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Abstract: Rapid visual screening is a quick and simple approach often used by researchers to estimate
the seismic vulnerability of buildings in an area. In this study, preliminary seismic vulnerability
assessment of 500 buildings situated at Northern and Eastern George Town, Malaysia, was carried
out by utilizing a modified FEMA-154 (2002) method that suits Malaysian conditions. Data were
collected from online sources via Google Maps and Google Earth instead of traditional surveying
data collection through street screening. The seismic assessment analysis of this study was based
on the RVS performance score and the damage state classification for each building typology. This
approach generates, for each building, a final performance score based on governing parameters
such as structural resisting system, height, structural irregularities, building age, and soil type.
The findings revealed the immediate need for effective seismic mitigation strategies, as 90% of the
studied buildings required a further detailed analyses to pinpoint their exact seismic vulnerability
performance. Most of the surveyed buildings were predicted to experience moderate-to-substantial
damage, with 220 out of 500 being classed as damage state 2 (D2) and damage state 3 (D3). A
GIS map, “RVS Malaysian Form-George Town Area”, was generated via ArcGIS and shared with the
public to provide vital information for further research.

Keywords: rapid visual screening; damage state; performance score; ArcGIS

1. Research Background

Earthquake events affect the buildings in urban areas drastically, causing extensive
structural damage and the loss of lives around the world [1]. Due to this fact, a rising
issue is facing the engineering community, of finding the most appropriate approaches
for assessing the seismic vulnerability of a complex urban built zone under the effect of
earthquakes, where the main objective is to build an efficient tool for the seismic evaluation
of these buildings, and to find the best mitigation plans [2].

Over the years, various vulnerability assessment approaches have been developed,
by which the variation between approaches depends on the scale of the complexity of the
region and the types of buildings under investigation. Mainly, when investigating a small
number of buildings with small numbers of components, the most critical vulnerability
assessment approach is related to the analytical methods, such as a detailed and simplified
analytical approach for conducting fragility functions and the analytical Vulnerability
Index (VI) [3–7]. The analytical method needs a complex computational process and a
broad knowledge of structural characteristics and components, where the method can
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be categorized into three main approaches: (i) the collapse mechanism approach, (ii) the
capacity spectrum approach, and (iii) the displacement approach [8]. The analytical method
is considered a precise method in assessing the seismic vulnerability of buildings; however,
it is considered hard to conduct a computational model when analysing a large number of
buildings and their structural characteristics and components.

Various researchers conducted the analytical methods in their research. For instance,
Thuyet et al. [9] conducted a study in Tawang, India, which focused on assessing the seismic
vulnerability of masonry buildings. The main aim of the research was to compare the
base-isolated buildings with respect to fixed-base buildings, through conducting analytical
fragility functions on the basis of their varied mechanical properties. Furthermore, Chácara
et al. [10] developed an innovative method to assess the seismic vulnerability of buildings,
by formulating a discrete macro-element model. The model defines the limit states and
their main capacities on the basis of the analysed multi-directional pushover. Bhosale
et al. [11] investigated the seismic vulnerability of irregular building shape, by formulating
a Vulnerability Index (VI) model. A new parameter was introduced in this study, the
inter-storey drift ratio damage parameter. This parameter works by indicating the seismic
vulnerability for vertical irregular structures. The analytical vulnerability assessment
applications and their trends have been extensively reviewed and analysed for more
information regarding this issue (see Silva et al. [12]).

On the contrary, the empirical method can handle the assessment of complex and nu-
merous buildings in urban areas. The empirical method relies on the survey carried out be-
fore earthquakes, where the consistency of the method depends on the completeness of the
data collection for past earthquakes. The empirical approach is used to formulate various
vulnerability assessment models, such as empirical fragility functions, VI models that are
based on empirical rating factors, and the Rapid Visual Screening (RVS) approach [13–17].

For example, Bracchi et al. [18] conducted an empirical approach on the basis of the
Bayesian technique to assess the seismic vulnerability of masonry buildings. The Bayesian
technique focuses on updating the factors of the building materials, which helps in up-
dating the values of effectiveness for mechanical characteristics through adjusting the
empirical correlations. Additionally, Kim [19] considered a nesting theory between the
fragility functions, by which it is correlated with possibility theory. Two important mea-
sures were used to conduct the fragility curves: the possibility and certainty. Ruggieri
et al. [20] assessed the seismic vulnerability of reinforced concrete buildings for schools,
through formulating an RVS approach for prioritizing the vulnerability of buildings. The
study used simplified parameters to indicate the safety index, and the structural and
non-structural factors were considered through surveys. Various researchers reviewed em-
pirical vulnerability assessment methods and their future trends; for detailed information
regarding this issue, see El-Maissi et al. [21].

The hybrid approach mainly combines the analytical method with the empirical method.
It is considered an efficient tool in assessing seismic vulnerability, due to merging various
data sources. Cocco et al. [22] developed a hybrid model to assess the seismic vulnerability
of historic buildings in Campotosto, Italy. Two different fragility functions were developed
based on two different approaches (empirical and analytical). The results show a reduced
error compared with other studies.

