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Bengkulu City is situated within a subduction zone where the Indo-Australian
and Eurasian tectonic plates converge, rendering the area highly susceptible to
seismic activity. This study employs the microseismic method to assess seismic
vulnerability and the subsurface rock structure at the Dendam Tak Sudah Lake
Flyover Construction Site in Bengkulu City, which encompasses a swampy
region. The microseismic method used was an inversion of the horizontal to
vertical (H/V) spectral ratio (HV-Inv) for determining the dominant frequency
(fo), amplification factor (Ao), seismic sensitivity index (Kg), and shear wave
velocity (Vs). The findings reveal that fo in the study area range from 2.16 to 7.53
Hz, Ao vary from 0.40 to 3.79, and Ky values span from 0.03 to 6.04. The
sedimentary layers exhibit an average thickness of 5-10 meters, with some
locations showing significantly thicker sedimentary deposits. Notably, the
highest seismic susceptibility is recorded at point T8. The Vs values range from

185.19 to 539.49 m/s, which are inversely proportional to the Kg values and
indicate soil classifications varying from soft to medium. The overall seismic
risk in the study area is moderate. These results offer key insights into
geophysical and geological conditions in Bengkulu City, crucial for earthquake
mitigation.
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1. INTRODUCTION

Bengkulu City is situated within the complex tectonic environment of the Indo-Australian and
Eurasian plate subduction zones, making it highly vulnerable to seismic activities (Hadi et al., 2012).
Approximately 95% of earthquake origins in the region are linked to these tectonic movements (Hadi,
Refrizon, et al., 2021). The city's proximity to the Sumatran fault system and subduction zones
significantly increases the likelihood of tectonic earthquakes (Chasanah et al., 2022). Given the
correlation between earthquake impact and regional vulnerability, understanding the seismic risk in
Bengkulu is crucial for disaster preparedness and mitigation.

Extensive studies in engineering, seismology, and geoscience have examined the causes and
consequences of earthquakes, highlighting the need for effective mitigation strategies (Hadi et al., 2010).
One such strategy is the assessment of rock hardness in areas prone to seismic hazards (Farid & Mase,
2020). This analysis is essential to mitigate the impact of seismic events on infrastructure and minimize
damage.
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Despite similar earthquake magnitudes and distances from the epicenter, Bengkulu City has
experienced varying levels of damage across different areas. This variability suggests that factors
beyond earthquake magnitude and distance, such as local geological conditions and building design,
play a critical role in determining the extent of seismic damage (Hadi et al., 2021). Given that building
quality is generally comparable across the city, it is likely that topographical conditions have a
significant impact on earthquake damage distribution. Several studies have indicated that variations in
seismic response are influenced by the compaosition, continuity, and thickness of sediments in different
regions.

The foundation of any overpass construction must be designed to withstand the mass load, with
soil conditions carefully evaluated to ensure stability. Local geological conditions are a key factor in
this evaluation. The construction of overpasses, particularly in earthquake-prone areas like Bengkulu,
must align with sustainable development principles, ensuring that these public facilities remain resilient
over time (Lestari & Susiloningtyas, 2022). Building infrastructure that incorporates earthquake
mitigation strategies is vital for long-term stability in seismic zones.

Geophysical methods, such as microtremor analysis, are valuable tools for assessing subsurface
conditions. The Horizontal to Vertical Spectral Ratio (HVSR) method, used to process microtremor
data, provides insights into seismic vulnerability and sediment thickness in the study area. The HV-Inv
(inversion of HVSR) module further refines this analysis by inverting the measured HVSR curve to
develop an underground model using a Monte Carlo search algorithm. Accurate determination of shear
wave velocity (Vs) requires careful constraints during this inversion process.

