs
(Intermediate slabs) Rbgcgztlzba:r 28 46 60 A1
Vaults 16 4 7 7
Wooif;bls’eams 78 36 36 | 40
Typology of horizontal Iron beams 16 16 9 13
structure slabs
00 R.C. with air
(oo brick slabs > 48 » 46
Vaults 1 0 0 1
1-2 78 62 82 85
Number of floors 3-4 21 34 17 14
5 1 4 1 1
3-35m 64 63 64 64
Interstorey height 4-4 5m 32 27 23 22
5m 4 10 13 14
0,27 to <04 m 9 18 22 21
Wall thickness 0,4 to <0,6m 61 64 70 72
0,6 to <0,7m 25 17 7 6
0,7 to 0,8 m 5 1 1 1
4m 20 20 20 20
Wall length 5m 40 40 40 40
6m 30 30 30 30
7m 10 10 10 10
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10% 29 30 30 31

Percentage of openings of 20% 40 39 38 38
the wall 30% 26 27 28 28

40% 5 4 4 3

. No 26 81 90 94

Pushing roof Yes 74 v | 10| 6

. . No 60 38 20 20
Tie rod/ Ring beams Yes 40 0 80 80

. . No 75 60 50 50
Effectiveness of links Yes 95 40 50 50

Table 17 Main typological characteristics identified on the virtual buildings

classified in vulnerability classes.

. Structural characteristic
Typological parameter
Class A Class B Class C Class D
Typology of vertical Irregular Irregular Regular Solid
stonework/ .
structure stonework | stonework/ bricks
Tuff
Typology of horizontal Wooden R:C. \y1th R.C. with air RiC' Wlth
structure beams slab air brick brick slab air brick
(Intermediate slabs) cams sabs slabs cr sabs slabs
Typology of horizontal Wooden R:C. Wuh R.C. with air R:C. \y1th
structure beams slab air brick brick slab air brick
(Roof) cams s7abs slabs cie $1abs slabs
Number of floors 1-2 1-2 1-2 1-2
Interstorey height 3-35m 3-35m 3-35m 3-35m
. 0,4to < 0,4 to < 0,4to < 0,4 to <
Wall thickness 0.6m 0.6m 0,6m 0.6m
Wall length 5m 5m 5m 5m
Percentage of openings 20% 20% 20% 20%
Pushing roof Yes No No No
Tie rod/ Ring beams No Yes Yes Yes
Effectiveness of links No No Yes Yes

5.4 COLLAPSE MECHANISMS CALCULATION.

For each virtual building the trigger acceleration (ag) responsible of the
relevant Collapse Mechanisms have been computed. The mechanisms
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considered are assumed with reference to the classification adopted in the
MEDEA methodology (Zuccaro et al., 2002).

The analysis procedure performed for each virtual building consists in
computing the minimum value ag of the horizontal acceleration for which
any of its macro elements attains one of the limit state conditions
corresponding to the kinematic schemes reported in Chapter 4 of this
thesis.

To fix ideas, Table 18 summarizes some occurrences of the virtual building
dataset analysed in this research. In particular, the first two columns
represent, respectively, a progressive building identification number and
the vulnerability class assigned to the model. Moreover, columns 3-8
report the values of the trigger acceleration for which the weakest panel
of the model attains at the corresponding ultimate limit state. Finally,
assuming a series system behaviour, column 9 reports the minimum value
of the trigger acceleration for which the global collapse of the model is
assumed.
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Table 18 Value of the trigger acceleration (ag) corresponding to the considered

collapse mechanisms (sample of the first 8 occurrences of the computed dataset).

0 N o g s W N

100,000

Buildings Classes

O o0 >» 0 wWO > >

>

Shear Crack

0,17
0,32
0,10
0,83
0,51
1,50
0,12
0,29

0,36

In-plane mechanisms

Buckling failure

0,50
0,24
0,28
0,55
0,43
0,56
0,25
0,37

0,43

Failure by
slip
0,42
0,34
0,25
0,60
0,35
0,38
0,40
0,34

0,52

Vertical
Bending

0,44
0,38
0,46
0,59
0,22
0,40
0,65
0,25

1,03

Out of plane mechanisms

Horizontal Bending

1,27
0,16
0,70
0,79
0,69
0,86
0,42
0,26

1,13

Simple Overturning

0,37
0,30
0,37
0,66
0,68
0,72
0,54
0,21

1,18

MIN

0,17
0,16
0,10
0,55
0,22
0,38
0,12
0,21

0,36
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5.5 VULNERABILITY CURVES ASSESSMENT

