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ABSTRACT: This paper aims to develop simplified equations to aid geotechnical engineers to assess the increase in Factor of 

Safety (FSI) % against instability of a clay slope due to the presence of piles. Extensive numerical models of homogeneous clay 

slopes underlain by a bed of rock with piles were carried out to investigate the effect of embedded piles length below the slip 

surface, location of piles, piles diameter, slope angle, piles spacing, slope height and shear strength of clay soil slope on the 

increase in the Factor of safety of clay slopes in different cases. The study was carried out using elastic perfectly-plastic Finite 

Element Model as (2D PLAXIS, version 8.2) and (3D PLAXIS, version 2010) programs, that are based on shear strength 

reduction method. The results were discussed and presented in terms of the increase in Factor of Safety (FSI) % relative to cases 

without pile. 
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1  INTRODUCTION.  

When the slope fails due to changes in geometry, external 

forces and loss of shear strength. The soil movement might 

cause death and destruction to livestock along its path. Row of 

piles in slope is subjected to lateral forces due to soil movement 

above the slip surface. Previous researches illustrated the 

increase of embedded pile length below the slip surface leads to 

increase the passive resistance pressure,which cause equilibrant 

state with the acting lateral pressure as shown in Figure 1.The 

resultant of the passive resistance pressure (Rf) provides more 

stability to the stabilized slope along its failure surface and 

prevent more excessive soil movement. The lateral pressure 

acting on a row of piles due to soil movement above the slip 

surface was estimated using many approaches in the literature 

review as, (Broms, 1964) and (Ito et al., 1975) that derived 

equations to estimate the lateral pressure using (LEM) solution 

in clay slopes. 

 
 
 
 
 
 
 
 
 
 

 
Figure1. Distribution of lateral forces acting on piles in slope. (After 

Sobhey et al., 2015) 

 
The effect of piles presence on the stability of slopes was also 

studied. The effect of piles installed in homogeneous soft clay 

soil was investigated using an approach presented by (Lee et al., 

1995). From the results, it was concluded the increase of piles 

diameter leads to a significant increase in the stability of slope. 

A 3D (FDM) model was performed by (Yang et al., 2011) on a 

uniform (c-ɸ) soil slope with piles. The row of piles was steel 

tube with Dout = 0.8 m and placed in the middle. The results 

showed, when the length of piles increases, the F.O.S increases, 

until the piles length reaches a critical value, after which the 

F.O.S of the slope remains constant. (Liang et al., 2014) 

presented an illustrative design example using a (2D LEM) 

program to introduce a design method which involves a set of 

design variables In this method, large numerical analyses were 

performed to optimize the least amount of piles.  

Several studies investigate the effect of piles presence on the 

stability of clay slopes have been reported. However, there are 

no simplified equation or method can be used to aid 

geotechnical engineers to assess the increase in Factor of Safety 

against the instability of clay slope due to piles presence. 

Therefore, the aim of this research is to develop this equation.  

2  NUMERICAL MODELS 

The numerical model has been validated using results reported 

by (Abbas et al..2008), the difference between results was 

convergent. Extensive numerical models of slopes with and 

without piles for different parameters were performed using 

(2D PLAXIS) and (3D PLAXIS) (FEM) programs that are 

based on Shear Strength Reduction Method.         

2 .1  Clay Soil slope model 

A plane strain model was used to model the slope geometries 

with a uniform cross section. The studied slopes consist of a 

homogeneous clay soil underlain by a bed of rock. Four 

undrained collected clay soil samples named (A,B,C and D), 

which were collected from a site near Kafr EL- Sheikh city.  

The Hardening model was used to model elastic-plastic 

behavior of the soil. Soil stiffnesses were described by using 

plastic straining due loading in the drained triaxial test, E50, the 

Plastic straining due to primary compression  Eoed,  the 

triaxial unloading stiffness  Eur and the power law (m), which 

were determined using unconfined shear strength and odemater 

test results in the lab. The power law (m) was set to be 0.50. 

Numerous experimental test programs were performed to 

estimate the (HS) clay soils model parameters (see Table 1).           

