
Ain Shams Engineering Journal 11 (2020) 849–864
Contents lists available at ScienceDirect

Ain Shams Engineering Journal

journal homepage: www.sciencedirect .com
The seismic vulnerability assessment methodologies: A state-of-the-art
review
https://doi.org/10.1016/j.asej.2020.04.001
2090-4479/� 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: cefmn@usm.my (F. Mohamed Nazri).

Peer review under responsibility of Ain Shams University.

Production and hosting by Elsevier
Moustafa Moufid Kassem a, Fadzli Mohamed Nazri a,⇑, Ehsan Noroozinejad Farsangi b

a School of Civil Engineering, Universiti Sains Malaysia, Engineering Campus, 14300 Nibong Tebal, Penang, Malaysia
b Faculty of Civil and Surveying Engineering, Graduate University of Advanced Technology, Kerman, Iran

a r t i c l e i n f o
Article history:
Received 3 December 2019
Revised 24 February 2020
Accepted 30 April 2020
Available online 20 May 2020

Keywords:
Vulnerability assessment
Empirical approach
Analytical approach
Vulnerability index
Vulnerability curve
a b s t r a c t

In the past decades, the research and development of methodologies have received considerable atten-
tion which quantified earthquake-related damages to structures. Among these, indices of seismic risk
and vulnerability assessment have indeed been developed to quantify the level of damages to structural
elements or the whole structural system. In this paper, a detailed investigation has been done on the
developed methodologies in the field, and the findings from other works are summarized. The authors
have tried to present the most common empirical and analytical methodologies in a concise manner,
which would motivate researchers and practicing engineers to use it as a comprehensive guide and ref-
erence for their future works.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

Human casualties and economic losses caused by natural disas-
ters have been dramatically increased in the last couple of decades
[1]. Among these natural disasters, earthquake has been the most
catastrophic phenomena. According to CATDAT damaging earth-
quake database, the 2010 Haiti earthquake resulted in a death toll
that was estimated to be in the range of 46,000–316,000 casualties.
12 months later in Japan, the Tohoku earthquake in 2011 caused
20,475 fatalities and left 1.108 million people homeless. Besides
the population losses that occurred in the 2011 Tohoku earth-
quake, the economic loss was $140 billion. Furthermore, on the
economic front, a financial loss caused in Turkey was $2.2 billion
after the occurrence of Van earthquake event in 2011, and was esti-
mated as $1.7 billion when Sikkim earthquake event struck India in
2011 [2]. Seismic assessment performance of current buildings and
infrastructure attracted considerable attention of the seismolo-
gists, due to the susceptibility and the lack of performance of these
structures in the world over the past decade. Therefore, the seismic
vulnerability speculation of building structures has become a
major concern via evolving seismic assessment procedures [3].
Generally, the assessment procedures of an individual building rely
on different parameters. These parameters focus on the structural
system, seismic capacity, ground conditions, plane and elevation
regularity, and limited field data collections. These parameters pro-
vide an image or realistic estimation of the structural system
behavior. In other words, the risks from a seismic hazard are the
possibilities to reach some significant losses at a certain interval
period. These losses are identified as an economic index that
should be compensated back to the system for condition assess-
ment before a seismic event occurs. The disparity in the structure
and building safety due to earthquakes deteriorations is impliedly
recognized through construction tagging approaches, that are
implemented after the most and major important seismic activities
[4,5]. In such approaches, post-earthquake protection is commonly
analyzed via full visual inspection, including such professional
evaluation of the level of damage, extent, and the associated con-
structing usability through a group of skilled specialists. Perform-
ing seismic evaluation and investigation are common
requirements for any crisis management application. Hazard
examination enables the prospective failure from seismic threat
in a relief stage that will be decided and makes a difference to cre-
ate emergency plans. However, a need for clear guidelines and
measures for repairing after a harming seismic tremor has fre-
quently been discussed.
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Nevertheless, if the wide-range vulnerability is taken into con-
sideration inside a regular quantitative evaluation framework sys-
tem, analytical modeling of constructing the overall performance
loss (PL) is foremost and preferable [6,7]. Many methods for seis-
mic risk assessment were proposed by researchers as part of loss
prediction which was classified into two major groups; empirical
and analytical methods. In empirical vulnerability methods, the
scale of damage was used as an inquiry approach to develop the
data of the post-event that come with statistics studies as the con-
tent of building damages, whereas analytically, which were based
on the limit stages and the mechanical attributes or quality of the
structures. The purpose of this review paper is to investigate the
available seismic vulnerability assessment methods in literature
with a focus on the empirical and analytical seismic vulnerability
indices.
2. Empirical assessment approach

2.1. Rapid Visual screening assessment methods

There are several rapid assessment methods such as the street
screening method. Street screening method as a procedure is the
simplest rapid assessment approach. Rapid Visual Screening
(RVS) as a qualitative estimation procedure can be used on a large
building stock to classify the vulnerability of the structures. It is
built on observations made from the building exterior, without
taking into consideration the building inside. This visual survey
can be done in less than 30 min [8]. The FEMA standards in the
U.S developed several guidelines for the risk assessment and retro-
fitting of structural buildings such as FEMA 310 [9]. However,
based on FEMA 154 [10] the street screening method is known
as the Rapid Visual Screening Method. This method is the first step
in the assessment before going into a detailed assessment proce-
dure and classifying the buildings according to their construction
materials and their structural systems. Basically, it is a sidewalk
survey technique that worked on detecting and observing building
parameters and calculating the basic structural performance score
for determining the risk priorities for buildings. The process starts,
with the performance score that was calculated based on the build-
ing features, such as in FEMA 154. There are 17 buildings types
introduced for the RVS procedure and for each type, a Basic Struc-
tural Hazard (BSH) score was determined. The BSH score is about
the probability of collapse for a building structure. The final score
was expressed as a negative of the logarithm (Base 10) as repre-
sented in Eq. (1). For example, if the final score would be 2, this sig-
nifies the probability of (10�2) which is equal to 1% damage. After
that, the BSH was modified by adding or subtracting the score
modifiers (SMs) of a building as shown in Eq. (2). The score modi-
fiers were based on the building properties that are affected by the
seismic performance such as the number of stories, height, plan
irregularity, vertical irregularity, the age of the buildings, and soil
types. A building with a final score of less than 2 should undergo
a more detailed investigation.

BSH ¼ �log10 P colapseð Þ½ � ð1Þ
S ¼ BSH � SMs ð2Þ
Wallace and Miller [11], have applied the RVS procedure sug-

gested by FEMA 154 for 1075 buildings in western Oregon in the
U.S. Implementing the RVS procedure, they identified the potential
effect of seismic hazard to public facilities. Moreover, Holmes [12]
investigated some of the buildings in the US that have poor seismic
performance due to an inadequate seismic design by using rapid
screening techniques. Meanwhile, RVS strategy was developed in
numerous other nations. A few of these RVS strategies are; Canada,
Japan, Turkish, Greece, New Zealand, and Indian. In Canada, the
National Research Council (NRC) has proposed the widely used
seismic screening procedure [13]. The purpose of this method
was to establish the Seismic Priority Index (SPI) resulting from
the addition of the structural (SI) and non-structural (NSI) indices
as shown in Eq. (3). This screening score major factors have been;
building location, soil type, duration or age of occupancy, falling
hazard, and others. The SPI index is categorized into three evalua-
tion stages, where SPI less than 10 is considered as ‘‘low” detailing
assessment, for SPI between 10 and 20, it is considered as ‘‘med-
ium”, and for SPI higher than 20, it is considered as ‘‘high” assess-
ment [14,15].

SPI ¼ SI þ NSI ð3Þ
where SI is the structural index developed based on the product of
five parameters. These parameters are; (A), Seismicity Index; (B),
Effect of Soil Condition; (C), Type of Structure; (D), Building Irregu-
larities; (E), Building Importance. The NSI is the non-structural
index, which is the product of three parameters (B), (E), and (F).
Where; F is the maximum value between F1 for falling hazards to
life and F2 for hazard to vital operations.