Collecting the obtained results, for each typological class (A, B, C, D),
vulnerability curves are built, expressing the collapse probability as a
function of the ground acceleration (ag). The following chapter 6 includes
morte details about the vulnerability curves assessment.
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6 RESEARCH RESULTS:
VULNERABILITY CURVES

THE

In order to assess the vulnerability curves as functions of the structural
typology and of the seismic acceleration, the results of the iterative model
described in chapter 5 are analyzed from a statistical point of view.
Grouping the generated vulnerability buildings by vulnerability class (Table
15), the arithmetic mean value and the standard deviation of the agvalues
are calculated for each class and for all the mechanisms. These values
consist in the first two moments of the Damage State Probability
distributions characterizing the attainment of each limit state.

In general, the values of the first two moments are not exhaustive of the
limit state statistics. Nevertheless, a widely accepted assumption consists
in modelling damage state probability curves by means of lognormal
distributions which can be exhaustively characterized by the computed
mean and standard deviation (Table 19).

Table 19 Data computed in order to plot the normal distribution curves
(arithmetic mean and standard deviation) and the lognormal distribution curves
(logarithmic arithmetic mean and logarithmic standard deviation).

Arithmetic Legariiimie L ithmi
Vulnerability | Mechanism |~ g Standard | Arithmetic | L-ogarithmic
ean e M Standard

Class of collapse Deviation ean o
ag Deviation

dg
Class A Horizontal 1 51 65875 | 0062478231 | -1,567209683 | 027050748
Bending
Class A Vertical | 5351457 | 0070394931 | 1490216977 | 02017237
Bending
Class A B;Cﬁizg 0,1813519 | 0,060501745 | -1,762112911 | 0,33286213
Simple
Class A .1 0,1173587 | 0,060027656 | -2,246244711 | 0,44049067
Opverturning
Class A Shear 0,1027951 | 0,052650027 | -2,403599619 | 0,52476719
Damage

Class A Faﬂ:iir; BY | 01996549 | 0,087279847 | -1.704547508 | 044011794
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Class B Horizontal | 521515 | 0095117419 | -1,360719673 | 033029329
Bending
Class B Vertical 1 5607508 | 0072399799 | -1.373224726 | 027099213
Bending
Class B B;‘;Efe‘g 0,2332471 | 0,088962668 | -1,528032736 | 0,38614182
Simple
Class B 1 0,1715077 | 0,109242739 | -1,054948345 | 0,61874478
Opverturning
Class B Shear 0,13619 | 0,072361063 | -2,137783025 | 0,56084326
Damage
Class B F"“ﬂs‘gg Y 102069249 | 0102414574 | 1,688185858 | 047756231
Class C Horizontal |, 3304739 | 0120308499 | -1,16970677 | 041361358
Bending
Class C Vertical 1 9953503 | 0,088807544 | -1264617072 | 030274465
Bending
Class C B;afhlklig 0,2334368 | 0,098810356 | -1,540120943 | 0,41553417
Class C Simple 0,194785 | 0,124482239 | -1,851441136 | 0,6739119
Opverturning
Class C Shear 0,1732577 | 0,084829372 | -1,886447544 | 0,55000204
Damage
Class C Faﬂs‘llir; Y | 0244349 | 0120432344 | 1,531762906 | 0,50542271
ClassD | Horizontal | 566304 | 0,135750444 | 1,200386379 | 040351075
Bending
Class D Vertical 1 316606 | 0,103500408 | -1,20098466 | 0,32040324
Bending
Class D B;hlklizg 0,2679867 | 0,130790946 | -1,426075072 | 0,46655155
Class D Simple 1 3670505 | 0,133882023 | -1,041016085 | 044710104
Opverturning
Class D Shear 0,1956977 | 0,095803596 | -1,762913778 | 0,546965
Damage
Class D le;llir; Y | 0252516 | 0128837951 | -1,506494804 | 052313974

Probability curves related to each collapse mechanism and vulnerability
class are reported Fig. 76 - Fig. 79 where the collapse probability is plotted
as function of the ground acceleration ag. Building typology determining

the vulnerability class turns out to have a great influence on the probability
distribution trend. In particular, class A buildings, whose curves are
reported in Fig. 76, present high vulnerability with respect to the shear
crack and overturning collapse since these curves are shifted to the left of
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the graph with respect to the remaining distributions. This result is
consistent with expectations since shear vulnerability is related to the poor
mechanical strength of the masonry belonging to class A. Moreover, such
a building typology presents masonry walls without strong mutual
connection; for this reason, overturning mechanisms are likely to be
activated even for low values of the base acceleration.

