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Abstract: The existence of soft soil in offshore areas may lead to the amplification of vibration
received from offshore facilities, especially from the existing fixed-jacket platforms, which were
designed without provision to seismicity, as in Malaysian water. Therefore, this study was designed
to develop a seismic microzonation map and a soil amplification factor map according to soil type;
we propose horizontal response spectra and site coefficient values (Ca and Cv) for the Malay Basin. A
one-dimensional nonlinear analysis of layered soil (NERA) was used in the ground response analysis
for six selected seismic events under five return periods of 100, 200, 500, 1000, and 2500 years. Soil
amplification factors for soil types D and E showed a decreasing trend from 100 years to 2500 years.
Two designed horizontal response spectra are proposed (for soil type D and E) under average
and envelope conditions; a comparison with ISO showed that the proposed spectra were higher,
especially for soil type E. To summarize, the seismicity effect should be included in the development
of offshore industries as findings indicated that soil amplification occurred in soil types D and E at
the Malay Basin.

Keywords: seismicity; seismic microzonation; microzonation map; ground response analysis; offshore
facilities in the Malay Basin

1. Introduction

The seismicity of the continental shelf of Malaysia is believed to be affected by its
surrounding active faults and subduction zone. Malaysia is located on the Eurasian Plate
and in the vicinity of two seismically-active plate boundaries. These boundaries are the
inter-plate boundary between Eurasian and Philippine Plates on the east side while the
inter-plate boundary is between the Indian–Australian and Eurasian Plates on the west
side of Malaysia. Previous study highlighted that the Indian Ocean plate is moving at an
estimated velocity of 7 cm/year toward the northeast and subducts under the Sumatra
in the west of Malaysia [1]. Furthermore, the Philippine Plate is moving at an estimated
8 cm/year toward Malaysia, which might cause several micro-faults in Sabah. It was
reported that Malaysia might be (and has been) affected by large tremor events in and
around these boundaries [1].

In 2005, the nearest distance of the earthquake epicenter from Malaysia was approx-
imately 350 km; this earthquake type could normally cause significant damage within
a 100–200 km radius from the epicenter [2]. Even though Malaysia is out of the range,
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two large earthquakes near Sumatra, which occurred at the end of 2002 (Mw = 7.4) and
in early 2003 (Mw = 5.8), caused tremors, which were felt by several cities in Peninsular
Malaysia, including Penang and Kuala Lumpur. Few building cracks have been reported
in Penang due to the 2002 Northern Sumatra earthquake [3]. After the fatal incident of the
Sumatra Earthquake (M9.2) in 2004, the global seismicity patterns have been affected by
other earthquake events that struck the East Indian Ocean on 11 April 2012, at M8.6. These
earthquake events caused long-distance earthquake tremors or far-field effects, which could
be felt, leading to panic in several cities in Peninsular Malaysia. Details of the seismicity
around Java, Indonesia, was discussed in detail in previous research [4].

Despite its distance of the earthquake epicenter, Malaysia has a local epicenter (mainly
in Sabah). Several possible active faults have been outlined and local earthquakes in East
Malaysia seem to be related to some of them (seismic events from surroundings). Several
possible active faults, such as the Mensaban and Loubo-Loubo, have been identified, and
local earthquakes in East Malaysia seem to be related to some of these fault lines. From the
observation based on the Modified Mercalli (MM) intensity scale, the maximum intensities
for West and East Malaysia are VI and VII, respectively [1]. MM VI represents strong
shaking, where shaking can be felt and cause slight damage, while VII represents very
strong shaking, were negligible, and slight to moderate damage; damage can be seen in the
structure depending on its design.

PETRONAS Carigali Sdn. Bhd. (PCSB) has been entrusted to manage the hydrocarbon
resources available in Malaysia. Operation areas offshore were divided into three, which
are known as Peninsular Malaysia operation (PMO), Sabah operation (SBO), and Sarawak
operation (SKO). There are many platforms available for offshore operation, such as a
fixed-jacket platform, compliant tower, SPAR platform, and tension leg platform. However,
all fixed-jacket platforms are widely used all over the world. This type of platform is
meant for shallow water depths where the maximum depth is around 400 to 500 m [5].
The foundation of this platform has direct contact with the seabed. Thus, there is a need
to determine the seismic microzonation map for the Malay Basin that can be used in the
development and maintenance of offshore facilities.

The Malay Basin as shown in Figure 1 is located in the South China Sea and consists
of more than 150 hydrocarbon resource discoveries in 2003. The oil exploration started
in the late 1960s; thus, numerous offshore facilities are available in the basin. The length
and width of Malay Basin are about 500 and 200 km, respectively [6–9]. The location of
the Malay Basin is depicted, and the distribution of oil and gas fields is portrayed. The
Malay Basin is part of PMO under the PCSB operation. The history of offshore hydrocarbon
exploration for the Malay Basin was elaborated by Ramli (1985) [8]. The Malay Basin is
considered shallow water; the water depth is less than 200 m.

Seismicity in the Malay Basin was highlighted by previous researchers where the
existence of folds and faults in the Malay Basin were highlighted in [6–8,10–12]. The
existence of inactive old faults cannot be ignored as they have the potential to be active
again due to the pull and push activities of the plates that can build more stresses beneath
the surface, which sometimes need to be released. Offshore facilities in the Malay Basin
might be in danger if it happens. Furthermore, concerns about the existence of aging
platforms in the Malay Basin have also been highlighted by previous researchers [13–15].
The development of the Malay Basin before hydrocarbon resources is an ongoing process
where maintenance and new development will be carried out. Thus, the Malay Basin is the
area of interest in this study.

