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Abstract

Continuous rainfall over several days caused a landslide along Jalan Penggung,
Purwosari Village, Girimulyo District, Kulon Progo Regency. This study was
conducted to analyse slope stability under rainfall conditions and to evaluate
reinforcement alternatives including soil nailing, ground anchors, and gabions. The
slope topography was obtained from DEMNAS data and processed using AutoCAD
Civil 3D, while soil parameters were derived from laboratory testing. Rainfall data
were obtained from the JAXA satellite and effective rainfall infiltration was
calculated using the SCS-CN method. The infiltration was modelled using SEEP/W
and the slope stability was subsequently analysed using SLOPE/W with and without
reinforcement. The analysis of the existing slope without seismic loading produced
an initial safety factor (SF) of 0.922, which decreased to 0.801 after one day of
rainfall. When seismic loading was considered, the initial SF was 0.639 and further
decreased to 0.550 after one day. These results indicate that the existing slope is
unsafe under both static and seismic conditions, making reinforcement necessary.
The SF of the slope increased by 118% with soil nailing, 128% with anchors, and
14% with gabions under static conditions. Under seismic loading, soil nailing
increased the SF by 101%, anchors by 110%, and gabions by 15%. These findings
demonstrate that soil nailing and anchors can improve slope stability to safe levels,
whereas gabions are ineffective for the studied slope conditions.

Keywords: Gabion, Ground Anchor, Rainfall Infiltration, Slope Stability, Soil
Nailing

INTRODUCTION

Landslides are one of the most
frequent natural hazards in tropical
regions such as Indonesia (Pratama et
al. 2022), where high rainfall intensity
and complex geological conditions
often lead to slope instability. A
landslide occurs when the driving
forces, including gravity and pore
water pressure, exceed the resisting

forces of the slope materials such as
shear strength and cohesion (Hidayat et
al. 2023; Wang et al. 2024b; Wang et
al. 2024a; Brilli et al. 2025; Lei et al.
2025). This phenomenon can be
triggered by several factors such as
geological  conditions,  vegetation
cover, slope geometry, and
particularly, rainfall infiltration which
significantly affects the pore water




pressure distribution and soil strength
(Irawan et al. 2020; Naryanto et al.
2020; Wang et al. 2024a; Yang et al.
2025; Zhang et al. 2025a).

Previous studies have shown that
prolonged or intense rainfall can lead
to a significant reduction in the factor
of safety (FoS) of slopes, increasing
the risk of slope failure. For instance,
research by Wang et al. (Wang et al.
2024a) and Brilli et al. (Brilli et al.
2025) demonstrated that rainfall
infiltration  increases pore  water
pressure and decreases shear strength,
accelerating slope movement.
Similarly, studies by Hidayat et al.
(Hidayat et al. 2023) and Muchtaranda
et al. (Muchtaranda et al. 2024)
confirmed that longer rainfall duration
correlates with a continuous decline in
slope stability. Therefore,
understanding the hydrological impact
of rainfall on slope stability is critical
for developing effective mitigation
strategies.

Various reinforcement methods
have been developed to enhance slope
stability, including soil nailing, ground
anchors, and gabions. Soil nailing
provides passive resistance through
steel bars embedded into the slope,
while ground anchors transfer tensile
forces to deeper and more stable soil or
rock layers. On the other hand, gabions
with rectangular wire mesh cages filled
with rocks, serve as surface protection
structures to prevent shallow erosion.
The effectiveness of each method
depends on the failure mechanism and
the depth of the sliding surface. Studies
by Rahayu et al. (Rahayu et al. 2024)
and Li et al. (Li et al. 2025) found that

deep reinforcement techniques such as
soil nailing and anchors are more
effective for rotational and deep-seated
failures, while gabions are better suited
for shallow slides.

However, most previous studies
have either analysed rainfall-induced
slope failures without considering
reinforcement performance under both
static and seismic conditions or
focused on a single type of
reinforcement. Limited research has
integrated transient seepage analysis
(SEEP/W) and slope stability analysis
(SLOPE/W)  to  evaluate  the
comparative effectiveness of multiple
reinforcement methods after rainfall
events in real case studies.

