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Abstract This study evaluates the seismic
vulnerability of non-seismically designed buildings in
moderate earthquake located in Sabah, Borneo, East
Malaysia using the FEMA P-154 Rapid Visual Screening
(RVS) methodology and EMS-98 damage descriptions.
The buildings, primarily constructed between the 1970sand
early 2000s, were designed to support gravity and wind
loads rather than seismic forces. Although it is on the
tectonically stable southern Eurasia plate, the region
experienced significant building damage during a
magnitude Mw 6 earthquake in 2015 due to local faults.
Field assessments of 215 buildings collected data on
characteristics such as number of stories, construction year,
occupancy, soil type, geological hazards, pounding,
structural irregularities, and exterior falling hazards.
Damage levels were categorized by structural type,
including concrete moment-resisting frames (C1), concrete
frames with unreinforced masonry infills (C3), and light
wood frames (W1). The results indicate that in Ranau, 4%,
20%, 9%, and 68% of buildings were categorized as
Levels 1, 2, 3, and 4 damage categories, respectively. In
Lahad Datu, 62% and 38% were classified as Levels 3

and 4. Vertical irregularities, such as short columns in
Ranau and split-level configurations in Lahad Datu, along
with horizontal irregularities such as reentrant corners and
misaligned  beam-column  connections, contributed
significantly to structural vulnerability. These findings
highlight the critical influence of architectural design on
the reduction of seismic risk in moderate seismic regions
and the need to improve design strategies for earthquake
resilience.

Keywords Earthquake, Vulnerability, Irregularity
Building, Sabah, Moderate

1. Introduction

An earthquake occurs when energy is suddenly released
in the form of seismic waves, causing the Earth’s tectonic
plates to shake. Even low- or moderate-magnitude
earthquakes, such as those that have occurred in Malaysia,
Singapore, Thailand, Vietnam, Laos, Cambodia, and
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Brunei [1], can significantly affect people and their
surroundings. In recent years, many damaging earthquakes
have been moderate in magnitudes (Mw 4 to 6) and shallow
in depth (less than 70 km) [2, 3]. As an example, the 2022
Cianjur earthquake in Indonesia, with a magnitude of Mw
5.6 and a depth of 11 km, caused significant damage to the
building. Similarly, the Mw 6.8 earthquake in Marrakech,
Morocco, at a depth of 20 km, resulted in extensive
structural damage and in other cases such as the Mw 7.8
earthquake in Turkey-Syria in 2023, with a depth of 18 km.
These events highlight the vulnerability of non-seismically
designed buildings, as discussed and observed by Ozbulut
[4], Dal Zilio and Ampuero [5] and Ninis and Hoult [6].
Dal Zilio and Ampuero [5] advocate for a rapid
reevaluation of earthquake risk, emphasizing the
importance of building vulnerability assessments and
updated seismic codes. These concerns have also drawn
attention to Malaysia’s seismic design standards,
prompting engineers to reevaluate design approaches.
Sabah, Malaysia, has experienced four significant
earthquakes, with magnitudes greater than Mw 6, recorded
in Kudat (1951), Lahad Datu (1923 and 1976), and Ranau
(2015) (USGS [7]; CMT [8]; MET Malaysia [9]).
Historically considered as a stable region, Sabah lies at the
triple junction of the Philippine, Indian-Australian, and
Eurasian Plates [10-12]. Its tectonic setting is complex,
involving a south-east subduction in the northwest Borneo
and extension in the Celebes Sea and Makassar Strait, with
evidence of various fault lines [13—16]. The seismic design
requirements for Sabah are outlined in MSEN1998-1:2015
[17], which specifies the need for seismic considerations
in approximately 30% of the state, based on the distribution
of peak ground acceleration (PGA). According to Eurocode
8 [18] and the Uniform Building Code [19], the design
requirements are classified into seismic zones (0, 1, 2A,
and 2B). Zone 0 (PGA 0.01g-0.04g) does not require a
seismic design, while Zone 1 (PGA 0.04g-0.08g) requires
a low-ductility class (DCL) design. Zones 2A and 2B,
where Ranau and Lahad Datu are located, have PGA values
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exceeding 0.08g and require a seismic design of medium
ductility class (DCM). The summary of the distribution of
the PGA and the location of the study area are illustrated in
Figure 1. According to Eurocode 8 [18] and the Uniform
Building Code, UBC [19], the design requirements based
on the PGA values will be interpreted based on the zoning
area, specifically Zones 0, 1, 2A and 2B, and are to be
considered as seismic design limits. Zone 0 is the reference
PGA region between 0.01 g and 0.04g, where no seismic
design is necessary. Zone 1 PGA requires low-ductility class
seismic design (DCL) and has a range of 0.04g and 0.08g. If
the value of PGA is greater than 8% g, the zone will be
classified as Zone 2A or 2B and both study areas (Ranau and
Lahad Datu) are within this zone, which requires seismic
design with ductility class medium (DCM).

In Turkey-Syria earthquakes (magnitude Mw 7.8),
emphasizing the collapse of buildings lacking seismic
retrofitting, similar to the Sabah study, structural
irregularities and insufficient reinforcement significantly
contributed to failures. However, current findings focus on
moderate magnitude earthquakes with localized impacts,
while Dal Zilio and Ampuero [5] documented widespread
devastation from high-magnitude events. Both studies
advocate for the importance of stringent seismic codes and
improved building design standards to mitigate
vulnerabilities. Similarly, Ninis and Hoult [6] investigated
the Marrakech earthquake (magnitude Mw 6.8), which
highlighted the collapse of older masonry structures.
However, the study underscores the need for modern
construction techniques and the retrofitting of older
structures to withstand seismic forces. In summary, irregular
building configurations, such as short columns, sloping sites,
soft stories, and non-parallel systems affect the stiffness
and overall performance of buildings during earthquakes.
From 2004 to 2024, as shown in Figure 2, extensive
research has been conducted on the effects of short columns
on building performance. These findings align with current
observations in the Ranau and Lahad Datu building
configurations.
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MAP OF MALAYSIA

Figure 1. Seismic hazard zones for Sabah, Malaysia, with the study areas (Ranau and Lahad Datu) highlighted in black line on the map (Adapted
from MS EN 1998-1:2015 [17], Eurocode 8 [18], and the Uniform Building Code [19])
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Figure 2. Compilation of research on building irregularities and their effect on the structural performance, as collected from ScienceDirect [20]
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2. Case of Structure Damage by
Moderate Earthquake

There have been five major earthquakes, three of which
resulted in considerable damage to buildings in Lahad Datu
and Ranau. Lahad Datu experienced major seismic events
in 1923 and 1976, while Ranau was struck by significant
earthquakes in 1966, 1991, and 2015. The 1923 tremor in
Lahad Datu reached a magnitude of Mw 5.8, whereas the
1976 quake, registering Mw 6.3, led to property damage in
the area. The ground-level walls of several low-rise
buildings sustained significant structural damage, while
visible cracking was also reported in surrounding office and
residential buildings. The 1991 earthquake in Ranau, which
registered a magnitude of Mw 5.4, caused serious damage
to properties close to the epicenter and tragically claimed
one life. A four-story building was badly affected, with
collapsed brick walls and visible cracks appearing in several
surrounding structures. Years later, in 2015, a stronger
quake struck Ranau with a magnitude of Mw 6.0. This
event had a far greater impact, leading to multiple fatalities.
The epicenter was located just 14 kilometers from the town,
and around 23 schools were reported to have been affected.
Table 1 captures key earthquakes and the extent of damage
they inflicted on buildings. Interestingly, a seven-story
building located in the epicenter appeared to have no
damage from the moderate earthquake, likely due to the
near-field earthquake effect. This phenomenon is known
as slow attenuation with long-period ground motion
[21,22]. Low-rise buildings were the majority affected by
this near-field earthquake.

