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ABSTRACT

In this study, the stability of the slope close to the Khosr River in Mosul, Iraq, is examined.
Three different layers make up the slope: sandstone at the bottom, highly malleable clay
(CH) in the middle, and gravel, sand, and clay at the top. Concerns regarding possible
failure, which may cause large material and human losses, have been raised by the growing
construction of multi-story buildings at the top of the slope. The SLOPE/W, SIGMA/W,
and SEEP/W modules of the Geo-Studio 2012 program were used to perform a two-
dimensional (2D) numerical analysis. The stability of the slope was investigated under a
number of circumstances, such as increasing groundwater levels (4 to 10 m), rainfall (10
and 30 mm/day for up to 60 days), and external loads (250, 350, 450, and 500 kPa). The
slope's initial factor of safety (FOS) ranges from 3.935 to 4.03, making it stable under
typical circumstances. But when exposed to external stresses, more rainfall, and higher
groundwater levels, the FOS dramatically drops. When a 500 kPa external load was
applied, for example, the FOS decreased by up to 71.9%, and when a 100 kPa load and a
4 m water table were combined, the FOS decreased by more than 70%. The study assessed
the efficacy of three reinforcement treatments—anchors, micropiles, and a retaining wall—
to reduce the chance of failure. The outcomes demonstrated how well these actions
improve stability. When positioned at a 25-degree angle, anchors raised the FOS by 24.1%
to 196.8%. Three meters below the surface, micro-piles increased the FOS by 37.4% to
164.2%. The most successful option was a retaining wall, which increased the FOS by
178.5% and restored stability in critical conditions. It was 10 meters high and 6.5 meters
wide at the foundation. The results show how important it is to have adequate drainage
systems and slope reinforcement in order to protect the growing residential area.
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1. Introduction

Slope stability is a crucial consideration when
evaluating the stability of both existing slopes and
newly constructed hillsides or excavations [1].
Landslides are among the most hazardous natural
disasters that can happen in mountainous areas, and
because of the potentially disastrous social and
economic repercussions, they have received
increased attention in geotechnical and geologic
engineering studies [2-3]. Slopes, whether natural or
man-made, can become unstable [4]. Slope stability
refers to the ability of slopes to withstand or undergo
movement [5].

Water channels, erosion activity and

Groundwater, together with climatic factors, are the
primary causes of slope deformations. Rainfall
frequency and intensity, together with the frequent
floods in our area, are all associated with rapid
erosion processes that can lead to soil landslides.
Wet slopes now have a higher risk of landslides.
Floods are caused by different shear strength
parameter values [6-7]. There are two types of slope
stability analysis: static and dynamic [8-9]. An
assessment of slope stability using numerical
methods to understand the causes of slope collapse
or the factors causing slope displacement. The
answer is found in stability analysis when both force
and moment equilibrium are needed. Slope stability
is the safety factor, which is the shear strength
divided by the shear stress [10].
Long-term and short-term stability, failure type
(circular or non-circular interface; toppling; flow),
seepage + pore-water pressure transit, discontinuity
occurrence and inclination, soil layering, and
numerical calculation methods should all be
considered [11-12].

Traditional approaches with slope stability
analysis that have shown success but are typically
resource- and time-intensive include limit
equilibrium methods and numerical modeling [13-
14]. The groundwater level has a major impact on
slope stability and landslide development [15-16].
Landslides can occur in almost any circumstance,
either gradually or suddenly, and with or without
warning. The slope safety effect must therefore be
ascertained through a slope stability analysis
[17].Although the current study focuses on a
particular slope along the Khosr River near Mosul,
Iraq, the chosen approach and analytical framework
can be applied to other areas with comparable
geotechnical and environmental characteristics,
even if the current study concentrates on a particular
slope along the Khosr River near Mosul, Iraq. For
slopes made of layered soils with similar mechanical
characteristics, the numerical modeling technique
utilizing the Geo-Studio suite (SLOPE/W, SEEP/W,
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and SIGMA/W) in conjunction with the assessment
of external loads, groundwater variations, and
rainfall effects is suitable. However, differences in
the local geology, climate, building techniques, and
groundwater regimes may restrict the direct
generalization of the quantitative results. Therefore,
when implementing the suggested analysis and
reinforcing procedures to other areas, site-specific
soil characteristics, hydrological conditions, and
loading scenarios should be carefully taken into
account.

In this research, a numerical method will be
used to process a real failure slope to increase the
value of the safety factor and make it more stable by
using the GeoStudio program and its sub-programs.

