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Abstract

Unreinforced Masonry (URM) structures, such as historic buildings, traditional buildings and ordinary buildings,
exist all over the world and constitute a relevant part of the cultural heritage of humanity. Their protection against
earthquakes is a topic of great concern among the earthquake engineering research community. This concern
mainly arises from the strong damage or complete loss suffered by these types of structures when subjected to
earthquake and also from the need and interest to preserve them as a built heritage.

This paper initially presents a methodology for assessing the seismic vulnerability of URM buildings based on
vulnerability index evaluation approach. Moreover, this paper presents the correlation between vulnerability
index and Macroseismic method to estimate the physical damage in relationship with seismic intensity. Finally,
presents implementation of the methodology to construct vulnerability curves, fragility curves and estimate
losses.
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1. Introduction

Masonry is one of the oldest known building
materials still in use for the construction of modern
building systems, although modern masonry has
evolved considerably from its ancient origins.
However, design and construction of especially
URM buildings are carried out in a traditional
manner based on experience but without using any
scientific methods and engineering tools. Traditional
masonry structures are able to resist gravitational
actions, but as they were not explicitly designed to
withstand seismic loading, show particularly
weakness with regard to horizontal loadings induced
by a strong motion (Pineda et al., 2011). Moreover,
the limited ductility of the masonry generally
provides a brittle structural behaviour (Abruzzese et
al., 2009). This is why a significant percentage of
physical losses in past earthquakes have been due to
insufficient  performance of  non-engineered
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masonry buildings with low construction quality
(D’Ambrisi et al., 2012; Russo et al., 2010).
Considering this fact and with the continuing search
for economy and new forms in the built
environment, traditional masonry has been replaced
by the modern time materials such as steel and
concrete. But it is also a fact that in most of the
earthquake prone regions of the world, especially in
the developing countries, significant percentage of
the building stock is composed of unreinforced and
non-engineered masonry buildings that are used for
residential purposes.

This paper presents a methodology for assessing the
seismic vulnerability of URM buildings based on
vulnerability index evaluation method. This
methodology evaluates the seismic vulnerability
index for the structure. Here, qualitative as well as
guantitative parameters are defined to evaluate the
vulnerability index. Finally, the evaluated
vulnerability index, I, in relationship with seismic
intensity can be used to estimate the physical
damage, construct vulnerability and fragility curves
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and estimate losses.

2. Proposed methodology for
vulnerability assessment

In general terms, vulnerability measures the amount
of damage caused by an earthquake of given
intensity over a structure (Ordufia et al., 2008).
However, amount of damage and seismic intensity
are concepts without a clear and rigorous numerical
definition. According to Sandi (1986), seismic
vulnerability is an intrinsic property of the structure,
a characteristic of its own behaviour due to the
action of an earthquake described through a law of
cause-effect, where the cause is the seismic action
and the effect is the damage. However, the amount
of damage identified in the seismic vulnerability
assessment of buildings depends on many factors
such as intensity of the seismic action, soil
conditions,  constructive  materials,  structural
elements and conservation state.

There are a variety of methodologies proposed by
different authors for the seismic vulnerability
assessment of buildings. The selection of a certain
methodology of evaluation depends on the next
aspects: nature and objective of the study, available
information, characteristics of the building or group
of buildings under study, suitable methodology of
assessment (qualitative or quantitative) and the
organism which will receive the results of the study
(e.g. government, scientific  organizations,
companies and so on).

The vulnerability index formulation proposed in this
paper is the GNDT II level approach, presented in
GNDT-SSN (1994), for the vulnerability assessment
of URM buildings. GNDT Il level approach is
commonly used to identify and to characterize the
potential seismic deficiencies of a building or group
of buildings by means of a qualification by points
for every significant component of the structure.
This methodology is based on post-seismic damage
observation and survey data covering a vast number
of elements, focusing on the most important aspects
and features that define building damage. One of the
most famous methods usually found in the relevant
literature corresponds to the developed by Benedetti
& Petrini et al. (1984) and the GNDT-1990 (1990).
This method has been widely used in Italy during
the last decades and has been upgraded as a result of

the continuous experimentation and observed
damage of certain types of structures (mainly URM
buildings) after earthquakes of different intensities,
resulting in an extensive database of damage and
vulnerability.

