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ABSTRACT. Girimulyo sub-district is one of the areas with high landslide risk in Kulon
Progo Regency. On March 12, 2018, a landslide occurred in the area. Seven families were
affected, and landslide material blocked the road. This study uses the limit equilibrium
method to determine slope conditions through electrical resistivity tomography (ERT) and
slope stability analysis. Based on the interpretation of the ERT profile, it is known that a
layer with a resistivity value of <5 Om is wet clay; 5-15 Om is wet silt; 15-150 Om is
silt-to-sand; and >150 OOm is bedrock. The sliding surface is thought to be at the bound-
ary between the damp clay and wet silt layers. The interpretation of the ERT profile is
confirmed by data from laboratory tests on soil samples. Slope stability analysis was per-
formed using ERT profile interpretation and soil sample laboratory test data. The slope
stability analysis results show that both the slopes that experienced landslides in 2018 and
those that did not experience landslides were stable when the water table was 3 meters
deep. However, the landslide slopes are in critical condition as the groundwater level

rises, while the non-landslide slopes remain stable.
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1 INTRODUCTION

Landslides have become Indonesia’s third most
common disaster in the last decade after floods
and tornadoes. Kulon Progo is one of the dis-
tricts where landslides often occur. The topog-
raphy of the northern and central parts of Kulon
Progo, consisting of hills, increases the region’s
vulnerability to landslide hazards. According
to the Kulon Progo Regency Disaster Risk As-
sessment Document 2022-2026, 10.38 % of the
area of Kulon Progo Regency is in the high haz-
ard zone for landslides, while 36.14% of the
area is in the moderate hazard zone (BPBD
Kab. Kulon Progo, 2022). On March 12, 2018,
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a landslide occurred in Karanggede, Jatimu-
lyo village, Girimulyo district, Kulon Progo Re-
gency (Figure 1). The landslide was triggered
by heavy rainfall, which caused the material
on the slope to slide down. The landslide af-
fected seven families and blocked the road, cut-
ting off access between the Jatimulyo and Gir-
imulyo villages. Considering the large number
of people living there, it is important to evaluate
the condition of the slopes in the Karanggede
area.

ERT is a geophysical technique that measures
the electrical properties of rock formations be-
low the earth’s surface by injecting electric cur-
rent into the ground (Telford et al., 1990). ERT
is a geophysical method often used in land-
slide investigations (Perrone et al., 2014). ERT
can identify slope lithology, slope geometry,
landslide type, location of failure zones or slip
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FIGURE 1. Research location where a landslide occurred on March 12, 2018, in Karanggede.

planes, differentiate between soil and bedrock
boundaries, and identify areas of excess mois-
ture (Asriza et al., 2017; Chibani et al., 2023;
Crawford et al., 2018; Imani et al., 2021; Jianjun
et al., 2020; Kaminski et al., 2023; Pasierb et al.,
2019; Usman et al., 2020). ERT’s results are in-
strumental in determining the spatial distribu-
tion of contacts between different materials. As
a result, it is possible to obtain 2D geotechnical
models of soil layers for slope stability analysis.

Once the stratigraphy of the soil layer on the
slope is known, it is essential to understand its
physical and mechanical properties. The soil’s
physical and mechanical properties influence
the stability of the disturbed slope (Mugagga et
al., 2012). The slope stability analysis was per-
formed based on the limit equilibrium method
using Slope/W. The limit equilibrium method
was chosen because it is widely used with eas-
ily selectable structural models and provides
a clear mechanical concept for vector calcula-
tions, allowing rapid stability factor calculation
(Wang et al., 2023). This paper analyzes slope
stability by integrating the ERT and limit equi-
librium methods to obtain slope safety factors
in Karanggede and evaluate slope conditions
after the 2018 landslide. By knowing the slope’s
stability under various conditions, we can iden-
tify the external factors that influence the sta-
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bility of the slope so that recommendations for
appropriate slope management can be deter-
mined.