The RVS method has evolved rapidly in recent decades, and various simplified, fast,
and reliable approaches are being developed. The combination of machine learning (ML)
and fuzzy logic approaches with RVS methods is now considered the ideal for developing
the risk assessment and reduction industry [23,24]. Different researchers used the fuzzy
logic method to develop the RVS models. For instance, Harirchian and Lahmer [25]
developed an interesting model that uses the fuzzy logic approach to improve the safety
of existing structures during earthquakes. The study covered the uncertainties of this
approach by inducing an enhanced hierarchical structural model, through formulating
the interval type of the fuzzy logic analysis. Moreover, Allali et al. [26] introduced an
assessment model for post-earthquake analysis using the fuzzy logic approach. It was
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assessed based on technical reports written by trained staff and modelled using a genetic
algorithm to evaluate and optimize the global structural damage parameters. Şen [27] also
used fuzzy logic to develop an RVS model for evaluating buildings under the effect of
earthquakes. The main aim of this research was to build a logical regulation based on the
inference system methodology. In addition, various interesting studies tackled the RVS
approach by using the emerging ML models and trending digital technologies [28,29]. For
instance, Zhang [30] presented an ML framework using algorithmic predictive models to
classify structural safety on the basis of different damage patterns. Moreover, Morfidis and
Kostinakis [31] assessed Artificial Neural Networks (ANN) to enhance the reliability of
developing RVS approaches, by which the levels of prediction were enhanced with respect
to the influence of several configured limits. For more information regarding the trending
and emerging technologies for developing RVS models, please refer to Harirchian et al. [23]
and Falcone et al. [32].

Nevertheless, rapid visual screening (RVS) is a method to estimate the seismic vul-
nerability of a large number of structures in a city. It is based on correlations between
the buildings’ predicted seismic performance and the structural typology (frame, shear
wall, masonry, infills) [33]. While it is not considered a perfect method because it is based
on expert and non-expert decisions, it is simple and can give a preliminary idea of the
areas of a city that are vulnerable to seismic disturbances [34–36]. Based on the informa-
tion from RVS, government authorities can use quantitative tools to help them decide
if, and how much, remedial work is required in a particular district [37]. Indeed, the
assessment of earthquake resilience in a community can be achieved using a variety of
fragility-based seismic vulnerability models that incorporate probabilistic building per-
formance limit states [38–41]. For example, HAZUS and FEMA P-58 are damage-based
loss estimation methods that compute direct and indirect losses using fragility functions
and quantify the performance of each structural and non-structural component [42,43]. In
contrast to the empirical approach (vulnerability index + expert judgment, RVS), which are
based on observations, they rather focus on simulating the strong ground motions as an
analytical procedure for determining the seismic physical vulnerability of structures.

In this research, the seismic performance of 500 existing buildings in Malaysia-George
Town of Penang state were estimated using the RVS approachMany of the buildings in these
areas were built following the same structural designed regulation of British Standards
(BS). Since George Town is categorized as having low seismicity of 0.05 to 0.07 g according
to the Malaysian National Annex, many buildings belonging to different cluster types
(low-, mid-, and high-rise) have been designed without any attention to seismic loadings.

The assessment of seismic vulnerability of the buildings in this area has assumed
importance in recent years for many reasons. First, the government and authorities are
expected to release new regulations to enforce the integration of seismic designs for con-
struction projects with medium ductility level (DCM). Secondly, from the perspective of
structure, mixed-use buildings often have commercial or business spaces that are present on
the ground floor, and such spaces lead often have soft stories in which, the lower columns
have fewer shear walls (or significantly less shear stiffness) than the higher ones; this makes
such buildings vulnerable to seismic disturbances. Finally, George Town houses many
old buildings, especially within the heritage area; these buildings were constructed using
unreinforced masonry structures and are vulnerable to damage from seismic excitation.

Therefore, the use of rapid visual screening (RVS) for preliminary vulnerability assess-
ment can help in assigning appropriate vulnerability classes to buildings, which in turn
would help in managing and implementing strategies for the safety of communities.
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2. Rapid Visual Screening Methods

Rapid visual screening (RVS) is a qualitative method that estimates the seismic vulner-
ability of a large number of structures, based on correlations between buildings’ predicted
seismic performance and structural typology [37]. There are various rapid evaluation meth-
ods, such as the street screening method, which can be used to gather information quickly.
The street screening method is the quickest and most straightforward rapid evaluation
strategy. There are no observations taken from a building’s façade, and there is no attention
given to what is going on inside the building. This visual survey should take no more
than 30 min to complete. Generally, RVS utilizes a scoring system to evaluate and estimate
the level of risk of the buildings where there are a basic score (also known as structural
score) and modifiers that correspond to the building’s strength and deficiencies during a
seismic event [44]. Later, the seismic performance of the building can be predicted from
the results of RVS through the final score. Despite the fact that RVS is not as exact as
extensive modeling, it is quite simple and straightforward in detecting regions of a city
that are weaker to seismic events than others [34–36].

Therefore, RVS can be used as a preliminary process to screen structures with high
seismic vulnerability in order to perform further detailed test and analysis. In this way,
time is saved and resources are used efficiently.

There have been many studies in the past, to develop a more accurate and efficient
RVS. These studies have largely been carried out in countries located within seismically
active regions. The key mechanism of some of the well-known developed methodologies
are discussed below.

2.1. RVS—United States Method

The Federal Emergency Management Agency (FEMA) of the United States has pub-
lished many guidelines for the assessment and rehabilitation of seismically vulnerable
structures. These include FEMA 178 (1992) [45], which was first published in 1989 and
revised in 1992, FEMA 310 (1998) [46], which was designed as a revised version of FEMA
178 (1992), and FEMA 154 (2002) [47], which was first published in 1988 and revised in
2002 and is used for rapid visual screening of structures.

FEMA 154 (2002) assigns a basic structural score to a building based on the lateral
force resisting system of the structure as given in its Appendix B. Performance modifiers
are stated to consider the influence of the number of stories, plan and vertical irregularities,
pre-code or post-benchmark code details, and soil type on the overall performance of the
building structure. With some adjustments to the data collecting methodology or the values
of performance modifiers, this system has been used in a number of countries and nations,
including the United States.