2. Study Area

The case study's slope is situated 8 kilometers
from the heart of Mosul, Iraq. A little seasonal river
that flows through the center of this hill is the Khosr
River, whose water level rises in the winter and
spring. The construction of multi-story structures
extremely near the slope's edge has started to exploit
the region near the top of the slope. Because of this,
it is crucial to investigate the slope's stability in order
to avoid failure, which could result in material and
human losses. The slope consists of three layers, as
shown in Figure (1). The slope is composed of the
following layers:

1- The top layer: is made up of a mixture of gravel,
sand, and some clay (sub-base material). The peak
of the hill is two meters below this layer.

2- The intermediate: layer is made of highly plastic
clay (CH). Seven meters are covered by this layer
from the slope's summit.

3- The last layer: sandstone. Six meters separate this
layer from the slope's summit.
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Fig. 1. Case study slope shape.
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3. Method and Parameters

The study's objectives are shown below. In
order to investigate and accomplish all of the
objectives, 2D geometry modeling was created. The
Geo-Studio (2012) tool was used to model and
analyze slope stability. The software can effectively
assess both simple and complex slope problems,
such as:

1- Slope shape.

2- Boundary conditions.

3- Properties of slope layers.
4- External load condition.
4- Treatments like:

a- Anchors.

b- Retaining wall.

c- Micro-piles.

The program Geostudio 2012, developed by
Geoslope International, is used for numerical
analysis by earth scientists and geo-engineers.
Geostudio offers the following applications:
QUAKE/W, TEMP/W, SEEP/W, Sigma/W,
AIR/W, CTRAN/W, and SLOPE/W [18].
SLOPE/W is a program that uses the limit
equilibrium method to determine the factor of safety
for rock and earth slopes [19]. The slicing and
numerical approaches are frequently used for slope
stability analysis, and they mainly rely on the limit
of equilibrium and elastic-plastic  theory,
respectively.

Two-dimensional (2D) slope stability modeling
will be used for the analysis. FEM, or the large
deformation elastic-plastic finite element method,
will be applied [20]. The more established and
traditional of the two methods for the slope stability
investigation is the limit equilibrium approach. The
techniques that make up this majority include the
slide wedge, the Janhu technique, the Bishop, the
Fellenius, the Spencer, and others [21].  Site-
specific data from the real slope close to Mosul was
used to create the Geo-Studio model. Soil samples
were taken from the slope's various layers, and the
slope was visually examined and photographed. The
mechanical and physical characteristics of these
materials were assessed in the lab and used as input
parameters in the SLOPE/W, SEEP/W, and
SIGMA/W modules. The credibility of the model's
factor of safety values is ensured by the combination
of laboratory data and field observations, which
guarantees that the numerical predictions closely
mirror the real slope behavior.

SEEP/W software analyzes problems with
excessive pore water pressure dissipation and
groundwater seepage in porous materials, such as
rock and soil, using finite elements [22]. A finite
element program called SIGMA/W is used to
examine earth works for deformation and tension
[23]. For the SIGMA/W module of the Geostudio
2012 program, a typical section for the model's
building and configuration had to be defined as part
of the finite element method's (FEM) simplification
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of the numerical analysis. The existence of the soil
layers and the theory that the regions with the most
deformation are likely to experience made this
feasible [24]. Several loads were applied to the slope
250, 350, 450 and 500 kPa until failure was reached.

4. Slope Properties and Boundary
Conditions

The slope's height is 15m, its upper edge is 16m,
its bottom edge is 25m, and its slope angle is 83°, as
shown in Figure (2).

The slope's boundary criteria include keeping
the sides from moving horizontally (x = 0) and
keeping the lower edge from moving both
horizontally and vertically (x =y = 0). Two meters
from the slope's edge, Figure (3) shows the external
load applied to the slope as well as its boundary
conditions.
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Fig. 2. Slope shape with its boundary conditions by
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Fig. 3. External load with analysis network
in Geo-studio 2012.
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Fig. 4. particle size distribution curve for slope
soil.

5. Properties of Slope Layers

The slope's mechanical and physical properties
are listed in Table (1), and Figure (4) shows the slope
soil's particle size distribution curve. Figure (5)
shows the slope's clay soil layer consolidation curve,
where the initial void ratio (e=0.6), compression
index (Cc=0.136), and swelling index (Cs=0.0197).
are calculated. Through extensive laboratory testing
on the slope's soil, including Atterberg limits, dry
density, compaction, direct shear tests, and soil
classification, a useful method of sensitivity
evaluation was included into this study. Because the
Geo-Studio model used the measured soil qualities
from these experiments as input parameters, the
study was able to represent actual variations in soil
behavior. These laboratory-based observations give
confidence in the factor of safety results, even if a
formal parametric sensitivity analysis was not
carried out. This study should be expanded upon in
future research by performing a thorough sensitivity
analysis to methodically assess the impact of
changes in groundwater levels, external loads, and
soil characteristics on slope stability.
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Fig. 5. Consolidation curve for slope soil.
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Table 1. Soil properties.

