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Determination of seismic safety of existing buildings is a time consuming and challenging process. Instead, rapid
survey methods were developed which identify deficient structures from a large building stock in a city or town.
This paper presents a comparison and critical review of existing rapid visual survey methods used for seismic
assessment of existing reinforced concrete buildings. The study focuses on rapid visual survey methods devel-
oped for the safety assessment of reinforced concrete buildings in the Indian subcontinent and a widely used
method in the United States.

Comparison is carried out in various ways. Initially, a direct comparison is made based on vulnerable pa-
rameters and damage grades proposed by each method. Later, a scoring system is developed to highlight the
differences and rank the selected methods. This system considers the general description, physical parameters,
and damage description. Finally, as a case study, a rapid visual survey was conducted on 100 reinforced concrete
buildings in each of the three cities (i.e., Pithoragarh, Gangtok, and Agartala) in India. These cities have different
seismic, geological, and topographical conditions. The results show that all five methods give different outputs
for the same sample surveyed buildings in each city. It was observed that there are many uncommon vulnera-
bility parameters amongst each selected method. The results show a considerable variation in the weights
assigned to each vulnerable parameter in all five methods.

1. Introduction

In the past few decades, there has been a dramatic increase in human
casualties and economic loss due to natural catastrophes worldwide [1].
Among these natural catastrophes, earthquakes have been the most
disastrous calamity. The reasons for these increased losses are many, but
the most apparent reason is population. The rapidly growing urban
population has created a massive demand for the construction industry.
Developing countries face city planning and construction quality prob-
lems because of a lack of expertise, imprecise legislation, inadequate
funds, and unplanned urbanization [2]. Such chaotic development has
led to buildings’ poor and unexpected behaviour during earthquakes,
causing severe damage, and sometimes even buildings collapse.

According to the past earthquake database, the 2011 Tohoku
earthquake resulted in 15,000+ casualties, and 120,000 buildings were
collapsed [3,4]. The 2010 Haiti earthquake resulted in 60,000+ casu-
alties, and nearly 280,000 buildings were collapsed [5]. In India, the
2005 Kashmir earthquake caused almost 1500 deaths and 400,000+
collapse of buildings [6,7]. Whereas the 2001 Bhuj earthquake caused
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13,000+ deaths and 200,000+ destruction of buildings [7,8]. Further,
the financial loss caused by Van earthquake in 2011 in Turkey was $2.2
billion, whereas the loss was $1.7 billion when the Sikkim earthquake
stuck in India in the same year [9]. It has been observed during past
earthquakes that older buildings have suffered more damage; therefore,
old constructions are at significant risk even to moderate earthquakes.
These massive damages caused by an earthquake in most developing
countries has underlined the need for seismic evaluation of a vast stock
of existing building [10]. The assessment of potential damage and loss
scenarios for future earthquake events is also equally essential in miti-
gating seismic risk [11].

Seismic risk combines three fundamental components: hazard,
exposure, and vulnerability [12]. The hazard represents the likelihood
of a given location experiencing a certain level of shaking; exposure
represents the inventory of buildings exposed to a hazard, and vulner-
ability describes how the exposed assets will be affected by the hazard
[13]. The rapid sprawling of the built-up areas, unplanned settlements,
and the general rapid changes in modern and megacities heavily affect
the space and time dependency of the exposure and vulnerability model
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[13]. The amount of resources spent on the vulnerability assessment of
old buildings is justifiable; hence not only does a first-level assessment
include building inspection, but it also can help in the identification of
buildings for which a more detailed assessment is required [11].

The main objective in determining a building’s earthquake safety is
to give correct decisions on existing building stock by conducting the
necessary inspections and evaluating existing buildings in advance of a
possible earthquake [14]. But the assessment of a large number of
buildings spread over a vast area is the biggest challenge. Therefore, it
was felt necessary to develop a method that rapidly identifies most
deficient or vulnerable buildings, which require further detailed evalu-
ation or sometimes retrofitting [15].

Determining the seismic performance of existing buildings with the
conventional code-based assessment procedure is costly and time-
consuming, due to which “Rapid Visual Survey (RVS) Methods” were
developed. Instead of code-based assessment procedures, these RVS
methods can reduce the number of buildings, which have to be assessed
with more detailed code-based assessment techniques [16]. It is also
observed that there is increasing research in the same area [17]. RVS
method requires significantly less time. The primary objective behind
the development of this method is to minimize the resources needed for
the evaluation of buildings in great numbers [18]. The method can be
used for the safety assessment of buildings before the earthquake and
after the earthquake. The safety assessment before an earthquake helps
in understanding the earthquake risks that a city/town will face
regarding the earthquake performance of houses. In contrast, assess-
ment after an earthquake helps decide whether a building in the
earthquake-affected area can be occupied or not [19,20]. Using the final
score of RVS, buildings which require further preliminary and detailed
evaluation can be easily identified. Such a quick assessment method is
an essential tool for governments and decision-makers to allocate re-
sources and mitigate earthquakes [17,21] optimally.

There are many rapid visual survey methods developed for safety
assessment of buildings in past few decades (FEMA-154 [21,22]; NRCC
[23]; Hassan and Sozen [24]; Gulkan and Sozen [25]; JBDPA [26]; Arya
[27]; METU [28]; Sinha and Goyal [29]; Yakut [15]; Demartinos and
Dritsos [30]; NZSEE [31]; Sucuoglu et al., [32]; Wang and Goettel [33];
Karabassi and Nollet [34]; Jain et al., [35,36]; P-25 [37]; Achs and
Adam [38,39]; BMTPC [19,20]; Yadollahi et al., [40]; PERA [41];
Kaplan et al.,, [16,42]; Pardalopoulos et al., [43-45]). FEMA-154
method which was developed in 1988 has been further revised in the
year 2002 and 2015.

The current study aims to compare the rapid visual screening (RVS)
methods used for the safety assessment of existing reinforced concrete
(RC) buildings. During the rapid survey of buildings in three different
cities, it was observed that each method gives a different result for the
same building. So, the second aim of the study is to find the reasons for
the varying results. The comparison of selected methods is performed in
various ways. At first, the comparison is made based on vulnerability
parameters considered and the damageability grades used in each RVS
method. After these simple and straightforward comparisons, methods
were further compared using the arbitrary and multi-criteria-based de-
cision-making (MCDM) approach. The final comparison is based on the
results of each RVS method for which a rapid visual survey is conducted
in three different cities in India.

Most of the available literature on the comparison of RVS methods
focuses on the closeness of results of the method proposed by those
authors with other available methods. The comparison at various levels
presented in this paper helps to understand each RVS method’s work-
ability to find the shortcomings in the method and scope for
improvement.

2. RVS methods

The motive behind the rapid visual survey method is to save and
minimize the resources required for the safety assessment of buildings in
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great numbers. According to Ningthoujam and Nanda [46], the RVS
procedure is a simple procedure for quick evaluation of large building
stock, usually based on the walk down surveys on-site for each building
to provide an indication about the buildings that need more advanced
analysis. This method utilizes the scores given to building type (known
as structural score or base score) and performance modifiers to decide
the level of risk of building. The performance modifiers reflect the effect
of building deficiencies (i.e., vulnerable parameters) on its response
during ground shaking [47]. Therefore, from the RVS result (i.e., final
score), one can prioritize the buildings. It also depicts that the score
values assigned to each vulnerable parameter play a crucial role in
deciding the risk (i.e., performance) of building. In the paper, some of
the methods’ strengths and weaknesses are discussed in the following
paragraphs. A few more methods are addressed in the later sub-section
and section, and a comparative study is presented.

The method for low-rise RC buildings, based on the priority index
obtained by the addition of wall index and column index, was proposed
by Hassan and Sozen [24]. As per this method, both the wall index and
column index were obtained by normalizing the respective area with the
total floor area. Therefore, the building’s assessment is carried out based
on two parameters only, i.e., total wall area and total column area.
Similarly, the RVS method developed by Gulkan and Sozen [25], which
also considers the orientation and cross-section sizes of columns and
walls, added one more parameter in the assessment, that is, drift. As per
this method, the columns and walls highly influence the drift on the
ground floor. Though these two methods were practical and straight-
forward, other building parameters such as material and construction
quality and effects of plan irregularity and vertical irregularity are
ignored.

In Japan, the Japan Building Disaster Prevention Association
(JBDPA) developed guidelines for seismic evaluation of existing rein-
forced concrete buildings in 1977. Later it was revised in 1990 and 2001
[26]. As per this procedure, the seismic index, a product of primary
seismic index, irregularity index, and time index, should be calculated at
each storey and in each principal direction of the building. The struc-
ture’s primary seismic index is the building’s primary seismic perfor-
mance, assuming no complexity. The irregularity index evaluates
complexity related to plan and section, whereas the time index evaluates
the structural defects such as deflection, cracking, aging, etc. This
evaluation is based on many parameters, and there is no clarity
regarding the scoring system and ranking of buildings.