For example, the basic scores and modifiers assigned by FEMA 154 (2002) for lat-
eral moment resisting frame are shown in Table 1. In general, there are 17 different types of
buildings that were introduced for the RVS technique, and for each type, a Basic Structural
Hazard (BSH) score was determined. The BSH score is a measure of the probability of a
building structure collapsing. In Equation (1), the BSH score is given as the negative of
the logarithm (in Base 10) to reflect the final score. Following this, the BSH is adjusted by
including or excluding the score modifiers (SMs) of a structure, as given in Equation (2).
Further detailed evaluation is needed if the final score of the building is lower than 2.0.
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Table 1. Basic scores and modifiers for a sample building typology—lateral moment resisting
frame (C1).

Seismic Hazard
Potential

Low Seismicity
(Score and SMs)

Moderate Seismicity
(Score and SMs)

High Seismicity
(Score and SMs)

Basic Score 4.4 3.0 2.5
Mid Rise (4 to 7 stories) 0.4 0.2 0.4
High Rise (>7 stories) 1.0 0.5 0.6
Vertical Irregularity −1.50 −2.0 −1.50

Plan Irregularity −0.8 −0.5 −0.5
Pre-Code N/A −1.0 −1.2

Post-Benchmark +0.6 +1.2 +1.4
Dense Soil −0.6 −0.6 −0.4
Stiff Soil −1.4 −1.0 −0.6
Soft Soil −2.0 −1.6 −1.2

The FEMA approach assigns a higher score for high rise buildings. For example, a
building with four to seven stories gets a +0.4 score, whereas a building with more than
seven stories gets a score of +0.6. In a high seismic zone, the technique treats vertical and
horizontal irregularities using –1.5 and –0.5 modifiers. In addition, the vertical irregulari-
ties make a building significantly more vulnerable than plan imperfections; the modifier
value is higher for vertical irregularities. Furthermore, vertical irregularities are easier to
detect than plan irregularities during sidewalk surveys. Furthermore, FEMA displays a
pre-code penalty for structures designed before seismic standards were enforced. Buildings
designed and built after the code’s enhancements were enacted and enforced receive a
post-benchmark positive attribute. Pre-code and post-benchmark modifications have been
given weight to the basic structural scores.

BSH = − log 10[P(collapse)] (1)

S = BSH ± SMs (2)

2.2. RVS—Canadian Method

The National Research Council (NRC) of Canada proposed the widely used seismic
screening process [48]. The goal of this approach was to calculate the seismic priority index
(SPI), which was done by combining the structural (SI) and non-structural (NSI) indices,
as stated in Equation (3). The following are the primary criteria that contributed to this
screening score: the location of the building, the soil type, the duration or age of occupancy,
the risk of falling, and others. Using the SPI index, researchers can group assessment
into three stages: low detailing assessment (SPI less than 10) is deemed “low,” medium
detailing assessment (10–20), and high detailing assessment (SPI greater than 20).

SI is the structural index that was derived by multiplying five components, viz., (A)
seismicity index; (B) effect of soil condition; (C) type of structure; (D) building irregularities;
and (E) importance of the building. The non-structural index (NSI) is the product of three
components: B, E, and F, as formulated in Equations (4) and (5). Here, F is the highest value
between F1 for life-threatening falling hazards and F2 for a threat to key operations.

SPI = SI + NSI (3)

SI = A × B × C × D × E (4)

NSI = B × E × F (5)
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2.3. RVS—New Zealand Method

Initial evaluation procedure (IEP) and detailed seismic assessment (DSA) are two
steps of assessment proposed by the Society for Earthquake Engineering in New Zealand
in 2012 [49]. In order to calculate the % New Building Standard (% NBS) value, it is
necessary to collect information such as the seismic zone, soil type, construction age, and
the design age of the structure. The assessment is completed after the % NBS values have
been calculated. If the (% NBS) is less than 33, the building is considered to be vulnerable
and more complete and precise assessment becomes necessary. If the % NBS is greater than
67, the buildings are considered capable of withstanding future earthquakes. It is possible
that additional review will be necessary for (33 < % NBS < 67).

2.4. RVS—Japan Method

The Japanese Seismic Index system has three screening evaluation steps. The struc-
ture’s response to lateral seismic loading is first quantified using the compressive strengths
of the vertical resisting elements. After that, the seismic capacity of the structure is eval-
uated solely on the basis of the dynamic properties of the resisting members (ductility
and strength), and then, the strength and ductility of the vertical and horizontal members
(columns, walls, and beams) are taken into consideration for evaluating the structure’s
performance during earthquake movements [50].

2.5. Other RVS Methods

In Greece, a fuzzy logic based RVS technique for categorizing structures into five
different damage classifications in the case of a future earthquake was developed. The
approach was created using data from 102 structures damaged in the 1999 Athens earth-
quake. The fuzzy-logic-based RVS (FLRVS) proposed a probabilistic reasoning method that
treats the structural properties of a building holistically and generates a score indicating
the potential for damage in the case of severe earthquakes delivering ground accelerations
approximately equal to those specified by the applicable codes [51].

When it comes to individual buildings in Turkey, Hassan and Sozen [52] developed
the the priority index procedure. The priority index procedure consists of two parts: the
column index that is calculated as the proportion of column area to the floor area, and a
wall index that is described as the ratio of areas, which is divided by the floor area, between
the area of shear and infill walls divided by the floor area. In addition, Yakut [53] developed
a methodology that considered material and size attributes as well as elements’ orientation
and vertical and plan imperfections, the length of columns and quality of workmanship.
The Capacity Index (CI) can be calculated based on these criteria in order to classify the
building’s risk exposure.

