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Abstract. The subject of utilizing numerical and analytical methods for stabilizing earth
slopes by applying piles or stone columns is commonly discussed by numerous researchers.
Various researchers have attempted to optimize the location of pile or stone column to
stabilize earth slope through numerical and analytical approaches. Their e�orts have
produced various results that raised the question of what the optimal place for installation
of a pile or stone column is. It appears that no experimental studies are conducted in
this regard: the point to be discussed in this article. Experimental study conducted in
this article is a new topic and can solve the problem caused by varying and sometimes
contradictory results of numerical analyses to �nd the optimal pile (or stone column)
location. In this article, an experimental study is conducted for a two-layer sand earth slope,
which is saturated through precipitation and failure after saturation over time. By installing
stone columns at di�erent locations and saturating the earth slope through precipitation,
rational and acceptable results were obtained that could appropriately assist designers. All
of the experimental models were modeled and compared by the 3D �nite di�erence method
(3D FDM), which are compliant with each other.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Stability analysis of earth slopes is one of the major
issues raised in Geo-Engineering, which has attracted
many researchers' attention from di�erent parts of
the world. When the stability of an earth slope is
evaluated, it is necessary to take preventive measures
before instability occurs. The �rst action to maintain
the stability of an earth slope is to perform excavation
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of slope crest and/or �lling of slope toe [1]. This is the
economic approach to the stabilization of slopes. If the
model cannot provide the demanded safety factor, it
will be necessary to apply other stabilization methods.
Numerical and experimental methods are useful for
modeling the stabilization of earth slopes. Modeling
the stability of earth slopes using numerical methods
is a common practice in Geo-Engineering. Moreover,
stabilization of earth slopes has been practiced by many
researchers using numerical and analytical methods.
Although numerical and analytical methods enjoy spe-
cial capabilities, experimental modeling is more reliable
to be discussed in this article.

Poulos [2] used the LE method to evaluate the
stabilization of slopes by piles. Poulos [2] deduced that
the best location to install piles was close to the core
of wedge failure. Lee et al. [3] introduced a simple
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method, which uses a row of piles for stabilization of
earth slopes. This approach separately considers pile
reaction and stability of slope. Hassiotis et al. [4] used
the developed friction circle method and the methods
proposed by Ito and Matsui [5] and Ito et al. [6,7]
to stipulate that piles must be placed near the slope
crest such that maximum Factor of Safety (FS) can
be achieved. Cai and Ugai [8] also used the 3D FEM
to prove that by installing piles on the center of the
slope, the maximum factor of safety can be achieved.
Ausilio et al. [9] adopted a kinematic limit analysis
method for analyzing slope stability. They showed
that because the force required by the pile to bear
is minimum in the vicinity of toe, the most e�ective
location for installation of piles is close to the slope toe.
Won et al. [10] used FLAC3D software to prove that
the best place for installation of piles was in the middle
of the slope, which receives maximum pressure. Nian
et al. [11] carried out a limit analysis, which indicated
that the most e�ective location to install piles is in
the vicinity of slope toe, because the force required for
increasing the safety factor is of the least in the vicinity
of the slope toe. The researchers perceived that the
best location for installation of pile and clays in sandy-
soil was in the middle of slope and the vicinity of the
crest, respectively [1]. The researchers also showed that
if the slope is composed of sandy-soil, shallow failure
will take place in the slope and begin from a place
close to the crest. The center of the failure surface
reaches the middle of the slope; therefore, the best
location for piles is in the vicinity of slope middle.
Nevertheless, clayey slope experiences deep rupture,
and the slope failure surface is found away from the
crest [1]. As a result, the extent between the failure
surface center and the slope middle increases, and the
optimal location will be situated far from the slope
middle. Xinpo et al. [12] optimized the pile location
using a combination of limit analysis method and the
theories proposed by Ito and Matsui [5] and Ito et
al. [6,7]. They indicated that the best location of
pile was in the vicinity of slope toe, where the pile
represents the least force required to achieve the safety
factor. The result complies with the �ndings of Ausilio
et al. [9]. Previous studies have suggested that there is
no consensus on the methods proposed for determining
the optimal location for pile installation. For instance,
numerical analyses consider the middle of the slope
to be the optimal location for pile installation, while
the combination of Limit Equilibrium Method (LEM)
and the equations introduced by Ito and Matsui [5]
and Ito et al. [6,7] considers the proximity to the slope
crest as the optimal location. On the other hand, the
limit analysis method also suggests that the optimal
location for pile installation is in the vicinity of the
slope toe. The application of stone/concrete columns
to various problems of geotechnical engineering is