Investigation in low-to-mid-rise buildings reveals that
column damage was primarily prevalent during the Ranau
2015 earthquake. Insufficient steel reinforcement in the
critical region between the column and beam connection
contributed to this damage [24]. The study also indicated
that most of the damage occurred in beams located on the
ground floor, especially those without masonry walls. A
qualitative analysis by Kay Dora et al. [25] confirmed that
severe damage occurred in nearly all columns on the first
floor. For low-storey buildings, most are located near
sloped areas. Khoiry et al. [26] found that 66.7% damage
was observed on the walls of low-rise houses, followed by
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22.6% in the column. The investigation, based on a survey
of 221 residents living near earthquake-affected areas,
collected public experiences during the -earthquake.
Irregularities in the design of the buildings were also
identified as a key factor contributing to the damage, as
noted by Alih and Vafaei [27]. Throughout their
investigation and observation, most buildings were found
not to comply with seismic design standards. Buildings in
Sabah are currently designed to withstand wind and gravity
loads, particularly those constructed in the 1970s to the
early 2000s. As such, existing building vulnerability
assessments are basic necessity for understanding the risks
associated with non-seismically designed buildings. Table
2 summarizes the expected levels of damage to reinforced
concrete buildings based on the European Macroseismic
Scale 1998 (EMS-98) and the Federal Emergency
Management Agency, Rapid Visual Screening (FEMA-
RVS) classification from the FEMA P-154 [28] handbook.
The EMS-98 scale continues to be used in studies by Silva
et al. [29], Del Mese et al. [30] and Vannucci et al. [31].
In parallel to FEMA-RVS, the vulnerability of a building
can be assessed based on architectural design, as
demonstrated in studies by Khan et al. [32], Aung and Aye
[33], Charles and Theodore [34], and Saler et al. [35]. After
the 2015 earthquake, numerous studies focused on
buildings in the Ranau region. In Mohamad et al. [36],
most of the buildings near sloping sites were found to be
particularly vulnerable, a finding quoted by Khoiry et al.
[26]. Only 9% of the buildings were classified as severely
damaged (Levels 3 and 4). The study also found that a
masonry wall accounted for 68% of the damage. Structural
damage was observed throughout the buildings, including
the roof, columns, and floors. Roslee et al. [37] reported
that 30% of the population was at risk of severe damage,
while 60% were at risk of moderate damage, based on the
physical vulnerability survey conducted in Ranau. Mansor
et al. [38] examined 32 buildings in Ranau and Lahad Datu,
finding that 79% of the buildings sustained damage at
Levels 3 or 4, while only 30% were classified as Levels 1
or 2. Majid et al. [24] on the other hand, noted that the lack
of reinforcement in the beam-column joints was a primary
factor in structural damage, with 100% of buildings
affected at Levels 3 and 4.

Table 1. Major known earthquakes and damage reported in Ranau and Lahad Datu (modified from Tongkul [23])
Event date Recorded damage Magnitude Epicenter
1966 May 19 Violent shaking, no damage reported 53
1991 May 26 Walls collapsed, cracks in several buildings, columns damaged 54 Ranau
2015 June 05 Damage to walls, beams, and columns 6.0
1923 August 11 Violent shaking, no damage reported 6.3
Lahad Datu
1976 July 26 Damage to walls, beams, and columns 5.8
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Table 2. Expected damage levels in reinforced concrete building
according to EMS-98, with damage levels and scores calculated from
FEMA-RVS

FEMA-RVS FEMARVS | Epis-0g damage classification
Score Damage
$<03 Level 5 Very heavy structural damage
03<S<07 Level 4 Heavy structural damage, very
heavy non-structural damage
0.7<5<2.0 Level 3 Moderate structural damage,
heavy non-structural damage
20<5<3.0 Level 2 Slight structural damage,
moderate non-structural damage
§>3.0 Level 1 No structural damage, slight
non-structural damage

In the Ranau 2015 earthquake, structural damage was
clearly observed in columns, beams, beam-column joints,
and cracking of concrete. Figure 3 shows a low-rise
building with several collapsed columns, indicating Level
4 damage. Damage was also observed in mid-rise buildings,
which experienced Level 3 damage, primarily in beam-
column joints (Figure 4), along with the break in the
concrete cover in low-rise buildings, as shown in Figure 5.
The splitting between the beams and the columns
connections is an example of structural damage, as
investigated by Ichinose and Nishimura [39] in the
aftereffects of earthquakes. According to the damage
description by Masaki et al. [40] and with reference to the
damage observations by Majid et al. [24], Sabah buildings
can be classified as damage of Level 3 and Level 4.
Identifying risk factors for structural failure is a key aspect
of forensic structural engineering. As part of a preliminary
investigation, these buildings were compared to those
affected by post-earthquake damage in Japan. The
comparison can be summarized as concrete cracks of 1 to 2
mm in width and fractures of 1 to 2 mm for Level 3 damage.
In addition, damage at Level 4 involves several deep
fractures, some of which may exceed 2 mm in width, with
the reinforcement bars exposed due to the cracking of the
concrete cover.

Figure 3. Low-rise building indicating heavy structural damage (Level
4) with collapse of several columns
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Figure 4. Mid-rise building showing moderate structural damage (Level
3) with cracks in columns and beam-column joints

Figure 5. Mid-rise building demonstrating moderate structural damage
(Level 3) with spalling of the concrete cover

3. Methodology

As part of Sabah’s ongoing development since the 1960s,
a large stock of buildings has been constructed, many of
which predate modern seismic design codes. As
development accelerates, preventive measures become
essential to ensure that buildings are resilient to seismic
hazards. The frequency of earthquakes is increasing and
there is a need for an assessment of the impact of
earthquakes on existing buildings. Figure 6 summarizes
the three primary goals of the research flow for this study:
determining the seismicity criteria, which include the
earthquake catalog and recorded values for peak ground
acceleration (PGA); conducting a field investigation to
collect all information about the building configuration;
and calculating the damage score and damage categories.
In the investigation of FEMA-RVS field work, five types
of seismicity forms are available, classified as Low,
Moderate, Moderately High, High, and Very High. After
determining the seismicity level of the region to be screened,
the Moderate Seismicity form was chosen for Ranau and
Lahad Datu. In the field study, 215 buildings were
identified with heights ranging from low-rise to mid-rise.
Another key factor commonly discussed in relation to
vulnerability is the shape of the building, specifically
vertical and horizontal irregularities. Studies by Teddy et
al. [41] and Jia et al. [42] extensively address the influence
of building irregularities. Once information was collected
about all the buildings, the damage score was calculated
based on the characteristics of the buildings, following the
FEMA-RVS methodology. A score of less than 3.0
indicates that the damage ranges from slight to very heavy
structural damage, while a score greater than 3.0 suggests
that there is no structural damage. Then, this damage level
will be described based on the EMS-98 reference.
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Figure 6. Flowchart of the research methodology

Bektas et al. [43] provided a comprehensive overview
of the available methods for assessing seismic
vulnerability developed between 1977 and 2019, covering
contributions from countries such as the United States, the
European Union, Japan, New Zealand, Greece, Canada, Italy,
India and Turkey. Shaheryar et al. [44] utilized the FEMA P-
154 [28] methodology and conducted a comparative
analysis involving other approaches, including the Initial
Evaluation Procedure (IEP) of the National Research
Council of Canada [45] for New Zealand [46] and Japan
Building Disaster Prevention Association (JBDPA) [47]
from the Japan guidelines. Both studies, Bektas et al. [43]
and Shaheryar et al. [44] demonstrated the application of
FEMA P-154 [28] for the large-scale seismic vulnerability
assessment of reinforced concrete (RC) building portfolios.
Following the initial screening, further in-depth
evaluations are recommended for the most vulnerable
building categories identified.