The New Zealand standard [31] recommended a two-stage evalua-
tion process. Using the initial evaluation process (IEP), the existing
building’s structural performance is compared with the standards
required for new buildings. It is expressed in terms of percentage new
building standard (%NBS) [31]. As per the standards, if the %NBS is less
than 33, the building is likely to be an earthquake-prone building (EPB)
and requires a more detailed assessment. A %NBS greater than 67 means
the building does not have an earthquake risk. However, though %NBS
between 33 and 67 means no action required by the law, the building
may undergo unacceptable damage, and further detailed evaluation
may be recommended. The objective of this is to identify the EPB with an
acceptable confidence level. Therefore, this assessment method requires
a well-trained and well-experienced earthquake engineer to achieve the
same.

In 2007, Sucuoglu et al. [32] proposed a simple seismic risk assess-
ment procedure to identify buildings with high damage risk and need
priority during risk mitigation activities. The procedure is suitable for
medium-rise ordinary reinforced concrete (RC) buildings only. The pa-
rameters which influence damage significantly and which are easy for
visual observations were selected. The effect of each parameter towards
damage in a building is quantified using statistical analysis. The pro-
cedure adopted in this method has some similarities with other proposed
evaluation procedures as well, such as FEMA-154 [21,22], Jain, et al.,
[35,36], and METU [28]. The RVS method developed by FEMA-154
[21,22] and Jain et al. [35,36] has been discussed later in this paper.
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After critically reviewing the available RVS procedures, Wang and
Goettel [33] proposed a new enhanced rapid visual screening (E-RVS)
method. It was concluded from the review that it is difficult to interpret
the logarithmic relation between the final RVS score and the probability
of collapse. Also, the use of site-specific seismic hazard data in any RVS
procedure would give more accurate results than seismicity regions.
Therefore, the E-RVS method re-evaluated the score modifiers making it
easy to evaluate the final score. In similar ways, Yadollahi et al. [40] also
found that the RVS score is a little challenging to interpret when the
value is determined from the logarithmic relation between the proba-
bility of collapse and the seismic vulnerability score. To overcome this
difficulty, Yadollahi et al. [40] proposed a new scoring scheme that is
non-logarithmic and linear. These proposed scoring schemes are based
on the analytical hierarchy process (AHP). However, the method
considered very few parameters and lacked clarity regarding the cut-off
scores for ranking the buildings.

Likewise, various methods differ in expenditure, precision, and many
other aspects [48]. Therefore, to contribute to this discussion, this paper
presents the comparison and critical review of existing RVS methods.
The RVS methods developed exclusively for Indian region (Arya 2003
[27]; Sinha and Goyal 2004 [29]; Jain et al. 2010 [35,36]; BMTPC
(2012) [19,20]) are considered for this study. Along with this FEMA-154
(2015) [22], the RVS method widely used in the United States and many
other countries is also considered. The background information on these
selected methods is provided in the paper. Many other RVS methods are
not directly included in the comparative study but are included as
literature to illustrate particular features. To compare the selected RVS
methods, a new scoring system is developed following Hill and Rossetto
[49] and Alam et al. [17]. Finally, to highlight the utility of the RVS
methods, three different case studies are performed. Nearly 100 sample
buildings were surveyed in each of the three cities (Pithoragarh, Gang-
tok, and Agartala) of India, using all five RVS methods. The geo-static
map of the study area has been shown along with the damage scales
distribution of RVS methods.

2.1. Sinha and Goyal (2004)

In 1988, Federal Emergency Management Agency (FEMA) published
the first edition of the FEMA-154 report that included a rapid visual
survey procedure for identifying the buildings that might pose a severe
risk of loss of life when a damaging earthquake occurs. Adopting a
similar approach described in the 2002 version, Sinha and Goyal in 2004
developed an RVS method that suits the Indian conditions. The primary
objective was to identify if a particular building requires further eval-
uation to assess its seismic vulnerability [29]. The method consists of
two main factors: the basic score and score modifiers. The basic score is a
generic score assigned to a building typology with no vulnerability
present in it. Score modifier is a score given to those building vulnera-
bility parameters which affect building performance during an earth-
quake. The advantage of using this method for assessment is that the
method clearly defines the expected damage state of the building
qualitatively, for example, slight damage, moderate damage, etc. But the
technique lacks clarity in explaining the basic score values of each
building typology, score modifier values for each vulnerable parameter,
and cut-off values for each damage state.

2.2. Arya (2003)

This method aims to identify whether the building requires further
evaluation or not [27]. According to Arya, when an earthquake of high
intensity occurs, different building types experience different damage
levels depending on their inherent characteristics [27]. Therefore, this
method focuses on the seismic vulnerability based on the lateral load
resisting system, the materials used, and the region’s seismicity where
the building is located. The vulnerable parameters considered are tor-
sion irregularity, re-entrant corners, diaphragm discontinuity, and out-
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of-plane offset as a plan irregularity and mass irregularity and stiffness
irregularity as a vertical irregularity. This RVS method is one of the very
few methods in which no score values are assigned to any parameter. It
recommends a detailed evaluation if any one of these parameters present
in the building. The level of damage experienced by a building depends
only on the type of a building, its lateral load resisting system, and the
type of materials used. There are many shortcomings in this RVS form.
Most importantly, this method is not calibrated on any actual building
damage data from any Indian earthquake. As the document specifies the
‘damageability’ of buildings in different zones based on the construction
materials alone, it underestimates or overestimates the building’s
strength.

2.3. Jain et al. (2010)

In 2010, Jain et al. [35,36] proposed a new method for assessing
reinforced concrete (RC) buildings in India. This method aims to identify
seismically vulnerable buildings and neighbourhoods, which is a
necessary step for developing effective disaster mitigation programs for
the community [35]. The method was developed based on systematic
studies on damage data of Ahmedabad City after a massive 2001 Bhuj
earthquake [35]. This damage data contained comprehensive informa-
tion about buildings, such as the observed damage state of the building
and vulnerability parameters present in the building. Once the observed
parameters were noted, various variable selection techniques were used
to identify statistically significant vulnerable parameter. Upon selecting
the vulnerable parameters, the number of buildings or percentages of
buildings suffering a different level of damages with the feature or pa-
rameters was computed, and regression analysis was performed using
Eq. (1) [35].

EPS = A + Cyxg + Cix; + Cyxy + Cyx4 4+ Csxs5 + C7X7 (€8]

Here, EPS represents the expected performance score of a building. x;
being the vulnerability parameter (xy: presence basement; x;: number of
stories; x2: maintenance; xs: the presence of staircase symmetric with the
plan; x4: re-entrant corners; xs: open storey; xg: stub column; xy: short
column). C; represents the score value of that vulnerability parameter,
and constant A being the base score of the building corresponding to the
seismic zone and number of storeys. The procedure gives score values
fairly, based on statistical analysis.

The procedure (i.e., statistical selection techniques) used to select
vulnerable parameter is the major shortcoming of this method. It was
observed that all statistical techniques suggest all parameters except x3,
xs, and xg parameters. None of the techniques do recommend the
parameter xg, therefore not included in the final form. These variable
selection techniques used are not always reliable, and the example is an
open storey parameter. RC building with no masonry walls present at the
ground storey or any storey is said to have an open (soft) storey. The
presence of this parameter can cause severe damage to the building
during an earthquake. Only two statistical selection techniques suggest
this vulnerable parameter (i.e., open storey). Similarly, if the staircase is
not symmetric with the building’s plan, it creates torsion in the building,
causing severe damage. This parameter is also suggested by only one
technique.

Another important aspect is the damage scenario. The method
developed is based on the building damage data collected after the 2001
Bhuj earthquake. This data cannot be used for creating RVS for another
region because of construction technology, material quality, soil profile,
and many more changes from area to area. Therefore, building damage
data from only one place cannot be generalized. To justify this, one can
refer to the FEMA-155 (2002) [50] document, which quotes, “Risk to the
modern unreinforced masonry buildings in the Central United States
may be overestimated if California experience is the basis for the Basic
Structural Hazard Score in this region.”
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Table 1
Major Vulnerability Parameters considered in different RVS methods.
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Vulnerability Parameter Sinha and Goyal (2004)

Arya (2003) Jain et al. (2010) BMTPC (2012) FEMA-154 (2015)

o+

Siting Issue Liquefaction

Building on a river terrace
Building on a hill slope
Seismicity of Region
Type of soil
Foundation type

Plan irregularity
Re-entrant corner
Pounding effect

Large projections

Soft storey

Type of structure
Frame action

Type of roof

Short column

Staircase connectivity
Code compliance
Quality of materials
Occupancy

Soil & Foundation

Architectural Features

Structural Aspects

ZzRKzRzZzz<K<RzZ22z2<<R2zZ2<<<2z2x

Construction Details

=
z

YN N Y N
YN N Y N
YN N Y Y
Y Y Y Y
YN Y Y Y
YN N Y N
YN - Y Y
- Y Y Y
N N Y Y
N N Y N
- Y Y Y
Y Y Y Y
N N Y Y
N N Y N
N Y Y Y
YN N Y N
N N - Y
N Y Y N
YN Y N YN

*Y considered, **N not considered, ***YN considered but no score assigned, ****- not mentioned.