In Japan, the Japanese Seismic Index approach comes in the
form of three screening assessment stages to perform. In the first
stage, the compressive strengths of the vertical resisting members
are used to quantify the structure’s response behavior during lat-
eral seismic loading. The second stage, the seismic capacity is eval-
uated by considering the dynamic properties of the resisting
members only such as ductility and strength, while in the third
stage, the vertical and the horizontal members (columns, walls,
and beams) strength and ductility are included for evaluating the
structural performance during the earthquake movements. The
Index of the structure (Is) is calculated based on the product of
Basic Structural (Eo) to Irregularity Index (SD), as well as the time
or deterioration index (T) as shown in Eq. (4). Once the Seismic
Performance Index (IS) has been determined, it ought to be com-
pared with the Seismic Judgment Index (IS0) to classify the building
as adequate or not to resist earthquake forces as represented in Eq.
(5). There are two possibilities in comparing IS and IS0, in the first
one, if IS > IS0, this means it has low vulnerability condition, and
for the second one, if IS < IS0 it will correspond to high vulnerability
condition [16,17].

Is ¼ Eo� SD� T ð4Þ

Iso ¼ Es� Z � G� U ð5Þ
where (Es) was taken as 0.8 for the first level of assessment, and 0.6
for the second and third levels; (Z) is the zonation index which cor-
responds to the building location; (G) is symbolized to the ground
index, and (U) to the usage index.

In Turkey, Hassan and Sozen [18] developed the Priority Index
procedure for every individual building, which consisted of the col-
umn index (CI) defined as the ratio of column area to the floor area,
and the wall index (WI) as the ratio of areas, between the area of
shear and infill walls divided by the floor area. In addition, Yakut
[19] proposed a methodology based on the material and size prop-
erties, lateral resisting system, elements orientation, vertical and
plan irregularities, column length, and workmanship. From these
parameters, the capacity index (CI) can be computed to classify
the building risk vulnerability. Bal et al. [20] proposed the P25
Scoring Method, which tends to classify the collapse-vulnerable
buildings. This method was developed based on collected data of
323 buildings that suffered different levels of damages during
earthquake events. The P25 Scoring method depends on some
parameters such as material quality, steel corrosion, vertical and
horizontal irregularities, ground conditions, depth of foundation,
seismicity, and others. Seven different scores for different failure
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modes, from P1 to P7, between 0 and 100 varied from worst to
best, respectively. The Turkish methods are summarized in Table 1.

In New Zealand, the society for earthquake engineering in 2012
recommended two stages of assessment: Initial Evaluation Proce-
dure (IEP), and a Detailed Seismic Assessment (DSA). To perform
the %NBS value it needs data to be collected such as seismic zone,
soil type, construction age, and the design date of the building.
After producing the %NBS values, the assessment is completed. If
the (%NBS � 33), this implies that the building is ultimately sus-
ceptible and required a supplementary detailed and precise assess-
ment. For %NBS of 67 or more, it means buildings are capable of
resisting future earthquakes. For (33 < %NBS < 67) more evaluation
may be required [21].

The previous RVS tools are rapid and useful for estimating
building response due to earthquake loadings, but still have disad-
vantages and drawbacks based on the observed and watched dam-
age information. These methodologies do not involve all the
structural typologies as well as the seismic intensities, which are
essential to be considered for vulnerability estimation. These
methods were generally based on expert judgment and statistical
data and are not very reliable.

2.2. Vulnerability index methods

2.2.1. GNDT approach
During the last decades, the vulnerability index methodologies

have been developed in Italy by ‘‘The National Group of Defense
from Earthquakes denoted by GNDT approach” and were classified
into two levels [22]. The methodology of ‘‘GNDT level I” classified
the typologies of the buildings and defined the vulnerability
classes (A, B, and C). The methodology of ‘‘GNDT level II” was
related to Benedetti et al. [23]; Terremoti [24]; Benedetti and Pet-
rini [25] and GNDT1993 approach. In this approach, a large number
of damages survey data and information needed to be collected.
The field survey is to build up a clear vision to understand the most
fundamental parameters that were influencing and controlling the
structural vulnerability of the building. For instance, plan layout
and its elevation configurations, footing type, material type, and
quality. There were eleven parameters in total, and one of the qual-
ification coefficients Ki or Cvi, was distributed into four vulnerabil-
ity classes (A, B, C, and D) for each of them. Each parameter
assessed one structural attribute that is related to the building
response during seismic loading. Then the parameters were
weighted by considering the importance of each one, from less sig-
nificant vulnerability parameters to the foremost important, where
the weight values depended on expert judgment and opinion. This
detailed information was merged with coefficients to establish the
vulnerability index (Iv) that classified building damage under the
excitations of an earthquake. To estimate the global seismic vul-
nerability index for each individual or group of building structures,
the following equation is used.

Iv ¼
Xi¼11

i¼1

Ki �Wi

382:5
ð6Þ

The eleven mentioned parameters are summarized in Table 2:
Table 1
Rapid Visual Screening (Turkish Method).

Method Index Equation

RVS Priority Index PI ¼ CI þWI
RVS Capacity Index CPI ¼ CA � CM � B� CPI
RVS Performance Score index P ¼ a� b� Pmin

*CI: Column Index, WI: Wall Index, CA and CM are coefficients factors reflecting the
architectural features, a and b are correction factors, Pmin: smallest performance
score.
The vulnerability index range of variation was between 0 and
382.5 as shown in Table 2, but generally, the range is normalized
from 0 to 100 by dividing the values obtained from the weighted
sum with 3.825. Where 0 is the minimum value which signifies
the least vulnerable building and 100 is the worst case which indi-
cates as the most vulnerable building. The derived data from pre-
vious earthquakes events were utilized to express the
vulnerability functions in relation to the vulnerability index (Iv)
with respect to damage factor (d) of the buildings. The damage fac-
tor as a definition is the proportion of the restoration cost to the
replacement cost. The damage scale is between (0 < d < 1) as
shown in Fig. 1; where d is assumed negligible or vanished
(d = 0) for peak ground acceleration (yi), and it increases linearly till
it leads to collapse with damage index (d = 1) of peak ground accel-
eration (yc). The controlling parameters have been evaluated
according to the following empirical equations in terms of vulner-
ability index (Iv):

Yi ¼ ai� exp �bi Iv þ 25ð Þ½ � ð7Þ

Yc ¼ ac þ bc Iv þ 25ð Þc� ��1 ð8Þ
where ai= 0.155, bi = 0.0207, ac = 0.625, bc = 0.00029, and c = 2.145.
These values were determined for RC- and masonry structures,
which were used in seismic risk study in ‘‘Catania Project”, Italy
by Faccioli et al. [26]. In addition, the following equation can be
used to apply a logarithmic relationship between ground motion
intensities (PGA) or (y) and the MCS (IMCS) [27]:

