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Abstract: The stability of the embankment’s slopes is a critical aspect of geotechnical engineering and
it is essential to guarantee the effectiveness of the factor of safety to prevent any potential failures
in the slope both during and post-construction. The current study consists of two parts; the first
part is the study of the behavior of the geogrid-encased granular columns and their interaction with
the soil at the shear surface generated by the slippage of the soil, while the second part is a study
of the stability of slopes by changing several factors, including the area replacement ratio (Ar %) of
the granular columns, the angle of the embankment slope ($3), and different elastic modulus (Eg) of
geogrid on the stability of an embankment. About 90 analyses were conducted on a clayey sand
embankment over a clayey layer. The area replacement ratios (Ar %) were changed by using different
values of the diameter of the column; from 50 to 100 cm. The angle of the embankment slope was
changed from 28 to 36 degrees. Furthermore, three different values, 0.12, 2.625, and 6.552 GPa, of
modulus of elasticity were used. The results show that increasing the modulus of elasticity of the
geogrid increases the normalized shear strength and decreases the lateral displacement in the column.
Furthermore, the factor of safety was increased as the stiffness ratio between the geogrid and the
materials increased. However, the factor of safety was noted to decrease when the angle of the
embankment slope was increased.

Keywords: slope stability; factor of safety; FLAC®D; granular column; geogrid; stiffness ratio

1. Introduction

The stability of slopes is a crucial topic in the field of engineering because a failure in a
slope can result in severe consequences for adjacent structures and infrastructure, therefore,
in the current study, protection of slopes of an embankment was studied. The failure of
the slope is mainly related to the amount of shear strength along the slip surface in the
soil. Failure happens once the shear stress exceeds the shear strength of the soil. Some
solutions, such as passive piles, retaining walls, soil nailing, deep mixing columns etc.,
have been proposed by different researchers to increase the dragging forces at the slip
surface [1-7]. However, the bearing capacity and the stability of the soft soil under the
embankment can also be improved by using rigid inclusions. Using geosynthetic-encased
granular columns to oppose the path of the slip surface and reduce the potential failure of
the slope has recently attracted the attention of some researchers. Granular columns that
stabilize slopes behave similarly to passive piles [8]. Their stiffness is the main difference
between them [8]. There is a piece of good evidence that granular columns have been
used to increase the bearing capacity and the safety against sliding [9-14]. Vekli et al. [15]
used a small-scale model to examine the effect of granular column inserted vertically in
the clay and it was concluded that the factor of safety was increased by 1.18-1.62 times,
also using granular columns increased the bearing capacity and decreased the settlement.
Raee et al. [8] conducted an experimental and numerical analysis to study the impact of
slope-stabilizing granular columns on the bearing capacity of a rigid strip footing installed

Appl. Sci. 2023, 13, 2448. https:/ /doi.org/10.3390/app13042448

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13042448
https://doi.org/10.3390/app13042448
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6308-2398
https://orcid.org/0000-0002-6145-5493
https://doi.org/10.3390/app13042448
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13042448?type=check_update&version=2