2.4. BMTPC (2012)

BMTPC (Building Materials and Technology Promotion Council) in
2012 documented a methodology for the seismic safety assessment of
typical housing typologies in India. The method is a result of an intensive
field survey and a detailed study of historical documents. It provides a
seismic safety index and performance rating to a building with respect to
an ideal building of the same typology. Moreover, it divides all vulner-
ability parameters into two categories, viz., life-threatening parameters
and economic loss inducing parameters. Each economic loss inducing
parameter has been assigned a score value or index values derived based
on Delphi-Method. Delphi method includes the only experts where ex-
perts, based on the previous study and their experience, assigns score
values to each parameter. As this method separates each factor into two
sets, it becomes easy to determine the factors affecting life safety. But it
has a few disadvantages over its use. First, the method is time-
consuming and requires much more detailed information, which
sometimes may not be possible to acquire. Another significant drawback
is that this method has not been verified with any other RVS methods.

2.5. FEMA-154 (2015)

The RVS method prescribed by FEMA-154 was revised in the year
2002 and 2015. The report describes a rapid visual screening procedure
for identifying those buildings that might pose a severe risk of loss of life
and injury when a damaging earthquake occurs [21]. The method
consists of two main factors: the basic structural hazard score and score
modifiers. These scores use probability concepts based on the expected
ground shaking levels, seismic design, and construction practices of the
city or region [21]. Basic structural hazard (BSH) score is calculated
using Eq. (2) [21].

BSH = —log,[P(collapse given MCE) | )

A similar equation is used to derive the SMs (Score Modifiers) with
slight modification in the procedure. The term MCE represents the
Maximum Considered Earthquake. The BSH Score excludes all the pa-
rameters that may or may not affect the building behaviour. This BSH
Score is then modified for a building using score modifiers (SMs),
depending on the number of vulnerable parameters present. The prob-
ability of collapse Eq. (2) is derived by determining the likelihood of
being in the complete damage state, using the spectral displacement
response value from the intersection point between the capacity-
demand curve and the fragility curve for the entire damage state for
the given building type. The same equation Eq. (2) was used to derive
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the SMs and small change in procedure. The procedure consists of
initially calculating the scores for building considering each vulnerable
parameter present individually using Eq. (2) and finally differencing
those scores from the BSH Score of the same building. The final score of
any building is calculated using Eq. (3) [21].

S = BSH Score + SMs 3

The FEMA-154 (2002) RVS method has few SM values based on
practicing engineers’ judgment even though it clearly describes the
procedure. The 2002 version also clearly ignored the important building
parameters such as construction and material quality and secondary
effects of large overhangs and pounding effects.

The latest version, FEMA-154 (2015), has two levels of forms L1 and
L2. For the current study, only level 1 form, i.e., the L1 form, is
considered. According to FEMA-154 (2015), the building’s level 2
assessment is optional and needs to be performed by civil or structural
engineering professional who has enough background in seismic eval-
uation and design. Though the definition of the score as described in Eq.
(2) is not modified in the latest revision, the revisions to the RVS scoring
were done with modifications in (a) ground motions, (b) seismicity of
the region. Unlike the previous versions, in which score for the plan, and
vertical irregularity was based on engineering judgments, in the latest
revision, the same score values were developed using the ‘OSHPD
HAZUS methodology.” The latest version has also considered the con-
struction quality, material quality, large overhangs, and pounding ef-
fects but in second level (L2) assessment.

3. Comparative study

Safety assessment of existing RC buildings and their current state is
the main focus of this study; hence the application and use of selected
five RVS methods are studied. A comparison of vulnerable parameters
used to assess buildings is done following Ercan [14] and presented in
Table 1. All the structural elements related to vulnerability parameters
are re-grouped under five broad categories: site issues, soil & founda-
tion, architectural features, structural aspects, and construction details
(Table 1).

Except for the code compliance parameter, wide ranges of vulnera-
bility parameters are considered in BMTPC (2012) method. The Arya
(2003) method takes into consideration only the most critical vulnera-
bility parameters. However, these parameters were not assigned any
score or value. The parameters considered in Sinha and Goyal (2004)
method and FEMA-154 (2015) method are fair enough whereas, the
number of parameters considered in the Jain et al. (2010) method is
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Table 2
Comparison of Damageability grades considered in different RVS methods.

RVS Methods Damage Scales
Sinha and Goyal No Slight ~ Moderate  Severe  Destruction
(2004) Damage

Arya (2003) No Slight ~ Moderate  Severe  Destruction
Damage

Jain et al. (2010) No Slight  Moderate Severe
Damage

BMTPC (2012) ELISEF~* LTSEF**

FEMA-154(2015) No Collapse Collapse

" ELISEF: Economic Loss Inducing Structural Element-related Factors
" LTSEF: Life-Threatening Structural Element-related Factors

Table 3
Characteristics of rapid visual survey methods (after Alam et al. [17] and Hill
and Rossetto [49]).

Characteristics Sub-category Definition
1. General 1.1 experimental Does experimental values from laboratory
description values testing or in-situ non-destructive test
(NDT) values required
1.2 site-specific Are the parameters site-specific
2. Physical 2.1 global Does parameters causing global damage
parameter parameter to the building considered
2.2 local Does parameters causing local damage to
parameter the building considered
2.3 scope Does different range/variations in the
vulnerability parameters considered
separately
2.4 impact of Does impact of non-structural element is
NSE* considered in assessment
3. Damage 3.1 damage grade  Does all 5 damages grades describe
description

3.2 calibration Are the expected damage states calibrated
with experiment, analytical result or field

survey of damaged buildings

relatively less.

In any rapid assessment methods, damage grades are used to label
the building’s performance limit state. A suitable and straightforward
differentiation between each damage grade makes the rapid assessment
of buildings easier. Moreover, each method’s scoring system varies be-
tween specific ranges of numerical values, making it difficult to compare
the results of any two different RVS methods. Therefore, comparing the
damageability grades of the RVS methods is much appropriate. Along
with the ranking of buildings in building stock, the selected RVS
methods have also proposed an expected damage level of the building,
which is a function of the final RVS score. The damage levels considered
in all five RVS methods are shown in Table 2.

Each RVS method has different input factors as well as damageability
grades. As Sinha and Goyal (2004) and Arya’s (2003) methods follow
damage levels as per the European macro-seismic scale, both methods
have five damage grades from no damage state to destruction, i.e.,
collapse state. In Jain et al. (2010) method, the damageability grades are
classified into four levels (i.e., no damage, slight damage, moderate
damage, and severe damage) whereas, BMTPC (2012) method has only
two damage levels, which are related to life safety and economic loss.
According to BMTPC (2012) method, the building should be declared as
unsafe if any one life-threatening vulnerability parameter is present;
otherwise, structural performance rating should be carried out. On the
other hand, the FEMA-154 (2015) method aims to identify those
buildings with a severe risk of losing life due to its collapse. Therefore,
though it is not explicitly mentioned as damage grades, the FEMA-154
(2015) method indirectly distinguishes buildings into two classes, i.e.,
collapse and no collapse. The method suggests a detailed investigation of
buildings falling in the category of collapse grade.
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Table 4
Definition of “significant,” “moderate,” “minimum,” and “unsatisfactory” in
quantifying categories (after Alam et al. [17] and Hill and Ressetto [49]).

» »

Condition Definition Score
Unsatisfactory ~ Not a single observation available 0
Minimum Guidelines meet the minimum requirement (1 or 2) for 1
the criteria
Moderate Very few (3 to 4) observations are available for any 2
criteria
Significant Enough (more than 4) observations are available for any 3
criteria
Table 5
Individual scores of RVS methods for each sub-criterion.
Sub-Criteria Sinha & Arya Jainetal. BMTPC FEMA-
Goyal (2003) (2010) (2012) 154
(2004) (2015)
1.1 0 0 0 0 0
experimental
values
1.2 site — 3 3 3 3 3
specific
2.1 global 2 2 2 3 2
parameter
2.2 local 2 1 3 3 3
parameter
2.3 scope 1 1 2 3 3
2.4 impact of 0 0 0 3 0
NSE*
3.1 damage 3 3 2 1 1
grade
3.2 calibration 0 0 3 0
Summation 11 10 15 19 12

" NSE: Non-Structural Element

3.1. Scoring system to compare rapid visual screening methods suggested
by Hill and Rossetto [49]

A scoring system is developed to compare the rapid visual screening
methods based on their characteristics following Alam et al. [17]. This
scoring system is described in the following Tables 3-5. Table 3 contains
three main characteristics of any rapid assessment methods based on
which the comparison is performed. It also shows the sub-category of
each characteristic and its definition. Table 4 contains the definitions for
quantifying the sub-categories. Table 5 shows the category wise scoring
of each RVS method and the total score of each method obtained by
summing up each criterion’s scores. The score obtained in each of the
three sections is given equal weighting in calculating the total score of
the RVS method [49].