Seismicity can normally be assessed by a seismic hazard map (produced based on
natural or geotechnical hazards). Natural hazards in seismic hazard maps represent the
kind of hazards that affect the site itself, for example, ground motion and liquefaction.
Geotechnical hazards represent the influence of natural hazards on engineering objects at
certain locations. Some examples of geotechnical hazards involve the effects of liquefaction,
slope stability, and ground motion on engineering structures [16]. A seismic hazard map for
ground motion can be produced based on a macrozonation or microzonation map. Please
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note that macrozonation here is about presenting the dynamic parameters, such as peak
ground acceleration and spectral acceleration on the bedrock in the seismic hazard map,
while microzonation is the addition of local soil conditions to macrozonation where the
influence on the surface can be obtained and presented in the seismic hazard map [16]. In
microzonation, the effect of soil layers beneath the surface is also included.
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Govindaraju et al. (2004) [17], dealing with the existence of seismic hazards, high-
lighted that the estimation of the site-specific dynamic response of a layered soil deposit
must be executed. Beyhan et al. (2017) [18] claimed that in any seismic soil structure study,
the site response analysis will normally be the first step. The site response analysis or
ground response analysis (GRa) helps engineers to calculate the natural period for a site,
assess amplification of ground motion, and determine various parameters, such as response
spectra, which will be used in designing and evaluating structure safety [17].

Methods to analyze GRa can be broadly grouped into linear analysis, equivalent linear
analysis, and nonlinear analysis. Linear analysis is the most common method used for GRa
due to its simplicity [17]. In linear analysis, the soil is considered a uniform layer with
either constant or varying soil stiffness over depth. Thus, it can be expressed by a simple
mathematical function. However, in reality, material properties of soil will change in space,
and soil does not have elastic behavior. Hence, finite difference and finite elements, which
are in the numerical method, must be used.

Equivalent linear analysis was discussed by Basu and Dey (2016). In equivalent linear
analysis, equivalent linear properties, such as shear modulus, are used in the approximation
of a non-linear hysteric stress–strain behavior of soil under cyclic loading. Normally, the
effective shear strain value for GRa is set at 65% of the peak shear strain of an earthquake
motion. The nonlinear analysis involves analyzing soil layers or deposits by implementing
numerical integration of the time domain in small steps. Any nonlinear stress–strain
model developed according to Masing and non-Masing rules can be incorporated during
the integration process. In each time step, soil properties for the next iteration will be
assumed or calculated by referring to the stress–strain relationship. Thus, stress–strain
characteristics for the soil must be modeled realistically to ensure meaningful results of the
analysis [17,19]. The advantages of using the nonlinear analysis method were discussed by
previous researchers [20–22].
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The GRa method normally utilizes a shear wave propagation approach that comprises
of one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) analysis. In
the seismic code for the engineering structure, 1D is widely used compared to the other two
methods [17,20]. GRa involving 2D and 3D methods will normally be used under special
requests since more input data will be necessary. Further discussions are provided for the
1D method. The nonlinearity of soil material is represented by using either equivalent
linear or nonlinear methods. In the 1D method, there are several assumptions made where
the length of the soil will be ignored, and the soil boundary is assumed horizontal but the
thickness will be accounted [22].

From the literature that was reviewed, parameters of seismic waves, such as duration,
amplitude, and frequency can be influenced by the soil condition and local site effect
as the wave propagates upward through the soil layers from the bedrock up to the soil
surface [23]. Based on Kramer (1996) [24], the seismic wave can either be amplified or
de-amplified depending on the soil deposit parameters, such as soil density, thickness,
and type. Adrian et al. (2000) [25] highlighted that the natural period of the site has a
significant influence on the amplification of ground motion. High vibration will occur
when the seismicity and site share the same frequency.

Soil amplification may occur in the area of soft soil, and it is known that the offshore
area normally consists of soft soil. The amplification of each site will depend on the
combination of soil and thickness of each layer. The range and value of the soil amplification
factor varied at different locations. It shows the importance of obtaining soil amplification
factors for specific areas to avoid the under- or over-design of engineering structures. Thus,
in the current study, the soil amplification factor was determined for the Malay Basin where
a lot of offshore facilities are operating.

Most of the offshore platforms in Malaysian water were designed based on API, ISO,
and PTS codes of practice. The conventional method was also adopted by ISO 19901-2 in
plotting response spectra, as shown in Figure 2. This method was adopted in the current
study, in accordance with ISO 19901-2, except for the spectral accelerations of 0.2 s and 1.0 s.
In constructing the response spectrum for Malaysian water using ISO 19901-2, 5% damping
was assumed and the values of the spectral accelerations for 0.2 s and 1.0 s periods are
provided in Figure 3. Spectral acceleration in ISO 19901-2 for 0.2 s is 0.05 g while 1.0 s is
0.02 g for the 5% damping ratio.
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According to Freeman (2007) [27], the usefulness of response spectra as a tool in the
design and analysis process increased due to the requirement of building codes and accept-
able performance-based design (PBD) techniques. Thus, many studies were conducted on
previous researchers’ spectral responses due to seismic excitation, and the influence on the
structure was also highlighted. Freeman (2007) [27] discussed how seismic design forces
can be obtained from design response spectra for both low-rise and high-rise buildings.
They also highlighted that the estimation of a smooth spectrum is reasonable if the average
of the maximum and minimum curves were used.

Chang et al. (2005) [28] studied the comparisons of ISO and API seismic designs
for three offshore platforms. Before that, plotting was conducted of seismic acceleration
response spectra for the 5% damping ratio based on ISO for different size classes; it can be
seen that the types of soil governed the period of a specific site. The highest acceleration
started at 0.2 s and the period of constant acceleration increased from harder soil to softer
soil; from site class A/B to site class E (Chang et al. 2005 [28]; Villaverde, 2009 [29]). This
response spectrum can also be plotted using a log–log scale. In the current study, the
conventional method was adopted where design response spectra (with respect to period)
were plotted based on ISO.

From the literature reviewed, the existence of an aging platform in the Malay Basin
was designed without provision for seismicity, and the seismicity in the Malay Basin and
surroundings raised concerns from researchers. Furthermore, an offshore area normally
consists of soft soil that has the potential of having a soil amplification effect that will
increase the amount of the vibration received by the surface. It is still questionable whether
the Malay Basin experiences an amplification effect or not. Thus, the aim of this study was
to determine the seismic microzonation map, the map of soil amplification factors, designed
horizontal response spectra, and site coefficients of selected sites in the Malay Basin.