common [13{15]. Stability analysis of earth slopes has
been conducted by many research studies [16{19] in 2D
and 3D by some researchers [20].

In the present article, the optimal pile (stone
column) location for slope stabilization is determined
by conducting experimental studies of a two-layer sand
slope saturated throughout precipitation. The resul-
tant failure mechanism produces acceptable results
that help choose the best location for pile installation.
The slope was stabilized by recapitulating tests and
installing stone columns in the best place, which is the
optimal location to install the stone column. The 3D
FD method was used to con�rm the experimental tests,
too.

2. Account of experimental tests

This section describes experimental tests and types of
models.

2.1. Experimental tank
The test box used for modeling slopes is seen in
Figure 1. It has a length of 180 cm, a height of 60
cm, and a width of 20 cm. In order to omit excessive
resistance caused by the tank, its wall was covered
with oil before building the model. Moreover, high-
resolution camcorders were used to track the records
of all incidents.

2.2. Slope modeled in tank
The slope built in the experimental test contains two
layers of sandy soil. The upper layer is denser than
the lower layer, and the unit weights of the layers are
20 kN/m3 and 18 kN/m3, respectively. The slope was
compacted and built in a dry condition. Sand was
compacted with a unit weight of 20 kN/m3 for the
upper layer and 18 kN/m3 for the lower layer. In order
to compact the sand in the experiment tank and gain
a unit weight of 20 kN/m3 for the upper layer and
18 kN/m3 for the lower layer, �rst, a checkered pattern
was created in the experiment tank. Next, based on the

Figure 1. The box used for the tests and piezometric
panel.
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Figure 2. The grading diagram for the sand.

volume of each of the blocks in the tank, the required
weight of sand was acquired to gain a unit weight of 20
kN/m3 for the upper layer and 18 kN/m3 for the lower
layer. Finally, the same weight of sand was compacted
in the tank of the speci�ed volume. In doing so, the
unit weight of 20 kN/m3 for the upper layer and that
of 18 kN/m3 for the lower layer were obtained for the
sand slope prior to precipitation. The discharge rate of
precipitation was 2 liter/min. In addition, according to
the direct shear test performed on the soil samples, the
internal angles of friction of the upper and lower sand
layers are 47 and 45 degrees, respectively. Moreover,
the tests showed cohesion values to be about zero.
The grading diagram for the sand layers is depicted
in Figure 2.

2.3. Stone column materials
Stone column materials (Figure 3) are used to stabilize
the slope. The stone column is composed of particles
that pass through 0.5-inch sieve, yet are blocked by
sieve no. 4. The location of stone column is between
the slope crest and the slope toe. The stone column

Figure 3. Stone column materials.

materials were compacted with a unit weight of 17
kN/m3. In other words, the weight of the gravel inside
the tube was obtained by multiplying the volume of the
tube by a unit weight of 17 kN/m3.

