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ABSTRACT

This paper presents a site-specific assessment of Surface Peak Ground Acceleration (PGA) for the Sabah Oil
and Gas Industrial Park (SOGIP) located in Sipitang, Sabah, Malaysia, motivated by increasing seismic activity
in the region and the limitations of regional-scale seismic hazard maps in representing local ground conditions
for critical infrastructure. Regional PGA estimates commonly assume uniform subsurface conditions and may
therefore underestimate or overestimate seismic demand at specific sites, underscoring the need for localised
evaluation that accounts for geological and geotechnical variability. The study uses subsurface data from 23
boreholes distributed across the project area, with borehole logs interpreted to establish stratigraphic profiles and
engineering soil properties influencing seismic wave propagation. Site classification was carried out in
accordance with MS EN 1998-1:2015 (Malaysia National Annex to Eurocode 8) to determine soil categories
and associated amplification characteristics. Equivalent-linear seismic site-response analyses were subsequently
performed using DEEPSOIL to model ground-motion amplification from bedrock to the ground surface under
varying seismic input motions. Prior to spatial averaging based on borehole cluster locations, the computed
results indicate that surface PGA values range from 0.0137g to 0.0552g when adopting a reference bedrock PGA
0f 0.02g. For higher reference, bedrock PGA values of 0.03g, including rationalised inputs of 0.027g and 0.031g,
yield surface PGA values between 0.0153g and 0.0821g. These calculated values exceed the existing regional
seismic hazard map for Sipitang, which indicates bedrock PGA values of approximately 0.010g—0.020g for a
475-year return period, demonstrating significant local site amplification effects governed by subsurface
conditions. The findings emphasise the importance of conducting site-specific seismic hazard assessments for
major industrial developments to improve seismic design parameters, support disaster risk mitigation strategies,
and enhance structural resilience in rapidly developing seismic-prone of Sabah.

Keywords: Site response analysis, Surface PGA, Seismic hazard, SOGIP, Sipitang, Sabah, Borehole data,
Ground motion amplification.

INTRODUCTION

Malaysia is generally considered a region of low to moderate seismicity; however, the state of Sabah in East
Malaysia is recognised as the country's most seismically active region. The seismotectonic framework of Sabah
is heavily influenced by the complex active plate boundaries of Southeast Asia, particularly the interactions
among the Eurasian, Philippine Sea, and Indo-Australian plates (Hutchings & Mooney, 2021). Furthermore,
regional seismicity is driven by nearby subduction zones, such as the Sulu and Celebes Sea trenches, as well as
an intricate network of local active faults. Tongkul (2021) highlighted that active fault lines in Sabah significantly
elevate the local earthquake risk, emphasising that historical seismic events in the region are primarily of tectonic
origin rather than mere tremors radiating from distant neighbouring countries.
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Historically, structural design in Malaysia largely omitted seismic provisions due to a perceived lack of
significant threat. Early global and regional Probabilistic Seismic Hazard Analyses (PSHA) classified Malaysia
as a low-hazard zone (Giardini et al., 2003; Petersen et al., 2007; 2008). However, subsequent localised studies
by Adnan et al. (2008) demonstrated that local active faults in East Malaysia could generate substantial ground
motions, prompting a paradigm shift in the nation's engineering practices. This evolution culminated in the
publication of the Malaysia National Annex to Eurocode 8 (MS EN 1998-1:2015), which formalised baseline
bedrock Peak Ground Acceleration (PGA) values for seismic design. Recent literature has continued to refine
these baseline hazard estimates. For instance, Adnan (2022) and Harith et al. (2025) incorporated local active
fault systems, such as the Kuala Penyu fault, into their seismic hazard models, updating bedrock PGA estimates
for the Sipitang region to between 0.027g and 0.031g.

While these updated regional models represent a major advancement in characterising baseline bedrock hazards,
they fundamentally assume uniform reference rock outcrops. Peak Ground Acceleration (PGA), a critical
parameter in geotechnical engineering used to evaluate foundation loading, assess site response, and estimate
liquefaction risk, can be profoundly altered by overlying soil deposits. It is a well-established geotechnical
principle that soft, cohesive soils, such as marine clays and loose silts, can severely amplify low-frequency
ground motions due to impedance contrasts between the soil and the underlying bedrock (Idriss, 1990; Dobry et
al., 2000). As seismic waves transition from stiff bedrock into softer surface layers, they decelerate and increase
in amplitude to conserve energy, leading to significantly higher surface PGAs than those recorded at the bedrock
level. Consequently, relying solely on regional-scale bedrock maps can severely underestimate the actual surface
seismic demand.

Despite improvements in Malaysia's regional hazard mapping, there remains a critical shortage of site-specific
micro-zonation studies that utilise rigorous 1D equivalent-linear site response analyses in East Malaysia. This
gap is particularly concerning for critical infrastructures situated on highly variable coastal and reclaimed marine
deposits.

One such critical facility is the Sabah Oil and Gas Industrial Park (SOGIP), located in the Sipitang district,
approximately 150 km south of Kota Kinabalu (SOGDC-SOGIP, 2022). As the first integrated industrial park
specifically designated for oil, gas, and heavy industries in Sabah, SOGIP spans 5,539 acres in a sheltered area
of Brunei Bay (Figure 1). Given its extensive development investments, critical assets, and proximity to major
global shipping lanes like the Asian Supply Base in Labuan, effective structural design is paramount.

Currently, the SOGIP industrial complex lacks the detailed, site-specific seismic data necessary to capture local
soil and geological variations, posing risks of over- or under-designing critical infrastructure. To address this
urgent research gap, this study focuses on conducting a site-specific soil response seismic hazard assessment for
the SOGIP area. By integrating comprehensive borehole data with the established bedrock PGA from MS EN
1998-1:2015 (2017), this study employs an overarching data analytics approach to evaluate the attenuation and
amplification of seismic wave propagation from bedrock to the surface.

The primary objective is to develop localised, borehole-derived surface PGA spectra, soil amplification factors,
and site periods. Ultimately, this micro-zonation assessment will provide engineers and urban planners with the
critical, high-resolution inputs required to design safe and resilient infrastructure against earthquake hazards in
the Sipitang region.
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Figure 1. Location of SOGIP on Google Map
Problem Identification
Problem Statement

The Sabah Oil and Gas Industrial Park (SOGIP) serves as a critical catalyst for Malaysia's industrial and
economic expansion. Given its proximity to active seismotectonic sources, ensuring the seismic resilience of its
infrastructure is of paramount importance. Currently, however, seismic hazard assessments for the region rely
heavily on generalised regional bedrock models. These macro-level models fundamentally fail to account for the
unique, highly variable marine and alluvial soil deposits present at the SOGIP site.

