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Abstract

The landslide near the PT Molindo Incinerator Unit poses a significant threat to the facility’s structural integrity. Without
immediate mitigation measures, the incinerator building is at risk of collapse, potentially impacting adjacent settlements
due to cascading structural failures. To reduce the risk of further instability, urgent geophysical investigation is required to
characterize the subsurface lithology and assess the groundwater table conditions. A geoelectrical resistivity survey was
conducted using the Schlumberger configuration across 8 measurement points along a 100-meter survey line, with 10-
meter electrode spacing. The resistivity measurements ranged from 3.30 to 25 Qm, which were interpreted as clay-rich
layers; 26 to 167 Qm, corresponding to sandy clay; and 167 to 15,944 Qm, indicating bedrock. The potential slip zone is
interpreted at an average depth of 20 to 25 meters, indicated by very low resistivity values with resistivity values between
3.30 and 25 Qm. Field observations confirmed that the landslide materials predominantly consisted of clay soils, distributed
within two distinct layers beneath the incinerator unit. The combined depth of the clay and overlying sandy layers was
estimated to reach approximately 20-25 meters from the ground surface. To ensure the effectiveness of structural
mitigation, a retaining wall must be designed to extend beyond this depth threshold. Numerical simulations using Slope/W
software indicated that soil nailing techniques yielded safety factors ranging from 1.32 to 1.81 under static conditions and
1.22 to 1.43 under dynamic conditions. Predicted deformations ranged from 0.01 to 0.02 meters (static) and 0.02 to 0.03
meters (dynamic). These results suggest that soil nailing is a viable reinforcement method to stabilize slope movements,
particularly during periods of high rainfall. Additional recommended mitigation strategies include the installation of
surface and subsurface drainage systems to control water flow, constructing retaining structures to serve as physical barriers
to soil movement, and using vegetative cover to enhance slope stability.

Keywords: Clay Soil; Geotechnical Design; Landslide; Mitigation; Resistivity Survey.

1. Introduction

Landslides are geological hazards involving the downslope movement of rock masses or soil, which may occur in
various forms such as rockfalls, debris flows, or large-scale soil displacements. Landslides are natural disasters caused
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by natural or human factors; these disasters can cause detrimental impacts such as infrastructure damage, economic
losses, and the most fatal is the loss of human life [1, 2]. Landslides are prevalent globally in mountainous and high-
relief regions [3]. In Indonesia, common triggering factors include steep terrain, seismic activity, and extreme weather
conditions, with rainfall-induced landslides being the most frequent. Topographic features, especially slopes, increase
susceptibility during periods of intense precipitation [4]. One of the most landslide-prone regions in Indonesia is Malang
Regency, located in East Java. Surrounded by mountainous terrain with varying slope gradients, the area consistently
exhibits a high risk of slope instability. According to data from the Malang Regency Regional Disaster Management
Agency (BPBD), 333 landslide incidents were recorded between 2017 and July 2022, a five-and-a-half-year period [5].
[5]. Of the 33 districts in the regency, 17 have experienced recurring landslides, indicating that approximately 50% of
the area is highly susceptible.

Generally, rainfall is the main factor triggering landslides [6], such as the landslide incident that occurred near the
limited liability company (PT) A recent landslide near the PT Molindo Lawang Incinerator Unit was triggered by
extreme rainfall on March 8, 2022. Over 100 mm of rainfall fell within a few hours, significantly elevating the
groundwater level and saturating the clay-dominated soil profile [7]. Water infiltration into the clay matrix led to
expansion and a reduction in interparticle cohesion. As the frictional resistance within the soil mass decreased,
approaching a near-zero static friction coefficient, the slope failed, initiating a landslide. A comprehensive understanding
of the subsurface conditions is essential to mitigate further slope failure and assess the extent of instability. This includes
delineating rock layers and groundwater characteristics [8], which serve as a foundation for geotechnical engineering
designs [9]. Landslide susceptibility maps and subsurface investigations are valuable tools for informing engineers,
planners, local authorities, and communities about appropriate construction, zoning, and risk management strategies in
affected areas [10].