LogeðyÞ ¼ a:IMCS � b; where a ¼ 0:605; andb ¼ 7:073 ð9Þ

In the 2nd level of the GNDT method, a similar relationship was
applied for RC buildings, but the main difference was in the param-
eters’ weights that were all assumed to be equal to 1.0. These
parameters described the deficiencies and the faults of the struc-
ture depending on expert visual observations. Furthermore, a crite-
rion to describe vulnerability classes from less vulnerable ‘‘A” to
most vulnerable ‘‘C” is also proposed as shown in Table 3. There-
fore, to compare the masonry as well as the RC buildings, vulnera-
bility indices of RC structures Iv* can be transformed in equivalent
to masonry vulnerability indices by using the following formulas
(Eqs. (10) and (11)):

if Iv� > �6:5 ! Iv ¼ �10:07Iv� þ 2:5175 ð10Þ

if Iv� < �6:5 ! Iv ¼ �1:731Iv� þ 2:5175 ð11Þ
2.2.2. European Macro-Seismic (EMS) approach (RISK-UE)
Another approach that has been developed for the vulnerability

assessment purpose in Europe is known as the RISK-UE project.
This project is financed and supported by the European Union
(EU). The primary goal of this project has been to integrate an over-
all seismic risk assessment methodology in European countries.
This is due to the absence of a worldwide system developed in Eur-
ope, and thus the behavioral-economic and political effect of seis-
micity activity that happened in Tukey, Athens, and Greece. For
this reason, the vulnerability index method (VIM) has therefore
been introduced as a vulnerability assessment that was success-
fully created in seven European cities [28]. This approach is based
on the building typology classification that is distributed into six
vulnerability classes (A to F) from most vulnerable to least vulner-
able typologies. Such buildings are classified into four general
typologies: masonry, reinforced concrete, steel, and wooden.
Besides that, it categorized the scale of damage into five grades
denoted by D1, D2, D3, D4, D5 from slightly damaged into fully col-
lapsed [29]. The EMS-98 scale is planned to be used to clear up the



Table 2
Masonry building classes and relative weight of each parameter (GNDT, 1993).

Number Parameters Ki Classes Weight

A B C D Wi

1 Type and organization of resisting system 0 5 20 45 1.00
2 Resistant system quality 0 5 25 45 0.25
3 Aggregate strength 0 5 25 45 1.5
4 Location and foundation of building 0 5 15 45 0.75
5 Diaphragms horizontal elements 0 5 25 45 Variable
6 Configuration of plan layout 0 5 25 45 0.5
7 Configuration in height and elevation 0 5 25 45 Variable
8 Optimum distance between walls 0 5 25 45 0.25
9 Roof 0 5 25 45 Variable
10 Non-structural elements (NS) 0 5 25 45 0.25
11 Particular terms of maintenance 0 5 25 45 1.00

Fig. 1. Damage factor (d) vs. Ground motion intensities (PGA and MCS) with some vulnerability indices values (Iv) [25].

Table 3
RC buildings classes and relative weight of each parameter (GNDT, 1993).

Number Parameters Classes Cvi Vulnerability Index

A B C

1 Type and organization of resisting system 0.00 �1.00 �2.00 Iv� ¼ Pi¼11
i¼1 Cvi

2 Resistant system quality 0.00 �0.25 �0.50
3 Aggregate strength 0.25 0.00 �0.25
4 Location and foundation of building 0.00 �0.25 �0.50
5 Diaphragms horizontal elements 0.00 �0.25 �0.50
6 Configuration of plan layout 0.00 �0.25 �0.50
7 Configuration in height and elevation 0.00 �0.50 �1.50
8 Critical elements connections and links 0.00 �0.25 �0.50
9 Elements of low ductility 0.00 �0.25 �0.50
10 Non-structural elements (NS) 0.00 �0.25 �0.50
11 Particular terms of maintenance 0.00 �0.50 �1.00
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vision and the definitions of many typology structures in the future
for the European cities. As a methodology, it was established under
the context of the RISK-UE project to take into account the current
or the old constructions in the areas it covers [30]. This method
measures the vulnerability of a single or set of structural buildings
in terms of (V) by considering the typology features. The vulnera-
bility index varies from the least vulnerable to the most vulnerable
between 0 and 1. The values of the vulnerability indices are pre-
sented for each vulnerability class from A to F as a set of five values
in Table 4 and Fig. 2. VI* is the most tolerable value for each class of
the vulnerability index (VI). Where VI

(--), and VI
(++) are the top and

bottom limits of the tolerable values, while VI
(-) and VI

(+) are the lim-
its of the uncertainty range for VI*. In this way, the typology vul-
nerability index (VI*) values are practical in Europe that
consisted of 15 building typologies as shown in Table 5.
Instead, the typological vulnerability index (VI*) had to be mod-
ified based on some structural modifiers for reinforced concrete
and masonry buildings. As highlighted before by the EMS scale, it
is noted that the building’s structural behavior depends on the
structural system, but there are other factors that influence the
building performance for example; construction quality, plan,
and vertical irregularities, number of floors, foundations, and
others. These modifiers are known as ‘‘The Behavior Modifier Fac-
tor/The Response Modification Factor” DVm with a score symbol-
ized as Vm. The modifying scores are attributed based on expert
judgment. After some modifications, the total vulnerability index
can be computed by adding or summing all the score modifiers
as shown in the equation below:

DVm ¼
X

Vm ð12Þ



Table 6
Procedure for EMS vulnerability index [31].

Vulnerability Index Estimation for a Single building

Typology VI* Values from Table 5
DVm DVm ¼ P

Vm
DVR DVR, Established based on expert judgment

or previously observed damage data
Total Vulnerability Index VI ¼ V�

I þ DVm þ DVR

Table 4
Indices of the vulnerability for the six vulnerability classes [31].

Class VI
(–) VI

(-) VI* VI
(+) VI

(++)

A 0.78 0.86 0.90 0.94 1.02
B 0.62 0.70 0.74 0.78 0.86
C 0.46 0.54 0.58 0.62 0.70
D 0.30 0.38 0.42 0.46 0.54
E 0.14 0.22 0.26 0.30 0.38
F 0.02 0.06 0.10 0.14 0.22

Fig. 2. Functions for six-class vulnerability index [30].
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In addition to the ‘‘Behavior Modifier Factor”, there is another
modifier called the ‘‘Regional Vulnerability Factor” DVR. This factor
modifies the VI* based on the historical data and expert judgment.
For example, in Lisbon, the DVR equals to 0.12. Eventually, the total
vulnerability index value may be calculated as follows:

VI ¼ VI� þ DVm þ DVR ð13Þ
In summary, Table 6 describes the way for determining the vul-

nerability index value for a single building implementing into the
EMS approach.
2.2.3. Combined GNDT and macro-seismic approaches
Another type of vulnerability index is a combined approach. The

first problem or the thing that should be dealt with is to find a cor-
relation between these two methods. This can be proposed and
expressed in terms of defining the damage grade (mD) as a vulner-
ability function. To apply this operational methodology for com-
Table 5
Indices of the vulnerability of building typologies [30].

Building Type Vulnerabilit

VI
(–)

Masonry Buildings Rubble stone 0.62
Adobe bricks 0.62
Simple stone 0.46
Massive stone 0.30
URM (old bricks) 0.46
URM + RC-Slabs 0.30
Confined Masonry 0.14

RC Buildings RC-Frame (No ERD) 0.30
RC-Frame (M-ERD) 0.14
RC-Frame (H-ERD) �0.02
Shear Walls (No ERD) 0.30
Shear Walls (M-ERD) 0.14
Shear Walls (H-ERD) �0.02

Steel Steel Structures �0.02
Wood Wooden Structures 0.14

*ERD: Earthquake Resistance Design; M: Moderate; H: High.
bining these two approaches, an analytical term was offered by
Bernardini et al. [32] and other researchers (Giovinazzi and Lago-
marsino [33]; Lantada et al. [34]; Azizi et al. [35]; Athmani et al.
[36]; Maio et al. [37]; Ferreira et al. [38]; Athmani et al. [39]),
which correlated the seismic hazards with respect to the mean
damage grade (mD). This approach composed of six grading dam-
ages (0 < mD < 5) in terms of masonry buildings and RC-buildings
vulnerability. Thus, it permits to calculate the mean damage grade
as can be seen in Table 7.

f ðV ; IÞ ¼ 1 ! I > 7
e
v
2
ð1�7Þ ! I 6 7

�
ð14Þ

where (I) represents the earthquake, hazard associated with macro-
seismic intensity, (V) is the vulnerability index, (Q) identifies the
ductility of a particular construction, ranging from 1 to 4.