By overlooking critical site-specific factors such as local soil amplification, stratigraphic resonance, and
impedance contrasts, regional predictions introduce significant uncertainty into the structural design process.
The absence of localised surface Peak Ground Acceleration (PGA) data risks both the under-design
(compromising safety) and over-design (compromising economic feasibility) of critical industrial facilities.
Ultimately, this lack of high-resolution seismic data limits engineers' ability to apply cost-effective,
performance-based design measures. Therefore, a rigorous, site-specific surface PGA assessment utilising
localised geotechnical, seismological, and geological data is essential to guarantee the long-term sustainability
and structural integrity of the SOGIP development.
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To bridge this critical research gap, a robust analytical framework is required to systematically integrate
extensive geotechnical borehole records, geological profiles, and regional seismological data. By employing
computational ground motion modelling and systematic data processing, this study transforms raw subsurface
data into actionable engineering insights. This integrated approach enables the creation of highly localised micro-
zonation maps and accurate predictions of localised seismic responses, providing a quantitative baseline for
reliable infrastructure planning in complex geological settings.

Objectives Of The Research

To address identified gaps in localised seismic hazard data, this research aims to conduct a comprehensive, site-
specific seismic ground response assessment for the SOGIP development area. Specifically, this study sets out
to achieve the following objectives:

1. To characterise and classify the localised subsurface stratigraphy and dynamic soil properties (Vs) of the
SOGIP site using extensive borehole data.

it.  To derive site-specific surface Peak Ground Acceleration (PGA) spectra and localised soil amplification
factors by executing 1D equivalent-linear ground response analyses.

iii.  To evaluate the adequacy of the regional Malaysian Seismic Hazard Map (2017) against localised site
effects and formulate data-driven recommendations for resilient structural design.

LITERATURE REVIEW
Seismic Hazard in Sabah

Sabah is considered the most seismically active region in Malaysia due to its proximity to regional tectonic
activities surrounding the Philippine Plate, Eurasian Plate, and Sunda Plate. Historical earthquake records
indicate that Sabah has experienced several moderate earthquakes over the years. The 2015 Ranau earthquake
with a magnitude of 6.0 caused structural damage, landslides, and casualties, demonstrating the vulnerability of
infrastructure in the region. Previous studies have shown that local geological and soil conditions play an
important role in modifying seismic ground motions. Areas with soft alluvial deposits may experience greater
amplification effects compared to areas with shallow bedrock conditions.

Peak Ground Acceleration (PGA)

Peak Ground Acceleration (PGA) represents the maximum acceleration experienced by the ground during an
earthquake event. PGA is commonly used in seismic hazard assessment and earthquake-resistant structural
design.

The relationship between acceleration and seismic force can be simplified as:
F=ma

where:

F = seismic force

m = structural mass

a = ground acceleration

Higher PGA values generally result in larger seismic forces acting on structures.
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Site Response Analysis

Site response analysis is a method used to evaluate the effect of local soil conditions on earthquake ground
motion propagation from bedrock to the ground surface. The analysis is commonly performed using one-
dimensional equivalent linear or nonlinear approaches.

The equivalent linear method is widely applied in geotechnical earthquake engineering because it provides a
practical balance between computational efficiency and acceptable engineering accuracy. The analysis considers
soil dynamic properties such as shear modulus reduction and damping ratio under cyclic loading conditions.

The basic concept of site response analysis can be represented by:

Surface PGA =S x ag

where:

Surface PGA = Surface peak ground acceleration
S = Site amplification factor
ag = Bedrock peak ground acceleration

The soil amplification factor depends on soil stiffness, layering, and seismic input motion characteristics.
Previous Studies on Sabah Seismic Assessment

Several researchers have conducted seismic hazard studies in Sabah using probabilistic seismic hazard
assessment (PSHA), microzonation studies, and site response analysis. Most studies indicate that local soil
amplification significantly affects surface ground motion parameters.

However, limited published studies are available specifically for the SOGIP area in Sipitang. Therefore, this
study provides additional contribution by focusing on site-specific surface PGA assessment using actual
borehole data from the industrial development area.

METHODOLOGY
Borehole Data Collection

To construct a robust and representative geotechnical model of the SOGIP site, comprehensive subsurface
investigation records were compiled and analysed. The primary dataset comprises 23 strategically distributed
geotechnical boreholes, carefully selected to capture the site's local geology's spatial variability and complex
stratigraphy. To ensure holistic coverage of the industrial park's diverse topography and planned infrastructure,
the boreholes are categorised into three distinct operational zones: 8 along the proposed onshore pipeline route,
8 within the primary onshore facility footprint, and 7 in the nearshore marine environment. This wide spatial
distribution is particularly critical for capturing the geotechnical transition from terrestrial alluvial deposits to
deep, soft marine clays. The depth of exploration for these boreholes varied across the site, primarily dictated by
the localised depth required to reach a competent stratum or engineering bedrock. Identifying this competent
layer is a fundamental prerequisite for establishing the seismic boundary conditions and input motion depths for
the subsequent 1D equivalent-linear ground response analysis.

From the detailed borehole logs, essential geotechnical and geological parameters were systematically extracted
for each soil stratum. The in-situ field data incorporated into the model included continuous soil classification
and stratigraphy, Standard Penetration Test (SPT-N) blow counts recorded at regular depth intervals, and the
stabilised elevation of the groundwater table. Furthermore, to accurately characterize the physical and index
properties of the soil which directly influence strain-dependent dynamic soil behavior, such as modulus
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degradation and damping, extensive laboratory test results were integrated. These laboratory parameters included
natural moisture content, bulk unit weight, and Atterberg limits (Liquid Limit and Plastic Limit) to properly
classify cohesive layers. The spatial distribution and zoning of all 23 boreholes utilized in this assessment are
illustrated in Figure 2.
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Figure 2. Borehole locations in the SOGIP area in Sipitang, Sabah (BH1 — BH23)
Site Classification

In accordance with the Malaysian National Annex to Eurocode 8 (MS EN 1998-1:2015), the local site conditions
were classified based on the geotechnical properties of the uppermost 30 meters of the subsurface profile. In the
absence of direct geophysical measurements for the time-averaged shear wave velocity (Vs), the standard permits
the use of the equivalent Standard Penetration Test blow count Nspr3o as a reliable empirical proxy for
determining the seismic Ground Type.

To determine this parameter, the average SPT-N value over the upper 30 meters Nspr,30 was calculated using a
depth-weighted harmonic mean. This methodology strictly adopts the same mathematical formulation utilised
to calculate Vi Specifically, the total depth of 30 meters is divided by the sum of the ratios of each individual
soil layer's thickness (h;) to its corresponding field SPT-N value (N;i). This rigorous classification framework
was systematically applied to the extensive dataset of all 23 boreholes across the SOGIP site. By evaluating the
stratigraphic profile, the presence of soft cohesive layers, and the computed Nspr 30 values, each borehole location
was assigned a specific seismic Ground Type to establish the appropriate site amplification baseline. The detailed
stratigraphic parameters, calculated Nspr30 values, and the resulting Eurocode 8 site classifications for the
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onshore pipeline, onshore facility, and marine zones are comprehensively summarised in Tables 1, 2, and 3,

respectively.

