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Influence of U-Shape Row Pile Configuration to
Mitigate Steep Slope Failure: A Numerical Study

Muhammad Chofi Irnawan, Muhammad Shofwan Donny Cahyono*

Abstract—Landslide is a major problem in the field of
geotechnical engineering, particularly in steep areas such as
mountainous regions. In areas with steep topography, soil
masses or rocks are unable to withstand the force of gravity
and external forces acting on the slope, resulting in the
movement of rock and soil. These materials move down the
slope in the form of fragments, flows, and cascades over a
wide area. Therefore, reinforcement is required to prevent
collapse. One commonly used reinforcement method is pile.
The pile installation patterns frequently employed are
parallel arrangements in single and double rows. However,
there has been no installation using a U-shaped configuration.
Thus, this study aims to numerically analyze the stability of a
slope reinforced with piles in a U-shaped configuration and
compare it with the existing slope conditions without
reinforcement. The method used is finite element analysis
with the strength reduction method (SRM). The software
used in the numerical analysis is Plaxis 2D. The results of
SRM numerical analysis show that reinforcement with a
double contiguous U-shaped pile system is capable of
improving slope stability. This is indicated by an increase in
the safety factor (FoS) value of up to 57% compared to the
unreinforced slope.

Index Terms— Finite Element Analysis, Plaxis,
Reinforcement, Safety Factor, Slope Stability, Strength
Reduction Method

l. INTRODUCTION

andslides are one of the major issues in

geotechnical engineering, particularly in steep

areas such as mountainous regions. In areas with
steep topography, masses of soil or rock are unable to
withstand the force of gravity and external forces acting on
the slope, resulting in the movement of rock and soil.
These materials move down the slope in the form of
blocks, flows, and falls over a wide area [1]. The impacts
caused by slope failures include damage to facilities such
as roads, railways, buildings, and infrastructure [2].

The primary causes triggering slope instability include
geomorphology, variations in geological and structural
elements (weak rock, debris flows, weak soils, shear
bands, and faults), as well as massive slope cutting
resulting from human activities [3]. Additionally, other
factors contributing to slope failure include slope mass
geometry, stress-strain history, external loads, regional
climate, seismic activity, pore water pressure conditions,
and geostructure. These factors are used to determine the
potential extent of the slip plane and to identify the
behaviour of the sliding mass on the slope. Common
failure patterns on slopes include planar, circular, and
spiral log patterns. Slope failure will not occur if the stress
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caused by external loads is less than the strength of the soil
[4].

The efforts to address slope failures involve adding
reinforcement. The purpose of adding reinforcement is to
ensure the reliability, stability, and safety of slopes in
projects such as mining, highways, and hydroelectric
power plants. In field practice, the slope reinforcement
methods commonly used are geocells and vegetation,
geogrids, and gabions [5]-[6]. However, the use of these
materials presents challenges, such as a decrease in the
effectiveness of geogrid reinforcement as vertical stress
increases due to a steeper slope gradient [7]. Additionally,
the long-term use of gabions may lead to shear failure
caused by scouring. Scouring causes erosion and reduces
passive resistance at the toe, thereby decreasing the safety
factor (FoS) of the slope [8]. Therefore, researchers
recommend the stronger and more reliable protection
methods, such as ground anchors, soil nailing, and piles.
The use of these materials can significantly improve slope
stability by increasing the FoS value under both static and
dynamic load conditions [9]-[11]. There are several
patterns that can be used to reinforce slopes, namely
single-row and double-row. However, the more complex
the installation pattern and the greater the variation in pile
shapes, the greater the complexity in the analytical
calculation process. Consequently, specialized methods
are required to address the problems.

The Limit Equilibrium Method (LEM) is a conventional
analytical method used in slope stability analysis to
determine whether a soil or rock slope is stable against
failure. The main principle involves the equilibrium of
horizontal forces or moments to determine the safety factor
(FoS) [12]. Popular LEM-based analysis method has been
proposed by Fellenius, Bishop, Morgenstern and Price,
Spencer, Janbu, and Sarma. Although LEM analysis is still
considered a valid method for slope stability analysis in
determining the safety factor, it has limitations in
estimating the shape of the failure surface and the forces
acting at the intersections of the sections [13].