Appl. Sci. 2022, 12, 9194 6 of 24

2. Materials and Methods

There were three phases of the research methodology for this study to address the
three objectives. Phase one addresses the first objective, which is to develop a seismic
microzonation map of the Malay Basin for offshore facilities. It consists of a data collection
process for ground response analysis input, such as seismic time histories, peak ground
acceleration, and soil properties. During this phase, one developed program, known
as the nonlinear earthquake site response analysis of layered soil deposits (NERA), has
been adopted. This one-dimensional nonlinear analysis produced output, such as peak
surface acceleration (PSa) and response spectra (RS). Peak surface accelerations were ana-
lyzed to develop seismic microzonation mapping for the Malay Basin to address objective
number one.

Phase two of this study addresses the second objective. PSa was used to determine soil
amplification factors. The obtained soil amplification factors were used to produce maps of
soil amplification factors for the Malay Basin. In phase three, horizontal RS were analyzed
to produce design horizontal response spectral acceleration and site coefficient values (Ca
and Cv) for soil types D and E of the available data in the Malay Basin to address objective
number three. As stated in ISO 19901-2 [26], soil type D represents stiff to very stiff soil,
while soil type E is classified as soft to firm soil. Soil classification in this study is based
on the average soil shear wave velocity (Vs) of the top 30 m of the seabed. Equation (1)
was used in determining Vs for the study area. The detailed flowchart for this research
methodology is shown in Figure 4.

Vs = 30/
n

∑
i=1

di
Vs,i

(1)

2.1. Phase One: Development of Seismic Microzonation Map

This phase was designed to collect data for the input in the ground response analysis
(GRa). GRa is a process where the reaction of soil layers under vibration, as an example,
can be predicted. The prediction of ground response is important in the development of
the proposed area or area of interest since it reflects how the site can withstand potential
external loads. In conducting GRa, input, such as time histories, soil data, and peak ground
acceleration (PGa) for the proposed area, were required. Due to the fact that conducting
soil investigations in offshore areas is very expensive and can be conducted by a related
party, the data are some of the limitations of this study. Therefore, the selection of sites
was based on soil data availability. Details on the time histories, soil data, and PGa were
presented in the subsections.

2.1.1. Time Histories

In this study, time histories refer to the ground motion measurements due to seismic
events, recorded by selected seismic stations in Malaysia. Seismic time histories were
obtained from the Malaysian Meteorological Department (MMD). Six seismic events were
selected for this study comprises of three near-fields (seismic events occurred in Malaysia)
and three far-field (seismic events from Sumatera, Indonesia). The seismic events for far-
field are Sumatera (25 July 2004), Sumatera (1 December 2006), and Sumatera (2 March 2016)
known as F1, F2, and F3, respectively. Seismic events for near-field are Beluran, Sabah
(23 May 2005), Kunak, Sabah (28 May 2012), and Ranau, Sabah (1 February 2014), noted as
N1, N2, and N3, respectively. One of the criteria for the seismic time history selection is that
the earthquake magnitude reach 5 or above for far-field seismic events (since lower values
are considered as non-harmful to structures). Only secondary waves in the east–south
(E) direction were used in this study with noise reduction due to the assumption that the
recording station would capture all vibrations, including vibrations from surroundings
other than the seismic. Figure 5 shows seismic time histories used in this study.
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2.1.2. Soil Data

Conducting soil site investigations for offshore areas was very costly and required
specialists. Furthermore, only related parties were involved and willing to undergo the
process. Thus, limitations occurred in terms of data availability. Soil data in this study were
extracted from a soil investigation report submitted to the related parties in the process of
constructing the offshore platform. The report was based on the cone penetration test with
pore pressure measurements (CPTU) conducted in the study area. The report consisted of
data, such as coordinates, depth of the borehole, soil profile, number of soil layers, total
unit weight, thickness of soil layers, and soil type. These data were required for GRa,
including soil shear wave velocity. However, shear wave velocity is not available in the
soil investigation reports. Thus, the determination of shear wave velocity through CPT-Vs
correlation equations was required in solving this problem.

In the current study, six developed CPT-Vs correlations, which correlated Vs with the
measured tip resistance (qc) and sleeve friction resistance (fs), and the correlation of Vs
with qc only for the quaternary geological age, were selected. These correlation equations
were developed based on soil types, such as sand, clay, and all soils [30–32]. In offshore
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areas, normally the combination of clay and sand can be seen. CPT-Vs correlation equations
adapted in this study are presented in Table 1. Values for soil shear wave velocities for
each site were calculated by averaging the Vs from all soils and Vs calculated according
to soil type. The same concept was applied by Hoe (2015) [33] in determining Vs for
Malaysian offshore.
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Table 1. Correlation of CPT-Vs used in the present study.

Soil Type Model Equation for Vs r2 Paired Data

All Soil
Hegazy and Mayne (1995) (101 log(qc) − 11.4)1.47 (100 fs/qc)0.3 0.70 323

Mayne (2007) 118.8 log(fs) + 18.5 0.82 161

Sand
Sykora and Stokoe (1983) 134.1 + 0.0052 qc 0.61 256
Hegazy and Mayne (1995) 12.02 qc

0.319 fs
−0.0466 0.57 92

Clay Hegazy and Mayne (1995) 3.18 qc
0.549 fs

0.025 0.78 229
Mayne and Rix (1995) 1.75 qc

0.627 0.74 481

After the data collection and screening process, there were 11 sites available with
a total of 19 boreholes data. These sites were then classified according to soil type as
suggested in ISO 19901-2. In the current study, the soils were classified according to the
Vs of the first 30 m that were calculated using Equation (1). From the 11 sites, 4 were sited
under soil type D and 7 under soil type E. Thus, D1–D4 represent sites for soil type D and
E1–E7 represent sites for soil type E. The letter D represents soil type D and E represents
soil type E while the number represents the numbering for the site. A sample of the soil
model used in the present study is presented in Table 2.
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Table 2. Soil model for D1 used in the present study.

