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Abstract: This study aims to determine potential landslide-prone zones based on the
seismic vulnerability index and subsurface lithology derived from electrical rock
resistivity values. The research employs the microseismic method and the geoelectric
resistivity method with a dipole-dipole configuration. Zones with high landslide
susceptibility are identified at points exhibiting high values of the seismic vulnerability
index. Based on data acquisition, the highest amplification factor was recorded at point
D3 of 9.24, with a corresponding seismic vulnerability index of 24.57. Subsurface
lithology analysis reveals an alluvium layer with a thickness of up to 25.00 meters
overlying the bedrock. These datasets indicate that the alluvial soil is characterized by
soft textures, incomplete consolidation, and low stability levels, rendering these
specific points highly vulnerable to significant damage and landslide activity.
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Introduction

Landslides represent a major natural disaster that
results in significant losses (Y. Chen et al., 2025). They
pose a severe threat by endangering infrastructure,
communities, and human lives (Stark et al., 2025).
Landslides represent a widespread geological
phenomenon globally, primarily triggered by the
increase of pore water pressure resulting from high
precipitation. As climate change intensifies rainfall
events, the risk and frequency of landslide occurrences
are projected to increase significantly (Moradi et al.,
2021). A landslide is defined as the sudden downslope
displacement of rock or soil masses under the influence
of gravity, triggered by various factors such as intense
rainfall, earthquakes, or rapid river erosion
(Pourghasemi et al., 2020). Given Indonesia's geological,
geographical, hydrometeorological, and demographic
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conditions, landslides occur frequently, particularly in
the Bumiaji District of Batu City.

Landslides are driven by two primary factors:
controlling factors and triggering factors. Controlling
factors encompass topography, geological structure,
environmental conditions, and soil properties (Liao et
al., 2022). Meanwhile, triggering factors are categorized
into natural and anthropogenic influences (Liao et al.,
2022). Among these, rainfall-induced landslides
represent a particularly hazardous phenomenon,
typically occurring within unsaturated zones (Guo et al.,
2021).

Topographically, Bumiaji District is located in a
hilly region characterized by numerous steep slopes,
making it highly susceptible to landslides during the
rainy season (BPS Batu City 2025). According to the
BNPB geoportal, recent landslide events have caused
significant damage to residential properties due to soil
instability and saturation. Based on the regional
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geological map, the study area is situated within the Old
Anjasmara Volcanic Rock Formation (Qpat), which
consists of volcanic breccia, lava, tuff, and dikes
(Masitoh et al., 2019; Santosa et al., 1992). The slope
inclination in this area ranges from 13% to 55%, where a
steeper slope angle significantly increases the potential
for landslide occurrences (Rif'ah et al., 2024).
Furthermore, high-altitude regions characterized by
weathered soil types and anthropogenic fill structures
are highly susceptible to landslides following high-
intensity rainfall events (Gbadebo et al., 2021).

The objective of this research is to integrate the
seismic vulnerability index and subsurface lithology
profiling using a dipole-dipole geoelectric configuration
to map landslide risks. This study correlates the
dynamic response of microseismic data with subsurface
rock resistivity. This dual-method approach enables the
identification of potential slip planes and soil fragility
levels that cannot be detected through surface
observation alone. This research is of critical importance
as Bumiaji District is a rapidly developing residential
zone despite its steep topography. The findings provide
a scientific foundation for early warning systems and
safe infrastructure development, ensuring that local
residents are better protected from landslide risks by
determining the seismic vulnerability index and alluvial
thickness.

Method

Type of Research

This study employs an integrated quantitative
approach by combining two methods: microseismic and
geoelectrical resistivity. This applied approach focuses
on disaster mitigation through seismic microzonation
mapping and the identification of subsurface lithology.
The integration of these two methods aims to delineate
landslide vulnerability zones in Gunungsari Village,
Bumiaji District.

