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1 Introduction

When instability of an earth slope is a possibility, it is 
imperative to take preventive measures before instability 
can actually occur. What should be considered at the begin-
ning of any stabilization process is the minimization of the 
cost while the factor of safety is improved. The first sim-
ple possible step to maintain the stability of an earth slope 
is to perform excavation of the slope crest or/and filling in 
the slope toe. If these techniques are not feasible or do not 
provide the required factor of safety, it will be necessary 
to use other stabilization methods such as increasing the 
soil strength parameters, draining the surface and subsur-
face water, and installing retaining walls and piles. These 
solutions are aimed at mitigating the driving forces and/
or increasing the resistive forces. To evaluate the appro-
priateness of the supporting elements in an earth slope, 
analytical, numerical, and experimental methods are nor-
mally utilized. Modeling the stability of earth slopes using 
numerical methods is a common practice in geotechnical 
engineering.

One of the methods used for improving resistive forces is 
the installation of concrete piles in earth slopes. Poulos [1] 
implemented the LE (limit equilibrium) method to assess 
stabilization of earth slopes using piles. He concluded that 
the optimal location for the pile installation is near the 
center of the wedge which has the failure potential. Other 
researchers [2] introduced a simple approach for analy-
sis of the effect of a row of piles for stabilization of earth 
slopes. The suggested approach in [2] is based on a non-
coupling formulation, which considers pile response and 
slope sustainability, separately. In this analysis, shear forces 
and bending moments resulting from lateral movement of 
soil mass are calculated using the modified boundary ele-
ment method [3]. The developed friction circle method 
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and the methods of Ito and Matsui [4], Ito et  al. [5], and 
Ito et al. [6] were used in [7] to indicate that piles should 
be near the slope crest in order to obtain the maximum fac-
tor of safety. The work reported in [8] utilized the three-
dimensional FE method to prove that the maximum factor 
of safety is achieved by locating the piles at the center of 
the slope. A kinematical limit analysis approach was uti-
lized in [9] for the analysis of the stability of earth slopes. 
The authors showed in [9] that since the force required by 
the pile to support the slope is at its minimum level near 
the toe, the best location to install the pile is near the toe. 
The application of FLAC3D software suggested that the 
best location to install a pile is in the middle of the slope; 
the pile receives the highest pressure at this location [10]. 
The limit analysis carried out in [11] revealed that the opti-
mal location for installation of a retaining pile is near the 
toe. This is because forces required to increase the factor of 
safety are minimum at or near the toe. The work reported in 
[12] modeled a slope reinforced by a row of piles using the 
FLAC3D software. They realized that the optimal locations 
for pile installation in a sandy soil and a clayey soil are in 
the middle of the slope and near the crest, respectively. 
They also indicated that when the slope is made of a sandy 
soil, shallow failure occurs along the slope surface, which 
starts from the vicinity of the crown. Therefore, the center 
of the failure surface approaches the middle of the slope 
and the optimal location for the pile installation is near the 
middle of the slope. However, when the slope is made of 
clay, deep failure occurs in the slope and the failure surface 
lies far from the crest. Consequently, the distance between 
the center of the failure surface and the middle of the slope 
increases and the optimal pile location lies far from the 
middle of the slope.

Stabilization analysis of earth slopes has been divided 
into the following two categories: (1) displacement- or 
pressure-based methods and (2) numerical methods [13]. 
In [13], a hybrid methodology, for the design of slope-
stabilizing piles, was suggested. The method combines 
the rigor of 3D finite element simulation with the sim-
plicity of widely accepted analytical techniques. The piles 
with distance equal to 5D (D is the pile diameter) are 
embedded in the stable soil because the zone of influence 
of each pile has been demonstrated not to exceed 5D. The 
length of each pile is restricted to 10D in the suggested 
method. The work reported in [14] optimized the pile 
location using a combination of limit analysis method 
and theories proposed in [4–6]. In [14], it was attempted 
to calculate the lateral load imposed on a pile and con-
cluded that the most effective location for pile installation 
is near the slope toe where the pile carries the minimum 
force for achieving the required factor of safety. A new 
micro-pile design method for earth slope stabilization 

