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Abstract

Pondok Kelapa is among the sub-districts in Central Bengkulu Regency adjacent to major Sumatran
faults, which are the Manna Fault and the Musi Fault, making it vulnerable to earthquakes. Therefore,
regional planning and infrastructure development are needed to reduce the impact of earthquakes. This
study aims to look at the state of the subsurface layers, the seismic vulnerability index, and the
distribution of the average shear wave velocity value at a depth of 30 m (Vs30) and see the soil site
class based on the Vs30 value. Field data acquisition used the HVSR methodology, while data analysis
used microtremor data. Microtremor data was processed employing Geopsy software to gain H/V
curves, which were then inversed using H/Inv software. The results are presented as shear wave velocity
value distribution maps. The results showed the A0 (amplification factor value) ranged from 0.73 —
7.41, the dominant frequency (fo) between 0.74 — 16.84 Hz, and the seismic susceptibility index value
(Kg) ranged from 0.11 — 37.12 with the highest seismic susceptibility index value located in the East
area of the research location. At the same time, the Vs30 value of the HVSR curve inversion results
obtained ranged from 157 — 516 m/s. Site Class in the study area has SC, SD, and SE types, which are
dominated by the SD type site class.
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Introduction the outskirts of Sumatra Island, with direct

access to the Indian Ocean (Natawidjaja,
Pondok Kelapa is a sub-district in Central 2018; Al Ansory et al., 2023). The impact
Bengkulu Regency, Bengkulu Province, of one of the active segments on the
with rock formations in alluvium and lake Sumatra Fault, especially the Musi segment
deposits (Gafoer et al, 1992). Rock along the Bukit Barisan, makes Central
formations with the lowest seismic wave Bengkulu highly vulnerable to earthquake
velocity and bulk density values due to a disasters that trigger building collapses
lack of rock compactness are those that may (Hamzah et al, 2020). Infrastructure
make more vulnerable to earthquake development should be adapted to local
disasters (Hadi et al., 2021). geological conditions to reduce the risk of

earthquake casualties and building damage
Bengkulu Central is located near the Manna (Nakamura et al., 2000).

Fault and the Musi Fault on the Great
Sumatra Fault. The city is also located on
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One of the first stages of earthquake
mitigation efforts to estimate the seismic
hazard that could arise is local area micro
zonation, which assesses the regional
seismic risk. One of the factors used when
creating microzoning maps is assessing the
potential earthquake hazard (Bignardi et al.,
2016). Analysis of ground shaking strength
generated from bedrock shaking and
amplification of ground motion variables
are part of determining the possible
earthquake hazard. The estimated value of
the ground motion amplification potential
involves the identification of local site
characteristics, utilizing the average shear
wave velocity value as low as 30 m s to
classify local sites (Thamarux et al., 2019;
Ghanbari et al., 2018).

The average shear wave velocity at a depth
of thirty meters (Vs30) and the
investigation of the impact of local soil
properties on earthquake shaking are
crucial components of ground motion
prediction (Sunardi et al., 2018). Shows site
characteristics, such as soil classification
and site amplification, which are essential
for building codes and seismic design using
borehole geophysical methods (Kim &
Hong, 2022). However, these methods are
costly and time-consuming. Therefore,
microtremor  observation using the
horizontal-to-vertical spectrum (HVSR)
method can present the local dynamic
characteristics without drilling (Nakamura,
1989).

Research that distributes Vs30 has been
conducted by Mase et al. (2021). It is using
microtremor data and inversion techniques
to obtain secondary wave velocity (Vs)
values. According to the study results,
following the guidelines set by the NEHRP
(National Earthquake Hazard Reduction
Program) standard, the city of Bengkulu is
conquered by site classes SC (Hard, Very
Hard, Compacted Soil and Soft Rock) and
SD (Medium Soil). Nabhan et al. (2023)
used HVSR inversion on the alternative
Central Bengkulu — Kepahiang road to
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determine soil type as a preventive measure
for earthquake hazards, showing that the
Vs30 value was generally high. Vs30
values remain in the SC to SB (Rock) site
classes. Furthermore, Farid et al. (2024)
employed the HVSR method to investigate
the rate of shoreline change resulting from
coastal abrasion in Central Bengkulu
Regency. The study generated Vs30 values
within the SC site class heading, ranging
from 227 — 1235 m/s.

However, the Vs30 value generated in the
previous study cannot describe the overall
subsurface layer conditions in the Central
Bengkulu area, especially the Pondok
Kelapa sub-district, because the research
station points are less spread in the research
area. As a result, the author intends to
examine the subsurface layers to determine
the soil site class based on the Vs30, the
distribution of the layers' shear wave
velocity  values, and the seismic
vulnerability index.