Sinha and Goyal [54] proposed 3-level procedures that should be included in India’s
national vulnerability assessment methodology. The three levels are: Level 1 procedure—
rapid visual screening (RVS), Level 2 procedure—simplified vulnerability assessment
(SVA) and Level 3 procedure—detailed vulnerability assessment (DVA). The RVS from
Level 1 procedure was developed with reference to FEMA-154 (2002), in which, the evaluat-
ing mechanism was preserved, while some modifications were made to the scoring values
and components to suit Indian conditions. However, for the basic score part, the type of
lateral load-resisting system for wood and steel structure were reduced and completely
removed for tilt-up construction, precast concrete, and reinforced masonry structure. Un-
reinforced masonry structures were subdivided into 4 categories (URM1, URM2, URM3,
and URM4). For score modifiers, there is a combination of pre-code and post benchmark
from FEMA-154 into code detailing and change the soil category from “dense, stiff and soft
soil” to “medium, soft and liquefiable soil”. Similarly, the final score is calculated by taking
the sum of basic score and score modifiers, as suggest to be taken 0.7 instead of 2 as cut off
score to determine whether to proceed with Level 2 procedure or not. Further details of
the 3-level procedures are included in “Seismic Evaluation and Strengthening of Existing
Buildings” published by the Indian Institute of Technology Kanpur (IITK) [55].
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Moreover, Ruggieri et al. [20] and Perrone et al. [56] proposed an RVS method that may
be implemented quickly to a large number of buildings, because it is based on calculat-
ing the Safety Index of hospital and school buildings while taking into consideration the
characteristics affecting seismic risk. This approach is divided into two phases: the sur-
veying phase, which is dependent on structural and non-structural data; the number of
occupancies, emergency preparation, and peak ground acceleration of a specific site are all
considered in this technique. Meanwhile, the other phase is concerned with risk assessment
as it pertains to hazards, vulnerabilities, and exposures. Furthermore, Ruggieri et al. [57]
proposed a machine learning framework based on the vulnerability assessment of existing
buildings named VULMA. This framework uses images to offer empirical vulnerability
algorithms.

2.6. Review of Seismic Vulnerability Studies in Malaysia

In the past 10 years, there has been increasing concern about the performance of
Malaysian buildings and structures under seismic influence, and many studies are being
conducted in this area. These studies are geared in four directions, viz., detailed vulnerabil-
ity assessment of individual selected building as shown in Table 2, detailed vulnerability
assessment of selected building clusters as shown in Table 3, the development of new
seismic vulnerability assessment methodologies, and preliminary vulnerability assessment
of large building inventories as shown in Tables 4 and 5, respectively.

Table 2. Research conducted in the past 10 years on the detailed vulnerability assessment of individual selected building.

Author/Reference Research Description

Kassem et al. [58] Examination of the seismic performance of a hospital building damaged during the Ranau earthquake in Sabah
through an improved empirical seismic vulnerability index (SVI).

Nizamani et al. [59] Seismic vulnerability assessment of a horizontally unsymmetrical building (a 12-story hotel building from Ipoh,
Perak) to local and far field earthquakes through response spectrum analysis.

Ahmadi et al. [60] Analytical seismic vulnerability assessment of an industrial building in Peninsular Malaysia.

Kamarudin et al. [61] Investigation on the seismic performance of school building of SMK Bukit Tinggi damaged during the Bukit
Tinggi earthquakes in Pahang through ambient noise study with Fourier amplitude spectra (FAS) analysis.

Table 3. Research conducted in the past 10 years on the detailed vulnerability assessment of selected building or
structure cluster.

Author/Reference Research Description

Aljwim et al. [62] Seismic vulnerability assessment of two 25-story tall concrete wall structures in Malaysia under near-field
earthquakes through the development of seismic fragility curves.

Aisyah et al. [63] Seismic vulnerability assessment of two 25-story tall concrete wall structures in Malaysia under far-field
earthquakes through the development of seismic fragility curves.

Alih and Vafaei [64] Investigation and discussion on the performance of reinforced concrete buildings and wooden structures during the
2015 Mw 6.0 Sabah earthquake in Malaysia.

Ghazali et al. [65] Determination of nonlinear response of 3 concrete box girder bridges with different pier heights through pushover
and incremental dynamic analysis.

Rosman et al. [66]
Investigation on the effect of infill panels in seismic vulnerability of low-ductile RC frames through incremental
dynamic analysis (IDA) on three, six, and nine stories RC frame buildings designed for gravity and lateral loads

based on the common practices in Malaysia.

Fazilan et al. [67] Seismic vulnerability assessment of low-ductile reinforced concrete frame buildings in Malaysia through the
development of seismic fragility curves.

Tan et al. [68]
Seismic vulnerability assessment of low- and mid-rise reinforced concrete buildings in Malaysia (a three-story

reinforced concrete office frame building and a four-story reinforced concrete school building with
unreinforced masonry infill walls) designed by considering only gravity loads through fragility analysis.

Ramli and Adnan [69] Research on the effect from Sumatran earthquakes towards Malaysian bridges design.

Ismail et al. [70] Seismic vulnerability assessment of 8 public buildings in Sabah through finite element modeling (FEM) under
different types of analyses including time history analysis (THA) considering low to medium earthquake intensities.
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Table 4. Research conducted in the past 10 years on the development of new seismic vulnerability assessment methodologies.

Author/Reference Research Description

Sauti et al. [40] Proposal of method and framework for assessing and calculating the Seismic Vulnerability Index
(SVI) at district level for Malaysia condition through multivariate data analysis.

Kassem et al. [71]
Development of seismic vulnerability index methodology for reinforced concrete buildings based on

nonlinear parametric analyses, with reference to the Italian GNDT (Group of National Defence)
against earthquakes and the European macro-seismic (EMS) approaches.

Yusoff et al. [72]
Introduction of a new solution to the prediction on the seismic damage index of buildings with the
application of hybrid back propagation neural network and particle swarm optimization method

based on damage indices of 35 buildings around Malaysia.

Table 5. Research conducted in the past 10 years on the preliminary vulnerability assessment of large building inventories.

Author/Reference Research Description

Jainih and Harith [73] Preliminary seismic vulnerability assessment of existing buildings in seven major areas near Kota
Kinabalu, Sabah through FEMA 154 (2002) method.