In order to form a precise convergence between the two
approaches, it is fundamental to fasten the damage factor adopted
within the GNDT level II approach as represented previously in
Fig. 1 to the physical damage grades characterized in the Macro-
seismic approach. This can be shown after getting the mean dam-
age grade mD for every building, and then the economic damage
indicator was found by utilizing the relationship proposed by
FEMA-NIBS (Federal Emergency Management Agency). To express
y Classes

VI
(-) VI* VI

(+) VI
(++)

0.810 0.873 0.980 1.02
0.687 0.840 0.980 1.02
0.650 0.740 0.830 1.03
0.490 0.616 0.793 0.86
0.650 0.740 0.830 1.02
0.490 0.616 0.790 0.86
0.330 0.451 0.633 0.70
0.490 0.644 0.800 1.02
0.330 0.484 0.640 0.86
0.170 0.324 0.480 0.70
0.367 0.544 0.670 0.86
0.210 0.384 0.510 0.70
0.047 0.224 0.350 0.54
0.170 0.324 0.480 0.70
0.207 0.447 0.640 0.86



Table 7
Mean damage-grade equations used by researchers.

Mean damage grade equation References

lD ¼ 2:5� 1þ tanh Iþ6:25�V�13:1
Q

	 
h i
� fðV; IÞ� [32,33,34,36,39,40,41,42]

lD ¼ 2:5þ 3� tanh Iþ6:25�V�12:7
Q

	 

� fðV; IÞ [38,43]

Table 9
Correlations between V and Iv indices used by
researchers.

V and Iv correlation expressions References

V ¼ 0:56þ 0:0064� Iv [39,43]
V ¼ 0:58þ 0:0064� Iv [42]
V ¼ 0:592þ 0:0057� Iv [38,41,48]
V ¼ 0:46þ 0:012� Iv [176,179]
V ¼ 0:46þ 0:0056� Iv [177]

Table 10
Masonry buildings correlation between two methodologies [43].

GNDT II Method (Iv) 50 25 0

Macro-seismic Method (V) 0.88 0.72 0.56
EMS-98 Vulnerability Class Class A Class B Class C
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the correlation between the economic damage index ðdeÞand the
mean damage grade (mD) a simplified expression was developed
(Eq. (15)):

lD ¼ 4� de
0:45 ð15Þ

Table 8 displays some of the relationships between the eco-
nomic damage index ðdeÞ and the mean damage gradeðlDÞ. The
index of economic damage ranges from 0 (no damage) and 1 (col-
lapse). As noted, for different methodologies used, the values of
economic indicators related to specific damage grades are
different.

After defining the conversion of the peak ground acceleration
(PGA) or (y) into the intensity scale of EMS-98 given in Eq. (9),
and the transformation of the economic damage index (de), into
the mean damage grade ðlDÞ, then the correlation between the vul-
nerability index, (Iv) in the GNDT II approach and the vulnerability
index, (V) that were used in the Macro-seismic approach was pos-
sible to be derived based on an expression shown by the equations
in Table 9. This correlation approach is limited in use since it is
considered only for masonry structures.

According to this correlation, the vulnerability index (Iv) of the
GNDT II can be calibrated into the vulnerability index (V) of the
European Macro-seismic approach, allowing the computation of
the mean damage grade ðlDÞ by equations used in Table 10. In
addition to what is mentioned, the vulnerability index can be
well-defined as a function of the vulnerability classes according
to the EMS-98 scale, for example, reinforced concrete buildings
are generally included between vulnerability class C, D, E and
sometimes F, while masonry buildings are classified in the most
vulnerability classes between A and C. The correlation of the vul-
nerability index in both approaches with respect to vulnerability
classes are tabulated in Table 10. Additionally, Giovinazzi and
Lagomarsino [33] defined the Vulnerability index (V) for each
Macro-seismic vulnerability class as illustrated in Table 11.

Furthermore, most of the cities present a heterogeneous mix
between masonry and reinforced concrete elements. From this
point of view, a correlation is derived between the vulnerability
index of the GNDT II approach and the Macro-seismic approach
for RC-buildings. The vulnerability index as a method was applied
to 91 existing RC-buildings in different countries in the world such
as Japan, China, Italy, Peru, Spain, Turkey, the United States, Haiti,
New Zealand, Indonesia, Mexico and Algeria [49]. After that, a new
vulnerability function named, mean damage gradeslD was
adjusted for RC-building typology, that combined the macro-
seismic intensity (IEMS-98) and vulnerability index, V as shown in
the following equation:
Table 8
Correlation in distinct methodologies between the mean damage grade level and the econ

Damage Grade 0 1

Level of damage No damage Slight
Economic damage index, de
(ATC, 1985) [44] 0.00 0.050
(Bramerini et al., 1995) [45] 0.00 0.010
(Hazus, 1999) [46] 0.00 0.020
(Dolce et al., 2000) [47] 0.00 0.035
lD ¼ 2:838� 1þ tanh
I þ 10:79� V � 11:6

Q

� �� �
ð16Þ

The proposed correlation is a quadratic correlation unlike the
linear correlation used for masonry buildings as reported by Basa-
glia et al. [48] in Eq. (17).

V ¼ 0:8568� 0:0083� Iv� 0:000039� Iv2 ð17Þ
2.3. Seismic assessment of case studies using vulnerability index
approaches

Several researchers have applied the above-mentioned method-
ologies (GNDT and European macro-seismic) in many urban cities
to obtain the seismic risk assessment. The following studies have
considered adopting the mentioned methods with some modifica-
tions considered for each case study. In the following section, dif-
ferent case studies are mentioned to be presented carefully such
as Barcelona (Spain), Portugal, Italy, Algeria, Morocco.
2.3.1. Spain, vulnerability assessment using the RISK-UE method
Barcelona was considered as a case study by Lantada et al. [34]

to use the RISK-UE framework to propose the seismic risk assess-
ment of the city. An advanced GIS technique was used to draw
up the information on a seismic map that identifies all the indices
needed in the study. The vulnerability index (V) was applied based
on the available data through the Municipal Informatics Institute
of Barcelona Government. According to the Handbook of Work
package 1 of RISK-UE Project which classified the building typolo-
gies, for example in Barcelona, the predominant typologies were
masonry and RC- buildings [50]. As a result, the vulnerability index
of masonry buildings showed values ranging from 0.70 to almost
1.00, while reinforced concrete buildings were less vulnerable
ranging from 0.40 to 0.85. These values have been confirmed by
Aguilar-Melendaz et al. [178] that the buildings in Barcelona are
highly vulnerable with a mean vulnerability index 0.79.
omic damage index [43].

2 3 4 5

Moderate Severe Very Severe Destruction

0.200 0.550 0.90 1.00
0.100 0.350 0.75 1.00
0.100 0.500 1.00 1.00
0.145 0.305 0.80 1.00



Table 11
Vulnerability values for each class in RISK_UE approach [32].

EMS-98 Vulnerability Class Class A Class B Class C Class D Class E Class F

Macro-seismic Method (V) 0.88 0.72 0.56 0.40 0.24 0.08
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2.3.2. Portugal, vulnerability assessment using GNDT method
In Portugal, the seismic assessment of old masonry buildings is

necessary to be studied not only because of their historical heritage
but due to their typology characteristic as an ordinary resisting
system. Ferreira et al. [38] assessed 192 masonry buildings in the
old city Horta, Azores, using the vulnerability index formulation,
after the damage data collected from the 1998 Azores earthquake
that hit Portugal reaching VII intensity scale. This was proposed
by applying the GNDT methodology with some modifications that
lead the vulnerability index to be calculated based on 14 parame-
ters instead of 11 parameters [43]. As a result, the first 50 buildings
out of 192 were assessed in detail with a mean seismic vulnerabil-
ity index, Ivmean, of (33.83), while the remaining 142 buildings
were assessed with some missing data or incomplete information
that resulted in a mean vulnerability index, Ivmean, of (35.92). Fur-
thermore, 8% of the evaluated buildings had an index of above 45,
and 4% below 20. While the lowest and highest values that attained
from the assessment were (13.65) and (80.38), respectively, and
were classified in the vulnerability classes A and B. A similar
approach was applied but this time to Seixal old city center that
has the same structural typologies of masonry buildings. The seis-
mic vulnerability assessment was assigned to (504 units) that were
divided into 3 groups of study [51]. The 1st group consisted of (99
units) with all the possible information was available, while the
2nd group consisted of (197 units) that were still under inspection
and the detailed information was not complete. The 3rd group that
consisted of (208 units) was not considered in their study. Accord-
ing to the application of the vulnerability index to the first group
(99 buildings out of 504) the average vulnerability index value,
Iv was calculated as (34.16), and for the second group (197 build-
ings out of 504) the vulnerability index, Iv has been (32.81). Based
on the EMS-98 scale, the buildings were classified between vulner-
ability classes A and B.