Therefore, this study aims to fill
this gap by numerically analysing post-
rainfall slope stability using SEEP/W
and SLOPE/W software for a real
slope in Purwosari, Kulon Progo,
Yogyakarta. The objectives are to
evaluate the influence of rainfall
infiltration on slope safety and to
compare the effectiveness of three
reinforcement alternatives soil nailing,
ground anchors, and gabions under
both static and seismic conditions. The
results are expected to provide
practical insights into selecting suitable
reinforcement strategies for rainfall-
affected slopes in tropical regions such
as Indonesia.

METHODS

This research was conducted in
Purwosari Village, Girimulyo District,
Kulon Progo Regency, Yogyakarta.
The slope under study is located along
Jalan Penggung, which experienced a
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landslide after several days of
continuous rainfall. The geographical
coordinates of the study area are
7°43'54.6" S and 110°10'33.8" E.

The study utilized both primary and
secondary data sources. Primary data
were obtained from field investigations
and laboratory tests, while secondary
data were gathered from online
databases.

Data Collection

1. Primary Data are soil sampling
and testing: disturbed soil samples
were collected for laboratory
testing. The tests included water

content  (ASTM D-2216-8),

specific gravity (ASTM D-854-

83), Atterberg limits (ASTM D-

423-66, ASTM D-424-74, ASTM

D-427-85), grain size distribution

(ASTM D-422-63), permeability

(ASTM D-2434 - 68), cohesion

(ASTM D3080), and friction angle

(ASTM D-3080).

2. Secondary Data:

e Rainfall Data: Daily rainfall
data from 2019-2023 were
obtained from the JAXA
satellite
(https://sharaku.eorc.jaxa.jp/GS
MaP/). Frequency analysis was
conducted using Normal, Log-
Normal, Gumbel, and Log-
Pearson Type Il distributions
to determine the design rainfall.

e Topographic Data: Digital
Elevation Model (DEMNAS)
data from the Indonesian
Geospatial Information Agency
(BIG)
(https://tanahair.indonesia.go.id

/portal-web/) were processed
using AutoCAD Civil 3D to
obtain slope geometry.

e Seismic Data: Earthquake data
and Peak Ground Acceleration
(PGA) were retrieved from the
Ministry of Public Works and
Housing portal  (https://rsa.
ciptakarya. pu.go.id/2021/).

Hydrological and Infiltration
Analysis

Rainfall infiltration was computed
using the Soil Conservation Service
Curve Number (SCS-CN) method to
estimate  effective  rainfall and
infiltration depth. The Alternating
Block Method (ABM) was applied to
derive the rainfall hyetograph with a
30-minute time interval.

SEEP/W Analysis
The transient seepage analysis was
conducted using GeoStudio SEEP/W
software to simulate changes in pore
water pressure and groundwater level
due to rainfall infiltration. The model
inputs included:

o Soil Properties: Volumetric water
content, permeability, cohesion, and
friction angle (Table 1).

e Boundary Conditions: No-flow
boundaries along the upper surface,
constant head boundaries at the
base, and rainfall infiltration
boundaries along the slope surface.

« Simulation Duration: 5 hours and 24
hours post-rainfall.

SLOPE/W Stability Analysis
Slope stability analysis was performed
using GeoStudio SLOPE/W with the
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Morgenstern-Price method and the
Entry-Exit technique to locate the
critical slip surface. The soil behaviour
followed the Mohr-Coulomb failure
criterion. Safety factor (SF) values
were analysed under both static and
seismic  conditions. The analysis
considered two scenarios:
1. Existing Slope Condition (before
and after rainfall)
2. Slope with Reinforcement (soil
nailing, ground anchors, gabions)

Reinforcement Modelling

Three reinforcement techniques were

evaluated:

1. Soil Nailing: Nine nails, each 30 m
long with a 0.05 m diameter and 1.5
m spacing using DYWIDAG
catalogue.

2. Ground Anchors: Seven anchors, 30
m long with 7 m bond length and
1.5 m spacing, embedded into stable
strata using DYWIDAG catalogue.

3. Gabions: Rectangular wire mesh
cages (4 m x 1 m x 1 m) stacked up
to 6 m in height, filled with rock
fragments (y = 20.5 kN/m?, ¢ = 17

= = Slip Surface

= < 8 VAR

Figure 1a. Failure Pattern

= —» Sliding Direction {4

kPa, ¢ = 40°) using Maccaferri
catalogue.