Table 1. Soil classification based on MS ES 1998-1:2015 for Cluster 1

Depth 1 Depth 2 BH1 BH2 BH3 BH4 BH5 BH6 BH7 BHS8
(m) (m) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N)
0.0 1.5 13 4 8 9 20 2 30 0.1
1.5 3.0 13 4 8 9 20 3 50 0.1
3.0 4.5 19 8 2 4 25 4 50 2
4.5 6.0 22 10 0.1 3 30 7 50 2
6.0 7.5 50 50 0.1 2 50 9 50 2
7.5 9.0 50 50 2 4 50 12 50 4
9.0 10.5 50 50 3 5 50 15 50 6
10.5 12.0 50 50 4 6 50 19 50 8
12.0 13.5 50 50 5 7 50 20 2 10
13.5 15.0 50 50 6 8 50 22 8 12
15.0 16.5 50 50 7 9 50 10 14 14
16.5 18.0 50 50 8 10 50 13 17 16
18.0 19.5 50 50 9 11 50 27 22 18
19.5 21.0 50 50 15 19 50 34 24 20
21.0 22.5 50 50 20 20 50 14 29 25
22.5 24.0 50 50 25 21 50 18 30 30
24.0 25.5 50 50 30 22 50 16 34 35
25.5 27.0 50 50 35 23 50 20 38 40
27.0 28.5 50 50 40 24 50 21 44 45
28.5 30.0 50 50 50 25 50 17 50 50
Remarks Deep BH Deep BH |Shallow BH|Shallow BH|Shallow BH| Deep BH Deep BH [Shallow BH
Average SPT-N for 30m
. 34.97 19.14 0.88 7.11 40.54 8.99 16.92 0.88
depth of Soil
Ground Type EC8 C C D D C D C D
Soil Profile Type UBC97 SD SD SE SE SE SE SD SE
(Note: Denotes no SPT-N data from borelogs, thus used assumed values)
Table 2. Soil classification based on MS ES 1998-1:2015 for Cluster 2
Depth1 Depth 2 BH9 BH10 BH11 BH12 BH13 BH14 BH15 BH16
(m) (m) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N) (SPT-N)
0.0 1.5 22 1 10 10 3 8 8 40
1.5 3.0 22 1 46 21 4 50 10 45
3.0 4.5 13 2 50 50 5 50 50 45
4.5 6.0 2 3 50 50 6 11 29 50
6.0 7.5 3 4 50 50 6 34 44 55
7.5 9.0 4 6 5 8 6 34 44 60
9.0 10.5 6 13 8 2 6 34 44 60
10.5 12.0 8 18 13 13 6 34 44 60
12.0 13.5 10 20 14 12 8 34 44 60
13.5 15.0 12 17 16 13 9 34 44 60
15.0 16.5 14 24 17 13 11 34 44 60
16.5 18.0 16 31 22 8 17 34 44 60
18.0 19.5 18 38 24 14 21 34 44 60
19.5 21.0 20 42 23 13 23 40 45 60
21.0 22.5 25 36 26 16 26 40 45 60
22.5 24.0 30 43 29 19 30 40 45 60
24.0 25.5 35 50 33 22 35 45 45 60
25.5 27.0 40 50 32 50 42 45 50 60
27.0 28.5 45 50 37 50 46 50 50 60
28.5 30.0 50 50 39 50 50 50 50 60
Remarks Shallow BH| Deep BH Deep BH Deep BH Deep BH |Shallow BH|Shallow BH|Shallow BH
Average SPT-Nfor3om | g 5, 5.34 18.28 12.19 8.85 29.41 31.60 55.92
depth of Soil
Ground Type EC8 D D C D D C C B
Soil Profile Type UBC97 SE SE SD SE SE SD SD SD

(Note:

Denotes no SPT-N data from borelogs, thus used assumed values)
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Table 3. Soil classification based on MS ES 1998-1:2015 for Cluster 3

Depth1 Depth 2 BH17 BH18 BH19 BH20 BH21 BH22 BH23
(m) (m) (SPT-N) (SPT-N) | (SPT-N) | (SPT-N) | (SPT-N) | (SPT-N) (SPT-N)
0.0 1.5 1 0.1 0.1 0.1 0.1 0.1 0.1
1.5 3.0 2 0.1 0.1 0.1 0.1 0.1 0.1
3.0 4.5 3 0.1 0.1 0.1 0.1 0.1 0.1
4.5 6.0 3 0.1 0.1 0.1 0.1 0.1 0.1
6.0 7.5 4 0.1 0.1 1 0.1 0.1 1
7.5 9.0 5 0.1 0.1 1 0.1 0.1 1
9.0 10.5 4 0.1 0.1 2 0.1 0.1 2
10.5 12.0 6 0.1 0.1 1 0.1 0.1 1
12.0 13.5 7 0.1 0.1 1 0.1 0.1 1
13.5 15.0 6 0.1 1 2 1 0.1 2
15.0 16.5 8 2 2 1 1 1 1
16.5 18.0 6 3 3 2 4 1 2
18.0 19.5 7 3 3 2 5 3 2
19.5 21.0 7 4 4 3 9 2 3
21.0 22.5 6 5 5 3 11 9 3
22.5 24.0 9 7 3 2 14 11 2
24.0 25.5 10 8 6 3 15 14 3
25.5 27.0 9 6 5 4 17 18 4
27.0 28.5 11 7 7 2 19 17 2
28.5 30.0 9 12 10 5 21 20 5

Remarks DeepBH | DeepBH | DeepBH | DeepBH | DeepBH | DeepBH | DeepBH
Average SPT-N fc?r30m 4.34 0.20 0.21 0.40 0.22 0.19 0.40
depth of Soil
Ground Type EC8 D D D D D D D
Soil Profile Type UBC97 SE SE SE SE SE SE SE
(Note: Denotes no SPT-N data from borelogs, thus used assumed values)

Soil Parameters Input

Soil parameters used in the site response analysis were derived from 23 borehole logs and laboratory test data
across the SOGIP area in Sipitang, Sabah. Key parameters include unit weight, shear-wave velocity (Vs),
damping ratio, and modulus-reduction curves. These parameters were essential for modelling the dynamic
behaviour of subsoil layers under earthquake loading.

