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Abstract 

Liku Sembilan, Central Bengkulu, is a landslide-prone area characterised by steep topography, intense weathering, and high annual 
rainfall. This study aims to identify the geometry and depth of the slip surface using integrated 2D and 3D Electrical Resistivity Imaging 
(ERI) to improve the characterisation of subsurface conditions associated with landslide occurrence. Data acquisition was conducted using 
the Wenner–Schlumberger array with 48 electrodes. The 2D survey was performed along a 94 m profile with 2 m electrode spacing, while 
the 3D survey covered approximately 1,750 m² using six parallel lines with 5 m line spacing and 10 m electrode spacing. Data were 
processed using Res2DInv and ERTLab-ViewLab3D. The inversion model produced an RMS error of 34.3% at the second iteration, which 
is considered acceptable given the complex topographic and geological conditions of the study area. The results reveal a low-resistivity 
zone (18–53 Ω·m) at a depth of approximately 5–10 m, interpreted as a water-saturated clay layer that serves as the main slip surface. The 
identified slip surface exhibits a curved geometry with a slope of 25–35°, indicating a rotational landslide mechanism. The integrated 2D 
and 3D ERI models provide a more comprehensive visualisation of the spatial continuity and geometry of the slip surface than a single-
model approach. In addition, very low-resistivity zones (1–10 Ω · m) indicate areas of groundwater accumulation that may contribute to 
slope instability. These findings demonstrate the effectiveness of combined 2D and 3D ERI for landslide characterisation in tropical 
volcanic terrains and provide important information for slope-hazard mitigation and subsurface drainage planning. 
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1. Introduction  

Landslides are one of the most common 
geomorphological disasters in Indonesia, particularly in 
areas with high rainfall intensity and sloping terrain (Lu et 
al., 2024). Bengkulu Province lies along the Bukit Barisan 
Mountain Range, which is highly vulnerable to landslides 
due to a combination of topographic, geological, and 
climatic conditions. One area particularly vulnerable to 
landslides is the Central Bengkulu–Kepahiang Highway, 
located in the Liku Sembilan area of Taba Penanjung 
Subdistrict, Central Bengkulu Regency. This area features 
steep slopes with gradients ranging from 15–45%, as well 
as high annual rainfall (averaging 4,003–5,439 mm/year), 
leading to frequent landslides that disrupt transportation 
and local economic activities (Alfarabi and Adhrianti, 2023; 
Natasya et al., 2022). 

Rainfall is the primary trigger for landslides in Liku 
Sembilan. The infiltration of rainwater into the soil 
increases the water content and pore pressure, which in 
turn reduces the effective stress of the slope material. These 
conditions reduce soil shear strength and increase the 
potential for the formation of a slip surface in low-
permeability layers, such as clay and silt (Jia et al., 2024; 
Zhang and Shen, 2024). From a geophysical perspective, an 
increase in soil moisture content in subsurface materials 

also decreases resistivity because pore fluid increases the 
material's electrical conductivity. Therefore, resistivity 
distribution can serve as an indicator of the presence of 
water-saturated zones and weak layers that contribute to 
slope-failure mechanisms (Chang et al., 2023; Hossain et al., 
2023). 

In recent years, landslides in the Liku Sembilan area 
have shown a strong correlation with periods of heavy 
rainfall. Recurring landslides at several points along the 
Central Bengkulu–Kepahiang route indicate that rainwater 
infiltration significantly triggers slope instability (BPBD, 
2025). This phenomenon highlights the importance of 
understanding subsurface conditions, particularly the 
distribution of water-saturated zones and the presence of 
slip surfaces formed by rainwater accumulation. 

Several previous studies on landslides in the Liku 
Sembilan area have identified a high landslide risk based on 
geological, geomorphological, and subsurface conditions 
(Abrar et al., 2024; Hadi et al., 2021; Natasya et al., 2022; 
Sugianto and Refrizon, 2021; Suhendra et al., 2018). 
However, most of these studies have primarily focused on 
mapping landslide potential and general slope 
characteristics. Information regarding the geometry of the 
slip surface, the distribution of water-saturated zones, and 
their relationship with variations in subsurface resistivity 
remains limited. Furthermore, subsurface interpretation is 
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based on 2D cross-sections, so the spatial representation of 
the slip surface is not fully captured. 