3. Test method

The test slopes are made of two layers of sand soil
with di�erent unit weights. The name of soil based
on a uni�ed classi�cation system is well-graded sand
(SW). The unit weight of the lower layer is also less
than that of the upper layer. In order to obtain the
desired unit weight, a speci�c volume of soil is placed
into a tank with a speci�c volume in the form of layers.
The thickness of the lower layer is 15 cm and the slope
angle is 45 degrees (Figure 4). The test models are as
follows:

1. Slope without stone column;
2. Slope reinforced with upslope stone column;
3. Slope reinforced with downstream stone column;
4. Slope reinforced with intermediary stone column.

The diameter of the stone column is 4 cm and its
height outreaches the tank oor.

The geometrical speci�cations of the slope in the
tank are shown in Figure 5. The thickness rates of
the lower and upper layers are 15 cm and 30 cm,
respectively.

Figure 4. The slope made of two layers of sand with a
slope angle of 45�.

Figure 5. The geometrical speci�cations of the slope.
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3.1. Model 1: Slope without stone column
In this section, slope stability is measured without
using a stone column. The slope is shown in Fig-
ure 6. The model is subjected to arti�cial precipitation
(Figure 7). One hour and ten minutes after the
precipitation, a tiny crack emerged near the middle of
the slope. The crack deepened over time and, after one
hour and twenty minutes, a deep crack with a depth of
about 4.5 cm (Figure 8) emerged in the middle of the
slope. Finally, the slope experienced failure after one
hour and forty minutes (Figure 9). Figure 10 shows
the position of the crack, which points to x=r = 0:5.
Variations of piezometric water level for piezometer #1
in Model 1 from the beginning of precipitation to the

Figure 6. The slope without stone column.

Figure 7. The model subjected to arti�cial precipitation.

Figure 8. A deep crack with a depth of about 4.5 cm in
the middle of the slope.

time of failure and also following the failure can be seen
in Figure 11. Prior to saturation, no crack and failure
was seen in the slope. After saturation, cracks emerged
at the slope and led to failure. Following this failure,
precipitation stopped and piezometric water level was
reduced to zero.

3.2. Numerical models
Numerical modeling was performed to provide a better
understanding of the e�ect of the stone column location
on the slope. The �nite di�erence method was used for
the numerical modeling with rectangular mesh. Global
and local mesh re�nements were de�ned to certify a
good quality of the mesh. After conducting sensitive

Figure 9. The slope failure after one hour and forty
minutes.

Figure 10. The position of the crack at x=r = 0:5
without stone column.

Figure 11. Variation of the piezometric water level with
time for piezometer #1.
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analysis, the total number of meshes was 2548. For
reinforced slope, there are 3552 meshes, in which stone
columns have 896 meshes. The elements used in this
analysis were rectangular. Static boundary conditions
were implemented in all numerical models in which
lateral boundaries were �xed along axis x, and the
bottom boundary was �xed along both x and y axes.

The stone column and the soil were modeled as
continuum elements. Perfect bonding was modeled
between column and soil at their interface [21], because
stone column is �rmly interlocked with the surrounding
soil. All the numerical models were performed through
a small strain formulization.

3.3. Analysis of Model 1 using 3D FD method
In order to assess the stability of the slope, Model 1
was also modeled by the 3D FD method. The values
of safety factor resulting from the 3D FD method
are shown in Table 1. The results are obtained by
performing stability analysis on Model 1. As observed
in Table 1, the value Factor of Safety (FS) for dry slope
is higher than 1, meaning that dry slope is stable (this
is exactly like experimental model) and FS value for
saturated condition is less than 1, which reects the
instability of the slope.

The sand slope under study in the saturated con-
dition also experiences instability and failure following
saturation. In the experimental test, no crack and
failure was seen in the slope from the beginning of
precipitation and prior to slope saturation. However,
following saturation, the earth slope fractured and
failed. Crack and failure did not occur in the slope
during the precipitation and before saturation. It
rather occurred a while after the slope was saturated.
Therefore, in numerical models, the earth slope was
assumed to be saturated, and the stability analysis of
the slope was carried out followed by saturation.