Standard Penetration Test (SPT) values were used to estimate shear wave velocity when direct measurements
were unavailable, using well-established empirical correlations appropriate for local soil conditions. Laboratory
tests such as Atterberg limits, grain size distribution (sieve and hydrometer), and oedometer tests provided
information on soil classification, compressibility, and consistency. Strain-dependent damping ratios and shear
modulus degradation curves were assigned based on soil classification, utilising the classical models of Seed and
Idriss (1970) for granular soils and Vucetic and Dobry (1991) for cohesive soils. Although more recent pressure-
dependent models exist in the literature, the Vucetic and Dobry (1991) curves were explicitly adopted because
they remain a highly robust and industry-standard method for capturing the plasticity-dependent nonlinear
behaviour of the distinct cohesive marine clays present at the SOGIP site. These established curves provide a
conservative and widely validated baseline for the equivalent-linear site response modelling utilised in this study.

The soil profile was simplified into representative layers for each borehole, and dynamic properties were
assigned accordingly. These inputs formed the basis for a one-dimensional equivalent-linear analysis using
software such as DEEPSOIL. Tables 4, 5, and 6 are examples of summarising the soil input parameters prepared
for this research project.
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Table 4. Example of soil parameters input for soil response analysis

DEEPSOIL Software Data Input - 1D Equivalent Linear and Nonlinear Site Response Analyses Platform

Project Loc:
BH:
RL:
Water Level:

SOGIP, Sipitang, Sabah
13 (Onshore)

14.309m LSD

4.2m below GL

Generalized Depth1 | Depth2 | Thick sprn | U™ ocation of
Soil Layer Soil Layers ep ep ickness - Weight, ocation o
(m) (m) (m) Results ;. |WaterTable
Number (KN/m°)
1 Coarse grained SAND with gravels 0.00 0.80 0.80 6.0 16.00 -
2 Moderatelyweathered SANDSTONE 0.80 11.00 10.20 10.0 20.00 w
3 Firm CLAY 11.00 13.00 2.00 6.0 17.00 w
4 Firmto stiff SILT CLAY 13.00 15.00 2.00 8.0 20.10 w
5 Stiff CLAY 15.00 17.80 2.80 11.0 18.00 w
6 Very stiff CLAY 17.80 24.30 6.50 26.0 19.00 w
7 Hard CLAY 24.30 39.45 15.15 50.0 20.00 w
8 Assumed Soilto Bedrock depth (CLAY) - - 10.00 60.0 21.00 w
49.45
9 Assumed Bedrock 0.00 24.00
(Note: I:I Denotes no SPT-N and other datafrom Sl Report, thus used assumed or calculated values )
Table 5. Example of soil parameters input for soil response analysis (continued)
DEEPSOIL Software Data Input - 1D Equivalent Linear and Nonlinear Site Response Analyses Platform
ProjectLoc: SOGIP, Sipitang, Sabah
BH: 13 (Onshore
RL: 14.309m LSD
Water Level: 4.2m below GL
ShearWave
X Shear Wave ShearWave
. Velocity K . Average
Generalized . Velocity Velocity
. . (Imai & X .| ShearWave
Soil Layer Soil Layers . (Hasancebi& | (Maheshwari, .
Tonouchi Velocity, Vs
Number Ulusay,2006) 2009)
1982) (m/s)
(m/s) (m/s)
(m/s)
1 Coarse grained SAND with gravels 170.08 156.56 164.01 163.55
2 Moderately weathered SANDSTONE 199.68 183.33 191.27 191.43
3 Firm CLAY 170.08 156.56 164.01 163.55
4 Firm to stiff SILT CLAY 186.16 171.12 178.84 178.71
5 Stiff CLAY 205.74 188.81 196.83 197.13
6 Very stiff CLAY 269.54 246.30 255.00 256.95
7 Hard CLAY 330.98 301.46 310.48 314.30
8 Assumed Soilto Bedrock depth (CLAY) - - - 560.00
9 Assumed Bedrock 1130.00
(Note: I:I Denotes no SPT-N and other datafrom Sl Report, thus used assumed or calculated values )
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Table 6. Example of soil parameters input for soil response analysis (continued)
DEEPSOIL Software Data Input - 1D Equivalent Linear and Nonlinear Site Response Analyses Platform

ProjectLoc: SOGIP, Sipitang, Sabah

BH: 13 (Onshore)
RL: 14.309m LSD

Water Level: 4.2m below GL

. Shear Assumed
Effective
Generalized Max Shear Strength or
) l Stress at Pl Calculated
Soil Layer Soil Layers Modulus, Gs Bottom (5xNor (%) Calculated Ko
Number (kN/m?) .. | o'xTano) ’ OCR
(kN/m?) 2 Ve
(kN/m®) (Pc'/a')
1 Coarse grained SAND with gravels 43627.55 12.80 8.96 - 1.00 0.53
2 Moderately weathered SANDSTONE 74706.64 150.09 86.66 - 1.00 0.50
3 Firm CLAY 46354.27 164.47 30.00 31 2.30 0.62
4 Firmto stiff SILT CLAY 65435.74 185.05 40.00 31 2.59 0.62
5 Stiff CLAY 71302.68 207.98 55.00 49 2.97 0.64
6 Very stiff CLAY 127873.17 267.72 130.00 35.0 4.52 0.65
7 Hard CLAY 201400.72 42161 250.00 32.0 5.18 0.62
8 Assumed Soilto Bedrock depth (CLAY) 671314.98 534.00 431.71 15 4.99 0.51
9 Assumed Bedrock 3123914.37
(Note: I:I Denotes no SPT-N and other datafrom SIReport, thus used assumed or calculated values )
Input Ground Motions

A minimum of three (3) input ground motions were selected to generate the site-specific soil response from the
bedrock. These include records from the 1995 Kobe, 1999 Chi-Chi, and 1999 Kocaeli earthquakes. These
specific ground motion records were strategically selected because their seismological parameters, including
magnitude (7.4 to 7.6), shallow crustal fault mechanisms, and rich frequency content, serve as highly appropriate
proxies for the seismic hazard scenarios threatening Sabah. Furthermore, these records feature long, significant
durations capable of mobilising the nonlinear behaviour and strain-dependent damping of the soft clay and
marine deposits found at the SOGIP site. The selected motions were scaled to match the target bedrock peak
ground acceleration (PGA) values based on two references: (1) MS EN 1998-1:2015/2017, with a target PGA of
0.02g, and (i1) combined findings from recent studies by Adnan (2022), who reported a PGA of 0.031g for a
FEED project in Sipitang, and Harith et al. (2025), who presented a PGA of 0.027g in her latest journal
publication.

Therefore, for this study, two target PGA values at the bedrock of 0.02g and 0.03g were adopted to conduct the
soil response analysis. Refer to Fig. 3 for the scaled input acceleration time history for types of earthquake input
motions.
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Fig. 3. Example of scaled input acceleration time history
Site Response Analysis

DEEPSOIL v7.0 was used for equivalent-linear 1D site response analysis. Input motions were applied at the
base rock interface, and surface acceleration time histories were recorded. The surface PGA was extracted as the
peak output acceleration.
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RESULTS AND DISCUSSION

Subsurface Conditions

The SOGIP onshore and marine sites exhibited a range of soil types, including soft clay, firm clay, stiff clay,
silt, and dense sand, underlain by weathered sandstone, siltstone, or hard clay. The observed heterogeneity in
subsurface conditions plays a critical role in seismic wave propagation and amplification behaviour. Soft clay
and loose silty layers, particularly in the upper soil strata, tend to exhibit lower shear stiffness and higher
compressibility, which significantly increase ground motion amplification due to impedance contrast with
underlying stiffer materials. In contrast, dense sand and weathered rock layers contribute to reduced
amplification due to higher stiffness and energy dissipation capacity.