Roslee et al. [74] Preliminary seismic vulnerability assessment of Ranau area in Sabah through proposed physical
vulnerability assessment methodology with the aid of literature review and secondary data.

Ghafar et al. [75] Preliminary seismic vulnerability assessment of existing buildings in Kundasang, Sabah through
FEMA P-154 (2015) level 1 method.

A review of previous seismic-vulnerability-related studies in the Malaysian context
shows that there is insufficient information on preliminary seismic vulnerability assessment
of existing buildings. To fill this gap in understanding, this work performed preliminary
seismic vulnerability assessment in George Town, Penang Island to provide a quantitative
tool for the government to decide if, and how much, remedial work is required in a
particular district [37]. The data from this preliminary screening will be presented to
the public through the GIS mapping method, to enable further assessment based on the
outcome of this research.

3. Modified RVS Method Based on Malaysia’s Condition

The RVS method adopted in this research followed FEMA-154 with some modifica-
tions made to suit Malaysian conditions. The first modification was that a conservative
approach was taken in which, a “high seismicity” survey form was used to match the
expectation that buildings in Malaysia may be influenced by either near-field or far-field
intense Earthquake motion in future. However, Malaysia is divided into three regions
according to their relative degree of seismic hazard—Peninsular Malaysia with low haz-
ard (0.05 g–0.07 g), Sarawak with moderate hazard (0.07 g–0.09 g) and Sabah with high
hazard (0.15 g–0.165 g), where g is the gravitational acceleration 9.81 m/s2 [69]. Similar to
FEMA-154, general information of the building such as address, no. of stories, story height,
total floor area and building name were recorded along with photographs and sketches
of the buildings for the Malaysian RVS form, The GPS coordinates were also recorded for
GIS mapping. Building type of occupancy and estimated number of people within the
building were also noted. A general flowchart of this work is shown in Figure 1, and the
Malaysian RVS data collection forms are shown in Figures 2 and 3. The links related to RVS
database related to google form and ArcGIS mapping were used as a reference database
for the government and the authorities.
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Due to financial constraints, the assessment work was done by a small research group
and to accelerate the overall process, several online tools were used instead of the traditional
field survey. All the information needed for the assessment were collected using Google
Maps and Google Earth. The location, floor area and plan view of buildings were denoted
through the Google Maps plan view while other parameters such as number of stories
structural irregularities, and elevation view were obtained through the street view function.
Information regarding construction date were obtained online and in case relevant data
was not available, the buildings were assumed to be constructed before 2017. Knowing
that, most of the buildings with difference clusters (low-, mid-, and high-rise) were designed
according to the British standard code without any attention to seismic loadings, and before
the issuance of the Malaysia National Annex in 2017. Finally, for the soil type on which
the buildings were constructed were decided using the Penang soil type map generated
by Tan, et al. [76] in a research article titled “Seismic microzonation for Penang using
geospatial contour mapping” is referred. All the aforementioned data were recorded and
compiled using a survey form developed with Google Forms. Where the following are the
links related to RVS database related to Google forms and ArcGIS mapping as a reference
database for the government and the authorities.

Google Form Link:
https://docs.google.com/forms/d/1mhJK0mqP-ZXnvDn7TrHQosy2waojVx_1uTaqtoi7

qOI/edit?usp=sharing (accessed on 10th September 2021)
ArcGIS Mapping Link:
https://www.arcgis.com/home/item.html?id=eb56f43da87c4ef9a11309a8b4f2e81c

(accessed on 10th September 2021)
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3.1. Site Selection

Peninsular Malaysia is built on the stable Sundaland (Sunda Plate), which lies at the
intersection of the Indian–Australian, Philippine, and Eurasian plates. It is surrounded by
complex convergent borders that are tectonically active. The same area tectonic settings
are applicable to Penang Island because it is geologically part of Peninsular Malaysia. The
seismically active Sumatran Subduction Zone and the Sumatran Fault have historically
impacted Penang [77]. The 2004 Great Sumatra–Andaman earthquake (Mw = 9.3), the
2005 Nias–Simeulue earthquake (Mw = 8.7), and the 2007 Sumatra earthquakes (Mw = 8.4)
all occurred at the Sumatran Subduction Zone. The earthquake of 2004 unleashed a
devastating tsunami along the coasts of the Indian Ocean, killing many people on the
island. Large earthquakes, up to 450 km away from the Sumatran Fault, caused tremors
and tsunamis on the island, according to historical records. Because most of Sumatra’s large
earthquakes occur within a 600 km radius of the island, all historical data of earthquakes
with a magnitude of 4.0 or more are within that radius [78].

Penang-George Town, Malaysia, was chosen as the study location for this research due
to various reasons. The locations are shown in Figure 4 for North and East George Town.
Being the administrative capital city of Penang state, George Town remains Malaysia’s
second most populous city with a population of 2,412,616 people in 2018. In addition,
George Town also serves as the historical center of Penang and was awarded with the
status UNESCO World Heritage City with numerous cultural and historical attractions
such as the 1880s Cheong Fatt Tze Mansion, Fort Cornwallis, the Kong Hock Keong Temple
built in 1800, and other such heritage buildings [79].