Layers Subase Clay Sand

Testes materal (CH) stone
s

Liquid limit % 70%

Plastic limit % 38%

Shrinkage limit % 19.75

Plasticity index (P.I) 32%

Specific gravity (G.S) 2.81

Friction angle (¢) 42° 14° 47°

Cohesion (C) (kPa) 2 90 29,000

Void ratio (e) 0.6

Permeability coefficient (K) 1.7x107

(m/s)

Dry density (kN/m?) 21.5 17.9 19.5

Modulus of elasticity (E) (kPa) 90,000 11,000 20x10°

Poisson’s ratio 0.3 0.37 0.36

Clay percentage % 52%

Soil classification system Unified Classification System

6. Result and Discussion
6.1.Slope stability methods

The SLOPE/W and SIGMA/W software's
numerical results for the factor of safety (F.O.S.) in
the absence of an external force on the slope are
displayed in Table (2).

The safety factor is represented by these
numbers using the finite element (FEM) and limit
equilibrium (LEM) methods. The slope is subjected
to multiple external loads of 250, 350, and 450 kPa
until the critical load of 500 kPa is achieved. These
loads are analyzed using Slope/W and SIGMA/W
in tandem to determine the safety factor values,
which are then compared to the safety factor values
for the slope that is free of external loads.

According to Table (3), the slope is completely
stable when analyzed in the normal state (without
load), where the safety factor value ranged between
3.935 and 4.023 for the limit equilibrium methods
and 4.03 for the finite element method. However,
when applying external loads, the safety factor
value ranged between 1.592 and 1.132, decreasing
by a percentage ranging between 61.45-71.9%.

Table 2. F.O.S. values for slope (without external loads)
using the LEM and FEM methods.

Type of analysis F.O0.S
Morgenstern-Price 3.962
Ordinary 3.935
Bishop 4.023
Janbu 3.961
Finite Element (FEM) 4.03
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Table 3. F.O.S. values for slope (with external loads) using
FEM methods.

Loads F.O0.S
0 4.03

250 1.592
350 1.459
450 1.284
500 1.132

6.2. Rainfall and water table

Slopes that occur naturally are typically
unsaturated or somewhat saturated. When
groundwater levels rise due to seasonal variations or
when exposed to prolonged periods of strong
rainfall, slope failure may result. The amount of
rainfall and its duration in relation to the level of soil
saturation is one of the variables under investigation.
The rainfall intensity was 10, and 30 mm/day for 10,
20, 30, 40, 50, and 60 days. Because it is difficult to
determine the precise levels of slope saturation at the
location when rainfall occurs at varying intensities,
multiple saturation levels were imposed. To make
the numerical modeling easier, fixed groundwater
levels and rainfall were assumed in this work.
Although this method gives a clear picture of how
the slope behaves under controlled circumstances, it
does not fully account for the variability of changes
in the natural environment. The accuracy of the
estimated factor of safety may be marginally
impacted by these assumptions, especially in
situations that are harsh or changing quickly. In
order to more thoroughly evaluate the slope stability
under dynamic climatic conditions, future studies
could expand the analysis by taking into account
varied rainfall intensities, durations, and fluctuating
groundwater levels.

Groundwater levels and rainfall intensity are
naturally time-dependent. Fixed rainfall and
groundwater conditions were used in this study to
simplify the numerical analysis and to assess each
factor's impact on slope stability. Although a fully
transient analysis would offer a more accurate
depiction of field conditions, it requires continuous
hydrological data, which were unavailable for the
research area. While the use of fixed values may
marginally affect the accuracy of the factor of safety,
it nevertheless captures critical stability conditions
and provides reliable insight into potential failure
processes. Time-dependent analyses may be
incorporated in future research to further improve
model accuracy. Figure (6) illustrates the rainfall
model for slope analysis by SEEP/W, SIGMA/W,
and SLOPE/W. Various saturation levels of 55, 75,
and 85% were utilized with a constant external load
of 250 kPa.

The association between the safety factor at
various saturation levels 55, 75, and 85% and
rainfall intensity (equivalent to 10, and 30 mm/day)
and rainfall length (between 10 and 60 days) is
depicted in Figure (7). The safety factor value drops

24

by a percentage between 35.75 and 50.7%, as can be
seen from the figure (7-a). As illustrated in figure (7-
b), the safety factor values drop by 38% to 52.3%
when the daily rainfall intensity is 30 mm.

