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Abstract

Indonesia is a tropical country with high rainfall and diverse topography, making it prone to flooding. In Bengkulu City, the flood risk is
particularly high in low-lying and flood basins, which are critical zones for flood risk mitigation. This study aims to analyze the characteristics of
rock types and water infiltration potential that may trigger new flood basins in Ratu Agung District, Bengkulu City. The microtremor method was
applied to assess soil properties based on the dominant frequency (fo), amplification factor (Ao), and sediment layer thickness. The analysis showed
(fo) values ranging from 1.13 to 8.55 Hz and (A,) values ranging from 0.74 to 4.59. HV-Inv analysis results indicate shear wave velocity V; values
between 53 and 894 m/s, with five sediment layers reaching a depth of 100 m. Higher V; values generally represent denser, less porous rock, limiting
infiltration and increasing surface runoff, which elevates flood potential. The findings of this study are expected to serve as a reference for flood
risk mitigation, especially in minimizing infrastructure damage and social impacts in Bengkulu City.
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1. Introduction

Bengkulu city is located on the western side of Sumatra
Island, at coordinates 3° 45' S to 3°59' S and 102° 14' E to 102°
22' E (Meinita et al., 2022). Geographically, Bengkulu city has
a varied topography, consisting of lowlands, hills, and coastal
areas (Rozi, 2020). In terms of elevation, Bengkulu is located
at an altitude of 0 to 16 meters above sea level, with 70% of the
area consisting of relatively flat plains and 30% comprising
small hills and wetlands (Suherianti et al., 2018).

The lowland and basin areas in this region are prone to
flooding, as water tends to accumulate in low-lying areas. This
condition causes rainwater runoff to be concentrated in the
basin areas, increasing the risk of inundation. Impermeable
areas usually consist of geological formations composed of
sandstone, silt, clay, and gravel layers, creating natural basins
with varying water absorption capacities (Septian et al., 2020).

Ratu Agung District consists mostly of low-lying basin
areas that are prone to waterlogging, making it highly
susceptible to prolonged waterlogging, especially after heavy
rainfall. Many locations in this area are affected by flooding,
with the duration of waterlogging largely determined by local
characteristics such as clay or alluvial soils, which have low
water infiltration capacity.

Basins contribute to the prolonged receding of standing
water. This waterlogging often takes the form of large floods
that continue even after rainfall has stopped. This risk is further
exacerbated in areas with poor drainage systems, making basin
areas particularly vulnerable to waterlogging (Sambas, 2017).

Areas with characteristics resembling swamps or paddy
fields exhibit distinctive hydrological dynamics. In the dry
season, these areas typically dry out due to low water supply,
while in the wet season, they become zones of significant water
accumulation (Hafiyyan et al., 2015).

Water infiltration is often limited by low-permeability
layers such as clay or alluvial deposits, which prevent water
from penetrating into deeper layers. As a result, stagnant water
becomes difficult to drain and persists for a long time. This
phenomenon reflects the limited water absorption capacity of
the area (Arrosyidah et al., 2024).

To analyze the characteristics of soil layers or soil stiffness
that may contribute to water accumulation, the Horizontal to
Vertical Spectral Ratio (HVSR). This method measures
parameters such as dominant frequency (fo), amplification
factor (Ao), dominant period, and shear wave velocity (Vs),
which help in understanding the characteristics of soil layers
and subsurface structures.

Through the analysis of these parameters, the
characteristics of soil layers affecting water infiltration and the
potential for water accumulation can be identified. This method
serves as an effective tool for supporting flood risk mitigation
planning and land management. Measurements using the
HVSR microtremor method provide an overview of the
subsurface soil structure, rock types (Arintalofa et al., 2020),
and basins that are potentially prone to flooding. This approach
helps in better predicting flood risks, thereby supporting more
effective disaster mitigation planning.