In this approach, the overall vulnerability is
calculated as the weighted sum of 14 parameters
used in the formulation of the seismic vulnerability
index. The 14 parameters are listed, as shown in
Table 1, categorised into four groups. The first
group includes parameters (P1, P2) characterising
the building resisting system and the type and
guality of masonry, from the material (size, shape
and stone type), masonry fabric and arrangement
and quality of connections amongst the walls.
Parameter P3 estimates the shear strength capacity
of the building. Parameter P4 evaluates the potential
out-of-plane collapse conditions. Parameters P5 and
P6 evaluate the height and the soil foundation
conditions of the buildings. The second parameter
group is mainly focussed on the buildings relative
location in the aggregate and on its interaction with
other buildings (parameter P7). This feature is not
contemplated in other methodologies and is highly
important, because the building aggregate seismic
response is very different from a single building
response. Parameters P8 and P9 evaluate the
irregularity in plan and height. Parameter P10
identifies the regularity of openings due to its
importance in the load path. The third parameter
group, with resource to parameters P11 and P12,
evaluates horizontal structural systems, namely the
type of connection of the timber floors and the
impulsive nature of the pitched roofing systems.
Finally, parameter P13 evaluates the structural
fragilities and conservation level of the building,
and parameter P14 the negative influence of non-
structural elements with poor connection conditions
to the main structural system.

These 14 vulnerability assessing parameters are
related to 4 classes of increasing vulnerability: A, B,
C and D. Depending on the parameter and the
selected class, the method assigns a numerical value
(K;) ranging from 0 to 50, which is affected by a
coefficient of importance (Weight ‘W;’). A weight
(W;) is assigned to each parameter, ranging from
0.25 for the less important parameters (in terms of
structural vulnerability) up to 1.5 for the most
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important. It reflects the importance of each
parameter in the evaluation of the seismic
vulnerability of the slender structure. As a final
stage the seismic vulnerability index (I,) of the
structure will be obtained with the use of equation
presented in Table 1. The vulnerability index
obtained as the weighted sum of the 14 parameters
initially ranges between 0 and 650, with the value
then normalized to fall within the range 0 < I, <
100. The calculated vulnerability index can then be
used to estimate structural damage after a specified
intensity of a seismic event.

3. Correlation between GNDT II
approach and Macroseismic method

The method proposed here is based on the original
GNDT Il level approach although with some
modifications. However the major parameters,
shared by every vulnerability assessment according
to Combescure et al. (2005), are essentially the
same. Considering this fact, the similarity in terms
of the definition of the vulnerability index of the two
methodologies (original and improved) enables the
use of the same wvulnerability functions relating
vulnerability to a damage index (Benedetti &
Petrini, 1984). Since this study adopted the
analytical vulnerability curves of the Macroseismic
method (Giovinazzi & Lagomarsino, 2004)), it is
essential to establish the correspondence between
the Macroseismic method and the GNDT 11 level
approach.

The former method makes reference to the EMS-98
Macroseismic Scale, which implicitly contains a
model of vulnerability. On the basis of the definition
of damage described in the EMS-98 scale, it is
possible to derive damage probability matrices for
each of the defined vulnerability classes (A to F).
Through use of the linguistic definitions (Few,
Many and Most) and their respective numerical
interpretation, complete Damage Probability
Matrices (DPM) for every vulnerability class may
be obtained. Having solved the incompleteness
using probability theory, the ambiguity and overlap
of the linguistic definitions is then tackled using
fuzzy set theory (Giovinazzi, 2005), in which upper
and lower boundary limits for the correlation
between the macroseismic intensity and mean
damage grade (up) of the distribution are defined
and derived for each building typology and
vulnerability. Mean damage grade (up) allow us to
know the expected distribution of the damage level,
where it represents a quantitative interpretation of
the consequences caused by the earthquake on the
structural and non-structural elements (Lagomarsino
et al., 2004). For the operational implementation of
the methodology, an analytical expression is
proposed by Bernardini et al. (2007). This
expression correlates hazard with the mean damage
grade (0 <pup <5) of the damage distribution
(discrete beta distribution) in terms of the
vulnerability value, as shown in Eq. (1).

Table 1. Vulnerability index (1)

Parameter Parameter Class (K;) Weight  Vulnerability
group A B C D wy) index
P1: Type of resisting system 0 5 20 50 0.75
P2: Quality of the resisting system 0 5 20 50 1.00 “
1. Structural P3: Conventional strength 0 5 20 50 1.50 .
system P4: Maximum distance between walls 0 5 20 50 050 ¥ Z KW,
P5: Number of floors 0 5 20 50 150 =
P6: Location and soil conditions 0 5 20 50 0.75
P7: Aggregate position and interaction 0 5 20 50 1.50
2. Irregularities  P8: Irregularity in plan 0 5 20 50 0.75 0 < [* < 650
and interaction  P9: Irregularity in elevation 0 5 20 50 0.75 -
P10: Wall facade openings and alignments 0 5 20 50 0.50
3. Floor slabs P11: Horizontal diaphragms 0 5 20 50 1.00
and roofs P12: Roofing system 0 5 20 50 1.00 Normalized
4. Conservation  P13: Fragilities and conservation state 0 5 20 50 1.00 index
status and other P14: Non-structural elements 0 5 20 50 0.50 0=<1, =100

elements
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I+ 6.25V —12.7
Up = 2.5+ 3tanh( 0 ) X f(v,1)