Although landslides cannot be entirely prevented, their impacts can be minimized through appropriate mitigation
strategies [4, 11]. With the high risk of recurrence in the PT Molindo area, further subsurface investigations are
warranted to inform appropriate engineering responses [12]. One effective method is geoelectrical resistivity surveying
[13], which has been widely employed in landslide studies worldwide in recent decades. Technically, the effective
resistivity geoelectric method is used to evaluate the thickness of the soft clay layer in the failure zone [14]. Several
studies using the geoelectrical resistivity method for landslide investigations have been carried out; Di Maio et al. (2024)
correlated geotechnical and geophysical methods for monitoring soil hydrology on soil-mantled slopes prone to
landslides. The results showed that electrical resistivity is closely correlated with volumetric water content and soil water
pressure, thus making resistivity a potential indicator of soil hydrological status at the slope scale [15]. Hasan et al.
(2024) used the geoelectric resistivity method to determine the position of the slip zone on the road connecting Batu
City, Malang Regency, and Kediri Regency; the results showed that the slip zone was found at a depth of 25 meters
[16]. Sujitapan et al. (2024) collaborated on geoelectric and seismic methods to investigate landslides in southern
Thailand. They succeeded in mapping the slip zone at a depth of less than 5 m and estimated the volume of landslide
material at around 33,447 m3 [17]. Generally, previous studies have been limited to determining the position of the slip
zone. The difference between this study and previous studies is that this study investigates the landslide area using the
geoelectric resistivity method, along with design recommendations for post-landslide management and reducing the
potential for subsequent landslides.

Resistivity methods are commonly used in landslide investigations to distinguish surface soil from bedrock,
determine the types of rock layers, their thickness, and the depth of their lithological composition [8]. Once the
subsurface lithology and groundwater conditions are established, numerical modeling and geotechnical design, such as
the planning of retaining walls and deep foundation elements, can be undertaken. These measures must be carefully
designed to anchor into competent strata and ensure long-term slope stability. This study aims to investigate the
subsurface geological conditions at the PT Molindo landslide site as a basis for developing an effective geotechnical
mitigation plan and slope stabilization design. This study presents a subsurface investigation using the geoelectrical
resistivity method in a post-landslide area. The investigation results serve as the basis for developing recommendations
for landslide impact management, aimed at formulating mitigation strategies and reducing the potential for subsequent
landslides.

2. Methodology
2.1. Resistivity Survey

The geoelectrical resistivity method is a geophysical technique used to determine variations in rock resistivity by
measuring the potential difference generated by an injected artificial current. The resistivity values are influenced by
mineral composition, water content, and the degree of fluid saturation, making this method effective for investigating
saturated zones and slip zone areas. The Schlumberger configuration of the geoelectrical resistivity survey incorporates
Vertical Electrical Sounding (VES) techniques, whereby the resistivity of subsurface rock layers is measured along a
vertical profile. The use of the Schlumberger configuration is more advantageous for landslide investigations, as it
provides better depth resolution and results, while offering a measurement technique that is relatively easy to apply in
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difficult terrains, such as post-landslide areas. The resistivity method operates by injecting an electric current into the
ground through a pair of current electrodes, while the resulting potential difference is measured using a separate pair of
potential electrodes [18].

As illustrated in Figure 1, the Schlumberger configuration utilizes four electrodes: two outer electrodes (A and B)
for current injection and two inner electrodes (M and N) for potential measurement [19]. In this arrangement, the spacing
between the potential electrodes (MN) is maintained at a constant 2 meters, while the spacing between the current
electrodes (AB) is progressively increased from 10 meters and its multiples, extending to 200 meters. Expanding the
AB spacing allows the injected current to penetrate deeper into the subsurface, following the principle that the MN/2
distance must remain significantly smaller than AB/2 to maintain measurement accuracy. The measured data is then
calculated using Microsoft Excel to determine the geometric factor (K) and subsequently the apparent resistivity (p,).
The (p,) was calculated as the product of the geometric factor (K) and the measured resistance (R) using Equation 1:

