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ABSTRACT 

Major earthquakes that caused damage to buildings have brought a significant attention to response of pile 

foundations under seismic excitation. However, seismic design of pile foundations still remains challenging, when 

they are embedded in multilayered soil profiles. Present study investigated the kinematic behaviour of pile 

embedded in a multilayered soil profile which is typically found in marine regions, using finite element method. 

First, modelling techniques were validated using existing results and then adopted in further analysis. It was found 

that the layers of soils with varying stiffness influence the pile response significantly and activate different vibration 

modes in the pile.  
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1.    INTRODUCTION  

The primary function of a pile foundation is to carry and transfer structural loads to a deeper soil or rock with a 

higher bearing capacity when shallow soil does not provide adequate strength. In addition, a pile foundation, which 

essentially creates a soil-pile system due to its interaction with soil, needs to be designed to resist environmental and 

random loads such as seismic loads. Under a seismic load, however, the responses of the pile and its surrounding 

soil forming a soil-pile system are interdependent. The term „soil-pile interaction‟ refers to the process in which the 

responses of the pile and soil influence the response of each other. It consists of two components namely; „kinematic 

interaction‟ and „inertial interaction‟ which are defined as the effects of foundation on the soil and the effects inertial 

loads on the foundation respectively. 

 Research [1, 2, 3, 4] have been carried out over the past few years on soil-pile interaction with different levels of 

complexity and it was common to use discrete systems of masses, springs and dashpots to simulate the soil-pile 

interaction behaviour incorporating material and geometrical nonlinearity. Nevertheless, the use of this two 

dimensional approach distort the true context of soil-pile interaction which in reality is a three dimensional 

interaction.  

On the contrary, Finite Element Method (FEM) provides a better representation of a soil-pile system if modelled in a 

three dimensional domain while offering a relatively simple tool to handle complex problems. FEM approach has 

been used by some researchers to analyse soil-pile interaction problem considering, soil plasticity [5,6], slipping and 

gapping [5,6] between pile and soil in both time domain [7] as well as in frequency domain [8]. However, these 

studies are based on homogeneous soil profiles and piles are of limited and unrealistic depths, typically around 10m.  

Irrespective of the amount of research carried out in this area, kinematic effects on pile foundations are still ignored 

in the actual engineering practise. This may be considerably valid if the piles are embedded in competent soil 

profiles. However, the studies carried out considering homogeneous soil profiles lack practical significance and 

hence cannot convince the significance of kinematic interaction effects in actual engineering applications. 

This paper is based on a study conducted using the Finite Element Method to investigate the kinematic interaction 

behaviour of a pile, when subjected to a seismic excitation, embedded in a multilayered deep profile soil strata 

comprising of soft soils.  

 

2.    MODELLING TECHNIQUES 

In this study soil-pile system is modelled in the three dimensional domain using the general purpose finite element 

software, “ABAQUS”. The governing equation of the system is given by , 

          (1) 

where, [M] is mass matrix, [C] is damping matrix , [K] is stiffness matrix,  is acceleration,  is velocity,  is 

displacement and  is the forcing function.  

The basic components of the developed Finite Element model, are shown in figure 1 schematically, and are 

described in the subsequent sections.  
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Figure 1: Basic Components of the FE Model 

 

2.1 Elements 

Contrary to past research, where eight node brick elements were used to model both soil and pile, this study instead 

uses pore fluid/stress element type for the soil. The differential settlement between soil and pile increases with the 

soft nature of the soil leading to higher response at the pile head. This effect can be more precisely modelled using 

this method while brick elements are sufficient to model the pile. 

The pile was considered as a cantilever beam fixed at the base for the purpose of determining the pile mesh size. A 

load is applied at the top and deflections were obtained at different heights using FEM and then compared with the 

theoretical values for different mesh sizes and the one that matches more closely was selected for further analysis.  

The subdivisions in the vertical direction of the soil were kept constant within a soil layer to distribute the waves 

evenly in the soil profile.  

  

2.2 Material models 

Selection of proper constitutive models to model the material behaviour is also essential in numerical modelling. 

Similar to past research, this study also assumes that the pile behaviour is linear elastic throughout the analysis [5,6]. 

Most of the past research on soil-pile interaction used elastic material models to simulate the soil behaviour. But soil 

in most instances show nonlinear behaviour and hence plasticity should be incorporated. A simple elastic-perfectly 

plastic model can simulate the behaviour of soils with a sufficient accuracy though there are different ways to 

incorporate the plastic behaviour of soil. This type of material models have been successfully used in the literature in 

wave propagation problems [5].  Mohr-Coulomb model which suggests that the yielding begins as long as the shear 

stress and normal stress satisfy the following equation was used in the present study. 