This study focuses on analyzing the subsurface sedimentary layers in the flyover construction
area of Bengkulu City by evaluating amplification, frequency, and seismic vulnerability. These factors
are correlated with Vs values obtained from microtremor data and geological analysis. The primary
objective is to determine the characteristics of the sedimentary rock layers, based on parameters such as
dominant frequency (fo), amplification factor (Ao), and seismic sensitivity index (Kq), as part of
earthquake disaster mitigation efforts. This research aims to support the construction of resilient public
facilities in Bengkulu City.

2. METHOD

2.1  Geographical Setting at Bengkulu

The western part of Bengkulu City is the most densely populated area, and it is within this region
that the Dendam Tak Sudah Lake flyover is being constructed. This area is characterized by alluvium
(Qa) deposits. Historical seismic data indicate that the western portion of Bengkulu City experienced
the most severe damage during the 2000 and 2007 earthquakes. This area, consisting of densely
populated settlements, lies on a geological formation composed of rock, sand, silt, mud, and clay
(Sugianto et al., 2016). The significant damage observed in this region highlights the varying physical
properties of the different geological formations. Alluvium, in particular, typically has a relatively young
geological age and lacks the consolidation found in older rock formations (Figure 1a).

2.2 Acquisition data

This study utilized a portable 3D axial seismometer to measure microtremor data at 28 points
within the construction area of the Lake Dendam Tak Sudah flyover in Bengkulu City (Figure 1b). The
raw data were collected directly from the site. The research process began with a comprehensive
literature review of the geological, geophysical, and subsurface rock properties in the Danawarden Dam
viaduct construction area. The characteristics of seismograms vary according to the geological
formations in Bengkulu City, which consists of six primary geological types: Alluvium (Qa), Reef
Limestone (Qi), Swamp Sediment (Qs), Alluvial Terraces (Qat), Andesite (Tpan), and the Bintunan
Formation (Quw).

A key geophysical technique employed in this study was the microtremor method, which detects
low-amplitude ground vibrations generated by natural or anthropogenic sources, such as wind, ocean
waves, and vehicular traffic. These microtremors provide valuable insights into the geological
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conditions near the surface (Susilanto et al., 2016). Microtremors are resonant vibrations within soil
layers that are reflected near layer interfaces and repeated through continuous subsurface movements
(Dal Moro & Panza, 2022).
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Figure 1 Geology setting of Bengkulu City area (Gafoer, S., Amin, T.C., 2012) (a) and location of research area
(b).

The microtremor method can be used to characterize subsurface properties based on the spatial
distribution of repetitive seismic waves. It is widely applied in various fields, including volcanic
monitoring, geothermal exploration, micro zonation studies, physical geophysics, and geotechnical
applications. Microtremors are characterized by ground vibrations with displacement magnitudes
ranging from approximately 0.1 to 1 um, typically associated with short-duration events (Amirudin &
Madrinovella, 2023).

Microtremors can be induced by human activities, such as walking or machinery operations, or
by natural phenomena, including wind, ocean waves, and ground vibrations (Fazriati et al., 2023). Low-
frequency microtremors (below 1 Hz) are often caused by ocean waves and large-scale weather patterns,
while intermediate frequencies (1-5 Hz) are influenced by both natural events and human activities.
High-frequency microtremors (above 5 Hz) are primarily caused by human movement and infrastructure
vibrations (Mase et al., 2021).

The microtremor data collected in this study were processed using the Horizontal-to-Vertical
Spectral Ratio (HVSR) method to obtain HVSR curves. These curves were then analyzed to derive key
parameters describing the subsurface structure, including resonance frequency and amplification factor
(Prabowo et al., 2021). The HVSR method is particularly effective in identifying the resonance
characteristics of surface layers without relying on additional subsurface information, as it estimates the
horizontal (north-south and east-west) and vertical components of seismic waves (Ridwan et al., 2021).

This method has proven effective in identifying resonance responses in sedimentary basins and
valleys. It is a cost-effective, environmentally friendly technique that can be applied in both urban and
residential settings. The HVSR method enables the characterization of subsurface structures without
invasive procedures by analyzing the ratio of the Fourier spectra of horizontal and vertical microtremor
components (Nguyen-Tien et al., 2022). Additionally, it helps determine the dominant frequency of soil,
which is crucial for geohazard assessments and seismic site classification (Haerudin et al., 2020).