RESULT AND DISCUSSION
General Conditions
The study area, located in Purwosari

Village, Girimulyo District,
experienced a rotational landslide
(Figure 1a) in May 2023 at
approximately  21:00 local time

following several days of continuous
rainfall. Field observations revealed
tension cracks of approximately 4 cm
on the road surface and the occurrence
of mass movement along the slope,
which disrupted local traffic (Figure
1b). Laboratory testing results (Table
1) classified the soil as ML (silt with
low plasticity) according to the Unified
Soil Classification System (USCS)
based on the criteria of the U.S. Army
Corps of Engineers (USACE, 1992), as
illustrated in Figure 2. The soil has a
cohesion (c) of 7.55 kPa and an
internal friction angle (¢) of 32°
indicating  relatively  low  shear

strength. These parameters were used
as input data for
simulations.

numerical

Figure 1b. Landslide Conditions
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Table 1. Soil Parameter Data

Soil Parameter Value Unit
Water Content (w) 36.59 %
Specific Gravity (Gs) 2.62 -
Wet Volume Weight ()  16.76  kN/m®
Dry Volume Weight (y)) ~ 12.27  kN/m®
Liquid Limit (LL) 45.60 %
Plastic Limit (PL) 38.66 %
Shrinkage Limit (SL) 17.35 %
Plasticity Index (PI) 6.95 %
% Silt 51.13 %
% Sand 48.87 %
% Gravel - %
Cohesion (c) 7.55 kPa
Friction Angle () 32 °
Permeability (k) 1.11E-06 m/s
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Figure 2. Soil classification based on the USCS method

Rainfall Analysis

Maximum daily rainfall data from
2019-2023 were analysed using several
probability distribution methods (Table
2). The Kolmogorov—Smirnov (K-S)
test was applied to evaluate the degree
of agreement between the observed
rainfall data and several theoretical
probability distributions. This non-
parametric statistical test compares the
cumulative distribution function (CDF)

of the observed dataset with that of a
theoretical model. The K-S statistic,
denoted as D, represents the maximum
absolute difference between the two
CDFs and is expressed as: D =
max|Fo(X)-F«(x)|. Smaller D value
indicates a closer correspondence
between the observed and theoretical
distributions. Based on this analysis,
the Log-Pearson Type Il distribution
was identified as the best fit, yielding a
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design rainfall of 136.94 mm for a 10-
year return period (Table 3). This
return  period was selected in
accordance with SNI 2415:2016 (SNI;
2016) and (Chow et al. 1988) for slope
and road drainage design, representing
a significant yet realistic rainfall event.
Although only five years of rainfall
data were available, the dataset was
considered sufficient for this case
study due to the consistency of the
rainfall pattern and its correspondence
with historical regional trends. The
Alternating Block Method (ABM)
produced a hyetograph with a
maximum rainfall intensity of 63.56
mm at 2.5 hours (Figure 3). Effective
rainfall was then calculated using the

infiltration depth of 97.6 mm during a
5-hour storm event (Figure 4).

These results are consistent with
previous studies, such as Hidayat et al.
(Hidayat et al. 2023) and Aisah &
Gofar (Aisah and Gofar 2022), which
found that intense rainfall exceeding
100 mm/day can significantly reduce
slope stability due to increased pore
water pressure and soil saturation.

Table 2. Maximum Rainfall Each Year

No. Year Maximum Rainfall (mm)

1 2019 125.04
2 2020 119.37
3 2021 119.34
4 2022 131.64
5 2023 74.93

SCS-CN method, resulting in an

Table 3. Frequency Analysis Results

Return Period Normal Log-Normal Gumbel Log-Pearson 11
(Year) (mm) (mm) (mm) (mm)
2 114.06 111.93 110.38 119.88
5 132.96 135.61 130.22 133.27
10 142.84 149.91 143.36 136.94
25 153.38 166.83 159.96 138.91
50 160.18 178.77 172.27 139.43
70 1 63.56

Rainfall Depth (mm)

0.5 1 15 2 25 3 35 4 4.5 5

Rainfall Duration (hours)

Figure 3. ABM hyetograph
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Figure 4. Rain Infiltration

Existing Slope Stability Analysis

The slope geometry analysed is shown
in Figure 5. Two simulations were
performed the existing slope condition,
and the slope after reinforcement.
Rainfall infiltration was modelled with
SEEP/W, and slope stability was
evaluated using SLOPE/W.

SEEP/W analysis (transient type)
was used to model changes in pore
water pressure and groundwater table
movement due to rainfall infiltration.
Input parameters included slope
geometry, soil properties (Table 1),
volumetric ~ water  content, and
hydraulic conductivity (Table 4).