that includes details about choosing the location for the 
micro-piles within the existing slope and selecting the 
micro-pile cross-sectional area was suggested in [15]. 
The results of field tests on a single laterally loaded pile 
and two piles in line, and bored reinforced concrete piles 
with a diameter of 0.25 m and a depth of 5 m that were 
constructed in a natural sandy gravel soil, were reported 
in [16]. Askarinejad [17] studied the effects of pore water 
pressure perturbations on the stability of unsaturated silty 
sand slopes. Hajiazizi and Mazaheri [18] used line seg-
ment slip surface for optimized design of piles in stabi-
lization of earth slopes. Either 2D or 3D methods can 
be used to obtain the critical slip surface of a slope [19]. 
Additional work regarding the soil reinforcement, rein-
forced concrete column, and interaction between soil and 
rock with a supporting structural system can be found in 
[20–25].

Previous studies discussed above suggest that there 
is no consensus about the optimal location of a retain-
ing pile within a slope. A reliable approach to obtain the 
best location for a retaining wall is to conduct physical 
tests that are accompanied by numerical modeling. This 
is the objective of the present paper. A sandy soil slope 
was constructed in the laboratory and then was gradually 
loaded by the process of saturation through precipitation. 
Several soil slopes were tested and the effect of the loca-
tion of the retaining pile on the slope stability was inves-
tigated. The nonlinear finite element method using the 
PLAXIS computer program [26] was conducted as well 
to model the experimental findings and observations.

2  Specimen and Equipment

The box used for the slope stability tests is shown in 
Fig. 1. It has a length of 180 cm, a height of 60 cm, and a 
width of 20 cm. In order to avoid the additional resistance 
contributed by the box, its walls were lubricated before 
building the model. Moreover, high-resolution camcord-
ers were used to record all events.

The slope built in the laboratory has a height of 30 cm 
and is made of a sandy soil. The unit weight of the soil is 
18 kN/m3. According to the direct shear tests performed 
on the sand samples, the angle of friction for the saturated 
soil is 36 degrees and that for the dry soil is 46 degrees. 
Soil cohesion was about 0.002 MPa which was ignored in 
our analysis. The particle size distribution curve for the 
sand is depicted in Fig. 2. In order to stabilize the slope, 
concrete piles were employed (Fig. 3). The concrete pile 
was located between the slope toe and crest (at different 
x/r values) as shown in Fig. 4.
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3  Experimental and Numerical Modeling

The tested slopes are made of a sandy soil described before. 
The testing scenarios are as follows: (1) a slope without a 
concrete pile, (2) a slope reinforced with an upstream con-
crete pile, (3) a slope reinforced with a downstream con-
crete pile, and (4) a slope reinforced with an intermediary 
concrete pile. The diameter of the concrete pile is 3.6 cm 
and its tip reaches near the box floor. The overall geometry 
of the physical test set-up is shown in Fig. 5.

Precipitation was provided using a sprinkler system 
installed at the top of the slope which is depicted in Fig. 5. 
The flow velocity was 2 L/min. The testing box was pro-
vided with drainage. In other words, on the slope down-
stream, a drain was installed to allow for drainage of the 
water.

The pore water pressure on the slope was measured 
using a piezometric panel. The piezometric panel is com-
posed of 14 piezometer pipes used to measure pore water 

Fig. 1  The box used for the 
tests and the piezometric panel
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Fig. 2  Particle size distribution curve

Fig. 3  Concrete piles used at different locations along the slope

Fig. 4  Location of the pile between the toe and the crown measured 
by x/r ratios
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pressure at different points along the base of the slope 
(Fig.  6). The piezometric water level increased over time 
during precipitation until the soil was saturated. It is worth 
mentioning that in all models soil failure occurred follow-
ing saturation and no crack or failure was observed before 
saturation.

The slope was compacted and built in the dry state. 
Therefore, the initial pore pressure was zero. Following the 
construction of the earth slope, artificial rain was induced 
and pore water pressure increased gradually. Variations of 
pore water pressure were measured using the piezometers.

The following three positions were selected for pile 
installation: x/r = 0.25 (downslope), x/r = 0.5 (middle), and 
x/r = 0.75 (upslope).