Depth (m) Thickness Soil Vs

From To (m) Description (m/s)

0.0 6.9 6.9 Very soft to soft clay 117.764
6.9 9.8 2.9 Stiff silt 193.169
9.8 14.9 5.1 Stiff clay 162.077

14.9 21.6 6.7 Firm to stiff clay 150.722
21.6 24.0 2.4 Very stiff silt 282.296
24.0 27.2 3.2 Firm clay 208.693
27.2 29.8 2.6 Very stiff silt 231.147
29.8 38.9 9.1 Stiff clay 200.705
38.9 44.8 5.9 Stiff to very stiff clay 204.381
44.8 50.0 5.2 Very stiff silt 280.731

2.1.3. Peak Ground Acceleration (PGa)

Peak ground acceleration (PGa) is the prediction of the amount of vibration received
by any specified site or location. In this study, the PGa input was extracted from a previous
study [34]. PGa values obtained from this study were extracted from these findings for
100-year, 200-year, 500-year, 1000-year, and 2500-year return periods based on the site
locations. The PGa values used in the current study (extracted from a previous study) are
presented in Table 3.

Table 3. PGa values for offshore Peninsular Malaysia [34].

Coordinate PGa (g)

Lat. Long. 100-Year
Return Period

200-Year
Return Period

500-Year
Return Period

1000-Year
Return Period

2500-Year
Return Period

3.0 103.5 0.02 0.03 0.04 0.05 0.07
3.5 103.5 0.02 0.03 0.03 0.05 0.07
4.0 103.5 0.02 0.02 0.03 0.04 0.06
4.5 103.5 0.02 0.02 0.03 0.04 0.05
5.0 103.5 0.02 0.02 0.03 0.03 0.05
5.5 103.5 0.02 0.02 0.02 0.03 0.04

2.1.4. Ground Response Analysis (GRa)

In this study, one-dimensional nonlinear analyses were carried out by using the
Nonlinear Earthquake Site Response Analysis of Layered Deposits (NERA) program. GRa
in this study was conducted for 11 sites with a total of 19 boreholes for 6 seismic events
and 5 return periods. The overall methodology for GRa is depicted in Figure 4. In NERA,
the first step is to decide the time step increment, desired maximum acceleration, and
maximum frequency cut-off. In the current study, the time step increment was set to
0.01 while the desired maximum acceleration was set to ensure that the PGa value at the
bedrock reflected the value. The maximum frequency cut-off was set at 10 Hz. All of
this information is the input in the worksheet ‘earthquake’. Along with that, the selected
seismic time history was inserted.

The second step was to provide the soil parameters in the worksheet ‘profile’. However,
soil material type, thickness of a layer, total unit weight, and shear wave velocity were
added. A sample of worksheet profiles is presented in Table 4. There were 2 soil material
types available, ‘1’ represents clay while ‘2’ represents sand [35]. The number of time-sub
increments in the worksheet ‘Iteration’ was set at the minimum value and the outcrop was
set for the type of input motion. In the worksheet ‘Spectra’, a number of sublayers were set
as 1 to represent the surface or seabed while the ratio of critical damping was set at 5%, as
suggested in the ISO19901-2 [26].
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Table 4. Worksheet Profile in NERA for D1 site.

Fundamental Period (s) = 1.04
Average Shear Wave Velocity (m/sec) = 192.95

Total Number of Sublayers = 11

Layer
Number

Soil
Material

Type

Thickness of
Layer (m)

Maximum
Shear

Modulus
Gmax (MPa)

Total Unit
Weight
(kN/m3)

Shear
Wave

Velocity
(m/sec)

Location
of Water

Table

Depth at
Top of

Layer (m)

Vertical
Effective

Stress (kPa)

Surface 1 1 6.9 25.49 18.03 117.764 0.0 0.00
2 1 2.9 68.58 18.03 193.169 6.9 124.41
3 1 5.1 48.28 18.03 162.077 9.8 176.69
4 1 6.7 41.75 18.03 150.722 14.9 268.65
5 1 2.4 168.40 20.73 282.296 21.6 389.45
6 1 3.2 85.82 19.33 208.693 24.0 439.20
7 1 2.6 105.28 19.33 231.147 27.2 501.06
8 1 9.1 79.37 19.33 200.705 29.8 551.31
9 1 5.9 76.77 18.03 204.381 38.9 727.22
10 1 5.2 155.29 19.33 280.731 44.8 833.59

Bedrock 11 0 3333.52 22.00 1219.2 50.0 934.11

After everything was assigned, the first step was to use the process earthquake data
command where, here, the time history input was processed to achieve the desired PGa
value. The second step was executed by using the ‘calculate’ step-by-step command; in
this stage it involved the NERA read profile, material curve, and then the execute the
key calculation to produce the acceleration, velocity, and displacement in the worksheet
‘Iteration’. The third step was to produce the output by using the command ‘Calculate
Output’. In this stage, the output for spectra in terms of acceleration was obtained. The
maximum acceleration at sublayer 1, produced in the Iteration worksheet, was recorded
as it portrayed the value of the acceleration at the seabed or surface. The movements of
the wave propagation in vertical motion throughout the soil layers and the spectra for the
surface were produced.

2.1.5. Plotting Seismic Microzonation Map

The last stage in phase one was to plot a seismic microzonation map for each site
according to the return period. As discussed earlier, there are five return periods used
in this study, consisting of 100-year, 200-year, 500-year, 1000-year, and 2500-year return
periods. Seismic microzonation map-plotting was performed by using ArcGIS software.
The inverse distance weighted (IDW) tool was used to create the contour of PSa for this
study according to the return period. The estimation of a new point was made by averaging
the values of data that were close to the processing cell.

The process of plotting the seismic microzonation map started with creating a new
template in ArcMap. Then, a layer of the map was added, which portrayed the map of
Malaysia before continuing with adding a Microsoft table in ArcMap as the input data;
for this case, input data consisted of coordinates and PSa values. Since the data were in
an excel file, the data for the x axis and y axis were imported to ArcMap by using add XY
data. A shapefile was created to ease the editing process during data editing. The digitizing
process is a process where the boundaries of PSa maps are digitized. The data were created
as coordinates in polygon format. Moreover, the coordinate system used was GCS WGS
1984 for the geographic coordinate system. This boundary was used to limit the area where
the contour was plotted.

