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Abstract - This study analyzes the liquefaction potential in the coastal area of Bengkulu due to the large
subduction earthquake in 2007. The study was conducted systematically, beginning with field
investigations with shear wave velocity measurements. Spectral matching and ground motion prediction
based on relative attenuation models were conducted to obtain a representative picture of ground
motion at the study site. Subsequently, soil response analysis was used to evaluate the behaviour of the
soil under seismic loading. A non-linear finite element approach was applied to assess the dynamic
characteristics of the soil, including excess pore water pressure, shear stress-strain response, and stress
path. In addition, an empirical evaluation was conducted to determine the liquefaction potential. The
results show that liquefaction has the potential to occur at shallow depths, especially in the first and
second layers of the sand layer. The results of numerical and empirical analyses show consistent
patterns and agreement. The comparison between the excess pore pressure ratio and the safety factor
aligns with the findings from previous studies. These findings emphasise the importance of implementing
seismic hazard mitigation measures in the study area.

Keywords: liquefaction, Ground response, Non-linear analysis, Peak ground acceleration

INTRODUCTION Subduction Zone, the Mentawai Fault, and
Bengkulu Province, located on the the Sumatra Fault (Mase, 2020). The impact
seismically active Sumatra belt, has unique of these three earthquake sources has
characteristics of earthquake activity in resulted in earthquake disasters in the coastal
Indonesia. The region has been the epicentre and mountainous areas of Sumatra Island.
of some of the largest earthquakes over the Bengkulu Province, which is located close to
past 20 years, with Bengkulu Province these earthquake sources, often experiences
recorded to have experienced two major a high level of seismic vulnerability
shocks, one of which occurred on 12 (Misliniyati et al., 2018). Figure 1 shows the
September 2007 with a magnitude of My tectonic map of Bengkulu Province.
8,6. The 2007 earthquake and its seismic Previous studies have generally
impacts caused liquefaction, particularly in focused on understanding earthquake
the Lempuing and Tanah Patah areas of characteristics and  investigating the
Bengkulu City (Mase, 2024). Liquefaction, vulnerability of ground damage during
a phenomenon in which soil loses strength earthquakes. Misliniyati et al. (2013)
and changes from solid to liquid, is investigated the potential for earthquake-
significant in causing damage. The impacts induced liquefaction in one of the coastal
include subsidence, the appearance of areas of Bengkulu City. The results showed
cracks, and lateral movement of soil. (Mase, that the soil in the area is dominated by sand
Tanapalungkorn, et al., 2022a). and is highly susceptible to liquefaction at
Bengkulu Province is located near shallow depths. Mase (2018) examined the
several active earthquake sources, including seismic response of soils in the coastal area
three primary sources, namely the Sumatra of Bengkulu using the My 8,6 earthquake
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waves that occurred in September 2007 and
compared it with the seismic design of the
Indonesian design code SNI-1726-2019. The
results show that the seismic waves at the
surface tend to exceed the existing seismic
design in Bengkulu City. Mase dkk. (2024)
investigated the bedrock depth along the
downstream segment of Muara Bangkahulu
River, Bengkulu City. Bedrock information
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Figure 1. Tectonic condition map of Bengkulu Province (modified from Mase 2020)
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RESEARCH METHODS
Study Area and Site Investigation Results
The study focussed on several

locations along the Bengkulu coastline
mapped in Figure 2, which are marked with
yellow dots on the study map. Each site was
labelled PB (Pantai Bengkulu), followed by
1-14, indicating the order of observation
points. Of these, six main sites, PB-1, PB-4,
PB-5, and PB-8, were selected to represent
the general geological conditions in the area.
These sites include Muko-Muko, Air
Muring, Ketahun, and Bengkulu; as shown
in Figure 3, sandy material dominates the
soil composition in these areas. Some sites,
such as PB-4 and PB-5, consist almost
entirely of sand, while thin clay layers
appear in PB-1 and PB-8. In line with
NEHRP, the site class in coastal Bengkulu
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is helpful for simulating seismic response
analyses of soils. Thus, research on the
seismic response of the ground during the
Megathrust Earthquake in the South Coastal
area of Bengkulu Province has not been
conducted. However, a rough interpretation
of the -earthquake's impact has been
achieved.
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province also belongs to Site Class D (180
m/s < Vgo< 360 m/s), with Vs3o values
(mean shear wave velocity at 30 m depth)
ranging from 191 to 626 m/s.
One-Dimensional  Seismic
Analysis