Research Methods

The methods applied in this research include the
HVSR microseismic method and the geoelectrical
resistivity method. The integration of these two methods
has proven to be the most effective approach for
characterizing subsurface structures and the internal
mechanisms of landslides, as both techniques are
capable of identifying subsurface conditions with high
spatial and volumetric precision (Himi et al., 2022).
Microseismic activity refers to very low-magnitude
seismic wave vibrations, similar to earthquakes but with
an intensity too weak to be felt by humans (Haerudin et
al., 2019). The microseismic method is utilized to analyze
the dynamic characteristics of sediment layers by
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identifying the dominant frequency and the
amplification factor. These two parameters are
subsequently used to calculate the seismic vulnerability
index. The dominant frequency represents the frequency
value of the rock layers in the area, providing
information regarding rock types and characteristics
(Syamsuddin et al., 2021). Furthermore, the dominant
frequency can be influenced by the topographic
conditions of the study area (Januarta et al., 2020).

The amplification factor refers to the magnification
of seismic waves that occurs as they propagate from a
harder medium to a softer one (Yuliawati et al., 2019).
This amplification value varies significantly depending
on the level of deformation and weathering of the rock
body, even within the same rock type (Rananda et al.,
2020). Once the dominant frequency and amplification
factor are obtained, a new parameter is derived, namely
the seismic vulnerability index. The seismic
vulnerability index is a parameter that characterizes the
degree of susceptibility of the surface soil layer in an area
to deformation during an earthquake. Mathematically,
Nakamura (2000) formulated the seismic vulnerability
index as follows (Alonso-Pandavenes et al., 2023):

Ao®

Kg =~ @

Where Kg is the seismic vulnerability index, 4, is the
amplification factor, and f; is the dominant frequency.
The seismic vulnerability index represents the
susceptibility of a material to deformation and serves as
a parameter to define ground weakness; furthermore, it
correlates with the potential instability of landslide-
prone areas (Alonso-Pandavenes et al, 2023).
Subsequently, these processing results are analyzed to
delineate zones that are susceptible to damage. Low
damage potential is associated with areas exhibiting a
low seismic vulnerability index. Conversely, if the
seismic vulnerability index is high, the area is expected
to sustain significant damage (Syamsuddin et al., 2021).

The geoelectrical resistivity method is a technique
used to characterize the arrangement and depth of rock
layers by measuring electrical properties at the ground
surface (Novianti, 2019). This method measures
subsurface resistivity variations by injecting high-
voltage DC current to identify the structure of geological
layers (Karimah et al., 2022). In principle, this method is
conducted by injecting an electrical current into the
ground through current electrodes A and B, and
subsequently measuring the potential difference via
potential electrodes M and N. From these two
parameters, the resistance distribution within a specific
medium is obtained using the following equation (Rizzo
et al., 2022):
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Where AV is the potential difference between electrodes
M and N, Iis the current injected into electrodes A and
B, and R is the resistance of the material through which
the current passes (Rizzo et al., 2022).

According to Arif (2016), a geoelectric resistivity
survey involves injecting an electric current into the
earth via two current electrodes and measuring the
potential difference across two potential electrodes. The
resulting measurements yield the resistivity value (or
specific resistance) of each layer beneath the surface. In
this method, the earth is assumed to be a homogeneous
isotropic medium. The injected current flows in all
directions, forming hemispherical equipotential surfaces
(Hakim et al., 2016). Based on this assumption, the
resistivity value measured during data acquisition is the
apparent resistivity, which is mathematically expressed
as follows (Febriani et al., 2020):

pa=k= 3)

Where, p, is the apparent resistivity value, k is the
geometric factor, which varies depending on the specific
electrode configuration, V is the potential difference,
and I is the electric current.

This configuration provides a subsurface image
that is relatively deeper compared to the sounding
method utilizing the Wenner-Schlumberger
configuration. In the dipole-dipole configuration,
electrodes A and B serve as the current electrodes, while
electrodes M and N function as the potential electrodes
(Yue et al, 2024). In this configuration, the spacing
between electrodes is not necessarily equal. The position
of the current electrodes is kept fixed, while the potential
electrodes move away from the current electrodes up to
an optimal distance, typically seven times the electrode
spacing (a or n = 7). The separation between the current
electrodes and between the potential electrodes is
defined by the spacing (a). The pair of potential
electrodes is progressively moved until the end of the
survey line is reached (Sholichin 2018).
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Figure 1. Dipole-dipole configuration

The equation for the geometric factor (k) of the
dipole-dipole configuration, where the separation factor
nequals1,2, 3, ...n,is given by Sholichin (2018).
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Where, k is the geometric factor, a is the electrode
spacing, and n is the separation factor or integer multiple
of the spacing to obtain the apparent resistivity (p,)
value for the dipole-dipole configuration, the geometric
factor (k) from Equation 3 is substituted into Equation 3,
resulting in:

Po = man(n+ 1)(n + 2)% 5)

The dipole-dipole array was employed for its
ability to achieve significant penetration depths while
maintaining robust resolution of vertical and horizontal
geological features. Therefore, this approach proves
highly efficient in delineating discontinuities between
lithological wunits and sediments within unstable
environments (Zevallos et al., 2025).