The variability across clusters indicates that local stratigraphic differences govern site response behaviour,
underscoring the need for microzoning rather than relying on uniform site classification. This spatial variability
is particularly important in coastal and reclaimed zones, where marine deposits may amplify seismic waves more
significantly than inland deposits. Groundwater depth ranged from the surface or the seabed to 4.2 m. For marine
boreholes, the SPT-N could not be found until the termination depth of 70.95m. The lateral soil stratigraphy
variations of the site are shown in Figures 5, 6, 7, 8, and 9.
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Figure 5. Lateral variation subsurface profile for BH1, 2, 3,4, 6, & 8

Page 14133

www.rsisinternational.org



http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (I1JRISS)
ISSN No. 2454-6186 | DOL: 10.47772/1JRISS | Volume X Issue IV April 2026

= BH11_423m (7
25 AH12_3630m .= 0
20— ____---—--"' [— ]
= e —— —
15— BH15 845m =~ ] O
BII6_tm oo -g TG @
10 BHE_Gm I @ o]
0= — -
£ e
= 5
s 3 Q) ;
w = G S
5 -10= =le
] = 7
-15
-20=
25=
-30
35—
-0
45—+-r-rr-T+r-r-r-r———r—rr e e T Tt T e T T T e T T T - T T T T T T T
T I T T T T T T T T T
0 100 200 300 a09 500 600 o0 300 avn 1000 1100 1200 1300 1400 1500 1600 17C
Horzania! Distanaa {m)
LEGEND .
INTERPOLATED SOIL PROFILE B-B
(5] Vary soft to femi CLAY alh 15085 of W DSTINQS 7 Sena DOCKETSs / decayed wood 7 organics / ravals
@Fimto very stiff CLAY with racas of S\t pamings 7/ 2and Docksls / decsled Wwood /S iganics » reves
@ Vary stiff o hard CLAY wilh fracee of siil partings / sand pockels 7 08¢ayed wood £ ovgsice / gravels
@) Very saft to frm SILT with Faces of clay parfings / sand pockefs / decaysd wood 7 organics / gravels
O Firm to st SILT voth traces of clay partings / samd pockets / devayed woad /arganics / gravels
Vary st to hard SIL T wikth 05083 of Ciay 0SIMINGS / SaN0 POCKSES / decsyed wood / Qrganies / graves -
Vary ioces (o very denss SAND / sity SAND / daysy SAND £ ssndy SILT wilh treces of dlay osviings / gravels / decayed wood / - &
orgaics
@Very weak fo very strang, highly fracfurad to fresh sand=tone £ mudstone g2 LN §
QTWSG‘J Lastovrar M he -
Figure 6.. Lateral variation subsurface profile for BH5, 11, 12, 15, & 16
25 —
. BH10_3333m
20— sug_sasm o
4 — 2T =T
15 ] BH1_39.34m g7 38.51m BT it 7
R —F -~
] oal ke
101 gH14_6.45m = f
] 5 ') “ /
S ~ bR ~= i \. |
4 \C,." . o2
0 .
= - -
= ] e
2 10 ) :
o Z
o N
-15 —
20 ] Z 87
25— —
30 |
a5 -
L e e
a 100 200 S00 400 500 600 700 800 900 1000 1100 1Z00 1300 1400 1500 16800
Harizantal Distance (m) - =
LEGEND Interpolated Soil Profile C-C’ g :
@ Vary saft ta firm CLAY with traces of silt patings ! sand pockess | decaynd wood | omanics ! gravels A >
@ Firm ta very stff CLAY witn 1r3cas of silt parings ¢ sand pockats ! tecayad vwood ¢ organics ¢ gravels, i N
@ Very stift 10 hare CLAY with treces of slit partings f sanc pockets ! decayed wood / organics / gravels. H = = =
Vary =0l Lo fam SILT with lracee of sill partngs | sand pockels § decayed wood § crpanics ! gravals, 1 = ~\ LI
Firm ta very stf SILT with tmces of =i partinps { sond packets / decayed wead Jarganics ¢ gravels N
& Vary stff 1o hare SILT weh trecss of silt cartings ! sand cockets ! decayed woad ! orgenics / gravels R
@ Vary looss io very danss SAND ! silly SAND 7 clayey SAND { sondy SILT with traces aof =it partings / gravels ! decayed woad ¢ orgenics = o\—
Vary waak to vary strong SANDSTONE / MUDSTONE
Togsoll 1 CLAYISAND ] LR 1
Discigimar . The alsfancs ks basad on sstimation only, actual alsfancs may vanes. i

Figure 7. Lateral variation subsurface profile for BH7, 9, 10, 13, & 14
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Soil response analysis requires approximate engineering bedrock depth data. According to Roslee et al. (2020),
the engineering bedrock depth in Luyang, Kota Kinabalu, Sabah, was estimated to be between 4 m and 32.5 m
below the original ground level. It should be noted that estimating the engineering bedrock depth introduces
uncertainty into the site response analysis. The adopted assumptions are based on regional geological studies,
given the absence of direct geophysical measurements, such as downhole or MASW testing. Variations in actual
bedrock depth may influence the fundamental site period and amplification characteristics.

However, the adopted approach represents a practical engineering approximation commonly used in preliminary
seismic assessments. Future studies incorporating direct shear-wave velocity profiling are recommended to
refine bedrock depth estimates and improve the reliability of site response predictions. As such, several
assumptions have been made regarding the extended depth of boreholes for soil response analysis, as listed in
Table 7. Because depth to engineering bedrock governs the fundamental site period, overestimating the depth
could shift the resonance to longer periods, while underestimating it could artificially concentrate amplification
at higher frequencies. Future structural designs utilising these site-specific spectra should account for a margin
of error in the long-period range (Tp) to accommodate this uncertainty.