This research is expected to be helpful for
the advancement of science related to Vs30.
Furthermore, Central Bengkulu Regency's
regional development can be built upon the
spatial distribution of Vs30, particularly in
the Pondok Kelapa Sub-district area, where
earthquake risk reduction is imperative due
to its designation as a regional development
area. This may also be taken into account
while designing infrastructure that is
earthquake-resistant in the beginning.

Pondok Kelapa sub-district is in Central
Bengkulu Regency, Bengkulu Province,
Indonesia. Based on the geological map
(Gafoer et al., 1992), the research point is
located in a geological area consisting of
various rock formations, depending on the
location and geological conditions Figure 1.
The geological map shows the area's
different rock formations and geological
structures, such as the Alluvium formation
(Qa) consisting of medium-sized
sedimentary rocks, such as pebbles, gravel,
sand, silt, mud, and clay. Alluvium
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Terraces  (Qat2) consist of large
sedimentary rocks, such as sand, silt, clay,
and gravel. Bintunan (Qtb) consists of fine-
sized sedimentary rocks such as
conglomerate, tuffaceous claystone, and
reef limestone. Swamp Deposits (Qs)
consist of large sedimentary stones such as
mud, silt, sand, clay, and plant remains. Qa,
Qtb, Qs, and Qat rock formations have

different hardness levels, which affect their
ability to resist earthquake-induced ground
movement. Rock formations with lower
hardness levels, such as Qa and Qtb, are
more susceptible to ground movement,
while rock formations with higher hardness
levels, such as Qs and Qat, are more
resistant to ground movement (Sugianto et
al., 2017).
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Figure 1. Geological of study area and HVSR measurement point.

Materials and Methods

This research took 78 location points with
the microtremor method to estimate the
seismic susceptibility value and determine
the subsurface layer based on the Vs. Value
and the dispersal of Vs30 values in the
Bengkulu City expansion area in Pondok
Kelapa District, Central Bengkulu. The
locations  spread  towards = Muara
Bangkahulu Sub-district, Bengkulu
City. The recording duration is 960 seconds
at each location, while the interval between
measurement stations is 200 — 400 m apart.
The equipment used is a Portable Short
Period Seismometer Gemini 2 Sn-1405
model, laptop, GPS, geological compass,
camera, and software such as Geopsy, HV-
Inv Beta, and ArcGIS. Figure 2 reveals a
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distribution map of the measurement
points.

Geopsy software processes the microtremor
data recording findings obtained directly
from the field (Wathelet et al., 2020). by
inputting the signal. Then, the windowing
process is carried out to separate
microtremor data and transient data. The
microtremor data that has been separated is
then carried out in the calculation stage of
the ratio between the three components
(Vertical, North-South, and East-West) to
produce the HVSR spectrum (SESAME,
2004). The peak of the HVSR spectrum is
based on SESAME criteria (Kang, 2024) to
acquire the prevailing fy (frequency value)
and the 4y (amplification factor value) and
then obtain the H/V curve (Handayani et
al., 2021). They are shown in Figure 3.
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Figure 3. HVSR curve at points T10 and T30.

The seismic susceptibility index (Kg) can
be deliberate by considering the central
frequency and amplification factor as the
determining variables (Yutaka, 1997):

2
Kg = £ (1)

0
where A, dan f, representing the
amplification  factor and dominant

frequency, respectively. The Kg estimates
areas susceptible to cracking and the
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potential level of soil deformation due to
earthquakes (Nakamura, 1989). Soils with
soft sedimentary rock lithologies typically
have low Kg values, which suggests that the
region is prone to earthquakes. In contrast,
areas with high Kg values are usually found
in soils composed of solid and stable rock,
indicating that the area experiences only
minor shaking when an earthquake occurs
(Tanjung et al., 2021).
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The HVSR inversion procedure minimizes
the detached job, which is the difference
between the intentional and experimental
HVSR, to calculate the shear wave velocity
value (Syamsuddin et al., 2022). Shear
wave profiles can be employed to describe
the geotechnical conditions of soil layers
with the HV-Inv Beta software (Garcia-
Jerez et al., 2016). HVSR curve inversion
using the Forward Modelling (FWD)
principle. The subsurface layer is assumed
to be a homogenous layer comprising two
layered viscoelastic layers. The properties
of the layer are density (Rho), thickness
(H), associated attenuation factors (Qp,
Qs), and compressive and shear wave
velocity (Vp, Vs) (Wijayanto et al., 2022).

The Vs, which describes the shear features
of the soil structure, is one of the essential

metrics that illustrates the dynamics of soil
properties (Tawakal et al., 2020). Vs30 is
the average shear wave speed at a depth of
30 meters to see the impact of the local site,

especially the sediment layer above the
bedrock.