Recent international research indicates that the 
Electrical Resistivity Imaging (ERI) method is effective for 
identifying slip planes, weathering zones, and subsurface 
water flow paths in landslide areas (Chumkhiao et al., 2025; 
Maleki et al., 2025; Sulaiman et al., 2023; Uwaezuoke et al., 
2023). The integration of 2D and 3D resistivity models can 
improve the accuracy of slip-surface geometry 
interpretation and provide a better understanding of the 
relationship between hydrogeological conditions and slope 
stability than a single 2D approach. However, this approach 
has not been widely applied in tropical environments with 
high rainfall intensity, such as the Liku Sembilan area. 

Given these conditions, there is a research gap in 
understanding the relationship between rainwater 
infiltration, the distribution of saturated zones, and the 
geometry of the slip surface in the Liku Sembilan area, as 
represented by a subsurface resistivity model. Previous 
research in Bengkulu has not integrated 2D and 3D ERI 
visualisations to spatially characterise slip surfaces or to 
evaluate their relationship with rainwater infiltration 
processes. Therefore, the novelty of this study lies in the 
integrated application of 2D and 3D ERI models to identify 
the presence, depth, and geometry of slip surfaces, and to 
interpret the relationship between saturated zones and 
subsurface resistivity responses on active tropical landslide 
slopes. 

This study aims to identify the presence, depth, and 
structure of slip surfaces in the Liku Sembilan area using the 
ERI method, with results visualised in 2D and 3D models. 
The results of this study are expected to provide a more 
comprehensive understanding of the subsurface 
characteristics that control landslide occurrence and to 
serve as a scientific basis for disaster mitigation and risk 
reduction efforts in the region. 

 

Fig. 1. Geological Map of Taba Penanjung Subdistrict, Central 
Bengkulu Regency. 

2. Literature Review 

2.1 Geological Conditions 

The study area consists of hilly to mountainous terrain 
with elevations reaching approximately 1,020 meters 
above sea level and relatively steep slopes. These 
topographic conditions make the area prone to landslides, 
primarily due to a combination of slope gradients, rock 
weathering, and rainwater infiltration, which can increase 
the saturation of subsurface materials. Tectonically, the 
study area lies within the influence of the Sumatran Fault 
Zone, characterised by faults and rock fractures. These 

geological structures act as pathways for subsurface water 
flow, thereby accelerating weathering processes, increasing 
pore pressure, and reducing slope stability. 

Based on the geological map of Taba Penanjung 
Subdistrict (Figure 1), the study area consists of the 
Hulusimpang Formation, the Bal Formation, the Lemau 
Formation, and Quaternary volcanic rocks (Gafoer et al., 
2012). The Hulusimpang Formation is the oldest unit to 
have undergone hydrothermal alteration, resulting in a 
zone of relatively weathered, weaker rock than the fresh 
rock. These conditions can increase porosity and water 
storage capacity, thereby potentially creating a zone of 
slope instability (Harbowo et al., 2021; Zhuang et al., 2024).  

The Bal Formation and the Lemau Formation consist of 
volcanic and sedimentary rocks with different permeability 
characteristics. Contrasts in physical properties between 
layers can lead to water accumulation at lithological contact 
boundaries and trigger an increase in pore water pressure, 
which contributes to the formation of slip planes (Wu et al., 
2026). Meanwhile, the Quaternary volcanic rocks that 
dominate the study site have generally weathered to 
varying degrees, forming zones of more water-permeable 
material with reduced shear strength. 

Differences in weathering levels, water content, and 
lithological characteristics result in variations in subsurface 
resistivity. Weathered and water-saturated materials 
generally exhibit low resistivity, whereas more compact 
and relatively dry rocks have higher resistivity. These 
resistivity contrasts form the basis for ERI interpretation to 
identify weak zones, water-saturation distribution, and 
indications of slip surfaces on slopes. 