0<up<5 €]

where, I is the seismic hazard described in terms of
macroseismic intensity, V the wvulnerability index
used in the Macroseismic method and Q a ductility
factor that describes the ductility of a certain
constructive typology (ranging from 1 to 4). The
vulnerability index, V, determines the position of the
curve, while the ductility factor, Q, determines the
slope of the vulnerability function (rate of damage
increases with rising intensity).

-7 I <
f(VII): ez 1’ 1;;, OSMDSS

)

where, f(V,I) is a function of the vulnerability
index and intensity defined in Eq. (2). The latter is
introduced in order to understand the trend of
numerical vulnerability curves derived from EMS-
98 DPMs for lower values of the intensity grades (I
=V and VI). This analytical expression derives from
the interpolation of vulnerability curves calculated
from the completed DPMs, as suggested in the
EMS-98 scale. It is used to estimate physical
damage. This mathematical formulation is based on
work previously proposed by Sandi & Floricel
(1995).

The vulnerability index, I,, can be related to the
vulnerability index, V' (used in the Macroseismic
Method), given by Eqg. (3), enabling the calculation
of the mean damage grades with Eq. (1) and the
subsequent  estimation of physical principal,
economic and human loss (Vicente et al., 2011). By
comparing the vulnerability curve given by two
different method of with respect to a central mean
damage value (up = 2.5), the following analytical
correlation was derived between the vulnerability
indexes indices of the two methods:

V = 0.56 + 0.00641,(3)

4. Implementation of the proposed
methodology

4.1  Probability distribution of damage grade

From mean damage grade values, pup,
different damage distribution histograms for events
of varying seismic intensity and their respective

vulnerability index values can be defined, using a
probabilistic approach. The idea is to complete the
EMS-98 model introducing a proper discrete
probability distribution of damage grade. The most
commonly applied methods are based on the
binomial probability mass function and the beta
probability density function and moreover, the
damage distribution of masonry buildings appears to
confirm quite well (Spence et al.,, 2003). The
probability mass function (PMF) of binomial
distribution is expressed in Eq. (4).

51 k 5—k
pMF=pk=mx(%D) x(1-42)
;0<p<1 4)

The mean damage grade, up, given by the
Macroseismic method represents the mean damage
value that is used to define a discrete damage
distribution and is expressed as in Eq. (5). It ranges
from 0 to 5 and is the barycentric value of the
discrete damage distribution.

5
ko= ) XDy (5)
k=0

where, p, is the probability of having a damage
grade Dy, with k € [0, 5].

In this work the damage distribution adopted was
fitted to a beta distribution function. Research
carried out by Giovinazzi (2005) has shown that the
beta distribution is the most versatile, as by
controlling the shape of the distribution, it enables
the fitting of both very narrow and broad damage
distributions. This continuous beta Probability
Density Function (PDF) is expressed as Eq. (6).

PDF: pg(x) =

re r —
m(X—a) x (b—x) L
a<x<bh;a=0;b=5 (6)

where, a, b, t and r are the parameters of the
distribution and I' is the gamma function.

As a function of the same parameters the mean
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value u, of the continuous variable x, which ranges
between a and b and its variance o2 are related to t
and r as expressed in Eg. (7) and Eq. (8).

_la+b—p,)—ab
t= o7 1 ™

r= t(%) @)

Parameters t and r control the shape of the
distribution. In this study, the unique value for
parameter t is adopted as proposed by Giovinazzi
(2005) for unreinforced old brick masonry building
topology, where t =5 has been used to represent
the variance of all possible damage distributions. In
order to use the beta distribution, it is necessary to
reference damage grade, Dj,.

Assuming,a =0, and b =5, it is possible to
calculate the probability associated with damage
grade, D, using expression Eq. (9) as follows.

P(Dy) = p(0) =

0.5 F(t) T_ -
fom(x—a) 1 — )t "1 dx

P(Dy) = p(k) =
fk+0'5 F(t)
k

m(x —a)" Y (b—-x)t"""tdx
-05

P(Ds) =p(5) =
x—a)"Y(b—x)t"T"1dx
9

f5 r(
2w Tt —r)

Another method of representing damage
using damage distribution histograms involves the
use of fragility curves. The fragility curve defining
the probability of reaching or exceeding each
damage grade, D,, with k €[0,5] are obtained
directly from the beta cumulative density function,
as expressed in Eq. (10).