A
pa=K= )

where, (AV) is measurable potential difference value and (1) is electric current injected value. The results of the apparent
resistivity measurements are plotted as a function of the current electrode distance (AB/2), then interpreted through an
inversion process to obtain the actual resistivity model. Measurement results are processed using software such as
IPI2Win and Progress to obtain 1D model and Surfer to obtain 2D model [20]. Combining individual VES measurements
can generate a two-dimensional cross-section using a pseudo-cross-section model in Surfer software, which integrates
parameters such as resistivity, survey track length, and depth [20]. This approach effectively transforms one-dimensional
data into a two-dimensional representation by interpolating between adjacent VES points by constructing straight-line
segments connecting them. The modeling results are then interpreted with geological maps and information obtained
from the field. This research procedure is summarised in the flowchart presented in Figure 2.
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The data acquisition process employed the Schlumberger configuration of geoelectrical resistivity to investigate the
vertical subsurface conditions of the soil. Eight measurement points were strategically distributed around the PT
Molindo site, including the immediate landslide area (Figure 3), to assess the subsurface conditions comprehensively.
PT Molindo is located in Lawang sub-district, Malang Regency, East Java Province, Indonesia. The primary objective
of this investigation is to determine the depth and distribution of bedrock beneath the landslide-affected zone. Identifying
the bedrock horizon is critical, as it serves as a reference point for designing and implementing geotechnical engineering
interventions to stabilize the slope and mitigate further failures [21].
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Figure 3. Research Survey Design

According to the Geological Map of the Malang Quadrangle (1992), the PT Molindo Lawang site is situated within
the Lower Quaternary Volcanic Rock Formation, denoted as Qp(g) (Figure 4). This formation dates back to the Middle
Pleistocene epoch and is primarily composed of volcanic breccia, tuff breccia, lava flows, tuff, and agglomerate [22].
Weathered materials, including clay-rich soils and organic-rich vegetation deposits, typically dominate the uppermost
layers of this volcanic formation. At greater depths, lava serves as the bedrock. The interface between these superficial,
unconsolidated layers and the underlying hard bedrock is particularly significant in geotechnical assessments. This
contact zone often forms a mechanical discontinuity, which may act as a potential slip surface, especially under saturated
conditions or in the presence of seismic or gravitational forces. The meeting of these two types of rock has the potential
to produce a slip zone.
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Figure 4. Geological Map of Malang Quadrangle [22]
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2.2. Numerical Simulation Procedure

The steep slope conditions on the eastern and southern sides of the PT Molindo Lawang Incinerator Unit present a
significant risk of landslides. Appropriate mitigation measures must be implemented based on the site’s geological and
topographical characteristics to address this. The soil and rock parameters used in the analysis are derived from previous
research findings [23]. In this study, two slope stabilization alternatives are proposed. The first involves geometric
reconfiguration of the slope and the installation of horizontal drainage to manage subsurface water flow. The second
alternative integrates soil nailing reinforcement with geometric modification of the slope. To evaluate the effectiveness
of both approaches, slope stability analyses are conducted using Slope/W software under static and dynamic conditions.
Landslide occurrences in the area are suspected to be primarily triggered by the steep natural geomorphology and the
absence of adequate drainage systems, which contribute to increased water infiltration and decreased soil shear strength.

3. Result and Discussion
3.1. Field Survey and Site Investigation

The landslide at PT Molindo occurred on March 8, 2022, and the failure process was relatively rapid, unfolding over
approximately 3 to 6 hours (PT Molindo landslide incident history). Based on field observations, the landslide was
classified as a rotational type, characterized by a curved slip surface. The displaced material primarily consisted of clay-
rich soils and weathered claystone, with failure zones identified in two locations beneath the incinerator unit, extending
to an estimated depth of 20 meters below the ground surface. The landslide body spans approximately 55 meters on the
western and 75 meters on the eastern sides (Figure 5-a). The landslide characteristics in this area are similar to those of
typical landslides. However, the area below the landslide location is a residential and agricultural area that serves as the
primary source of livelihood for the local community, making immediate mitigation measures essential. The slope
gradient at the study site ranges between 50° and 70°, classifying the area as steep terrain and highly susceptible to mass
movement [24]. During the geoelectrical resistivity survey conducted on June 25-26, 2022, several active springs were
observed near the landslide area (Figure 5-b and Figure 5-c). Significant groundwater discharge was recorded despite
the survey during the dry season, indicating persistent subsurface flow. These springs are believed to originate near the
interface between the clay layers and the underlying igneous bedrock. This lithological boundary is of particular concern,
as the contrast in material properties can serve as a potential slip surface, promoting landslide initiation, especially under
saturated conditions. Such groundwater flow at critical stratigraphic boundaries underscores the importance of effective
drainage management in future mitigation efforts [25].