Appl. Sci. 2023,13, 2448

20f17

on a sand slope in which concrete piles and ordinary and encased granular columns were
investigated. According to the outcomes of the study, the bearing capacity of the soil under
the footing was reported to be increased as the stiffness and granular column spacing
decreased. The use of geotextile-encased granular columns (GECs) as a reinforcement
method for sandy slopes is a promising approach for improving slope stability. Geotextile-
encased granular columns are similar to ordinary granular columns, but they are wrapped
in a layer of geotextile material, which can help to improve the performance of the columns
and increase their effectiveness as a reinforcement method. According to Nasiri et al. [16],
the use of GECs was found to significantly increase the factor of safety of a sandy slope,
with an increase of up to 37%. The GECs were also found to increase the bearing capacity of
the slope foundation by 1.66 times compared to using ordinary granular columns (OGCs)
without a geotextile wrap. These results suggest that GECs can be an effective way to
reinforce sandy slopes and improve their stability and performance. Hajiazizi et al. [17,18]
carried out a research project that compared the effectiveness of ordinary and rigid granular
columns in improving the stability of sandy slopes. The findings indicated that placing
the granular columns in the middle of the slope was most effective, as this is where the
greatest displacements occur. The use of rigid granular columns resulted in a significant
increase in the factor of safety and provided a 1.41 times greater shear strength than
ordinary granular columns. Additionally, the use of rigid granular columns improved the
stability of the slope by 40.6% in comparison to using only ordinary granular columns.
Mohapatra et al. [19] reported that the use of GECs was found to increase the lateral load-
carrying capacity of granular columns in both model and prototype scale. Furthermore,
Mohapatra et al. utilized numerical modeling techniques, including three dimensional
simulations with the FLAC®P software [19], and the behavior of geosynthetic encased
granular columns (GECs) was examined under various conditions. The findings indicated
that the geosynthetic encasement of the GECs caused higher shear stresses to be mobilized
within the granular column, and the magnitude of these shear stresses increased with an
increase in normal pressure. Additionally, the study found that the tensile forces in the
geosynthetic encasement were mobilized in both the circumferential and vertical directions,
providing additional confinement to the granular column. Overall, the study suggests that
GECs can be an effective way to reinforce slopes and improve their stability and bearing
capacity. It is worth mentioning that, the effectiveness of GECs can depend on a variety
of factors, including the soil conditions, the size and spacing of the columns, and the load
conditions. It is also important to consider the costs and other practical considerations
when deciding whether to use GECs in a particular project. Mohapatra and Rajagopal [20]
conducted a numerical analysis to understand the behavior of inserting OGC and GEC on
the embankment’s stability constructed on soft clay, it was concluded that GECs contributes
to increase the safety factor and the overall stability of the system. Analyzing the soil-
column interaction at the slip—surface can help engineers to understand how the soil
and column behave under lateral load and to design the structure appropriately, there
have been a number of experimental and numerical investigations into the performance of
geosynthetic encased granular columns under both horizontal and vertical loads. These
studies have consistently shown that geosynthetic encased granular columns enhanced
lateral load resistance and reduced lateral displacement compared to ordinary granular
columns, as well as improved shear strength [21-25]. The failure mode of the columns was
reported in different patterns; ordinary and encased granular columns may fail in different
modes under combined horizontal and vertical loads, with failure at the center line of the
embankment due to bulging and failure at the toe of the embankment due to bending or
shear [9,22,26]. Researchers have devoted a significant amount of attention to the use of
geosynthetic granular columns to strengthen the soil beneath embankments. However,
the issue of shallow slope failure has not received as much attention. The current study
aims to address this by considering slope protection for both deep-seated and shallow
failure in order to enhance the stability of the embankment overall. In order to achieve
the mentioned goal, two models were employed; the first model aimed to determine the
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normalized shear stress of the soil and the normalized lateral displacement of the columns
resulting from soil movement along the shear plane. Additionally, a slope model was
simulated to analyze the impact of various factors, including the stiffness ratio between
the geogrid and the soil, area replacement ratio of the granular columns, and the angle of
the embankment slope on the values of factor of safety. It is widely acknowledged that
the stability of embankments immediately after construction is crucial, thus short-term
analysis were considered in this analysis.