2.2 Slip Surface 

The slip surface is a weak zone beneath the slope 
surface where soil or rock mass moves during a landslide. 
This zone typically develops in layers of low shear strength, 
such as clay, silt, or weathered material, that experience 
increased moisture content due to rainwater infiltration. 
Water accumulation in these layers can increase pore 
pressure and reduce effective stress, thereby reducing 
slope stability and triggering landslides (Bogaard and 
Greco, 2016; Zhuang et al., 2026). Slip surfaces often 
develop at the contact boundaries between layers that have 
different physical and hydraulic properties, particularly 
between weathered material and the relatively 
impermeable layer beneath it. 

Based on their shape and movement mechanisms, slip 
surfaces can be classified into several main types: curved 
slip surfaces (rotational slip), planar or translational slip 
surfaces (translation slip), and compound slip surfaces 
(Hungr et al., 2014). Curved slip surfaces generally develop 
in relatively homogeneous soil materials of great thickness. 
In contrast, planar slip surfaces often form on layered 
slopes or in zones of discontinuity, such as rock strata and 
fracture surfaces. Meanwhile, compound slip surfaces are a 
combination of these two types and reflect more complex 
geological conditions (Azarafza et al., 2021; Huang, 2014). 
Understanding the types and characteristics of slip surfaces 
is a fundamental aspect of slope stability analysis and the 
assessment of landslide hazard potential. 

In ERI investigations, the presence of slip surfaces is 
interpreted as zones of low resistivity associated with 
water-saturated clay layers or high-water-content 
weathered material. The resistivity contrast between 
water-saturated layers and more compact rock can be used 
to identify the presence and geometry of subsurface slip 
surfaces (Crawford et al., 2018). In tropical volcanic regions, 
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slip surfaces often develop in the transition zone between 
water-saturated weathered material and more compact 
bedrock. These conditions produce resistivity contrasts 
that are recognisable on ERI cross-sections as relatively 
sharp changes in resistivity or as continuous low-resistivity 
zones that follow the slope geometry (Caesario et al., 2024). 
Therefore, ERI interpretation is used not only to distinguish 
lithological units but also to identify the distribution of 
water saturation, the degree of weathering, and the 
geometry of the slip surface, all of which contribute to slope 
instability mechanisms. 

3. Method 

This study was conducted on the Central Bengkulu–
Kepahiang Highway, specifically in the Liku Sembilan area 
of Central Bengkulu Regency, to determine the presence, 
depth, and structure of the slip surface layers using 
Electrical Resistivity Imaging (ERI). Subsurface 
investigation using the ERI method was carried out by 
measuring the potential difference of an area by injecting an 
electric current into the subsurface through current 
electrodes (Varamashvili et al., 2022). The ERI method has 
various electrode spacing configurations, such as 
Schlumberger, Wenner, and Dipole-dipole. In this study, the 
Wenner-Schlumberger configuration was selected because 
it offers good sensitivity in both vertical and horizontal 
directions and provides good resolution for 2D and 3D 
Modelling (Al-Zubedi and Abdulrazzaq, 2025). This 
configuration is also efficient for data collection and yields 
accurate results for identifying landslide-prone zones. 

3.1 Wenner-Schlumberger Configuration 

The operating principle of the Wenner-Schlumberger 
configuration can be explained using a constant-spacing 
system. As shown in (Figure 2), the scaling factor "n" is the 
ratio of the distance between the AM electrodes to the 
distance between the MN electrodes. If the distance 
between the potential electrodes MN is "a," then the 
distance between the current electrodes AB is "2na+a." 
Where I is the injection current, and V is the potential 
difference. 

 

Fig 2. Wenner-Schlumberger Electrode Position. 

The geometric factor (K) for the Wenner-Schlumberger 
configuration can be determined using equation (1) as 
follows: 

𝐾 = 𝑛(𝑛 + 1)𝜋𝑎  (1) 
Where 𝑎 is the distance between electrodes M and N 
(Tongkeles et al., 2022). 