2 GEOLOGICAL SETTING/SITE CHARACTER-
IZATION

The geomorphology of the study area is charac-
terized by the structural landscape of the cues-
tas (ridges of gentle and steep slopes) and by
tectonic features such as faults and rifts. Ge-
omorphic processes in the study area include
fluvial activity and mass movement (Husein &
Srijono, 2010). Based on the geological map of
Yogyakarta, the research site is located in the
Old Andesite Formation. Figure 2 shows the
research site on the Yogyakarta geological map;
the blue squares indicate the research sites.
Bemmelen gave the name of the Old Andesite
Formation in 1949, which was later revised by
Pringgoprawiro and Riyanto in 1987 into two
formations, namely the Kaligesing Formation
and the Dukuh Formation. The Kaligesing For-
mation is characterized by monomic breccia
with andesite fragments, sandstone interbeds,
and andesite lava. The Dukuh Formation com-
prises polymictic breccia with andesite, sand-
stone, and limestone fragments. The age of the
formation is late Oligocene - early Miocene.
Based on the Kulon Progo Regency Soil
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FIGURE 2. Geological setting of research location based on the geological map of Yogyakarta (Rahardjo et al.,

1977).

Type Map, the study area comprises latosol
soil. Dudal and Suparaptoharjo (1957) state
that Latosol soil is highly weathered with low
organic matter, primary minerals, and nutri-
ents. Latosol soil has the characteristics of red,
reddish brown to yellowish brown or yellow.
Latosol is a type of soil with high clay content.

As shown in Figure 3, the landslide event in
early March 2018 was preceded by high average
monthly rainfall in January and February.

The average monthly precipitation in Jan-
uary and February 2018 reached 450 mm and
402 mm, respectively. Slope stability was sig-
nificantly affected by rainfall and groundwater
level fluctuations. Although the landslide haz-
ard increases considerably during the rainy sea-
son, the movement of landslides also increases
significantly after the middle of the rainy sea-
son (Anh Bui et al., 2019). Increased load can
trigger progressive movement due to accumu-
lated mass groundwater inflow (Wilopo et al.,
2020).

Journal of Applied Geology

3 METHODOLOGY

The research began by conducting preliminary
investigations in literature studies to collect
data and information related to ground motion
at the research site and its geological and geo-
morphological conditions. Field investigations
were conducted through geological investiga-
tions to map outcrops and geological structures
at the research site, as well as mapping cracks
and the location of springs at the research site.
Based on the field investigation results, a data
acquisition design was made.

3.1 Electrical Resistivity Tomography (ERT)

The ERT technique is based on the measure-
ment of electrical resistivity. It can provide 2D
and 3D images of its distribution in the sub-
surface. A model inversion uses an inversion
routine to determine the true subsurface resis-
tivity from the apparent resistivity values (Per-
rone et al.,, 2014). This study used the VES
(1D) and profiling (2D) methods to collect elec-
trical resistivity data. The VES method is car-
ried out with the Schlumberger configuration,
while the Profiling (2D) method is carried out
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FIGURE 3. Monthly rainfall of Girimulyo district in 2018 (Badan Pusat Statistik Kabupaten Progo Kulon,

2019).

with the Wenner-Schlumberger configuration.
Figure 4a. is the electrode arrangement for the
Schlumberger configuration, while Figure 4b.
is the electrode arrangement for the Wenner-
Schlumberger configuration.

Calculated resistivity is not actual subsurface
resistivity but apparent resistivity, where homo-
geneous soil gives the same resistivity for the
same electrode arrangement. Resistivity meters
typically provide a resistance value (R). In prac-
tice, the apparent resistivity value is calculated
as follows

pa:k'R (1)

Where p, = Apparent Resistivity ((Qm), k =
geometry factor, and R = Resistance ((2).

The ERT profile for the slope at the research
site was measured by measuring the 1D electri-
cal resistivity (VES) at three points and the pro-
filing (2D) at five lines. Geoelectric data acqui-
sition was conducted in November 2023. Fig-
ure 5 shows the acquisition design for ERT and
soil sampling. VES method was conducted at
three points using the Schlumberger configura-
tion. Meanwhile, 2D geoelectric measurements
were performed on 5 lines using the Wenner-
Schlumberger configuration with 5 m spacing.

