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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 1970s and 

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 

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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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]) 

 

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 

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 5.3 

Ranau 1991 May 26 Walls collapsed, cracks in several buildings, columns damaged 5.4 

2015 June 05 Damage to walls, beams, and columns 6.0 

1923 August 11 

1976 July 26 

Violent shaking, no damage reported 

Damage to walls, beams, and columns 

6.3 

5.8 
Lahad Datu 
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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 

Score 

FEMA-RVS 

Damage 
EMS-98 damage classification 

S < 0.3 Level 5 Very heavy structural damage 

0.3 ≤ S < 0.7 Level 4 
Heavy structural damage, very 

heavy non-structural damage 

0.7 ≤ S < 2.0 Level 3 
Moderate structural damage, 

heavy non-structural damage 

2.0 ≤ S < 3.0 Level 2 
Slight structural damage, 

moderate non-structural damage 

S ≥ 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 

  

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 

Bektaş 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, Bektaş 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 

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. 

 

Figure 7.  Distribution number of buildings in each occupancy in Ranau and Lahad Datu 
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Figure 8.  Percentage distribution of horizontal irregularities in Ranau and Lahad Datu 

 

Figure 9.  Percentage distribution of vertical irregularities 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 

Exterior beams are misaligned with columns; column 

perimeters extend outward 

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

than others 

One story has fewer walls and columns; one story is 

taller than others 

Out-of-Plane Setback 
Vertical elements at the upper level are outboard of those 

at ground level 

Stacked elements consisting of columns and beams on 

the top floor 

In-plane Setback 
Buildings use lift elevators as bracing system, typically 

in mid-rise buildings 

Buildings use lift elevators as bracing system, 

typically in mid-rise buildings 

Short Column 
Some columns are much shorter than typical columns at 

the same level due to infilled walls 

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 

 

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 

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. 

 

Figure 11.  Example of a non-parallel system building that does not form a 90◦ 
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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 

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 (VL1), Plan Irregularity (PL1), 

Pre-Code, Post-Benchmark, soil type and the Minimum 

Score (SMIN). 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 SMIN is used to 

prevent the total score from overestimating the Score 

Modifier. The Final Score (SL1) 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 (SL1). The calculation of the final score is 

determined using Equation (1). Figure 16 illustrates the 

relationship between BS and SM and SL1. 

Final Score (SL1) = Basic Score (BS) 

+ Score Modifier (SM) ≥ SMIN     (1) 

Figure 17 shows the Final Score (SL1) 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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Figure 16.  Illustration of Basic Score (BS) values for different building types (highlighted in red box), Score Modifier (SM) parameters and Final 

Score (SL1) calculation based on the Data Collection Form provided in FEMA P-154 [28] 

 

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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Figure 18.  Percentage of Ranau and Lahad Datu’s damage level compared to previous research 

Among all the buildings investigated, 10 have 

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-

earthquake damage analysis. 

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 (VL1) is 

categorized as moderate or severe, and the availability of 

plan irregularity (PL1). 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 VL1 and PL1, those on soil types 

C/D and E fall below the minimum threshold. However, 

when the building has only VL1, it was found that soil type 

E falls below the minimum, and the same applies when 

only PL1 is present. When buildings have neither VL1 nor 

PL1 characteristics, all buildings on all soil types exceed the 

minimum value. In conclusion, soil type influences the 

scoring calculation, as does the presence of VL1 and PL1. 

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 (VL1), and 
plan irregularity (PL1), evaluated across different soil types (A/B, C/D, 
and E). Values shown in red indicate scores below the minimum threshold 

Storey Height VL1 PL1 A/B C/D E 

5 

4 

3 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

1.0 

1.0 

1.0 

−0.1 

−0.1 

−0.1 

−0.9 

−0.9 

−0.8 

5 

4 

3 

Yes 

Yes 

Yes 

No 

No 

No 

1.8 

1.8 

1.8 

0.7 

0.7 

0.7 

−0.1 

−0.1 

0.0 

5 

4 

3 

No 

No 

No 

Yes 

Yes 

Yes 

2.1 

2.1 

2.1 

1.0 

1.0 

1.0 

0.2 

0.2 

0.3 

5 

4 

3 

No 

No 

No 

No 

No 

No 

2.9 

2.9 

2.9 

1.8 

1.8 

1.8 

1.0 

1.0 

1.1 
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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. 

 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. 
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