3.2 Data Acquisition 

Prior to data collection, a field survey must be 
conducted to determine the measurement design, 
geological conditions, and morphological characteristics of 
the study area (Hasan et al., 2022). Data collection was 
carried out in Liku Sembilan, Central Bengkulu, which was 
selected based on its history of landslides and slope 
conditions prone to mass movement. Data collection was 

performed using the Wenner-Schlumberger configuration 
of the ERI method on two profiles: a 2D profile and a 3D 
profile extending along the slope, as shown in (Figure 3). 
Data acquisition utilised the MAE X612-EM VHR Multi-
Channel Resistivity Meter with 48 electrodes, programmed 
according to the measurement configuration. The 2D profile 
was 94 meters long with a 2-meter electrode spacing and 
was installed perpendicular to the slope. Meanwhile, the 3D 
survey was conducted using a grid pattern consisting of six 
parallel lines, with 5-meter spacing between lines and 10-
meter spacing between electrodes, covering approximately 
1,750 m². The difference in electrode spacing between the 
2D and 3D lines was applied to align with the objectives of 
the subsurface investigation. The smaller electrode spacing 
on the 2D lines was used to achieve higher lateral and 
vertical resolution, making it more effective for identifying 
shallow zones, such as slip surfaces and weathered soil. 
Conversely, the larger electrode spacing on the 3D survey 
lines is used to achieve a wider area coverage and greater 
depth penetration, although with relatively lower 
resolution compared to the 2D survey lines. Based on the 
survey line length and configuration used, the estimated 
investigation depth for 2D survey lines ranges from ±15–20 
meters, while 3D survey lines are estimated to reach depths 
of approximately ±18–25 meters, depending on subsurface 
conditions and the sensitivity of resistivity data.  

The data obtained from the data collection include the 
distance from the current electrode to the centre point 
(AB/2), the distance from the potential electrode to the 
centre point (MN/2), the multiplication factor n, the 
injection current (I), the measured potential difference 
(∆V), and the geometry factor (K). To ensure data quality, 
electrode contact resistance is monitored during the 
acquisition process. At points indicating poor ground 
contact, the electrodes were reinstalled and the soil around 
the electrodes was moistened to lower the contact 
resistance and reduce measurement noise. If inconsistent 
data or high error rates were found, the measurement was 
repeated until data meeting the acquisition quality 
standards were obtained. 

 

Fig. 3. Measurement Track Map Geoelectric Resistivity in Liku 
Sembilan. 

3.3 Processing and Interpretation 

2D data processing was performed using Res2Dinv 
software through several stages, including data quality 
checks, elimination of data with high error rates, and the 
inversion process. Topographic data for each electrode 
were obtained from position and elevation measurements 
using GPS during the field survey. This elevation data is then 
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incorporated into the inversion process using the 
topographic correction feature in the Res2Dinv software so 
that the resulting resistivity model follows the slope 
morphology and minimises distortion caused by 
topographic variations. The application of topographic 
correction is important for minimising model distortion 
arising from elevation variations in areas with steep 
topography (White et al., 2024). 

The inversion process was performed using the least-
squares inversion method with a smoothness-constraint 
approach to obtain a stable and representative subsurface 
resistivity model in a heterogeneous geological 
environment, including volcanic areas that have undergone 
intensive weathering and exhibit gradually varying 
resistivity (Ishola et al., 2014). The inversion is performed 
iteratively until a model is obtained that demonstrates a 
balance between a reduction in the misfit value and 
subsurface geological consistency (Doyoro and Chang, 
2023). 

3D data processing was performed using ERTlab 
software, integrating resistivity data with spatial 
coordinates, electrode positions, and topographic elevation. 
The integration of topographic data into 3D Modeling 
enables a more realistic reconstruction of subsurface 
geometry and reduces distortions caused by changes in 
terrain elevation. The inversion results are then visualised 
using ViewLab3D as horizontal and vertical volumes to 
analyse the distribution of resistivity anomalies at various 
depths. 