Consequently, experts have sought to adopt more
effective methods for predicting slope failure, namely two
Finite Element Methods: Enhanced Limit Strength Method
(ELSM) and Strength Reduction Method (SRM). The
SRM has been used for slope stability analysis since the
early 1970s. This method allows for the use of various
constitutive models, such as elastic, plastic, and
elastoplastic, enabling the detection of failure movements
up to the stage of total collapse. SRM also provides more
detailed and accurate representation of soil behaviours,
such as the transition of soil properties from homogeneous
linear isotropic to nonlinear heterogeneous anisotropic,
and is capable of analysing models that cannot be
addressed wusing conventional calculation methods.
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Furthermore, the key advantage of SRM is that the slip
surface is automatically identified from the shear strain,
which increases as the shear strength decreases. Over the
past 10 years, the Finite Element Method (FEM) has
become the most popular method. In its application, FEM
analysis utilizes software such as Plaxis, Abaqus, and
Ansys [14]-[16].

Researchers have conducted studies on the FEM for the
stability of slopes reinforced with piles [17]-[18]. One
such study, by Wei and Chen [19], evaluated the effect of
installing a single row of piles on an earthen slope with
spacing variations ranging from two times the diameter
(2D) to eight times the diameter (8D). The results of the
simulation showed that single-row pile installation was
able to increase the FoS value. However, the greater
distance between piles caused a decrease in the slope’s FoS
value. Shooshpasha and Amirdehi [20] examined the effect
of single-row pile installation with variations in pile length
and spacing. It was found that the longer piles increased
the FoS value. However, once the critical length was
exceeded, the FoS value tended to remain constant.

In addition, slope reinforcement using a double-row pile
configuration has been analysed by several researchers,
such as Munawir et al. [21] studied slopes reinforced with
double-row piles using finite element analysis. The results
showed that the double-row pile configuration enhanced
the slope’s resistance to failure, as evidenced by a 29.05%
increase in the safety factor (FoS) compared to an
unreinforced slope. Meanwhile, compared to a single-row
installation pattern, it increased the FoS value by 4.38%.
According to Lei et al. [22] slopes reinforced with double-
row piles are less likely to experience severe damage, are
easier to repair, and exhibit improved anti-slip mechanical
characteristics.

Based on the above discussion, it is clear that single-row
and double-row installation patterns contribute to
maintaining slope stability, as indicated by an increase in
the SoF value. However, there are no slope reinforcements
using other installation patterns, such as the U-shape.
Therefore, the aim of this study is to analyze the stability
of slopes reinforced with piles in a U-shape configuration
numerically and compare the results with the existing
conditions of the unreinforced slope. The method used is
finite element analysis with the strength reduction method
(SRM).

Il. RESEARCH METHOD

A. Site Investigation and Assessment

Field investigations were conducted to determine the
site conditions, geology, and geotechnical characteristics
in the vicinity of the project location. These activities also
played a crucial role in characterizing soil profiles for
geotechnical planning [23]. The field investigations that
were conducted included visual observations, geophysical
surveys, GPR, and geotechnical investigations.

1) Visual Assessment

Visual observations were used to identify geological
conditions in the form of cracks, including crack width,
length, and depth. These observations played a significant
role as a decision-making method, for risk control, and as
a preventive measure in slope engineering. Additionally,

they were served as supplementary data for identifying
critical areas on the slope. The visual method used was
traditional 2D data and geographic information obtained
using unmanned aerial vehicles (UAVs) or
photogrammetry [24].
2) Geoelectrical Test

Field investigations using geophysical methods were
also performed to support data collection or to assess
geological conditions around the observation site, such as
geoelectric surveys. The purpose of geoelectric surveys
was to examine weak zones beneath the ground surface on
slopes. Surface geoelectric resistivity surveys were
calibrated with resistivity measurements to improve the
interpretation of electrical resistivity [25]. This study
detected the effects of induced electric currents transmitted
by the soil. The mechanism of this research was based on
measurements of electrical potential at the surface, which
depended on the distribution of electrical resistivity [26]-
[27].
3) Georadar

Furthermore, another geophysical survey method that
played a significant role was ground-penetrating radar
(GPR). For many years, this method has been one of the
best techniques for non-destructive investigation. The
purpose of GPR surveys was to evaluate ground surface
conditions and the existing state of materials through GPR
numerical simulations based on wave velocity reduction.
GPR consisted of transmitters, receivers, and control units
to trigger, control, and record EM wave pulses, as shown
in Fig. 1 dan Fig. 2. In the implementation, this survey used
two types of wave frequencies for GPR profiling. First,
high-frequency waves (700 MHz) produced high-
resolution images but they were limited to shallow
penetration depths. Second, low-frequency waves reached
deep penetration but produced low-resolution images [28].
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4) Geotechnical Investigation

Besides geophysical investigations, geotechnical
investigations were also required to evaluate the physical
and mechanical parameters of the soil. These
investigations included Cone Penetration Test (CPT),
Standard Penetration Test (SPT), and laboratory testing
[29]. The standard used for CPT testing was ASTM
D5778, while SPT testing was based on ASTM D1586.
Meanwhile, laboratory testing was performed to determine
the physical and mechanical parameters of the soil. The
tests conducted are shown in TABLE | and TABLE II.