As soil moisture content rises, infiltration
reduces matric suction, which enhances pore water
pressure and reduces the soil's shear strength.
Consequently, compromised soil cohesion may lead
to slope failures. This drop in shear strength
increases the likelihood of slope failures, especially
during times of prolonged wetness or severe
precipitation [25].
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Fig. 6. Slope with rainfall and external load.
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If the slope is near a water source, it is
frequently vulnerable to water leakage due to
seepage from rainwater, snowmelt, the presence of
civil water drainage tanks due to exploitation,
turning it into a residential area, and the absence of
a drainage system that complies with international
standards. This causes the water level inside the
slope to rise and fall in accordance with the season,
whether it is summer or winter.

The slope's water level (4, 6, 8, and 10 m) was
measured from the bottom, and it was subjected to
100, 200, 300, 400, and 500 kPa of stresses. Figure
(8) shows the water table inside the slope
represented by the GeoStudio program, the safety
factor value (4.799) dropped by 70.5% at water level
and with an external load of 4m and 100 kPa,
respectively, while it dropped by 67.2% at the same
height but with a load of 500 kPa (2.276) when the
water level reached 10 m. The Table (4), shows that
when the external load increases from 100 to 500
kPa and the water reaches a height of 5 m, the safety
factor value decreases by 52.6%. However, when the
water rises to a level of 10 m and the load increases
by the same values as previously mentioned, the
percentage decrease in the safety factor value may
reach 47.2%.

According to these resulting, the determinants
of safety decline sharply as water table levels get
closer to a critical depth and decline as water table
levels increase. The slope needs to be reinforced in
order to maintain stability at high water table levels.
If not, collapse or landslides are likely to happen
[26]. Applying an external force (such buildings,
traffic, or seismic stresses) makes a slope with a high
water table much more unstable. The increased shear
stress from the external load and the decreased shear
strength from the elevated pore water pressure
drastically reduce the Factor of Safety (FOS) and
increase the failure risk [27].
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Fig. 8. Shows the water table inside the slope
represented by the GeoStudio program.

Table 4. Factor of safety value with different water tables and
e external loads.

Factor of safety

Loads (kPa) | 100 [ 200 [300 [ 400 [ 500

Water levels

4 4.799 | 3.613 | 2914 | 2.452 | 2.276
6 3515 | 2.65 | 2.144 | 1.811 | 1.614
8 2.569 | 1.958 | 1.596 | 1.358 | 1.267
10 1414 | 1.11 | 0916 | 0.794 | 0.746

6.3. Treatments
6.3.1. Anchors' treatment

Deep reinforcements, such as anchor and micro-
pile reinforcement, were employed because of the
high risk of slope failure. The study that followed
looked at these two systems; numerical techniques
were used to analyze the displacement of a slope and
optimize the parameters. to ensure that the slope's
safety factor meets all applicable requirements [28].

At 500 kPa of external force, the slope has reached
the critical condition, or failure stage. In order to
prevent this, anchors were utilized in accordance
with the guidelines listed in Table (5) below. As
shown in Figure (9), the anchors reinforce the mass's
resistance to shear and exert a force on the mass that
is most likely to slide.

Table 5. Anchor specifications [29].

External | Ultimate Ultimate Yeild
diameter | strength Load load
(mm) | (N/mm2) (kN) (kN)
37.8 1028 1050 865
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Fig. 9. SIGMA/W and SLOPE/W models (with and
without anchors).
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The anchor rods were positioned in Figure (10)
at depths of 3 meters from the slope surface and at
an angle of 25 degrees to the horizon. The
displacement rises as the anchor gets closer to the
slope surface, indicating that the load at the top of
the anchor is greater than the load at the bottom.
When the same row of anchors is nearer the middle
of the slope, more displacement takes place. This
suggests that the stress at the center of the slope is
higher than that at other locations and that the anchor
rods are subjected to a greater load force [30]. This
angle was chosen to allow the anchor rods to
penetrate the rock layer; anchoring angles of 20 to
25 degrees work best and shouldn't be higher than
45 degrees [31].

Anchors rod spacing varied from 1 to 4 meters.
Understanding the significance of each distance in
terms of the quantity of rods and any safety elements
that designers may need is crucial. Anchor rods
placed 3m below the slope surface increase the
safety factor value by a percentage ranging from
24.1% to 196.8%. Figure (11) illustrates the
simulation and evaluation of a slope with a water
level of 12 meters and an external load of 250 using
the three programs SEEP/W, SIGMA/W, and
SLOPE/W. The safety factor value increased by a
percentage between 40.9% and 122.1% when slope
anchors were placed at a depth of 3 meters and with
a distance of 1-3 meters between bars.
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Fig.10. The relationship between the distance of the
anchor bars and the safety factor.
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Fig. 11. The relationship between the distance of the
anchor rods and the safety factor.