Figure 5. a. Landslide Conditions in the Research Area, b. Discovery of Water Flow at the Landslide Site

The highly steep terrain in the study area facilitates groundwater flow under considerable pressure, which can
potentially mobilize soil and rock layers. During the dry season, however, the soil and rock mass can withstand this
groundwater pressure, maintaining a state of equilibrium that prevents movement. The critical condition arises during
the rainy season, when intense rainfall contributes to increased groundwater pressure through rainwater infiltration and
surface runoff. The deteriorating condition of existing vegetation exacerbates this issue, as the reduced root
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reinforcement diminishes the soil’s cohesion. Consequently, the cohesive strength (c), a key component of shear strength
(7) in the soil, declines, weakening the bond between soil and rock layers. This reduction in cohesive strength, combined
with elevated pore water pressure (u) due to increased water infiltration, reduces the effective stress acting within the
slope in both lateral and axial directions. Once pore pressure exceeds the soil’s ability to resist deformation, the soil and
rock layers lose their resistance to lateral or downslope movement. Impermeable layers, often between clay and bedrock,
can be slip surfaces. These facilitate the downslope movement of overlying weathered soil under elevated groundwater
pressure.

Impermeable layers act as a slip zone, allowing the overlying weathered soil to move along the slope direction
with increasing groundwater pressure quickly. Increased water content or hydrostatic pressure can significantly
trigger landslide mechanisms [26]. Landslide susceptibility is generally closely linked to soil characteristics and
slope geometry. Steep terrain significantly increases landslide risk due to the inherently low stability of slope-
forming materials [27]. At the PT Molindo site, slope gradients range from 50° to 70°, further intensifying the
potential for slope failure [28]. The land use in the landslide-affected area consists of jungle-like vegetation with
wild plant growth and scattered large trees growing irregularly. This lack of organized vegetation cover contributes
to poor slope reinforcement. In addition to groundwater flow, the steep slope inclination is a significant factor
contributing to landslide risk in this region [29]. Figure 6 presents a 3D topographic model of the study area,
illustrating slope gradients and providing visual insight into the direction and position of potential landslide
movements. The extent of the landslide zone is indicated in brown.

LANDSLIDE AREA

689700 689800

689400 689500 689600

Figure 6. 3D Elevation Model

3.2. Resistivity Survey Result

The geoelectrical resistivity measurements using the Schlumberger configuration at eight measurement points
were used to create a 1D model using IPI2Win and Progress software. IP12win software can perform data picking
and forward modeling of apparent resistivity data by matching field-derived curves with theoretical curves. After
the data is prepared, inversion is then performed using the Progress software to obtain a one-dimensional resistivity
profile. Based on the 1D model, the type of lithology composing the area can be analyzed based on the obtained
resistivity values. Theoretically, the rock composition in the landslide area from field measurements is not
significantly different from the geological map. The rocks include clay in the first layer, followed by sandy soil,
with the bedrock consisting of lava rock.

Based on Figure 7, the geoelectrical resistivity survey yielded resistivity values ranging from 2.79 to 15.944
Qm, with investigations reaching a maximum depth of approximately 48 meters below the ground surface. These
values were interpreted using standard rock resistivity parameters to infer subsurface lithology. Clay-rich layers
were identified at resistivity values between 3.30 and 25 Qm, typically occurring at 0 to 32 meters depths. Sandy
soil lithology was associated with intermediate resistivity values ranging from 26 to 167 Qm, observed at depths
between 2 and 21.4 meters. Bedrock, interpreted as lava rock, was characterized by high resistivity values ranging
from 167 to 15.944 Qm, found at depths of 17 to 48 meters across all survey profiles. Furthermore, indications of
the groundwater table and zones of groundwater accumulation were observed at points MO4 and MO8. These were
identified by very low resistivity values of 2.79 and 4.35 Qm, located at depths between 4 and 7 meters. The
presence of groundwater is very possible, because based on field observations, we found groundwater at the
landslide location shown in Figure 5.
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Figure 7. Results of 1D Model

The determination of layer types is based on the results of resistivity calculations, then correlated with resistivity
value catalogues, local geological information, and relevant previous research, followed by further correlation with field
conditions and geological theory. This process aims to obtain more accurate results. Based on the rock resistivity value
catalogue compiled by Telford et al. (1990), clay has a resistivity value ranging from 1 to 100 Qm, while sand from 1
to 1000 Qm [30]. These range values represent the universal resistivity values of rock materials; therefore, to determine
the actual values, it is necessary to consider the local geological conditions and the types of rocks in the research area.