The scoring system shown in Table 3 has three main criteria and
eight sub-criteria. The primary purpose of developing this scoring sys-
tem is to show variation in RVS methods based on the vulnerability
parameter alone. The first criteria comprise the general description of
inputs required for assessment, such as whether the inputs are site-
specific or whether experimental values are needed. This will help to
understand the variety of inputs required for each RVS method. The
second criterion is the vulnerability parameter. It includes those pa-
rameters that can cause global and local damage to the building and
non-structural elements, causing damage to the building. An important
sub-category in this criterion is the scope of vulnerability parameters.
Some methods consider two or more parameters under a similar head-
ing. For example, FEMA-154 (2015), Sinha and Goyal (2004), and
Arya’s (2003) method considers mass irregularity and open ground
storey as vertical irregularity with a single score value. But practically,
the effect of both parameters is different when present in a building.
Therefore, it is necessary to consider both parameters separately, even
though both parameters are of vertical irregularity type. The third
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Table 6
Weighting scenarios (after Hill and Rossetto [49] and Alam et al. [17]).
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Table 7
Example of a scoring system for BMTPC (2012) method.

Criteria A
(General
description)

Criteria C
(Damage
description)

Criteria B
(Physical
parameter)

Weighting
scenarios
for scoring
system

Description

I
1II

33.33%
50%

33.33%
25%

33.33%
25%

Default

To highlight
scales more suited
for experimental
and site-specific
measurements

To highlight
scales more suited
for safety analysis
based on physical
parameters

To highlight
scales more suited
for decision
makers based on
damage
description

III 25% 50% 25%

v 25% 25% 50%

criterion deals with the damage description that includes the range of
damage grades considered and the calibration of RVS results.

The main aim of the scoring system is to qualitatively indicate the
rapid assessment methods’ performance or reliability [17]. To provide a
clear demonstration of each rapid method’s performance, an affirmative
statement (where sufficient, i.e., more than four observations are
available) is given as three points. If, for any criteria, the method’s
performance is moderate (where very few, i.e., 3 to 4 observations are
available), then the score is two points. Similarly, suppose the perfor-
mance is minimum (i.e., only 1 or 2 observations available). In that case,
the score is one point, and for unsatisfactory performance (i.e., not a
single observation available), the score is zero points. The total score of
each method is calculated by adding all scores of respective sub-criteria.

The individual scores of all five RVS methods for all sub-criteria are
summarized in Table 5. To better understand the scoring system, let’s
take an example of sub-criteria 2.4 (i.e., NSE’s impact). Jain et al. (2010)
method have no vulnerable parameter related to NSE’s impact, whereas
one can find more than four vulnerable parameters related to it in
BMTPC (2012) method. Therefore, for sub-category 2.4, the Jain et al.
(2010) method’s score is 0, and BMTPC (2012) method’s score is 3.
Table 5 shows that BMTPC (2012) method has the highest score than the
other four methods. It has enough global as well as local vulnerability
parameters. It also includes different types of irregularities with proper
index values assigned to each type. Further, it is the only method
considering the impact of non-structural elements during the
assessment.

Arya’s (2003) method has a significantly less number of local pa-
rameters with less scope, due to which the method has the least score
among all. Sinha and Goyal (2004) and Arya (2003) RVS method has
different types of irregularities under a similar title (for example, all
types of vertical irregularities are grouped and titled as vertical irregu-
larity only). Whereas, BMTPC (2012) and FEMA-154 (2015) method
include sub-categories of vertical irregularities and assigns index values
to each.

3.2. Multi-criteria-based decision analysis for ranking rapid visual
screening methods

It is necessary to obtain several weighing and tabulated values dur-
ing the definition of simplified methods for vulnerability assessment
[51]. Typically, many researchers apply time-consuming trial and error
procedures [52], which can compromise the method’s effectiveness. To
overcome this, some authors use the Analytical Hierarchy Process (AHP)
[53], which is a multi-criteria decision making (MCDM) based
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Sub-Criteria BMTPC Method Score Weighting scenario I Final Score
1.1 0 1 0
1.2 3 1 3
2.1 3 0.5 1.5
2.2 3 0.5 1.5
2.3 3 0.5 1.5
2.4 3 0.5 1.5
3.1 1 1 1
3.2 3 1 3
Total 13
Table 8
Result of Sensitivity analysis.
Rapid visual screening Ranks
methods
Scenario I Scenario Scenario Scenario

1I 111 v
Sinha and Goyal (2004) 3 3 4 3
Arya (2003) 4 4 5 3
Jain et al. (2010) 2 2 2 2
BMTPC (2012) 1 1 1 1
FEMA-154 (2015) 4 4 3 4

procedure. The AHP results particularly useful in decomposing and
reorganizing any indirect risk assessment methods in a well-defined
hierarchy of involved parameters [51]. AHP stresses the significance
of decision-makers’ wise judgments and consistency in comparing the
alternatives in the decision-making process [17,53].

Three criteria are considered for comparing different RVS methods
using MCDM and denoted as A, B, and C, respectively. These three
criteria are nothing but the characteristics of any RVS methods, as
described in Table 3. Different researchers or specialists may use
different weights on scoring criteria according to their specific needs.
Therefore, a sensitivity analysis has been performed to check the influ-
ence of criteria weighting on the final score. Criteria are weighted ac-
cording to four scenarios (I-IV) shown in Table 6. Further, using the
hierarchy process, a pair-wise comparison is carried out, and finally,
using weights (example of scoring is shown in Table 7), all RVS methods
are ranked (Table 8).

As the equal weighting for each criterion is adopted in scenario-I
(shown in Table 6), it gives an overall view of each RVS method’s per-
formance. Table 7 shows an example of a scoring system of the BMTPC
(2012) method for scenario-I. The final score of each sub-criterion is
obtained by multiplying the weight assigned and the corresponding
score of the RVS method. The weights to each sub-criterion are given in
such a way that it satisfies the equal weighting criteria. For example, the
summation of sub-criteria 1.1 and 1.2 is two, so the summation of sub-
criteria is 2.1, 2.2, 2.3, and 2.4.

A significant change in each RVS method’s final ranking can be
observed by making small changes in the weights. Table 8 shows that the
final ranking of BMTPC (2012) and Jain et al. (2010) method remains
unchanged from scenario I to IV. A little variation in the FEMA-154
(2015) and Sinha and Goyal (2004) method for scenario III, whereas a
significant variation in the ranking of Arya’s (2003) method can be
observed. It is evident from Table 8 that BMTPC (2012) and Jain et al.
(2010) are the best alternatives, whereas Arya (2003) is the unsuitable

Table 9

Information on Cities visited.
City Name State Latitude Longitude Zone Terrain
Pithoragarh Uttarakhand 29.58° N 80.22° E \% Hilly
Gangtok Sikkim 27.33° N 88.61°E v Hilly
Agartala Tripura 23.50° N 91.16° E % Plain
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88°0'E 92°0'E 96°0'E

Fig. 1. The geographical location of three cities visited for the case study.

method.
4. Case study

A case study has been performed to investigate the similarity of re-
sults of different RVS methods. This study includes a survey and
collection of 100 samples of RC buildings in each of the three cities,
mainly Pithoragarh, Gangtok, and Agartala. Table 9 shows the
geographical data of these three cities.

Pithoragarh city is situated close to the India-Nepal border and is
surrounded by Himalayan mountain ranges. A significant part of the
town is under a complex landscape, with nearly 55 to 60% of the land
having steep to extremely steep slopes. Gangtok city is the capital city of
India’s one of the smallest and extremely mountainous state, Sikkim.

Like Pithoragarh, Gangtok city is also located in a hilly area, but
comparatively, its topography has sharply defined and extremely steep
watersheds. The town falls near the convergent boundary of Indian and
Eurasian tectonic plates and is subjected to frequent earthquakes. More
than 90% of the total buildings in the city are constructed on steep
slopes. Agartala city is the capital of Tripura state. It is the second-largest
and one of the important towns in northeast India. The city is located at
the foothills of the Himalayas, on the banks of Haora River, and has plain
terrain. The geographical location of all three cities is shown in Fig. 1.

4.1. Seismicity of study area

The Continuous convergence between India and Eurasia has given
rise to the spectacular Himalayas and a 2500-km-long seismic belt,

30°0'N
27°0'N
Legends
— Faults
24°0N|  —— Thrust Fault k
@ Study Area (Cities Visited) Earthquakes
[ Seismic Zone TIT ® M50-6.0
[ Seismic Zone IV ® M6.0-7.0
Il Scismic Zone V ¥ M7.0+
78°0'E 81°0'E 84°0'E 87°0'E

Fig. 2. Seismotectonic and earthquake map of Uttarakhand, Sikkim, Tripura, and adjoining area.
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Table 11
Sample surveyed buildings and their deficiencies.

Table 10
Past earthquake records near Pithoragarh, Agartala, and Gangtok city.