To create a contour, a model builder was used. The model was the workflow arranged
to allow processing of the input data by incorporating geoprocessing tools to produce an
output, which then could be used as the input for another tool. In this study, PSa was
used as the input, and the contour was created using inverse distance weighted (IDW).
IDW is one of the raster interpolation toolset available in Spatial Analyst Tools under
geoprocessing. Since IDW uses an interpolation technique, it only can predict the point
in the range of the dataset. Plotting of the contour was performed using Contour, one
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of the raster surface toolsets in Spatial Analyst Tools, available in ArcToolbox or the 3D
analyst toolbox.

2.2. Phase Two: Development of Map for Soil Amplification Factor

Phase two was designed to achieve the second objective in this study, which was to
develop a map of soil amplification factors for the Malay Basin. A map for soil amplification
factors was developed based on the soil amplification factor calculated for the study areas.
From ground response analyses, results of the peak surface acceleration (PSa) for study
areas were obtained. These values were used to determine the soil amplification factor by
using Equation (2).

Soil Amplification Factor =
PSa
PGa

(2)

Results of the soil amplification factor (AF) for each site were calculated for 100-year,
200-year, 500-year, 1000-year, and 2500-year return period under six seismic events. A
comparison of results was carried out for far-field and near-field seismic events. Then, the
results were averaged over seismic events to avoid underestimating and overestimating the
seismic effects. The average results were used to produce five soil AF maps representing
each return period. These values along with the coordinates were among the main input in
ArcGIS software for map-plotting, ArcMap. The inverse distance weighted (IDW) method
was used where the interpolation theory was adapted in predicting new values for soil
AF based on nearby points. Contour, one of the raster surface toolsets under Spatial
Analyst Tools, was used to plot the AF maps. The same coordinate system and grid as in
Section 2.1.5 were used in creating and plotting the maps.

2.3. Phase Three: Determination of Site Coefficients and Design Horizontal Response Spectra

Phase three was designed to achieve the third objective of this study. In this phase, the
response spectra, which were obtained from the ground response analysis, were analyzed
to determine the designed horizontal response spectral acceleration. The curves and spikes
in the horizontal response spectra were smoothed by proposing a single line known as
designed horizontal response spectral acceleration (DHRSa). For response spectra, only
results of the 1000-year return periods were used, and the damping was assumed to be
5%. The spectral acceleration (Sa) values of the 1000-year return period for 0.2 s and 1.0 s
were extracted from a previous study [34]. Details of the site coefficients and designed
horizontal response spectra in acceleration are presented herein.

The process of proposing DHRSa started with analyzing horizontal spectral accel-
eration output from GRa conducted using NERA, a one-dimensional nonlinear ground
response analysis. Horizontal response spectra for each site were analyzed according to
seismic events and sites, then the results were plotted for spectral acceleration versus the
period. Comparisons of the horizontal spectral accelerations were made to determine
the effects of far-field and near-field and a combination of far-field and near-field seismic
events. Then, plotting of horizontal response spectra for the average as well as the envelope
was made based on soil type. After that, comparisons were made between horizontal
response spectral accelerations obtained with the proposed horizontal response spectra by
ISO19901-2 [26]. A sample of the horizontal response spectra for site D4 is presented in
Figure 6 for far-field seismic events. The same analysis was conducted for all sites. The
average of each site was used to obtain the average and envelope for soil types D and E.
From the plotting, the constant acceleration value was selected and used in the process of
proposing the site coefficient for acceleration (Ca) and site coefficient for velocity (Cv).
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The Ca and Cv values are important in the construction of horizontal response spectra
in acceleration. The values of the proposed Ca and Cv in this study were calculated by
implementing back-calculations of the equation suggested in ISO19901-2. The equations
used in the construction of DHRSa can be seen in Equation (3) to Equation (6). Equation (3)
is used when T (natural period) is less or equal to 0.2 s while Equation (4) is for T greater
than 0.2 s but less than 4 s if only the Sa for that site follows the condition in Equation (5).
Equation (6) is used when the period is greater than 4 s but less than 10 s. To calculate the
site coefficients, the values of Sa at 0.2 s and 1.0 s periods must be known. In this study,
the values were extracted from a previous study [34] where a probabilistic seismic hazard
assessment was conducted to predict the value. The Sa values and values of Ca and Cv
proposed by ISO19901-2 were used in this study. The Sa map for 0.2 s was 0.05 and the Sa
map for 1 s was 0.02. For soil type D, Ca was 1.6 and Cv was 2.4, while in soil type E, Ca
was 2.5 and Cv was 3.5.

Sa, site(T) = (3T + 0.4)Ca × Sa,map(0.2) (3)

Sa, site(T) = Cv × Sa,map(1.0)/T (4)

Sa, site(T) ≤ Ca × Sa,map(0.2) (5)

Sa, site(T) = 4Cv × Sa,map(1.0)/T2 (6)

where;

T is the natural period;
Ca, Cv are the site coefficients;
Sa, site(T) is the site spectral acceleration corresponding to period T;
Sa,map(0.2) is the site spectral acceleration corresponding to period 0.2 s;
Sa,map(1.0) is the site spectral acceleration corresponding to period 1.0 s.

Site coefficients and Ca–Cv values proposed in this study were calculated by setting
the maximum Sa value at 0.2 s based on the plotted HRSa. The Ca value was calculated
using Equation (5). The period where the constant acceleration end was selected, and the
T value was used to calculate Cv. In this study, the Cv value was calculated by equating
Equation (4) with Equation (5). Once Ca and Cv values were obtained, the proposed DHRSa
for each soil type could be plotted. This DHRSa was proposed for soil types D and E only,
in accordance with the condition provided in ISO19901-2 [26]. DHRSa was proposed for the
average and envelope of far-field, near-field, and a combination of far-field and near-field.
A comparison of the proposed DHRSa with ISO19901-2 for each condition was made and
the results are presented in the figures.