Based on the modelling results, lava rocks that act as bedrock are always preceded by clay layers with low resistivity
values, ranging from 3.30 to 25 Qm. The interface between the clay and lava layers is interpreted as a slip zone, due to
the significant differences in their physical and mechanical properties. This condition reinforces the indication that the
slip zone is formed in the contact zone between an impermeable layer or compact rock and a layer that is easily deformed.
This argument is supported by research from Hasan et al. (2022), which states that the contact between two layers with
a significant difference in resistivity values can act as a sliding surface [13], such as the meeting between clay and lava
rock. Research by Imani et al. (2021) also states that water infiltration can be trapped between the clay and bedrock
layers, thereby increasing pore water pressure and reducing mechanical properties, ultimately causing mass movement
[31], this means that the zone acts as a slip zone. In this research, the slip zone layer was found at varying depths at each
measurement point, which is summarised in Table 1. The variation in bedrock depth is a common phenomenon because
slope surfaces are generally not flat and experience elevation changes due to geomorphological processes.
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Table 1. Summary of Slip Zones

Point Depth of Slide Zone (m) Resistivity Value (2m)
MO1 25 4.66
MO2 23 9.57
MO3 26 4.43
MO4 29 14.03
MO5 32 25.08
MO6 21 3.30
MO7 17 14.62
MO8 25 8.79

The one-dimensional (1D) resistivity models presented in Figure 7 were subsequently interpolated into two-
dimensional (2D) profiles, as shown in Figure 8, to ensure the identification of potential slip zones at various depths.
The contrast between subsurface lithologies, particularly the interface between clay-rich soils and compact lava rock, is
critical in slope instability. While lava rock, interpreted as bedrock, typically remains stable due to its dense and compact
nature, the overlying clay layers possess lower porosity and density. When these two contrasting materials intersect,
water accumulates along the contact zone, forming an impermeable boundary that can act as a slip surface. Under
increasing groundwater pressure, this condition enables the weathered overburden to mobilize downslope. Elevated
water content or hydrostatic pressure is a well-known trigger for landslide initiation [26].

As illustrated in Figure 8 and Table 1, the potential slip zone is interpreted at an average depth of 20 to 25 meters,
indicated by very low resistivity values (represented by purple colouring), with resistivity values between 3.30 and 25
Qm. The clay observed on the ground surface is not a landslide trigger, so in this study, we do not classify it as a slip
zone. This is because the surface clay tends to be dry, making it denser and difficult to deform. This condition is different
from clay which is located directly adjacent to bedrock, this clay can become a place for groundwater accumulation.
Groundwater in this zone significantly reduces the soil’s cohesion (c¢) and internal friction angle (¢), both critical to
maintaining slope stability. This interpretation aligns with field evidence, where landslide activity was observed at
depths of 20-23 meters, demonstrating consistency between geophysical data and actual slope failure conditions. Further
analysis based on Figure 7 reveals that the bedrock, identified as lava rock, was found starting at a depth of approximately
17 meters (MO7 point) below the surface. The overlying layers are predominantly clay and sandy soils prone to
deformation and displacement. As such, any proposed stabilization measures, such as the installation of bored pile
foundations, should be designed to penetrate to a minimum depth of 5 meters from the bedrock surface to ensure
anchorage within the stable bedrock. This approach is essential for resisting movement in the more mobile overburden
materials. Landslide susceptibility is strongly influenced by soil characteristics, with weak and weathered materials
especially prone to failure. Steep slopes further exacerbate this instability due to the reduced inherent shear strength of
the slope-forming materials [27].

10m

15m

20m

-10

Resistivity
(Ohm m)

32m

Figure 8. 2D Model of Research Area Showing Rock Resistivity Values with Depth Variation
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Additionally, the presence of active groundwater sources contributes to slope failure by increasing the weight of the
soil mass and elevating pore water pressure, both of which reduce effective stress and shear strength on the slope [32].
Effective stress declines rapidly when groundwater pressure surpasses the total soil stress, leading to slope movement.
As pore pressure increases, soil, soil mixtures, and rock fragments are mobilized along the slope, with the additional
weight of water compressing and weakening the soil structure, ultimately triggering surface deformation and landslide
activity [33]. Therefore, the slope repair design must allow the water at the landslide location to flow freely, because if
the water is retained, it will accumulate, ultimately triggering mass movement of the soil.