Due to its high population density and numerous old buildings, the seismic vulner-
ability of George Town has become a major concern, necessitating a seismic mitigation
plan, for which, a preliminary assessment through RVS approach could be the first step.
Moreover, there is information already available about the Penang soil type, which is one
of the important parameters needed.
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3.2. Data Collection

Data from a total of 500 buildings were collected through the rapid visual screening
approach. Each of the key parameters (building occupancy, building clusters, vertical
irregularity, horizontal irregularity, soil type and construction date) that contribute to the
scoring system were collected using several online tools instead of traditional field survey.
All the information needed for the assessment was collected using Google Maps and
Google Earth. The location, floor area, and plan view of buildings were denoted through
the Google Maps plan, while other parameters such as number of storeys, structural
irregularities, and elevation view were obtained through the street view function. Due to
time and manpower constraint, only 500 buildings within George Town area were assessed,
of which 44 were in the northern region, and the remaining 456 buildings were in the
eastern region. The following are some samples of data collected via online tools related to
plan view, and elevation view, and street functioning view for the selected buildings as
shown in Figure 5.
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(c) street function view.
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3.2.1. Building Occupancy

The buildings were categorized into 15 groups according to their building occupancy—
“Residential”, “Commercial”, “Industrial”, “Assembly”, “Government”, “Office”, “School”,
“Hospital”, “Emergency Services”, “Car Park”, “Religious”, “Storage”, “Transportation”,
“Unknown” and “Mixed Use”. Apart from the obvious categories, “Assembly” referred to
buildings that serve the purpose as sits of gathering, such as community hall; besides “Hos-
pital” category in this particular screening work included clinics; “Storage” on the other
hand referred to warehouse-type buildings; buildings were categorized as “Unknown”
when it was not possible to determine the building occupancy from the outside; “Mixed
Use” referred to buildings with more than one type of building occupancy.

Figure 6 depicts the overall composition of buildings with respect to building oc-
cupancy. The statistical distribution of building stocks in Figure 7 clearly shows that
a majority of the buildings assessed were commercial buildings (52.80%), while hospi-
tal and transportation buildings were the least prevalent (0.20%). In descending order,
the number of buildings for each occupancy categories were: 264 commercial buildings,
61 unknown buildings, 51 office buildings, 44 residential buildings, 34 mixed use buildings,
10 government buildings, 8 religious’ buildings, 6 assembly buildings, 6 storage buildings,
5 industrial buildings, 5 school buildings, 2 emergency buildings, 2 car parks, 1 hospital
building and 1 transportation building. Figure 8 shows the maps generated based on
building occupancy data.
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3.2.2. Building Type

According to the Malaysian RVS data, there were a total of 15 building types available
for screening, however in this assessment, the buildings belonged to only 7 types—“light
wood frame (W1)”, “steel moment resisting frame (S1)”, “light metal frame (S3)”, “con-
crete moment resisting frame (C1)”, “concrete shear wall (C2)”, “concrete frame with unre-
inforced masonry infill (C3)” and “unreinforced masonry bearing-wall buildings (URM)”.
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Figure 9 shows the statistical distribution of each of the 7 aforementioned building
types from the 500 buildings assessed. Fifty percent of the buildings had URM as their main
lateral load resisting system. This was because most of the buildings within The George
Town UNESCO World Heritage Site were old and were constructed at least a centuries ago.
Additionally, C3 buildings were the second most common types (31.40%) and comprised
normal urban buildings built in recent years. Next, there were several C2 buildings
(6.80%) within the survey area that were high rise buildings such as apartments and office
building. For steel structures, there were (5.60%) of S3 buildings and (0.80%) of S1 buildings.
Moreover, buildings that were categorized under S3 were usually smaller in scale and
consisted of smaller sized beams and columns or studs while S1 buildings had larger beams
and columns to support their relatively heavier roofing. All 25 timber structures (5.00%)
were under light wood frame (W1) and were located at the northern region of George
Town. Lastly, there were only 2 C1 buildings because most of the concrete frame buildings
consisted of masonry walls, which were categorized under C3 category while C1 refers
to skeletal buildings only. Table 6 shows the composition of building types according to
region of survey while Figure 10 shows the map generated based on building type data.
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Table 6. The composition of building type according to George Town region.

Building Type
Northern George Town Eastern George Town

Quantity % Distribution Quantity % Distribution

C1 0 0.00 2 0.44
C2 6 13.64 28 6.14
C3 13 29.55 144 31.58
S1 1 2.27 3 0.66
S3 3 6.82 25 5.48
W1 16 36.36 9 1.97

URM 5 11.36 245 53.73
Total 44 100.00 456 100.00
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3.2.3. Building Cluster

Building height is one of the factors that govern the seismic performance of a building,
hence the number of stories of the building was recorded. These buildings were then
categorized into low-rise (1–3 stories), mid-rise (4–7 stories) and high-rise (>7 stories).
Positive score modifier was awarded to mid-rise and high-rise buildings as they are
considered better structural designs to resist lateral load (mostly wind load in Malaysian
buildings) such as shear wall, which may improve their overall seismic performance.

The classification of buildings with respect to height is shown in Figure 11. It is
obvious that a majority (83.80%) of the buildings within assessment area were low-rise
buildings with 3 or less stories, follow by mid-rise buildings (12.80%) that consisted of
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4 to 7 stories and finally high-rise buildings with more than 7 stores were the least—there
were only 17 of them (3.40%). Figure 12 shows the map generated based on building
cluster data.

Although most of the low-rise buildings had story heights between 3 m to 4 m, there
were some exceptions in which, the buildings had story heights greater than 4 m, up to
7 m. Such buildings should be given extra attention as they may behave differently from
normal low-rise buildings under seismic influence.
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3.2.4. Building Irregularity

Regular buildings refer to buildings with almost symmetrical configuration about
their axes while irregular buildings refer to buildings having discontinuities in geome-
try, mass, or load resisting elements. During an earthquake event, asymmetrical building
arrangements generate large torsional forces that affect their seismic performances.

As for plan irregularities, a majority of the buildings assessed (81%) were free from
any form of plan irregularity, while the remaining buildings had one of the different types
of plan irregularities. Among several forms of plan irregularity, L-shaped top the list
with 12.20% prevalence, followed by U-shaped (2.80%), Others (1.40%), T-shaped (1.20%),
E-shaped (1.00%), while H-shaped and I-shaped were the least prevalent with only one
building each (0.20%). Figure 13 shows the type of plan irregularities and the number of
buildings affected. Figure 14 shows the map generated based on plan irregularity data.