6.3.2. Micro-piles' treatment

The stability of slopes reinforced with anchors
and micro-piles is frequently predicted using
methods based on displacement or pressure [32].
After determining the quantity of anti-slide micro-
piles, the distance between them is another crucial
factor to take into account. Too much or too little
space between anti-slip piles will not contribute to
the strengthening effect [33].

For a slope with an external load of 500, the
safety factor values are displayed in Table (6).
Analysis revealed that 1.128 was the safety factor
value. Since this safety factor value is regarded as
critical or near failure, precision piles were
employed in accordance with the guidelines
provided in Table (7).

Table 6. Number and distance between micro-piles and the
safety factor.
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Number of micro-piles 1 | 2 | 3 | 4

Spacing between micro-

piles
1m 1.55 232|278 | 299
2m 1.55 | 1.87 | 2.55 | -
3m 1.55| 1.77 | - -

Table 7. Micro-piles specifications [34].

Outside diameter (mm) 140.2
Inside diameter (mm) 120.62
Thickness (mm) 11.55
Weight (kg/m) 24.66
Moment of inertia (cm*) | 22.7

The micro-piles were placed three meters below

the slope surface in accordance with the Sigma and
Slope program, as seen in Figure (12). According to
the previously mentioned Table (5), the safety factor
values rose by percentages ranging from 37.4% to
164.2% when micro-piles were positioned in
numbers (1 to 4), with an approximate distance of 1
m between each micro-pile. It also rose by 50.5%
when two pillars were positioned with a 3 m gap
between each unit.
The force required to raise the safety factor can be
determined thanks to the stability of slopes
reinforced by micropiles. how the position,
diameter, and inclination of the piles affect the
slope's stability and where the piles should be placed
on the slope. Piles are frequently employed to
increase or stabilize slope stability, and 2D
numerical analysis demonstrates how position
affects the safety factor [35-37].
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6.3.3. Retaining treatment

Slopes, embankments, and other earthworks are
supported and strengthened by retaining walls [38].
A retaining structure's function is to support soil
[39]. Water table effects, lateral soil loads, seismic
loads, and the self-weight of the wall are some of the
several types of retaining wall loads [40-41].

In order to address the critical slope condition, the
retaining wall is designed as shown in Figure (13),
which also illustrates the wall's measurements.
Designed to stabilize the critical slope, the retaining
wall is a 9-meter-height reinforced concrete
structure with an initial factor of safety (FOS) of
1.128. Its design explicity accounts for overturning,
rotation, sliding, and shear failure, ensuring stability
under lateral soil pressure, ground water effects,
surcharge loads, and the wall's self-weight.
Numerical analysis using SLOPE/W, SEEP/W, and
SIGMA/W confirmed that the wall substantially
improves slope stability, raising the FOS to over 3
(Table 8), representing a 178.5% enhancement in
safety. Extreme circumstances, such as excessive
rainfall and groundwater rise, were considered
through conservative assumptions. Future research
may include long-term field monitoring to further
verify the wall’s performance under practical
conditions.

Even though the technical effectiveness of the
proposed reinforcement techniques is the main focus
of this study, economic viability is an important
consideration. Anchors are generally the most
affordable option, micropiles are more expensive
but provide robust reinforcement,and retaining walls
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require the largest investment while delivering the
greatest safety improvement. A detailed cost-benefit
analysis could be included in future research to
guide practical implementation.
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Fig. 13. Models of retaining walls by SEEP/W,
SIGMA/W, and SLOPE/W.

The slope that requires a retaining wall has a
safety factor of 1.128, which is considered critical or
near failure. The wall was built as previously
mentioned to prevent the slope from failing or
collapsing, given an external load of 250 and a
groundwater level 12 meters above the slope's base.

The dimensions of the wall are as follows: 10m
for height, 0.8m for width,Im for thickness, and
6.5m for foundation width. A safety factor increase
of 178.5% was found when the slope with its
retaining wall was analyzed. Using the limit
equilibrium method after treatment, Table (8)
displays the safety factor values.

Table 8. Factor of safety for slope with retaining
wall by LEM methods.