Based on the National Standardization
Agency rules, the wvalue of Vs30 is
estimated using the equation (BSN, 2019):
()

Vs30 = —2

n di

1=1vs;
where d; is the layer thickness at 0 to 30 m
depth, The quantity of layers up to a depth
of 30 meters (n) determines the speed of the
shear waves (Vs). Table 1 reveals the
cataloging of soil site classes established on
SNI 1726:2019 (BSN, 2019).

Table 1. Classification of site based on Vs30 data.

Class Site Vs30 (m/s)
SA (Hard Rocks) > 1500
SB (Medium Rocks) 750 — 1500
SC (Hard, Very Hard, Compacted Soil and Soft Rock) 350 — 750
SD (Medium Soil) 175 -350
SE (Soft Soil) <175
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Results and Discussion

Based on the field research, the resulting
amplification factor values range between
0.73 and 7.41, indicating that most of the
amplification factor distribution is low.
Amplification values with a low
classification of < 3 Are almost spread
throughout the research site, marked by
geological formations Qa (Alluvium), Qs
(Swamp Deposits), and QTb (Bintunan),
where the characteristics of these
formations are relatively soft sedimentary
rocks, meaning that the earthquake shaking
felt on the ground is relatively more minor
than the original shaking in the earth. The
amplification value with a medium to high
classification of 3 < A <7 is shown in some
areas of the Qat (Alluvium Terraces)
geological formation, which is
characterized by relatively large and more
complex sedimentary rocks, meaning that
the earthquake shaking felt at ground level
is greater than the original shaking in the
earth (Figure 4a) and the dominant

frequency value is between 0.74 to 16.84
Hz. Based on the classification of the
dominant frequency according to Kanai
(Ridwan et al., 2021).

In this study, the soil classification by
Kanai (Table 2) includes Type L, 11, III, and
IV soils. Type I and II, with a frequency of
< 2.5 Hz, are in the eastern direction,
composed of alluvial rocks formed from
delta sedimentation, top, soil, and mud
exceeding 30 meters. Type III, with a
frequency of 2.5 — 4 Hz, is in the west and
consists of alluvial rocks > 5 m thick,
comprised of alluvial loam, sandy gravel,
and sandy hard clay. Type IV type I, a
frequency of 67 -20 Hz, is composed of
tertiary rocks consisting of Hard sandy and
gravel, and Type 11, a frequency of 10 — 20
Hz, thickness of 5 m, sandy-gravelly,
sandy—hard, clayey, and alluvial rocks
located in the Pematang Gubernur and
Pasar Pedati areas seen in (Figure 4b).

Table 2. Kanai's classification of soil based on dominant frequency values (Al Ansory et al., 2023).

Classification Dominant
of Soils Frequency Kanai Classification Descriptions
Type  Class (Hz)
Tertiary or older rocks. Consists of Hard The thlcknes§ of the su.rface
v I 6.67 — 20 rock, gravel, sandy, etc sediments is very thin,
’ ’ > dominated by hard rocks.
Alluvial rocks, with a thickness of 5m. Its surface sediment thickness
I I 4-10 consist of sandy, loam, gravel, sandy falls into the medium category
hard clay, etc. of 5-10m.
Alluvial rocks, > 5m thick, consisting of The tl‘ncknes's qfthe su‘rface
11 11 25-4 sandy-gravel, sandy hard clay, loam, etc sediments is in the thick
’ ’ > category, about 10 — 30 m.
Alluvial rocks, which are formed from The sediment surface is ver
1 v <25 sedimentation of delta, top soil, mud, y

thick.

etc. With a depth of > 30 m.

Seismic Vulnerability Index

Based on the formulas and calculations
carried out, Seismic vulnerability index
values are strongly influenced by maximum
amplitude and natural frequency. The
seismic vulnerability index will be more
significant for larger amplitude and lower
natural frequency values. Conversely,
lower amplitude values and higher natural
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frequency values lead to lower seismic risk
index values. The soil structure stability in
an area is lower when the seismic
vulnerability index is elevated, so the
possibility of building damage will increase
during an earthquake shock (Maimun et al.,
2020).

Based on the data taken at 78 measurement
points, the seismic susceptibility index
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value in the research area ranges from 0.11
—37.12 as shown in Figure 5. According to
Satria et al. (2020) vulnerability index
values are divided into three zones in the
study area: the low zone with a Kg value <
3, the medium zone with a Kg value of 3 —
6, and the high zone with a Kg value > 6.
The low zone indicates a zone that is safe
from land surface movement. The zone is
distributed in most of the study area,
including Pekik Nyaring, Kandang Limun,
Pematang Gubernur, Bentiring Permai,
Bentiring, Rawa Makmur Permai, and
Rawa Makmur villages. The medium zone
indicates a safe zone with relatively small
levels of land surface movement. The zone
is in a tiny portion of the southern Pasar
Pedati area, the northern Beringin Raya

area, and the northern Pekik Nyaring area.
In line with moderately high amplification
factors, the high zone is concentrated in the
southern part of Beringin Raya village, a
coastal area.