 
Table1. Estimated (HS) model parameters of clay soils  

Soil 

Code 

Undrained 

shear strength 

(Cu) kPa 

Secant 

stiffness 

kPa 

Tangent 

stiffness 

kPa 

Reloading 

stiffness 

kPa 

Soil A 10 1899 2314 5697 

Soil B 14 2241 2724 6723 

Soil C 35 6079 7397 18236 

Soil D 40 8279 10075 24837 
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2 .2  Row of piles model  

Piles were made from R.C material. The module of elasticity of 

each pile was 22*106 kN/m2. The row of piles with spacing 1D 

was considered in the (2D FEM) model as a continuous bored 

piles wall with an equivalent thickness (deq) in the long 

direction.The spaced piles model was used in (3D FEM) 

program as a beam element for case of pile diameter (P2) = 1 m 

with different spacing. It was modeled as a slender structure 

with a flexural rigidity and an axial stiffness. The properties of 

the piles row in the FEM programs (see Table 2 and Table 3). 

 
Table2. Piles parameters in (2D FEM) program 

Piles 

Code 

Piles 

Diameters 

(m) 

Axial 

Stiffness 

(EA) 

kN/m 

Flexural 

Rigidity 

(EI) 

kN.m2/m 

Equivalent 

Thickness 

(deq) m 

Weight 

Of plate 

(w) 

kN/m/m 

P1 0.7 1.21e+07 3.70e+05 0.606 14.54 

P2 1 1.730e+07 1.080e+06 0.866 20.7 

P4 1.2 2.07e+07 1.87e+06 1.04 24.94 

P3 1.5 2.59e+07 3.64e+06 1.29 31.17 

 
Table3. Piles parameters in (3D FEM) program 

Piles 

Code 

Piles Diameters 

(m) 

Young modulus 

(Es) kPa  

Unit weight 

 (γc) kN/ m3 

P2 1 22*106 24 

3  NUMERICAL ANALYSIS 

The geometry of the studied clay slopes with piles is shown in  

Figure 2. Ninety seven series of numerical tests were carried out 

using 2D and 3D PLAXIS models. The studied parameters 

include the the embedded pile length ratio below the slip 

surface piles (Dem/L), piles diameter ratio (D/Dr), where, Dr is a 

reference diameter, equal to 1 m, piles spacing ratio (S/D),that 

modeled using (3D FEM) program, slope angle (α), the 
undrained shear strength ratio of soils (cu / γ * H), slope height 
ratio (H/Hr) where, Hr is a reference height, equal to 10 m and 

piles location ratio from the slope crest (X * tan α / H). Each 
serious was carried out to study the effect of one parameter 

while other parameters were kept constant (see Table 4). 

 
Figure 2. The model geometry for variable parameters 
 
Table4. Numerical model testing matrix of clay slopes 

4  RESULTS AND DISCUSSIONS 

The increase in the F.O.S of slope due to piles (FSI)%, which 
was calculated as following, was plotted versus the embedded 
pile length ratio in the different studied cases. (see Figure3).   
                  (1)

       

 

Where, (FSI)%      = the increase of F.O.S due to piles. 

       (FSI piles)%   = the F.O.S due to piles. 

       (FSI No piles)% = the F.O.S without piles. 

 
Figure 3. The (FSI) % versus the embedded pile length ratio  
From these results of the parametric analysis, the simplified 

equations were developed using a statistical approach. 

For S/D =1: 

 (2) 

 (3) 

Where, (FSIu) % = ultimate increase in the F.O.S at (Dem/L)effe  
      (Dem/L)effe = effective embedded piles ratio. 

From the results of different piles spacing ratio, the (FSIu) %  

for piles having spacing ratio (S/D) of 1 to 2: 

  (4) 

 

The (FSIu) % for piles having spacing ratio (S/D) ≥ 2:  

 (5)  

 

The proposed method was validated using (FEM) results. The 

comparison showed that, the difference didsn’t exceed 7% 

 

5  CONCLUSIONS 
 

-The optimum location of piles is within the top quarter. 

-Numerical results has been summarized into    

simplified equations. 
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