Method of analysis F.O.S
Morgenstern-Price 3.157
Ordnary 3.138
Bishop 3.144
Janbu 3.106

The potential environmental impacts of the
proposed slope reinforcement methods were
carefully considered. Anchors and micropiles
generally represent localized interventions that
cause minimal disturbance to the soil, thereby
limiting their impact on the surrounding ecosystem.
Retaining walls, while effective in stabilizing slopes,
may slightly alter local groundwater flow and
surface runoff patterns; however, these effects can
be mitigated through thoughtful design and the
implementation of proper drainage systems. To
ensure that slope stabilization remains both effective
and environmentally responsible, future studies
could investigate the real-world ecological
consequences of these reinforcement techniques
under field conditions.

The importance of validating the numerical
model against real-world conditions is clearly
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acknowledged, although this study predominantly
relies on numerical modeling to evaluate slope
stability and the effectiveness of reinforcement
strategies. Site-specific data obtained from field
observations and laboratory testing were used. To
ensure that the input parameters accurately represent
actual slope behavior. Future studies could
incorporate systematic long-term slope monitoring,
including measurements of groundwater levels,
displacement, and pore water pressure over time, to
enhance model validation. Such as continuous field
monitoring would provide essential data to verify
the accuracy of the numerical predictions and to
update the model as necessary, ensuring that the
proposed  stabilization  techniques  perform
effectively under practical conditions.

7. Future research and
Recommendations

Future research could focus on continuous field
monitoring of slope behavior, including
groundwater levels, displacements, and pore water
pressures, to enhance the validation of numerical
models. Time-dependent analyses that account for
variable rainfall, groundwater fluctuations, and
seismic loads would further improve predictive
accuracy. Additionally, advanced technologies such
as smart sensors for real-time monitoring, drone-
based topographical surveys, and sustainable or
innovative soil reinforcement materials could be
explored to optimize slope stability assessment and
design.

8. Conclusions

1- Without any outside loads, the slope is naturally
stable. A high degree of stability was indicated by
the factor of safety (F.O.S.) values for the untreated
slope, which varied from 3.935 to 4.03.

2- The stability of the slope is greatly diminished by
the development of multi-story buildings at the
summit, which is symbolized by rising external
loads. The slope had a critical failure condition when
the external load hit 500 kPa, and the F.O.S. fell to
about 1.128. This indicates a 61.45% to 71.9%
decrease in stability.

3- To increase the stability of the slope, three distinct
reinforcing techniques were examined:

a- Anchoring was a very successful strategy. With
gains ranging from 24.1% to 196.8%, the safety
factor was significantly increased by positioning
anchor rods at different spacings 3 meters below the
slope surface.

b- Micropiles turned out to be a workable solution
as well. Their placement three meters below the
slope surface resulted in a percentage rise in the
F.O.S. that ranged from 37.4% to 164.2%.
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c- Retaining Wall is the most successful solution,
which increased stability the most, was a retaining
wall. With values exceeding 3.1 employing a variety
of limit equilibrium techniques, the research
demonstrated a 178.5% increase in the safety factor.
4- The study effectively employed the Geo-Studio
2012 software suite, including SLOPE/W, SEEP/W,
and SIGMA/W, to simulate and examine the
behavior of the slope.

The accuracy of the factor of safety and the
efficacy of the several stabilization methods were
evaluated using the Limit Equilibrium Method
(LEM) and the Finite Element Method (FEM).
Under extreme external load circumstances, the
numerical findings show that all three treatments
retaining walls, micropiles, and anchors can
successfully maintain the slope and avoid failure.

References:

[1] S. Harabinova, K. Kotarasova, E. Kormanikova,
and I. Hegedusova, “Analysis of slope stability,”
Civil and Environmental Engineering, vol. 17, no.
1, pp. 192-199, 2021, doi: 10.2478/cee-2021-0020.

[2] W. Zhang, H. Li, L. Han, L. Chen, and L. Wang,
“Slope stability prediction using ensemble learning
techniques: A case study in Yunyang County,
Chongqing, China,” Journal of Rock Mechanics
and Geotechnical Engineering, vol. 14, pp. 1089—
1099, 2022.

[3] H. W. Chiu, Y. H. Tsai, C. W. Tang, C. Y. Chu,
and S. L. Chen, “A case study of using numerical
analysis to assess the slope stability of national
freeways in northern Taiwan,” Applied Sciences,
vol. 15, mno. 2, p. 635 2025, doi
10.3390/app15020635.

[4] S.Harabinova and E. Panulinova, “Impact of shear
strength parameters on slope stability,” MATEC
Web of Conferences, vol. 310, p. 00040, 2020, doi:
10.1051/matecconf/202031000040.

