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ABSTRACT

Earth dams in regions with moderate to high seismic activity are crucial for protecting
downstream communities. Iraq and its neighboring areas have seen recurrent seismic
activity, notably the 2017 Halabja Earthquake, which potentially compromised the integrity
of the existing earth dam. The Darbandikhan Dam, affected by an earthquake, has
inadequacies in its crest and downstream slope, presenting a greater danger of significant
earthquake-induced damage compared to cyclic shocks. Consequently, evaluating the dam's
safety is essential for safeguarding downstream residents and identifying optimal ways to
avert slope stability failure amid recurrent seismic activity. Iraq's seismicity map is being
updated to reflect earthquake magnitude, highlighting the need for immediate action. Stone
columns are a ground improvement technique that utilizes compacted stone columns to
enhance soil strength by increasing shear strength and reducing excess pore water pressure
in non-cohesive soils. The behavior of prop stone columns on slopes under static and
dynamic loads has not been extensively investigated. This study examines the influence of
stone columns on the stability of the downstream slope of the Al-Adhaim Earth Dam in Diyala
Governorate, Iraq, under static and dynamic loads induced by four earthquakes with a peak
ground acceleration of 0.2 g for durations of 15 and 30 seconds, using Geo Studio software
for various scenarios. The findings indicated that the stone column resulted in a very slight
improvement in the safety factor of the downstream slope under static load conditions. The
presence of the stone column significantly improved the safety factor during all seismic
occurrences relative to its absence.

Keywords: Earth dam, Slope stability, Earthquake, Stone column, Repeated.

1. INTRODUCTION

Earth dams, often referred to as embankment or fill-type dams, are simple structures made
of earth and rock-fill materials. These prevent slippage and overturning due to their weight.
In limited clay materials, these can have a zonal core with three vertical zones. Earth dams
are used for irrigation, potable water systems, and flood protection. Their widespread
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adoption due to local soils, robust mechanisms, and engineering capabilities has made them
a popular choice (Titova et al., 2017). When energy is suddenly released from the crust and
upper mantle, it causes seismic events like earthquakes, which cause the Earth to vibrate
and quiver. The term "seismic activity" describes the historical pattern of earthquakes in
terms of their frequency, kind, and magnitude. Dam responses are determined by the
magnitude of seismic shocks. An earthquake may jeopardize the integrity of the dam or
result in the destruction or deformation of other structures, such as a bridge. When soil
becomes too saturated or too partly saturated to resist the applied force from earthquake
shaking, the normal material begins to behave more like a liquid, a process known as soil
liquefaction (Taher and Jahanger, 2024). The dam's structure or other essential parts
could fail as a result of this (Taher and Jahanger, 2023).

Damage to fundamental strength and instability of embankments can result from strong
ground shaking. In the opinion of many dam experts, embankment dams are suitable when
properly compacted according to specifications. It is a mistake, however, to think that
embankment dams are impervious to damage and collapse, especially in the presence of
near-source impacts, even when compacted correctly (Gordan et al., 2022). Earth dams
dynamically evaluated in the context of seismic forces, such as catastrophic earthquakes, are
an important issue. During seismic occurrences, it is crucial to reduce damage and ensure
that structures remain intact. Seismic activity in Iraq was high enough to cause embankment
dams, villages, and fissures to move, which might lead to their eventual or immediate
collapse. Dam instability and internal erosion caused by vertical and horizontal fissures
might cause the dam to crumble. After earthquakes, both the general public and dam
engineers express concerns about the safety of dams, highlighting the need for effective
mitigation techniques. (Yousif etal., 2019). Therefore, it is critical to investigate how severe
earthquakes affect earthen dam stability over time and to develop treatments that lessen the
likelihood of earthquakes damaging these structures. A multitude of studies have used many
methodologies, including digital elevation model (DEM), finite element model (FEM), and
experimental techniques. (Alzamily and Abed, 2022a) to identify various ways to ignore
engineering issues. In both static and dynamic loading (Bayati and Bagheripour, 2019).
Finite element methods are extensively used for the numerical resolution of structural,
hydrodynamic, and multiphysics challenges. The approaches are widely used since
engineers and scientists can mathematically model and numerically resolve very
complicated issues. Engineering analyses are conducted to evaluate designs, whereas
analyses in many scientific disciplines are primarily undertaken to gain insight into and
ideally anticipate natural processes. The ability to forecast a design's performance and the
occurrence of natural phenomena is very valuable. It enables the enhancement of safety and
cost-effectiveness in designs, while insights into nature's predictions may aid in catastrophe
prevention. Consequently, the use of the finite element approach significantly enhances
human existence (Bathe, 2007). The GEO-Studio subprograms (Seep/w, Slope/w, and
Quake/w) utilized in this study a finite element programs employed to investigate the
variations in seepage field, stress field, displacement field, and stability coefficient of the
slope under diverse rainfall conditions, focusing on seepage mechanics, and to elucidate the
alterations in unsaturated soil and the impact of earthquakes on earthdams (Tan et al.,
2023).