As for vertical irregularities, more than half of the buildings (58.60%) were free from
any type of vertical irregularities, while 192 of them (38.40%) had one vertical irregularity,
14 buildings (2.80%) had two vertical irregularities and 1 building (0.20%) had a total
of three vertical irregularities as shown in Figure 15. There are several types of vertical
irregularities specific in the Malaysian RVS Form, such as steps in elevation view (setbacks),
soft story, inclined wall, building on hills and unbraced cripple walls; only the first three
are presented in the building stocks. The composition of the first three vertical irregularities
(setback, soft story, and inclined wall) are shown in % per 500 buildings in Table 7 where
the setbacks topped the list with (39.20%), followed by soft story (5.00%) and inclined wall
(0.40%). Figure 16 shows the map generated based on vertical irregularity data.

Structural irregularities significantly impact the seismic performances of buildings.
Although theoretically, different type of irregularities would impact the building perfor-
mance differently, in the Malaysian RVS form, the same score penalty is given no matter
the type and number of irregularities as long as the irregularity is present, thus buildings
with complex plan irregularity form and buildings with more than one vertical irregularity
should be given extra attention.
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Table 7. The composition of the vertical irregularities.

Vertical Irregularity No. of Buildings % Distribution of Vertical Irregularity of
the 500 Buildings

Setbacks 196 39.20
Soft Story 25 5.00

Inclined Wall 2 0.40

3.2.5. Construction Date

There are total of two parameters related to construction date in the Malaysia RVS form,
namely “Pre-code” and “Post Benchmark”. According to FEMA-154, “Pre-code” applies if
the particular building is designed and constructed prior to introduction of any national
seismic code while “post benchmark” applies to building designed and constructed after
significant improvements in seismic code requirements were enforced. However, since
the Malaysian national seismic code was initiated in late 2017, the Malaysian National
Annex of Eurocode 8, was the one and only seismic code present at the time. Thus, both
“pre-code” and “post-benchmark” parameters will refer to year 2017 in this project. Since
both “pre-code” and “post-benchmark” refer to 2017 as the cut-off year, all of the building
assessed were considered to be “pre-code” as most of them were decades-old building
while the relatively younger buildings were also constructed prior to 2017.

3.2.6. Soil Type

The soil type within Malaysia can be divided into 4 types, Types B, C, D and E as
reference to Eurocode 8 and Malaysian National Annex 2017. The classification of soil types
is governed by parameters such as Vs,30, NSPT and Cu. Generally, increasing score penalties
are given following the alphabetical order of soil type except for buildings with tilt-up
construction (PC1) and reinforced masonry with flexible floor and rood diaphragm (RM1),
where highest penalty is given to buildings on soil Type C. The soil type information was
extracted from a Penang soil type map generated by Tan et al. According to the map, all the
buildings assessed were situated on soil Type C, for which the average shear wave velocity
was between 360 m/s and 761 m/s.

After collecting all the necessary information and data, the final performance score (S)
of a building can be calculated by taking the sum of BSH with all relevant score modifiers.
Buildings with S less than 2.0 would require further detailed structural evaluation as
they might have high seismic risk.

4. Mean Damage State and RVS Score

According to the data analysis procedure described in the previous sections, the RVS
final performance score of the building stocks were calculated and are listed in Table 8 and
illustrated in Figure 17. Later, the predicted damage state of buildings post-earthquake was
determined from their performance score. The following assessment can be made using
the above data.

It can be seen that a majority of the buildings suffers moderate to substantial damage
where 220 buildings of 500 are classified between damage states (D2 and D3) which equals
to 44% of the selected buildings. Moreover, 186 (37.20%) buildings are exposed to very
heavy damage and could be collapse to be classified between damage states (D4 and D5).
Besides, when earthquake strikes George Town, only a few buildings (10.00%) are able
to survive with moderate or less damage, where there are 22 (5.40%) buildings suffered
slight to moderate damage in order to be classified between damage state (D1 and D2).
Twenty-three buildings range between D0 and D1, with negligible to slight damage, while
the remaining buildings are predicted to suffer from substantial damage up to very heavy
damage (D3 and D4) as shown in Figure 18 and must be considered for rehabilitation
to restore strength, robustness, and physical direct losses. Therefore, remedial actions
are required to ensure that all the assessed buildings can withstand seismic activity for a
sufficient time to allow for safe evacuation of occupants during a seismic event.
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Table 8. RVS final performance score of buildings according to building type.

RVS Score Damage State Classification
Number of Buildings

URM C3 C2 S3 W1 S1 C1

S < 0.3 D4-D5 93 85 7 0 0 0 1
0.3 ≤ S < 0.7 D3-D4 17 13 14 0 0 0 0
0.7 ≤ S < 2.0 D2-D3 140 59 12 2 2 4 1
2.0 ≤ S < 3.0 D1-D2 0 0 1 26 0 0 0

≥3.0 D0-D1 0 0 0 0 23 0 0
Total 250 157 34 28 25 4 2
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The damage state data were also analyzed according to building material and lateral
resisting system—the selected buildings designated as C1, C2 and C3 were classified as
reinforced concrete (RC), S1 and S3 were classified as steel, URM as masonry, and W1
as timber. From these findings, it can be seen that masonry buildings do not perform
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well when facing earthquakes—140 masonry buildings are seen to suffer from moderate
to substantial damage to be ranged between D2 and D3 state due to their RVS score
being between 0.7 and 2.0. Ninety-three URM buildings, amounting to 37.20% from the
selected 250 masonry buildings are seen to be within the range of D4 and D5 damage
state corresponding to very heavy damage to total collapse with RVS score less than
0.30, meanwhile the remaining 17 (6.80%) buildings are in the state of D3 and D4 with RVS
score between 0.3 and 0.7. This result is within expectation because the mean value BSH
for URM buildings (1.8) is the second lowest among the 15 categories.