Data Collection and Analysis

In this research, the seismic vulnerability index
value was obtained from microseismic measurements
analyzed using the HVSR method. Conversely, the rock
resistivity value was derived from data acquisition using
the geoelectric resistivity method. Microseismic data
acquisition was conducted in Gunungsari Village,
Bumiaji District (Figure 2).

MAF OF MICBRONE BMe
OATA ACQUMINON DESMON

Figure 2. Map of microseismic data acquisition desain

Data acquisition was conducted in Gunungsari
Village, Bumiaji District. The instruments utilized for
microseismic measurements included a SARA
seismometer and a GPS to determine the measurement
coordinates. Microseismic data were collected at 20
points, with a duration of 30-45 minutes per point. The
acquisition aimed to analyze the seismic vulnerability
index at the study site. The data collection procedures
strictly adhered to the criteria recommended by
SESAME (S. Chen et al., 2023). The recorded signals were
processed using Geopsy software to derive the natural
frequency and maximum amplitude through HVSR
analysis (Krylov et al., 2022). HVSR analysis is employed
to determine the dynamic characteristics of sediment
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layers, such as the natural frequency and the H/V peak
ratio. This analysis is commonly used for seismic
microzonation mapping, amplification factors, and
seismic vulnerability indices (Susilo et al.,, 2012). The
HVSR method utilizes the FFT algorithm to analyze the
spectral ratio of horizontal components relative to the
vertical component (Susilo et al., 2026).

The effectiveness of the HVSR method is well-
regarded for analyzing soil layer characteristics,
supported by its ability to detect natural resonance
frequencies, identify soil stratigraphy, and remain cost-
effective as it eliminates the need for drilling (Cintia et
al., 2024). The data processing yields the HVSR curve,
dominant frequency, and amplification factor
(Demulawa et al., 2021). These two parameters are
subsequently utilized to calculate the seismic
vulnerability index for each measurement point. This
value serves to identify weak zones on the ground
surface. A higher seismic vulnerability index at a
measurement point indicates a greater susceptibility of
the soil at that location to damage or deformation when
subjected to vibrations (Marfai et al., 2018).

Frequency (Hx)

Figure 3. HVSR Curve

After identifying the points with high seismic
vulnerability index values, geoelectrical resistivity data
acquisition was conducted around those specific areas.
The objective of this acquisition was to identify the
subsurface lithology surrounding these points. The
geoelectrical resistivity data were collected using a MAE
resistivity meter across two survey lines, each spanning
160 meters. The acquired data included datum point
positions, apparent resistivity values, as well as the
coordinates and elevations of each electrode position.
The field data were subsequently processed using
Res2Dinv software (Zhang et al., 2022). The parameters
input into the software include the datum points,
electrode spacing, measurement repetitions, apparent
resistivity values, total number of electrodes, and the
elevation of each electrode.

The objective of this processing is to visualize the
subsurface lithology through a color-contoured image
adjusted to the topography of the study area. The input
data are inverted to generate a 2D profile that illustrates
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the distribution of resistivity values beneath the ground
surface. The principle of inversion involves matching the
field data curves with those generated by the software
(Ofterdinger et al., 2019). A lower Root Mean Square
(RMS) error indicates a smaller discrepancy between the
modeled curve and the actual field data (Chungam et al.,
2023). The 2D inverted resistivity sections were analyzed
and interpreted based on the specific resistivity ranges
for various geological materials established by Telford.
To minimize ambiguity, the interpretation was
integrated with geological data and preliminary survey
findings (Fadilah et al., 2025).
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Figure 4. Map of geoelectrical data acquisition design
Result and Discussion