Previous research by Setyowati et al.(2024) demonstrated
the use of geophysical methods, particularly the HVSR
technique, in mapping shear wave velocity (Vs) and evaluating
subsurface conditions, which further supports its application in
flood risk analysis research in Bengkulu City, which remains
limited, particularly in understanding Vs variations in flood-
prone areas. The majority of studies, especially in Ratu Agung
District, primarily focus on seismic vulnerability, such as
Refrizon et al. (2013), in comparison to flood analysis.
Although the HVSR method has been widely applied, detailed
local data for the Bengkulu region, particularly in basins with
high flood risk, remains insufficient.
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This study aims to examine the characteristics of rock
formations and soil layers that may contribute to the formation
of new flood basins. The results are expected to contribute to
flood mitigation efforts in Bengkulu City and emphasize the
importance of geological and topographical understanding for
spatial planning.

1.1 Horizontal to Vertical Spectral Ratio (HVSR)

To analyze the characteristics of soil layers or soil stiffness
that may contribute to water accumulation, this study uses the
horizontal-to-vertical spectral ratio (HVSR) method. Will
analyze data obtained from seismometers through direct
recordings. This analysis helps in gaining insights into the
properties of the subsurface structure (Praja et al., 2023). This
method uses the ratio of horizontal to vertical spectra to

estimate the dominant frequency and local geological
amplification.
J[(SNURTH—SOUTH)Z+(SEAST_WEsT)2
HVSR = Tgirg = 5, )

1.2 Amplification Factor (Ao)

Waves generated by significant density contrasts between
different rock layers are referred to as the amplification factor
(Ao). Rock density influences the amplitude of seismic waves,
affecting the magnitude of wave amplitudes in both hard and
soft layers (Al Ayubi et al., 2020).

The classification of the amplification factor (AO) values is
presented in Table 1.

Table 1. Classification of Ao (Demulawa, M., dan Druwati, 2021)

Zone Classification Amplification Value
1 low A<3

2 Moderate 3<A<6

3 High 6<A<9

4 Very High A>9

1.3 Dominant Frequency (fo) (Hz)

Dominant frequency (fo) is the most frequently occurring
frequency, considered as the frequency of the layer. The
presence of thick sediment layers with high or low
permeability, which influence water absorption capacity, can be
identified through the dominant frequency (Bagus Hermawan
et al., 2022). The soil classification based on dominant
frequency values is summarized in Table 2.The dominant
frequency indicates the rock layers in a region and determines
the wave velocity in that area based on the relationship:

Vs
fo= T )
Table 2. Soil Classification Based on Dominant Frequency Values
(Simanjuntak et al., 2017).

Soil Natural
Classification Frequency Soil Description
(H2)

Tertiary or older rocks, such as

Type | 6.67-20 hard sandy gravel.
Alluvial deposits, including sandy

Type Il 4-6.67 gravel, sandy hard clay, clay,
loam, etc. Depth: 5-10 m
Alluvial deposits are almost
similar to Type Il, with the

Type 111 2.5-4 difference being the presence of
an unidentified formation. Depth:
10-30 m.

1.4 Flood

Flooding is defined as the overflow of water from higher to
lower elevations (Felix & Sentosa, 2020). During heavy rainfall
and when soil infiltration capacity is low, especially in densely
populated residential areas near river streams, surface runoff
that cannot be absorbed by the soil increases the risk of flooding
(Mahmud et al., 2021). Flooding also occurs when the drainage
capacity is exceeded and the soil becomes saturated, usually in
areas with low topography and high rainfall (Irawan et al.,
2018).

Areas with low topography and high rainfall, where high
rainfall and saturated soil infiltration increase (Irawan et al.,
2018). The overflow of water exceeding the river's capacity or
when the river cannot contain the incoming water is called a
flood (Parwata & ; Wirya Sastrawan, 2021). Population growth
increases the risk of flooding by putting pressure on
infrastructure and the environment, which can lead to
significant environmental damage. Therefore, proper drainage
management is required (Latue & Latue, 2023).

Soil characteristics and topography influence the likelihood
of flooding. Soils with measured parameters of low infiltration
capacity, flat or basin-like topography, and prolonged high
rainfall are more susceptible to flooding and waterlogging
(Rulan, 2019). Depression areas in lowlands are prone to
waterlogging if not properly managed and lacking an adequate
drainage system. If water cannot be effectively contained, these
depressions will experience significant flooding (Septian et al.,
2020). As a result, to reduce the risk of flooding, proper land
management and an efficient drainage system are essential,
especially in areas with high-risk topography and geology.