[5] P. M. V. Nguyen, A. Wrana, S. Rajwa, Z.
Rozanski, and R. Fraczek, “Slope stability
numerical analysis and landslide prevention of coal
mine waste dump under the impact of rainfall — A
case study of Janina Mine, Poland,” Energies, vol.
15, no. 21, p. 8311, 2022, doi:
10.3390/en15218311.

[6] S.Harabinova and E. Panulinova, “Impact of shear
strength parameters on slope stability,” MATEC
Web of Conferences, vol. 310, p. 00040, 2020, doi:
10.1051/matecconf/202031000040.

[7] C. Zhang, M. Qin, L. Hong, and Y. Qi, “Seepage
and stability analysis of fractured soil slope
considering permeability anisotropy,” Scientific
Reports, vol. 15, Art. no. 11059, 2025.

[8] D. G. Fredlund, “Analytical methods for slope
stability analysis,” in Proc. 4th Int. Symp. on
Landslides, Toronto, ON, Canada, Sep. 16-21,
1984, pp. 229-250.

[91] A. Mikroutsikos, A. 1. Theocharis, N. C.
Koukouzas, and 1. E. Zevgolis, “Slope stability of
reclaimed coal mines through a new water filling
index,” Journal of Rock Mechanics and
Geotechnical Engineering, vol. 16, no. 3, pp. 828—
839, 2024.

[10] A. Rotaru, F. Bejan, and D. Almohamad,
“Sustainable slope stability analysis: A critical



Enas H. Mohammed /NTU Journal of Engineering and Technology (2026) 5 (1): 20-30

study on methods,” Sustainability, vol. 14, p. 8847,
2022, doi: 10.3390/sul14148847.

[11] V. M. Bowa and W. Gong, “Analytical technique
for stability analyses of the rock slope subjected to
slide head toppling failure mechanisms considering
groundwater and stabilization effects,”
International Journal of Geo-Engineering, vol. 12,
pp. 1-25,2021.

[12] B. S. Lira, O. F. Junior, O. F. Neto, and M. N.
Sousa, “Evaluation of the effects of rainwater
infiltration on slope instability mechanisms,”
Sustainability, vol. 16, no. 21, p. 9530, 2024, doi:
10.3390/5u16219530.

[13] M. Cata and J. Flisiak, “Slope stability analysis
with numerical and limit equilibrium methods,” in
Computer Methods in Mechanics, K. Burczynski,
P. Fedelinski, and E. Majchrzak, Eds., Jun. 3-6,
2003.

[14] L. Medjitna, A. Kahlerras, and D. A. Bouzid,
“Stability analysis of slopes under surcharge
loading using FE stress deviator increasing
method—proposal of stability charts,” Periodica
Polytechnica Civil Engineering, vol. 69, no. 2, pp.
621-632, 2025.

[15] A. Troncone and E. Conte, “Water-induced
landslides: Prediction and control,” Water, vol. 13,
p. 624, 2021.

[16] L. Yu et al., “Probabilistic slope stability analysis
on marine clay seabed considering spatial
variability of soil parameters,” Frontiers in Built
Environment, vol. 11, 2025, doi:
10.3389/fbuil.2025.1545900.

[17] P. M. V. Nguyen et al., “Slope stability numerical
analysis and landslide prevention of coal mine
waste dump under the impact of rainfall — A case
study of Janina Mine, Poland,” Energies, vol. 15,
no. 21, p. 8311, 2022, doi: 10.3390/en15218311.

[18] N. T. Putri and B. Heriyadi, “Analisis kestabilan
lereng pada penambangan batu andesit PT Ansar
Terang Crushindo 1, Kecamatan Pangkalan Koto
Baru, Sumatera Barat,” Jurnal Bina Tambang, pp.
3048, 2020.

[19] A. Satyanaga, S. W. Moon, and J. R. Kim,
“Geomechanics and Engineering,” vol. 28, no. 1,
pp. 77-87, Jan. 2022.

[20] K. S. Kahatadeniya, P. Nanakorn, and K. M.
Neaupane, “Determination of the critical failure
surface for slope stability analysis using ant colony
optimization,” Engineering Geology, vol. 108, nos.
1-2, pp. 133-141, 2009.

[21] L. E. Acosta-Gonzalez, F. R. Ojeda-Pardo, O.
Belete-Fuentes, and J. A. Pérez-Fernandez,
“Comparison of settlements by geodetic methods
and numerical modeling: Test case fuel storage
tank,” Polo del Conocimiento, vol. 6, no. 6, pp.
149-166, 2021, doi: 10.23857/pc.v6i6.2747.