Table 7. Assumption on the extended depth of the borehole to the engineering bedrock

No. | Description of Conditions Extended Depth from Existing Terminated BH
1 Weathered rock or hard clay encountered 10 m more depth to bedrock
2 Terminated BH SPT-N= 40-50 15 m more depth to bedrock
3 Terminated BH SPT-N= 25-40 20 m more depth to bedrock
4 Shallow depth BH, no SPT-N=50 30 m more depth to bedrock
5 All Marine BHs 30 m more depth to bedrock

Shear Wave Velocities, Vs

To estimate the shear wave velocity of the soil profile, empirical correlations relating Standard Penetration Test
(SPT-N) values to Vs were utilised. Several established formulas were selected based on their proven suitability
for Malaysian and tropical soil conditions. For each soil stratum, the Vs values derived from these selected
methods were calculated and subsequently averaged. This averaging technique mitigates the inherent statistical
scattering of individual empirical models, thereby reducing uncertainty and yielding a more robust and reliable
estimate of the soil’s dynamic stiffness. While these empirical correlations are widely adopted, they inherently
introduce variability due to differences in soil type, stress history, and local geological conditions. It is
acknowledged that direct site-specific geophysical measurements, such as Multichannel Analysis of Surface
Waves (MASW) or downbhole testing, would yield more accurate velocity profiles. Nevertheless, in the absence
of direct geophysical data, this averaged empirical approach is considered a highly practical and acceptable
methodology for regional-scale seismic assessments.
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Figure 10. Shear wave velocity for Cluster 1

Cluster 2 - Shear Wave Velocity, Vs (Onshore)
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Figure 11. Shear wave velocity for Cluster 2
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Cluster 3 - Shear Wave Velocity, Vs (Marine)
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Figure 12. Shear wave velocity for Cluster 3

These average Vs values are then used in the DEEPSOIL software to carry out soil response analysis. This
method is a practical solution when field measurements are unavailable, yet it still allows for a meaningful site-
specific assessment of surface PGA. All 23-borehole shear wave velocity plots are divided into 3 clusters as per
Figures 10, 11, and 12.

Soil Response Analysis

In this study, three representative ground motion records from past earthquake events (Kobe 1995, Chi-Chi 1999,
and Kocaeli 1999) were selected and used as input motions in the DEEPSOIL software. These records were
appropriately scaled to match the target bedrock Peak Ground Acceleration (PGA) values of 0.02g and 0.03g for
the SOGIP area in Sipitang, Sabah. In accordance with Eurocode 8 (ECS), scaled input motions were used to
derive key seismic design parameters via equivalent-linear site response analysis. Figures 13—18 present the
computed surface acceleration time histories and corresponding response behaviour for the different input
motions and borehole clusters. The results consistently demonstrate amplification of ground motion from
bedrock to the surface across all clusters, with the degree of amplification varying with both input motion
characteristics and local subsurface conditions. A clear trend observed in the figures is that softer soil profiles
exhibit more pronounced amplification, particularly within the low- to mid-frequency range. This behaviour is
attributed to the lower stiffness and higher deformability of soft clay and silty layers, which tend to resonate with
incoming seismic waves. In contrast, soil profiles dominated by denser or stiffer materials exhibit lower

Page 14138

www.rsisinternational.org


http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (I1JRISS)
ISSN No. 2454-6186 | DOL: 10.47772/1JRISS | Volume X Issue IV April 2026

amplification, reflecting higher shear stiffness, more effective energy dissipation, and reduced impedance
contrast between layers.

Variations in response among the three earthquake records are also evident. Each input motion possesses distinct
frequency content, duration, and energy distribution, which influence the resulting surface response. Ground
motions with dominant frequencies closer to the soil profile's natural period tend to produce greater amplification
due to resonance. This explains the observed differences in surface PGA across clusters under identical bedrock
input levels.

Furthermore, increasing the bedrock PGA from 0.02g to 0.03g results in an overall increase in surface
acceleration; however, the amplification response does not scale linearly. This behaviour reflects the strain-
dependent characteristics of soil captured in the equivalent-linear analysis, where stiffness degradation and
increased material damping occur at higher strain levels, thereby moderating the amplification response. The
variability in amplification observed across the different clusters highlights the influence of spatial heterogeneity
in subsurface conditions within the SOGIP area. Marine and near-coastal deposits, which are typically
characterised by thicker, soft soil layers, exhibit higher amplification compared to inland locations with relatively
stiffer stratigraphy. These findings underscore the limitations of generalised seismic design assumptions and
reinforce the necessity of site-specific analysis to accurately capture local ground response characteristics.

Cluster 1 - Deep Soil Response Analysis

Cluster 3 - Deep Soil Response Analysis

Peas Suface Arcelration g)

Figure 13. Soil response analysis graph for Kobe EQ-0.02¢g
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14. Soil response analysis graph for Chi-Chi EQ-0.02¢g
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Figure 15. Soil response analysis graph for Kocaeli EQ-0.02g
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Figure 16. Soil response analysis graph for Kobe EQ-0.03g
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Figure 17. Soil response analysis graph for Chi-Chi EQ-0.03g
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Soil Amplification Factor Evaluation

Based on various soil response analyses, the data sets and results have been carefully studied to ensure the
outcomes are practical and eliminate possible errors. The studies on amplification effects for both cases of PGA
at bedrock (0.02g and 0.03g) have been tabulated in Tables 8 and 9. The results, before averaging the datasets
concerning cluster locations, indicate that surface PGA values range from 0.0137g to 0.0552¢g based on a bedrock
PGA of 0.02g (MS EN 1998-1:2015/2017), and from 0.0153g to 0.0821g for higher reference bedrock PGAs
0.03g (rationalized PGA value of 0.027g (Harith et al., 2025) and 0.031g (Adnan, 2022)).

Table 8. Summary of soil amplification effects based on PGA of 0.02g at Bedrock

Item / Cluster Return Period 475 Years
Average Soil
i Based on Earthquake Event and . ] e
Input Motions Scaled Down to Local Site Bedrock Kobe-0.02g | ChiChi-0.02g | Kocaeli-0.02g | Amplification
Factor Based
e PGA Based on MSEN1998- onEQ Events
Bedrock in Sipitang 1:2015(2017) (0.028) at 0.01s 0.02004 0.02001 0.02007 (Unitless)
Soil Surface Peak Surface Acceleration (PSA) (g)
BH 1 (Soil Type C) 0.0266 0.0200 0.0449
BH 2 (Soil Type C) 0.0321 0.0350 0.0489
BH 3 (Soil Type D) 0.0446 0.0431 0.0267
BH 4 (Soil Type D) 0.0418 0.0391 0.0402
Cluster 1 BH 5 (Soil Type C) 0.0341 0.0381 0.0275
(Onshore Pipeline) (BH 6 (Soil Type D) 0.0410 0.0421 0.0501
BH 7 (Soil Type C) 0.0397 0.0424 0.0241
BH 8 (Soil Type D) 0.0465 0.0383 0.0368
Average PSA 0.0383 0.0373 0.0374
Soil Amplification (Average PSA/PGA) 1.9110 1.8614 1.8631 1.8785
BH 9 (Soil Type D) 0.0407 0.0403 0.0417
BH 10 (Soil Type D) 0.0406 0.0552 0.0433
BH 11 (SoilType C) 0.0393 0.0441 0.0295
BH 12 (Soil Type D) 0.0364 0.0398 0.0310
Cluster 2 BH 13 (Soil Type D) 0.0441 0.0522 0.0307
(Onshore) BH 14 (Soil Type C) 0.0356 0.0404 0.0366
BH 15 (Soil Type C) 0.0358 0.0408 0.0331
BH 16 (Soil Type B) 0.0232 0.0267 0.0305
Average PSA 0.0370 0.0424 0.0346
Soil Amplification (Average PSA/PGA) 1.8438 2.1201 1.7222 1.8954
BH 17 (Soil Type D) 0.0444 0.0533 0.0388
BH 18 (Soil Type D) 0.0286 0.0262 0.0314
BH 19 (Soil Type D) 0.0263 0.0210 0.0238
Cluster 3 BH 20 (SoflType D) 0.0222 0.0187 0.0230
(Marine) BH 21 (SoHlType D) 0.0192 0.0137 0.0202
BH 22 (Soil Type D) 0.0317 0.0243 0.0354
BH 23 (Soil Type D) 0.0382 0.039%4 0.0424
Average PSA 0.0301 0.0281 0.0307
Soil Amplification (Average PSA/PGA) 1.5008 1.4031 1.5309 1.4783
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Table 9. Summary of soil amplification effects based on PGA of 0.03g at Bedrock