TABLE 1. PHYSICAL PROPERTIES TEST OF SOIL

Laboratory test Reference
Water content ASTM D265
Specific gravity ASTM D854

Density ASTM D2937
Atterberg limit ASTM D424
Grain size analysis ASTM D4318

TABLE Il. MECHANICAL PROPERTIES TEST OF SOIL

Laboratory test Reference
Direct shear ASTM D3080
Consolidation ASTM D2435

B. Finite element analysis

Finite element analysis (FEA) using the strength
reduction method (SRM) is a method used in slope
stability analysis that determines the stability condition of
soil or rock masses by progressively reducing the material
strength parameters (cohesion and friction angle) until
failure occurs. Moreover, the finite element method
approach offered advantages in slope stability analysis, as
it required no assumptions in calculations regarding slip
planes, failure modes, or the division of soil layers.
Furthermore, this method enabled analysis of slopes with
complex stratigraphic and geomorphological conditions.
This approach was also capable of analysing nonlinear soil
deformation. Consequently, it provided a detailed,
comprehensive simulation of damage resulting from the
formation of surface cracks due to displacement [14], [30].

In this study, two stages of analysis were conducted. The
first stage involved numerical analysis of the existing
conditions to determine slope stability prior to
reinforcement. The second stage included numerical
analysis of the slope after reinforcement with piles. The
purpose was to reveal the influence of piles with a U-shape
installation configuration. The analysed results consisted
of safety factor values compared to applicable standard
requirements.

I1l. RESULT AND DISCUSSION

A. Site Condition
1) Topographic Conditions

The research object was a slope where an Extra High
Voltage (EHV) power line network with tower code T.388
was constructed. The research location was in Ungaran
City, Central Java Province, Indonesia. The topographic
conditions of the area consisted of a steep slope adjacent
to mining sites on the right and left, as shown in the site
maps in Fig. 3 dan Fig. 4.

Google Earth

Fig. 3. Slope condition near T.388 Tower

Pl cisplay shortcut-menu.

Fig. 4. Place of T.388 Tower

A visual observation based on aerial photographs taken
using a drone revealed a 30-centimeter-wide crack
extending 6 meters from the tower. The crack was caused
by mining excavation activities around the tower, which
was exposed to the environment without any protection for
the slope surface. The tower structure was also weakened
by ground movement. This condition is confirmed by the
aerial photograph shown in Fig. 5. The thin red line
indicates the length of the crack around the tower.

Fg. 5. Crac along t}:e t(:wer
2) Geotechnical Properties
Several types of geotechnical investigations were also
conducted to provide the data required for slope stability
analysis, including SPT, CPT, and laboratory tests. SPT
testing was performed at one location to a depth of 30 m
with a penetration interval of 2 m, while CPT testing was
conducted at four locations with an average depth of hard
soil at 2.8 m. Based on laboratory testing, it was confirmed
that the soil conditions around the project site are
dominated by silt mixed with clay and sand. The results of
the laboratory testing are shown in
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TABLE III. SOIL STRENGTH PARAMETER

273

Depth Layer NSPT Y Shear strength Drained strength
(m) (kN/m’*) Cu (kPa) 9 (°) C’(kPa) 9 (°) E (kPa)
0 7  Clayey silt 21 18 80 0 2 23 10000
7 18  Sandy silt 56 19 300 0 3 26 20000
18 25  Silty sand 60 19 3 35 3 35 70000
25 30 Silt 60 19 360 0 35 27 100000

3) Subsurface Classification

Electrical resistivity testing was used to evaluate the
condition of subsurface layers—specifically, the types of
materials beneath the surface around the observation site—
by utilizing high-voltage DC current. Two tracks were
analysed, each with a maximum span of 215 m. The results
of the geophysical survey interpretation for traverse one
are shown in Fig. 7. Meanwhile, the interpretation of the
geophysical survey for traverse two is shown in Fig. 8. In
the 3D view, geophysical survey traces 1 and 2 are shown
in Fig. 6.