The Site Effect (Tsire) on the surface of a sediment layer, usually described as by comparing the
amplification factors of horizontal and vertical motion at the sedimentary soil surface (SESAME, 2004).

T

Tsite = ﬁ 1)
Ty= 28 )
SuB
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where Sps represents the spectrum of the horizontal motion component at the surface, and SHBSHB
represents the spectrum of the horizontal motion component at the bottom of the soil layer. The
magnitude of the vertical amplification factor, Ty, is given by:
Tv=2 ©)
VB

where Sys is the spectrum of the vertical motion component at the ground surface, and Sy is the spectrum
of the vertical motion component at the subsoil base.

Rayleigh waves account for most of the vibration data compared to several other types of waves.
The effect of Rayleigh waves on microtremor registration is the same for the vertical and horizontal
components in the frequency range from 0.2 to 20.0 Hz, so the spectral ratio of the horizontal and vertical
components of the rock mass is close to unity:
SHE 1, 4
SvB
By substituting the horizontal amplification equation with the vertical amplification equation, the
vertical amplification into the horizontal and vertical amplification at the sedimentary soil surface:

Tsite= ;L; 5)

This equation is the basis for calculating the ratio between the spectral component of the microtremor
and its vertical component (HVSR), which can be expressed by the equation:

HVSR - TSITE - \/f (Sutara-selatan)* (SBarat—Timur)zl (6)

Svertikal

In order to obtain a reliable HVSR curve there are several criteria that need to be considered (Bard et.al.,
2004).

Seismic velocities correspond to the leading edges beneath subsurface rocks. Due to the varying
compositions of different strata, each layer exhibits characteristic seismic velocities, typically at
consistent intervals. Additionally, each layer possesses unique stiffness, leading to variations in
deflection, which in turn causes differences in seismic wave propagation. As a result, each layer vibrates
at a different velocity. These seismic wave velocities can be used to infer the density and type of rocks
beneath the surface. The rock type can be determined using the Vs (shear wave velocity) table (Rasyid
etal., 2024).

Table 1 Site classification is based on the shear wave velocity (Vs) obtained from soil investigations and
laboratory results, following the standards set by SNI 1726 (Honarto, 2019)

No Site Classification Shear Wave Velocity Vs (m/s)
1 Hard Vs> 1500
2 Rock 750 < Vs <1000
3 Very Solid Soil and 350< Vs <750
Soft Rock
4 Medium Soil 175 < Vs <350
5 Soft Soil <175

This literature review provided an initial understanding of the geological and geophysical
conditions of the area. Subsequently, a data collection exercise was conducted to gather information on
the subsurface rocks in the construction area of the Dendam Tak Sudah Lake flyover. The aim was to
preliminarily characterize the nature and geometry of the subsurface rocks.

The geophysical data were analyzed and processed using Geopsy software. This process
involved importing microtremor recording data, followed by smoothing and windowing to obtain the
H/V curve, which provides the dominant frequency (fo) and the peak amplification factor (Ao). The
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resulting frequency and amplification value curves were then input into the HV-Inv software for further
analysis. HV-Inv, a MATLAB-based application developed by Garcia-Jerez et al. (2016), employs the
Monte Carlo (MC) method to model subsurface structures. The Monte Carlo simulation helps determine
the most suitable curve by minimizing the misfit value and ensuring that the H/V graph aligns with the
data. Through the HV-Inv analysis, parameters such as thickness, shear wave velocity, compressive
wave velocity, and density were derived (Rahmawati et al., 2024). The processed geophysical data were
then interpreted to correlate fo, Ao, seismic sensitivity index (Kg), and Vs values within the construction
area of the Dendam Tak Sudah flyover.