The input parameters are soil layer data,
shear wave velocity (Vs) profiles, and
earthquake wave data. Investigation of soil
behaviour during the My 8.6 earthquake
used one-dimensional soil seismic response

Response

analysis. An illustration of the soil seismic
response model for the South Coastal region
of Bengkulu Province is presented in Figure
3. The one-dimensional soil framework used
in this study was developed based on
research conducted by Pender et al. (2016)
dan Mase et al. (2019). The finite element
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method was used to simulate the soil
response analysis. The soil profile mesh was
obtained based on the wavelength analysis
suggested by Mase et al. (2022). All soil
layers should have a minimum frequency (f)
of 30 Hz (Hashash et al., 2015). Thus, the
mesh derivative can be obtained using the
assumptions shown in Equation 1
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Where d: mesh size; f(imax): maximum
frequency used is 30 H,. V: shear wave
velocity (m/s) (Hashash et al., 2015).
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Figure 2. Research location map (modified Google Earth, 2025

Ground Surface

Excess Pore Pressure generation

(*) Mesh Size is derived flom the wavelength analysis
(Hashash etal, 2015)

(*) Allowable vertical seepage flow

(*) Water table at ground surface

(*) The bottom of site investigation can be assumed as
the engineering bedrock surface if the Vs = 760 m/s.
(*) Input motion is assumed to be propagating from the
engineering bedrock (elastic half space)

(*) Nodrainage on both lateral sides

(*) Vertical deformation is allowable

(*) Horizontal displacement at both sides are the same
(*) Lateral normal stress on boundaries are able to
generate

Investigated depth
_—_ e e e e e e e, e, ——————— -

Engineering bedrock (Vs = 760 m/s)

Figure 3. Seismic soil response analysis
scheme (adaptation Zalbuin Mase et al. 2025)

Spectral Matching Method

This study will examine the ground
response following the most significant
megathrust earthquake in Bengkulu City, the
Bengkulu-Mentawai Earthquake, with a
magnitude of My 8,6 in 2007. Figure 4
displays the spectral acceleration at the study
site predicted using the model of Idini et al.
(2017). In the figure, the peak ground
acceleration (PGA) varies from 0.103 to
0.154g. At PB-1 (Figure 4a), the PGA value
is about 0.103g, while at PB-4 (Figure 4b), it
shows a value of 0.148g. At PB-5 (Figure 4c)
and PB-8 (Figure 4d), the PGA values are
0.151g and 0.154g, respectively. Regarding
spectral acceleration, the maximum values
generally occur in the 0.15 to 0.5 seconds.
Based on predictions using the model of
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Idini et al. (2017), the peak spectral
acceleration ranges from 0.538 to 1.374g.
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Figure 4. Spectral matching for the observed
Sites. (a) PB-1, (b) PB-4, (c) PB-5 and (d) PB-
8.

The ground motions at the site are

generated from the corresponding spectral
accelerations, as presented in the figure.
From the figure, the peak ground
acceleration at the surface ranges from
0.0929 g to 0.1357 g; for PB-1 (figure 7a),
the PGA is about 0.1357g. for PB-4 (figure
7b), the PGA is about 0.1084g. for PB-5 and
PB-8 (figure 7e), the PGA is about 0.0929g.
The spectral matching results show good
consistency. Based on the study of Mase
dkk. (2023), the PGA values are within the
range of 0.0892 to 0.1542g, so the
predictions obtained from previous studies
are generally based on the findings in this
study. In addition, the resulting ground
motion patterns showed similarities with the
estimated ground motions during the
earthquake event. The ground motion results
were then used as input in the ground
response analysis.
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Figure 5. The ground motion generated from
the spectral matching method for Sites (a) PB-1,
(b) PB-4, (c) PB-5 and (d) PB-8.
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RESULTS AND DISCUSSION
Maximum Acceleration Profile

The maximum acceleration profile
obtained from seismic wave propagation is
presented in Figure. 6. Figure. 6 shows that
the peak ground acceleration propagated by
the engineered bedrock generally decreases
at the surface. For PB-1 (Figure. 6a), the
maximum at the surface of the engineered
bedrock, which is 0.146g, decreases to
0.048¢g. For PB-4 (Figure. 6b), the maximum
value at the ground surface varies from
0.111 peak ground acceleration, and this
maximum tends to decrease to 0.071g. For
PB-5 (Figure. 6¢), the maximum value at the
ground level is 0.123g, which decreases to
0.068g. For PB-8 (Figure. 6d), the maximum
value at ground level is 0.114g, decreasing
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to 0.09g. Dammala et al. (2019) stated that
strong input motions can result in de-
amplification shallow depths. The
reduction of peak ground acceleration in
non-linear analyses may occur because the
ground response is no longer linear (Kawan
et al. 2022). Therefore, the hysteretic loop is
not in a linear response anymore. This
indicates that the shear strength of the soil
has reached the linear limit.
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Figure 6. ground accelerations associated with
Vs for Sites (a) PB-1, (b) PB-4, (¢) PB-5 and
(d) PB-8.