During the site investigation, it was observed that some
buildings comprised mixed-material structural systems,

which limited the applicability of the FEMA-RVS
methodology. The assessment was restricted to general
building characteristics such as height, age, primary
material, and structural symmetry, without incorporating
detailed structural analysis. In addition, the results were
highly dependent on the judgment and experience of the
assessor, leading to potential inconsistencies. As the
FEMA-RVS method is based solely on visual inspection
and basic structural information, it does not account for
hidden or internal defects such as inadequate detailing,
material corrosion, and foundation-related problems.

4. Results

Building information in vulnerability assessment refers
to the building descriptions including several pieces of
critical data. This information was obtained using the
FEMA P-154 [28] Data Collection Form. General
information required includes photographs, sketches,
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addresses, building names, usage, building locations
(latitude and longitude), Peak Ground Acceleration (PGA)
and the date of assessment. This data is collected for each
building for future reference. The study identified a total
of 44 buildings located in Ranau and 171 buildings in
Lahad Datu. The buildings considered in this study range
from low-rise to mid-rise structures. In addition to general
information, several vulnerability factors must be
considered, such as number of stories, year built
(estimated), occupancy, soil type, geological hazard,
adjacency (pounding or falling hazard from taller buildings),
irregularities (horizontal or vertical) and exterior falling
hazards. There are several types of occupancy listed in
FEMA P-154 [28]. In this study, the building occupancies
are categorized into six types, including Commercial,
School, Residential, Office, Assembly, and Emergency
Services. In Ranau, most of the buildings investigated are
residential type while in Lahad Datu, the majority are
commercial and residential (82 and 73 total buildings,
respectively). In Figure 7, the totals for each occupancy are

Occupancy (Total buildings)
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summarized.

Geological hazards were not considered, as assessing
these hazards required extensive investigation of the
surrounding areas. However, several buildings have been
found to have experienced earthquake damage in the past
and were included in the current investigation. The
pounding effects were observed in 19 buildings, where the
buildings were constructed near each other and the floors
of adjacent buildings did not align vertically. The buildings
in the study are categorized based on their horizontal and
vertical irregularities. Horizontal irregularities include
torsion, non-parallel systems, reentrant corners, diaphragm
openings, and beam-column misalignment. Vertical
irregularities include factors such as sloping site, unbraced
walls (for wooden structures), soft stories, out-of-plane
setbacks, in-plane setbacks, short columns, and split levels.
Figures 8 and 9 present the distribution of the irregularities
in the building in horizontal and vertical, respectively.
Further detailed descriptions of each irregularity are
explained in Tables 3 and 4.

Commercial

1

Emergency Services

Assembly

= R anau

00 l
80
60
40
20

0
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N

2z

Residential

Office
Lahad Datu

Figure 7. Distribution number of buildings in each occupancy in Ranau and Lahad Datu
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Table 3. Description of horizontal irregular buildings in Ranau and Lahad Datu

Type of Irregularity | Ranau

Lahad Datu

Torsion

Good lateral resistance in one direction but not the other

Good lateral resistance in one direction but not the
other

Non-Parallel Systems | Few buildings deviate from 90°

Few buildings deviate from 90°

Reentrant Corner Most buildings are L-shaped or U-shaped

Fewer buildings are L-shaped or U-shaped

Diaphragm Openings

Openings wider than 50% of the diaphragm

Openings wider than 50% of the diaphragm

Beam and column

unaligned perimeters extend outward

Exterior beams are misaligned with columns; column

Exterior beams are misaligned with columns;
column perimeters extend outward

Table 4. Description of vertical irregular buildings in Ranau and Lahad Datu

Type of Irregularity | Ranau

Lahad Datu

Sloping Site

More than one story slope from one side of the building

No building that was found to be on the sloping area

Soft Story than others

One story has fewer walls and columns; one story is taller | One story has fewer walls and columns; one story is

taller than others

Out-of-Plane Setback
at ground level

Vertical elements at the upper level are outboard of those | Stacked elements consisting of columns and beams on

the top floor

In-plane Setback ;1\t rise buildings

Buildings use lift elevators as bracing system, typically | Buildings use lift elevators as bracing system,

typically in mid-rise buildings

hor lumn infi
Short Colu the same level due to infilled walls

Some columns are much shorter than typical columns at | Some columns are much shorter than typical

columns at the same level due to infilled walls

Split Levels Roof levels have steps of uneven heights

Roof levels have steps of uneven heights

Column

Beam

Figure 10. Example of a building where the beam does not align with the column (perimeter columns are outboard of the perimeter beam)

In horizontal irregularities, the three most contributing
characteristics in Ranau are torsion, reentrant corners, and
misalignment of the beam-column (Figure 10), with less
than 30% categorized as non-parallel systems (Figure 11)
and diaphragm openings. In contrast, most Lahad Datu
buildings exhibit diaphragm openings, and less than 20%
show other types of horizontal irregularities. In terms of
vertical irregularities, buildings in Ranau are identified as
having short columns, in-plane setbacks, and sloping site
(Figure 12 shows an example of a building located on a

sloping sites with short columns); conversely, split levels
and short columns are the most common characteristics in
Lahad Datu. Soft stories (Figure 13 shows an example of a
building with a soft story), out-of-plane setbacks, and split
levels are also found in about half of the total buildings.
Fewer buildings are categorized as having soft stories or
out-of-plane setbacks, with less than 40% of Lahad Datu
buildings having these features. It was also found that 7%
of Lahad Datu buildings have in-plane setbacks.

In contrast to regular buildings, structures with irregular
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forms have demonstrated weaker performance during
seismic events [48]. A regular building is an idealized
concept, however most actual buildings exhibit
discrepancies in their horizontal and vertical axes [49]. In
particular, the vulnerability factors observed in most
buildings were closely related to their function and
architectural design. Most of Sabah’s buildings have
unreinforced masonry fill walls, which is recognized as a
significant issue that influences the seismic response of
buildings [50]. In addition, soft-story buildings were a
popular construction type during the 1960s and 1970s,
commonly used for car parks. These buildings, combined
with the prevalent design and construction practices of their
era, are inherently vulnerable to seismic activity [51]. In
earthquakes, reentrant corners in structures pose major
vulnerabilities, causing stress concentration and torsion
risks [52]. In the modern era, the lack of building space has
led architects to design asymmetrical buildings. This can
push the buildings to perform at their maximum during
earthquakes, and these irregularities create challenges for a
structural engineer in designing buildings that can resist
these complex lateral forces with a focus on preserving
structural safety and minimizing risk to occupants [53].
Diaphragm openings are commonly incorporated to
accommodate features such as staircases, escalators, or
elevators. These diaphragm openings can cause stress on
discontinuous joints in building elements [54]. Such
horizontal irregularities as large reentrant corners and floor
openings may undermine the structural integrity of floor
systems when subjected to lateral forces [55]. Conventional
buildings often exhibit inconsistencies in structural
elements, including cross-sectional changes in beams and
mismatches between the upper and lower column segments.
The short column effect leads to shear failure in reinforced
concrete columns often found in buildings due to structural
challenges like significant axial loading, discontinuous
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floor systems, or walls that do not provide full support [56].