The output generated from the geophysical survey
consisted of elongated cross-sections of the soil containing
images with specific colour codes. The colour selection
was grouped based on resistivity values and soil type
classifications. Green indicated sandy clay soil with
resistivity <25 ohm.m, while yellow represented
tuffaceous clay-gravel soil with resistivity 25-50 ohm.m.
m, dark grey indicated sandy and gravelly clay with
resistivity of 50-300 ohm-m, and red denoted gravel,
breccia fractures, and sandstone with resistivity >300
ohm.m [31]. The standard resistivity values for soil and
rock materials used to determine the type of soil beneath
an EHV power line are shown in TABLE II.

TABLE IV. MECHANICAL PROPERTIES TEST OF SOIL [32]

Material Resistivity (ohm.m)
Alluvium 10-80
Sand 60 — 100
Clay 1-100
Groundwater (fresh) 10— 100
Sandstone 8-4x10°
Shale 20-2x10°
Limestone 50-4x10°
Granite 5000 - 10°

Fig. 6. 3D Model on Geoelectrical Test

Based on the analysis of the soil layers on Runway 1
shown in Fig. 9, it was found that in general, these soil
layers fell into the categories of sandy soil, clay, and
gravel.
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Fig. 7. Geoelectrical interpretation along line 1
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Fig. 8. Geoelectrical interpretation along line 2

This pattern was indicated by the presence of green and
yellow colour patterns, as well as a few red patterns.
Besides that, the soil characteristics of Section 1, marked
by green colour patterns in the southwest-to-northeast
direction or at the end of the section, indicated that the soil
layers were prone to shifting when subjected to significant
pressure, even though there were hard layers present.
Layers with yellow colour patterns were identified at the
180-meter mark, which sloped down toward the mining
route from the area of Tower T.388 [31].

Meanwhile, on Section 2 shown in Fig. 10, it was found
that in general, the soil layers were categorized as sand,
clay, and gravel. The layers were marked by the presence
of green and yellow colour patterns, as well as a few red
patterns. The characteristics of the soil in section 2, marked
by yellow and green patterns in the western or initial part
of the section, indicated that the soil layer was prone to
shifting under significant pressure, even though a hard
layer was present. The layer with yellow pattern was
identified at the 40-meter mark near the T.388 tower area
[31].
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Model resistivity with topography
Elevation Iteration 7 RMS error = 7.3

40.0

Horizontal scale is 28.31 pixels per unit spacing
Uertical exaggeration in model section display = 0.72
First electrode is located at 0.0 n.

Last electrode is located at 225.8 m.

Unit Electrode Spacing = 5.00 m.

Fig. 9. Layer analysis in line 1
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Horizontal scale is 47.19 pixels per unit spacing
Uertical exaggeration in model section display = 0.72
First electrode is located at 0.9 n.

Last electrode is located at 135.0 n.

Unit Electrode Spacing = 5.00 n.

Fig. 10. Layer analysis in line 2

4) Condition of Existing Structure

Georadar survey was performed to identify the condition
of the subsurface structure (foundation) and cracks along
the survey area of the EHV power line adjacent to a steep
slope. The survey was conducted around the base of the
tower shown in Fig. 11.
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Fig. 11. Interpretation result of georadar investigation

Based on the results of the field study using ground-
penetrating radar, it was revealed that four foundation
points were detected at depths of 0.4 — 7.7 m. The
dimensions of the detected foundations were 3.7 x 3.7 m.
From the frequencies captured by the ground-penetrating
radar, no significant cracks or fractures were found in the
tower foundations. This condition was indicated by wave
diffraction patterns shown in Fig. 12-Fig. 15.
Consequently, no reinforcement or retrofitting was

required for the Extra High Voltage (EHV) Power Line

structure.
PONDASI A

Line 01 Line 02 Line 03 Line 04

Fig. 12. Foundation Interpretation on point A
PONDASI B

Line 02 Line 03 Line 04

Fig. 13. Foundation Interpretation on point B
PONDASIC

Line 02 Line 03 - Line 04

Fig. 14. Foundation Interpretation on point C
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PONDASID

Fig. 15. Foundation Interpretation on point D
B. Numerical Analysis
1) Existing Slope

The numerical analysis was assisted by Plaxis 2D
software, in which the slope was modeled based on a
previously conducted field survey. The slope model was
designed to be similar to the actual conditions in the field
to obtain representative results. Fig. 16-Fig. 18 show the
topographic conditions around the observation site, which
experienced severe deformation, as well as the modeling
of the Extra High Voltage (EHV) Power Line foundation
to analyze soil behavior due to the distribution of stress
occurring under existing conditions.