3.1  Model 1: Slope Without Concrete Pile

In this section, the stability of the slope (Model 1) is inves-
tigated without using the concrete pile. The slope was com-
pacted and built in the dry state. The sand was compacted 
with a unit weight of 18  kN/m3. In order to compact the 
sand in the experimental tank and obtain the desired unit 
weight, a checkered pattern was created in the experimental 
tank; based on the volume of each of the blocks in the tank, 
the required weight of sand was obtained to achieve a unit 
weight of 18kN/m3. Finally, the calculated weight of sand 
was poured and compacted to reach the desired specified 
volume.

As described before, the model was subjected to arti-
ficial precipitation. Following the addition of water, the 
slope experienced failure after 50 min (Fig. 7). In fact, after 
50 min, the soil was saturated completely and its air content 
was minimized. The time–water level diagram for piezom-
eters #1 to #4 (Fig. 6) is shown in Fig. 8. In order to assess 
the instability of the slope, Model 1 was also numerically 

Fig. 5  Slope made of sand with a slope angle of 45°

Fig. 6  Fourteen piezometric pipes for measuring the water level at 
different points

Fig. 7  Slope failure after 50 min (model 1)
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simulated using the FE method (Fig. 9). The physical prop-
erties of the soil, which were used for the numerical analy-
sis, are reported in Table 1; the elastic properties were just 
estimated. Note that the soil elastic properties have no or 
negligible effect on the safety factor as in LE methods they 
are not needed at all. A Mohr–Coulomb plasticity model 

was utilized for the stability analysis. In the numerical mod-
eling, triangular elements with 15 nodes were used. Both 
vertical boundaries are fixed in the x-direction and the hori-
zontal bottom boundary is fixed in both x- and y-directions.

The value of the factor of safety resulting from the FE 
method is 0.85. The value of factor of safety is smaller than 
1, which is consistent with the physical observation reflect-
ing the instability of the slope. Note that, following the sat-
uration condition, the maximum shear deformation incre-
ment occurred in the middle of the slope (Fig.  10). This 
suggests that to prevent and control the excessive deforma-
tion of the soil structure, the pile should be placed in the 
middle of the slope.

3.2  Model 2: Slope Reinforced with Upslope Concrete 
Pile

In this model, the concrete pile is installed in the slope 
upstream (at x/r = 0.75) (Fig. 11). The length, diameter, and 
unit weight of the concrete pile are 36.4 cm, 3.6 cm, and 
25  kN/m3, respectively. The distance between the pile tip 
and the box floor is 3.6 cm.

In order to build the reinforced slope, the pile was first 
placed at the desired location and then the earth slope 
was constructed. This is to make sure that the slope is 
supported by the concrete pile and no premature failure 
has occurred. The slope was subjected to artificial pre-
cipitation for 100 min, during which no fracture or crack 
was observed in the slope. If the slope was subjected to 
even more than 100  min of precipitation, it would not 
fail. Note that the stability of the reinforced slope was 
confirmed by the FE method (FS = 1.20) as well. Follow-
ing slope saturation, the slope was subjected to gradual 
loading to see when it would fail. Following the gradual 
loading on the crown, the slope failed under a pressure 
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Fig. 8  Variation of piezometric water level with time for piezometers 
#1–#4

Fig. 9  Stability analysis using the FE method  (FSmin = 0.85)

Table 1  Properties of soil in numerical modeling

Parameters Value

Sand dry unit weight 18 KN/m3

Sand saturated unit weight 20 KN/m3

Sand bulk modulus 3.3 × 107 N/m2

Sand shear modulus 1.5 × 107 N/m2

Sand cohesion 2 kPa
Sand friction angle in dry condition 46°
Sand friction angle in saturated condition 36°

Fig. 10  Contours of shear strain increment in the slope. Note that the 
maximum shear strain increment occurred in the middle of the slope
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of 7.8 kPa (Fig. 12). The saturated slope with the applied 
pressure was analyzed using the FE method. In the FE 
method, with an applied pressure of 7.2 kPa the factor of 
safety was reduced to less than 1 (Fig. 13). Note that the 
overburden pressures to cause failure in the physical and 
numerical simulations of Model 1 show close agreement.