The analysis on damage calculation depends on the types
of structures. There are 15 building classes identified and
described in FEMA-154 (2015), including Light Wood
Frame (W1), Wood Frames, Commercial and Industrial
(W2), Steel Moment Frames (S1), Steel Braced Frames
(S2), Steel Light Frames (S3), Steel Frames with Concrete
Shear Walls (S4), Steel Frame with Infill Masonry Shear
Walls (S5), Concrete Moment Frames (C1), Concrete
Shear Wall Buildings (C2), Concrete Frame with Infill
Masonry Shear Walls (C3), Precast/Tilt-up Concrete Shear
Wall Buildings (PC1), Precast Concrete Frames (PC2),
Reinforced Masonry Bearing Wall Buildings with Flexible
Diaphragms (RM1), Reinforced Masonry Bearing Wall
Buildings with Stiff Diaphragms (RM2), and Unreinforced
Masonry Bearing Wall Buildings (URM). In Ranau, 12
buildings categorized as W1 were collected due to their
location on sloping site. These types of buildings are
common in the area as they have performed well in past
earthquakes because of their lightweight and low-rise
characteristics, which are inherent to their structural system.
Most buildings in the study fall under the concrete and
wooded categories of C1, C3 and W1, with C1 being the
most prevalent, comprising more than 50% of the total
buildings. This is followed by C3 with 24 buildings and
W1 with 10 buildings. Among the building types identified
there are very limited found for other types viz. W2, S2, S3,
S5, PC1, RM1, RM2 and URM. It is challenging to
differentiate the reinforced concrete building types C1 and
C3. C1 building type typically consists of exposed concrete
frames reinforced to withstand both lateral and vertical
loads. In contrast, buildings with full wall coverage or a
significant masonry wall presence are classified as C3 type.
Conversely, C1 buildings are identified when only minimal
infills exist between column and beam.

RN
N

Real building

Plan view

Figure 11. Example of a non-parallel system building that does not form a 90°
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Main
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Column Slope

Figure 12. Example of a building constructed on a sloping site with short columns

Figure 13. Example of a soft story building where the column width appears shorter compared to the depth of the beam

Although existing reinforced concrete buildings are not
designed to withstand seismic loads, their existence may
result in structural failures, such as the short-column
phenomenon, soft-story effect, and torsion [57]. In Lahad
Datu, most structures are classified under the C1 category.
According to Chandiwala et al. [58], C1 buildings are

characterized by horizontal and vertical concrete beams and
columns. The presence or absence of ductile detailing is the
most critical factor determining the seismic performance of
concrete moment-resisting frame. Ductile detailing in
beams and columns ensures that the steel reinforcement in
the concrete members performs well, particularly in
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bending resistance. Tsonos et al. [59] demonstrated that
non-ductile concrete members disintegrate rapidly under
high-amplitude cyclic loads due to lack of confinement,
leading to brittle failure and potential building collapses.
Therefore, it is necessary to determine suitable retrofitting
methods for reinforced concrete buildings to ensure their
frames meet ductility requirements. Adding shear walls or
braced frames can be an efficient and cost-effective
solution to protect buildings from seismic forces. Figures 14
and 15 illustrate examples of C1 and C3 buildings in the
study areas, respectively.

Figure 14. Reinforced concrete building in the study area with a
concrete moment-resisting frame (C1) category type

Figure 15. Reinforced concrete building in the study area with a
concrete frame buildings and unreinforced masonry infill walls (C3)
category type

5. Discussion

The level of damage to a building can be predicted once
the building information is completed and the building
types are identified. The Basic Score (BS) depends on the
building type, as the value varies among different building

Seismic Vulnerability Assessment of Non-Seismically Designed Buildings in Moderate Earthquake Zone

types. In the calculation, the final score is determined based
on the values for several categories, known as the Score
Modifier (SM). The categories include Severe and
Moderate Vertical Irregularity (Vi1), Plan Irregularity (Py1),
Pre-Code, Post-Benchmark, soil type and the Minimum
Score (Suv). The soil type refers to the characteristics of
the soil and its ability to amplify or attenuate seismic waves
during an earthquake. The information is gathered based on
the Geological Map of Sabah produced by Mohd Zainudin
et al. [60] and the National Earthquake Hazards Reduction
Program (NEHRP) site classification. The Smn is used to
prevent the total score from overestimating the Score
Modifier. The Final Score (Sr;) represents the expected
extent of damage based on these categories. Additionally,
the European Macroseismic Scale (EMS-98) is adopted to
observe the damage description and level corresponding to
this Final Score (Si1). The calculation of the final score is
determined using Equation (1). Figure 16 illustrates the
relationship between BS and SM and Si;.

Final Score (Sp1) = Basic Score (BS)
+ Score Modifier (SM) > Suin (1)

Figure 17 shows the Final Score (S.1) for the buildings
evaluated in the current study compared to other Malaysian
sites, Kota Kinabalu [61] and Penang [62] where the same
methodology was applied in both studies. The results
indicate that there are zero buildings categorized as damage
Level 5 in the current study, unlike in Kota Kinabalu and
Penang, where 3% and 37.2% of buildings, respectively,
were classified at Level 5. This difference could be
attributed to the fact that these two sites are in the more
developed areas. Most buildings in Ranau and Lahad Datu
were categorized with damage Levels 3 and 4, accounting
for 68% and 62%, respectively. Level 3 includes moderate
structural issues, such as cracks in columns and beam-
column joints at the base and at the joints of coupled walls,
cracks in concrete cover, and buckling of reinforced rods.
Large cracks in partition and infill walls, as well as failure of
individual infill panels are also common. Level 4 damage
corresponds to severe structural deterioration, characterized
by large cracks in structural elements, concrete
compression failure, rebar fractures, bond failure of beam
reinforcement, and column tilting. In some cases, it may
also involve the collapse of one or more columns or an
upper floor.
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BASIC SCORE, MODIFIERS, AND FINAL LEVEL 1 SCbRE, Si1
FEMA BUILDING TYPE DoNot | Wi | WIA | W2 | S1 | S2 | S5 | o4 | S5 ] ¢ | C2\ C3 | PG| PCZ | RMT | RMZ | URM | WH |
Know (MRF) | (BR) (LM) (RC | (URM | (MRF) | (SW) \ (URM (FD) (RD)
SW) INF) INF)

Basic Score 51 | 45 [ 38 | 27 [ 26 | 35 | 25 [ 27 | 24 [ 25 [Q20) /1 | 19 [ 24 [ 21 | 17 [ 29

evere vertical Irregulanty, Vit -1.4 -1.4 -1.4 -1.Z -1.2 -1.4 =11 -1.2 =11 =1.2 -1.0 =1.1 -1.0 =1.1 =1.1 -1.0 NA
Moderate Vertical Irregularity, Vi1 09 | 09 | 09 | 08 | 07 | -09 07 | 07 0.7 0.7 @ 07 0.6 0.7 0.7 0.6 NA
Plan Irregularity, Pr1 A4 | 43 | 42 | 10 | 09 | 42 | 09 | 09 | 08 | 10 | @By| 09 | 08 | 08 | -08 | 07 | NA
Pre-Code 03 | 05| -06 |03 |-02|02|-03]|03|-03]|041]3D 02 | 02 | 02| 02 | 01| -05
Post-Benchmark 14 | 20 | 25 | 15 | 15 | 08 | 21 | NA | 20 | 23 | NA | 21 | 25 | 23 | 23 | NA | 12
Soil Type Aor B 07 | 12 | 18 | 11 | 14 | 06 | 15 | 16 | 11 | 15 | 13 | 16 | 13 | 14 | 14 | 13 | 16
Soil Type E (1-3 stories) 12 | 13 | 14 | 09 | 09 | 10 | 09 | 09 | 07 | 10 | 07 | 08 | 07 | -08 | 08 | 06 | -09
Soil Type E (> 3 stories) 18 | 16 | 13 | 09 | -09 | NA | -09 | 1.0 | 08 | 1.0 | 08 | NA | 07 | -07 | 08 | -06 | NA
Minimum Score, Sy 16 | 12 ] 09 [ 06 [ 06 [ 08 [ 06 [ 06 03 ] 03[ 0303 02]03]03]02]15

FINAL LEVEL 1 SCORE, St1> S | su |
Figure 16. Illustration of Basic Score (BS) values for different building types (highlighted in red box), Score Modifier (SM) parameters and Final

Score (S1) calculation based on the Data Collection Form provided in FEMA P-154 [28]