Structures belonging to vulnerability class B, shown in Fig. 77, present wall
connections and a higher mechanical strength in fact probability
distributions turn out to be shifted to the right of the graph with respect
to the class A curves. Nevertheless, shear and overturning collapse
mechanisms remain the governing limit states of such a structural

typology.

Vulnerability Class A

0,5

Damage State Probability { %)

0 0,2 0,4 0,6 0,8 1
PGA (g)

Horizontal Bending
Buckling failure
Shear Damage

Vertical Bending

Simple Overturning

Failure by slip

Fig. 76 Lognormal distribution curves for buildings vulnerability class A as
functions of trigger acceleration of each Collapse Mechanism (PGA) vs the
Damage State probability
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Vulnerability Class B
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Buckling failure
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Simple Overturning
Failure by slip

Fig. 77 Lognormal distribution curves for buildings vulnerability class B as
functions of trigger acceleration of each Collapse Mechanism (PGA) vs the
Damage State probability

Vulnerability Class C

Damage State Probability ( %)
o
w

0
0 0,2 0,4 0,6 0,8 1
PGA (g)
Horizontal Bending — \/ertical Bending
Buckling failure Simple Overturning
Shear Damage Failure by slip

Fig. 78 Lognormal distribution curves for buildings vulnerability class C as
functions of trigger acceleration of each Collapse Mechanism (PGA) vs the
Damage State probability
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Vulnerability Class D

0,5

Damage State Probability ( %)

0 0,2 0,4 0,6 0,8 1
PGA (g)

Horizontal Bending
Buckling failure
Shear Damage

Vertical Bending
Simple Overturning
Failure by slip

Fig. 79 Lognormal distribution curves for buildings vulnerability class D as
functions of trigger acceleration of each Collapse Mechanism (PGA) vs the
Damage State probability
Probability distributions corresponding to classes C and D, shown in Fig.
78 and Fig. 79, respectively, present a further shifting to the high
accelerations meaning that the collapse probability is decreasing as long as
the structural strength is improved. Moreover, since in classes C and D are
present wall connections and a higher mechanical strength of the wall, the
trigger acceleration of the overturning mechanisms is higher than in other

buildings classes.

Further considerations can be made by analysing the predominant collapse
typology. Fig. 80 presents, for each vulnerability class, the percentage of
the structural models belonging to the virtual dataset collapsed either for
in-plane or out-of-plane mechanisms. From a frequentistic point of view,
and assuming that the dataset is significant of the Italian building asset, the
graph reports the probability that the failure of a structure belonging to a
specific class, if occurs, is expected to be determined by either in-plane or
out-of-plane collapses.

In general, the probability of out-of-plane phenomena decreases
proportionally to the vulnerability and, in the case of classes B, C and D
does not present significant differences since the probability of out-of-
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plane phenomena is about 40%. On the contrary, collapse of class A
buildings has the 60% probability to be induced by out-of-plane collapses.
This is an important aspect from a resilience point of view; in fact, out-of-
plane failures turn out to be more disastrous than in-plane ones. In this
sense, retrofit of out-of-plane collapses are far more difficult than the

repair of in-plane damages and are expected to arouse significant casualties
because of their rapid progression.

08
06
04
02

0

Class A ClassB Class C ClassD
Vulnerability Class Buildings

Damage state probability (%)

B In-Plane W Out of Plane

Fig. 80 Mechanism type activating probability for each vulnerability class (A, B,
C,D

6.1 DAMAGE VULNERABILITY CURVES

Global vulnerability curves, reported in Fig. 81, are obtained by assuming
the global failure of each single structural model at the attainment of the
first limit state condition. Thus, global distributions are computed by
assuming lognormal trend and computing, for each vulnerability class,
mean and standard deviation of the ground acceleration minimum values
reported in the last column of Table 18.
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The global curves are not merely an envelope of the single-mechanism
distributions reported in Fig. 76 - Fig. 79. On the contrary, the computation
of the first two probabilistic moments of a, is capable of accounting for
the mechanisms’ correlation. In this sense, global failure curves represent

the joint probability that any of the collapse mechanisms is triggered by
the ground acceleration.
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0 0,2 0,4 0,6 0.8 1
PGA (g)

Fig. 81 Damage Vulnerability Curves for each vulnerability Class (A, B, C, D).