Data interpretation is performed by considering the 
resistivity values of subsurface materials, local geological 
conditions, and slope morphological characteristics. The 
integrity of the results from the interpretation of 2D 
resistivity cross-sections and 3D resistivity models allows 
for the evaluation of the lateral and vertical continuity of 
resistivity anomalies, thereby enabling a more 
comprehensive interpretation of the geometry of the slip 
surface by considering the influence of structural and 
topographic factors on the distribution of anomalies.

 

Fig. 4.  2D Modelling of the Research Area.

4. Result and Discussion  

The results of the 2D resistivity data inversion using 
topographic data (Figure 4) show a distribution of 
resistivity values ranging from 0.819 Ω·m to 1215 Ω·m. This 
model yields an absolute error of 34.3% at the second 
iteration, which is relatively higher compared to several ERI 
studies in homogeneous environments, yet remains 
acceptable given the topographic complexity, lithological 
variations, and high water content distribution in the study 
area (Loke et al., 2013). The relatively high error value may 
be influenced by several factors, including the effects of 
topography on electrical current distribution, variations in 
electrode contact resistance, lithological heterogeneity and 
weathering levels, and the limitations of the inversion 
model in reconstructing geological conditions with 
contrasting resistivity changes. 

The 2D model shows distinct lateral and vertical 
variations in resistivity values, reflecting differences in 
lithology and subsurface water saturation. The identified 
resistivity contrasts cannot be explained solely by changes 
in material type; they are also influenced by weathering 
levels, porosity, water content, and the electrical 
conductivity of the rock-forming minerals. Therefore, 
subsurface layer interpretation is based on a combination 
of resistivity values, geomorphological position, anomaly 
continuity, and local geological characteristics. In 
accordance with the interpretation in (Table 1), which 
shows low resistivity values (1–53 Ω·m) in blue-green as 
groundwater and clay, and medium to high ranges (200–

1000 Ω·m) in yellow-red representing wet clay layers, 
weathered soil, and dry clay. 

This interpretation is clearly evident in the 2D model 
(Figure 4), where the low-resistivity zone (18–53 Ω·m) 
extending to a shallow depth of approximately 5–10 meters 
is interpreted as a water-saturated clay layer. This 
interpretation is based on a combination of low resistivity 
values, the relatively continuous geometry of the layer, and 
its position beneath more resistive surface material. 
Geophysically, the low resistivity in this layer is likely 
influenced by the surface conductivity of clay minerals and 
increased electrolytic conduction due to water saturation 
(Cai et al., 2017). The combination of these two mechanisms 
produces a fairly distinct resistivity contrast with the 
surrounding layers and serves as a key indicator in 
identifying weak zones that may act as slip surfaces. The 
position of this zone follows the slope's topographic 
contours in a curved pattern, a characteristic feature of 
rotational-type slip surfaces. This interpretation is based 
not only on resistivity patterns but also on the 
geomorphological conditions of the slope, which indicate 
surface deformation and morphological changes consistent 
with mass movement processes (Masria et al., 2024). 

Table 1. Interpretation of each layer in a 2D cross-section 

Layer Resistivity (𝝮.m) 
Aquifer 1-10 
Clay 18-53 
Wet clay 200-600 
Weathering soil 200-800 
Dry clay 800-1000 
Igneous rock >1215 
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The 3D model (Figure 5) provides a more 
comprehensive visualisation of the slip surface's spatial 
distribution from a three-dimensional perspective. In the 
3D model, the slip surface is indicated by a blue-colored 
zone, delineated by white dashed lines with a fairly steep 
slope following the slope topography at angles ranging from 
25–35°, which is the critical angle range for landslides in 
residual soil and weathered soil (Huntley et al., 2019). The 
three-dimensional visualisation shows that this conductive 
zone extends laterally along the slope and forms a relatively 
continuous weak layer beneath the surface. The consistency 
in the location of the low-resistivity zone between the 2D 
and 3D models reinforces the interpretation that this layer 
constitutes the primary slip surface controlling the 
potential for mass movement. 