1.5 Shear Wave Velocity (Vs) (m/s)

Shear wave velocity Vs is a term used to describe the speed
of seismic waves traveling through a medium, which can be
adjusted based on the properties of the soil layers it passes
through (Ariyanto et al., 2024). The propagation velocity of
waves is influenced by the properties of soil or rock, including
rock density, water content, and rock compaction level.
Interrelated with each other, shear density, shear modulus, and
shear wave velocity increase with depth due to pressure,
temperature, and mineral structure changes (Marjiono et al.,
2015). Rock permeability significantly affects the water
infiltration system into the soil. In hydrology, permeability
refers to how quickly rainwater or surface runoff can seep into
the ground. Shear wave velocity can provide data on sediment
layer thickness, rock type, and its hardness level (Indra et al.,
2019). The classification of shear wave velocity (Vs) values
according to site class is shown in Table 3.

Table 3. V; Value Classification (Praja et al., 2023).

No  Site Class Vs (m/s)
1 SA (Hard Rock) >1500

2 SB (Rock) 750 -1500
3 goc ft(?{ti)fcfk§0i|’ Very Dense Soil, and 500 oo
4 SD (Medium Soil) 175 -350
5 SE (Soft Soil) <175

Shear wave velocity Vs values can be used to classify soil
types and sediment layer characteristics. Low Vs values
typically indicate the presence of alluvial layers or loose soil
layers, which tend to have low infiltration and low soil bearing
capacity, increasing surface water accumulation and the
potential for waterlogging (Sunardi et al., 2019).
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3. Method
3.1 Regional Geology

The geological formation of Ratu Agung District consists
of alluvial terraces (Qat) and coral limestone (QI). Alluvial
terraces (Qat) are the youngest surface deposits, from the
Holocene Quaternary period, composed of sand, silt, clay,
and gravel, formed by river, coastal, and swamp deposits
(Suhartini et al., 2019).

The formations of siltstone and compact clay have lower
infiltration capacity, increasing the risk of flooding: soil with
a very fine texture has a high potential for flooding, which can
be further exacerbated by flat or basin-like topography during
heavy rainfall.

3.2 Acquisition Data

The research was conducted in Bengkulu City,
specifically in Ratu Agung District. This study was carried
out in November 2024 with 47 measurement points, with a
spacing of approximately 200-300 meters between points.
The data processing was conducted in the physics laboratory.
The data collection in this study was conducted by the
Department of Physics, Faculty of Mathematics and Natural
Sciences (FMIPA), Bengkulu University. A portable short-
period seismograph was used, consisting of a PASI Mod
Gemini 2 Sn-1405 seismometer as the sensor for recording,
following SESAME instructions, with a frequency of 200 Hz
and a recording duration of 30 minutes.

Before conducting the research, a preliminary survey was
carried out to assess the field conditions and terrain. The
measurement and data collection requirements in the field
were determined by SESAME (Marcellini, 2006).
Microtremor data acquisition was conducted by connecting
the sensor to a laptop and aligning the instrument to face
north. The measured parameters included: (1) Dominant
frequency (f,) determines the number of frequencies detected
from sediment layers. (2) Amplification factor (Ao), indicates
the density contrast between rock layers. (3) Shear wave
velocity (Vs) describes how fast shear waves propagate
through geological materials.

Data processing was carried out using the HVSR
technique, resulting in an HVSR curve that had undergone
windowing and signal transformation from the time domain
to the frequency domain (FFT). After obtaining the HVSR
curve, an analysis of the amplification factor (Ac) and
dominant frequency (fo) was conducted to describe subsurface
structures. Additionally, the Vs value was determined using
HV-Inv analysis, which provided shear wave velocity (Vs),
sediment layer thickness, and rock density.
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Fig. 2 Geological Map of Bengkulu City (Suhartini et al., 2019)
3.3 Forward Modelling

Forward modeling in this study was carried out
conceptually and numerically to explain the relationship
between the dominant frequency (fo) and the subsurface layer
properties. The initial estimation of sediment thickness and
site amplification is based on empirical relationships between
dominant frequency (f,) and sediment thickness as described
by Seht & Wohlenberg, (1999), developed further by Parolai
et al. (2002), and discussed by Nakamura et al. (2008). The
assumed shear wave velocity (Vs) and density (p) values for
each layer were derived from standard literature. The
classification of Vs values is shown in Table 3, while the
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typical material properties and input parameters used for
forward modeling are listed in Table 4. To improve the
reliability of the conceptual model, the theoretical HVSR
curve was matched to the observed HVSR data using the HV-
Inv software.