3.3  Model 3: Slope Reinforced with Downstream 
Concrete Pile

In this model, a concrete pile with a diameter of 3.6  cm 
is installed in the slope downstream (at x/r = 0.25). After 
installing the concrete pile in its position and construc-
tion of the soil structure, the slope was saturated through 
precipitation.

The length, diameter, and unit weight of the concrete 
pile are 16.4 cm, 3.6 cm, and 25 kN/m3, respectively. The 
distance between the pile tip and the box floor is 3.6 cm. 
The slope was subjected to artificial precipitation for 
100 min. In this period, no fracture or crack was observed 
in the slope. The FE result was consistent with the experi-
mental findings (FS = 1.10) suggesting no slope failure. 
Following slope precipitation, the slope was subjected to 
gradual loading to see when it would fail. After gradual 
loading on the crown, the slope failed under a pressure of 
3.12 kPa. The value of critical pressure (for failure due to 
loading) obtained using the FE method after performing 
the stability analysis of Model 3 is 3 kPa. This is in close 
agreement with the critical overburden pressure from the 
physical test. Figure 14 shows the failure pattern obtained 
by the FE analysis.

3.4  Model 4: Slope Reinforced with Intermediary 
Concrete Pile

In this model, the concrete pile is located in the middle 
of the slope (at x/r = 0.5). The length, diameter, and unit 
weight of the concrete pile are 26.4 cm, 3.6 cm, and 25 kN/
m3, respectively. The distance between the pile tip and 
the box floor is 3.6  cm. The slope was subjected to arti-
ficial precipitation for 100 min. In this period, no fracture 
or crack was seen in the slope. The physical test result was 
consistent with that observed from the FE method; the 
finite element method suggested a factor of safety greater 
than one (FS = 1.44). Subsequently, the slope was subjected 
to gradual loading to see when it collapses. After gradual 

Fig. 11  A concrete pile with a 
diameter of 3.6 cm installed at 
x/r = 0.75

Fig. 12  Slope failed under a pressure of 7.8 kPa (Model 2)

Fig. 13  Failure of Model 2 after loading: FE method with an applied 
overburden pressure of 7.2 kPa



1299Int J Civ Eng (2018) 16:1293–1301 

1 3

loading on the crown, the slope failed under a pressure of 
10.9 kPa (Fig. 15). The value obtained for the critical pres-
sure using the FE method is 9.3 kPa. This numerical value 
of minimum pressure required for failure of the slope is in 
close agreement with that of the experimental test. Fig-
ure 16 shows the result of slope stability analysis using the 
FE method.

4  Dimensional Analysis

Scale or size effect is an important subject in structural 
mechanics [27]. Dimensional analysis can be applied to 
extend the experimental results to the field situation using 
Table  2, in which S is the scaling parameter. Therefore, 
using Table  2, we may convert the results of an experi-
mental model into a real full-scale one. It should be noted 
that soil characteristics, such as cohesion, angle of internal 

friction, and soil unit mass, normally remain fixed in both 
real and experimental models after scaling. For example, a 
slope with a height of 30 cm and an angle of 45 degrees in 
the experimental test is equivalent to a slope with a height 
of 30 m and an angle of 45 degrees in nature based on a 
scale ratio S = 1/100. These differences occur because of 
differences in stress level between the model tests and field 
tests [28]. With regard to this issue, Sawwaf [29] proposed 
that 1-g models can be useful only in the prediction of gen-
eral behaviors of prototypes. In this regard, other research-
ers [30] explained that small-scale 1-g model tests help 
approximate information about the general behavior of the 
prototypes quicker and simpler than the large-scale tests. 
However, the large-scale tests have better control over key 
parameters of the model. It should be noted that the results 
of small-scale tests are affected by scale effects and the 
results obtained from 1-g models are not directly appli-
cable to the prototype. As proposed by a few researchers 
[31], the results of the small-scale tests can be extrapolated 
to prototype by applying scaling law carefully. They also 
showed that it is not possible to create completely similar 
conditions for model and prototype due to the involvement 
of several complex factors and it should be left to the judg-
ment of the researchers to decide about these influencing 
factors. According to the items listed above and Sawwaf 
[29], it is recommended to carry out further investigations 
using large-scale tests or centrifuge model tests in order to 
better verify the results of this study.