3. Results and Discussion

This section highlights the results obtained in the seismic microzonation map for a
fixed-jacket platform in the Malay Basin. The three objectives in this study are presented in
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three main phases—developing a seismic microzonation map, developing a map of the soil
amplification factor, and proposing a designed horizontal response spectral acceleration and
site coefficient for the study area. Details for each phase are presented in Sections 3.1–3.3.
Please note that the labeling of results was based on the site and soil type at that site. For
soil type D, there were four sites, known as D1, D2, D3, and D4. As for soil type E, there
were seven sites, known as E1, E2, E3, E4, E5, E6, and E7. As an example, D1 refers to the
first site for soil type D.

3.1. Development of Seismic Microzonation Map

This phase underlines the first objective, which was to develop a seismic microzona-
tion map for the Malay Basin. Since this was a large scope to cover, two sub-objectives were
introduced—determination of the peak surface acceleration and plotting the seismic micro-
zonation map. Details on each sub-objective are presented in the following subsections.

3.1.1. Determination of Peak Surface Acceleration

Peak surface acceleration (PSa) is the amount of vibration received by the soil surface;
in this study, it refers to the seabed. It is the results of the ground response analysis
conducted for the study area. As discussed in a previous section, a non-linear ground
response analysis for the one-dimensional analysis, namely NERA, was adopted in this
study. Six (6) seismic events were used, three events from Sumatera and three events from
Sabah varies from 2004 to 2016. PSa were obtained for five (5) different return periods
(100-year, 200-year, 500-year, 1000-year, and 2500-year return periods). In this sub-section,
the sample of PSa results is presented for far-field soil type D. Thus, the effects of different
sites can be viewed.

The results presented in this section are based on GRa conducted where the value of
PGa was obtained from the bottom point of the last layer of the soil in the analysis, which
was considered as the bedrock, while PSa was the value of the vibration in the acceleration
predicted on the first layer, which was the surface (known as the seabed in this study). The
result for PSa was taken from the acceleration value on the first layer. In the sample, PGa
and PSa were analyzed by providing the mean according to far-field. Figure 7 presents PGa
and PSa for soil type D. Figure 7a represents the PGa and PSa values for site D1 where the
minimum PGa was 0.02 g at the 100-year and 200-year return periods while the maximum
value was 0.05 g at the 2500-year return period. Referring to Figure 7b, the results of PGa
and PSa for site D2 can be seen. The PGa value is within 0.02 and 0.05 g while for the
PSa value, a slight increment can be seen for all return periods except for the 100-year and
200-year return periods when compared with site D1. The predictions of PSa values range
from 0.03 to 0.057 g. Lower PSa values can be seen when the site comprises stiffer soil.
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Overall, GRa was conducted in the prediction of vibration received by surface or
seabed by using NERA where six seismic events were replicated to predict the amount of
the vibration on the surface. Based on seismic events, PSa for far-field was lower compared
to a combination of far-field and near-field events, and near-field events. A comparison
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of the soil types resulted in soil type D being lower compared to soil type E. Hence, the
average PSa from a combination of far-field and near-field seismic events was used in
developing a map for the Malay Basin under seismic microzonation. Results found in this
study align with previous studies where seismic events from the far-field were found to
produce smaller ground acceleration but in a longer period compared to near-field seismic
events [20,36,37]. A higher value was found in higher return periods, such as 1000-year
and 2500-year return periods. The same pattern was found by other researchers [20,21,38].

3.1.2. Plotting Seismic Microzonation Map

In this section, five seismic microzonation maps were plotted covering 100-year,
200-year, 500-year, 1000-year, and 2500-year return periods for PMO. The values of the
average PSa were used to plot the map. PSa here is the prediction of the amount of the
vibration at the seabed in terms of acceleration. Please note that seismic microzonation
in this study refers to the inclusion of the local soil effect in the macrozonation study
as discussed in the introduction section. Figures 8 and 9 show seismic microzonation
maps plotted for the Malay Basin. A detailed map is shown in Figure 8 while Figure 9
presents a seismic microzonation map for the square area in Figure 8 under five return
periods. Referring to Figure 9, higher values of acceleration can be seen compared to
the macrozonation map provided in the standard [26], where the influence of soil layers
during vertical motion was ignored. The amount of vibration was found to be higher
with the wave traveling in a vertical motion, especially when there was a thick–soft soil
layer. Overall, only 100-year and 200-year return periods shared the same pattern. This
was due to PGa values for 100-year and 200-year return periods being mostly the same
value. Since PSa was predicted from the PGa value plus the inclusion of soil layers up to
the seabed, the value provided in PGa will definitely affect the PSa value. The PSa values
in the maps showed incremental trends as the return period increased. This is supported
by Carlton et al. (2022) [39], where a comparison of PGa values based on return periods
showed a linear correlation (where a higher value was obtained for a higher return period).
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Birkmann (2013) [40] suggested that maps and figures representing characteristics of
the complex phenomenon should be used as communication tools for the hazard. Hence,
in the current study, the seismic microzonation map for the Malay Basin was proposed to
‘ease’ non-experts, the general public, and policymakers—to help them understand the
potential hazards due to vibration before seismic events. This map can be used as one of
the guidelines in the design process and risk assessment for maintenance purposes.
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3.2. Development of Map for Soil Amplification Factor

This phase covers the determination of the soil amplification factor and map-plotting
for the selected sites under six seismic events for five return periods. The existence of soil
amplification at any location is affected by a combination of soil layers in terms of soil
type and thickness. It is known that offshore areas normally consist of soft soil that has
high potential in experiencing an amplification effect. In the Malay Basin, many offshore
facilities are already aging but are still operating; this type of structure has potential in
experiencing additional lateral loads if an amplification effect exists. However, the existence
of the amplification effect in the Malay Basin is still questionable. Thus, the second objective
of this study was to develop a map of soil amplification factors for the Malay Basin. The soil
amplification factor presented in this phase could be used in the analysis after obtaining
PGa values of any location, which was predicted using the attenuation equation.