3.4. Model 2: Slope reinforced with upslope
stone column

In this model, a stone column with a diameter of 4 cm
is installed in the upslope (at x=r = 0:75) (Figure 12).
Speci�cations of the stone column are shown in Table 2.

In order to install the stone column in the slope,
�rst, a tube (Figure 12) covered in oil is placed in
the upslope. Next, the tube is �lled with compacted
stone column granules. Following this stage, the tube
is gradually pulled out of the slope. Similar to Model
1, soil is saturated by precipitation. After one hour
and forty minutes, two minor cracks and one major
crack emerge in the slope surface (Figure 13). A larger

Table 1. Values of FS resulting from the 3D FD method
(Model 1).

Dry slope Saturated slope

Factor of safety 1.08 0.89

Figure 12. Slope reinforced with an upstream stone
column (at x=r = 0:75).

Figure 13. The position of the stone column and cracks.

crack emerges in the middle of the slope at x=r = 0:5.
The slope experiences failure after one hour and �fty-
�ve minutes. Figure 14 shows the slope section, the
position of the stone column, and three cracks. Crack
2, positioned at x=r = 0:5, is larger than Cracks 1 and
3 in terms of width.

Moreover, positions (x=r) of Cracks 1 and 3 are
also measured to be 0.13 and 0.67, respectively.

3.5. Analysis of Model 2 using 3D FD method
Value of Factor of Safety (FS = 0.95) obtained using
the 3D FD method in the stability analysis of Model 2
is shown in Table 3.

Table 3 con�rms experimental results. As seen in
this table, while the stone column is installed in the
upslope (x=r = 0:75), values of factor of safety are ob-
tained to be less than 1, reecting the instability of the
slope. In experimental tests, the reinforced sand slope
(at x=r = 0:75) also yielded failure and experienced
instability following the precipitation phase.

3.6. Model 3: Slope reinforced with
downstream stone column

In this model, a stone column with a diameter of 4 cm
is situated in the downstream of slope (in position of
x=r = 0:25) (Figure 15). After placing the stone col-
umn in the downstream, the slope is saturated through
precipitation. One hour and twenty minutes later, a V-
shaped crack emerges in the slope (Figure 16).

Interestingly, the V-shaped crack in the slope is
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Figure 14. The slope section, the position of the upstream stone column, and three cracks.

Table 2. Speci�cations of the stone column and sand.

Stone column Lower sand Upper sand
Unit weight (kN/m3) 17 18 20
Cohesion (kN/m2) � 0:0 � 0:0 � 0:0
Friction ( _') 45 45 47
Elastic modulus (MPa) 100 30 30

Table 3. Factor of safety in a saturated condition for all
models obtained using 3D FDM.

Models FS

Model 1 (unreinforced slope) 0.89
Model 2 (reinforced, x=r = 0:75) 0.95
Model 3 (reinforced, x=r = 0:25) 0.94
Model 4 (reinforced, x=r = 0:50) 1.06

Figure 15. Slope reinforced with a downstream stone
column (at x=r = 0:25).

situated on x=r = 0:5. Figure 17 shows the section of
the stone column (before deformation) and the crack
in the slope.

3.7. Analysis of model 3 using the 3 FD
methods

Values of Factor of Safety (FS = 0.94) obtained using
the 3D FD method after performing the stability

Figure 16. V-shaped crack in the slope at x=r = 0:5

analysis of Model 3 are shown in Table 3.
Table 3 con�rms experimental results. As seen

in this table, when the stone column is located in the
downstream of slope (at the position of x=r = 0:25), the
obtained factor of safety is less than 1, which reects
instability of the slope. In experimental tests, the
reinforced sand slope (at x=r = 0:25) also experienced
failure and instability following saturation.

3.8. Model 4: Slope reinforced with
intermediary stone column

In this model, the stone column was placed in the slope
middle (Figure 18). No crack or failure occurred on
the slope after two and a half hours of precipitation.
Therefore, the slope managed to maintain its stability
(Figure 19).
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Figure 17. The section of the stone column (before deformation) and the crack in the slope.