Respons Spektral Akselerasi

In Figure. 7, a comparison is made for
the input and surface spectral accelerations.
Two spectral accelerations are compared to
observe the frequency trend during seismic
wave propagation. Figure 7 also presents the
two spectral accelerations designed for the
three main site classes in the study area,
namely soft soil or Site Class E, medium soil
or Site Class D and stiff soil or Site Class C,
from the Indonesian seismic code or SNI
1726 2019. The inputted spectral
acceleration (blue line) does not exceed the
designed design, especially at PB-1 (Figure.
7a), PB-4 (Figure. 7b), PB-5 (Figure. 7c¢),
and PB-8 (Figure. 7d). Generally, the peak
spectral acceleration of the input motion
occurs at a period of 0.2 to 0.5 s, with the
peak value varying from 0.207g to 0.425g.
The period range (0.2 to 0.5 s) shows the
resonance of acceleration at low periods.
According to Mase et al. (2021), low to
medium periods indicate low to medium-rise
buildings. Mase et al. (2021) also revealed
that damage to structural buildings can be
significant when resonance between the
seismic wave motion period and the building
structure occurs. Hausler E & Anderson A
(2007) stated that low- to medium-rise
buildings in Bengkulu City could experience
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significant impacts in 2007. In line with
previous studies and this research, damage
from earthquake shaking can be significant
in low- and medium-rise buildings.
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Figure 7 also presents the surface
spectral accelerations for each studied site.
The spectral acceleration at the ground
surface is generally lower than the input
motion and the designed spectral
acceleration. The peak spectral accelerations
at sites PB-1 (Figure. 7a), PB-4 (Figure. 7b),
PB-5 (Figure. 7¢), and PB-8 (Figure. 7d) are
generally shifted to the higher frequency
(short period) side. According to Yefei dkk.
(2013), the change in the trend of spectral
acceleration at the ground surface indicates
that the nonlinearity of the soil plays an
important role. This study's change in
spectral acceleration trends from bedrock to
near-surface layers initially occurred at
shallow depths, especially for layers with
low shear resistance. Yoshida (2015)
mentioned that the soil's nonlinearity affects
the soil's response during strong movements.

Weak layers with low shear resistance
are generally found at shallow depths in the
study area. Sandy layers having Vs of about
173 to 461 m/s are generally found from 30
m to the ground surface. This trend is also
predicted to occur at depths in this range. In
other words, weak soil layers at this depth
range can significantly affect soil behaviour.
Affect soil behaviour. This depth range was
predicted to experience liquefaction in 2007.
Furthermore, the response of the soil during
seismic wave propagation is presented

below.
Pressure Profile and Indication of
Liquefaction

Figure 8 compares the excess pore
pressure and effective stress. It can be
observed that the excess pore pressure
exceeds the effective stress at shallow
depths, which is about 0.2 to 15 m below the
ground surface. Sukkarak et al. (2021) state
that liquefaction can occur if the excess pore
pressure ratio exceeds the effective stress.
For PB-1, PB-4 and PB-5, liquefaction can
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occur in the first layer (Figure. 8a, 8b and
8c). For PB-8, the difference between excess
pore pressure and effective stress is
relatively small for deeper depths (up to 15
m). It can be observed that shallow sandy
soils have liquefaction potential. Regarding
soil type, classified sandy soil is expected to
experience liquefaction. The soil resistance
represented by Vi in this layer and the soil
type in the study area indicate a weak layer.
Generally, the layers of
liquefaction in the study area have shear
wave velocities ranging from 173 to 250

m/s.
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Figure 8. Excess pore pressure and
effective stress with depth for (a) PB-1, (b)
PB-4, (¢) PB-5 and (d) PB-8.