3.3. Recommendations for Improvement

Based on the integration of geological, topographic, and hydrological analyses, along with land cover assessments
conducted through direct field observations, geoelectrical resistivity surveys, and geological mapping, and in
consideration of the recent landslide events surrounding the PT Molindo Incinerator Unit, the following priority
mitigation interventions are recommended:

3.3.1. Improving Drainage

Both surface and subsurface drainage improvements are essential, as water is the primary triggering factor in
landslide initiation. Enhancing drainage systems in the catchment area surrounding the PT Molindo Incinerator Unit can
significantly improve slope stability in landslide-prone zones (Figure 9). Effective water infiltration management,
particularly on steep slopes, is critical to reducing the risk of slope failure [34]. Therefore, the presence and movement
of groundwater within the landslide area must be carefully managed. It is imperative that any landslide mitigation
structures, such as retaining walls or subsurface barriers, are designed not to obstruct the natural flow of groundwater.
Blocking subsurface flow can lead to water accumulation, which increases the soil mass’s weight and the hydrostatic
pressure, ultimately elevating the risk of slope instability.
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GROUND WATER DRAIN PIPE 3 (30M) i

- :
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.
~
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Figure 9. Drainage Design around the Landslide Area

Improvements to lateral and vertical drainage systems reduce pore water pressure (u) to near-zero levels, thereby
maintaining the slope materials’ shear strength (t). Shear strength is defined by the equation t = ¢ + ¢’ tan @, where c is
soil cohesion, ¢’ is effective stress, and ¢ is the internal friction angle. Effective stress () is calculated as the difference
between total stress (o_total) and pore water pressure (u). A properly functioning drainage system minimizes u, allowing
o’ to approach o _total. As a result, the soil retains its cohesion and internal friction parameters, maintaining overall
slope stability. In this context, drainage plays a critical role in ensuring that increased water content does not compromise
the mechanical strength of the soil or trigger landslide mechanisms. Cost estimation required for installing a drainage
system on the upper surface of the slope in 2 (two) locations is around 10.919.61 USD or 180.075.300.00 IDR, using a
precast U-Ditch of 30.50.120 cm in size with long of 215 and 250 m.

3.3.2. Construction of Retaining Wall

Retaining walls are commonly installed on steep slopes, riverbanks, and road edges. The purpose of constructing a
retaining wall is to hold back loose materials from falling directly downward. Coarse-grained materials such as sand,
gravel, and large stone fragments are typically used to retain walls and facilitate water drainage. The retaining wall’s
construction must reach the bedrock’s depth to restrain soil movement effectively. Additionally, the presence of water
in the landslide area must be preserved, meaning that the construction of landslide barriers should not obstruct
groundwater flow (Figure 10). Cost estimation of a retaining wall which is made by a combination of concrete pile-
gabions 68.35 m in size, close to 137.687.22 USD or 2.270.600.000.00 IDR.
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Figure 10. Retaining Wall Design at the Landslide Site

3.3.3. Soil Nailing Installation

The slope stability analysis before and after implementing a soil nailing system is presented in Figure 11. Based on
Figure 11-a, the analysis results show that, under existing conditions, the safety factor ranges from 0.20 to 0.45 in static
conditions and from 0.15 to 0.25 in dynamic conditions, indicating critically unstable slopes. Corresponding maximum
deformations are estimated to be between 0.21 and 0.35 meters in static conditions and 0.82 to 1.15 meters in dynamic
conditions. Following the installation of the soil nailing system, the slope demonstrates a significant improvement in
stability (Figure 11-b). The safety factor increases to 1.31-1.81 under static conditions and 1.22-1.43 under dynamic
conditions. Deformations are also substantially reduced, ranging from 0.01 to 0.02 meters in static and 0.02 to 0.03
meters in dynamic conditions. The effectiveness of soil nailing as a remedial measure can be further optimized by
enhancing parameters such as pull-out resistance, nail diameter, and nail spacing, while also considering factors such as
material availability, ease of implementation, cost-effectiveness, and long-term performance. Soil nailing is particularly
advantageous for mitigating landslide risks on steep slopes during the rainy season, as it helps alter pore pressure
distributions by redirecting subsurface flow toward the lower portions of the slope, thereby improving overall slope
stability. The scope of soil nailing work includes gradient drilling and grouting, nailing installation, re-grouting and
pulling out after bar installation, geo-composite using wire-mesh and shotcrete. Cost estimation of soil nailing for 68.35
m in length and 40.0 m in height, close to 134.550.41USD or 2.223.000.000.00 IDR.
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Figure 11. Typical Analysis of Safety Factors Before and After Reinforcement