Figure 18. The stone column placed in the middle of the
slope.

Figure 19. No crack and failure after 2:30 hours of
precipitation when stone column is placed at x=r = 0:5.

3.9. Analysis of Model 4 using the 3D FD
method

Factor of Safety value (FS = 1:06) acquired by the 3D
FD method in a saturated condition after performing
the stability analysis of Model 4 is shown in Table 3.

Table 3 con�rms experimental results. As ob-
served in this table, the value obtained for FS is
larger than 1, specifying that the slope is stable.
Experimental results also con�rm that the slope can

preserve its stability after two and a half hours of
precipitation.

4. E�ect of length of stone column

In this part, di�erent lengths of stone column were
analyzed. The stone columns were installed in the
upslope, downslope, and intermediate with di�erent
lengths as follows: length of intermediate stone column
= 40 cm and 50 cm, length of upslope stone column
= 50 cm and 60 cm, and length of downslope stone
column = 30 cm and 40 cm. Tables 4{6 show FS,
maximum X- and Y -displacement and maximum shear
strain increment for di�erent lengths of stone column
into intermediate, upslope, and downslope.

Tables 4{6 show that an increase in the length of
the stone column has no signi�cant e�ect on the reduc-
tion of displacement because slip surface is shallow.

5. Slope angles

In addition, two other slope angles, 30 and 60 degrees,
have been investigated. For a slope angle of 30
degrees, the unreinforced slope is stable in both dry
and saturated states. Table 7 shows FS, maximum
X- and Y -displacement, and maximum shear strain
increment for a slope angle of 30 degrees. Table 8 shows
maximum X- and Y -displacement and maximum shear
strain increment for a slope angle of 60 degrees.

Di�erent values (30 and 60 degrees) were assumed
for slope angle. Tables 7 and 8 show FS, the maximum
X- and Z-displacement for the slope angles of 30 and
60 degrees. As the slope angle increases, maximum X-
and Z-displacement increases.

6. Discussion

Stabilization of earth slopes using stone columns can
be introduced as one of the e�ective and practical
means of stabilization. However, it is important to
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Table 4. E�ect of di�erent lengths for an intermediate stone column.

Length of
intermediate
stone column

FS
Maximum

X-displacement
(mm)

Maximum
Z-displacement

(mm)

Maximum shear
strain increment

40 cm (dry) 1.17 1:7� 10�2 6:9� 10�2 9:7� 10�4

40 cm (sat) 1.16 1:7� 10�2 6:1� 10�2 9:2� 10�4

50 cm (dry) 1.16 1:9� 10�2 1:0� 10�1 1:4� 10�3

50 cm (sat) 1.14 2:0� 10�2 8:2� 10�2 1:2� 10�3

Table 5. E�ect of di�erent lengths for upslope stone column

Length of
upslop

stone column
FS

Maximum
X-displacement

(mm)

Maximum
Z-displacement

(mm)

Maximum shear
strain increment

50 cm (dry) 1.22 9:6� 10�3 6:5� 10�2 2:0� 10�3

50 cm (sat) 0.98 0.30 0.41 2:8� 10�2

60 cm (dry) 1.25 7:9� 10�3 9:5� 10�2 2:9� 10�3

60 cm (sat) 0.97 0.14 0.18 1:1� 10�2

Table 6. E�ect of di�erent lengths for upslope stone column.

Length of
downslope

stone column
FS

Maximum
X-displacement

(mm)

Maximum
Z-displacement

(mm)

Maximum shear
strain increment

30 cm (dry) 1.14 1:4� 10�2 6:3� 10�2 6:9� 10�4

30 cm (sat) 0.94 0.14 0.20 3:8� 10�3

40 cm (dry) 1.11 1:9� 10�2 9:9� 10�2 1:2� 10�3

40 cm (sat) 0.97 0.12 0.20 4:3� 10�3

Table 7. E�ect of a slope angle of 30 degrees on di�erent locations of stone columns in a saturated state.