Similarly, it was applied to another old city namely; Faro. This
case study was investigated by Maio et al. and Vicente et al.
[37,41]. To achieve the seismic vulnerability assessment, a vulner-
ability index method was used to assess the fragility of 354 build-
ings. The assessment was started in two stages. In the 1st stage,
evaluation of the buildings with complete and detailed information
(53 buildings out of 354). In the 2nd stage, the evaluation of the
remaining buildings with little information was conducted. After
that, the results were obtained using the geographical information
system (GIS) tool. As a result, the first 53 buildings out of 354 (1st
stage) were assessed in detail with a mean vulnerability index,
Ivmean, of (36.15), while for the remaining buildings, their mean
vulnerability index, Ivmean, decreased to (34.12).

Still, in Portugal, but with another case study, Coimbra city
known as a historic city in Portugal which is dominated by old
limestone masonry buildings were assessed by Vicente et al. by
using the vulnerability index approach based on the GNDT method
but with three more parameters as modifications. Over 679 lime-
stone masonry buildings were assessed by considering two groups
of studies. The 1st group consisted of 410 buildings out of 679
buildings, where the detailed information was available. The 2nd
group consisted of 269 buildings with a lack of information during
the assessment. The 410 assessed buildings resulted in mean vul-
nerability index Ivmean of (38.13), while in the 2nd group, it shifted
up to (38.38). The highest and lowest Iv values obtained for the
whole studied buildings were (60.58) and (12.12), respectively.
2.3.3. Italy, vulnerability assessment using GNDT method
In Italy, Lampedusa Island in southern Italy was studied by

Cavaleri et al. [52] to develop the vulnerability index based on
the GNDT method. The seismic vulnerability assessment investi-
gated 288 buildings, which consisted of 264 masonry buildings
and 24 RC-buildings. The data collected by field surveys could be
allowed to achieve the judgment on the general vulnerability con-
ditions of the island. The vulnerability output was generated using
the GIS tool, and the result of the mean vulnerability index was rel-
atively low, meaning it was in good seismic performance, com-
pared to the normal value which is equal to (25.6).
2.3.4. Morocco, vulnerability assessment using the RISK-UE method
In north Morocco, Al Hoceima city is demonstrated as one of the

highest seismic active zones in Morocco. Cherif et al. [53] esti-
mated the vulnerability of the current buildings through the Euro-
pean approach. Particularly, the majority of the constructed
buildings were reinforced concrete buildings as stated by Lungu
et al. [54]. According to the result, the studied buildings had a
mean vulnerability index of (0.49), with minimum and maximum
values of (0.2) and (0.9), respectively. Similarly as estimated by
Cherif et al. in Imzouren city northern Morocco [55].
2.3.5. Algeria, vulnerability assessment using GNDT and RISK-UE
method

In northeast Algeria, Annaba city is classified as a moderate
seismic hazard as stated by Boughacha et al. [56], Peláez et al.
[57], Kherroubi et al. [58], and Mourabit et al. [59]. In this case
study, Athmani et al. [36] applied two seismic vulnerability index
methods to analyze the vulnerability of the masonry buildings
adapted in the Annaba city. The data of the masonry buildings
were gathered depending on a team of experts in the CTC (Control
Technical Construction). The CTC data for Annaba city classified the
buildings into four classes namely; Green; Yellow; Orange; and
Red. In the 1st class consisted of buildings that do not require
any rehabilitation interventions. The 2nd class consisted of build-
ings that required slight repair or strengthening interventions.
The 3rd class consisted of buildings that required serious repairs.
The 4th class consisted of buildings that required to be demolished
or reconstructed. As a result, the application of the two approaches
was integrated into the GIS Map. The average vulnerability index
value was equal to (0.91), with the highest and lowest values of
(1.02) and (0.55), respectively, for the whole selected studied
buildings in Annaba city. With regards to that, for the GNDT
approach, the vulnerability index (Iv) value was more than (45)
with vulnerability class A.
2.3.6. Seismic vulnerability index for the steel structures
The structural and mechanical properties of steel structures are

needed to identify the seismic vulnerability assessment using the
Vulnerability Index method. Mahmoud [60] developed a vulnera-
bility index method for steel structures by studying two case stud-
ies. These two studies were classified into three classes namely
Green, Orange, and Red. The 1st class represents that the construc-
tion may not require any repair. The 2nd class represents that the
construction required moderated repair/retrofit work, while the
3rd class classified the building as very vulnerable and should be
demolished, as illustrated in Table 12.



Table 12
Vulnerability Index Classes.

Vulnerability Class Green Orange Red

Vulnerability Index (VI) [0.36–0.54] [0.54–0.85] [0.85–1.00]
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2.3.7. Case study: data summary
The vulnerability assessments using a vulnerability index of the

case studies using the RISK-UE method are tabulated in Table 13,
and the previously mentioned study areas are summarized in
Table 14.

3. Analytical assessment approach

The analytical procedures for determining the seismic physical
vulnerability of structures may also be named as the theoretical
approaches, since, in contrast to the empirical approach (vulnera-
bility index + expert judgment, RVS), which are based on observa-
tions, they rather focus on simulating the strong ground motions.
There are several analytical methods to accurately assess the
behavior and performance of building structures during earth-
quake movements. The analytical approaches involve linear static,
linear dynamic, nonlinear static, and nonlinear dynamics analyses.
There has recently been increasing awareness and interest in
designing structures exposed to an earthquake or seismic action
based on the seismic regulations or in the performance-based
design. To precisely assess the seismic demands of structures, the
nonlinear analysis is the method that is usually required to be
used. Generally, it can be categorized into two groups: Non-
Linear Time History Analysis (NLTHA), and Non-Linear Static or
Pushover Analysis (NLSA/POA).

3.1. Non-Linear static analysis (NLSA) - Pushover analysis (POA)

In the earthquake engineering field, the non-linear static analy-
sis method has become very popular due to its simplicity. It
becomes an active engineering tool for estimating the structural
safety against earthquake struck-induced collapse. This method
was initially presented in FEMA 273 [62] where the ‘‘Coefficient
Table 13
Vulnerability Index in Europe countries using the RISK-UE Method [28].

Country Romania

City Bucharest
Nb. of buildings in the city 108,834
Nb. of buildings whereby analyses are carried out 4068
Minimum Vi, Masonry 0.202
Maximum Vi, Masonry 0.365
Minimum Vi, Reinforced Concrete (RC) 0.068
Maximum Vi, Reinforced Concrete (RC) 0.257

Table 14
Vulnerability Index case studies using GNDT II and RISK-UE methods.