          (2) 

Where, C is the cohesion and  is the friction angle. The yield criterion of the Mohr-Coulomb model is defined as: 

              (3)  

where,  and  are maximum and minimum principal stresses.  

 

2.3 Soil-pile interface 

Here, the surface-based interaction technique available in ABAQUS was used to model the soil-pile interface. This 

involves interaction between two surfaces which are defined based on their rigidities. The more deformable surface 

is defined as slave surface while the one with the greater rigidity is defined as the master surface.   Master and slave 

surfaces for this study are surfaces of the pile and the soil respectively. The interaction behaviour of these two 

surfaces was defined in terms of normal behaviour and tangential behaviour. Normal behaviour was modelled as 

“hard” contact behaviour. This approach allows any pressure to be transmitted between surfaces if they are in 

contact.  The surfaces separate if the contact pressure reduces to zero and hence will not transmit any tensile 

stresses. Tangential behaviour was based on the Mohr-Coulomb friction model and accordingly two contacting 
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surfaces can carry shear stresses up to a certain level before they start sliding relative to one another. A critical shear 

stress is defined at which sliding of surfaces starts as a fraction of the contact pressure between the surfaces.   

  

2.4 Loading steps 

Unlike the analysis of  most structures, where the analysis begins with a stress free mesh, in buried structures the  

response depends on the history of loading; at the in-situ condition. Therefore it is important to simulate the in-situ 

conditions before applying any seismic loads in the model. In this model, loading was applied in two consecutive 

steps; geostatic step and dynamic loading step.  

In the geostatic step geostatic stress condition was simulated by applying gravity load to the system together with a 

predefined stress field which is applied to the soil mesh. Then the program creates a force equilibrium system where 

the in-situ stresses are calculated. They are in equilibrium with external forces under the prescribed boundary 

condition and produce negligible deformations.  

Among the different types of earthquake waves, the most important wave type is the vertically propagating “S” 

wave that produces ground motion in horizontal direction because this type of motion causes the damage to most 

structures. Therefore, in this study, seismic action was simulated by the vertically propagating “S” waves applied 

one dimensionally and the responses were measured in the direction of shaking.  

 

2.5 Boundary conditions 

In dynamic analysis of soil-pile interaction the surrounding soil strata is considered as infinite in the horizontal 

direction. Therefore it is important to avoid wave reflection at the vertical boundaries. To counteract this some 

researchers suggest that energy transmitting boundaries can be used [9]. However, such boundaries incorporate 

special considerations such as different wave types and cannot be adopted if the conditions are not satisfied. In such 

situations, simple methods such as a boundary which is free to move in horizontal direction, but restricted in vertical 

direction become appropriate and hence adopted in this study for the lateral boundaries. In this case, the static active 

failure of the vertical lateral boundaries should be prevented by applying lateral confining pressure at the boundaries 

(Figure 2). However, these lateral boundaries should be located at a sufficient distance from the area of interest to 

dissipate energy as much as possible, so that the reflected wave will not affect the response in the interested zone 

[10]. This lateral boundary condition was applied in the geostatic loading step and propagated to the dynamic 

loading step. 

Boundary condition for the base of the model depends on the loading condition. During the geostatic loading step, 

the base is considered fixed. But in dynamic loading step, it is free to move in the horizontal direction. During this 

step, the base was shaken in the horizontal direction.  

 
Figure 2: Boundary conditions 
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2.6 Damping 

Damping of the soil-pile system is achieved through stiffness proportional material damping and it is assumed to be 

constant throughout the analysis. This type of damping has been successfully used in dynamic soil-pile interaction 

analysis in the literature [5,6]. The damping matrix is given by the equation 4. 

          (4)  

Where, [C]= damping matrix, [K]=stiffness matrix and =damping coefficient 

In this case,  

where,  is the predominant frequency of loading and  is the material damping ratio which is assumed to be 5%. 

Predominant frequency is obtained from a Fourier spectrum drawn for the input wave.  

 

3.   VALIDATION 

Validation of the modelling techniques was carried out using the information found in literature, to ensure the proper 

behaviour of the soil-pile system and it was done for both static and dynamic loading.  

For the purpose of validation a 0.5m  0.5m square socketed pile with length of 10m considered. Pile is considered 

as a linear elastic element with a density of 2300 kg/m3, Young‟s modulus of 20 GPa and Poisson‟s ratio of 0.25. 

Soil used in this validation has a density of 1203 kg/m
3
, Young‟s modulus of 20MPa, Poisson‟s ratio of 0.45, 

cohesion of 34kPa and an internal friction angle of 16.5
0
.  