The compression stress of sandy soil, upper and lower clay-claystone layers, except the upper and lower lava bedrock
layer, is more stable than the tensile stress [35, 36]. These tensile stresses will lead to the destabilization of soil and rock
slopes. The reinforcement system of soil nailing will increase slope stability because the interaction between the soil or
rock and soil nailing can lead to the development of tensile force. The stabilization process’s starting point, including
excavation for straightening the shape of the slope, can begin from the bottom since the upper and lower lava bedrock
is stronger than the previous layers above. Various geotechnical activities and artificial contributions can increase the
active force, creating a potential for soil and rock slope collapse. So, these problems can be improved by increasing the
passive force using a soil nail system inserted into the slope. Then, the passive force will increase the shear resistance
of soil and rock layers.

Composite stress between soil or rock with the soil nailing method can generate a resistance zone consisting of active
and passive zones, as shown in Figure 11-b. Deformations caused by the active zones can lead to some displacements
around the soil nailing system at a cross-section of the failure surface. However, the displacement formation of soil
nailing resulting from tensile forces at a resistance zone will retain all active zones so that the failure surface can be
stable. The deformation of soil nailing will depend on the length of the soil nailing system. There are essential things to
consider in the area of the active and resistant zones to guarantee the stabilization of steep slopes and to avoid the failure
of soil nailing

The effectiveness of the soil nailing system is influenced by several design parameters, particularly the length of the
nails, which must adequately penetrate the passive zone to counteract forces in the active zone. The design should ensure
sufficient overlap to stabilize the failure surface and avoid nail pull-out or structural failure. In addition, factors such as
nail inclination, orientation, and the inclusion of helical plates can significantly influence the pull-out resistance and the
system’s overall performance under static and seismic conditions [37]. In soil nailing reinforcement systems, two critical
types of analyses are required for calculating the factor of safety (SF): external stability analysis and internal stability
analysis. The external stability analysis encompasses two key components. First, global stability analysis is conducted
to evaluate the SF against large-scale slope failure, providing insight into the overall integrity of the reinforced slope
system [38]. Second, displacement analysis assesses the SF related to potential sliding or deformation of the slope mass,
considering axial and lateral forces that may result from surcharge loads or structural influences from above.

The internal stability analysis also involves two components. The first is a reinforcement bar failure analysis, which
is used to determine the appropriate spacing and tensile strength of the soil nails and their ability to withstand soil
pressures. The second is the pull-out capacity analysis, which evaluates the resistance of the reinforcement system to
extraction forces. This is particularly important for preventing structural failure due to design flaws, such as insufficient
nail length or embedment depth within the stable zone [39]. Various slip surface geometries—including parabolic and
two-part wedge configurations—may be considered in modeling soil-nailed slopes. However, studies have shown that
the variation in SF values between different slip surface shapes is generally minimal. Under seismic conditions, it is
recommended to supplement the analysis with dynamic laboratory testing, such as cyclic triaxial tests, resonant column
tests, and other forms of soil dynamics analysis. These tests are essential for determining the peak ground acceleration
(PGA) and dynamic properties of the soil at the site, which are critical for reliable seismic slope stability design.
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3.3.4. Vegetative Planting

Vegetation is an effective natural solution for increasing the stability of steep slopes, functioning both as slope cover
and reinforcement through its root systems [40]. One of the key advantages of vegetation is its capacity for self-repair,
regeneration, and adaptation, making it a low-maintenance, long-term strategy for slope stabilization. As vegetation
adapts to its environment, its root systems develop in ways that integrate with the native soil, enhancing the root-soil
interface and acting as a biological reinforcement system. In landslide-prone areas, vegetation can be established using
a green belt planting method, where species are planted along contour lines or terraces at recommended intervals, such
as 3 meters by 3 meters, aligned with land parcel boundaries This method allows the interspaces between planted rows
for agricultural purposes, ensuring dual land use. Before planting, especially in high-risk areas, digging planting holes
to support root establishment and reduce runoff is recommended. Integrating a soil nailing system with vegetative
planting, such as vetiver grass, provides a synergistic reinforcement approach for slope stabilization in this study area
[41]. The application of vetiver grass is widely regarded as an environmentally sustainable solution due to its deep,
fibrous root system, which enhances surface soil cohesion and minimizes erosion. While the soil nailing system offers
deep-seated structural support to prevent slope failure, the vetiver grass contributes to surface protection, mitigating
erosion and reducing the impact of rainfall and surface runoff [42, 43].