(Gelgalu and Zewdie, 2023) have analyzed the seismic impact on Gidabo Dam located in
Southern Ethiopia, using GeoStudio software subprograms (Seep/w, Slope/w, and
Quake/w). In this study, two earthquakes were used, one with a peak ground acceleration
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(PGA) of 0.15 g and the other with a PGA of 0.3 g. The study was based on the initial steady-
state analysis from Seep/w. Slope/w was used to do the slope stability analysis without
considering seismic stresses, yielding a factor of safety greater than one, which indicates that
the dam is safe against sliding. Static analysis indicates that the dam is stable against sliding,
exhibiting factors of safety of 1.537 downstream and 1.499 upstream. Slope/w Quake/w
were used to calculate the safety factor after an earthquake. The dynamic analysis shows
that the safety factor for the upstream slope was 1.104, whereas for the downstream slope
it was 0.806 under PGA of 0.3 g. The factor of safety for the upstream slope was 1.115,
whereas for the downstream slope it was 0.824 under PGA of 0.15 g.

(Lu etal., 2025) have used geosynthetic reinforcements to improve the stability of the earth
dam. The study was conducted using GeoStudio software subprograms (Seep/w, Slope/w,
and Quake/w). Seismic investigation that included ground shaking with a peak acceleration
of 0.1 g revealed substantial displacements (0.984 m) and a decreased factor of safety
(1.279) upstream slope, both of which were getting close to the permitted level. There was
liquefaction zones found, especially in the shell, suggesting a significant susceptibility to
seismically induced loss of shear strength. The factor of safety was raised to 1.503 by using
geosynthetic reinforcements in optimal geometries (horizontal layers, 4 m vertical spacing,
and 20 m length) to mitigate these concerns. The safety of earthen dams in earthquake-
prone areas may be improved with the help of these findings, which show how well
geosynthetics to reduce soil liquefaction and increase seismic resistance.

(Aude et al.,, 2022) have analyzed the stability of the Al-Adhaim earth dam with geotextile
reinforcement. Geo-Studio subprograms (Seep/w, Slope/w, and Quake/w) are used in this
study to evaluate the performance of geotextile reinforcement on Al-Adhaim earth dam.
After the application of seismic shaking to the structure, the dynamic stability of the dam
and the liquefaction of the soil were evaluated. According to the analytical results, the dam
proved stable under static settings. Additionally, the dynamic condition results showed that
an earthquake with PGA of 0.38 g and a period of 10 seconds caused the dam to move
vertically by 0.12 m and reduced the factor of safety to 1.01. In order to lessen the effects of
soil liquefaction found in the dam's shell, geotextile strengthening was suggested. With a
factor of safety of 1.946, which means that the reinforcement improved the dam's stability.
(Abbas and Al-hadidi, 2021) have analyzed the effect of the Halabja earthquake on Al-
Wand Earth Dam using (Seep/w, Slope/w, and Quake/w). The results show that the factor
of safety under static load for upstream is 3.119, and for the downstream is 3.072. The safety
factor after the Halabja earthquake in the dam's upstream and downstream sections is 2.979
and 2.972, respectively, reflecting a decrease of about 4.5% and 3.3% in the upstream and
downstream portions, respectively.