A 2D relational model was developed to enhance understanding of the rock shape, nature, and
hardness of the subsurface sedimentary rock layers. Variables in the study included subsurface rock
structure, depth, type, sedimentary rock layer classification, and geological conditions. Geological
analysis provided insights into the rock formations present in the study area, which is predominantly
characterized by alluvium (Qa,), including gravel, pebbles, silt, sand, and clay, as illustrated in Figure 1.

Table 2 Classification of soils based on microseism natural value of the frequency of microseismic oscillations
according to Kanai (Ridwan et.al., 2021).

Soil Natural . R L. .
Classification Frequency Kanai Classification Description Location Color
Type Class
Type Class|  6.67—-20  Tertiary or older rocks.  The thickness -
v Consists of sand and of the
pebble hard rocks, etc..  sedimentary
surface is very
thin and hard
rocks
predominate.
Type  Class Il 4.0-10 Tertiary rocks or older Surface T5,T6, T7,
Il rocks. Consists of sand,  thicknessof ~ T11, T18, T20
gravel and other hard sediments in
rocks the medium
category 5-10
m.
Type Il Class 25-4 Alluvial rocks with Surface -
1l thickness exceeding 5 thickness of
m. They are composed  sediments in
of sandy gravel, sandy the thick
hard clay, loam, etc.. sediment
category,
about 10-30 m
thick.
Type | Class Less than Alluvial rocks formed  The thickness T1,T2, T3,
v 2.5 by deposition of deta, of the sludge T4, T8, T9,
topsoil, silt, etc. Depth  surface is very T10, T11,
>30 m thick T12, T13, L]
T14, T15, \ [
T16, T17,
T19, T21, .
T22, T23,
T24, T25,
T26, T27, T28
3. RESULTS

3.1 Dominant Frequency Value Analysis (fo) Analysis

The natural frequency value reflects the thickness of the weathering layer beneath the Earth's
surface and the velocity of wave propagation through the medium (Mucciarelli et al., 2008). A higher
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natural frequency value typically indicates a thinner weathering layer, while a lower value suggests a
thicker layer. Areas with high natural frequency values are generally less vulnerable to seismic activity.

The HVSR data processing yielded a dominant frequency distribution map, as shown in Figure
2. The dominant frequencies in the Lake Dendam Tak Sudah flyover construction area range from 2.16
to 4.46 Hz. Table 1 presents these dominant frequency values, which help determine sediment thickness
and rock type in the area. The distribution of dominant frequencies (2.16 < fo < 7.53 Hz) indicates that
the area is classified as Type Ill. This classification suggests that the surface sediments are moderately
thick, approximately 10 meters, and consist primarily of Tertiary rocks. In contrast, Type |
classifications show several measurement points with very thick sediments, as indicated by dominant
frequency values below 2.5 Hz (Ridwan et al., 2021). The central sedimentary rock formation in this
area is associated with a moderate seismic risk.
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Figure 2 Distribution map of dominant frequency (fo) at the Lake Dendam Tak Sudah flyover in the
Bengkulu City.

3.2 Amplification Value Analysis (4o) Analysis

Ao represents the amplification of seismic waves resulting from significant differences between
geological layers. Table 2 presents the amplitude classification based on the magnitude of the amplitude
values, as illustrated in Figure 3 (Supriyadi et al., 2022).

The distribution map of amplification values in Figure 3 indicates that in the Lake Dendam Tak
Sudah flyover construction area, the amplitude values range from 1.96 to 3.11 times. According to
Setianegara et al. (2023), amplification values are categorized into four risk levels: low risk (0 < Ag< 3
times), medium risk (3 < Ag < 6 times), high risk (6 < Ay <9 times), and very high risk (Ao> 9 times).
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Table 3 Classification of amplification values.