The interpretation of slip surfaces in clay layers (18–53 
𝝮.m) is based on several geotechnical and geophysical 
considerations. Resistivity values in this range indicate that 
the clay material is in a wet to water-saturated state, 
possessing very weak mechanical properties, particularly 
low shear strength due to high water content. According to 
Crawford et al. (2018), water-saturated clay layers such as 
these often serve as locations for slip surfaces because they 
constitute zones with very low shear strength due to 
increased pore water pressure and reduced cohesion 
between clay particles. Suhendra et al. (2024) also 
identified clay layers with low resistivity values as weak slip 
planes using 2D and 3D ERT methods on the North 
Bengkulu–Lebong road section, supporting the findings of 
this study. 

 

Fig. 5.  3D Modelling of the Research Area. 

The effect of heavy rainfall on slope stability is evident from 
the presence of a zone of very low resistivity (1–10 𝝮·m) 
above the slip surface. This zone indicates conditions with 
very high moisture content, approaching full saturation. 
Chambers et al. (2011) demonstrated that soil resistivity 
can decrease by 30–50% following intense rainfall due to 
increased water content in soil pores. The resistivity 
distribution pattern in the 2D model indicates that the low-
resistivity zone is concentrated in the central part of the 
slope and lies directly above the clay layer interpreted as 
the slip surface. This condition suggests that infiltrated 
rainwater accumulates above the low-permeability layer, 
forming a water-saturated zone that can increase pore 
water pressure. Hydrogeologically, the clay layer acts as an 
aquitard that impedes vertical water movement and 
promotes lateral subsurface flow along the lithological 
contact (Bordoni et al., 2015). Nevertheless, the 

relationship between rainfall, water infiltration, and 
resistivity anomalies in this study remains interpretive 
because it is not supported by rainfall data, groundwater 
level measurements, or quantitative hydrogeological 
Modelling. Therefore, further research integrating rainfall 
data, groundwater levels, and temporal resistivity 
measurements is needed to obtain a more quantitative 
understanding. 

Nevertheless, the interpretation obtained remains 
consistent with the climatic conditions of the Bengkulu 
region, which has high annual rainfall and landslide 
characteristics typical of tropical residual soils, in which 
rainwater infiltration is the primary factor controlling 
increases in pore water pressure and decreases in slope 
shear strength. The identification of slip surfaces using 
these 2D and 3D resistivity models is crucial for landslide 
disaster mitigation efforts. Understanding the position of 
the slip surface at a depth of approximately 5–10 meters, its 
curved geometry with a slope of about 25–35°, and the 
characteristics of water-saturated clay layers with 
resistivities (18–53 Ω·m) enables the planning of targeted 
mitigation strategies, such as installing horizontal drains at 
depths parallel to or slightly above the slip surface to 
accelerate groundwater discharge and reduce accumulated 
pore water pressure in the saturated zone, soil nailing or 
ground anchors that penetrate the thickness of the weak 
zone and are embedded in more competent material below 
the slip surface to increase the retaining force and slope 
safety factor, the use of retaining walls focused on critical 
areas showing the highest water accumulation based on the 
resistivity model, and counterweight berms placed at the 
toe of the slope to enhance slope stability. 

5. Conclusion 

The landslide disaster in Liku Sembilan, Central 
Bengkulu, was caused by a shallow slip surface. The slip 
surface was interpreted as a low-resistivity zone (18–53 
Ω·m) at a depth of approximately 5–10 meters, 
representing a water-saturated clay layer. This zone forms 
a curved geometry with a slope of approximately 25–35°, 
indicating a rotational landslide mechanism. The identified 
resistivity contrast suggests that subsurface distribution is 
controlled by variations in lithology, weathering levels, and 
water saturation, which play a role in the formation of the 
slope’s weak zone.  

The integration of 2D and 3D ERI models provides a 
more comprehensive visualisation of the geometry of the 
slip surface and the distribution of subsurface weak zones 
in tropical volcanic environments. The findings of this study 
can serve as a basis for landslide disaster mitigation 
planning, particularly for the design of subsurface drainage 
systems and slope-stabilising retaining walls. However, the 
interpretations remain uncertain because geotechnical 
data, drilling, or hydrological monitoring do not yet support 
them. Therefore, further research with an integrated 
approach is needed to improve the reliability of 
interpretations and understanding of landslide 
mechanisms in the study area. 
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