Country City Typology Lower VI M

Portugal Horta URM 13.65 3
Seixal URM 15.00 3
Faro URM 20.00 3
Coimbra URM 12.12 3

Spain Barcelona RC 0.4 0
URM 0.7 0

Italy Lempedusa RC & URM – 2
Morocco Al-Hoceima RC 0.2 0
Algeria Annaba URM 0.55 1

*-: Not mentioned in the study, or a few details of information and data to study the vu
*RC: Reinforced Concrete.
Method” has been used to determine the target displacement
and then it was updated in FEMA 356 [63]. The non-linear static
analysis refers to the pushover analysis that will result in a well-
known curve identified as ‘‘Capacity Curve”. The ultimate goal of
this approach is to obtain the structure’s dynamic properties such
as stiffness, strength, and ductility under seismic loading.

In non-linear static analysis or simply the POA procedure, the
constructed model of the structure will consider explicitly the
non-linear force and displacement behavior of its structural ele-
ments. After that, a relationship would be developed between base
shear and displacement (V vs. D) via exposing the structure to lat-
eral forces monotonically increasing until the displacement of the
model exceeded or reached the allowable displacement that
described a predefined structural damage. As a definition, the
allowable displacement is known as the target displacement. A glo-
bal failure could happen when the slope of the curve becomes neg-
ative. From this method, the in-elastic response behavior can be
determined for an equivalent single degree of freedom (SDOF). This
implies the need to transform multi-degree of freedom (MDOF)
into a single degree of freedom that limits the applicability of this
approach. However, this transformation would be exact only if the
structure is vibrated in a single mode with constant deforming
shape over time.

It was found that the procedure has some rigorous lacks in its
theoretical foundation. The procedure as mentioned was based
on two assumptions, firstly the structural responses were con-
quered by the fundamental vibration mode, secondly, the displace-
ment vector remained constant [64]. These could be incorrect and
not always fulfilled, and the structures nonlinear response could
not be built on the first mode vibration and the constant lateral
forces distributed (Triangular or Rectangular) over the height of
the structure [65]. Meanwhile, it neglected the duration and cyclic
influences as well as the dynamic features of the structure. Some
researchers found that the procedure did not provide a precise
result compared to non-linear time history analysis or either
experimentally in evaluating building seismic behavior (Gupta
and Kunnath [66], Chopra and Chintanapakdee [67], Goel and Cho-
pra [68] Maison and Bonowitz [69]). This procedure may be doubt-
ful to be used unless it could predict the capability of the structure
Macedonia Italy France Bulgaria

Bitola Catania Nice Sofia
13,657 41,800 37,000 3865
13,657 41,800 3328 3865
0.623 0.509 0.301 0.3
0.825 0.804 1.02 1.02
0.542 0.414 0.247 �0.02
0.623 0.759 0.782 1.02

ean VI Upper VI Empirical Approach References

4.87 80.38 GNDT II [38]
3.48 63.00 GNDT II [51]
5.14 53.00 GNDT II [41,42]
8.26 65.58 GNDT II [43]
.65 0.85 RISK-UE [34]
.87 1.00
5.6 – GNDT II [52,61]
.9 0.49 RISK-UE [53,55]
.02 0.91 GNDT II & RISK-UE [36]

lnerability index in the field.



Table 15
Modified pushover methods and their purposes.

Modified
Pushover
Method

Purpose Authors References

Modal Pushover
Analysis
(MPA)

To provide the ability in
the contribution of all
vibration modes that
have a significant
influence on the seismic
response especially in
tall buildings.

Chopra and Goel [77]

Modified Modal
Pushover
Analysis
(MMPA)

The MPA has been
extended to assess the
seismic demand
capacity considering
the higher modes in
elevation.

Chopra and
Chintanapakdee

[67]

Adaptive Modal
Pushover
Analysis
(AMPA)

To redistribute the
inertia forces associated
with the effects of
changing the dynamic
features throughout the
in-elastic response, as
well as considering the
influence of higher
modes.

[Gupta and
Kunnath; Kalkan
and Kunnath;
Antoniou and
Pinho]

[66,78,79]

Consecutive
Modal
Pushover
Analysis
(CMP)

To evaluate the seismic
demand of tall
buildings, and the
seismic performance of
different modes and the
force vector for each
mode applied
consecutively to the
structure.

Poursha et al. [80]

Modified
Consecutive
Modal
Pushover
Analysis
(MCMP)

The CMP has been
extended to estimate
the seismic demand
based on the
consequences of higher
modes and torsion.

[Poursha et al.;
Khoshnoudian and
Kiani]

[81,82]

Extended N2
method

To consider both
torsional and higher
mode effects.

[Kreslin and
Fajfar; Brozovič
and Dolšek; Fajfar]

[83,84,85]

Improved
Model
Pushover
Analysis
(IMPA)

(IMPA) is a multi-mode
approach that has the
capability to re-define
the lateral loads, and to
realize the in-elastic
deformed shape rather
than the elastic
deformed shape.

[Poursha and
Samarin; Belejo
and Bento]

[86,87]

Improved upper
bound (IUB)
pushover
analysis

The IUB proposed an
adjustment of lateral
load pattern applied to
high-rise buildings, and
improved accuracy in
evaluating the seismic
response of high-rise
buildings.

Rahmani et al. [76]

Spectrum-Based
Pushover
Analysis
(SPA).

The SPA procedure has
the ability to estimate
the seismic demand of
high-rise buildings
quickly and accurately,
which is nearly similar
to NTHA accuracy.

Liu and Kuang [75]
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and estimate the safety limit states against the total failure. Never-
theless, this method has been used in a sequence of studies in
assessing the structural capacity (Zacharenaki et al. [70], Fra-
giadakis and Vamvatsikos [71], Shafei et al. [72], Fiore et al. [73],
Zameeruddin and Sangle [74]). In recognition of these doubtful
deficiencies, the non-linear static analysis was modified to achieve
better seismic demand estimation, where too many things have
been done to take into consideration such as the contribution of
higher modes, torsional effect, redistribution of inertia forces,
and irregular structures. The modification procedures have been
as follows: Modal Pushover Analysis (MPA) procedure and Modi-
fied Modal Pushover Analysis (MMPA), Adaptive Modal Pushover
Analysis (AMPA) procedure, Consecutive Modal Pushover (CMP)
procedure and Modified Consecutive Modal Pushover (MCMP) pro-
cedure, Extended N2 procedure and the Envelope-based Pushover
procedure, and Improved Modal Pushover Analysis (IMPA) proce-
dure. Recently, Liu and Kuang [75] proposed a procedure to evalu-
ate the seismic performance and demand for tall buildings, namely
Spectrum-Based Pushover Analysis (SPA). The methodology was
applied on two steel structures with a special moment-resisting
frame detailing with 9 and 20 stories, and the results were com-
pared with (NLTHA) analysis that showed a good agreement. In
addition, Rahmani et al. [76] proposed a non-linear static proce-
dure called improved upper bound (IUB) pushover analysis. The
purpose of this method when analyzing irregular tall buildings is
to be precise and accurate that could correlate and get closer to
(NLTHA). Table 15 shows the prior modified methods of the non-
linear static analysis and its purposes.

3.2. Non-Linear time history analysis (NLTHA) - incremental dynamic
analysis (IDA)

The NLTHA is the most exact and precise method to assess the
seismic performance of a structure/infrastructure. Recently, the
computational methods were in rapid development, and the incre-
mental dynamic analysis (IDA) as an improved and extended ver-
sion of NLTHA methodology has become a powerful tool in
evaluating the dynamic behavior of the structures subjected to
earthquake motions. It was proposed as early as in 1977 by Bertero
[88] and after that, it was studied extensively by several research-
ers and investigators (Bazzurro and Cornell [89], Bazzurro et al.
[90], Vamvatsikos and Cornell [91], Yun et al. [92], Lin and Baker
[93], Jalayer et al. [94], and Miano et al. [95]).