City Date Magnitude

Pithoragarh June 27, 1966 6.3
July 29, 1980 6.5
February 19, 1984 5.0
October 19, 1991 6.8
January 05, 1997 5.6
March 28, 1999 6.5
June 22, 2010 5.2
April 04, 2011 5.3
April 25, 2015 7.8
December 01, 2016 5.2

Agartala June 21, 1963 5.7
October 30, 1980 5.0
May 21, 1984 5.3
February 06, 1988 5.9
April 13, 1989 5.5
November 19, 1996 5.4
May 08, 1998 6.0
August 12, 2006 5.0
September 10, 2010 5.1
January 03, 2016 6.7

Gangtok January 12, 1965 5.9
November 19, 1980 6.1
August 20, 1988 6.9
September 25, 1996 5.0
March 25, 2003 5.5
February 14, 2006 5.3
September 18, 2011 6.9
October 03, 2013 5.2
April 25, 2015 7.8
May 12, 2015 7.3

Source: www.asc.india.org

causing large and great earthquakes from Kashmir Himalaya in the west
to Arunachal Himalaya in the east [54]. Among the three selected cities,
Pithoragarh (state of Uttarakhand) and Gangtok (state of Sikkim), both
cities are located on this seismic belt.

The seismicity of the Himalayas largely governs the seismicity of
Uttarakhand and Sikkim states. The seismicity of the plate boundary
region is mainly influenced by different prominent Himalayan tectonic
thrusts, namely main boundary thrust (MBT), main central thrust
(MCT), and main frontal thrust (MFT) [55]. Both Uttarakhand and
Sikkim states possess a very significant segment of MBT and MCT. Along
with these important thrusts and faults, a large number of smaller
thrusts, faults, and lineaments are also present in and around Uttarak-
hand [55].

Seismically, northeast India, where Agartala city (state of Tripura) is
located, is one of the world’s most active regions. The seismotectonic of
northeast India has been summarised as the south directed over-
thrusting from the north due to collision tectonics at the Himalayan
arc, and northwest directed over-thrusting from the southeast due to
subduction tectonics at the Burmese [56]. Therefore, in this region,
earthquakes of small to moderate magnitude occur quite often [57].

4.2. Preparation of seismotectonic and earthquake map

All the important tectonic features, such as thrust faults and local
faults in and around the study area, were collected from different
available sources. Geological Survey of India (GSI) has published the
seismotectonic atlas of India (SEISAT 2000) [58] that contains 43 sheets.
These sheets cover the entire India region and seismically active regions
of neighbouring countries close to Indian borders.

For simplicity, the seismotectonic and earthquake maps are super-
imposed into a single map (Fig. 2). The details of past earthquakes (>5
M) for all the cities were also collected from different sources such as the
Indian Metrological Department (IMD), U. S. Geological Survey (USGS),
and International Seismological Centre (ISC). Some of the earthquakes
are listed in Table 10. The georeferenced and digitized seismotectonic
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Building
Photo

Building Survey

Fig. 3 Sinha and Goyal (2004)

2.6 (Base Score) + 0.2 (Mid Rise) — 1.0 (Vertical Irregularity) — 0.5
(Plan Irregularity) + 0.2 (Code Detailing) — 0.4 (Soil Type II) = 1.1
Jain et al., (2010)

55 (Basic Performance Score) + 0 (No Basement) + 10 (Number
Storey > 5) - 0 (Good Maintenance) — 0 (No Re-Entrant Corners) — 10
(Open Storey) + 0 (No Non-residential Use) — 0 (No Short Columns)
=55

BMTPC (2012)

0 - 100 (Building has Life Threatening Factor i.e., Open ground
Storey) = - 100

FEMA-154 (2015)

1.2 (Basic Structural Hazard Score — 0.7 (Severe Vertical
Irregularity) — 0.0 (Moderate Vertical Irregularity) — 0.5 (Plan
Irregularity) — 0.0 (Post Benchmark Building) — 0.0 (Soil Type E) =
0.0 - 0.3

Sinha and Goyal (2004)

2.6 (Base Score) + 0.2 (Mid Rise) — 1.0 (Vertical Irregularity) — 0.5
(Plan Irregularity) + 0.2 (Code Detailing) — 0.4 (Soil Type II) = 1.1
Jain et al., (2010)

65 (Basic Performance Score) + 0 (No Basement) + 10 (Number
Storey > 5) — 0 (Good Maintenance) — 0 (No Re-Entrant Corners) — 10
(Open Storey) + 5 (Non-residential Use) — 0 (No Short Columns) =
80

BMTPC (2012)

0 - 100 (Building has Life Threatening Factors i.e., Building on Hill
Slope/Building located close to adjacent unsafe building) = - 100
FEMA-154 (2015)

1.4 (Basic Structural Hazard Score — 0.8 (Severe Vertical
Irregularity) — 0.5 (Moderate Vertical Irregularity) — 0.6 (Plan
Irregularity) — 0.0 (Post Benchmark Building) — 0.0 (Soil Type E) = —
0.5 - 0.3

Sinha and Goyal (2004)

2.5 (Base Score) + 0.4 (Mid Rise) - 1.5 (Vertical Irregularity) — 0.0
(Plan Irregularity) + 0.2 (Code Detailing) — 0.4 (Soil Type II) = 1.2
Jain et al., (2010)

65 (Basic Performance Score) + 0 (No Basement) + 0 (Number
Storey > 5) — 0 (Good Maintenance) — 0 (No Re-Entrant Corners) — 10
(Open Storey) + 5 (Non-residential Use) — 0 (No Short Columns) =
70

BMTPC (2012)

0 — 100 (Building has Life Threatening Factors i.e., Building on Hill
Slope/Building located close to adjacent unsafe building) = — 100
FEMA-154 (2015)

1.7 (Basic Structural Hazard Score — 0.0 (Severe Vertical
Irregularity) — 0.6 (Moderate Vertical Irregularity) — 0.0 (Plan
Irregularity) + 1.9 (Post Benchmark Building) — 0.0 (Soil Type E) =
3.0

Fig. 4

Fig. 5

atlas and earthquake maps of nearby regions of the study area were
superimposed using QGiS software (Fig. 2).

4.3. Comparison of RVS results

A rapid visual survey of RC buildings was carried out in all three
cities using five RVS methods. It was observed during the field visit that
construction techniques/styles are different in all three cities. Their
respective culture, climate, and topography can be the reasons for this.
While using the FEMA-154 (2015) RVS method, the seismic zone factor
close to the Indian seismic zone factor is selected for respective cities (as
per Seismic Zone Map of India) the rapid survey was performed. The
methods consider the necessary seismic hazard level of each building.
While conducting a rapid survey in three cities, forms of Sinha and Goyal
(2004), Arya (2003), and FEMA-154 (2015) were selected as per the
seismicity of each city as well as appropriate base score values were
chosen for Jain et al. (2010) method.

Comparing only the final numerical score (quantitative result) of any
two RVS methods does not conclude the study. Instead, one can compare
the damage grades (qualitative result) of any two RVS methods. An


http://www.asc.india.org

A. Bhalkikar and R. Pradeep Kumar

Fig. 5. The sample surveyed building in Gangtok.

important point to mention here is that the effect of any vulnerability
parameter on the performance of the building should be the same irre-
spective of the score value assigned in each RVS method. But during the
field visit, it was observed that for many buildings, the qualitative results
of RVS methods were not identical. Table 11 shows a few samples of
surveyed buildings in Agartala (Fig. 3) and Gangtok (Fig. 4, Fig. 5) and
their respective deficiencies. The results of the rapid visual survey for
the same buildings are shown in Table 12.

For the building in Agartala shown in Fig. 3, when surveyed using
Sinha and Goyal (2004) method and Jain et al. (2010) method, its final
score is 1.1 and 55, respectively. The corresponding damage grade is the
same for both, i.e., moderate. In the same building, when surveyed using
Arya (2003) method, its damage grade is slight, and when surveyed using
BMTPC (2012) and FEMA-154 (2015) method, its damage grade is
collapse. The significant parameters affecting the performance of the
building are the soft storey and pounding effect. But as the score weightage
assigned to these parameters in each method is different, there is vari-
ation in results. The building in Gangtok shown in Fig. 4 is very close to
the adjacent building and constructed on the hill slope. Due to this, there
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Table 12
Comparison of RVS scores and corresponding Damage grades.
Building  Sinha and Arya Jain et al. BMTPC FEMA-154
Goyal (2004) (2003) (2010) (2012) (2015)
1 1.1 - 55 —-100 0.3
Moderate Slight Moderate LTSEF* Collapse
2 1.1 - 80 -100 0.4
Moderate No No LTSEF Collapse
3 1.2 - 70 —100 3.4
Moderate No Slight LTSEF No
Collapse

is a high risk of pounding effect. The building also has vertical irregu-
larity. The score of this building (Fig. 4), according to Sinha and Goyal
(2004) method, is 1.1, which corresponds to moderate damage. Ac-
cording to Jain et al.’s (2010) method, the score is 80 with no damage,
which contradicts the results of BMTPC (2012) and FEMA-154 (2015)
method. Similar kinds of varying RVS results were observed in the other
building, i.e., Fig. 5, and many other buildings in all three cities.