Fig. 14  Failure of Model 3 after loading: FE method with an applied 
overburden pressure of 3 kPa

Fig. 15  Failure of the soil slope under a pressure of 10.9 kPa (Model 
4). The pile is located in the middle part of the slope

Fig. 16  Failure of Model 4 after loading; induced deformation pre-
dicted by the FE method with an applied overburden pressure of 
9.3 kPa

Table 2  Scaling method to convert the experimental model results to 
a full-scale field problem

The scaling factor is S

Time Length Area Force Mass

Real T L A F M
Experimental 

model

√

ST LS AS2 S2F S3M
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5  Discussion of the Results

In this paper, experimental tests were carried out for the 
stability analysis of sandy slopes reinforced by concrete 
piles. The purpose of the experimental investigation was 
to help resolve the discrepancy in the literature regarding 
the best place for installation of a reinforcing pile. In addi-
tion, numerical modeling was implemented for stability 
analysis of the slopes. The experimental results show that 
the studied unreinforced sandy slope fails if it is saturated 
(Table 3) and that it can become stable by installing a con-
crete pile within the soil structure. Both the numerical and 
the experimental test results suggest that irrespective of the 
location of the concrete pile, slope failure can be controlled 
for this particular soil slope against soil saturation. This 
does not mean that the same safety factor is obtained irre-
spective of the pile location. To investigate this issue, fol-
lowing soil saturation, a uniform overburden pressure was 
applied at the slope top to check the resilience of the rein-
forced soil slope against further external disturbances. Both 
the physical tests and the numerical models suggest that 
the highest overburden pressure to cause instability of the 
tested reinforced sandy slope following its full saturation 
is achieved if the pile is installed in the middle part of the 
slope (Table 4). Note that the numerical models proposed 
by some other researchers [8, 10, 12] also have suggested 
the middle of the slope as the best location for the pile to 
achieve the highest safety factor.

Inspection of the slope deformation in the numerical 
modeling indicates that maximum incremental shear defor-
mation occurs in the middle of the slope. To control this 
excessive deformation, a retaining structure is needed. By 
installing the pile in the middle of the slope, the greatest 
factor of safety is achieved, while the deformation of the 
soil slope is restrained and controlled more effectively.

It is interesting to note that the physical and numeri-
cal overburden pressures show close agreement (Table 4), 
suggesting that the proposed numerical model is a reliable 
technique in the study of the stability of reinforced slopes. 
It is important to realize that the conclusions of this paper 
are only applicable when stability and reinforcement of 
sandy slopes are involved. Physical testing is required 

to investigate the situation when cohesive materials are 
involved.

6  Conclusion

In this paper, numerical and experimental tests were car-
ried out for stability analysis of sandy slopes reinforced by 
concrete piles. In Model 1 (slope without a concrete pile), 
the slope was subjected to artificial precipitation. Follow-
ing the addition of water, the slope experienced failure 
after about 50 min. In Model 2 (slope reinforced with an 
upslope concrete pile), following slope saturation, the slope 
was subjected to gradual loading on the crown, and it failed 
under a pressure of 7.8 kPa. In Model 3 (slope reinforced 
with a downstream concrete pile), following slope precip-
itation, the slope was subjected to gradual loading. After 
gradual loading on the crown, the slope failed under a pres-
sure of 3.12 kPa. In Model 4 (slope reinforced with inter-
mediary concrete pile), after gradual loading on the crown, 
the slope failed under a pressure of 10.9 kPa. Accordingly, 
the best location to install a pile is in the middle of the 
slope. Both the numerical and the physical test results sug-
gest that the maximum overburden pressure can be carried 
by the reinforced slope if the pile is installed in the middle 
(x/r = 0.5) of the slope.

Installation of the pile in the middle part of the slope not 
only results in the maximum factor of safety of the struc-
ture, but also it helps control the excessive deformation of 
the mid-slope. The mid-slope excessive deformation could 
be an indication of shear band formation that can be fol-
lowed by sudden failure of the slope. The experimental and 
numerical findings reported in this paper should remove the 
discrepancy in the literature regarding the optimum loca-
tion for installation of a pile in a sandy slope.
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