Slope angle
of 30 degrees

FS
Maximum

X-displacement
(mm)

Maximum
Z-displacement

(mm)

Maximum shear
strain increment

Model 1 (unreinforced slope) 1.31 8:3� 10�3 3:4� 10�2 1:0� 10�3

Model 2 (reinforced slope, x=r = 0:75) 1.29 8:8� 10�3 3:2� 10�2 2:6� 10�4

Model 3 (reinforced slope, x=r = 0:25) 1.25 9:6� 10�3 3:5� 10�2 6:9� 10�4

Model 4 (reinforced slope, x=r = 0:50) 1.35 7:7� 10�3 3:1� 10�2 4:2� 10�4

Table 8. E�ect of slope angle of 60 degrees on di�erent locations of stone columns in a saturated state.

Slope angle of
60 degrees

FS
Maximum

X-displacement
(mm)

Maximum
Z-displacement

(mm)

Maximum shear
strain increment

Model 1 (unreinforced slope) 0.83 6.9 4.4 1:1� 10�2

Model 2 (reinforced slope, x=r = 0:75) 0.97 0.34 0.42 3:2� 10�2

Model 3 (reinforced slope, x=r = 0:25) 0.94 0.27 0.40 1:3� 10�2

Model 4 (reinforced slope, x=r = 0:50) 1.00 0.10 0.14 5:7� 10�3

choose the best place for the stone column to attain
the highest FS and guarantee the stability of slopes.
In experimental tests, a sand slope (Model 1) with an
angle of 45 degrees and two layers of sand with di�erent
unit weights were modeled. Moreover, the unit weight

of the lower layer was less than that of the upper layer.
The slope is saturated through precipitation. After
one hour and twenty minutes, a deep crack emerged
in the slope middle, indicating that the slope loses
its stability under precipitation. Pore water pressure
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Figure 20. Variation of the piezometric water level with
time for piezometer # 1.

on earth slopes was measured with piezometric panel.
A piezometric panel is composed of 14 piezometer
pipes and is used to measure pore water pressure on
di�erent parts of the slope. The slope was compacted
and built in the dry state. Therefore, the initial
pore pressure was zero. The slope was compacted
and built in the dry state to fail after saturation.
If the slope is compacted and built with optimal
moisture, it will not fail after saturation. Following
the construction of the earth slope, arti�cial rain was
induced and pore water pressure increased gradually.
Variations of pore water pressure were measured using
the piezometers. Figure 20 shows an increase in the
piezometric water level over time (for piezometer #1).
In fact, piezometric water level increases until the soil is
saturated and piezometric water level reaches its peak.
It is worth mentioning that, in all models, soil failure
occurred following saturation and no crack or failure
was observed before saturation. The 3D FD method
also revealed the instability of the slope. Model 1 is
tested without a stone column; however, the crack in
the middle of the slope shows that the middle of the
slope is the best place to install the stone column.

Model 2 shows a stone column installed at x=r =
0:75 (upslope). This model is also modeled similar to
Model 1 and is exposed to precipitation, too. After one
hour and forty minutes, a relatively deep crack emerged
at x=r = 0:5. After a while, two minor cracks also
emerged at x=r = 0:13 and x=r = 0:67. The presence
of the relatively deep crack at x=r = 0:5 revealed that
the slope lost its stability in spite of the stone column
used to reinforce it. A 3D FD method also con�rmed
instability of the slope in this model. The presence of
the relatively deep crack in the middle of the slope
in Model 2 indicated that the highest shear strain
was achieved in the slope middle. Depth of cracks in
Model 2 is less than that in Model 1, which results from
the slope reinforced with upslope stone columns.