3.2.1. Determination of Soil Amplification Factor

Soil amplification is calculated by using Equation (2) and it represents the increment
of vibration as it travels upward through layers of soil at any location. In this study, the
amount of vibration at the surface is represented by Psa while the amount of vibration on the
bedrock is called Pga. Any specified location experienced amplification if the amplification
factor is more than 1.0. Results of soil amplification factors for soil types D and E for
far-field seismic events can be seen in Figure 10, as a sample of the analysis conducted.
The soil amplification factors for each site were presented according to the return periods.
The red line in the figures represents the boundary to show that amplification occurs if the
value passes that red line. Soil type D is stiffer compared to soil type E and each site has its
combination of soil layers in terms of thickness for each layer and type of soil, either clay or
sand. Overall, it can be concluded that the values of soil amplification factors for soil type
D are lower compared to soil type E for both far-field and near-field. When comparisons
were made between far-field and near-field, the site underwent near-field seismic events
that produced higher soil amplification. Thus, soil amplification is affected by the intensity
of the seismic event, distance of the site to the epicenter, and the soil layers beneath the
seabed. Hence, soil amplification predicted in this study was limited to the study area only.
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3.2.2. Plotting Map of Soil Amplification Factor

Before the seismic microzonation map, a map for the soil amplification factor (AF)
was plotted to ease the related parties in obtaining an overview of the AF prediction at the
Malay Basin. Figure 11 portrayed a complete map for the soil AF and the scale and showing
map of the soil AF for the 100-year return period. The black square on the map represents
the study area. The soil AF contour maps of this study area, according to the five return
periods, can be seen in Figure 12. These maps were plotted by using ArcGIS software by
implementing the IDW method. This maps consist of soil types D and E. Values of the soil
AFs predicted in the map can be used to predict the amount of soil amplification in the
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study area to determine the reliability of the existing structure or to design a new structure
in the study area.
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Referring to Figure 12, results show that the soil amplification factor decreased as
the return period increased. Soil type E obtained the soil amplification factor, which was
higher than soil type D. The same pattern can be found in Nabilah et al. (2017) [37]; the
lowest soil class used in the study consisted of clay soil, with a higher plasticity index
producing the highest soil amplification factor of 4.5. The higher amplification is suggested
to occur when the seismic and soil frequency coincide. Thitimakorn and Raenak, (2016) [41]
obtained soil amplification factors between 1.4 and 2.8 for a site in Northern Thailand. It
was suggested that this happened due to site geological conditions where the thickness of
the sediment for this area was relatively thin and there was bedrock underlying this part of
Lamphun city. Firat et al. (2015) [23] agreed with this scenario, as soil conditions and local
sites can influence the soil amplification (this was experienced in the Adapazari region
before the Kocaeli earthquake in 1999). Furthermore, Yunita et al. (2018) [42] found soil
amplification factors for Banda Acheh, which is underlain by soft soil up to 4.3. Thus, the
soil amplification factor should be used to estimate the amount of vibration received by the
ground surface when a seismic event occurs.

3.3. Determination of Design Horizontal Response Spectra and Site Coefficient

In this phase, results on the design horizontal response spectral acceleration (DHRSa)
and proposed site coefficients were presented. The DHRSa proposed in this study was
based on six seismic events on the selected sites (D1–D4, E1–E7) consisting of soil types D
and E based on ISO 19901-2 classification. The results were gained from GRa conducted
using NERA, a one-dimensional nonlinear ground response analysis. This phase presents
results for the third objective of this study—proposing designed horizontal response spectra
and site coefficient values (Ca and Cv) for the Malay Basin. The DHRSa was proposed for
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far-field, near-field, and a combination of far-field and near-field. Results of the average
and envelope for each soil type were compared with DHRSa, predicted by ISO 19901-2.
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3.3.1. Design Horizontal Response Spectra

In this study, results of spectral acceleration were presented based on far-field, near-
field, and a combination of far-field and near-field. Then, DHRS were proposed based on
the average and envelope for soil types D and E. Far-field seismic events were represented
by F1–F3, while near-field seismic events were represented by N1–N3. Results of the
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average spectral acceleration under far-field seismic events obtained from one-dimensional
nonlinear GRA for sites D1–D4 under far-field, near-field, and a combination, are pre-
sented in Figure 13. This phase proposes DHRSa for soil types D and E. However, only
results for soil type D are discussed in this section to help in understanding the process of
proposing DHRSa.
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Referring to Figure 13a, it can be seen that three out of four sites in this study showed
a peak value of approximately 0.14 g. Site D3 showed a peak value at 0.2 s while at site D1,
the peak value occurred between 1 and 2 s. At sites D2 and D4, the peak values occurred
between 2 and 3 s. In far-field seismic events, highest Sa values were predicted for F3; in
all events, D2 showed the lowest value. The average and envelope for each site were then
used in predicting Sa for soil type D under far-field seismic events, as shown in Figure 13d.
The highest peak for the average was 0.90 g, which occurred at 1.35 s while the highest
value for the envelope was 0.146 g at 1.3 s.

Figure 13b,e show results on DHRSa under near-field seismic events for soil types
D and E. Three seismic events were used in the analysis of the ground response of the
selected sites in the Malay Basin. In Figure 13b, the peak for D3 was slightly higher than
D1 while D2 was slightly higher than D4. The highest value predicted at D3 was almost
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0.35 g. The lowest value for the peak was found at site D4, which was close to 0.25 g. To
avoid underestimating or overestimating, the average of all seismic events along with the
envelope of HRSa for soil type D, are plotted in Figure 13e.

After looking at the Sa based on the single application of either far-field or near-field,
results of Sa for each site were combined and the average (based on soil type) was plotted.
The plotting of the average soil type D under the combination of far-field and near-field is
shown in Figure 13c. The highest peak occurred at D1, followed by D3, D4, and D2. D1 and
D3 shared a slightly different pattern of Sa over a period. The average and envelope of Sa
for D1–D4 are plotted in Figure 13f. The highest value for the average was 0.17 g and 0.23 g
for the envelope of soil type D. The peak motion at sites D1 until D4 occurred around 1 s.

