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Abstract Slope stability can be achieved using different methods. Piles are commonly used to sta-

bilize slopes or to improve slope stability. Stabilized slopes with piles are numerically studied in the

current paper. A 3 dimensional (3D) finite element study is carried out to investigate the effect of

different parameters on the stability of slopes stabilized with piles. A 3D finite element model was

developed using the finite element program PLAXIS. The 3D model was verified using experimental

data from the literature for a stabilized silty sand slope in a large-scale physical model. A parametric

study was undertaken to study the effect of pile position, pile inclination, pile length and pile

diameter on the factor of safety of the piled-slopes. The findings of the research were compared

to other findings from the literature. The results show that using the 3D aspect gives more insight

into the complicated slope stability problem. The study determines the optimum location of the pile

and its optimum inclination to achieve the maximum stability. It shows that after a certain length of

the pile, increasing the pile length becomes unnecessary and that the diameter of the pile has a rel-

atively minor effect on the factor of safety of piled-slopes.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Housing and Building

National Research Center. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Slopes can be stabilized using many methods including geotex-

tiles, nails, piles, and pitching [1]. Stabilizing slopes with piles is

one of the commonly used methods. The analysis of slopes sta-
bilized with piles can be carried out using either an uncoupled
or a coupled approach. Most common methods used to calcu-

late the stability of piled-slopes use an uncoupled approach,
where the limit soil pressure is obtained using an analytical,
empirical or numerical method and, subsequently, the limit soil

pressure obtained is used as an additional resistance in slope
stability analysis using limit equilibrium methods. It is found
that the loading on piles predicted using the currently available

theories may differ significantly or may be similar depending
on the investigated problem. The uncoupled approach was
studied by many researchers [2–9].

On the other hand, coupled analysis approach is receiving

more attention in the recent years where powerful numerical
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tools (2D and 3D finite element analyses) are becoming
increasingly available [4,9–12]. In the coupled approach both

the pile response and slope stability are considered
simultaneously.

In the current study, coupled analysis is performed using a

3D finite element method to investigate the efficiency of stabi-
lizing slopes with piles and to study the effect of different
parameters on the slope stability. It is believed that the finite

element method will provide good insight into the 3D nature
of the complicated problem presented by slopes reinforced
using structural members or piles.

In the following sections, the developed 3D finite element

model is first presented and verified with an experimental
large-scale model. The developed model is then used to
perform the parametric study to investigate the effect of pile

location, inclination, length and diameter on the factor of

safety of slopes stabilized with piles. The results are compared
with the literature results. Finally, conclusions giving insight to

the optimum choice of parameters which have a direct applica-
tion to engineers dealing with slope stability are presented.

Finite element modeling

A 3D numerical model is developed using the 3D finite element
geotechnical program PLAXIS [13]. The model was verified

with an experimental model obtained from the literature.
The experimental model is presented followed by the verifica-
tion of the finite element (FE) model. The 3D FE model to

be used in the parametric study is finally presented in this
section. More details of the model and its verification are
available in the literature [14,15].
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Fig. 1 Geometry of the experimental model by Bozok [14].
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Fig. 2 Finite element mesh.

Table 1 Properties of soil material for the FE model.

Parameter Value

E 34 MPa

v 0.25

Maximum dry unit weight 18 kN/m3

Drained angle of internal friction 33�
Effective stress cohesion intercept 3.4 kPa

Model type Mohr–Coulomb

Drainage type Drained

Interface Rigid

Table 2 Properties of pile material for the FE model.

Parameter Value

E 2 * 108 kPa

Maximum dry unit weight 23 kN/m3

Diameter 0.05 m

Length 0.89 m

Inclination Perpendicular to surface (I= 40�)
Skin resistance Linear
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