 

3.1 Validation under Static Loading  

Validation for static loading was carried out for two conditions; with and without gap formation between soil and 

pile.  In this validation step, a horizontal load was applied at the top of the pile and pile response at the top was 

obtained. Results obtained here were then compared with the results obtained from the work done by Bentley and 

Naggar [5]. Figure 3 shows the results for both conditions is evident that the present results compare well with those 

from the reference [5].  

 

 

a) Without gap formation b) With gap formation 

  
Present Study                 Bentley and Naggar ([5]) 

Figure 3: Response of single pile  under static loading 

 

3.2 Validation under Dynamic Loading  

Validation under dynamic loading was carried out in two steps; a) for free field motion, b) for soil-pile system with a 

base excitation.  

Validation of free field motion was carried out only for the soil profile in the absence of the pile. Here, an excitation 

was given as a displacement-time history to the base of the profile in order to simulate seismic waves. The 
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displacement-time history used here was from seismic data for El-Centro earthquake ([11]). Free field for the same 

soil profile and base excitation was then obtained using “Geostudio-QUAKE” software which can be used directly 

to do such analysis. Free field responses obtained from both analyses were compared in figure 4 which shows a very 

good agreement.  

 
Figure 4 : Free field response 

 

Finally, the validation was carried out for the soil-pile system. In this case, base of the soil-pile system was given a 

sinusoidal excitation which is described in equation (5).  

x(t)=Asin(ωt)          (5) 

where, A is the amplitude, ω is the angular frequency and t is the time. For the comparison of results, two factors 

were defined, namely; Kinematic Displacement Factor Iu and Dimensionless Frequency a0.  

                (6) 

where  =pile response at top              = amplitude of free field motion 

           (7) 

where =circular frequency of loading, d=pile diameter (width in this case), =shear wave velocity of soil Figure 

5a) shows the results of the present study up to a frequency of 10Hz (a0≈0.6) and figure 5b) shows the idealized 

general shape of kinematic displacement factor vs. dimensionless frequency proposed by Fan et al.[12].  

Both studies show that there is a low frequency region (0<a0<a01) in which Iu≈1. This means that the pile follows the 

deformation of the ground for this frequency range. Fan et al. [12] observed that a01 has a value of 0.2~0.3, which is 

true for the present study as well. Then there is an intermediate region (a01<a0<a02), where Iu declines rapidly with 

the frequency. Finally there is a relatively high frequency region (a0>a02) in which Iu fluctuates around a constant 

value of about 0.4. Fan et al. [12] observed that a02 can be 5 to 10 time the natural frequency of the soil deposit for a 

homogeneous soil profile. In the present study a02 is observed when it is five time the natural frequency of the soil 

layer. Due to these similarities between the two studies, it is evident that the results of this validation step agree well 

with the study done by Fan et al. [12].   

a) Present study b) Study by Fan et al ([12]) 
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Figure 5: Pile head response under a base excitation 

 

4.    APPLICATION  

In general engineering practise of analysis of pile foundations generally ignores the effect of kinematic forces 

caused by the surrounding soil on pile response and only the inertial effects caused by the superstructure is 

considered. This section of this paper highlights the possible impacts of kinematic forces from surrounding soil on 

the response of a pile foundation which were drawn from a preliminary study conducted considering an actual 

engineering problem. 

For this study, an actual soil profile obtained from a geotechnical investigation report done for the Melbourne 

Docklands [13] was used to investigate the behaviour of a pile in a layered soil profile. Using the Cone Penetration 

Test results and Standard Penetration Test results in the report, soil layer properties and thicknesses were obtained, 

as listed in table 1.  

 

 

Layer 

No. 

Layer Thickness 

(m) 

Density 

(kg/m
3
) 

 

Young’s Modulus 

(MN/m
2
) 

Poisson’s 

Ratio 

 

Friction 

Angle(
0
) 

 

Cohesion 

(kN/m2) 

 

1 16 1631 

 

10 

 

0.4 

 

0 39 

2 6 1835 

 

15 

 

0.4 

 

0 59 

3 2 1886 

 

21 

 

0.4 

 

0 83 

4 2 1937 

 

63 

 

0.3 

 

35 0 

5 7 1937 

 

248 

 

0.3 

 

50 0 

Table 1: Soil Properties 

Here a precast concrete pile of 33m long with a 0.25m x 0.25m cross section was used to investigate the behaviour. 

Young‟s Modulus of the pile was taken as 36GPa and Poisson‟s ratio was taken as 0.15. This types of precast 

concrete piles are frequently used in the industry support multi-storey buildings and hence used in the present study. 