Also, it was approved by FEMA 2000 as a technique to investi-
gate the global collapse capacity. Incremental dynamic analyses
have lately played a significant role in studying the general behav-
ior of the structures, starting from the elastic response stage
through yielding and non-linear response stages, until reaching
the instability of the structure. Moreover, IDA gave a noticeable
vision about the performance of a structure under seismic actions.
Thus, a set of ground motion records based on (NLTHA) is usually
needed to develop an incremental dynamic analysis (IDA). In
which the ground motion intensity was selected for investigating
the structural performance. This could be done by applying a suc-
cessive incrementally increase of the seismic intensity until the
structure reaches the global collapse capacity. The IDA result can
be depicted by plotting the ground motion intensity (IM) vs. a
structural response parameter (EDP).

In the last decades, many researchers have been using incre-
mental dynamic analysis as the main tool in their research, the
studies are summarized in Table 16.

The main advantages of this method are the capacity to model
wide diversity of non-linear material behavior, irregularity in
structures with geometric non-linearity, pounding buildings
behavior, and higher mode effects in tall buildings that can be done
precisely only with the non-linear dynamic procedure. However,
this type of analysis also has disadvantages such as; it needs a
complex platform to create the analytical model, consuming time
to accomplish the analysis, lack of supercomputers readily to do
the analysis, and a large number of ground motions are necessary
to perform the analysis as mentioned by (Roca [111], Shome [112],
Krawinkler et al. [113], Bakhshi and Asadi [114]). Positive and neg-
ative feedbacks for this method were also reported by Silva et al.



Table 16
Summary of previous studies on NLTHA.

Authors Study Highlight Intensity
Measure
(IM)

Engineering
Demand
Parameter (EDP)

Software References

Vamvatsikos Developed the IDA curves to investigate the structural behavior response of a 20-
story steel space frame system under a set of earthquake records.

Sa (T1,5%),
g

Inter-story drift
ratio bmax

OpenSees [96]

Kirçil and Polat Developed the IDA curves for 3, 5, and 7 stories reinforced concrete buildings in
Turkey (Istanbul).

Sa (T1,5%),
g

Inter-story drift
ratio

IDARC [97]

Asgarian et al. Investigated the seismic performance of three types of beam-column joint
connection for a steel moment-resisting frame system namely; Special,
Intermediate, Ordinary.

Sa (T1,5%),
g

Inter-story drift
ratio bmax

OpenSees [98]

Farsangi et al. The seismic reliability of a steel frame has been evaluated in high seismicity
regions.

PGA Inter-story drift
ratio bmax

OpenSees [99]

Fanaie and
Ezzatshoar

Studied the dynamic properties of the concentric steel bracing system called Gate
bracing system.

Sa (T1,5%),
g

Inter-story drift
ratio bmax

OpenSees [100]

Nazri and
Saruddin,
Saruddin and
Nazri

Employed the IDA curves to assess the seismic behavior in Malaysia for low and
mid-rise buildings.

PGA Drift (%) SAP2000 [101,102]

Farsangi and
Tasnimi

The influence of combined horizontal-vertical ground excitations has been studied
on non-ductile RC frame structures.

Sa (T1,5%),
g

Inter-story drift
ratio bmax

OpenSees [103]

Farsangi et al. The collapse margins of an array of RC structures were evaluated based on a
proposed vector IM under the influence of multi-component earthquake
excitations.

Vector IM Inter-story drift
ratio bmax

OpenSees [104]

Gonzalez-Drigo
et al.

Analyzed the vulnerability of the URM buildings in Barcelona using IDA curves. PGA Maximum
Displacement

TreMuri [105]

Fathieh and
Mercan

Suggested to study the seismic demand and the capacity of 4-story MSB using the
Incremental dynamic analysis method.

Sa (T1,5%),
g

Maximum Inter-
story drift ratio
(%)

OpenSees [106]

Sobhan et al. Investigated the dynamic buckling behavior of a steel cylindrical tank using (NSPO)
and then compared with (NLTHA) to assess the accuracy of the result.

PGA Maximum Radial
Displacement

ABAQUS [107]

Moazam et al. Suggested to assess the seismic demand capacity of two old concrete arch bridges
in Iran. The analyses have been investigated using non-linear dynamic analysis by
simulating 22 far-field earthquake records.

PGA Maximum
Displacement

ANSYS [108]

Azizan et al. Suggested to study the seismic performance of Koyna dam which is classified as a
concrete gravity dam. The assessment was performed by generating the
incremental dynamic analysis under single and repeated earthquake excitations.

PGA Maximum Crest
Displacement

ABAQUS [109]

Kildashti et al. Introduced a liquid storage tank to investigate the influence of the base connection
under seismic movements (22 records).

PGA Maximum Radial
Displacement

ABAQUS [110]
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[115]. Muntasir Billah and Shahria Alam [116] stated that the anal-
ysis required many earthquake records that made the computa-
tional analysis extensive. Nevertheless, Colapietro et al., Farsangi
et al., Farsangi and Tasnimi considered this method as the most
conservative method compared to non-linear static analysis, and
more accurate in predicting the structural responses [117,99,103].
4. Analytical vulnerability/fragility curve

As stated before, the vulnerability curves were generally
derived by using the observational damage data of previous events,
but recently the computational analyses were much more reach-
able to develop this type of curve. The fragility curves or the vul-
nerability curves were analytically used to evaluate the risk of
the earthquake effect on the building structures. It was considered
as a valuable tool to predict damage possibilities that may influ-
ence the structures. Also, it can be used as an indicator in the reha-
bilitation and retrofitting planning. The earthquake and its ground
motion have a huge catastrophic effect on the structural behavior,
for that reason, implementing the fragility analysis besides the
non-linear analysis is the most beneficial tool to estimate the
structural responses and the financial losses. The vulnerability
curves are mostly developed for the vulnerability of residential
buildings, that have been constructed as reinforced concrete (RC),
steel and masonry structures [118–124]. However, the prefabri-
cated reinforced concrete structures have been well considered
in recent years [125–131]. Furthermore, the infrastructures were
also investigated by some researchers (Shinozuka et al. [132],
Siqueira et al.[133], Alessandri et al.[134], Long et al. [135], Segura
et al. [136], D’Amico and Buratti [137]). Hence, these curves will
help as an indicator before and after earthquake events, as well
as in developing upcoming code provisions.

The vulnerability curves were developed with the aid of non-
linear analysis such as IDA and POA. Based on previous researches,
most of the studies used the incremental dynamic analysis (IDA) as
the first stage in developing the fragility curves more than that of
the pushover analysis (POA). For example, Vona [138] developed
the fragility curves to examine the seismic structural response of
the moment resisting concrete frame (MRCF) using two distinct
analytical methods, namely, (NSA) and (NDA). With regards to this,
it shows that the NDA was the greatest method to consider. Anvar-
samarin et al. [139] estimated the collapse performance of three
structural models of 6, 12, and 18 as an RC-MRF with different
story heights. The estimation was developed by using the fragility
curves and by considering the soil-structure interaction as a seis-
mic uncertainty parameter. Tajammolian et al. [140] analyzed
the seismic efficiency of asymmetric steel structures isolated with
Triple Concave Friction Pendulum (TCFP) as a bearing seismic ele-
ment. The fragility curves have been developed after performing
the IDA analysis under the effect of 45 sets of artificial seismic
records. Then, the damage states of HAZUS-2003 were used to con-
sider the damage probabilities.

Nazari and Saatcioglu [141] investigated the seismic vulnerabil-
ity of RC-shear wall buildings in Vancouver by involving the non-
linear time history analysis (NLTHA) using 20 artificial seismic
records, then the fragility curves were provided to detect the dam-
age levels imposed to buildings according to ASCE41[142]. Kara-
petrou et al. [143] discussed the seismic performance of
reinforced concrete buildings by considering the aging effect.



Table 18
Advantages and disadvantages of the empirical and analytical methods in developing
vulnerability curves.

Method Advantages Disadvantages

Empirical Observational damage during
the event which shows
realistic vulnerabilities.

Missing data or lack of data,
Not clear vision to investigate
the damages, not accurate, and
mainly depend on expert
decisions with different
opinions.