The two minor cracks that emerged in Model 2
after the emergence of the intermediary crack show that
the middle of the slope is more critical than such places
as x=r = 0:13 and x=r = 0:67.

In Model 3, the stone column is positioned at
x=r = 0:25 (slope downstream) and is modeled similar
to Models 1 and 2. It is subjected to precipitation, too.
After one hour and twenty minutes, a relatively deep
V-shaped crack was seen in the middle of the slope.
The emergence of the crack reects the instability of
the slope reinforced by a downstream stone column.
3D FD method also con�rmed instability of the slope
in this model. The 3D FD method results indicate
that the maximum displacement occurred on top of
stone column, whose cracks in the experimental test
were con�rmed.

After all, results of tests performed on Models 1,
2, and 3 prove the instability of the slope. Models 2
and 3 indicate that it is of great importance to choose
an optimal location for stone column installation,
because if the stone column is not placed in an optimal
location, the stability of the reinforced slope will not
be guaranteed (Models 2 and 3).

In all experimental models, failure followed satu-
ration and none of the models failed during saturation.
The pore water pressure was assumed to be equal to
failure time slope pore water pressure in the relation
for safety factor calculation. Models 1, 2, and 3 were
saturated in the experimental tests through arti�cial
rainfall and failed following saturation. At the be-
ginning of the experiment, the piezometric water level
was zero. This value increased gradually as a result
of precipitation until the soil was saturated. In the
saturated state, the piezometric water level in the slope
was equal to the soil column height at each point.
In other words, when the slope was saturated, the
piezometric water level remained unchanged and no
increase was observed at the piezometric level, and the
rest of water was drained by sand.

In Model 4, the stone column is placed at x=r =
0:5 and the slope is subjected to precipitation and
modeling similar to Models 1, 2, and 3. The slope
was under precipitation for two and a half hours,
yet remained stable without any crack. The �ndings
indicate that the weakest section of the slope was used
for reinforcement, because unlike the previous model,
it showed no signs of fracture, even after two and a
half hours of precipitation. The testers revealed that
if the slope is subjected to more than two and a half
hours of precipitation, it will still preserve its stability.
Therefore, the most critical place is located in the slope
middle, which can be overcome by reinforcing the slope.
The 3D FD method also con�rmed the stability of
Model 4. The factors of safety obtained by the three-
dimensional �nite di�erence method for all models are
presented in Table 3.

The maximum displacement and shear strain that
occurred in all models are presented in Table 9. The
results indicate that when the stone column is installed
in downstream, the slope will undergo fewer displace-
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Table 9. Displacement in a saturated condition for all models obtained using 3D FDM.

Models
Maximum

X-displacement
(mm)

Maximum
Z-displacement

(mm)

Maximum
displacement

(mm)

Maximum
shear
strain

Model 1 (unreinforced slope) 1.29 1.15 1.36 3:6� 10�2

Model 2 (reinforced, x=r = 0:75) 0.97 1.26 1.51 3:4� 10�2

Model 3 (reinforced, x/r=0.25) 0.14 0.22 0.24 3:8� 10�3

Model 4 (reinforced, x=r = 0:50) 3:6� 10�2 4:5� 10�2 4:8� 10�2 8:7� 10�4

Table 10. Converting any experimental model into a real with scale ratio S.

Time Length Area Force Mass
Real T L A F M

Experimental model
p
ST SL S2A S2F S3M

ments. When the stone column is installed in the
upslope, the driving force increases and when the stone
column is installed in the downstream, the resisting
force increases. However, the di�erence between results
of Models 2 and 3 is insigni�cant; they are both
unstable. If the model developed in the experimental
test fails following saturation, it is concluded that the
FS is less than 1. However, even if it does not fail after
saturation, it is deduced that the factor of safety is
more than 1. The 3D FD method was used to con�rm
experimental results. The con�rmation was carried out
by determining the minimum safety factor. That is to
say, the 3D FD method calculates the minimum FS,
and the obtained values complied with experimental
results. In other words, when the experimental model
did not lead to failure, safety factor values gained by
the 3D FD method were higher than 1; when the
experimental model failed, the values of safety factor
obtained by the aforementioned method were smaller
than 1. However, the forms of the slip surfaces of
the three models were almost similar; in addition, the
values of factor of safety and the stability/instability of
slopes were in agreement.