For convenience, a further representation of structural vulnerability is
shown in Fig. 82 where global failure probability is represented as function

of a macro-seismic intensity index computed by the equation proposed by
Faccioli and Cauzzi [2000].
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0,5

Damage State Probability { %)

3 4 5 6 7 8 9 10 11 12
Macroseismic Intensity

Fig. 82 Damage Vulnerability Curves for each vulnerability Class (A, B, C, D).

Although conceptually probabilities reported in Fig. 81 and Fig. 82 have the
same physical sense, the plotted curves apparently have different trends.
This issue is due to the fact that relationship between collapse ground
acceleration and seismic intensity is, in general, non-linear. Nevertheless,
both these representations are useful in order to compare the results of

the proposed strategy with vulnerabilities computed by alternative
procedures.

6.2 COMPARISON WITH ALTERNATIVE STRATEGIES

In order to investigate the accuracy of the proposed methodology, the
probability curves reported in the previous paragraph are compared with
the distributions obtained by the application of alternative strategies
available in the literature.
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Class B
.
o |
2
o]
14
'8
w
—
£
w
w
0]
e
o

0 02 04 06 08 1
PGA (g)

I Curves obtained by Cattari et al. (2014).

Damage vulnerability curve in peak ground accelerations (PGA) of
vulnerability class B buildings.

Fig. 83 Comparison between damage Vulnerability Curves of vulnerability Class
B and the one obtained by Cattari et al (2014)
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....... Damage vulnerability curve in macroseismic intensity of vulnerability class B buildings.

Fig. 84 Comparison between damage Vulnerability Curves of vulnerability Class
B and the one obtained by Cattari et al, 2014.
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The approach used by Cattari et al. (2014) which developed fragility curves
for vulnerability class B then extrapolated to the other classes. Comparison
with the proposed strategy are reported in Fig. 83 and Fig. 84 where
probability curves have been plotted, respectively, with respect to the
ground acceleration and the seismic intensity.

In both the cases, the proposed strategy presents a good matching with
the curves esteemed for a damage level defined as D3 which denotes the
first significant structural damage occurred in the structural elements
which does not necessarily implies the contemporary collapse of several
structural elements. This is consistent with the assumptions of the
proposed strategy where vulnerability is function of the first limit state
attainment. In fact, partial and total collapse of the structure,
corresponding to damage levels D4 and D5, usually occur when more than
a single structural element is collapsed, especially in presence of in-plane
mechanisms.

In this sense, the proposed strategy proved to be encouragingly consistent
with the benchmark data.

The partial or total collapse of the buildings (D4-D5), that generally
requires not only the trigger of the first mechanism but the occurrence of
more mechanisms and greater displacements, will be taken into account in
the following development of the research.

The vulnerability curves are compared also with the empirical curves
derived from the Damage Probability Matrices (DPM) (Table 7) (Zuccaro
et al., 2015) obtained by statistical fitting of observed damages recorded
of all the past seismic events in Italy from Irpinia 1980 earthquake up to
L’Aquila event in 2009.

The set of statistical curves relevant to class A and B models, shown in
Figures Fig. 85 -Fig. 86, encompasses the distributions esteemed by the
proposed procedure. In particular, those latter span in between damage
states D1 and D4. This is significant of the fact that, for the case of poor
structural quality, even small damage mechanisms, incapable of producing
significant damage for different structural typologies, could generate
serious failures to vast parts of the structure. Moreover, it is worth to
emphasize that, while in-plane mechanisms are limited to D1-D3 damage
levels, out-of-plane curves reach the D4 level. This confirm the physical
interpretation for which out-of-plane mechanisms are premonitory of
serious and extended structural failures.
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Class A - In-plane mechanisms
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Shear Damage

Failure by slip == == =|n-Flane Average curve
Fig. 85 Comparison between the In-plane mechanisms vulnerability curves and

vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
vulnerability class A

Class A - Qut-of-plane mechanisms
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Fig. 86 Comparison between the out of plane mechanisms vulnerability curves
and vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
vulnerability class A
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Class B - In-plane mechanisms
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Fig. 87 Comparison between the In-plane mechanisms vulnerability curves and
vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
vulnerability class B.
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Fig. 88 Comparison between the out of plane mechanisms vulnerability curves
and vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
vulnerability class B
In vulnerability class C and D (Fig. 89-Fig. 90, Fig. 91-Fig. 92) the in-plane
mechanism curves are representative of a level of damage D1-D2 and

out of plane curves are representative of a level of damage D1-D3.