Together, these methods form a complementary reinforcement system that addresses subsurface and surface
instability, making it a practical and eco-friendly solution for landslide-prone slopes. In the short term, considerations
such as access roads and proximity to highways should be addressed to ensure the success of trial plantings. When
applied correctly, Vetiver grass can regenerate and anchor steep slopes within four to five years [44]. Vegetation can
increase the slope’s safety factor (SF); however, its effectiveness may be limited on slopes with large inclinations, where
weak soil-root interactions can reduce reinforcement capacity. If the lateral root anchorage is insufficient, slope failure
will likely occur when the SF falls below 1.0, indicating instability. While root systems typically improve slope safety
by increasing cohesion and anchorage, the overall benefit depends on the underlying soil type and slope geometry. The
success of vegetation-based reinforcement also depends on root penetration depth. Deep-rooted species can slightly
increase the SF in clayey soils due to better resistance to deep-seated failure. Conversely, sandy soils often present
challenges for vegetative growth due to their instability and reduced cohesion, particularly under external disturbances
such as wind or animal activity [45]. In such cases, vegetation alone may not be sufficient, but when combined with soil
nailing systems, it can effectively reduce landslide risk with appropriate maintenance [46].

Root systems enhance shear strength by contributing additional cohesion to the soil matrix. The overall stability of
vegetated slopes tends to increase with greater root cohesion values and the development of an effective root zone depth.
These effects are more pronounced on slopes where vegetation covers the surface and crest areas. The success of
vegetative reinforcement also depends on the distribution pattern of the root system, which influences how shear stresses
are transferred and resisted across the slope [47, 48]. Estimation for vegetative planting will be added by the green belt
from grass vetiver plants, which ranges from 5.841.37 USD or 96.330.000.00 IDR.

4. Conclusion

The rock composition at the study site, encompassing the PT Molindo Incinerator Unit and its surrounding area,
predominantly comprises claystone, sandy soil, and lava rock. Landslide materials observed at the site primarily consist
of clay-rich deposits, identified in two separate zones beneath the incinerator at approximately 20 meters from the ground
surface. The underlying bedrock, interpreted as volcanic lava, is consistently encountered at depths ranging from 17 to
32 meters. The potential slip zone is interpreted at an average depth of 20 to 25 meters, indicated by very low resistivity
values (represented by purple colouring), with resistivity values between 3.30 and 25 Qm. Given this subsurface profile,
the design of foundations or retaining walls for effective landslide mitigation should extend to a minimum depth of 5
meters from the bedrock surface, ensuring structural anchorage within the stable bedrock layer to restrain soil movement
comprehensively. In addition to structural considerations, active groundwater sources must be accounted for in the slope
stabilization design. The natural emergence of springs and seepage pathways should not be obstructed, as impeding
groundwater flow can lead to water accumulation, increased pore water pressure, and subsequent slope instability.
Therefore, the design of land improvement and stabilization measures must accommodate and direct groundwater flow,
incorporating drainage pathways that maintain hydrological balance while stabilizing the slope.

The proposed landslide mitigation strategy comprises several key interventions: (1) improvement of surface and
subsurface drainage systems, (2) construction of retaining walls, (3) installation of soil nailing systems, and (4)
implementation of vegetative planting. Numerical modeling using Slope/W software demonstrates that soil nailing
significantly enhances slope stability, yielding safety factors between 1.32 and 1.81 under static conditions and 1.22 to
1.43 under dynamic conditions. The deformations are relatively minimal, ranging from 0.01 to 0.02 meters (static) and
0.02 to 0.03 meters (dynamic), indicating the system’s effectiveness. The performance of the soil nailing system can be
further optimized by adjusting design parameters such as pull-out resistance, nail diameter, and nail spacing. These
adjustments should be made in consideration of material availability, ease of construction, cost-efficiency, and long-
term durability, ensuring that the remedial measures are both technically and economically viable over the lifespan of
the slope stabilization system.
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