3.2 Soil sampling and soil laboratory test

After obtaining the ERT profile, soil samples
are collected to represent very low, low, and
medium resistivity values. All three samples
were collected using a hand auger to a depth of
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2 m for samples A and B and 1 m for sample C.
All three soil samples taken were undisturbed.
The undisturbed soil samples are tested in
the laboratory to determine physical properties,
including water content, Atterberg limits, unit
weight, and grain size. Mechanical properties
are determined by soil shear strength testing us-
ing triaxial Undrained-Unconsolidated (UU).

3.3 Slope stability analysis

Slope stability analysis was performed using
the results of ERT profile interpretation and lab-
oratory tests on soil samples. In this study,
slope stability analysis was performed using
the limit equilibrium method with Slope/W.
The limit equilibrium method considers the fi-
nal limit state and does not provide informa-
tion about the strain development. In the case
of natural slopes, a portion of the failure mass
may experience such large stresses that resid-
ual forces will be mobilized at some locations.
In contrast, the ultimate shear forces can be ap-
plied to other portions of the failure mass. This
type of progressive failure can occur in overly
consolidated or cracked clays or materials with
brittle properties (Cheng & Lau, 2014).

The primary objective of most stability anal-
yses is to determine the slope safety factor. A
limit state of equilibrium is said to exist when
the shear stress along the failure surface is ex-
pressed as:

F=o @)

where T = shear stress, 7; = shear strength,
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FIGURE 4. Electrode arrangement for ERT (a) Wenner-Schlumberger configuration, (b) Schlumberger config-
uration.
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FIGURE 5. Data acquisition design.
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and F = safety factor. According to Mohr-
Coulomb failure theory, shear strength is ex-
pressed as:

T=c+otan¢ 3)

Meanwhile, the shear strength of the soil
formed on the sliding surface of the landslide
T, is given in the following equation:

Ty = ¢g + otan ¢y 4)

Where ¢; and ¢; are the values of cohesion
and internal friction angle, respectively. By sub-
stituting Equation 3 and Equation 4 into Equa-
tion 2, the equation for the safety factor is ob-
tained as in the following equation:

r— c+otan¢g (5)

cg+otangy

The Morgenstern-Price method is a limit
equilibrium calculation method that satisfies
the balance of forces and moments and as-
sumes a force function between slices. In sev-
eral slope stability analysis studies, the FS (fac-
tor of safety) value plays an important role in
determining the significance of slope stability.
Table 1. does Bowles give the factor of safety
value.

TABLE 1. Safety Factor of Slope (Bowles, 1979).

Safety Factor ~ Slope Condition
FS <1.07 Unstable
1.07 <FS<1.25 Critical
FS>1.25 Stable

4 RESULTS AND DISCUSSION

Based on the curve matching of the VES data
(Figure 6), the results are shown in Table 2. The
graph is a plot between spacing (AB/2) and the
apparent resistivity value. The resistivity value
for each layer is obtained from the curve fitting
results.

Figure 6 shows the relationship between in-
verted and synthetic data. The blue curve is
the model parameter that can be changed in
curve fitting, the black curve is the observa-
tion curve describing the field data, and the red
curve is the model calculation data. Smaller
errors mean that observations will be closer to
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computations. Figure 6a is the result of curve
matching for VES A with an error of 3.11%. Fig-
ure 6b is the result of curve matching for VES B
with an error of 2.54 % and Figure 6c¢ is the re-
sult of curve matching for VES C with an error
of 3.88%

Figures 7-10 show the 2D ERT profiles for
the five lines and their geological interpretation.
Figure 7 is the ERT profiles for line A-A’. This
line passed through a slope that experienced a
landslide in 2018. The red dashed line shows
the location of the landslide crown, while the
yellow dashed line shows the landslide foot. It
can be seen in the ERT A-A’ profile that there is
a very low resistivity (<5 (dm) layer at 5-10 me-
ters. The low resistivity layer is interpreted as
wet clay between the wet silt layers (5-15 (Om).
A medium resistivity (15-150 (dm) layer of silt-
to-sand overlies these two layers. The slip sur-
face on this line is predicted to be at the bound-
ary between the wet clay and wet silt layers.