Item / Cluster Return Period 475 Years
Average Soil
. Based on Earthquake Eventand . . el
Input Motions Scaled Down to Local Site Bedrock Kobe-0.03g | ChiChi-0.03g | Kocaeli-0.03g | Amplification
Factor Based
s PGA Based on MSEN1998- on EQ Events
Bedrockin Sipitang 0.03006 0.03002 0.03010 .
1:2015(2017) (0.03g) at 0.01s (Unitless)
Soil Surface Peak Surface Acceleration (PSA) (g)
BH 1 (Soil Type C) 0.0401 0.0424 0.0662
BH 2 (Soil Type C) 0.0483 0.0522 0.0720
BH 3 (Soil Type D) 0.0488 0.0533 0.0382
BH 4 (Soil Type D) 0.0623 0.0590 0.0546
Cluster 1 BH 5 (Soil Type C) 0.0496 0.0575 0.0413
(Onshore Pipeline) |BH 6 (Soil Type D) 0.0591 0.0597 0.0712
BH 7 (Soil Type C) 0.0503 0.0540 0.0345
BH 8 (Soil Type D) 0.0638 0.0551 0.0489
Average PSA 0.0528 0.0542 0.0533
Soil Amplification (Average PSA/PGA) 1.7551 1.8041 1.7722 1.7771
BH 9 (Soil Type D) 0.0611 0.0612 0.0565
BH 10 (Soil Type D) 0.0608 0.0821 0.0613
BH 11 (Soil Type C) 0.0574 0.0637 0.0427
BH 12 (Soil Type D) 0.0549 0.0561 0.0443
Cluster 2 BH 13 (Soil Type D) 0.0645 0.0754 0.0448
(Onshore) BH 14 (Soil Type C) 0.0511 0.0594 0.0559
BH 15 (Soil Type C) 0.0526 0.0608 0.0504
BH 16 (Soil Type B) 0.0346 0.0403 0.0454
Average PSA 0.0546 0.0624 0.0502
Soil Amplification (Average PSA/PGA) 1.8173 2.0785 1.6665 1.8541
BH 17 (Soil Type D) 0.0627 0.0811 0.0500
BH 18 (Soil Type D) 0.0333 0.0280 0.0387
BH 19 (Soil Type D) 0.0278 0.0193 0.0301
Cluster 3 BH 20 (SoflType D) 0.0254 0.0166 0.0246
(Marine) BH21 (So!lType D) 0.0194 0.0153 0.0243
BH 22 (Soil Type D) 0.0366 0.0257 0.0417
BH 23 (Soil Type D) 0.0430 0.0402 0.0501
Average PSA 0.0355 0.0323 0.0371
Soil Amplification (Average PSA/PGA) 1.1798 1.0765 1.2311|| 1.1625

Horizontal Elastic Response Spectra

These results are derived from the average response spectra curves generated through the soil amplification
factors, site periods characteristics, acceleration response spectra curves for 5% damping ratios, EC8 spectra
shape parameters, and surface motion characteristics used for structural design inputs. Please refer to Figures
19 and 20 for further information about the response spectra curves based on various input motions, clusters,
and PGA values. Tabulation of results and recommendations for clusters is available in Tables 10, 11, and 12.
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Table 10. Summary of response spectra shape parameters for Cluster 1

Bedrock PGA (g) Input Motions Soil Amplification Factor, S | Ts (s) Tc(s) | To(s)
Kobe EQ 1995 1.9110 0.25 0.80 1.50

0.02¢g Chi-Chi EQ 1999 | 1.8614 0.25 0.90 1.50
Kocaeli EQ 1999 | 1.8631 0.10 0.40 1.00
Kobe EQ 1995 1.7551 0.25 0.70 1.50

0.03g Chi-Chi EQ 1999 | 1.8041 0.25 0.90 1.50
Kocaeli EQ 1999 | 1.7722 0.15 0.50 1.50

Table 11. Summary of response spectra shape parameters for Cluster 2

Bedrock PGA (g) Ground Input Motions | Soil Amplification Factor,S | Te(s) | Tc(s) | Tp(s)
Kobe EQ 1995 1.8438 0.25 0.85 1.50

0.02¢g Chi-Chi EQ 1999 2.1201 0.25 0.85 1.50
Kocaeli EQ 1999 1.7222 0.10 0.30 1.50
Kobe EQ 1995 1.8173 0.25 0.85 1.50

0.03g Chi-Chi EQ 1999 2.0785 0.25 0.85 1.50
Kocaeli EQ 1999 1.6665 0.10 0.30 1.50

Table 12. Summary of response spectra shape parameters for Cluster 3

Bedrock PGA (g) Ground Input Motions | Soil Amplification Factor, S ;1;1)3 ;l;s ;l;'))
Kobe EQ 1995 1.5008 0.2510.80 | 1.80

0.02¢g Chi-Chi EQ 1999 1.4031 0.25]10.90 | 1.90
Kocaeli EQ 1999 1.5309 0.10 [ 0.70 | 1.80
Kobe EQ 1995 1.1798 0.20 1 0.70 | 1.80

0.03g Chi-Chi EQ 1999 1.0765 0.2510.80 | 1.80
Kocaeli EQ 1999 1.2311 0.10 ] 0.30 | 1.80

Surface PGA Results

Previous relevant studies indicate PGA values at bedrock for the Sipitang area in Sabah, as shown in Table 13.
While the computed surface PGA from this study is summarised in Table 14. The computed surface PGA values
are consistently higher than those shown in the Malaysian Seismic Hazard Map (2017), suggesting bedrock PGA
values of approximately 0.01g to 0.02g. This indicates that reliance solely on regional hazard maps may lead to
underestimation of seismic demand at the site. The increase in PGA due to local site effects underscores the
importance of accounting for soil amplification in seismic design. For critical infrastructure such as oil and gas
facilities, even moderate increases in PGA can significantly impact structural performance and safety margins.