Zone  Clasification Amplification Factor Value Location Color
1 Low Ap<3 T1,T2,T3,T4, T5, T6,
T7,T9,T10, T11, T12,
T13, T14, T15, T16, I:I
T17,T18, T19, T20, | |
T21,T22, T23, T24,
T25,T26, T27, T28 I
2 Medium 3<A4,<6 T8 .
3 High 6<4,<9 -
4 Very High Ag>9 -
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Figure 3 Same as Figure 2, but for Ag.

Based on the calculations, amplification values in the Lake Dendam Tak Sudah flyover area

range from 0.40 to 3.79 times. This range places the area predominantly in the low-risk category, though
some measurement points fall into the medium-risk category. Therefore, the seismic risk in the Dendam
Tak Sudah Lake development area can be categorized as low to medium.
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3.3 Seismic Vulnerability Index Distribution Map (Kg) Analysis

The seismic vulnerability index (Kg) quantifies the susceptibility of the overburden layer to
deformation during an earthquake. This index is influenced by the amplitude and natural frequency of
seismic waves. Specifically, a high amplitude combined with a low natural frequency results in a high
seismic vulnerability index, while a low natural frequency with a high amplitude results in a low seismic
vulnerability index (Tanjung et al., 2019).

Based on measurements taken at 28 points, the seismic vulnerability index in the Lake Dendam
Tak Sudah flyover construction area ranges from 0.03 to 6.04 (Figure 4). The highest vulnerability
index, ranging between 4.32 and 6.04, is observed at point T8, located approximately 200 meters from
the flyover structure. This zone, T8, is identified as the most vulnerable area within the Lake Dendam
Tak Sudah flyover construction site.
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Figure 4 Same as Figure 2, but for K.

3.4  Shear Velocity (Vs) Analysis

Based on the seismic vulnerability assessment for the construction of the Dendam Tak Sudah
Lake Flyover in Bengkulu City, relatively low vulnerability values were observed. The shear wave
velocity (Vs) is directly proportional to the dominant frequency value and inversely proportional to the
seismic vulnerability index (Kq). Dynamic soil characterization, such as estimating Vs values at various
depths from multiple measurements, is a common geophysical method used for seismic microzonation
(Motalleb Nejad et al., 2018).

The shear wave velocity (Vs) reflects the shear properties of the soil structure and is a critical
parameter for determining the dynamic characteristics of the soil. Shear wave analysis helps evaluate
local site effects, particularly within sedimentary layers overlying bedrock. In the study area, Vs values
range from 185.19 to 539.49 m/s (Figure 5), indicating a mix of soft, medium, and hard soil
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classifications. The predominant soil types in this area include clay, silt, sand, and gravel. The spatial
distribution of V; values is a crucial component of disaster mitigation efforts and provides a foundation
for regional development aimed at reducing earthquake risk.
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Figure 5 Same as Figure 2, but for Vs.

4. CONCLUSION

Based on the results of this study, the natural frequency values in the research area range from
2.16 to 7.53 Hz, indicating a classification of soil types | and Ill, predominantly consisting of alluvial
sediments formed through sedimentation processes with thicknesses between 5 and 10 meters. The
analysis reveals that the area falls into the medium vulnerability category with respect to seismic risk.
Notably, the highest amplification values and seismic susceptibility index are observed at site T8, where
the Vs value is found to be inversely proportional to the Kg value. The Vs values range from 185.19 to
539.49 m/s, corresponding to classifications of soft, medium, and hard soils. These findings provide
preliminary geophysical and geological insights into the seismic conditions at the Dendam Tak Sudah
Lake Flyover construction site in Bengkulu City.

In terms of mitigation strategies, it is essential to integrate these findings into the design and
construction phases to enhance seismic resilience. Given the medium vulnerability classification,
incorporating seismic design principles, such as base isolation and energy dissipation systems, can
significantly reduce the impact of potential seismic events. Additionally, regular monitoring and
updating of the seismic risk assessments, along with adopting construction practices that consider the
site's specific soil and amplification characteristics, will contribute to a more robust and resilient
infrastructure.
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