This inversion software adjusts the Vs, density, and layer
thickness iteratively to obtain the best-fit model. The
principle of this approach is based on the theoretical
framework proposed by Sanchez-Sesma et al. (2011), which
explains how Rayleigh and Love waves in a layered medium
generate the resonance peak observed in the HVSR curve.
The contrast of seismic impedance, determined by Vs and
density differences between layers, controls the amplification
and the dominant frequency response.

Table 4. Typcal material properties and input parameters used for
forward modeling (adapted from Telford W M et al. (1990).

No Material Thickness (m) Density
(kg/m®)
1 Alluvium 5 1800
2 Sediment 15 1900
3 Bedrock - 2200
4. Results

4.1 Microtremor Data using the HVSR Method

Data acquisition using the HVSR method was conducted
at 49 location points distributed in the basin area of Ratu
Agung District, Bengkulu City. The results of direct
measurements were in the form of seismic wave signals with
three components: a vertical component (up and down) and
horizontal components (north-south and east-west).

The data were analyzed using HVSR inversion, which
provides an overview of subsurface characteristics such as
sediment layer thickness, rock type, and geological structure
based on Vs values and Ao. As shown in Figure 4.1, which
illustrated the HVSR data processing, the selected data were
natural ground vibration data in the time domain with small
amplitudes. Subsequently, smoothing was performed with
constant coefficients (b = 20, 40) and a time window of 20.00
s, resulting in an H/V curve. The resulting curve is shown in

Figure 3.
O
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Fig. 3 HVSR Curve at Mesurement Point

Figure 3 shows the H/V curve where the horizontal axis
represents the dominant frequency (fo) and the vertical axis
represents the amplification factor (Ao) while the dashed line
indicates dispersion or deviation and the thick black line is the
H/V curve.

4.2 Dominant Frequency (fo) Hy

A low dominant period value indicates a thick sediment
layer, with the values at each point varying due to different
soil conditions or soil properties and types at each research
point. A high fo value indicates a thin sediment layer and a
hard structure, and a low fo value indicates a thick sediment
layer and a soft structure (Refrizon et al., 2024).
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Fig. 4 Dominant Frequency (fo) Distribution Map

Figure 4 shows the variation of fo values in the research
area, which range from 1.011 to 8.577 Hz, indicating the
sediment layer thickness of the research area.

4.3 Amplification factor (Ao)

A high amplification Ao value indicates a thick, soft
sediment layer, suggesting less dense or compact material,
such as clay. This layer typically has high porosity but low
permeability, causing water to be retained more on the surface
than absorbed into the soil. Conversely, a low amplification
value indicates a denser material, such as consolidated sand.
This material has high permeability, allowing water to
infiltrate the soil, thus reducing the risk of puddling or
flooding.
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Fig. 5 Amplification Factor (Ao) Distribution Map

The variation of amplification values, ranging from 0.74
to 4.59, observed at each research point within the study area
is depicted in Figure 5.

4.4 Elevation

The elevation of the research area was obtained from the
National Digital Elevation Model (DEMNAS), which was
then processed to create an elevation model. This was done to
visualize the topography of the research area, which is in the
form of a basin.
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45 Shear Wave Velocity (V) (m/s)

The analysis of shear wave velocity Vs at depths of 5
meters, 10 meters, 20 meters, and 30 meters reflects the
characteristics of soil and rock in the research area. The Vs
map at a depth of 5 meters ranges from 102 to 895 m/s, with
low Vs values distributed in the basin and rice field areas,
while higher Vs values are found in areas with higher
elevations based on the research location survey.
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Fig. 7 Shear Wave Velocity(Vs) at 5 m Depth