Stone columns are a prevalent ground improvement method for enhancing weak soil
conditions. They diminish total and differential settlements, expedite consolidation, enhance
bearing capacity and slope stability, and mitigate liquefaction risk (Pal and Deb, 2018). The
enhancement is achieved by using gravel or crushed stone, which has superior stiffness,
strength, and permeability compared to the naturally weak soil. Furthermore, column
construction alters the characteristics of the adjacent soil. (Black et al., 2011; Al-Khalidi et
al.,, 2024).

There are a lot of ways to prevent a soil slope from collapsing. Stone columns are an easy
and inexpensive option for this purpose. Their superior strength causes them to obstruct the
slippery surfaces. They reduce part of the pore pressure that builds up in the soil
surrounding the stone columns because of their higher porosity (Castro and Sagaseta,
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2012). It is essential to consider the slope's response to dynamic stressors, such as seismic
activity, while assessing its stability. Improving slope failure-prone regions or averting likely
collapse are two ways to reduce the factors that cause slope movement and increase soil
resistance to slides (Jawad, 2011). There are some studies that have addressed the effect
of stone columns on the stability of earthen slopes. (Goswami and Deka, 2023) studied the
effect of the effect of Installation of Stone Columns on the Stability of Soil Slopes using the
PLAXIS 2d program. The study investigated the impact of stone column number, length, and
diameter on soil slope factor of safety using artificial neural networks. The results show that
the stability of soil slopes is significantly enhanced by the use of stone columns, with
increased column numbers, lengths, and diameters resulting in increased stability.

(Vekli and Cadir, 2022) Have studied the stability of the stone column slopes under
different earthquake loads using the PLAXIS 2d program. The study aimed to improve safety
factors for slopes with varying angles, soil cohesiveness, and earthquake magnitudes. The
stone column technique was used to enhance slopes with similar characteristics. Different
internal friction angles and s/D ratios were used. The study found that slope models without
considering earthquake forces and using stone columns had higher safety values of 1.01 to
1.34 times compared to those without. Additionally, safety ratings of slope models with
stone columns increased by 1.02 to 1.80 times in response to seismic forces.

(Dar and Shah, 2021) studied the stability of embankment supported with stone columns.
This research evaluates the performance of ordinary stone columns (OSC) and geosynthetic-
encased stone columns (GESC) in supporting embankments using a three-dimensional finite
element software (PLAXIS3D). A parametric examination was performed to evaluate the
impact of many parameters, including the spacing-to-diameter ratio (S/D), encasement
stiffness, soil cohesion, stone column friction angle, and embankment friction angle, on the
factor of safety against deep-seated collapse. Comprehensive slope stability assessment and
formulation of simplified factor of safety evaluation models for stone Column-reinforced
embankments. Results indicate that encasing stone columns improves the stability of
embankments. Reducing the column spacing (S/D) improves stability. An increase in the
stiffness of geotextile encasement, the friction angle of the stone column, and the friction
angle of the embankment enhances the performance of embankments.

(Cadir et al., 2021) have investigated the influence of a stone column on a soil slope under
the effect of earthquakes using (PLAXIS3D). This investigation revealed that the Slopes
enhanced with stone columns exhibited a greater factor of safety in comparison to slopes
devoid of stone columns, both under seismic forces and in their absence. About seismic
force. In the research, the safety factor of the slopes enhanced with stone columns under the
influence of seismic forces rose by up to 1.24 times compared to slopes without stone
columns.

It is worth noting that the Al Adhiam earth dam is designed to withstand earthquakes of 0.25
g (maximum credible earthquake) (Binnie and Partners, 1989). However, this would not
have been credited to repeated earthquakes during long-term periods. Therefore, this would
have a significant risk to the overall stability of the Al-Adhaim Earth dam that earthquakes
could have caused, and threatening impacts on the Al-Adhaim Earth dam downstream slope
and environment. This research mainly aims to numerically simulate the behavior of Al-
Adhiam Earth dam under more than one earthquake and calculate the safety factor at the
downstream slope with and without the presence of stone columns under static and dynamic
loading.
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2. DESCRIPTION OF STUDY AREA

A tributary of the Tigris River, Al-Adhaim was the site of the construction of the Al-Adhaim
Dam. In addition to reducing the impact of floods in Baghdad, it is an important source of
agricultural water for the Dhulwaiya agricultural project, the Kirkuk irrigation project phase
3, and the surrounding areas. Operating at an altitude of 131.5 meters above sea level
(m.a.m.s.l.), the reservoir began operations in 1999 with a capacity of 16 x 108 km?>. There
are 120 km? of surface area in the reservoir. At a height of 143 meters above sea level, the
storage capacity is 38 x 108 km®. With a design discharge of 1,150 m?/s at a crest height of
131.5 m.a.m.s.l, the ungated spillway was constructed to handle a flood wave that is
expected to reach 12,700 m?/s at flood level (Hussain et al., 2022). Fig. 1 shows the
location of the Al-Adhaim earth dam in the seismic hazard map of Iraq.