The final output of these methods, which is the expected damage-
ability grade of the building, is determined for all 100 buildings from
each city and compared. Figs. 6, 7, and 9 show the expected damage-
ability grade of buildings in Pithoragarh, Gangtok, and Agartala city,
respectively, as per all five methods. During the field survey, the co-
ordinates of buildings only in Gangtok and Agartala city were noted
additionally.

Therefore, as a continuation of Figs. 7 and 9 of Gangtok and Agartala
city, respectively, Figs. 8 and 10 show the exact location of surveyed
buildings in the two cities and the damage scale distribution of different
RVS methods. In all three cities, the survey was conducted at various
locations covering older parts of the city, newly developed residential
colonies, government buildings, commercial places, and market areas.

In Pithoragarh city (Fig. 6), according to Sinha and Goyal (2004)
method, nearly 60 buildings are expected to have moderate damage. In
contrast, Jain et al.’s (2010) method shows almost 90 buildings with
moderate damage and 37 buildings per Arya’s (2003) method. Similarly,
40 buildings according to Sinha and Goyal (2004) method and nearly 48
buildings according to BMTPC (2012) method are expected to have
slight damage, which is quite comparable, but according to Arya (2003)
method, 21 buildings and according to Jain et al. (2010) method, only
two buildings are expected to have slight damage which is a huge
difference.

Adding to this, Jain et al.’s (2010) method and Arya’s (2003) method
shows the buildings with severe damage with a huge difference. The
results of the FEMA-154 (2015) method and BMTPC (2012) method also
have a massive variation in their result. According to the FEMA-154
(2015) method, 98 buildings are expected to have destruction, and ac-
cording to BMTPC (2012) method, 52 buildings are expected to have
destruction.

Fig. 7 shows the damageability grade comparison of a sample of 100
surveyed buildings in Gangtok city. It shows a considerable variation in
the results of all five methods. In Gangtok city, according to Sinha and
Goyal (2004) method, only one building is expected to have no damage,
whereas according to Jain et al. (2010) method, 14 buildings and as per
Arya (2003) method, almost 45 buildings are expected to have no
damage. Similarly, as per Sinha and Goyal’s (2004) method, 88 build-
ings are expected to have moderate damage, whereas according to Jain
et al. (2010) method, 21 buildings and according to Arya (2003)
method, 20 buildings are expected to have moderate damage. Here, for
buildings with moderate damage, the results of the Jain et al. (2010)
method and Arya (2003) method are almost similar, but it has a huge
difference from the result of Sinha and Goyal (2004) method. Amongst
these methods, Jain et al.’s (2010) method shows only one building with
an expected damage grade as severe. According to Jain et al. (2010)
method, 64 buildings, and according to Arya’s (2003) method, 35
buildings are expected to have a slight damage. For this city, the results
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Fig. 6. Comparison of RVS results for sample 100 surveyed RC buildings in Pithoragarh city.
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Fig. 7. Comparison of RVS results for sample 100 surveyed RC buildings in Gangtok city.

of FEMA-154 (2015) and the BMTPC (2012) method are quite compa-
rable with significantly less difference.

On the other hand, when the results of all five RVS methods are
compared for Agartala city, as shown in Fig. 9, there are substantial
differences in each method. According to Sinha and Goyal (2004)
method and Arya’s (2003) method, nearly 45 buildings are expected to
have a slight damage. Results of the Sinha and Goyal (2004) method
show that 54 buildings are expected to have moderate damage, whereas
Jain et al.’s (2010) method and Arya’s (2003) method show 28 buildings
with moderate damage. Among all 100 buildings surveyed in this city,
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only Jain et al. (2010) method and Arya’s (2003) method show that nine
buildings and 23 buildings, respectively, are expected to have severe
damage. In contrast, the result of FEMA-154 (2015) and BMTPC (2012)
method shows 96 and 39 buildings expected to have a destruction state,
respectively.

Apart from comparing the damageability grades and characteristics,
the important aspect that needs attention is the weightage assigned to
each vulnerability parameter. Approximate estimation of the expected
performance of a building or the expected damage level depends not
only on parameters considered but also on the weightage assigned to
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Fig. 8. Damage scale distribution of surveyed buildings with different RVS methods in Gangtok city.

each parameter. As the scores given to the building deficiencies can be
normalized to determine their relative significance [15], the weightage
assigned to each vulnerability parameter in each RVS method is deter-
mined and, for simplicity, re-grouped into five sub-categories as pre-
sented in Table 13. Note that Table 13 is the relative weightage value
among five sub-categories; therefore, their summation is 100. The
weightage values are determined only for reinforced concrete with un-
reinforced masonry building typology for higher seismicity.

From Table 13, it is evident that all the methods except Arya’s (2003)
method have given the highest weightage to architectural features
compared to other factors. The relative weightage to the same factor in
Sinha and Goyal (2004), BMTPC (2012), and FEMA-154 (2015) methods
are comparable, i.e., 56%, 58%, and 61%, respectively. The relative
weightage of soil and foundation factor and structural aspect factor in
Sinha and Goyal (2004) and FEMA-154 (2015) method do not differ
much. Similarly, the relative weightage of the structural aspect factor in
Jain et al. (2010) and BMTPC (2012) method is comparable, i.e., 17%
and 20%, respectively. Amongst all five methods, only BMTPC (2012)
method has vulnerability parameters of all sub-categories. According to
Arya’s (2003) procedure, the building’s damage grade depends only on
the primary structural framing system; therefore, it has a relative
weightage of 100% assigned to structural aspects only.

Comparison of relative weightage of soil & foundation and structural
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aspect factors for four methods, i.e., Sinha and Goyal (2004), Jain et al.
(2010), BMTPC (2012), and FEMA-154 (2015) shows a vast difference in
the values. BMTPC (2012) method has assigned 5% weightage to soil
and foundation; in contrast to this, Sinha and Goyal (2004) have a
weightage of 38%. A similar contradiction can be observed in structural
aspects where 4% relative weightage is assigned by FEMA-154 (2015),
and 20% relative weightage is assigned by BMTPC (2012).

Table 13 depicts that buildings’ performance varies from one method
to another method in the presence of any vulnerability parameters. This
difference in parameter weightage has resulted in varying results
(Figs. 6-10). It also makes the assessment of building performance
challenging to understand.

5. Conclusion

For mitigation of damage before any future earthquake events, it is
necessary to identify deficient buildings from large building stocks in
any city or town. This can be achieved only with rapid visual survey
(RVS) methods followed by benchmarking of scores with a detailed
assessment. This paper presents a comparative study and a critical re-
view of the existing rapid visual screening methods. Five different RVS
methods exclusively used for the assessment of RC buildings were
selected in this study.
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Fig. 9. Comparison of RVS results for sample 100 surveyed RC buildings in Agartala city.
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Fig. 10. Damage scale distribution of surveyed buildings with different RVS methods in Agartala city.
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Table 13
Comparison of weightage (percentage) assigned to each factor.
Structure Sinha and Arya Jain BMTPC FEMA-
Related Factors Goyal (2003) et al. (2012) 154
(2004) (2010) (2015)
Site Issues 00 00 00 05 00
Soil & 38 00 17 05 35
Foundation
Architectural 56 00 44 50 61
Features
Structural 06 100 17 20 04
Aspects
Construction 00 00 22 20 00
Details

A comparative study was performed in various ways. The first
comparison is performed based on vulnerable parameters considered in
all five RVS methods. As each RVS method adopts a different scoring
system for assessing building performance, it is complicated to directly
compare only the final score value of any two methods. Instead,
comparing the qualitative results, i.e., damage grades, is more appro-
priate. Therefore, the second comparison is made based on damage-
ability grades proposed by each RVS method.

After a simple and straight forward comparison, the RVS methods are
further compared using the arbitrary and multi-criteria decision-making
approaches. It can be concluded from the comparative study that there
are many uncommon vulnerability parameters amongst each selected
method. Apart from this, many important parameters that can severely
affect buildings during an earthquake, such as building on a hill slope,
pounding effect, large/massive overhangs, etc., were not included in
most RVS methods. This resulted in a considerable variation in the final
score and ranking of each RVS method. The BMTPC (2012) method has
the highest score amongst all methods, which means that one can find
significant observations related to each sub-criterion. The method is
ranked 1st in multi-criteria-based decision analysis, which indicates that
it is the most suitable method. Following the BMTPC (2012) method, the
Jain et al. (2010) method has the second-highest score and ranked
second. In contrast, the Arya (2003) method has the least score and
secured the last rank.