2. Validation of the Numerical Model

The model has been validated based on an experimental study conducted by Mohapa-
tra et al. [22]. A large-scale direct shear box with the dimensions of (305 mm length x 305
mm width x 140 mm depth) was modeled using FLAC3P. The upper part of the box is fixed
whereas the lower part is movable to simulate the behavior of the shear box as in the lab ex-
periment. The shear plane is located at 76 mm from the bottom and the used soil was dense
sand. A 50 mm ordinary and geosynthetic encased granular column has been constructed
using rad-cylinder code at the center of the box, the geosynthetic encasement was defined
as a cylinder with 1 mm thickness. Strain softening Mohr—Coulomb (SS model) was used
to describe the granular column and the soil. After running the program, the model was
cycled to reach the equilibrium by the self-weight. Moreover, 75 kPa of the vertical stress
was applied on the upper part of the box and the model was cycled to reach the equilibrium
again. The applied horizontal velocity on the lower movable part is 2 x 104 mm/ step.
2 x 10° steps were applied to achieve a 40 mm horizontal movement. The numerical model
was described in further details by Mohapatra et al. [19]. Table 1 presents the material
properties adopted in the analysis. The results of the experimental study were consistent
with those obtained through numerical analysis, as depicted in Figure 1.

Table 1. The characteristics of the materials used [19].

Parameter Unit Granular Column Sand
Model ) Strain softening Strain softening
Mohr-Coulomb Mohr-Coulomb
Unit weight kN/m?3 16.2 16.3
Modulus of elasticity MPa 100 10
Cohesion kPa 0 0
Poisson’s ratio - 0.3 0.3
Angle of friction Degrees 61 41
Dilation angle Degrees 20 11
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Figure 1. Shear stress- horizontal displacement curve to validate the numerical model [22].
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3. Description of the Geometry and Mesh Generation

This paper consists of two parts; thus, two different models were simulated, the
first model is a shear model to represent the soil-columns interaction at the shear plane.
Furthermore, a slope stability model to study the effect of inserting geogrid encased
columns on stability of the slope.

3.1. The First Model—Shear Model

An upper sandy soil with the dimensions of (7 m length x 3.85 m width x 4.5 m depth)
and lower sandy soil with the dimensions of (8 m length x 3.85 m width x 4.5 m depth) mesh
was created. Four granular columns in a square pattern with a spacing S = 2.5D (center to
center) were used as seen in Figures 2 and 3, where S is the spacing center to center between
the columns and D is the diameter of the granular columns. The shear plane was predefined
at 4.5 m from the bottom elevation to consider the worst-case scenario where the applied
force has pure horizontal effects on the shear plane. By using the symmetry provided by
FLAC?D, a half of the above-mentioned geometry was created to minimize the time required
for solutions. The extensions of the required soil were made by using a brick element. For
the geogrids—6336 nodes—have been created in addition to 50,535 nodes for the soil and the
granular columns. Moreover, 8736 nodes have been used to construct the interface between
the sand and the geogrid. The same properties in Table 1 were used in the current study,
however, different values for the angle of friction and dilation angle for the column material
and the sand were used; (43, 37) and (13, 7) degrees, receptively.

Potential slip surface failure

LAY

Shear planeJ

Figure 2. Slope protection by granular columns.

Granular piles

Movable sand

Shear plane

Interface
Stable sand

Figure 3. Cross section for geometry and mesh of the problem.
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3.2. Expanding the Model—Stability of a Clayey Sand Embankment over a Clayey Soil

A clayey sand embankment constructed over a clay is considered in the present
analysis. The embankment is treated and reinforced with granular columns encased with
geogrid. The height of the embankment was considered to be 4.0 m. The angle of the slope
of 34° (3H:2V slope). The height of clay is 4.0 m. Due to the similarity in the geometry, a
half embankment was analyzed to save computation time. In this study, a single row of
granular columns was analyzed to understand its behavior and effectiveness in supporting
the weight of an embankment or other structure as shown in Figure 4. The granular columns
were arranged in a square pattern, with a center-to-center spacing of 2.5 times the diameter
of the columns. The diameter of the columns was chosen to be 1.0 m. It is important to
carefully consider the boundary conditions when analyzing the behavior of a structure, as
they can have a significant impact on the results. In this study, the boundary conditions
were chosen such that they would not significantly affect the calculated factor of safety
(FoS) value. According to Navin [27], the boundary beyond the toe of the embankment
should extend at least twice the height of the embankment in order to accurately calculate
the FoS. Therefore, in this study, the vertical boundary was placed 10 m beyond the toe
of the embankment, ensuring that the boundary condition effects on the FoS value were
minimized. To reduce the computational time and make the analysis more efficient, a
bracketing solution approach was used. In this approach, if an approximate range for the
FoS value is known beforehand, then the number of trials can be reduced by specifying the
stable and unstable states at the beginning of the simulation. By specifying a range for the
FoS value at the start of the analysis, the number of trials needed to reach a solution can be
greatly reduced, making the process more efficient. The following boundary conditions are
applied to the numerical models.

