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Abstract 

This paper presents a study on the seismic behavior of pile groups located in soil slopes that are also 

known as pile-slope systems. The main objective of the present study is to explore a reasonable and 

practical correlation between the safety factor of soil slope and seismic lateral displacements of pile 

groups in slope so that to achieve a better understanding and a framework for seismic analysis and design 

of pile groups in soil slope. To this end , a parametric study based on 3D numerical analysis for a number 

of pile groups in soil slopes under different conditions , has been carried out to investigate the seismic 

behavior of pile-slope systems. Some findings and conclusions are drawn that are intended to provide 

insight about the seismic behavior of pile-slope systems. 
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1. INTRODUCTION  

 

Many coastal and harbor structures, bridges, high-rise buildings and transmission towers are constructed on 

soil slopes and are supported by pile groups. These structures may be subjected to induced lateral loads due 

to the seismic movements of slope. In such conditions, the existing analysis and design methods are mostly 

complex and time-taking and cannot be applied in analysis and design procedures consistently. Moreover, 

Although some analytical, numerical and experimental methods have been applied to study the seismic 

behavior of pile groups, little research has been conducted to investigate the seismic behavior of pile groups 

located in soil slopes. Consequently, a lot of complexities and unknowns have remained in this area. Thus, In 

this study, basic principles for achieving  an engineering  and simplified framework of seismic analysis and 

design of pile group in soil slope leading to a better understanding of the seismic behavior of pile-slope 

systems, are established. In this regard, it is attempted to answer the following question: Is there any 

reasonable and practical correlation between the stability safety factor of a soil slope and seismic 

displacements of pile group located in it?  

The main objective of this study is to answer the abovementioned question that can result in development of 

a simplified approach based on simple computational concepts and methods for seismic analysis and 

displacements evaluation of pile group in slope. 

 

 

2. PARAMETRIC STUDY 
 

In the current study, the procedure adopted for numerical analyses, consists of two main steps: the first step is 

to calculate safety factors of soil slope, and the second is to calculate dynamic displacements of the pile 

groups. Hence, a parametric study was performed on hypothetical and comparable examples to derive 

practical and representative results. As shown in Fig 1 and Table 1, this study examines the effects of major 

factors and parameters on the response of pile-slope systems, such as configuration and number of piles in 

the group, soil profile (loose, medium and stiff categorized in terms of strength and stiffness) and pile 

spacing (s/d). 

 

 



October 2013 32-Iranian Conference on Geotechnical Engineering, 22 stThe 1 

University of Mohaghegh Ardabili, Ardabil, Iran 
   

                             

 

 2 

 

 

 
Table 1- Parameters and variables selected for parametric study 

Group Configuration s/d Soil Properties 

1x2 - 1x3 - 1x4 3 Φ=20,C=10Kpa,E=20MPa 

2x1 - 3x1 - 4x1 5 Φ=30,C=20Kpa,E=50MPa 

2x2 - 3x3 - 4x4 - Φ=40,C=40Kpa,E=80MPa 

 

 
Fig 1. Parameters used in the parametric study 

 

 The finite difference analysis package Flac 3D (Itasca Consulting Group 1998) is utilized in the numerical 

analyses and one of the models used in these analyses, is shown in Figure 2. 

 
 

Fig 2. Model Slope and Finite Difference Mesh 

 



October 2013 32-Iranian Conference on Geotechnical Engineering, 22 stThe 1 

University of Mohaghegh Ardabili, Ardabil, Iran 
   

                             

 

 3 

 

 

 

The properties of piles and soil slope used in the analyses are presented in Table 2.  

 
Table 2 - Properties of piles and slope for parametric analysis 

Case Parameter Value Unit 

Pile 

Ep 2.00E+5 MPa 

Lp 24 m 

𝜈 0.3 - 

ρ 7850 3kg/m 

tp 1 cm 

dp 30 cm 

Ip 9.589E-5 m4 

Soil 
angle (β) o30 - 

H (height of Slope) 12 m 

 

Regarding the stability and dynamic analyses, following points should be noted: 

 

1. Owing to the main purpose of this study which is investigation of seismic performance of the pile-

slope system, seismic stability should be considered. In order to account for the seismic effects on 

stability, pseudostatic approach is applied. It should be mentioned that only horizontal component of 

earthquake shaking is considered and vertical component is ignored because the effects of vertical 

forces tend to average out to near zero. Regarding selection of pseudostatic coefficient, it should be 

said that as this coefficient is a function of maximum horizontal ground acceleration, only some 

fraction of peak acceleration should be selected for the coefficients. According to the studies carried 

out before, there are no certain rules for selection of a pseudostatic coefficient for design but based 

on the recommendations cited in the literature,  the most acceptable and commonly used value is 

half of the peak ground acceleration which is also used in this study.  

2. In order to study the effects of change in frequency content of the input motion on the response of 

pile-slope system, two earthquake accelerograms scaled to 0.25g with different predominant periods 

are selected. One of these accelerograms is horizontal component of the North Palm Spring 

earthquake which has got a long predominant period (1.78s) and the other one is related to the 

Northridge earthquake with short predominant period (0.24s). Figs 3 and 4 Show the time-history 

and response acceleration spectrum of the mentioned motions. 

 

 
 

Fig 3. Time-history and acceleration response spectrum of North Palm Spring earthquake 
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Fig 4. Time-history and acceleration response spectrum of Northridge earthquake 

 

3. Due to the complexities of the effect of cap mass on group response, the effect of cap mass is 

ignored in the parametric study. 

 

4. Concerning each one of the variable parameters, a value as the core is chosen that is shown in Bold-

Italic in the above Tables. The analyses are performed with the core values; provide core analyses 

that are considered as the basis for the comparison of each variable parameter.  