Based on the data processing performed using the
HVSR method, the resulting parameters obtained were
the dominant frequency (f;) and the amplification factor
(Ao) values. These data were subsequently processed to
derive the seismic vulnerability index (Kg) value. The
following table presents the f;, 4o, and Kg values
obtained from the measurements:

Table 1. Microseismic Measurement Results

fo (H2) 4, Kg (2/cm)
2.61 4.08 6.38
3.14 3.89 4.81
3.47 9.24 24 .57
3.75 4.42 5.211
2.23 231 2.39
2.06 6.14 18.27
3.23 3.51 3.82
5.61 3.12 1.73
1.69 524 16.24
0.55 1.65 491
7.29 5.83 4.67
12.57 494 1.94
1.06 4.47 18.84
211 3.35 5.31
248 4.86 9.53
8.28 1.63 0.32
6.55 3.18 1.55
1.99 3.75 7.05
1.00 3.71 13.72
1.19 419 14.74
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The seismic vulnerability index is a metric that
indicates the level of susceptibility of the surface soil
layer to deformation processes. This index serves to
predict weak zones on the ground surface, where areas
possessing a high seismic vulnerability index
consequently bear a high risk of damage (Marfai et al.,
2018). Based on the table mentioned above (not shown
here), the seismic vulnerability index values range from
0.32 to 24.57. As illustrated in Figure 5 (not shown here),
the distribution of these seismic vulnerability index
values is categorized into three distinct zones. Zone 1,
representing low seismic vulnerability, is denoted by the
colors purple to blue, with values ranging from 0.32 to
7.05, encompassing points D1, D2, D4, D5, D7, D8, D10,
D11, D12, D14, D16, D17, and D18. Zone 2, representing
moderate seismic vulnerability, is marked by the color
green, with values ranging from 9.53 to 14.74, covering
points D15, D19, and D20. Finally, Zone 3, indicating
high seismic vulnerability, is highlighted in orange to
red, with values ranging from 16.24 to 24.57, including
points D3, D6, D9, and D13.

DISTRIBUTION MAP OF
SEISMIC VULNERARILITY INDEX

Figure 5. Distribution map of seismic vulnerability index

The highest seismic vulnerability index was
observed at point D3, with a value of 24.57 s?/cm,
characterized by a low dominant frequency of 3.47 Hz
and a high amplification factor of 9.24. This suggests that
the sediment layer in this area consists of thick, soft
alluvium that has not yet undergone perfect compaction.
A low dominant frequency indicates a significant
sediment thickness and a deeper bedrock level (Risa et
al., 2023). This material characteristic possesses a high
water absorption capacity but low distribution
efficiency, making it highly sensitive to vibrations. The
resulting volume increase due to water accumulation in
this material can trigger landslides (Sasongko et al.,
2020). Zones exhibiting both high amplification factors
and high seismic vulnerability indices are identified as
areas highly susceptible to ground movement (Ferani et
al, 2019; Sasongko et al., 2020). A high seismic
vulnerability index represents the diminished capacity
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of a layer to withstand deformation caused by
vibrations, thereby increasing the risk of structural
damage. Conversely, a low seismic vulnerability index
indicates a soil structure capable of attenuating
vibrations more effectively (Handayani et al., 2024).

Following the acquisition, processing, and analysis
of the microseismic data, a follow-up survey was
conducted to measure resistivity values using the
geoelectrical method with a dipole-dipole configuration
at points exhibiting high seismic vulnerability indices.
This stage aimed to characterize the subsurface lithology
in the vicinity of those specific locations. Based on the
data processing performed with Res2Dinv software, a
visual representation of the subsurface resistivity
distribution was obtained. Variations in resistivity
values represent the subsurface lithological
characteristics, which are influenced by porosity,
groundwater chemical composition, permeability, as
well as the depth and thickness of each geological unit
(Rashid et al., 2023).

i B Spaceg =< e

Figure 6. 2D resistivity cross-section of line 5

Table 2. Resistivity Values of 2D Cross-section of Line 5

Resistivity Value (Qm) Rock Types
15,6 - 427 Alluvial
428 - 1606 Volcanic Breccia