Clayey sand

Geogrid encased columns

Figure 4. Details of the problem.

(1) The bottom boundaries are fixed in all of the directions (ux = 0; uy = 0; uz = 0);
(2) TItis assumed that the vertical boundaries are smooth uy = 0, same procedure was
used by [9,20,28]. The water table was assumed to be at ground surface [20].

The constitutive behavior, or the way in which a material responds to external loads,
of the embankment soil, foundation soil, and granular columns was modeled using the
Mohr—Coulomb model. This model is particularly well-suited for determining the factor
of safety (FoS) of a slopes and embankments using the strength reduction technique. The
properties of the materials were given in Table 2, and parametric studies were performed
by altering the properties of the geogrid, as indicated in Table 3. To accurately represent
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the granular columns and the surrounding soft soil, both a cylindrical mesh and radially
graded meshes were utilized in the modeling process.

Table 2. Properties of the used materials in the FoS analysis.

Parameter Unit Granular Column [29] Clayey Sand [30] Clay [15]
Model - Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb

Unit weight kN/m?3 20 18 17
Cohesion kPa 1 5 20
Angle of friction Degrees 40 35 5
Angle of dilation Degrees 10 5 0
Modulus of elasticity MPa 50 15 5

Poisson’s ratio - 0.3 0.3 0.45

Table 3. Geogrid properties used for numerical analysis.

No. Elastic Modulus Unit Poisson’s Ratio Reference
El 0.120 GPa 0.33 * [31]
E2 2.625 GPa 0.33* [32]
E3 6.552 GPa 0.33 * [32]

* Poisson’s ratio has been assumed.

4. Results and Discussion

The effect of various parameters on the factor of safety (FoS) value against slope
failure of embankments constructed from clayey sand soil over clayey layer treated with
granular columns is analyzed. The variables taken into account in the current analysis are
area replacement ratio, angle of the embankment slope and the modulus of elasticity of
the geogrid.

4.1. Soil-Column Interaction at the Slip-Surface

The effect of geogrid modulus on shear behavior-soil movement was studied using the
finite differences method for different lengths of ordinary and encased granular columns
(L/D = 8, 10 and end bearing); here L = the length of the column and D represents
the diameter of the column. Figures 5-7 explain the variations of the normalized shear
stress (which is the shear stress after improvement divided by the shear stress of the
soil (Timp/Tsoi1)), with the normalized soil movement ((5/D) where 8 is the lateral soil
movement) behavior of sand improved with ordinary granular columns (OGC) and geogrid
encased granular columns (GECs). Different values of the modulus of elasticity have been
used in the analysis as shown in Table 3. It concluded that increasing the modulus of
elasticity of geogrid contributes to increasing the overall resistance of the soil against lateral
movement easpecaiily at the shear plane as shown in Figures 5a, 6a and 7a, the reason
behind that is the overall stiffness of the granular columns was increased [21,22,33]. The use
of geogrid encased columns can also improve the load distribution in the soil, which can
lead to a reduction in the shear stress on soil particles [33,34]. It was noticed that the largest
effect of geogrid occurred on end bearing geogrid encased granular columns. The values
of shear strength were increased by (17.7)%. Furthermore, it was found that the geogrid
has a positive effect on the value of the lateral displacement of the column. Increasing the
modulus of elasticity of the geogrid led to an increase in the overall resistance to lateral
diplacement as shown in Figures 5b, 6b and 7b.
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Figure 6. Soil—column interaction at the shear plane. (a) Normalized height vs. normalized lateral
displacement. (b) Normalized shear strength vs. normalized soil movement in embedment ratio L/D = 10.