Using the selected RVS methods, a survey was performed on 100 RC
buildings in each of the three cities (i.e., Pithoragarh, Gangtok, and
Agartala) in India, and the results of RVS methods are compared. It was
observed that a set of buildings, when surveyed using different RVS
methods, gave different results (i.e., damage grades of buildings). A
considerable variation in the results of RVS methods can be observed in
each city. It was investigated that the important reason for such varying
results is the relative weights assigned to each vulnerable parameter in
each RVS method. The vulnerable parameters such as soil type, soft
storey, and plan irregularity have different relative weights in each RVS
method. Therefore, to have unanimity in the results of different RVS
methods, it is necessary to fix the relative weights of each vulnerable
parameter. For this purpose, at first, there is a need to understand the
effect of individual vulnerable parameters on the building’s overall
performance and quantify the impact.

The focus of the current study is only limited to the assessment of
buildings before an earthquake. During future research, determining the
effect of each vulnerable parameters, one may emphasize on validation
of results with the performance and the damages observed in buildings
after an earthquake. The post-earthquake building damage data can also
be used to calibrate and improvement of the selected methods. For a
country like India, buildings’ damage data only from one location
cannot be used to justify the similar behaviour of buildings at other
places far from a distance. Therefore, the accuracy of the method will
improve only when the damage data of buildings from various locations
in the country is considered. Numerical analysis of a building using an
appropriate software package can also be used to understand buildings’
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behaviour more accurately. Such work will lead to more refinement of
existing RVS methods. It will also help the new RVS methods, ultimately
leading to more accurate and uniform preliminary assessment proced-
ures for buildings.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

This research’s financial support is done by the International Insti-
tute of Information Technology Hyderabad, India, under Student Grant
Aid.

References

[1] Glaister S, Pinho R. Development of a simplified deformation-based method for
seismic vulnerability assessment. J Earthquake Eng 2003;7(sup001):107-40.
https://doi.org/10.1080/13632460309350475.

Coskun O, Aldemir A, Sahmaran M. Rapid screening method for the determination
of seismic vulnerability assessment of RC building stocks. Bull Earthquake Eng
2020;18(4):1401-16. https://doi.org/10.1007/510518-019-00751-9.

Kazama M, Noda T. Damage statistics (Summary of the 2011 off the Pacific Coast of
Tohoku Earthquake damage). Soils Found 2012;52(5):780-92. https://doi.org/
10.1016/j.sandf.2012.11.003.

Miyamoto H.K., Gilani A., Wada A. The 2011 Eastern Japan Earthquake: Facts and
Reconstruction Recommendations. 15th World Conf. Earthq. Eng., Lisboa,
Portugal; 2012.

Daniell JE, Khazai B, Wenzel F. Uncovering the 2010 Haiti earthquake death toll.
Nat Hazards Earth Syst Sci Discuss 2013;1:1913-42. https://doi.org/10.5194/
nhessd-1-1913-2013.

Rai DC, Murty CVR. The Kashmir Earthquake of October 8, 2005 : Impacts in
Pakistan. EERI Spec Earthq Rep 2006:5-8.

Kumar RP, Murty CVR. Earthquake safety of houses in India : Understanding the
bottlenecks in implementation. Indian Concr J 2014;88:51-63.

Jain SK, Lettis WR, Arlekar JN, Ballantyne D, Chaubey SK, Dayal U, et al.
Preliminary observations on the origin and effects of the January 26, 2001 Bhuj
(Gujarat, India) earthquake. EERI Spec Earthq Report, EERI Newsletter 2001;35:
16.

Daniell J, Vervaeck A. The CATDAT Damaging Earthquakes Database 2010 — The
Year in Review. CEDIM Earthquake Loss Estimation Series Research Report 2011:
2011-01.

Nanda Radhikesh P, Majhi DR. Rapid seismic vulnerability assessment of building
stocks for developing countries. KSCE J Civ Eng 2014;18(7):2218-26. https://doi.
org/10.1007/s12205-014-0050-0.

Vicente R, Parodi S, Lagomarsino S, Varum H, Silva JARM. Seismic vulnerability
and risk assessment: case study of the historic city centre of Coimbra, Portugal. Bull
Earthquake Eng 2011;9(4):1067-96. https://doi.org/10.1007/s10518-010-9233-
3.

Calvi GM, Pinho R, Magenes G, Bommer JJ, Restrepo-Vélez LF, Crowley H.
Development of seismic vulnerability assessment methodologies over the past 30
years. ISET J Earthq Technol 2006;43:75-104.

Pittore M, Wieland M. Toward a rapid probabilistic seismic vulnerability
assessment using satellite and ground-based remote sensing. Nat Hazards 2013;68
(1):115-45. https://doi.org/10.1007/s11069-012-0475-z.

Isik E. Consistency of the rapid assessment method for reinforced concrete
buildings. Earthquakes Struct 2016;11(5):873-85. https://doi.org/10.12989/
€as.2016.11.5.873.

Yakut A. Preliminary seismic performance assessment procedure for existing RC
buildings. Eng Struct 2004;26(10):1447-61. https://doi.org/10.1016/j.
engstruct.2004.05.011.

Kaplan O, Guney Y, Topcu A, Ozcelikors Y. A rapid seismic safety assessment
method for mid-rise reinforced concrete buildings. Bull Earthquake Eng 2018;16
(2):889-915. https://doi.org/10.1007/s10518-017-0229-0.

Alam N, Alam M Shahria, Tesfamariam S. Buildings’ seismic vulnerability
assessment methods: a comparative study. Nat Hazards 2012;62(2):405-24.
https://doi.org/10.1007/5s11069-011-0082-4.

Erberik MA. Seismic Risk Assessment of Masonry Buildings in Istanbul for Effective
Risk Mitigation. Earthquake Spectra 2010;26(4):967-82. https://doi.org/10.1193/
1.3464344.

BMTPC. Methodology for Documenting Seismic Safety of Housing Typologies in
India. New Delhi: Building Materials and Technology Promotion Council; 2012.
Murty CVR, Rai DC, Kumar H, Mitra K, Bose AK, Kaushik HB, et al. A methodology
for documenting housing typology in the moderate-severe seismic zone. 15th
World Conf. Earthq. Eng. 2012.

FEMA-154. Rapid visual screening of buildings for potential seismic hazards.
Washington DC: Federal Emergency Management Agency; 2002.

[2]

[3]

[4]

[5]

[6]
[71

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]


https://doi.org/10.1080/13632460309350475
https://doi.org/10.1007/s10518-019-00751-9
https://doi.org/10.1016/j.sandf.2012.11.003
https://doi.org/10.1016/j.sandf.2012.11.003
https://doi.org/10.5194/nhessd-1-1913-2013
https://doi.org/10.5194/nhessd-1-1913-2013
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0030
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0030
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0035
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0035
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0040
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0040
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0040
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0040
https://doi.org/10.1007/s12205-014-0050-0
https://doi.org/10.1007/s12205-014-0050-0
https://doi.org/10.1007/s10518-010-9233-3
https://doi.org/10.1007/s10518-010-9233-3
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0060
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0060
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0060
https://doi.org/10.1007/s11069-012-0475-z
https://doi.org/10.12989/eas.2016.11.5.873
https://doi.org/10.12989/eas.2016.11.5.873
https://doi.org/10.1016/j.engstruct.2004.05.011
https://doi.org/10.1016/j.engstruct.2004.05.011
https://doi.org/10.1007/s10518-017-0229-0
https://doi.org/10.1007/s11069-011-0082-4
https://doi.org/10.1193/1.3464344
https://doi.org/10.1193/1.3464344
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0100
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0100
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0100

A. Bhalkikar and R. Pradeep Kumar

[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

FEMA P-154. Rapid visual screening of buildings for potential seismic hazards: a
handbook. Washington DC: Federal Emergency Management Agency; 2015.
NRCC. Manual for screening of buildings for seismic investigation. Ottawa:
National Research Council of Canada; 1993.

Hassan AF, Sozen MA. Seismic Vulnerability Assessment of Low-Rise Buildings in
Regions with Infrequent Earthquakes. ACI Struct J 1997;94:31-9.

Gulkan P, S6zen MA. Procedure for determining seismic vulnerability of building
structures. ACI Struct J 1999;96:336-42. https://doi.org/10.1007/978-3-319-
00458-7_1.

JBDPA. Standard for seismic capacity evaluation of existing reinforced concrete
buildings. Tokyo: Japan Build Disaster Prev Assoc; 2001.

Arya AS. Rapid Visual Screening of RCC Buildings. New Delhi: Government of India
- UNDP Disaster Risk Management Program; 2003.

METU. Metropolitan Municipality of Istanbul. Earthquake Master Plan For
Istanbul. Istanbul: Middle East Technical University; 2003.

Sinha R, Goyal A. A National Policy for Seismic Vulnerability Assessment of
Buildings and Procedure for Rapid Visual Screening of Buildings for Potential
Seismic Vulnerability. 2004. https://www.civil.iitb.ac.in/~rsinha/Vulnerability_
Assessment.pdf [Accessed 5 November 2020].

Demartinos K, Dritsos S. First-Level Pre-earthquake Assessment of Buildings Using
Fuzzy Logic. Earthquake Spectra 2006;22(4):865-85. https://doi.org/10.1193/
1.2358176.