Figure 8 is the ERT profiles for line B-B’. Lines
A-A’ and B-B’ passed through the crown of the
landslide in 2018. Both lines show similar pro-
files. After the crown of the landslide, there is
a layer of very low resistivity (<5 (dm) between
low resistivity values (5-15 Qdm). The very low
resistivity layer is interpreted as wet clay be-
tween the wet silt layers. A medium resistivity
(15-150 Odm) layer of silt-to-sand overlies these
two layers. The slip surface on both lines is pre-
dicted to be at the boundary between the wet
clay and wet silt layers, where both layers are
saturated with water.

Unlike the A—A” and B-B lines, the C-C’ line
does not pass through the crown of the 2018
landslide. Instead, it shows signs of movement
in the form of longitudinal cracks. In Figure 9,
it can be seen that there is an andesite intru-
sion near the surface, which is indicated by a
high resistivity value (>150 (dm). As in the two
previous lines, the C—C’ line was also found to
have very low resistivity (<5 (dm), indicated as
wet clay, and between layers of low resistivity
(5-15 (dm), marked as wet silt. The boundary
between the wet clay and wet silt layers is pre-
dicted to be a possible sliding surface.

The D-D’” and E-E’ lines have different direc-
tions from the three previous lines. The D-D’
and E-E’ lines are perpendicular to the direc-
tion of the landslide. The predicted slip sur-

Journal of Applied Geology
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TABLE 2. VES curve matching interpretation.

VES A VES B VES C
Resisti- Depth (m) Interpre-  Resisti- Depth (m) Interpre- Resisti- Depth (m) Interpre-

vity tation vity tation vity tation
14.2 0-0.5 Wet silt 14.2 0-0.5 Wet silt 14.2 0-0.5 Wet silt
8.42 05223  Wetsilt 8.42 05223  Wetsilt 8.42 05223  Wetsilt
354 >22.3 Andesite 354 >22.3 Andesite 354 >22.3 Andesite
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FIGURE 8. ERT profiles and geological interpretation for lines B-B’.

face of lines A-A’ and B-B’ can be confirmed
using the ERT profile of the D-D’ line. In the
D-D’ line (Figure 10), a very low resistive layer
(<5 Oim), interpreted as a layer of wet clay, lies
above a low resistive layer (5-15 (dm), inter-
preted as a layer of wet silt. The boundary be-
tween the two layers is considered to be the slip
surface. Below these two layers is a layer with
medium resistivity (15-150 (dm), which is inter-
preted as a silt-to-sand.

Line E-E” (Figure 11) is close to the foot of
the landslide, no slip surface was found on this
line. The E-E’ band is dominated by a low re-
sistivity layer (5-15 (dm) interpreted as wet silt.
A moderate resistivity layer (15-150 (Om) was
also found and interpreted as silt-to-sand.
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A correlation was made between the 2D ERT
profile and the VES resistivity log to obtain
deeper layers. VES A and B are on the ERT A-A’
line. Figure 12a. the correlation between VES A
and B with ERT line A—A" shows that at 22 me-
ters in VES A and 23 meters in VES B, there is
a layer with high resistivity values, interpreted
as bedrock. Figure 12b is the correlation of VES
C with ERT line B-B'.

This correlation confirms the presence of a
layer of wet clay between the layers of wet silt
overlying the layer of silt to sandy. Based on the
ERT profile, soil samples are taken and tested
in the laboratory. Laboratory test results for soil

samples from the research site are presented in
Table 3.

Journal of Applied Geology
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TABLE 3. Laboratory test result on soil sample.