In SEEP/W, three types of
boundary conditions were applied: no-
flow, water head, and rainfall
infiltration. The no flow boundary was
defined along the ground surface above
the groundwater table, represented by a
water rate of 0 m*/s, indicating that no
water flow occurs across this
boundary.

The water head boundary was
assigned at the bottom of the slope
below the groundwater table, modelled

as a total waterhead with constant
values according to the respective
elevations, representing a stable
groundwater level. Rainfall infiltration
was applied as a water flux boundary
along the slope surface, with a total
infiltration depth of 97.6 mm over a 5-
hour storm event, as calculated using
the SCS-CN method (Figure 4).

This flux condition simulates the
downward entry of rainwater into the
soil, which increases pore water
pressure and raises the groundwater.
The SEEP/W  analysis  results,
presented in Table 5, show clear
temporal variations in pore water
pressure and groundwater movement.
These variations occur because rainfall
infiltration gradually fills the soil pores
with water, leading to increased pore
water  pressure and a  rising
groundwater table. As the infiltration
continues, the slope  becomes
progressively saturated, and the
magnitude of these changes increases
with rainfall duration (Wang et al.
20243).
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Figure 5. Slope Modelling
Table 4. SEEP/W Parameters
Parameter Silt Hard Soil  Unit
Volumetric Water Content (w) 0.366 0.15 -
Hydraulic Conductivity (k) ~ 0.0000011 0.000001 m/s
Table 5. Results of Existing Slope Analysis with SEEP/W
Condition SEEP/W Analysis
Initial E

T0 80 20

[ 50 - 100 kPa
[J 100 - 150 kPa
[0 150 - 200 kPa
[ 200 - 250 kPa
I < N [0 250 - 300 kPa
- ° h [0 300 - 350 kPa

- - - N ™ N [0 350 - 400 kPa

~ [0 400 - 450 kPa

Elevation

5 hours after rain

Distance
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Condition

SEEP/W Analysis

1 day

Elevation

Water Pressure

after rain

Distance

The SLOPE/W analysis was carried
out as a continuation of the SEEP/W
simulation in order to calculate the
safety factor (SF) of the existing slope.
The Morgenstern Price method was
employed with the slip surface
determined wusing the Entry Exit
technique. The soil was modelled
using the Mohr Coulomb failure
criterion, and the input parameters
included dry unit weight (yq4), cohesion
(c), and friction angle (¢), as presented
in Table 6.

Table 6. SLOPE/W Parameters
Hard

Parameter Silt Soil Unit
Dry Volume 3
Weight (v,) 12.27 20 kN/m
Cohesion (c) 7.55 50 kPa

Friction Angle

32 15 o
(9)

Note: Silt from laboratory testing;
Hard soil parameters were determined
based on assumptions due to the
absence of laboratory test data.

Figure 6 presents the results of the
slope stability analysis for the existing

condition. The initial safety factor (SF)
was 0.922 without seismic loading and
decreased to 0.639 when earthquake
loading was applied, indicating that the
slope was already unstable even before
rainfall. When rainfall infiltration was
introduced, the SF progressively
decreased with time.

After 5 hours of rainfall, the SF
dropped to 0.856 without seismic
loading and 0.593 with seismic
loading. Prolonged infiltration over 1
day further reduced the SF to 0.801
and 0.550 under static and seismic
conditions, respectively. These results
confirm that rainfall infiltration
significantly accelerates the reduction
in slope stability, and when combined
with seismic loading, the slope
becomes critically wvulnerable. This
analysis clearly demonstrates that
rainfall infiltration is a major triggering
factor for slope instability in the study
area (Zhang et al. 2025b).
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Figure 6. Comparison of SF values
over time

Reinforcement Analysis

The first reinforcement alternative
applied to the slope was soil nailing. A
total of nine nails were installed, each
30 m long with a diameter of 0.05 m
and spaced at intervals of 1.5 m. Table
7 presents the results of the slope
stability analysis with soil nailing, both
static and seismic conditions. The
analysis shows that soil nailing
increased the safety factor to 1.749
under static conditions and 1.106 under
seismic loading, both of which satisfy
the minimum safety factor criteria
recommended by the U.S. Army Corps
of Engineers (U.S. Army Corps of
Engineers, 1953), where a factor of
safety (SF) > 1.5 indicates stability
under static loading and SF > 1.1 under
seismic conditions.