 

3. DIMENSIONAL ANALYSIS 
 

In this section, it is attempted to perform a dimensionless analysis on the results obtained in the previous 

section (i.e. pseudostatic safety factors and seismic pile group displacements) so that to find the most 

influencing and representative dimensionless parameters and produce dimensionless charts in order to study 

the correlation between the mentioned safety factors and displacements. To perform dimensional analysis, 

the terms involved in the mechanical properties of soil, pile and slope are combined to form independent 

dimensionless variable parameters. The variable parameters used in this study and their description are 

presented in Tables 3 and 4, respectively. 

 
Table 3 - Dimensionless parameters used in dimensional analysis 

Dimensionless Parameters 

  

  

  

  

  

 
Table 4 - Description of dimensionless parameters used in dimensional analysis 

Description Dimension Parameter 

Pile Elastic Modulus 
  

Moment of Inertia   

Soil Elastic Modulus 
  

Slope Height   
Soil Angle of internal Friction -  

Slope Inclination Angle -  

Soil Cohesion 
  

Soil Specific Weight 
  

Pile Spacing   
Maximum Displacement of Pile Group   

Pile Diameter   

http://www.efunda.com/formulae/heat_transfer/convection/nondim_params.cfm
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 In the next step, different combinations of dimensionless parameters are formed and then, related charts are 

drawn and dimensional analysis through a trial and error process is performed. Combined dimensionless 

parameters are shown in Table 5. 

 
Table 5 - Combined dimensionless parameters  

Combined dimensionless parameters including Displacement and Safety Factor used in the analysis 

Parameters including Displacement (δ) Parameters including Safety Factor (FS) 

  

  

  

  

 
 

 
- 

 

- 

 

 

 

3.1. DIMENSIONLESS CHARTS 

 
After determining different combinations of dimensionless parameters, the primary dimensionless parameter 

representing the relation between psuodostatic safety factor and maximum seismic displacements of pile 

group is attempted to be found. For this reason, the dimensionless parameters were drawn versus each other 

in various charts and after comparing and investigating the charts, it was observed that in many cases either 

there is not adequate correlation between the selected parameters or these parameters do not demonstrate 

meaningful behavioral difference. Eventually, the parameter  was found the most 

appropriate and versatile involving all of the natural and geometrical properties of the pile-slope system and 

selected as the primary dimensionless parameter. Dimensionless charts illustrating the correlation under this 

parameter are shown in Fig. 6.   
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Fig 6. Correlation between Safety Factor and Seismic displacement of pile group under the primary dimensionless 

parameter 

 

According to this Figure, a very good and acceptable correlation (R-squared value greater than 0.9) between 

pseudostatic safety factor and the displacement under the primary dimensionless parameter, is found. As seen 

in this Figure, a reasonable and correct behavior of the system is illustrated under the primary dimensionless 

parameter which includes all of the factors and parameters involved in the problem. To further elucidate, it 

should be said that if this parameter is kept constant, decrease in stiffness and strength  of the system, on the 

one hand decreases the safety factor and on the other hand leads to increase in the displacements. In other 

words, safety factor and displacement that are two behavioral parameters, are correlated to each other by the 

obtained dimensionless parameter which is a natural-geometrical parameter. 

 

3.2. RESULTS OBTAINED FROM THE EFFECTS OF PRIMARY DIMENSIONLESS 

PARAMETER AND THEIR INTERPRETATION 
 

According to Figures 7 and 8, as the safety factor of the slope decreases, the pile group displacements 

increase and this result can be interpreted through two geotechnical and seismic viewpoints. Regarding the 

geotechnical viewpoint, as seen in Fig 7, while the dimensionless parameter  is kept constant, decrease in the 

safety factor, results in the increase in induced pile group displacements.  

 

 
 

Fig 7. Pile group displacements increase as a result of decrease in Safety Factor (Geotechnical viewpoint)  
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In contrast, Figure 8 illustrates that the rate of increase in displacements induced by the short and long 

predominant periods are different. As shown in this Figure, following the decrease in the safety factor of the 

system, when the predominant period of input motion is long, pile groups have experienced much greater 

displacements compared to the short predominant period input motion. This finding is interpreted through a 

seismic viewpoint and it should said that as the safety factor decreases, natural frequency of the system also 

decreases and due to the proximity of this frequency to the frequency of input motion, amplification 

phenomenon occurs whereas, in case of short predominant input motion, frequency of the motion is long and 

this difference between the period of input motion and the natural period of the system, rate of increase in 

displacements is insignificant. Thus, the difference in the increase in amount of displacements is attributed to 

the amplification phenomenon. 
 

 
 

Fig 8. Significant difference in the rate of displacement increase due to amplification (Seismic viewpoint)  

 

In general, the abovementioned results are summarized in Figure 9 . According to this Figure, decrease in  

stiffness and strength of the system and/or generally, weakening the system decreases the safety factors and 

on the other hand as the predominant period of input motion increases, displacements become more sensitive 

to the increase. 

 

 
 

Fig 9. Response of pile-slope system to the change in predominant period of input motion  
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4. CONCLUSIONS 

 
With regard to the results obtained from the analyses, following conclusions are drawn: 
 

1. The correlation between two behavioral parameters; safety factor and displacement through a 

dimensionless parameter including all of the natural and geometrical parameters of pile-slope system was 

obtained. 

2. Decrease in strength and stiffness of soil decreases safety factor of the system and as a result of this 

decrease, pile group displacements increase. In addition, as the soil stiffness decreases, its natural frequency 

decreases as well. Thus, if predominant frequency of input motion is short, natural frequency of the system 

becomes proximate to the frequency of input motion and leads to the greater displacement increase compared 

to the case when the predominant frequency of input motion is short. 
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