Percentage Building Damage in Moderate Region
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Figure 17. Percentage of damage level of Ranau and Lahad Datu compared to different moderate earthquake region

The findings of past risk assessments for Ranau and
Lahad Datu provide valuable insights into the state of
buildings in these areas, as illustrated in Figure 18.
Mohamad et al. [36] analyzed low-rise buildings and found
that 87% were Level 1, 9% were Level 3 buildings, and
4% were Level 2. Similarly, Khoiry et al. [26] studied low-
rise buildings and reported that 90% were classed as Level
3, with Levels 2 and 1 each contributing 8%. Roslee et al.
[37] focused on low-to-mid-rise buildings and observed
that 60% were Level 3, 30% were Level 4, and Levels 2 and
1 accounted for 8% and 2%, respectively. Meanwhile,
Mansor et al. [38] investigated low-to-mid-rise buildings,
finding that 69% of the buildings were categorized as Level
4 or 3, while 31% were Level 2 or 1. In comparison to these
prior studies, the current survey found that 41% of the
structures were classified as Level 4, while 50% fell into
Level 3. Levels 2 and 1 represented 8% and 4% of the total,

respectively, suggesting a slightly higher level of
vulnerability compared to earlier findings. However, the
current study’s results align with those reported by Roslee
et al. [37], who also identified a high percentage of Level 3
structures. This consistency suggests that the susceptibility
of buildings in these areas has remained relatively stable
over time. The significant proportion of Level 3 structures,
as highlighted by Khoiry et al. [26], emphasizes the need
for mitigation measures, as this level is associated with a
high risk of damage. Overall, the findings from these
studies indicate that Levels 3 and 4 buildings dominate the
research locations, emphasizing the urgency for proactive
measures to mitigate possible hazards. These findings have
significant  substantial  implications for  disaster
management and urban planning, highlighting the necessity
of strengthening existing structures to ensure the safety of
residents in the event of future calamities.
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B Grade 4 0.00 0.30 0.02 0.69 1.00 0.44
O Grade 3 0.09 0.60 0.90 0.69 1.00 0.52
O Grade 2 0.04 0.08 0.08 0.31 0.00 0.04
B Grade 1 0.87 0.02 0.08 0.31 0.00 0.01
Figure 18. Percentage of Ranau and Lahad Datu’s damage level compared to previous research
Among all the buildings investigated, 10 have earthquake damage analysis.

experienced damage due to a Mw 6.0 magnitude
earthquake (primarily in Ranau). Of these, 9 buildings were
categorized as having Level 4 damage, while 1 was
classified as having Level 3 damage upon investigation.
These 9 buildings share similar characteristics, including
short columns and in-plane setbacks. Upon further
investigation, 7 of these buildings were located on sloping
sites, except for one undamaged building which may be due
to the effects of near-field ground motion. Irregular
structures, categorized by physical discontinuities in height
or plan, or both, significantly affect the building’s response
to lateral loads. Buildings with unusual shapes or sizes for
functional, architectural, or economic reasons are
particularly  susceptible during earthquakes.  Their
performance is influenced by their configuration, including
permissible horizontal and vertical irregularities. These
irregularities, such as short columns, in-plane setbacks, and
sloping site locations, are often primary causes of failure.
Existing buildings with these vulnerabilities may require
redesigning or retrofitting. In Ranau, 68% of buildings
experienced Level 4 damage consistent with findings by
Majid et al. [24], who reported 100% damage, and Mansor
et al. [38], who reported 69%. Majid et al. [24]’s results
were based on observations shortly after the earthquake,
while Mansur et al. [38]’s findings were derived from post-

In Lahad Datu, most buildings exhibited split-level
characteristics, where the top floor or roof level is not even
and separated. Khonsari et al. [63] conducted a modal
analysis and revealed that upper-level columns bear a
significant portion of the base shear at the foundation,
while lower-level columns contribute minimally. This
uneven force distribution increases the vulnerability of
split-level structures in moderate seismic areas. Soft stories,
often located on ground floors housing stores or parking
garages, are particularly susceptible to reduced resistance
stiffness or inadequate ductility [64]. Columns, as key
vertical components, play a critical role in structural
stability and resistance to lateral forces, whereas beams are
generally less affected. Seismic pounding, where adjacent
structures lack sufficient separation distance, results in
repetitive and severe collisions during earthquakes [65].
Field investigation identified 19 buildings with potential
seismic pounding effects (examples shown in Figure 19).
Previous earthquake events have also revealed similar
damage. Mitigating pounding effects in existing buildings
involved improving structural behavior through seismic
energy dissipation techniques, such as dampers, as studied
by Elwardany et al. [66], Kamel [67], and Zhang and Zhang
[68].
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Figure 19. Seismic pounding showing two buildings with insufficient gap distances in of the surveyed buildings

To assess data unbiasedness, several building samples
were analyzed to evaluate parametric sensitivity. In the
first part of the FEMA form, the parameters depend on the
irregularity factor, whether vertical irregularity (Vi1) is
categorized as moderate or severe, and the availability of
plan irregularity (Pr1). Since soil type could be a major
factor affecting the final score, the samples were also tested
for different soil types: A/B, C/D, and E. Based on Table 5,
when buildings have both Vi1 and Py1, those on soil types
C/D and E fall below the minimum threshold. However,
when the building has only V4, it was found that soil type
E falls below the minimum, and the same applies when
only Pys is present. When buildings have neither V1 nor
Py1 characteristics, all buildings on all soil types exceed the
minimum value. In conclusion, soil type influences the
scoring calculation, as does the presence of Vi1 and Pyi.
The method assumes that the structural elements being
inspected comply with certain conditions such as adequate
reinforcement detailed typical construction practices, which
may not always hold in real-world situations. Although the
method is relatively simple and does not require complex
computational resources, its precision may be limited when
applied to more complex building configurations or larger
datasets, as the visual inspection approach relies on the
experience and judgment of the inspector. Although the
method is well-suited for rapid, small-scale assessments, its
effectiveness may diminish in large-scale assessments
where more precise and automated techniques, especially
using machine learning-based analysis or detailed
structural modelling, are required. However, the proposed

method offers a rapid and resource-efficient approach to
assessing building seismic vulnerability, which makes it
suitable for preliminary evaluations, large-scale screenings,
and use in resource-limited settings. Unlike complex
methods such as machine learning or detailed structural
modeling, which require extensive data, expertise, and
interpretation, this method provides immediate insights
without heavy computational demands. It is especially
practical for on-site assessments where quick decisions are
needed and detailed structural information is not available.

Table 5. Final scores from the sensitivity analysis of various building
configurations, considering storey height, vertical irregularity (¥;;), and
plan irregularity (Py,), evaluated across different soil types (A/B, C/D,
and E). Values shown in red indicate scores below the minimum threshold

Storey Height Vi PLs A/B C/ID E
5 Yes Yes 1.0 —0.1 -0.9
4 Yes Yes 1.0 -0.1 -0.9
3 Yes Yes 1.0 -0.1 -0.8
5 Yes No 1.8 0.7 -0.1
4 Yes No 1.8 0.7 0.1
3 Yes No 1.8 0.7 0.0
5 No Yes 2.1 1.0 0.2
4 No Yes 2.1 1.0 0.2
3 No Yes 2.1 1.0 0.3
5 No No 2.9 1.8 1.0
4 No No 29 1.8 1.0
3 No No 2.9 1.8 11
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6. Conclusions

Sabah has experienced four significant earthquakes in
the past, influenced by both local seismic activity and
neighboring tectonic regions such as Sulawesi and the
Philippines. This study conducted a preliminary
investigation on existing buildings affected by moderate
earthquakes, using FEMA P-154 Rapid Visual Screening
(RVS) methodology and EMS-98 damage descriptions. Key
findings include the following:

*  Building types: A total of 44 buildings in Ranau and
171 buildings in Lahad Datu were assessed. These
were categorized into three types comprising of C1
(concrete moment-resisting frame buildings), C3
(concrete frame buildings with unreinforced masonry
infill walls) and W1 (Light Wood Frame). The
distribution of these building types was 120, 85 and
10, respectively.