The  second reinforcement
alternative was ground anchors. Seven
anchors were installed, each with a
diameter of 0.05 m, a total length of 30
m, and a bond length of 7 m. The
anchors were placed at 1.5 m intervals.
The results indicate that the use of
ground anchors was  effective,
improving the safety factor to 1.829
under static loading and 1.153 under
seismic loading, also exceeding the

required limits set by the same design
codes.

The third reinforcement
alternative was gabions. Each gabion
unit measured 4 m in length and 1 min
height, stacked six layers vertically for
a total height of 6 m. The input
material properties for gabions are
shown in Table 8. However, the results
of the analysis indicate that the gabion
reinforcement was not effective. The
safety factor remained below the
required thresholds, with values of
0.917 under static conditions and 0.632
under seismic loading.

These findings demonstrate that
the effectiveness of reinforcement
depends strongly on its compatibility
with the slope’s failure mechanism.
Soil nailing and ground anchors
provide deep reinforcement by
mobilizing tensile resistance within the
soil mass and anchoring forces into
more stable layers, which significantly
increases the safety factor. In contrast,
gabions mainly provide surface
protection and are more effective for
shallow erosion or surficial failures.
Since the failure mechanism in this
study area is rotational and deep-
seated, gabions could not adequately
resist the driving forces, resulting in
safety factors below the stability
threshold.

In the actual field condition,
local stakeholders mitigated the slope
using a gravity retaining wall. This
type of structure stabilizes slopes by
mobilizing its self-weight to resist
sliding forces. While gravity walls can
be effective for shallow to medium-
depth slope failures, they may not
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provide the same improvement in the importance of selecting

stability as deep reinforcement reinforcement  strategies that are
methods such as soil nailing or ground consistent with the failure mechanism
anchors when dealing with rotational, and site-specific geotechnical

deep-seated failures. This highlights conditions.

Table 7. Slope analysis with reinforcement

Static condition Seismic condition
Soil Nailing Soil Nailing

1749 ot oy i 10
. 01749188
W 1,819-199
01.99-200
0209-2,10
=™ W219-228
e B229-238

Elevation

SF =1,749 > 1,5 (safe) SF =1,106 > 1,1 (safe)
Anchor Anchor

l\@ | Factor of Safety

1.829

Elevation
Elevation

Distance Distance

SF =1,829 > 1,5 (safe) SF =1,153 > 1,1 (safe)
Gabion Gabion

Factor of Safety
WOH7-1017
|07 1117

0,632 Factor o Safety
wosR- 072
BOTR-08%

Elevation
Elevation

Distance Distance

SF =0,917 < 1,5 (unsafe) SF =0,632 < 1,1 (unsafe)
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Table 8. Gabion Parameters

Parameter Gabion  Unit

Volume Weight (y) 20.5 kN/m’

Cohesion (c) 17 kPa

Friction Angle (p) 40 °
CONCLUSION

The numerical analysis using SEEP/W
and SLOPE/W confirmed that the
slope in Purwosari Village, Kulon
Progo, is unstable under both static and
seismic conditions, particularly after
rainfall infiltration. Continuous rainfall
significantly increased pore water
pressure, reduced shear strength, and
lowered the safety factor below the
stability threshold, indicating a high
potential for failure.

The simulation results
demonstrated  that  reinforcement
methods substantially improved the
slope stability, with varying degrees of
effectiveness. The existing slope, with
safety factors of 0.801 under static
conditions and 0.550 under seismic
conditions, was categorized as unsafe.
After the application of reinforcement,
soil nailing and ground anchors
increased the safety factor to 1.749 and
1.829 under static conditions, and
1.106 and 1.153 under seismic
conditions, respectively, both meeting
the stability criteria.

In contrast, the  gabion
reinforcement method, with safety
factors of 0.917 under static conditions
and 0.632 under seismic conditions,
remained below the required limits and
was considered ineffective. These
findings indicate that soil nailing and
ground anchors are the most effective

methods for improving slope stability
in areas with rotational and deep-
seated failure mechanisms, while
gabions are more suitable for shallow
slope protection.

Overall, this study emphasizes
the importance of selecting slope
reinforcement methods based on the
dominant failure mechanism,
hydrological ~ characteristics,  and
subsurface conditions. The results of
this research provide valuable insight
for the design and implementation of
slope stabilization in tropical regions
prone to high rainfall intensity and
seismic activity.
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