Results for the proposed DHRSa along with Sa proposed by ISO 19902 were compiled
(Figure 14a,b) based on soil type. From Figure 14a, the proposed DHRSa for soil type D
were higher compared to DHRSa proposed in ISO 19902, except for Dave far-field which
was slightly higher by 0.004 g. In terms of region, for constant acceleration in DHRSa,
the proposed DHRSa obtained longer periods compared to ISO. Dave near-field recorded
the same highest Sa value as the Denv combination but with a shorter period of constant
acceleration. Looking into the seismic scenario (far-field, near-field, and the combination),
the Dave far-field had the lowest value while the Denv near-field produced the largest
value. In Figure 14b, it can be seen that the average and envelope of the proposed DHRSa
were also higher compared to ISO. The longest constant acceleration period occurred in
the far-field, followed by near-field and the combination. A comparison in the constant
acceleration region resulted in a shorter period for ISO compared to the proposed DHRSa.
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In this section, DHRSa under a 5% damping ratio for the 1000-year return period and
site coefficient values for the Malay Basin are proposed. The design horizontal response
spectral acceleration was proposed for the average and envelope under three seismic
conditions—near-field, far-field, and a combination of near-field and far-field seismic
events. This eased the related parties to decide which scenario best fit the site condition.
Based on the results, it was found that soil type D had a lower value compared to soil type
E. The same findings can be seen in work by Majid et al. (2007) [43], where soil type E
produced higher spectral acceleration compared to stiffer soil, such as soil type D. It was
suggested that response spectral acceleration is strongly related to soil parameters, the
depth of soil, and PGa. Asakereh et al. (2015) [44] stressed that the response spectra due
to different seismic events (but having the same input acceleration) would be different
due to different frequency content. It should be noted that both maximum acceleration
and frequency content must not be higher than standard response spectra used in the
construction of the structure because it will be severely damaged.

In the current study, far-field seismic events produced longer periods of constant
acceleration compared to near-field. This is supported by previous researchers, who found
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the same patterns in their studies [20,45]. In both soil types, all conditions showed higher
design horizontal response spectral acceleration except for the average of far-field for soil
type D. In Dave far-field, the spectral acceleration was slightly higher, but the constant
acceleration period was higher.

3.3.2. Site Coefficients for Acceleration and Velocity (Ca and Cv)

When dealing with a shallow foundation, Site coefficients known as Ca and Cv values
are dependent on the site; Sa was predicted for 0.2 s and 1.0 s periods [26,28]. The response
spectrum analysis was found to be an effective linear analysis and cost-effective when
dealing with the seismic analysis [28]. DHRSa can be presented in the form of a graph, or
it can also be plotted based on equations proposed by ISO19901-2 if the values of Ca and
Cv are available. The third objective of this study was to propose Ca and Cv values of soil
types D and E for the Malay Basin. The proposed Ca and Cv values for this study, along
with proposed values by ISO19901-2, are presented in Table 5.

Table 5. Comparison of the proposed Ca and Cv values with ISO19901-2.

Type of Site Coefficient

Seismic Events DHRSa Soil Type Ca Cv

PR
O

PO
SE

D

Far-field Average D 1.5 3.7
Envelope 2.5 6.0
Average E 3.6 9.2
Envelope 4.5 11.8

Near-field Average D 2.7 5.4
Envelope 3.4 8.4
Average E 5.2 8.4
Envelope 7.1 14.4

Combination of Average D 1.8 4.3
far-field and Envelope 2.7 6.8

near-field Average E 3.6 5.4
Envelope 4.5 7.0

IS
O NA NA D 1.6 2.4

NA E 2.4 4.2

Referring to Table 5, it can be concluded that values of Ca and Cv for soil type E are
higher compared to soil type D. Even though seismic events from far-field have a higher
magnitude compared to near-field, the distance traveled caused energy loss; thus, the Ca
and Cv values from far-field seismic events were found to be the lowest in this study. In
contrast with the near-field seismic events, a closer distance led to higher Ca and Cv values
even though the magnitude was lower than far-field seismic events. Thus, the combination
of far-field and near-field was proposed to avoid overestimating or underestimating Ca and
Cv values. Note that the site coefficients were proposed by referring to the methodology in
ISO19902-1 [26]. The designed horizontal response spectral acceleration can be presented in
the form of a graph or it can be constructed using site coefficients and equations suggested
in ISO19902-1.

4. Conclusions

The significant outcome of this study involved the microzonation of the Malay Basin,
focusing on soil characteristics to enhance the reliability of the existing offshore facilities in
that region. The summary of the findings, with respect to these objectives, are as follows:

• The primary objective was achieved. The soil characteristics based on the study area
were analyzed for the Malay Basin, which consisted of soil types D and E. Softer soil
possesses the highest value of vibration predicted on the seabed (PSa).

• Objective two was achieved. The soil characteristics based on these data were analyzed.
It was confirmed that most of the soil were soil types D and E, which were softer
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soil types; these soil types usually give the basin effect, which is an amplification.
The soil amplification factors were successfully developed and could be used in the
development and maintenance of offshore facilities in the Malay Basin.

• Objective three was achieved. For the design practices and analysis, response spectra
are important, and this study developed ‘designed’ horizontal response spectra for the
5% damping ratio because most of the shallow water structures, such as fixed-jacket
platforms, fall in this damping ratio.

In conclusion, the aim of this study, which was to develop a seismic microzonation
map of the Malay Basin that could be used for the construction and maintenance of offshore
facilities, was achieved. It is believed that the proposed peak surface acceleration, soil
amplification factor, designed horizontal response spectral acceleration, and site coefficients
reflect better the actual site conditions, while the effect of the shaking intensity of soil non-
linearity was taken into account. However, further investigations should be commenced,
including enhancing the number of well-documented soil profiles, and a simulation of
strong motion recordings at different soil site conditions.

It is believed that the proposed peak surface acceleration, soil amplification factor,
designed horizontal response spectral acceleration, and site coefficients, reflect the actual
site conditions better, while the effect of shaking intensity of soil nonlinearity was taken
into account. However, further investigations should be commenced, including enhancing
the number of well-documented soil profiles, and a simulation of strong motion recordings
at different soil site conditions.
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