*  Damage level: Most buildings in Ranau and Lahad
Datu experienced Levels 4 and 3 damage, respectively.
In Ranau, the damage levels were distributed as Level
1 (2%), Level 2 (20%), Level 3 (9%), and Level 4
(68%) damage. In Lahad Datu, the buildings were
categorized into Level 3 (62%) and Level 4 (38%)

damage.
e Structural irregularities: In Ranau, the primary
vulnerabilities identified were short columns,

followed by sloping sites, soft story and out-of-plane
setbacks. Horizontal irregularities included reentrant
corner, torsion and misalignment of beams and
columns. In Lahad Datu, split level configurations
were the most common irregularities, followed by
short columns, reentrant corner, and beam-column
misalignment.

These findings underscore the urgent need for
retrofitting, updated seismic design standards, and public
awareness to mitigate earthquake risks in the region.
Forensic investigations are recommended to evaluate the
structural fatigue of existing buildings, many of which have
been neglected due to rapid urban development and
advancements in construction technologies. With an
average of 40 years between major earthquakes, Sabah’s
limited experience in seismic preparedness highlights the
need for early precautionary measures. Earthquake
resilience education and mitigation efforts can improve
public awareness and preparedness. This study advocates
integrating  forensic investigations with  ongoing
vulnerability assessments to address design deficiencies in
existing buildings. Furthermore, future work should
address this expansion of the data set from different regions
or structural types to improve the generalizability of the
result and evaluate the applicability of the methodology
across diverse scenarios.

Acknowledgements

The author would like to acknowledge the Ministry

Seismic Vulnerability Assessment of Non-Seismically Designed Buildings in Moderate Earthquake Zone

of higher education for funding the project through
the Fundamental Research Grant Scheme (FRGS),
FRGS/1/2020/TKO/UMS/02/11, and Universiti Malaysia
Sabah (UMS) through the Geran Bantuan Penyelidikan
Pascasiswazah (UMSGreat), GUG0554-1/2022 and
GUG0555-1/2022.

REFERENCES

[1] Harith N.S.H., Adnan A., “Seismic Hazard Map of ASEAN
Countries towards Risk Assessment and Sustainability of
Structures and Infrastructures”, The Eurasia Proceedings of
Science, Technology, Engineering and Mathematics
(EPSTEM),  Vol. 26, pp. 121-134, 2023,
https://doi.org/10.55549/epstem.1409412

[2] Thierry C., Noten K. V., Thomas L., Hendrickx M., “The
Damaging Character of Shallow 20th Century Earthquakes
in The Hainaut Coal Area (Belgium)”, Solid Earth, Vol. 13,
No. 3, pp. 469-495, 2022, https://doi.org/10.5194/se-13-
469-2022

[31 Hongfeng Y., Suli Y., “Shallow Destructive Earthquakes”,
Earthquake Science, Vol. 34, No. 1, pp. 15-23, 2021,
https://doi.org/10.29382/eqs-2020-0072

[4] Osman O., “Buildings Left Standing in Turkey Offer
Design Guidance for Future Earthquake-Resilient
Construction”, TCSET of the International Conference,
https://theconversation.com/buildings-left-standing-in-
turkey-offer-design-guidance-for-future-earthquake-
resilient-construction-202089 (accessed June 1, 2024)

[5] Luca, D. Z., Ampuero J.-P., “Earthquake Doublet in Turkey
and Syria”, Communications Earth and Environment, Vol. 4,
No. 71, pp. 1-4, 2023, https://doi.org/10.1038/s43247-023-
00747-z

[6] Ninis D., Hoult R., “Morocco Earthquake: Experts
Explain Why Buildings Couldn’t Withstand the Force Of
The 6.8 Magnitude Quake”, https://theconversation.com/m
orocco-earthquake-experts-explain-why-buildings-couldnt-
withstand-the-force-of-the-6-8-magnitude-quake-213245
(accessed June 1, 2024)

[7] USGS, “United States Geological Survey”,
https://earthquake.usgs.gov/earthquakes/search ~ (accessed
September 1, 2024)

[8] CMT, “Global Centroid-Moment-Tensor (CMT)“,
https://www.globalcmt.org/CMTsearch.html (accessed
September 1, 2024)

[9] MetMalaysia, “Jabatan Meteorologi Malaysia”,

http://mygempa.met.gov.my, (accessed September 1, 2024)
[10] Metcalfe 1., “Tectonic Evolution of Sundaland”, Bulletin of
the Geological Society of Malaysia, Vol. 63, pp. 27-60,
2017, https://doi.org/10.7186/bgsm63201702
[11] Gege H., Sanzhong L., Pengcheng W., Yanhui S,
Somerville I.D., “Implications Of Earthquakes For The
Slab Subduction Dynamic Process in Southeast Asia”,
Journal of Asian Earth Sciences, Vol. 194, pp. 1-9, 2020,
https://doi.org/10.1016/j.jseaes.2019.103955



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

Civil Engineering and Architecture 13(5): 3495-3513, 2025

Jiabiao L., Weiwei D., Jian L., Yigang X., Fansheng K.,
Sanzhong, L., Xiaolong H., Zhiyuan Z., “Dynamic Processes
of The Curved Subduction System In Southeast Asia: A
Review And Future Perspective”, Earth-Science
Reviews, Vol. 217, pp. 1-15, 2021, https://doi.org/10.1016/
j.earscirev.2021.103647

Advokaat E.L., Marshall N.T., Wim Spakman S.L.W.,
Krijgsman W., van Hinsbergen D.J.J., “Cenozoic Rotation
History of Borneo and Sundaland, SE Asia Revealed by
Paleomagnetism, Seismic Tomography, And Kinematic
Reconstruction”, Tectonics, Vol. 37, No. 8, pp. 2486-2512,
2018, https://doi.org/10.1029/2018TC005010

Hutchings S.J., Mooney W.D., “The Seismicity of
Indonesia and Tectonic Implications”, Geochemistry,
Geophysics, Geosystems, Vol. 22, No. 9, pp. 1-9, 2021,
https://doi.org/10.1029/2021GC009812

Syuhada S., Pranata B., Anggono T., Ramdhan M.,
Zulfakriza Z., Febriani F., Prasetio A.D., Dewi C.N., Hasib
M., Sulaiman A., “Crustal Velocity Structure in Borneo
Island Using Receiver Function Inversion”, Acta
Geophysica, Vol. 70, No. 6, pp. 2529-2553, 2022,
https://doi.org/10.1007/s11600-022-00870-z

Yang Y., Xie X., He Y., Chen H., “Opening and Closure of
the Sulu Sea: Revealed by Its Peripheral Subduction and
Collision Processes”, Journal of Marine Science and
Engineering, Vol. 12, No. 8, 2024, https://doi.org/10.3390/j
mse12081456

MSEN1998-1:2015, ‘“Malaysia National Annex to
Eurocode 8: Design of Structures for Earthquake
Resistance—Part 1: General Rules, seismic actions and
rules for buildings”, Department of Standards Malaysia,
2017

EN 1998-1, “Eurocode 8: Design of Structures for
Earthquake Resistance, Part 1: General Rules, Seismic
Actions And Rules For Buildings”, Eurocode, 2004

UBC1994, “Uniform Building Code”, UBC, 1994

ScienceDirect. “Search For Peer-Reviewed Journal Articles
and Book Chapters (Including Open Access Content)”,
https://www.sciencedirect.com (accessed November 1,
2024)

Li J., Ding W, Lin J., Xu Y., Kong F., Li S., Huang X,
Zhou Z., “Dynamic Processes of The Curved Subduction
System in Southeast Asia: A Review and Future
Perspective”, Geomatics, Earth-Science Reviews, Vol. 13,
No. 1, pp. 2006-2023, 2022, https://doi.org/10.1016/j.earsci
rev.2021.103647

Tosi P., De Rubeis V., Sharra P., “Earthquake Perception
Data Highlight Natural Frequency Details of Italian
Buildings”, Earthquake Spectra, Vol. 39, No. 2, pp.
1240-1254, 2023, https://doi.org/10.1177/87552930231164
183

Tongkul F., “Earthquake science in Malaysia: Status,
Challenges and Way Forward,” Universiti Malaysia Sabah
Press, 2020.