4.2. Effect of Area Replacement Ratio (Ar %) of the Granular Columns on the Factor of Safety (FoS)

The current analysis examined the impact of varying the diameter of granular columns
on the factor of safety (FoS). Seven diameters (50, 60, 70, 80, 90, and 100 cm) were selected,
representing 5.815-11.63% area replacement ratio. Results showed that using low elastic
modulus geogrid (E = 0.120 GPa) resulted in an average 13% increase in FoS across all
embankment angles (as seen in Figure 8a). Using medium strength elastic modulus ge-
ogrid (E = 2.625 GPa) led to a 20% increase in FoS compared to the low elastic modulus
geogrid (Figure 8b). Additionally, the contribution of encasement to FoS values decreased
as the embankment angle increased (Figure 8c). Using high modulus geogrid had a very
minor effect on FoS compared to medium strength elastic modulus. The findings sug-
gest that increasing the area replacement ratio improves slope stability by increasing the
shear resistance and dissipating energy generated by soil movement. This is achieved
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by increasing the sheared area, which reduces the distribution of shear forces and strains
along the failure line [20,25,35]. Fattah and Majeed [11] found that increasing the area
replacement ratio significantly improved the bearing capacity of encased floating stone
columns, especially when the area replacement ratio exceeded 0.25. They also observed
that using a geogrid encasement significantly reduced lateral displacement compared to
using ordinary stone columns.
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Figure 7. Soil—column interaction at the shear plane. (a) Normalized height vs. normalized lateral
displacement. (b) Normalized shear strength vs. normalized soil movement in embedment ratio L/D = 8.

4.3. The Relationship between Stability Number (m) and Factor of Safety (FoS)

The stability number is a dimensionless parameter that is used to evaluate the stability
of an embankment against failure”. The value of the stability number was calculated

as follows
C

m:ny

where (c) is the cohesion of the embankment soil, () is the unit weight of the soil and (H)
is the height of the slope.

The variation of the factor of safety (FoS) of a clayey sand embankment with the
stability number (m) for various geogrid elastic moduli (E) at various values of the slope
angle (f3) is addressed in Figure 9a—c. It has been observed that the factor of safety (FoS)
tends to rise linearly as the stability number (m) increases. Furthermore, it is discovered
that the FoS is inversely proportional to the slope angle (), which means that a rise in the
slope angle causes a fall in the FoS [36].

4.4. Effect of Material’s Stiffness Ratio on the Factor of Safety (FoS)

The stiffness ratio represents the different characteristics between the stiffness of the
geogrid with respect to the stiffness of the materials. In this study, the elastic modulus
of embankment (E,), clay (Ec) and the granular columns (E.,) was kept constant, and
the stiffness of the geogrid (Eg) was changed (Table 3) to represent the stiffness ratio
corresponding to each one of them as follows, Eg/Em, Eg/Ec, and Eg/E, respectively.

Figures 10-12 show that at the relatively high angle of embankment slope (). It was
observed that factor of safety (FoS) values increases with an increase in the stiffness ratio
of the geogrid with respect to the other materials (i.e., embankment, clay, and column).
On the other hand, very minor effect for the area replacement ratio (Ar %) was recorded
on the factor of safety in the high stiffness values. At low angle of embankment slope
(B) values, the stiffness ratio values have led to positive effects on the stability of the
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embankment. The amount of increase (as comparing to high 3 values) was found to be
higher. The reason behind this is that the geogrid increases the length of the slip surface
and increases the friction along the shear plane. Furthermore, in high stiffness values, the
geogrid granular columns GECs contribute to delay the plastic (yielding behavior) in the
soil [8] by mobilizing higher forces (stresses) [22].
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Figure 8. Effect of area replacement ratio (Ar %) on factor of safety using (a) E1 of geogrid = 0.12 GPa
(b) E2 of geogrid = 2.625 and (c) E3 of geogrid = 6.552 GPa.