At a depth of 5 meters, the Vs values range from 53 to 894
m/s. Areas with low Vs values tend to be located in basin
areas, indicating that the soil layers in this area are still
dominated by loose sediments. At a depth of 5 meters, or 5,
the variation in Vs values in the research area is dominated by
low Vs values, as shown in Figure 7, with low Vs values
indicated by the color red.
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Fig. 8 Vs at 10 m Depth

At a depth of 10 meters, the Vs values range from 55 to
940 m/s. Areas with low Vs values tend to be located in basin
areas, liable to flooding due to poor permeability, as seen in
Figure 8. In this figure, red areas indicate regions with low Vs
values, while green areas indicate high Vs values.
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At a depth of 20 meters, the Vs values range from 65 to
1,056 m/s. Areas with low Vs values tend to be located in basin
areas, susceptible to prolonged inundation due to inadequate
infiltration, according to Maria et al. (2018).
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Fig, 10 Vs at 30 m Depth (m/s)

At Vs 30, the variation in shear wave velocity values is
shown. With Vs values ranging from 71 m/s to 1,358 m/s,
indicating differences in soil layer characteristics at each
research point. Areas with orange and red colors have Vs
values ranging from 71 m/s to 655 m/s reflecting soft to
medium soils. At several points with Vs values greater than
831 m/s, this indicates harder layers or denser soils.

5. Discussion

Data analysis from point T1 vyielded a dominant
frequency of 1.13 to 8.55 Hz. The comprehensive range of
dominant frequency values, as illustrated in Figure 3, spans
from 1.13 to 8.55 Hz. Lower frequency values generally
suggest the presence of thick and soft sediment layers. The
lowest fo value was observed at point 29, and the highest fo
value at point 11. The amplification factor Ao values ranged
from 0.74 to 4.59, with the highest Ao value recorded at point
7.

Based on Figure 4, the dominant frequency (f,) values
refer to Kanai (1983) in Table 2, ranging from 4 to 6.67 (class
I1). This range indicates the dominance of alluvial materials
such as gravelly sand, sandy hard clay, clay, and loam. In
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Figure 5, the distribution of amplification values Ao based on
the table according to Ratdomopurbo (2008). With values less
than 3, which are classified as low, the research area is
dominated by Ao values in the low category, indicated by the
color yellow, while high values are indicated by the color red.
The rock density, which corresponds to the rock formations
in the area, has a value range of 1000 kg/m? to 3000 kg/m?.

Low dominant frequency (fo) values and high
amplification Ao values are located at points 25-32, which,
based on field surveys, are rice fields and marsh-like areas
with low or concave elevations. These areas are almost
always waterlogged due to limited drainage, and water tends
to accumulate in low-lying areas, increasing the risk of
prolonged inundation, especially during the rainy season or
periods of high rainfall, according to (Yasa et al., 2022).

Low fo values, which typically indicate high water
permeability, are countered by the presence of clay layers and
rice field areas, further exacerbated by concave topography.
This combination can hinder water absorption into the soil,
leading to a higher potential for waterlogging in the region.
Conversely, high fo values and low Ao values, as observed at
points 4, 5, 14, 17, 20, 38, 39, 45, 48, and 49, correspond to
areas with relatively high elevations and hard soil layers,
according to field surveys. These locations are characterized
by Undak alluvium rock formations, composed of silt or clay,
which exhibit low permeability, thus affecting the soil's water
absorption capacity, according to (Hura et al., 2024).

Areas with high topography tend to drain water more
rapidly, reducing waterlogging. Sand and gravel layers with
high porosity can absorb more water, as indicated by high f,
values. Conversely, areas with high fo and Ag values in the
Undak alluvium formation exhibit low permeability, so even
though water flows to lower areas, the potential for
waterlogging remains due to surface runoff.

The basin in the research area, as depicted in Figure 6, is
shown in blue, representing rice fields and marsh-like areas.
The low topography supports water accumulation in these
areas, leading to frequent waterlogging. In addition to the low
topography, water tends to be retained for extended periods
during the rainy season due to low porosity, which limits
material storage capacity. Low permeability further hinders
water infiltration into the soil, causing water to remain on the
surface and resulting in prolonged waterlogging.