Fig. 18. Section C-C’ on Plaxis model

The results of the finite element analysis in TABLE V
show that the safety factor values for the existing slope
ranged from 1.22 to 1.48. The lowest safety factor (FoS)
value was observed in the C-C’ slope section. Meanwhile,
the largest FoS value was shown in the B-B’ slope section.
This occurred due to open-cut excavation activities in the
mining operation, which caused displacement and
deformation toward the excavation pit. This displacement
resulted from soil pressure caused by the soil mass due to
dead load or excess load [33].

Therefore, based on SNI 8640:2017 established by the
Indonesian government, the slope is at risk of failure
because it has a safety factor of less than 1.5 for permanent
earth slopes. Furthermore, according to FHWA-NHI-06-
088 established by the U.S. Department of Transportation,
the Federal Highway Administration states that the slope’s

condition falls into the critical category. This is because
the safety factor of the existing slope is lower than the
specified requirement of 1.5, making it prone to severe
damage [34].

TABLE V.

SAFETY FACTOR VALUES AT INITIAL CONDITION
Section Condition FoS Note
A-A’ Existing 1.43  Unstable
B-B’ Existing 1.48  Unstable
c-C Existing 1.22  Unstable

2) Reinforced Slope

Slope reinforcement is intended to improve stability, as
indicated by the safety factor. Under existing conditions,
the entire slope section had a value below the required
standard. Therefore, reinforcement work was necessary.
One of the reinforcement methods used involved the
installation of piles. In this study, the piles used were
concrete bored piles with a diameter of 400 mm, and the
spacing between pile centers was 400 mm. The pile
installation system used was a double contiguous pile
system with a U-shaped configuration, where the piles
were installed adjacent to one another. The arrangement of
the bored piles is shown in Fig. 19.

Sketsa layout bored pile

i |

5 Bored Pile Diamater
i \ 400mm spasi 400mm

fi 3
£ ~ A ctc double (not to scale)

Fig. 19. Section A-A’ on Plaxis model

TABLE VI shows the safety factor values for slopes
reinforced with piles. The results revealed that the U-
shaped installation pattern affected slope stability. This
showed up in the increase in FoS values across all slope
sections—A-A’, B-B’, and C-C’. In section A-A’, there
was a 9% increase. Meanwhile, in section B-B’, the FoS
value showed an improvement of 3.5%. Additionally,
section C-C’ demonstrated a significant increase in the FOS
value, rising from 1.22 to 2.04 with 57% increase. This
aligned with research conducted by Munawir (2024),
which revealed that reinforcement with piles improved the
stability of steep sandy slopes, as indicated by an increase
in the FoS value [35]. The comparison of FoS values
before and after reinforcement using piles is shown in Fig.
20.

The effects of slope reinforcement using piles included
increased compression and reduced shear. The presence of
piles also inhibited deformation and reduced slope
inclination localization. In this case, the load on the
unstable soil was transferred to the rigid boundaries of the
piles. Consequently, this event resulted in an increase in
the FoS value [36]. In addition, the spacing between posts
also played arole: the closer the spacing between posts, the
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greater the slope stability, as this promoted the arching
effect of the soil [37]. Furthermore, the critical slip surface
also shifted toward the slope due to the reduced spacing
between posts [38].

TABLE VI. SAFETY FACTOR VALUES AFTER REINFORCEMENT

Section Condition FoS Note
A-A’ Existing 1.56 Stable
B-B’ Existing 1.53 Stable
C-C’ Existing 2.04 Stable
[ Unreinforcement
2.0 | ]Reinforced using pile
L 151
B]
0
8
%‘ 1.0
‘T
»n
0.5
0.0
A-A B-B c-C
Section

Fig. 20. Comparison of FoS Value

V. CONCLUSION

The results of a series of tests, such as electrical

resistivity surveys, georadar, and borehole logs, indicated
that the slope consists of a mixture of sandy clay and a
small amount of gravel. Mining activities contributed to
slope displacement and the potential for continuous
deformation. Therefore, Slope reinforcement using piles
arranged in a U-shaped pattern had a positive effect on
slope stability, as indicated by an increase in the safety
factor (FoS) values up to 57% across the entire slope
section. This increase in FoS values occurred because the
presence of the piles was able to inhibit the deformation
occurring on the slope by transferring the load from the
loose soil to the rigid boundaries of the pile. As a result,
slopes that are reinforced with U-shaped piles comply with
the slope stability standards set out in SNI 8640:2017.
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