P(D >Dy)=1-P(D,) (10)
Just like the vulnerability curves, fragility

curves define the relationship between earthquake
intensity and damage in terms of the conditional

cumulative probability of reaching a certain damage
state. Fragility curves are influenced by the
parameters of the beta distribution function and
allow for the estimation of damage as a continuous
probability function.

4.2 Seismic loss assessment

4.2.1. Estimation of collapses and unusable
structures

The loss estimation model adopted in this research
is based on damage grades that relate the probability
of exceeding a certain damage level with the
probability of collapse and functional loss. Among
the existing approaches based on observed damage
data, the one adopted in this work has been
proposed by the Italian National Seismic Survey,
based on the work of Bramerini et al. (1995). This
approach analysis data associated with the
probability of unusable buildings to minor and
moderate earthquakes that produce lower levels of
structural and non-structural damage and higher
mean damage values are associated to the
probability of collapse (Coburn et al., 1992). In
Italy, data processing undertaken by Bramerini et al.
(1995) has enabled the establishment of these
weighted factors and respective expressions for their
use in the estimation of losses. Eq. (11) and Eq.
(12) were used for the analysis of collapsed and
unusable slender masonry structures respectively.

Pcollapse = P(DS)(]-]-)

Punusabie buildings =

P(D3) X Wypes + P(Dy) X Wypr a(12)

where P(D, )is the probability of the occurrence of a
certain level of damage (D; to Ds) and
Wuypes; Wypea are  weights indicating  the
percentage of buildings associated with the damage
level D, , that have suffered collapse or that are
considered unusable. The values of the weighting
factors presented in the SSN (Bramerini et al., 1995)
and HAZUS (1999) proposals are slightly different.

4.2.2. Estimation of Human casualties and
homeless

One of the most serious consequences of an
earthquake is the loss of human life and thus one of
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the major goals of all risk mitigation strategies is
ensuring human safety. Once again the Italian
proposal (Bramerini et al. 1995) was used here to
guarantee the typological consistency of the loss
assessment procedure. The rate of dead and severely
injured is projected as being 30% of the residents
living in collapsed and unusable buildings, with the
survivors assumed to require short term shelter.
Casualty (dead and severely injured) and
homelessness rates are determined via Eqg. (13)and
Eq. (14), respectively.

Pcollapse =03x P(DS)(13)

Phometess = P(D3) X WuPt,3 + P(D4) X WuPt,4
+P(Ds) x 0.7 (14)

4.2.3. Estimation of repair costs

The estimated damage grade can be interpreted
either economically or as an economic damage
index that represents the ratio between the repair
costs and the replacement costs (i.e., building value)
(Benedetti & Petrini, 1984). The correlation
between damage grades and the repair/rebuilding
costs can be obtained by the processing and analysis
of post-earthquake damage data (Dolce et al., 2006).
The correlation adopted in this work has been
established by Dolce et al. (2006). The statistical
values obtained by these authors are derived from
analysis of the data collected, using the GNDT Il
approach, after the 1997 Umbria-Marche and 1998
Pollino earthquakes and are based on the estimated
cost of typical repair actions for more than 50,000
buildings.

The repair cost probabilities for a certain seismic
event characterized by an intensityl, P[R|I], can be
obtained from the product of the conditional
probability of the repair cost for each damage level,
P[R|Dy], with the conditional probability of the
damage condition for each level of building
vulnerability and seismic intensity, P[Dy|l,,1],
given by Eq. (15).

5 100
PIRIN= > > PIRID,] x PID |4, 11(15)
Dp=11,=0

5. Conclusion

The  wvulnerability — assessment  methodology
discussed here is based on a combination of a
typological methodology and a conventional
methodology, damage observation and statistical
approaches. This method is far more suitable for
large scale analysis, essentially for two reasons: they
require less information and fewer resources.
However, the uncertainties associated with the
empirical vulnerability curves and the quality of
vulnerability classification data are still issues that
must be studied further with respect to post-seismic
data collection. This methodology identifies 14 key
parameters regarding the behaviour and seismic
response  of  buildings, allowing indirect
identification of structural weaknesses and common
fragilities of the building stock. Integration of this
vulnerability — assessment  technique into a
Macroseismic method has enabled its application for
the development of damage and loss scenarios for
risk mitigation and management. In correspond
with this methodology, the application of GIS tools
and database management system in future may
enable the storage of building feature and survey
information, assessment of seismic vulnerability and
damage and risk scenario prediction, as well as
allow the upgrading and improvement of data. This
integrated tool can be helpful for the development of
strengthening strategies, cost-benefit analyses, civil
protection and emergency planning.
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