Grain Size Distribution Index Properties Mech. Prop.
Code Gravel Sand Silt Clay Wn Ya Tp LL PL PI LI c ¢
% % % % % kN/ m3 kN/ m3 % % % ° kN / m2
A 2.58 995 33.89 5357 5298 10.8 16.5 671 3268 3442 059 492 272
B 0 16.24 38.03 4573 52.69 10.7 16.3 5171 3112 206 105 917 254
C 216 2258 37.05 3821 50.94 10.9 164 5539 3315 2224 08 713 605

Based on the grain size distribution results in
Table 3, it can be seen that the three soil sam-
ples belong to the fine-grained soil, as >50 % of
the grains pass the 200 sieve. The three sam-
ples contain relatively high natural water lev-
els, over 50%. Furthermore, the three samples
show that the soil at the research site is highly
plastic. It has a plasticity index of >17. Then,
the soil type can be determined for each sample
using the USCS soil classification system. Since
the three samples are fine-grained soils with liq-
uid limit >50, the plasticity graph must be plot-
ted by entering liquid limit (LL) and plasticity
index (PI) values.

Based on plotting results on the plasticity
graph in Figure 13 and grain size distribution
in Table 3, soil samples A, B, and C are high
plasticity clay, elastic silt, and elastic silt with
sand. The correlation between the ERT profile
interpretation and the USCS soil classification
results is shown in Table 4. It can be seen that
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there is a good agreement between the under-
standing of the ERT profile and the soil classifi-
cation results based on the soil sample tests.

Slope stability analysis was performed using
Slope/W using geometric input based on ge-
ologic interpretation of A-A” and B-B’ lines,
physical and mechanical parameter input from
soil sample test results.

Figure 14 is the result of the slope stability
analysis. Although it passed through the same
crown of landslides, unlike the A-A’ slope, the
slope along the ERT B-B’ line did not experi-
ence landslides in 2018. A slope stability analy-
sis was conducted to compare both slopes at the
same condition.

Figure 14a and b are the initial analysis con-
ditions for slope A-A’ and slope B-B’; when the
water table is at a depth of 3 m, it is seen that
the slope safety factor is 1.344 and 1.802, which
means that the slope is in a stable condition. As
the water table rises until the slope is fully sat-

Journal of Applied Geology
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TABLE 4. The correlation between the ERT profile interpretation and the USCS soil classification.

Code Resistivity  Type of Soil Based on ERT  Kind of Soil Based on USCS
A <5 Om Wet Clay High Plasticity Clay
B 5-15Om Wet Silt Elastic Silt
C 15-150 Om Silt to Clay Elastic Silt with Sand

urated with water, as in Figure 14c and d, the
slope safety factor drops to 1.185 for slope A-A’
and 1.461 for slope B-B'. The safety factor value
indicates the slope is critical and prone to land-
slides for slopes A-A’, while slopes B-B” remain
stable.

To see the effect of the groundwater level on
the slope safety factor, an analysis is performed
by lowering the groundwater level by 2 m from
the initial condition. At a groundwater level of
5 m (Figure 14e, the slope safety factor is 1.424,
indicating stability for A—A’ slope. Figure 14f
shows the result of the stability analysis of slope
B-B’ for the same conditions. It can be seen that
the safety factor of slope B-B” when the ground-
water level is 5 m deep is 1.931, which indicates
that the hill is in stable condition.

The results indicate that, under the same
conditions, slope B-B’ provides a higher slope
safety factor than slope A-A’. Additionally,
there is a similarity in the slip surface of the
landslide at the study site, as observed from the
ERT profile and slope stability analysis

5 CONCLUSION

This study integrated geoelectrical and geotech-
nical methods to assess the slope conditions in
Karanggede after the 2018 landslide. Based on
the ERT profile, the sliding surface of the land-
slide at the study site likely lies at the interface
between wet clay and wet silt. The results of
the slope stability analysis indicate that both the
slopes that experienced landslides in 2018 and
those that did not were stable when the ground-
water level was at a depth of 3 meters. How-
ever, as the water table rises, the slopes that
experienced landslides become critical, while
the slopes that did not experience landslides re-
main stable. The stability of both slopes was in-
creased by lowering the water table.
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