For Line 5, the interpretation of the 2D cross-section
image classifies the resistivity values into two distinct
subsurface lithologies. First, the resistivity values
ranging from 15.6 to 427 Qm are interpreted as alluvial.
This layer is composed of a mixture of topsoil, tuff, soft
soil, mud, humus, silt, gravelly sand, sandy stiff clay,
and other materials formed through sedimentation
processes with a thickness of + 10 to 25 meters. Second,
the resistivity values from 428 to 1606 Qm are
interpreted as the bedrock (basement rock), which is
observed at a depth also ranging approximately from *
10 to 25 meters.
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Figure 7. 2D resistivity cross-section of line 6

Table 3. Resistivity Values of 2D Cross-section of Line 6

Resistivity Value (2m) Rock Types
3.42 - 884 Alluvial
885 - 8153 Volcanic Breccia

For Line 6, the interpretation of the 2D cross-section
image classifies the resistivity values into two distinct
subsurface lithologies. First, resistivity values ranging
from 3.42 to 884 Qm are interpreted as alluvial. This
layer is characterized by depositional materials,
including topsoil, tuff, soft soil, mud, humus, silt,
gravelly sand, sandy stiff clay, and other materials
formed through sedimentation processes with a
thickness of + 22.5 meters. Second, resistivity values
from 885 to 8153 Qm are interpreted as the bedrock
(basement rock), which is observed at a depth of
approximately + 22.5 meters.

Based on the results from both survey lines, the
subsurface lithology in the study area consists of two
primary rock units. First, an alluvial layer characterized
by low resistivity values with a thickness of up to 25
meters. Second, volcanic breccia identified by high
resistivity values, which underlies the alluvial layer and
serves as the bedrock. Layers with low resistivity are
highly susceptible to landslides, whereas those with
high resistivity exhibit greater stability (Sutasoma et al.,
2017). These geoelectrical results correlate strongly with
the observed microseismic parameters. The significant
sediment thickness physically substantiates the low
dominant frequency (f) of 3.47 Hz. Theoretically, a low
frequency indicates a thick sedimentary cover, ranging
from 10 to 30 meters, classified as soft soil (Hijriah et al.,
2023). The soft and poorly compacted alluvium gives
rise to a sharp impedance contrast with the underlying
volcanic breccia, thereby triggering a high amplification
factor (4,) of 9.24. The integration of both datasets
confirms that point D3 represents the zone with the
highest seismic vulnerability index (Kg), resulting from
the accumulation of thick, soft sedimentary material
over the competent bedrock.

Volume 12 Issue 1, 19-27

Landslide disasters occurring in the study area are
correlated with a combination of local geological
conditions and high rainfall intensity. Based on
geological data, Brau Hamlet is situated within a
geological formation predominantly composed of
Quaternary depositional materials. This formation
generally consists of alluvium made up of sand-gravel,
clay, loam, and other sedimentary components,
exhibiting a very low stability level and incomplete
consolidation (Kusuma, 2019). Such conditions cause
these sedimentary materials to possess high porosity
and poor shear stability, consequently creating a high
risk of landslides. This occurs because rainwater
infiltrating the deposit layers significantly increases the
pore water pressure within the material. The resulting
increased pore water pressure directly leads to a
reduction in effective stress, thereby diminishing the
effective shear strength of the soil mass. When the
driving force of gravity exceeds the critical threshold of
the material's capacity to withstand the driving force
within the weak zone (the boundary of the sedimentary
layer), the water-laden soil mass loses equilibrium,
triggering slope failure and resulting in a landslide
disaster.

Conclusion

This study concludes that Gunungsari Village,
particularly at point D3, represents the highest landslide
risk zone, characterized by a high amplification factor
(9.24) and a significant seismic vulnerability index
(24.57). Subsurface profiling indicates that this
vulnerability is caused by a thick alluvial layer (£10 - 25
meters) consisting of unconsolidated sand, clay, silt, and
other sedimentary materials. These materials exhibit low
stability and poor consolidation, creating a significant
impedance contrast with the underlying bedrock.
Generally, the research findings demonstrate that a high
Kg value serves as a reliable indicator for identifying
zones with thick, soft sedimentary deposits that are
prone to slope failure. This implies that infrastructure
development must account for the bedrock depth,
ranging from 225 to 25 meters, to ensure secure
foundation piling. Furthermore, the government can
utilize these results as a basis for establishing a micro-
zonation-based early warning system, prioritizing areas
with high seismic vulnerability indices for effective
disaster mitigation.
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