As long as the structural robustness is increased, as in the case of class
B reported in Fig. 87 and Fig. 88 the proposed probability distributions
shift to the left side of the graphs and are encompassed by statistical
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curves relevant to damage states D1 and D3. Results of vulnerability
classes C and D provide similar probability distributions. For both the
cases, probability relevant to in-plane mechanisms are encompassed by
statistical curves of damage levels D1-D2 while the out-of-plane
distributions attain at the D3 level. This is due to the fact that, in
presence of connecting devices and sufficient ductility, damages
induced by in-plane mechanisms are usually limited to a few structural
elements and do not necessarily trigger global failure.

In conclusion, comparison with the different approaches, the derived
vulnerability curves shows a good matching of the probability
distributions computed by the proposed strategy, although further
investigations are required. Nevertheless, the reported comparisons
have shown a sufficient robustness of the proposed procedure and
confirm the physical assumptions introduced in the computational
framework.
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Fig. 89 Comparison between the In-plane mechanisms vulnerability curves and
vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
vulnerability class C
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Fig. 90 Comparison between the out of plane mechanisms vulnerability curves
and vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
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Fig. 91 Comparison between the In-plane mechanisms vulnerability curves and
vulnerability cutves derived from DPM [Zuccaro and De Gregorio, 2015] for

vulnerability class D
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Class D - Out-of-plane mechanisms
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Fig. 92 Comparison between the out of plane mechanisms vulnerability curves
and vulnerability curves derived from DPM [Zuccaro and De Gregorio, 2015] for
vulnerability class D
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7 CONCLUSIONS

In this dissertation, a hybrid methodology for determining the
vulnerability curves as functions of the structural typology and of the
seismic acceleration is presented.

It consists in determining a virtual set of structural models (about 100,000)
representing the structural typologies of ordinary masonry buildings
distributed on Italian territory. They have been derived through
examination of structural characteristics (dimensions of structural
elements, mechanical characteristics of material, typologies of horizontal
structures and roofing, presence of vaults and/ or ties or ting beams,
number of floors, etc.) collected by ‘in situ’ survey of about 250,000
buildings distributed along the Italian territory.

Each virtual structure is therefore analysed by a simplified procedure in
which the structural performance is computed with respect of a limited set
of in-plane (shear crack, failure by slip and buckling failure) and out-of-
plane (simple overturning, vertical bending and horizontal bending)
collapse mechanisms commonly observed in the experimental dataset.
Assuming a series system behaviour of each structural model, and in
particular, setting as global failure condition the attainment of the first
limit state, the probability distributions of global collapse with respect to
the base acceleration have been derived and for each typological class (A,
B, C, D), vulnerability curves are built, expressing the collapse probability
as a function of the ground acceleration (ag ).

Such distributions have been compared with benchmark vulnerability
curves available in the literature and derived by Zuccaro et al. (2015) and
Cattari et al. (2014).

The proposed methodology proved to be consistent with the benchmark
results confirming physical interpretations commonly accepted in
common practice, such as the high fragility induced by out-of-plane
mechanisms. Nevertheless, some of the computed vulnerability curves
turn out to be over-conservative with respect to the considered
benchmarks.

Such an issue is due to the series system hypothesis assumed for the
simplified structural analysis procedure. In fact, most of the considered
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collapse mechanisms, although compromising the structural capacity of
one or more structural elements, do not necessarily induce global failure
phenomena.

For this reason, further investigations are required in order to account for
the correlation of limit state conditions in different structural elements,
ductility and more complex global kinematics. Such further information is
oriented to determine failure probability distributions not only related to
structural typologies, but also significant of different damage states.

The approach adopted constitutes a preliminary study to understand the
basic seismic behavior of the ordinary masonry buildings.

Further developments of the research will include additional
improvements also in dynamic state, able to identify a more accurate
evaluation of collapse accelerations [Boothby, 2001; De Jong, 2009],
considering micromechanical modelling of failure (effects of deformations
in the mortar joints, detailed properties of the material, irregularity in the
panels, etc.) and more detailed sensitivity analyses on the observed data
used and on their reliability.
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