4.5. Failure Mode of the Geogrid Encased Granular Columns

As reported in Figure 13, the failure mode identified in the slope prior to reinforcement
was deep-seated slope failure. Inserting of ordinary and geogrid encased granular columns
contributed to changing the type of failure from deep-seated failure to shallow slope failure
with higher factor of safety. Further analysis revealed that the OGCs reinforcing the slope
failed due to bending, while the OGCs reinforcing the body of the embankment failed as
a result of bulging [9,20,23], as shown in Figure 14. On the other hand, GECs (geogrid
encased columns) failed due to bending failure. Increasing the stiffness of the geogrid
decreases the bending failure of the column. Granular columns at the embankment’s
centerline experienced substantially lower lateral movement compared to those supporting
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the inclined portion of the embankment (the toe). More pronounced lateral displacements
were seen in the GECs on the slope than in the embankment’s body. The column—soil
system’s overall stiffness tends to rise due to the confinement effect given by the geogrid
encasement. Thus, the safety of the slopes generally increases. The surface settlement of the
embankment was found to be improved during using geogrid encased granular columns
as shown in Figure 15.
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Figure 9. The relationship between stability number and factor of safety (a) E1 of geogrid = 0.12 GPa
(b) E2 of geogrid = 2.625 GPa and (c) E3 of geogrid = 6.552 GPa.
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Figure 13. The failure mode in the slope of the embankment before the reinforcement with geogrid
encased columns.

Figure 14. Failure modes of ordinary granular columns.

Figure 15. Bending failure mode in the geogrid encased columns.

5. Conclusions

The current study is a three-dimensional finite-difference analysis on the effect of
inserting GECs on the shear behavior of the soil, with a particular emphasis on the use of
GECs to improve stability under different scenarios. through changes in various factors
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such as the area replacement ratio of granular columns, the angle of the embankment
slope, and different elastic moduli of geogrid. The analyses were conducted on a clayey
sand embankment over a clayey layer. The results indicate that increasing the modulus of
elasticity of the geogrid leads to an increase in normalized shear strength and a decrease
in lateral displacement in the column. Additionally, the factor of safety increases as the
stiffness ratio between the geogrid and the materials increases. However, the factor of
safety decreases as the angle of the embankment slope increases. The following points can
be concluded:

e  Using geogrid encased granular columns (GECs) can significantly increase the shear
strength along the failure plane. The geogrid acts as a reinforcement material that
helps to distribute more load and prevent failure.

e  The angle of the embankment plays a critical role in determining the failure mode of
the slope. As the angle decreases, the failure mode shifts from deep seated, to face
failure. This is due to the fact that at lower angles, the soil is less likely to slide.

e  The modulus of elasticity of the geogrid can also impact the performance of GECs. At
very high modulus of elasticity, the effect of area replacement ratio on the value of
factor of safety, is minimal.

As the angle of the embankment slope decreases, the performance of GECs improves.
The margin of safety increases as the stability number (m) increases. A higher stability
number indicates a more stable slope.

e Itis generally not recommended to use GECs for slope protection if the angle of the
slope is more than 34 degrees with the horizontal. This is because at steeper angles the
soil is more likely to move, and GECs is not effective in preventing failure.

e It was found that the most significant factors affecting the factor of safety are the angle
of the slope of the embankment, the modulus of elasticity of the geogrid, the area
replacement ratio, and the stability number respectively. These factors were found to
have the greatest impact on the overall safety and stability of the embankment.
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