Table 13. The range of PGA at bedrock values for Sipitang, Sabah

Reference 10% PE (g) /475 Yrs|
(Giardini, 2003) 0.04g — 0.08g
(Petersen M. D., 2007; Petersen M. D., 2008) 0.02g — 0.04¢g
(Leyu C. H., 2009) 0.04g
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(Adnan, 2008) 0.06g — 0.08¢g
(MSEN1998-1:2015, 2017) 0.01g — 0.02g
(M. Pagani et al., 2018) 0.01g —0.02¢g
(Adnan, 2022), The Kuala Penyu fault is included 0.031¢g

(Harith et al., 2025), The Kuala Penyu fault is included(.027g

Table 14. The peak surface acceleration (surface PGA) computed from this study

Bedrock PGA (g) Locations Soil Amplification Factor, S | Surface PGA (g)
Cluster 1 (Pipeline) | 1.9110 0.0382
0.02¢g Cluster 2 (Onshore) | 1.8614 0.0372
Cluster 3 (Marine) | 1.8631 0.0373
Cluster 1 (Pipeline) | 1.7551 0.0527
0.03g Cluster 2 (Onshore) | 1.8041 0.0541
Cluster 3 (Marine) | 1.7722 0.0532

Implications for Engineering Design

The results indicate that local amplification factors ranging from 1.0765 to 2.1201 (Tables 10—12 and 14) are
primarily attributed to the presence of soft surface soil layers across multiple locations within the SOGIP area.
In several instances, these amplification factors exceed the values recommended in MS EN 1998-1:2015 (Table
N.A.1, Annex C, and Annex D), suggesting that standard code provisions may not fully capture the influence of
local subsurface conditions. Consequently, reliance solely on national-scale PGA values may lead to
underestimation of seismic demand, particularly for critical infrastructure.

The observed increase in surface PGA has significant implications for the design of industrial facilities in
SOGIP. Elevated seismic demand directly influences the design requirements of shallow and deep foundations,
storage tanks, pipelines, and retaining structures. Flexible systems, such as pipelines and offshore facilities, are
particularly vulnerable to ground deformation and amplification, making them more sensitive to site-specific
seismic response.

These findings highlight the importance of adopting site-specific response spectra in place of standard code-
based spectra to better reflect actual ground behaviour. Such an approach not only enhances structural safety but
also enables more economical and performance-based design solutions.

Furthermore, the presence of soft, potentially saturated soil layers indicates increased susceptibility to seismic-
induced ground failures, including liquefaction and slope instability. These hazards should be explicitly
considered in the design and risk assessment of infrastructure within the study area.

Comparison with Previous Studies

The results obtained in this study generally agree with previous seismic studies conducted in Sabah, where soft
soil deposits produced higher amplification effects compared to stiffer ground conditions. However, this study
provides more localized assessment specifically for the SOGIP industrial area using actual borehole information.
Therefore, the results offer more representative seismic response estimates for the site-specific conditions.

Limitations of the Study
Several limitations were identified during the study:

i.  The analysis was performed using one-dimensional site response assumptions, which may not fully
represent complex three-dimensional ground conditions.
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ii.  The soil dynamic properties were estimated using empirical correlations instead of direct geophysical
measurements.

iii.  Limited earthquake input motions were considered during the analysis.

iv.  Groundwater fluctuation effects and nonlinear soil behaviour may influence actual seismic response
during strong earthquakes.

Despite these limitations, the study provides useful preliminary information for seismic assessment and
engineering planning in the SOGIP area.

CONCLUSIONS

This study demonstrates the critical importance of conducting site-specific seismic hazard assessments in
seismically influenced regions such as Sipitang, Sabah. By integrating borehole-derived subsurface data with
one-dimensional site response analysis, the study provides a more realistic representation of ground-motion
characteristics than generalised regional approaches. The results confirm that local soil conditions play a
dominant role in modifying seismic wave propagation, with amplification factors reaching up to 2.1 times the
regional baseline, thereby significantly increasing surface PGA.

The computed surface PGA values for the SOGIP area, ranging from 0.0372g to 0.0541g, consistently exceed
those inferred from national seismic hazard maps. This highlights the limitation of relying solely on regional
PGA values for engineering design, as such approaches may underestimate seismic demand and compromise the
safety and performance of critical infrastructure. The findings strongly support the adoption of site-specific
response spectra to better capture local ground behaviour and improve the reliability of seismic design practices.

Nevertheless, this study is subject to several limitations, including the use of empirical correlations for shear
wave velocity estimation, assumptions regarding engineering bedrock depth, and the application of equivalent-
linear analysis. These simplifications may introduce uncertainties in the predicted ground response. Future work
incorporating direct geophysical measurements and advanced nonlinear analysis is recommended to further
enhance the accuracy of seismic hazard evaluations.

Overall, this study provides valuable insights into the influence of subsurface conditions on seismic response
and establishes a practical framework for incorporating geotechnical data into site-specific PGA assessment.
The outcomes are particularly relevant for the design and risk assessment of industrial developments in SOGIP
and similar coastal and geologically variable environments.

RECOMMENDATIONS

Based on the findings of this study, several recommendations are proposed to enhance the reliability of seismic
hazard assessment and support safer infrastructure development in the SOGIP area, Sipitang, Sabah. Firstly, it
is strongly recommended that site-specific Peak Ground Acceleration (PGA) values be incorporated into seismic
design practices, particularly for lifeline systems and high-importance structures such as industrial facilities,
pipelines, storage tanks, and critical infrastructure. The use of generalised regional seismic parameters may lead
to underestimation of seismic demand, whereas site-specific inputs provide a more accurate representation of
local ground conditions and associated risks.

Secondly, future studies should extend the current analysis by incorporating nonlinear site response modelling
to better capture soil behaviour under strong ground motion. In addition, direct shear wave velocity profiling
techniques, such as Multichannel Analysis of Surface Waves (MASW) and Seismic Cone Penetration Testing
(SCPT), are recommended to improve the accuracy of subsurface dynamic properties and reduce uncertainties
associated with empirical correlations.
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Furthermore, the development of a localised seismic design spectrum tailored specifically for the SOGIP area is
highly encouraged. Such a spectrum would provide engineers with more reliable design parameters that reflect
the actual site conditions, thereby improving both structural safety and design efficiency.

Finally, it is recommended that detailed seismic microzonation studies be carried out as a subsequent step.
Microzonation would enable spatial mapping of seismic hazards across the SOGIP area, allowing for more
informed land-use planning, risk assessment, and infrastructure design at a finer scale.
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