Analytical The most accurate method, all
type of uncertainties can be
considered

Time-consuming, very
sensitive to modeling and
analysis approach, and
computational inefficient
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Through modeling, the corrosion time rate using OpenSees soft-
ware was measured; the non-corroded time was defined as
T = 0 years, while the corroded time was taken at (T = 25, T = 50,
and T = 75 years). After applying the 15 real ground motion records
implementing the IDA approach, the fragility curves were derived
according to HAZUS prescriptions. Banazadeh and Ghanbari [144]
studied the seismic collapse performance of three steel moment-
resisting frames with 6, 8, and 12 stories designed as special steel
moment frames with and without non-linear viscous dampers in
accordance with the ASCE code provisions. The fragility curves
were performed to examine the probability of collapse under the
effect of ground motion far-field records. Table 17 presents other
researches and studies in deriving analytical fragility curves.
According to Billah and Alam, the fragility general equation was
expressed in Equation (18).

Fragility ¼ P LS IM ¼ yj½ � ð18Þ
where LS refers to the damage limit state, IM is the ground motion
intensity measure, and Y is the ground motion intensity.

Even though the fragility curves were generated by several
equations, these types of curves were known as standard normal
cumulative distribution function, that have distinct variations
and parameters for each study such as earthquakemotion intensity
and the measure of damage [169–172]. However, the simplest one
is the one that was used by Kircil and Polat [97], and Ibrahim and
El-Shami [173] as shown in Eq. (19):

PðxÞ ¼ /
lnX � k

1

� �
ð19Þ

where U is the cumulative distribution function, k is the mean
value, and 1 is the standard deviation.

One of the guideline drawbacks of the analytical vulnerability
curves is that the procedure is greatly computational and time-
consuming; therefore, the fragility curves cannot be easily devel-
oped because of the large number of uncertainties to be considered
in the modeling procedure. Nevertheless, the analytical fragility
curves have been utilized to support and probably replace the
empirical vulnerability curves due to the lack of data related to
Table 17
Analytical vulnerability curves developed by researchers.

Structural System Type of Analysis Engineering Demand

MRCF NLS Top displacement
URM NLD + NLS Interstory drift (ISD)
URM NLS Top displacement (TD
URM NLS Base + Flexural Stren
MRCF NLS Interstory drift (ISD)
URM NLS Top displacement (TD
MRCF NLS Top Displacement (TD
RC-dual frame-wall system NLD Interstory drift (ISD)
MRCF + Dual-frame-wall system NLS Chord rotation, Shear
MRCF + Dual-frame-wall system NLS Interstory drift (ISD)
URM LS Extent of damage
URM NLS Interstory drift (ISD)
MRCF + Dual-frame-wall system NLS Chord rotation, Shear
RC + URM NLD + NLS Interstory drift (ISD)
URM NLS Top Displacement (TD
RC infilled frames NLS Top Displacement (TD
RC (Precast) NLD + NLS Maximum Top Drift
MRCF NLD Interstory drift (ISD)
Monument Masonry wall NLD Crack propagation
MRCF NLD + NLS Top Displacement (TD
RC-Shear Walls NLD Interstory drift (ISD)
Steel Bridge NLD + NLS Base Shear, Lateral D
Confined Masonry Walls NLS Top Displacement
Gravity Dam NLD fundamental Period
RC Shear Walls NLS + NLD Moment-Curvature
Masonry Walls NLD Top Displacement
MRCF NLD Interstory drift (ISD)
post-earthquake events which caused the damages, as well as
the observational damages. Table 18 shows the advantages and
disadvantages of empirical and analytical methods.

Eventually, to develop vulnerability curves, four distinct meth-
ods can be utilized, namely: (1); Expert and judgment approach,
(2); Empirical approach, (3); Analytical approach, (4); Hybrid
approach. We can differentiate between the four general curve
types [174].

1. Empirical curves based on the observed seismic damage infor-
mation and data.

2. Judgment curves based on skilled judgment and opinion.
3. Analytical curve based on simulated damage data.
4. Hybrid curve based on a grouping of the previous methods.

Fig. 3 below describes the flow-chart methodologies to develop
fragility curves.
5. Needs and challenges

From the literature reviews, it can be derived that the seismic
evaluation approaches have been used to specify and estimate
the structure’s capacity to withstand an earthquake (pre or post-
Parameter (EDP) Intensity Measure (IM) Reference

Sd(T) [119]
PGA [145]

) Sd(T) [146]
gth PGA [147]

PGA [148]
) Sd(T) [149]
) Sd(T) and PGA [150]

PGA, PGV, and PGD [151]
force PGA [152]

PGV [153]
Sa(T) [154]
PGA [155]

force PGA [156]
Sa (T1,5%), g [157]

) Sa (T1,5%), g [158]
) PGA [159]

Sa(T) [128]
PGA, PGV, PGD, Sa(T), Sd(T), and Sv(T) [160]
Sa (T1,5%), g [161]

) Sa (T1,5%), g [162]
Sa (T1,5%), g [163]

isplacement PGA [164]
Sa (T1,5%), g [165]
Sa(T), PGV [136]
PGV [166]
PGA, Sa(T1) [167]
PGA [168]



Fig. 3. Methodologies and steps to develop fragility curves [175].
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event). However, the task could be very complicated. Accordingly,
the empirical methods such as Rapid Visual Screening (RVS), and
the vulnerability index approach seem to be unreliable tools
because, as discussed earlier, they were based on the observed
damage data which may be limited or inaccurate. On the other
hand, they do not cover all building typologies, intensities and vul-
nerability parameters, and the outcome is very dependent on
expert judgment. These parameters may significantly affect the
collapse of the structure, moreover, they have inconsistency and
variations in weighing the parameter to classify the vulnerability
of a particular structure as mentioned in the previous case studies.

Analytically, there are still a few extraordinary issues to be
addressed with the analytical strategies, such as the potential
and the ability of the quantitative models to precisely foresee the
behavioral response of the real and actual structure, the precision
in converting numerical computational models into real structural
damage and vice versa. The tendency of considering human mis-
takes in the seismic design and executing buildings are the main
reasons of disastrous collapses, which need to convert the observa-
tional damages and the uncertainties errors during construction
into computational modeling to classify the structural vulnerabil-
ity stages. Therefore, it seems that accuracy in predicting the vul-
nerability level of a structure could be possible if the prediction
is obtained by using finite element modeling and by applying the
non-linear analysis tools. Further research challenges include the
correlation or transformation of field damages by applying an



Table 19
Parameters used in assessing the building structure’s vulnerability.

Parameters Influencing the Building Response Methods for assessing vulnerability

Empirical Assessmesnt Expert-Judgment
Assessment

Analytical Assessment

Required Desirable Required Desirable Required Desirable

Construction System Type of load-bearing elements U U U

Type of non-load-bearing elements U U U

Dimension properties Number of stories U

Load-bearing elements U

Non-load bearing elements U

Material properties used in construction Load-bearing elements U

Non-load bearing elements U

Structural detailing Load-bearing elements U

Non-load bearing elements U

Age of construction U

Observed damage data from prior earthquakes U
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analytical approach. This can be obtained by designing the param-
eters that have a direct impact to control the structural behavior
either by considering the past damage observations or by expect-
ing the damaged spot in the structure. Thus, it can be done by
developing an analytical vulnerability index as a measuring crite-
rion for classifying the seismic vulnerability classes by weighting
the modeling parameters of a particular building. Many research-
ers have dealt with this concept, as several parameters influenced
the physical vulnerability of the structure. These structural param-
eters are the main elements that contributed to the response of the
structure and the consequences will be in terms of financial and
human life losses. Fig. 4 describes the building vulnerability
parameters as physical measurements for the structural response,
and Table 19 illustrates the vulnerability measurement parameters
that each method needs (required or desirable) for the seismic vul-
nerability assessment.
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