Al-Adhaim earth dam
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Figure 1. Seismic hazard map of Iraq after the Iraqi seismicity code 2017. (Ministry of
Construction, Housing, Municipalities, and Public Works, 2017).

The embankment had a slope of 2.5H:1V upstream and 2H:1V downstream. Between an
elevation of 94 m.a.s.l, it featured a downstream berm, and between 100 and 115 m.a.s.l,, it
included additional berms. Chimney filters linked to blanket filters were installed in the area
to assist with the drainage of seepage water. While the downstream slopes were protected
by coarse gravel and a filter layer, the upstream slopes were reinforced by precast concrete
blocks on a gravel filter layer, fine gravel, a fine filter layer T, and an even finer filter layer F.
Here are the material properties of the Al-Adhaim earth dam, as listed in Table 1. The cross-
section for the dam is also shown on Fig. 2.
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Figure 2. Cross-section of Al-Adhaim earth dam (State Commission of Dams and
Reservoir, Ministry of Water Resources, 1995).

Table 1. Material properties of the Al-Adhaim earth dam (Hassan et al., 2024).

Material Zone | Permeability | Unit Weight | Cohesion | Friction Angle
(m/sec) (kN/m3) (kN/m?2) (degree)
Shell 1.25x10-5 17.658 0 37
Core 2.25x10-10 19.62 60 23
Filter F 1.2x105 18.658 0 35
Filter T 1x10-4 18.658 0 35

Due to the unavailability of data for Al-Adhaim Dam from the State Commission of Dams
and Reservoirs, Ministry of Water Resources, the attributes of the gravel filter, finer filter,

and riprap protection were compared to those employed in the filters of Hamrin Dam and
Makhoul Dam, as illustrated in Table 2.

Table 2. Material properties.

Material zone Permeability | Unit Weight | Cohesion | Friction Angle
(m/sec) (kN/m3) (kN/m?2) (degree)
Fine gravel 0.000012 16 0 35
Gravel filter 0.00012 20 0 35
Coarse gravel 0.0001 16 0 35
Slope protection 0.0001 19 0 35

3. METHODOLOGY

Full-scale earth dams are more appropriately analyzed by finite element models FEM. This
study used GeoStudio software to construct a two-dimensional solid geometry of the AL-
Adhaim Earth Dam. The GEOSTUDIO software is capable of conducting a variety of analyses,
such as dynamic analysis, slope stability, seepage, and stress-strain. SEEP /W, SLOPE/W, and
QUAKE-W are GEOSTUDIO subprograms that are capable of simulating the movement and
pore-water pressure distribution within permeable materials, stability of earth dams’
slopes, and analyzing the effect of dynamic stresses on earth dams. The seep/w subprogram
is used first to simulate the effect of upstream water level on the Al-Adhiam earth dam and
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to validate the Al-Adhiam earth dam. Secondly, the quake/w subprogram is used to simulate
the effect of earthquakes on Al-Adhiam earth dam (the pore water pressure condition is
already obtained from seep/w). Finally, the Slope/w sub program has been used in this
study to calculate the factor of safety under static and dynamic loads (the dynamic stress is
taken from quake/w). The equivalent linear model is utilized in this study. The dynamic
analysis's boundary conditions are all vertically fixed displacements, except the nodes' left
and right vertical boundary conditions, which allow horizontal movement. A fluid pressure
boundary is a high-pressure barrier that defines the elevation of the upstream water surface.
Tables 1 and 2 above illustrate the input materials used in the numerical modeling required
for the examination of both static and dynamic analysis at AL-Adhaim Earth Dam. The
following subsection includes a description of the subprogram used in this study:

3.1 Seep/w

Many software programs have been extensively utilized, making it easier to carry out
intricate computations and simulations by providing appropriate inputs and data. As a
result, the analysis is more thorough, and mistakes are lower than with field observations.
Engineers utilize the SEEP/W program, which is part of the Geo-Studio software and
includes many programs, to examine and assess seepage problems in dams. The numerical
finite element approach is its mainstay (Jassam and Abdulrazzaq, 2019; Alzamily and
Abed, 2022b).