In this analysis, soil was considered as an elastic-plastic material, where as pile was assumed to behave linear 
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elastically. Soil-pile FE model was developed using the modelling techniques explained in section 2. To simulate the 

seismic waves, displacement-time history corresponding to El-Centro earthquake [11] was given at the base of the 

model.  

Figure 6 shows the pile head response in time domain when subjected to El-Centro earthquake. It shows an 

amplification of about three times the input motion due to the kinematic forces applied on the pile foundation. The 

common practise in seismic analysis of structures is to apply the actual earthquake excitation at the base of the 

superstructure to obtain the structural demand. However, this shows that the actual displacement at the base of a 

superstructure can be high as three times the seismic input motion which will required a higher structural demand.  

Then the response of the pile was investigated against the stiffness of the surrounding soil to examine the effect of 

soil stiffness on pile response. For this, pile response at mid depth of each different soil layer was investigated. Here, 

input motion was considered as a baseline to examine the average response pile response deviation in each layer. 

Figure 7 shows the pile response obtained at the mid depth of each layer. It clearly shows that pile follows the same 

motion as given in the base of the model in the stiffest soil layer. However as the soil gets less stiff pile response 

deviates from the input motion and the softest layer shows a most significant deviation.  This reinforces the fact of 

ignoring of kinematic effects may be reasonable if the pile is embedded in competent soil profiles. However, it may 

not be the case if soft soil layers are present which can exert higher kinematic loads which will influence the 

response of a pile to a considerable extent.  

These variations of response of pile along its depth due to the variation in surrounding stiffness can cause different 

deflection mode shapes in a pile when subjected to a seismic excitation which resemble force vibration modes. Since 

the softest layer shows the most significant deviation and also has a significant layer thickness kinematic behaviour 

of the pile foundation was examined by varying  thicknesses as 16m, 8m, 4m, and 2m while keeping the thickness of 

the other layers the same.  Accordingly pile height was also changed as 33m, 25m, 21m and 19m respectively.  

Figure 8 shows the relative displacements of the pile along its height for each of the above cases at different times 

during the shaking. The relative displacements are negligible in the embedded portion of the pile foundation in the 

stiffest layer and shows increments as the soils get less stiff. Furthermore, the amplitude of the pile displacement 

increases with the increase in the thickness of the soft layer. The displaced shapes, which can also be considered as 

modes of forced vibration, also change with the thickness of the soft layer (layer-1). When the soft layer thickness is 

minimum (2m) either the first or the second mode of the vibration can be observed. However, as the soft layer 

thickness increases, third or even higher mode shapes can be observed.  

 

 

 
Figure 6: Pile Head Response 



IJRRAS 16 (3) ● September 2013 Peiris
 
& al. ● Optimization of the Design of Steel Portal Frame 

 

 
 

367 

 

 

 

a) Pile response at mid depth of layer -1 b) Pile response at mid depth of layer -2 

  c) Pile response at mid depth of layer -3 d) Pile response at mid depth of layer -4 

  e) Pile response at mid depth of layer -5  

 

 

 

Figure 7: Pile response at mid depth of different layers 
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mid-depth 



IJRRAS 16 (3) ● September 2013 Peiris
 
& al. ● Optimization of the Design of Steel Portal Frame 

 

 
 

368 

 

a) Top layer thickness- 2m a) Top layer thickness- 4m 

 
 

c) Top layer thickness – 8m  d) Top layer thickness – 16m 

  

Figure 8: Relative displacement of pile along its depth captured at different times 
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5.    SUMMARY AND CONCLUSION  

A comprehensive 3D finite element model was developed and validated using existing data found in literature for a 

homogeneous soil profile which was then extended to investigate the kinematic interaction behaviour of a pile 

embedded in deep layered marine sediment under seismic excitation. This shows the validity of using simple 

modelling techniques in solving soil-pile interaction problems which will be useful in actual engineering practise, 

where solutions should be drawn with minimum modelling efforts and computational costs. 

Based on the results obtained from this study, following conclusions are drawn. 

1. Use of actual seismic input motion may not be appropriate in seismic analysis of superstructures as the 

actual input to the super structure through the pile foundation can be significantly affected by the kinematic 

interaction effects.  

2. The portion of a pile embedded in stiff soil follows the same motion as the input motion given at the base. 

However, if a pile is embedded in soft soils, its response deviates significantly from the input motion.  

3. Piles can undergo various vibration modes when subjected to a seismic excitation. The number of vibration 

modes, nevertheless, depends on the nature of the soil profile in which they are embedded.  

Even though these conclusions are limited to pile, soil profile and parameters and seismic loading considered in used 

in this study, it shows the significance of considering kinematic interaction effects which are commonly ignored in 

actual engineering practise. And this can guide the future research on soil-pile interaction in multi-layered deep soil 

profiles.  
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