When it comes to earthquake performance, the 193 reinforced concrete buildings
are seen to have the worst results; nearly half of them (93 RC-buildings, or 48.19%) are
predicted to suffer from very heavy to total collapse, with damage states classified between
D4 and D5 and having an RVS score less than 0.30. Furthermore, there are 72 (37.31%)
RC-buildings that suffer from substantial to extremely heavy damage, which are classified
in the range of D2 and D3 damage, which is the second highest expected damage outcome
after a seismic event. Similar to the masonry group, the overall performance of reinforced
concrete buildings is poor since C3 buildings, which constitute the majority of the RC group,
have the lowest mean BSH of 1.6, the lowest of all building types. Moreover, the damage
status results for the steel and timber groups can only be used as a guideline because
the sample size (40 units) is too small to detect any trend in their seismic performance.
It was determined that the expected performance of steel structures was rather good;
nonetheless, 81.25% of them suffer from minor-to-moderate damage (D1 and D2), and
18.75% of them classified in damage states D2 and D3. Timber constructions, on the other
hand, are the most resistant to earthquake devastation, with more than 90% of all timber
structures suffering just minor to moderate damage. Timber constructions have highest
BSH rating, with W1 building receiving a rating of 4.4. Figure 19 shows the damage states
classifications for the selected building topologies. Figure 20 shows the map generated
based on overall damage state data.
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Given the cut-off score of 2.0, of the 500 buildings assessed, 450 (90%) buildings are
seen to require further analysis to accurately determine their seismic vulnerability. Since
the buildings of same lateral load resisting systems are very similar, typical buildings
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of each category can be created and further analyzed to obtain more information on the
buildings’ seismic performance. Based on the outcome, it can be concluded that a majority
of the buildings assessed possess substantial seismic hazard and may risk the occupant’s
life during an earthquake event. Figure 21 shows the map generated based on the need
for more detailed evaluation. Figures 22 and 23 show samples of Malaysian RVS data
collection forms associated with survey data.
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5. Conclusions

Penang Island has yet to experience any major earthquake incidents, but earthquake
tremors originate from neighboring countries. In order to ensure that all residents in Penang
are safe from potential near-field or far-field seismic influences, a preliminary seismic
vulnerability screening of buildings is necessary to facilitate and provide foundation for
future earthquake mitigation activities by either the state or federal government. In this
study, an assessment of 500 buildings located within the Northern (44 units) and Eastern
(456 units) George Town area in Penang, Malaysia, was carried out using modified FEMA-
154 (2002) method that was modified to suit Malaysian conditions. The basic hazard
score (also known as final performance score) of buildings were governed by building
type, building height cluster, vertical irregularities, plan irregularities, construction date
and soil type. From the data collected, a majority (50%) of the buildings assessed were
unreinforced masonry bearing-wall buildings (URM) while concrete frame buildings with
unreinforced masonry infill (C3) constituted the second largest building group (31.40%).
A majority (83.80%) of the buildings were categorized as low-rise buildings with less than
4 stories, which does not affect the RVS scoring.

It was seen that a majority of the buildings would see moderate to substantial damage
during a seismic event, with 220 out of 500 being classed as D2 and D3 on the damage
scale. One hundred and eighty-six buildings may be severely damaged and may collapse
(D4 and D5). It is seen that, were an earthquake to hit George Town, only a few buildings
would survive with moderate or less damage, while all the other buildings would require
some form of rehabilitation. In terms of building material or typology, reinforced concrete
buildings are seen to be vulnerable structures, followed by URM, whereas the expected
performance of steel structures is good and such buildings would only suffer minor-to-
moderate damage.

It is also seen that 41.40% of the buildings have at least one vertical irregularity, of
which, vertical setbacks were the most dominant, thus will certainly impact their seismic
performance. On the other hand, only 19% of the buildings are seen to have re-entrant
corners with L-shaped being the most common one.

Owing to many of the screened buildings being located within The George Town
UNESCO World Heritage Site and being many decades old, and because the Malaysian
seismic code was released only in 2017, all of the buildings within the study area fell under
pre-code category in which seismic loadings have not been considered in their design.

Based on all the parameters, 90% of the buildings assessed in Northern and Eastern
George Town area score less than 2.0, and are seismic hazards. Further detailed evaluation is
required to accurately determine the seismic vulnerability of these buildings. Finally, most
of the buildings (44.00%) are predicted to suffer Grade 2 to Grade 3 damage from future
earthquakes. There is no doubt that it is less costly and more time efficient to carry out RVS
through web-based application, instead of traditional surveying data collection through
street screening. All of the aforementioned results have been included in a map created
through the ArcGIS platform named “RVS Malaysian Form- George Town Area”.
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RVS Rapid Visual Screening
BS British Standard
DCM Medium Ductility Level
FEMA Federal Emergency Management Agency
BSH Basic Structural Hazard
SMs Score Modifiers
NRC National Research Council
NBS New Building Standard
JSI Japanese Seismic Index
FLRVS Fuzzy Logic Rapid Visual Screening
PI Priority Index
CI Capacity Index
SPI Seismic Priority Index
SI Structural Index
NSI Non-Structural Index
IEP Initial Evaluation Procedure
DSA Detailed Seismic Assessment
SVA Simplified Vulnerability Assessment
DVA Detailed Vulnerability Assessment
IITK Indian Institute of Technology Kanpur
VULMA Machin Learning Vulnerability Analysis
SVI Seismic Vulnerability Index
FAS Fourier Amplitude Spectra
IDA Incremental Dynamic Analysis
GNDT Group of National Defence against Earthquake
EMS European Macro-Seismic
URM Unreinforced Masonry
FEM Finite Element Modelling
THA Time History Analysis
GIS Geographic Information System
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