3.1.1 Seepage Equation

The partial differential equation (PDE) governing the SEEP/W system is as follows (Al-
Nedawi and Al-Hadidi, 2020):

2 (ka—:)+;—y (kxg—I;>+ Q=2 (1)

H represents the hydraulic head, Q denotes the applied boundary flux, t signifies the time
domain, 0 indicates the volumetric water content, and Kx and Ky refer to the hydraulic
conductivity in the x and y directions, respectively. Eq. (1) is a temporal variable that
differentiates inflow and outflow of a volume based on changes in volumetric water content.
In an improbable scenario, the left side of the equation becomes zero when the deluge
volume matches the out-transition volume, achieving a steady state (Al-Nedawi and Al-
Hadidi, 2020).

a OH a OH
a(an)‘l‘a (kxa) + Q =0 (2)

3.2 Slope/w

The SLOPE/W program is used for evaluating the slope factor of safety, owing to its intuitive
interface that makes it accessible for both seasoned and rookie users. The program has
sophisticated analytical capabilities that can address intricate soil and rock slope stability
issues. It can do both two-dimensional and three-dimensional analyses. SLOPE/W offers a
range of material models for simulating different soil types, including linear and nonlinear
Mohr-Coulomb, Bishop, and Hoek-Brown models. Plus, SLOPE/W solves for both the force
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and momentum components of the safety factor, so you can get the basic slip surface area at
various altitudes and calculate the safety factor (Idrus et al., 2023).

3.3 Quake/w

The Quake/w finite element software is useful for studying the impact of earthquakes on
embankments and natural slopes. At regular intervals, it determines the static and dynamic
ground stresses that occur during an earthquake. In the event of an earthquake, slope/w
may use these stresses to determine the lasting deformation by analyzing stability
fluctuations. (Moayed and Ramzanpour, 2008).

The 2017 Halabja earthquake had a PGA of 0.1 g (Ismael and Ahmed, 2023), resulting in
significant damage to the Darbandikhan Dam, including the formation of longitudinal
fractures on the downstream slope and the crystal. The chosen peak ground acceleration for
assessing its effect on the Al-Adhaim Earth Dam is 0.2 g, with durations of 15 and 30 seconds.
The dam area, illustrated in Fig. 1, is located in zone IV, which has a peak ground acceleration
probability of 0.4 g over fifty years, resulting in a considerably greater seismic influence on
slope stability compared to the 0.2 g average employed in this study scenario for 15 s and 30
s. Fig. 3 shows the record of the earthquake at 0.2 g for the duration of a) 15 sand b) 30 s
used in this study.

0.2 0.2

0.1 0.1+

Acceleration ()
Acceleration (g)

014 014

o : : | 02 =
0 5 10 15 0 10 2

o-_
wl

Time (sec) b Time (sec)

a)l5s b)30s
Figure 3. Record of the earthquake at 0.2 g for duration for a)15 s and b) 30 s (Quake/w).

4. STONE COLUMN

Various measures may be used to avert slope failure. Employing stone columns for this
objective is a straightforward and cost-effective approach. Their enhanced strength enables
them to improve stability along potential failure planes. They decrease the pore pressure in
the soil around the stone columns to a certain degree due to their increased porosity. Slope
stability assessments must include the slope's reaction to dynamic pressures, including
seismic events. Mitigating the causes that trigger slope movement and enhancing the sliding
resistance of soils may be accomplished by upgrading regions susceptible to slope failure or
averting potential slope collapse (Vekli and Cadir, 2022). The stone column approach was
used for enhancement. When positioned on the sliding surface and at the slope's base,
enhancement measures such as gravel-filled ditches and stone columns may augment the
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average friction (Baez and Martin, 1995). Table 3 illustrates the details of the stone
columns used in this study, in accordance with the relevant literature and best practices for
this earth dam.