Shear wave velocity (Vs) values identify soil material
characteristics, including porosity and permeability. Vs values
are directly proportional to rock density, where lower
indicates soft sedimentary layers (Hadi et al., 2021). Then
the rock density will decrease, ranging from 100 to 2000 m/s.
Shear wave velocity (Vs) values vary across different layers,
such as at depths of 5, 10, 20, and 30 meters. High Vs values
indicate denser materials, such as bedrock or consolidated
clay or sand, with low porosity due to material compaction
and limited void space; Vs values increase with increasing
depth.

The analysis of shear wave velocity (Vs) at depths of 5 m,
10 m, 20 m, and 30 m reveals variations in values that
correlate with lithological characteristics and waterlogging
potential in the study area. Based on the obtained Vs
distribution maps, several areas with low Vs values were
identified, indicating potentially poor geotechnical properties
and contributing to waterlogging potential.

At a depth of 5 m, Vs values range from 55 m/s to 894
m/s. The majority of the area exhibits low Vs values,
particularly in the central and southern regions of the study
site, with values ranging from 55 m/s to 894 m/s. These low
Vs values, points 15, 16, 29, 26, 28, and 47, although showing
no consistent pattern, are located within basin areas, thereby
increasing waterlogging potential. This indicates a

dominance of loose and highly porous alluvial soil layers,
exhibiting low drainage capacity and high water retention,
according to Yullia et al. (2022), and further exacerbated by
the condition of the area being rice field areas based on field
surveys.

At a depth of 10 m, Vs values range from 55 to 940 m/s,
exhibiting a similar pattern to that observed at 5 m depth,
namely a dominance of low values in the central and
southwestern regions. The relatively soft soil conditions
result in poor drainage, exacerbating waterlogging during
periods of high rainfall. Points such as 29, 27, 32, 28, 15, and
12, located in rice field and marsh areas within the basin,
demonstrate that loose and highly porous soil layers are a
primary factor contributing to the increased risk of
waterlogging in Ratu Agung District, Bengkulu City.

At a depth of 20 m, the Vs value range increases to 65 m/s
to 1,057 m/s. Although there is an increase in Vs values in
some areas, regions with low Vs values are still widespread,
particularly in the central part of the study area. This indicates
that the soil layers in this area are still dominated by loose
sediments to that depth, which can trap water and increase the
duration of waterlogging.

At a depth of 30 m, Vs values range from 71 m/s to 1,359
m/s. According to the soil classification by the National
Earthquake Hazards Reduction Program (NEHRP), areas
with Vs values less than 180 m/s are categorized as soft soil,
while areas with Vs values between 180 and 360 m/s fall into
the stiff soil category. In the 30 m Vs distribution map, most
of the study area shows Vs values in the soft to stiff soil
category, indicating that this area has a high risk of
waterlogging due to limited drainage capacity. High Vs values
(>6) m/s indicate that the layer contains clay and is water-
saturated, while Vs values between 3 and 6 indicate loose sand
layers and are water saturated. Furthermore, soil density
ranging from 500 to 3000 kg/m?3 indicates variations in
density values within the study area, where lower densities
suggest looser and more porous soil, which retains water
longer and increases flood risk.

Overall, areas with low Vs values have a higher risk of
waterlogging because their soil has low permeability and high
porosity, causing water to be retained longer (Jarwanto et al.,
2024). Therefore, further studies on the hydrological and
geotechnical characteristics of this area are necessary to
mitigate future waterlogging.

6. Conclusions

The HVSR microtremor method effectively identifies
waterlogging potential in basin areas. This study show fo
values (1.13-7.8 Hz), Ao values (0.74-4.59), and Vs values
ranging from 53 to 1,358 m/s at depths of 5-30 m, reflecting
lithological variations from soft soil to denser rock.

Areas with Vs values below 360 m/s, low fo values, and
high Ao values tend to have soft soil with low permeability,
thereby increasing the risk of prolonged waterlogging. Most
of the study area is dominated by loose sediments and highly
porous alluvial soil, which has limited water absorption
capacity, hindering natural drainage and increasing
waterlogging potential during periods of high rainfall.

This method can be used as a preliminary study to
understand subsurface conditions and assist in spatial
planning and flood mitigation. However, further validation
with other methods such as soil permeability tests and
hydrological modeling is still needed for more accurate
analysis.
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