[22] B. S. Kim, S. W. Park, T. N. Lohani, and S. Kato,
“Characterizing suction stress and shear strength
for unsaturated geomaterials under various
confining pressure conditions,” Transportation
Geotechnics, vol. 34, p. 100747, 2022.

[23] GEO-SLOPE International Ltd., “Seepage
modeling with SEEP/W: An engineering
methodology,” GEO-SLOPE International Ltd.,
2012.

[24] GEO-SLOPE International Ltd., “An introductory
SIGMA/W example,” Calgary, AB, Canada, 2012.

29

[25] B. S. Kim, S. W. Park, T. N. Lohani, and S. Kato,
“Characterizing suction stress and shear strength
for unsaturated geomaterials under various
confining pressure conditions,” Transportation
Geotechnics, vol. 34, p. 100747, 2022.

[26] S. Merat, L. Djerbal, and R. Bahar, “Slope stability
analysis under external static surcharge,” in Recent
Advances in Geo-Environmental Engineering,
Geomechanics and Geotechnics, and Geohazards,
Advances in Science, Technology & Innovation,
2019, doi: 10.1007/978-3-030-01665-4 81.

[27] L. E. Acosta-Gonzélez et al., “Comparison of
settlements by geodetic methods and numerical
modeling: Test case fuel storage tank,” Polo del
Conocimiento, vol. 6, no. 6, pp. 149-166, 2021,
doi: 10.23857/pc.v6i6.2747.

[28] E. Steiakakis, M. Galetakis, V. Al Heib, and J. B.
J. Burda, “Pit lake slope stability under water level
variations,” Geosciences, vol. 14, no. 6, p. 142,
2024, doi: 10.3390/geosciences14060142.

[29] Freyssinet, Anchoring Systems for Geotechnical
Engineering, 2014.

[30] Y. Tao, “Research and application of anchor
support in slope stability problems,” Xi’an
University of Technology, Xi’an, China, 2013.

[31] M. Dong, F. Zhang, and M. Hu, “Study on the
influence of anchorage angle on the anchorage
effect of soft-hard interbedded toppling deformed
rock mass,” KSCE Journal of Civil Engineering,
vol. 24, no. 8, pp. 2382-2392, 2020.

[32] K. P. Acharya, N. P. Bhandary, R. K. Dahal, and R.
Yatabe, “Seepage and slope stability modelling of
rainfall-induced slope failures in topographic
hollows,” Geomatics, Natural Hazards and Risk,
vol. 7, no. 2, pp. 721-746, 2016.

[33] Y. Rongxia, H. Zhian, and Y. Zhiquan, “Slope
reinforcement design based on GeoStudio and
FLAC3D,” Mining Science, vol. 29, pp. 141-163,
2022, doi: 10.37190/msc222909.

[34]L. G. Babu, “Ground improvement using
micropiles,” Lecture 22, Dept. Civil Eng., India,
2000.

[35] R. M. Koerner, “In-situ stabilization of soil slopes
using nailed or anchored geosynthetics,”
International Journal of Geosynthetics and Ground
Engineering, 2014, doi: 10.1007/S40891-014-
0002-2.

[36] A. Abdelaziz, D. Hafez, and A. Hussein, “The
effect of pile parameters on the factor of safety of
piled slopes using 3D numerical analysis,” HBRC
Journal, vol. 13, pp. 277-285, 2017, doi:
10.1016/J.HBRCJ.2015.06.002.

[37] M. A. Benmebarek, S. Benmebarek, M. M. Rad,
and R. Ray, “Pile optimization in slope
stabilization by 2D and 3D numerical analyses,”
vol. 16, pp- 211-224, 2021, doi:
10.1080/19386362.2021.1972628.

[38] A. Ghanbari and M. Taheri, “An analytical method
for calculating active earth pressure in reinforced
retaining walls subject to a line surcharge,”
Geotextiles and Geomembranes, vol. 34, pp. 1-10,
2012.

[39] O. Ajayi, O. C. Okeke, S. I. Okonkwo, V. I.
Fagorite, and C. C. Amadi, “Analysis of earth
pressures and stability of retaining walls: Review
of principles and practices in engineering
construction,” International Journal of Engineering
and Modern Technology, vol. 9, no. 1,2023.



Enas H. Mohammed /NTU Journal of Engineering and Technology (2026) 5 (1): 20-30
[40] C. Keerthi, A. Rajendra, and D. Venkateswarlu,

“Design of free cantilever, counterfort and T-

flanged cantilever type retaining wall,”

International Journal of Engineering and Advanced

Technology, 2019.
[41] D. W. Thomburg and J. R. Henry, 2012

International Building Code® Handbook. New

York, NY, USA: McGraw-Hill Education, 2013.

30