Table 3. Material properties of the used stone column in this study (Murugesan and Rajagopal,

2006).
Material Permeability Unit Weight Cohesion Friction Angle
(m/sec) (KN/m?3) (kN/m?) (degree)
Stone column 0.0138 20 0 47

The diameter of the stone column analyzed in this research, concerning its effect on the
stability of the downstream slope of Al-Adhaim, is 50 cm, with a length-to-diameter ratio
(L/D) of 16 and a spacing of 17.5 m downstream. The position of the stone column is shown
in Fig. 4.

The sites were selected based on the development of excess pore water pressure and the
maximum shear stresses induced by seismic sliding forces in these areas. By improving soil
stiffness, which reduces shear strain under cyclic loading, and by promoting drainage, which
prevents the accumulation of excessive pore water pressure, stone columns can mitigate the
onset of liquefaction.

Stone columns
Materials

Bl Coarse gravel Diameter = 0.5m
| Core
—_ | Filter F L/D=16
n 170 — = E::Zr;ravel Spacing =17.5m
- O Gravel filter
e I Shell
. M Slope protection
(U_ M Stone column
E
c
9
-—
]
= | | | | ]
2 70 I ! !
LLI 0 50 100 150 200 250 300

Distance (m)

Figure 4. Location of stone columns.

Concerns of slope stability, particularly landslip reduction and stabilization, may be
successfully addressed using stone columns. The study considers two scenarios involving
the placement of stone columns under static and dynamic stresses to calculate the safety
factor for the downstream slope:

e C(ase 1: one stone column at the downstream slope
e (ase 2: two stone columns at the downstream slope

5. RESULTS AND DISCUSSION

This section presents the results obtained from the use of Geo Studio software (Seep/w,
Slope/w, Quake/w). This includes the validation results and factors of safety for the
downstream slope under static and dynamic loads for cases 1 and 2.
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5.1 Validation Result

For statistically confirming the agreement between the Seep/w program's results and the
field measurements, which evaluated similar shapes under the same hydraulic conditions. A
comparison was conducted between the piezometer reading obtained in the field at 115.98
m.a.m.s.l. and those computed using the numerical model. The numerical model's findings
closely align with field measurements (State Commission of Dams and Reservoir,
Ministry of Water Resources, 2021), with a maximum percentage difference of 6.8%.
Table 4 and Fig. 5 present the pressure head calculated from the numerical model alongside
the pressure head obtained from field measurements Al-Adhiam earth dam.

Table 4. Field piezometer readings and model

Water Table (m.a.m.s.l) | 91.67 | 86.11 | 92.13 | 89.3 | 91.92
Field reading (m) 2.23 7.25 1.55 | 416 | 2.03
Calculated (m) 2.14 7.61 1.68 4.5 1.89
Percentage different % 4.8 4.9 4.7 4.5 6.8

R?=0.9965

Model reading (m)

O B N W B U1 O N
T

O 1 2 3 4 5 6 7 8
Field reading (m)

Figure 5. Calculated and Field reading
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Figure 6. The Phreatic line after comparing the validation using Seep/w.
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5.2 Factor of Safety

Slope stability is a critical component in geotechnical engineering. The use of finite element
analysis for slope stability has been more popular in recent years, owing to its capacity to
address complicated issues (Zheng et al., 2006). The examination of slope stability in earth
dams is crucial for determining the structural integrity of these dams. The stability of an
earth dam is contingent upon its geometry, components, material qualities, and the forces
exerted against it. The safety of earth dams has garnered heightened attention in
geotechnical engineering due to their prevalence as the most common dam type globally.
Their failure can result in significant social and economic repercussions, underscoring the
importance of slope stability analysis (Ma et al., 2021). According to (Gelgalu and Zewdie,
2023). A soil slope is classified as unstable when the factor of safety is less than one. The
stability of the downstream slope of Al-Adhiam earth dam exposed to more than one
earthquake was analyzed using (SEEP/W, SLOPE/W, and QUAKE /W) programs. Figs. 7 and
8 show that the presence of the stone column led to a very slight increase in the safety factor
under static load by 0.67% in case 1 and by 0.20% in case 2. Fig. 7a) case 1, when a stone
column is present during an earthquake, the safety factor is larger than when it is not.
However, at the 1nd earthquake, the presence of the stone column improved the factor of
safety by 3.56%. After the 2nd, the stone column's existence enhanced the safety factor by
9.46%. However, after the 3rd and 4t earthquakes, the factor of safety increased by 16% and
5.81% with a stone column (case 1) at the downstream slope. However, the downstream
slope failed after the 3rd earthquake and 4t earthquake in case 1, with and without a stone
column. Fig. 7 b) case 2 shows that the factor of safety in all earthquakes is higher compared
to the case of a one-stone column (case 1), which means that increasing the number of stone
columns in the downstream slope has increased the factor of safety. However, after the 1st
and 2nd, the stone columns improved the factor of safety by 4.95% and 14.67%, respectively.
However, the stone columns improved the factor of safety by 31.1 % after the 3rdearthquake
and by 32.78% after the 4t earthquake.