Excess Pore Pressure

In Figures 9, 10, 11 and 12 the time
history of the excess pore pressure ratio
clearly shows the occurrence of liquefaction.
The figures show that the excess pore

pressure ratio exceeds the threshold,
indicating liquefaction. In addition, the time
histories also show that liquefaction

generally occurs starting after 42 to 80
seconds of seismic wave propagation. In PB-
1 (Figure. 9a), liquefaction generally
occurred after 63 seconds of seismic wave
propagation. For PB-4, liquefaction
occurred after 42 seconds of seismic wave
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propagation. In PB-5, liquefaction occurs o
after 64 seconds of seismic wave

propagation. For PB-8 (Figure. 12a),
liquefaction initially occurs after 1 minute.
This event illustrates the importance of
excess pore pressure in predicting
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Figure 9. Dynamic behaviour of the liquid
layer for PB-1 at a depth of 24 m.
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Figure 12. Dynamic behavior of liquid layer for
PB-8 at 15 m depth.

The time history also shows the
dissipation of liquefaction pore pressure or
the end of liquefaction. It should be noted
that soil behaviour is still observed 10
seconds after seismic wave propagation.
Therefore, there is an additional 10 seconds
of measurement time after the end of seismic
wave propagation. Initial pore pressure
dissipation may occur at 77 second to 140
second. For PB-1 (Figure. 9a) and PB-8
Figure 12a), the initial time of pore pressure
dissipation occurs at the 140 second. For
other locations, the initial time of pore
pressure dissipation occurs at the 103 second
for PB-4 (Figure. 10a) and 77 second for PB-
5 (Figure 11a). In line with the prediction of
the onset of liquefaction, it can be predicted
that the duration of liquefaction in the 2007
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Bengkulu-Mentawai  Earthquake ranged
from 84 to 138 seconds.

Shear Stress and Shear Strain Curves

Figures 9b, 10b, 11b and 12b display
the shear stress versus shear strain curves
(hysteretic loops) at the depths studied. From
the visualisation, there is an inconsistent
pattern in the hysteretic loop, which reflects
the non-linear behaviour of the soil. The
curve's flattening in this loop indicates a
decrease in shear modulus (Khosravi et al.,
2018). The shear modulus is a dynamic
parameter influenced by effective stress (Sas
et al.,, 2015). The decrease in modulus
implies a decrease in effective stress. Thus,
a significantly reduced shear modulus can
reflect a weakening of the effective stress
(Zhou et al., 2017). The decrease in effective
stress is directly related to the increase in
excess pore pressure. During the
liquefaction process in sandy soils, the pore
pressure increases, causing the effective
stress to decrease. This effective stress is
closely related to the shear resistance of the
soil. When the sandy soil loses its strength,
the failure of the soil structure is
accompanied by a non-linear response.
Therefore, the liquefied soil layer shows a
marked decrease in shear modulus. The
pattern in the hysteretic circle confirms the
indication of liquefaction in the sandy soil at
the study site.

Effective Stress Path

As shown in Figures 9c, 10c, 11c and
12¢ the dots representing each study site
indicate that the effective stress path plays an
important role in understanding the ground
settlement potential. It is observed that the
adequate restraint pressure decreases to zero
during the seismic wave, which causes an
increase in excess pore pressure and a
sufficient decrease in restraint pressure.
When the adequate confining pressure

reaches zero, this condition leads to a loss of
bearing capacity of the soil. The loss of
bearing capacity indicates that the soil can
no longer support the load, which can result
in the sinking of the structure during a
liquefaction event

CONCLUSION

This paper discusses the liquefaction
potential in the coastal province of Bengkulu
through ground motion prediction, spectral
matching, and soil response analysis. From
the results, several conclusions can be
drawn.

1. The analysis results show that sandy
soils dominate the study area. Sandy
soils with Vs < 180 m/s near the surface
have the potential to experience
liquefaction due to the 2007 Bengkulu-
Mentawai Earthquake. In addition,
subsidence can occur in sandy soils.

2. The spectral acceleration resulting from
seismic soil response analysis does not
exceed the spectral acceleration design
value of  SNI-1726-2019. It
predominantly occurs at short periods,
indicating resonance with low—to
medium-rise structures.

3. Analysis of liquefaction potential
indicates that the top two layers of sand
are at risk of liquefaction during an
earthquake. In general, the results of this
study describe the environmental
conditions in the study area, which are
helpful as recommendations for local
governments in developing earthquake
mitigation-based
Bengkulu.

spatial plans in
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