Majid T. A., Adnan A., Adiyanto M.1., Ramli M. Z., Ghuan
T.C., “Preliminary Damage Assessment due to 2015 Ranau
Earthquake”, International Journal of Civil Engineering
and Geo-Environmental, Sp. (NCWE), pp. 49-54, 2017,
https://api.semanticscholar.org/CorpusiD:134686364

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

3511

Kay Dora A. G., Tukiar M.A., Zulhaimi M. S., “Structural
Deformation of Staff’s Quarters SMK Ranau
Subjected to the 2015 Ranau Earthquake using
Ruaumoko 2D”, AIP Conference Proceedings, Vol. 2020,
No. 1, 2018, https://doi.org/10.1063/1.5062664

Khoiry M.A., Hamzah N., Osman S. A., Mutalib A.A.,
Hamid R., “Physical Damages Effect on Residential Houses
Caused by The Earthquake at Ranau, Sabah Malaysia”,
International Journal of Engineering and Technology, Vol.
10, No. 5, pp. 414-418, 2018, https://doi.org/10.7763/1JET.
2018.Vv10.1094

Alih S. C., Vafaei M., “Performance of Reinforced
Concrete Buildings And Wooden Structures During the
2015 Mw 6.0 Sabah Earthquake in Malaysia”, Geomatics,
Engineering Failure Analysis, Vol. 102, pp. 351-368, 2019,
https://doi.org/10.1016/j.engfailanal.2019.04.056

Federal Emergency Management Agency, “Rapid
visual screening of buildings for potential seismic
hazards: A handbook”, https://www.fema.gov/sites/default/f
iles/2020-07/fema_earthquakes_rapid-visual-screening-of-
buildings-for-potential-seismic-hazards-a-handbook-third-
edition-fema-p-154.pdf (accessed November 1, 2024)

Silva P.G., Rodrguez-Pascua M. A., Giner Robles J.L.,
Bez J., Pé&ez-L&ez R., Davila M.B.B., “Catalogue Of the
Geological Effects of Earthquakes In Spain Based On The
ESI-07 Macroseismic Scale: A New Database For
Seismic Hazard Analysis”, Geosciences, Vol. 9, No. 8,2019,
https://doi.org/10.3390/geosciences9080334

Del Mese S., Graziani L., Meroni F., Pessina V., Tertulliani
A., “Considerations On Using MCS And EMS-98
Macroseismic Scales for The Intensity Assessment of
Contemporary Italian Earthquakes”, Bulletin of Earthquake
Engineering, Vol. 21, pp. 4167-4189, 2023, https://doi.org/
10.1007/s10518-023-01703-0

Vannucci G., Lolli B., Gasperini P., “A Theoretical
Comparison Among Macroseismic Scales Used in Italy”,
Bulletin of Earthquake Engineering, Vol. 22, pp. 4245-4263,
2024, https://doi.org/10.1007/s10518-024-01921-0

Khan S.U., Qureshi M.I., Rana [.A., Magsoom A., “Seismic
Vulnerability Assessment of Building Stock of Malakand
(Pakistan) using FEMA P-154 Method”, SN Applied
Sciences, Vol. 1, No. 1625, 2019, https://doi.org/10.1007/s
42452-019-1681-z

Myat, A.M.M., Nan A.M., “Seismic Safety Assessment of
Existing Low-Rise RC Buildings with Rapid Visual
Screenings and Preliminary Evaluation Methods”, ASEAN
Journal on Science and Technology for Development, Vol.
38, No. 1, 2021, https://doi.org/10.29037/ajstd.649

Thiel C.C., Zsutty T.C., “Determining the Reliability of a
Seismically Assessed Building Conclusion Using a Modified
FEMA P-154 Procedure”, Civil Engineering Research
Journal, Vol. 13, No. 2, 2022, https://doi.org/10.19080/CE
RJ.2022.13.555858

Saler E., Gattesco N., da Porto F., “A New
Combined Approach to Prioritise Seismic Retrofit
Interventions on Stocks of r.c. School Buildings”,
International Journal of Disaster Risk Reduction, Vol. 93,
2023, https://doi.org/10.1016/j.ijdrr.2023.103767

Mohamad I.l., Mohd Yunus M.Z., Harith N. S. H,,
“Assessment Of Building Vulnerability By Integrating



3512

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Seismic Vulnerability Assessment of Non-Seismically Designed Buildings in Moderate Earthquake Zone

Rapid Visual Screening And Geographic Information
System: A Case Study Of Ranau Township”, IOP
Conference Series: Materials Science and Engineering, VVol.
527, 2019, https://doi.org/10.1088/1757-899X/527/1/01204
2

Roslee R., Termizi A. K., Indan E., Tongkul F.
“Earthquake Vulnerability Assessment (EVAs): A Study of
Physical Vulnerability Assessment in Ranau area, Sabah,
Malaysia”, ASM Science Journal, Vol. 11, Vol. 2, pp. 66-
74,2018, https://api.semanticscholar.org/CorpusiD:222185
708

Mansor M.N.A., Siang L.C., Ahwang A., Saadun M.A.,
Dumatin J., “Vulnerability Study of Existing Buildings
Due to Seismic Activities in Sabah”, International Journal
of Civil Engineering & Geo-Environmental, Vol. 8, pp.
137-147, 2017, https://api.semanticscholar.org/CorpusiD:22
4815312

Ichinose T., Nishimura K., “Side Splitting Failure of
RC Beams and Columns under Seismic Action as
a Form of Shear Failure”, Journal of Advanced
Concrete Technology, Vol. 19, No. 12, pp. 1212-1226, 2021,
https://api.semanticscholar.org/CorpusiD:245188422

Maeda M., Al-Washali H., Matsukawa K., “An Overview
of Post Earthquake Damage and Residual Capacity
Evaluation for Reinforced Concrete Buildings in Japan”,
Proceedings of the 8th International Conference on
Computational Methods in Structural Dynamics and
Earthquake Engineering, Crete, Greece, 24-26 June 2019,
pp. 930-943, https://doi.org/10.7712/120119.6969.19228

Teddy L., Hardiman G., Nuroji, Tudjono S., “The Effect Of
Earthquake On Architecture Geometry With Non-Parallel
System Irregularity Configuration”, 0P Conference
Series: Earth and Environmental Science, Vol. 99, 2017,
https://doi.org/10.1088/1755-1315/99/1/012004

Li D, Tan Q., Yin J, lJian Y. “Analysis On the
Impact of Taiwan Far-Field Earthquakes on The Disaster
Avoidance Behavior of People in High-Rise Buildings
in Large Cities in Southeast China”, Geomatics,
Natural Hazards and Risk, Vol.13, No. 1, pp. 2006-2023,
2022, https://doi.org/10.1080/19475705.2022.2101945

Bektas, N., Kegyes-Brassai O., “Conventional RVS
Methods for Seismic Risk Assessment for Estimating the
Current Situation of Existing Buildings: A State-of-the-Art
Review”, Sustainability, Vol. 14, No. 5, 2022,
https://doi.org/10.3390/su14052583

Shaheryar A., Andres A., Daniele P., Ricardo M., "Large-
scale Seismic Assessment of RC Buildings through Rapid
Visual Screening”, International Journal of Disaster Risk
Reduction, Vol. 80, 2022, https://doi.org/10.1016/j.ijdrr.202
2.103219