Soils characterized by soft sedimentary
rock lithologies typically exhibit low Kg
values, such as the condition of the study
arca, which has Alluvium, Alluvium
Terraces, Bintunan, and Swamp deposit
formations. This indicates that the area is
susceptible to vibration. On the other hand,
soils with strong and stable constituent
rocks tend to have high Kg wvalues,
indicating that the region experiences only
small shocks during vibration.
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Figure 5. Distribution map of seismic vulnerability index at the research site.

Vs30

Figure 6 shows a spread of Vs30 values,
falling between 157 m/s to 516 m/s. Based
on the study area's Vs30 readings, most
areas are dominated by the SD rock type
category triggered in Table 1. Specifically,
medium soils have Vs. Values range from
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175 to less than 350 m/s; medium soils have
a clay texture and minerals that are easy to
detach, lift, move, or are prone to land
movement. Vs. Values between 350 m/s to
516 m/s are the SC rock type category with
hard, thorny soil, compacted soil, and soft
rock, which is in Kelurahan Kandang
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Limun, Pematang Gubernur, and East
Rawamakmur. A tiny portion is included in
the SE category that exhibits a range of Vs.
Values below 175 m/s, which is soft soil
located in a part of Pasar Pedati village,
marked with light green. In areas with soft

and medium soil types, seismic waves that
propagate will propagate slowly to the
ground and buildings above them after
being reflected by the medium (Edison et
al., 2022).
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A study that employed the same idea was
carried out by Nabhan et al. (2023). In the
Central Bengkulu-Kepahiang Road section
region, the results in the site class SC to SB
have a Vs30 value in the 511 — 1422 m/s
range. This area tends to have a high value
because it is in the andesite-basalt volcanic
rock formation, Bal formation, seat
formation, and Hulusimpang formation.
Furthermore, research in the same area has
been conducted by Farid et al. (2024) using
the HVSR method and obtaining Vs30
values ranging from 227 — 1235 m/s, which
are included in the SC classification (Very
Solid Soil and Rigid Soil). This research
was only conducted in part of the coastal
area and covered only some regions in the
sub-district of Pondok Kelapa, Central
Bengkulu.
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Figure 7 1s a 3D profile of the shear wave
velocity (Vs) distribution in the northern
part of the research region shows Vs values
falling between 171 — 593 m/s, with a
purple to red gradation. At a depth of 0 — 10
m, the purple to dark blue degradation
shows the Vs wvalue is getting more
significant with a shear wave velocity of
171 — 276 m/s, which spreads to the north
and west. Soil layers with values of 276 —
382 m/s with green color degradation
spread to the south and west at 11 — 20m
depth. Soil layers with high Vs. Values of
382 — 593 m/s with yellow to red color
degradation at a 21 — 30 m/s complexity.
Based on the criteria for classifying soil
types in Table 1, the Pondok Kelapa area is
dominated by type SC, type SD, and a small
portion of type SE, which is composed of
material types dominated by soft mud, dry
sand, and clay. This area has a low Vs value
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because it is in an alluvial rock formation
composed of gravel, sand, silt, mud, and
clay.

Figure 7. 3D layer profile Vs Pondok Kelapa sub-district.

Based on research findings, the level of risk
due to earthquakes in the Pondok Kelapa
area and its surroundings is relatively high.
This can be used as a reference for building
construction. The shaking caused by an
earthquake tends to be larger in soft rock
than in hard or solid rock. If the shaking
gets bigger, potential earthquake damage
will be higher. Therefore, it is better to
construct buildings in relatively safe areas
and make them earthquake-resistant to
avoid severe damage.

When viewed from the Vs30 distribution
map in Figure 6 areas that are safe for high-
rise buildings are areas that have relatively
high Vs values with brown to dark brown
colour degradation, which are in the North
and East Muara Bangka Hulu sub-districts.
For areas that have soft soil conditions, the
construction of the building must be
stronger than the soil conditions that are
denser or harder.

Conclusion

Based on research findings, the distribution
of Ap values ranges from 0.73 — 7.41, where
the Eastern area has a high amplification
factor value compared to other places, and
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the fo between 0.74 — 16.84 Hz with the
highest value in the Western area, and Kg
ranged start 0.11 — 37.12, with the highest
values in the study site's eastern region.
While the Vs30 value obtained ranges from
157 — 516 m/s, indicating that the Pondok
Kelapa and Rawa Makmur sub-districts
have Site Class SC, SD, and SE, which are
dominated by the SD type site class, this
illustrates that the area has a significant
vulnerability to earthquake hazards so that
it requires earthquake-resistant buildings to
build buildings.
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