NZSEE. Assessment and Improvement of the Structural Performance of Buildings in
Earthquakes. Wellington: New Zealand Society for Earthquake Engineering; 2006.
Sucuoglu H, Yazgan U, Yakut A. A Screening Procedure for Seismic Risk
Assessment in Urban Building Stocks. Earthquake Spectra 2007;23(2):441-58.
https://doi.org/10.1193/1.2720931.

Wang Y, Goettel K.A. Enhanced Rapid Visual Screening (E-RVS) Method for
Prioritization of Seismic Retrofits in Oregon; 2007.

Karbassi A, Nollet MJ. Development of an index assignment procedure compatible
with the regional seismicity in the province of Quebec for the rapid visual
screening of existing buildings. Can J Civ Eng 2008;35(9):925-37. https://doi.org/
10.1139/L08-041.

Jain SK, Mitra K, Kumar M, Shah M. A Proposed Rapid Visual Screening Procedure
for Seismic Evaluation of RC-Frame Buildings in India. Earthquake Spectra 2010;26
(3):709-29. https://doi.org/10.1193/1.3456711.

Jain SK, Mitra K, Kumar M, Shah M. A Rapid Visual Seismic Assessment Procedure
for RC Frame Buildings in India. Proc 9th US Natl 10th Can Conf Earthq Eng 2010.
https://doi.org/10.13140/2.1.2285.0884.

Tezcan Semih S, Bal IE, Gulay FG. P25 scoring method for the collapse
vulnerability assessment of R/C buildings. J Chinese Inst Eng 2011;34(6):769-81.
https://doi.org/10.1080/02533839.2011.591548.

Achs G., Adam C. A Rapid-Visual-Screening Methodology for the Seismic
Vulnerability Assessment of Historic Brick-Masonry Buildings in Vienna. 15th
World Conf Earthq Eng., Linbon, Portugal; 2012.

Achs G., Adam C. Risk assessment of historic residential brick-masonry buildings in
Vienna by rapid-visual-screening. ECCOMAS Themat Conf - COMPDYN 2011 3rd
Int Conf Comput Methods Struct Dyn Earthq Eng An IACM Spec Interes Conf
Program 2011.

Yadollahi M, Adnan A, Zin R. Seismic vulnerability functional method for rapid
visual screening of existing buildings. Arch Civ Eng 2012;58:363-77. https://doi.
org/10.2478/v.10169-012-0020-1.

Ilki A, Comert M, Demir C, Orakcal K, Ulugtekin D, Tapan M, Kumbasar N.
Performance Based Rapid Seismic Assessment Method (PERA) for Reinforced

1860

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Structures 29 (2021) 1847-1860

Concrete Frame Buildings. Adv Struct Eng 2014;17(3):439-59. https://doi.org/
10.1260/1369-4332.17.3.439.

Kaplan H., Yilmaz S., Akyol E., Sen G. A New Rapid Seismic Vulnerability
Assessment Method For Turkey. 14th World Conf Earthq Eng., Beijing, China;
2008.

Pardalopoulos SJ, Thermou GE, Pantazopoulou. Preliminary seismic assessment
method for identifying RC structural failures. Comput. methods Earthq. Eng.
Comput. methods Appl. Sci., 30. Springer International Publishing; 2013.

p- 111-28. https://doi.org/10.1007/978-94-007-6573-3.

Pardalopoulos SI, Pantazopoulou SJ, Lekidis VA. Simplified method for rapid
seismic assessment of older R.C. buildings. Eng Struct 2018;154:10-22. https://
doi.org/10.1016/j.engstruct.2017.10.052.

Pardalopoulos SI, Pantazopoulou SJ. Rapid seismic assessment of two four-storey
R.C. test buildings. Bull Earthquake Eng 2019;17(3):1379-406. https://doi.org/
10.1007/510518-018-0500-z.

Ningthoujam MC, Nanda Radhikesh P. Rapid visual screening procedure of existing
building based on statistical analysis. Int J Disaster Risk Reduct 2018;28:720-30.
https://doi.org/10.1016/j.ijdrr.2018.01.033.

Al-Nimry H, Resheidat M, Qeran S. Rapid assessment for seismic vulnerability of
low and medium rise infilled RC frame buildings. Earthq Eng Eng Vib 2015;14(2):
275-93. https://doi.org/10.1007/s11803-015-0023-4.

Ozmen HB. Relation between the rapid evaluation method scores and the damage
states of buildings. Nat Hazards Earth Syst Sci 2013;13:763-70. https://doi.org/
10.5194/nhess-13-763-2013.

Hill M, Rossetto T. Comparison of building damage scales and damage descriptions
for use in earthquake loss modelling in Europe. Bull Earthquake Eng 2008;6(2):
335-65. https://doi.org/10.1007/s10518-007-9057-y.

FEMA-155. Rapid visual screening of buildings for potential seismic hazards:
supporting document. Washington DC: Federal Emergency Management Agency;
2002.

Sangiorgio V, Uva G, Aiello MA. A multi-criteria-based procedure for the robust
definition of algorithms aimed at fast seismic risk assessment of existing RC
buildings. Structures 2020;24:766-82. https://doi.org/10.1016/j.
istruc.2020.01.048.

Perrone D, Aiello MA, Pecce M, Rossi F. Rapid visual screening for seismic
evaluation of RC hospital buildings. Structures 2015;3:57-70. https://doi.org/
10.1016/j.istruc.2015.03.002.

Saaty Thomas L. How to make a decision: The analytic hierarchy process. Eur J
Oper Res 1990;48(1):9-26. https://doi.org/10.1016/0377-2217(90)90057-1.
Baruah S., Saikia S., Baruah S., Bora P.K., Tatevossian R., Kayal J.R. The September
2011 Sikkim Himalaya earthquake Mw 6.9: is it a plane of detachment earthquake?
Geomatics, Nat Hazards Risk 2014;7:248-63. https://doi.org/10.1080/1947570
5.2014.895963.

Nayak M, Sitharam TG, Kolathayar S. A revisit to seismic hazard at Uttarakhand.
Int J Geotech Earthq Eng 2015;6:56-73. https://doi.org/10.4018/
IJGEE.2015070104.

Kayal JR. Earthquake prediction in northeast India-A review. Pure Appl Geophys
PAGEOPH 1991;136:297-313. https://doi.org/10.1007/BF00876379.
Anbazhagan P, Mog K, Rao KSN, Prabhu NS, Agarwal A, Reddy GR, et al.
Reconnaissance report on geotechnical effects and structural damage caused by the
3 January 2017 Tripura earthquake, India. Nat Hazards 2019;98:425-50. https://
doi.org/10.1007/511069-019-03699-w.

SEISAT2000. Seismotectonic atlas of India and its environs (S. Dasgupta, Ed.). New
Delhi: Geological Survey of India; 2000.


http://refhub.elsevier.com/S2352-0124(20)30745-1/h0120
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0120
https://doi.org/10.1007/978-3-319-00458-7_1
https://doi.org/10.1007/978-3-319-00458-7_1
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0135
http://refhub.elsevier.com/S2352-0124(20)30745-1/h0135
https://doi.org/10.1193/1.2358176
https://doi.org/10.1193/1.2358176
https://doi.org/10.1193/1.2720931
https://doi.org/10.1139/L08-041
https://doi.org/10.1139/L08-041
https://doi.org/10.1193/1.3456711
https://doi.org/10.13140/2.1.2285.0884
https://doi.org/10.1080/02533839.2011.591548
https://doi.org/10.2478/v.10169-012-0020-1
https://doi.org/10.2478/v.10169-012-0020-1
https://doi.org/10.1260/1369-4332.17.3.439
https://doi.org/10.1260/1369-4332.17.3.439
https://doi.org/10.1007/978-94-007-6573-3
https://doi.org/10.1016/j.engstruct.2017.10.052
https://doi.org/10.1016/j.engstruct.2017.10.052
https://doi.org/10.1007/s10518-018-0500-z
https://doi.org/10.1007/s10518-018-0500-z
https://doi.org/10.1016/j.ijdrr.2018.01.033
https://doi.org/10.1007/s11803-015-0023-4
https://doi.org/10.5194/nhess-13-763-2013
https://doi.org/10.5194/nhess-13-763-2013
https://doi.org/10.1007/s10518-007-9057-y
https://doi.org/10.1016/j.istruc.2020.01.048
https://doi.org/10.1016/j.istruc.2020.01.048
https://doi.org/10.1016/j.istruc.2015.03.002
https://doi.org/10.1016/j.istruc.2015.03.002
https://doi.org/10.1016/0377-2217(90)90057-I
https://doi.org/10.1080/19475705.2014.895963
https://doi.org/10.1080/19475705.2014.895963
https://doi.org/10.4018/IJGEE.2015070104
https://doi.org/10.4018/IJGEE.2015070104
https://doi.org/10.1007/BF00876379
https://doi.org/10.1007/s11069-019-03699-w
https://doi.org/10.1007/s11069-019-03699-w