New Zealand Society for Earthquake Engineering, “Initial
Seismic Assessment”, NSZEE, 2017, https://www.eq-
assess.org.nz/isa/

Rainer, J. H., Allen, D. E., Jablonski, A. M.,
"Manual for Screening of Buildings for Seismic
Investigation”, National Research Council of Canada.
NRC Institute for Research in Construction, 1992,
https://nrc- publications.canada.ca/eng/view/object/?id=1ca5
cbdb-27fd-4292-ba0f-bb3be94197af

JBDPA, ”Standard for Seismic Evaluation of Existing

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

Reinforced Concrete Buildings”, Japan Building Disaster
Prevention Association, 2001

Tena-Colunga A., “Impact of diaphragm flexibility.
Relationships With Observed Earthquake Damage in
Mexico City in 20177, Soil Dynamics and Earthquake
Engineering, Vol. 143, 2021, https://doi.org/10.1016/j.s0il
dyn.2021.106630

Satheesh A.J., Jayalekshmi B.R., Venkataramana K.,
“Effect Of In-Plan Eccentricity on Vertically Stiffness
Irregular Buildings Under Earthquake Loading”, Soil
Dynamics and Earthquake Engineering, Vol. 137, 2020.,
https://doi.org/10.1016/j.s0ildyn.2020.106251

Kostinakis K., Athanatopoulou A., “Effects Of In-Plan
Irregularities Caused by Masonry Infills on The Seismic
Behavior Of R/C Buildings”, Soil Dynamics and
Earthquake Engineering, Vol. 129, 2020,
https://doi.org/10.1016/j.soildyn.2019.03.012

Jara J. M., Garc®-Calzada C., Olmos B.A., Marthez
G., “Seismic Response and Reliability Index of RC
Weak Story Buildings on Soft Soils Of Mexico
City”, Journal of Building Engineering, Vol. 50, 2022,
https://doi.org/10.1016/j.jobe.2022.104199

Hassan M.N., Chowdhury S.R., Shuvo R.l., “Seismic
Behavior of Multi-Storied RC Building with Re-Entrant
Corner”, Journal Teknologi Science & Engineering, VVol. 86,
No. 2, pp. 183-198, 2024, https://doi.org/10.11113/jurnalte
knologi.v86.20656

Rathore H.S., Mathur A., Hussain S., “Seismic
Analysis of Irregular Buildings with Re-Entrant Corners
and Autoclaved Aerated Concrete Blocks”, Materials
Today: Proceedings, Vol. 6, No. 3, pp. 1643-1650, 2022,
https://doi.org/10.1016/j.matpr.2022.04.372

Ranjit S., Jose N., “Seismic Performance of Floor
Diaphragm Openings in Multi Storey Building”, In:
Marano, G.C., Ray Chaudhuri, S., Unni Kartha, G., Kavitha,
P.E., Prasad, R., Achison, R.J. (eds) Proceedings of
SECON’21. Lecture Notes in Civil Engineering, vol. 171,
2022, https://doi.org/10.1007/978-3-030-80312-4_15

Tena-Colunga A., Sabanero-Garcia R., “Impact Of
Diaphragm Flexibility On Dynamic Properties  And
Seismic Design Parameters Of Irregular Buildings In
Plan”, Journal of Building Engineering, Vol. 80, 2023,
https://doi.org/10.1016/j.jobe.2023.108007

Yang S., Zheng S., Dong L., Liu L., Xiao Y., Zhao W.,
“Seismic Performance of Corroded Reinforced Concrete
Short Columns: Experiment and Theoretical Analysis”,
Structures, Vol. 70, 2024, https://doi.org/10.1016/j.istruc.2
024.107665

Abdelaziz M.M., Gomaa M.S., El-Ghazaly H., “Effect
Of Unreinforced Masonry Infill Walls on Seismic
Performance  of  Reinforced  Concrete  Framed
Structures”, The Open Civil Engineering Journal, Vol. 11,
2017, https://doi.org/10.2174/1874149501711010919

Chandiwala A., “Earthquake Analysis of Building
Configuration with Different Position of Shear Wall”,
International Journal of Emerging Technology and
Advanced Engineering, Vol. 2, No. 12, pp. 347-353, 2012,
https://api.semanticscholar.org/CorpusiD:110687442

Tsonos A-D., Kalogeropoulos G., lakovidis P., Bezas M-Z.,



[60]

[61]

[62]

[63]

[64]

Civil Engineering and Architecture 13(5): 3495-3513, 2025

Koumtzis M., “Seismic Performance of RC Beam-Column
Joints Designed According to Older and Modern Codes:
An Attempt To Reduce Conventional Reinforcement Using
Steel Fiber Reinforced Concrete”, Fibres, Vol. 9, No.7,
2021, https://doi.org/10.3390/fib9070045

Mohd Zainudin M. S. F., Zubir N.,, Yan A. S. W,,
Amnan |, Among H. L., Javino F., “Geological Map of
Sabah”, Department of Mineral and GeoScience Malaysia,
2015

Jainih V., Harith N. S. H., “Seismic Vulnerability
Assessment in Kota Kinabalu, Sabah”, IOP Conference
Series: Earth and Environmental Science, Vol.476, 2020,
https://doi.org/10.1088/1755-1315/476/1/012053

Kassem M. M., Beddu S., Ooi J. H., Tan C. G., Mohamad E-
M. E. A., Mohamed Nazri F., “Assessment Of Seismic
Building Vulnerability Using Rapid Visual Screening
Method Through Web-Based Application for Malaysia”,
Buildings, Vol. 11, No. 10, 2021, https://doi.org/10.3390/b
uildings11100485

Khonsari S.V., England G.L., Kiani M., “Investigating
The Seismic Behaviour of Split-Level Building
Structures”, Proceedings of the 9th U.S. National and 10th
Canadian Conference on Earthquake Engineering, July
25-29, 2010, Toronto, Ontario, Canada, No. 1445, 2009,
https://api.semanticscholar.org/Corpus|D:249009922

Hejazi F., Jilani S., Noorzaei J., Chieng C.Y., Jaafar M.S.,

[65]

[66]

[67]

(68]

3513

Ali A.A.A., “Effect Of Soft Story on Structural Response of
High Rise Buildings”, IOP Conference Series: Materials
Science and Engineering, Vol. 17, 2011,
https://doi.org/10.1088/1757-899X/17/1/012034

Elgammal A., Seleemah A., Elsharkawy M., Elwardany H.,
“Comprehensive Review on Seismic Pounding Between
Adjacent Buildings and Available Mitigation Measures”,
Archives of Computational Methods in Engineering, Vol.
31, pp. 4269-4304, 2024, https://doi.org/10.1007/s11831-
024-10114-6

Elwardany H., Jankowski R., Seleemah A., “Mitigating the
Seismic Pounding of Multi-Story Buildings in Series Using
Linear and Nonlinear Fluid Viscous Dampers”, Archives of
Computational Methods in Engineering, Vol. 21, No. 137,
2021, https://doi.org/10.1007/s43452-021-00249-9

Kamel K. T., “Mitigating The Seismic Pounding Between
Adjacent Buildings by The Use of Link Beams Between
Them And Investigating The Best Location Of These
Links”, Asian Journal of Civil Engineering, Vol. 24, pp.
1769-1781, 2023, https://doi.org/10.1007/s42107-023- 006
02-8

Zhang J., Zhang C., “Using Viscoelastic Materials to
Mitigate Earthquake-Induced Pounding Between Adjacent
Frames with Unequal Height Considering Soil-Structure
Interactions”, Soil Dynamic and Earthquake Engineering,
Vol.172, 2023, https://doi.org/10.1016/j.s0ildyn.2023.10798
8