2 2
1.9 1.9
1.8 = A= With stone colum 1.8 = A= With stone column
g 17 —&— Without stone column g 17 —&— Without stone column
© 16 ©
(%]
5 1.5 5
S 14 S
Q Q
L 13 &
1.2
1.1
1
0 1 2 3 4 0 1 2 3 4
Number of earthquake Number of earthquake
a) Case 1 (one SC at D/S) b) Case 2 (two SCat D/S)

Figure 7. Factor of safety at downstream slope depending on repeated earthquake with
and without stone column under PGA of 0.2 g with duration of 15 s at normal water level
131.5 m.a.m.s.l (a) One SC (b) Two SC.
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Fig. 8 shows that increasing the earthquake time to 30 seconds resulted in a slight change in
the safety factor in all earthquakes compared to 15 seconds for cases 1,2. A stone column
enhances the safety factor due to its high shear strength parameter and stress redistribution.
During earthquakes, stress accumulates on the sliding surface, oriented away from the
failure surface due to the column's elevated stiffness. The column lowers excess pore
pressure and enhances effective stress due to its high permeability, improving slope
stability.

2 2
1.9 1.9
1.8 — A— With stone colum 1.8 = A= With stone column
z 17 —8— Without stone column 217 —— Without stone column
w© 1.6 ®
(%] (%]
G 15 ks
S 14 S
[S) (8]
L 1.3 &
1.2 ~
1.1 A- - *
1 1
0 1 2 3 4 0 1 2 3 4
Number of earthquake Number of earthquake
a) Case 1 (one SCatD/S) b) Case 2 (two SC at D/S)

Figure 8. Factor of safety at the downstream slope depending on repeated earthquakes
with and without a stone column under PGA of 0.2 g with a duration of 30 s at normal
water level 131.5 (m.a.m.s.l) (a) One SC (b) Two SC.

6. CONCLUSIONS

This research examines the stone column approach for enhancing soil strength, which

entails positioning the stone column on the failure surface to augment shear resistance and

mitigate excess pore pressures induced by earthquakes. The paper addresses the
computation of the safety factor fr the downstream slope, including both the presence and
absence of the stone column, as well as the effects of static and seismic load.

¢ The validation included comparing the piezometer readings of the model with those from
the field, revealing a maximum percentage discrepancy of 6.8% between the readings.

¢ The results showed that the stone column slightly increased the safety factor in static load.

e The downstream slope failed after the third earthquake at times 15 seconds and 30
seconds with a maximum ground acceleration of 0.2 g.

e The higher shear coefficients, permeability, and stiffness of the stone column distribute
stresses at the failure surface. In Case 1, the presence of the stone column significantly
enhanced the safety factor throughout all earthquakes, although it fell after the third
earthquake. In Case 2, which had an increased number of stone columns, the safety factor
improved throughout all earthquakes relative to Case 1.

e Increasing the earthquake time to 30 seconds resulted in a slight change in the safety
factor.
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NOMENCLATURE
Symbol | Description Symbol | Description
g Standard gravitational acceleration, m/s? Q Applied boundary flux, m3/s
H Hydraulic head, m t Time, s
Kx Hydraulic conductivity in X direction, m/s 0 Volumetric water content
Ky Hydraulic conductivity in Y direction, m/s
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