The numerical models proposed by Wei and
Cheng [22], Hajiazizi and Mazaheri [23], Cai and
Ugai [8], and Won et al. [10] also introduced the
center of the slope as the best place for attaining
the highest safety factor. However, other researchers
have conducted numerical and analytical studies that
suggest other places for pile installation.

To clarify important parameters such as slope
angle and length of stone column, a set of 3D �nite
di�erence analyses was carried out. The 3D �nite dif-
ference method was used for numerical modeling with
rectangular mesh. Global and local mesh re�nements
were de�ned to certify a good quality of the mesh.
After conducting sensitive analysis, the total number
of meshes was 2548. For the reinforced slope, the
number of meshes was 3552, in which stone columns

have 896 meshes. The elements used in this analysis
were rectangular. For each number of elements, the
most accurate mesh was also searched, i.e., re�ning the
mesh in the area of interest (slope and column) and
using a coarse mesh in the far �eld. A 3D model of the
slope and the column would take a lot of time.

7. Limitations

Scale e�ects can be applied to enlarge the experimental
outcomes to the �eld situation using Table 10, in which
S is the scaling parameter [1]. Therefore, by using
Table 10, we may convert any experimental model into
a real one. It should be noted that soil strength char-
acteristics, such as angle of internal friction, soil unit
weight, and cohesion, stand �xed in both real and ex-
perimental models after scaling. Hajiani Boushehrian
et al. [24] studied a small-scale test box for modeling
the behavior and ballast performance under �eld condi-
tions in the presence of the reinforcement. It is known
that because of the scale e�ects and the nature of soils,
especially granular soils, soils may not play the same
role in the experimental models as in the prototype [25].
These di�erences occur due to the di�erences in stress
level between the �eld tests and the model tests [26].
Nevertheless, because of variations in the stress level,
scale e�ects will occur in earth gravity (1-g) modeling.
Therefore, applying 1-g models can be useful in predict-
ing only general trends of the behavior of a particular
prototype [25]. Therefore, it is suggested performing
further investigations using full-scale tests or centrifu-
gal model tests to ascertain the obtained results.

8. Conclusion

Stabilization of earth slopes using stone columns can
be introduced as one of the e�ective methods for slope
stabilization. Choosing the best place for stone column
is an important factor that a�ects stability or instabil-
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ity of the slopes. In order to �nd an optimal place
to install the stone column, numerous experimental
models were created. The model is exposed to arti�cial
precipitation. In models where stone columns were not
located in the middle of the slope, cracks developed
from the center of the slope and the slope yielded failure
with the continuation of precipitation. However, in
the model that was reinforced with an intermediary
stone column, no failure or crack was observed. Of
note, the model was subjected to similar modeling and
precipitation conditions. The tests, which were per-
formed on two-layer sand soil, indicated that the most
critical part of sand slope was its center. Therefore,
reinforcing the middle of the slope guarantees slope
stability. Results of the 3D FD method also con�rmed
experimental results. It was revealed that when the
stone column was placed in the middle of the slope, the
value of factor of safety exceeded 1; however, when it
was placed elsewhere, the factor of safety was less than
1. Numerous numerical studies by other researchers
also introduced the center of the slope as the most
critical part of the slope. However, the authors of
the article believe that, in granular soils, the highest
shear strain was achieved in the middle of the slope.
Therefore, any reinforcement must be performed in
the middle of the slope to obtain the highest factor
of safety.
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