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ABSTRACT:  Traditional seismic design of superstructure and foundation is limited to fixed base assumption based 

on beneficial attributes of soil structure interaction (SSI). In fact, such perception has been proved to be misleading 

and SSI has been recognized as an important phenomenon in seismic design which may lead to sustainable design 

solution. Present study examines the effect of soil-pile foundation-structure interaction under seismic loading along 

with consideration of in-situ variability of soil shear strength parameters on responses of pile foundation. 

Incorporation of variability along with SSI alters the trans-mitted shear to the pile as compared to fixed base shear 

which may lead to unsafe or over-safe pile design. Therefore, precise estimation of safety margin is required for 

rational and sustainable design of pile foundation under seismic load considering the variability of design soil 

parameters. Further, this study highlights the effect of uncertainty of different modeling techniques incorporating 

uncertainty in soil shear strength parameters which may alter the design responses and have crucial impact in decision 

making for the designer. In this study, a dynamic finite element analysis is carried out of a representative soil-piled 

foundation-structure system modelled using beam on nonlinear Winkler foundation (BNWF) approach. Response 

statistics of the system are estimated using Monte Carlo (MC) simulation technique. Finally, design implications are 

suggested for seismic design of piled foundation embedded in sandy soil and clay with an emphasis on probabilistic 

SSI modelling approach. 
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1 INTRODUCTION  

Soil-pile foundation-structure interaction (SPSI) is an 

important consideration in evaluating the dynamic 

response of structures supported on pile foundation. 

Failure of pile foundation supported structure in 

various seismic events [e.g., Mexico city (1985), 

Loma Prieta (1989), Kobe earthquake (1995)] 

indicated the importance of SPSI in seismic design, 

while, a conventional perception of non-

consideration of SPSI already exists as suggested in 

codal guidelines (ATC (3) 1978, NEHRP 1997) due 

to its beneficial attributes. Several studies indicated 

the design implication at mainly pile foundation 

arising out of whole system interaction, i.e., both 

kinematic and inertial interaction in structure 

supported on pile foundation (e.g., Gazetas 1984, 

Rovithis et al. 2009, Tokimatsu et al. 2005).In fact, 

most of the studies in this direction have mainly 

focused on intricacy of dynamic SSI modeling and 

method of analysis techniques. However, a limited 

effort has been given towards distribution of design  

 

forces in superstructure and pile foundation may be 

considering such whole system interaction which 

crucial from design point of view (Saha et al. 2015). 

But in reality, in-situ properties of soil in distinct 

geological layers are highly uncertain (Phoon and 

Kulhway 1999). Such properties may vary along 

depth, horizontal directions, and with time. It is 

reported that the variability of in-situ properties of 

soil may lead to uncertainty in response of the system 

which may invite a variability of safety margin given 

for evaluating design forces (Phoon and Kulhway 

1999). Hence, the reliability based design is 

important in order to predict the safety margin for 

pile foundation. However, few studies have 

addressed probabilistic seismic design of pile with 

emphasis on different reliability techniques (e.g., 

Tandjiria et al., 2000, Pula and Rozanski, 2012). 

Further, Tejchman and Gwizdala (1988) reported pile 

load test results which indicate the effect of in-situ 

variability. 
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In this context, present study is an attempt to 

investigate the effect of in-situ variability of soil 

parameters on seismic response of pile foundation 

supported structural system. The soil is assumed to 

be adhered to nonlinear behavior attributing 

homogenous deposit of medium sand. Angle of 

internal friction (ø) and soil stiffness (k) are 

considered as the variable parameter for pile rested in 

sandy soil in the present study. Effects of in-situ 

variability on safety factor is examined considering 

linear and non-linear Winkler based Soil-Structure-

Interaction (SSI) modeling which may provide 

significant input in reliability based design. Monte 

Carlo simulation (MCS) is used to carry out the 

probabilistic analysis. The effect of in-situ soil 

variability on dynamic characteristics and elastic 

response of such system is studied encompassing a 

wide range of parametric variation in order to 

examine the effect of variability of angle of internal 

friction (ø). This study is limited to input motion of 

dynamic sinusoidal loading. Finally, this limited 

study may give valuable input to modify 

conventional seismic design approach for heavy 

structural system supported by pile foundation and 

finally result to a precise and sustainable design 

guideline for such structure. 

 

2. IDEALISATION OF THE PROBLEM 

A representative multi-storied building model 

consisting of single bay 5 floors @ 3.5m storey 

height available in Pender (1986) is considered in 

present study. The building is considered to be 

supported by 2  2 pile group of diameter 0.6m and 

spacing to diameter ratio of 3.0. The load and bay 

size on each floor is taken to be 8.0 kN/m2 and 8.5m
 3.5m respectively. Fig. 1 presents the schematic 

diagram of the structural model. The weight of the 

structure is calculated to be 3468 kN assuming the 

roof loading is equivalent to that of the floor loading. 

Therefore, load on single pile is coming to be in 

order of 867 kN. It is assumed that 70% of mass will 

participate in the 1st mode of vibration (Pender 

1986). Hence, present study analysed a single pile 

with 70% of total mass is assumed to be lumped at 

the top of a pile cap. Further details of the structural 

model and soil are presented in Table 1. 

 

3. PILE SOIL MODELLING 

Pile is modelled by an elastic beam column element 

having 6 degrees of freedom at each node which is 

further meshed into 80 divisions in vertical direction.  

 

 

 

 

 

 

 

 

 

 

 

           

Fig.1 Representative Structural model available in 

Pender (1986) 

 

Table.1 Properties of pile and soil 

Pile Data Value 

Pile Length, L (m) 40  

 Pile Diameter, d (m) 0.6 

Young’s modulus of pile, Ep(kN/m2) 30 106 

Soil Data  

Soil condition Medium sand 

Young’s modulus, Es(kN/m2) 

 

50,000 

Angle of internal friction, ø 360 

Unit weight (kN/m3) 

 

17 

Poisson’s ratio 0.3 

 
 
The discredited length of each pile element is 0.5m 
which is verified from a convergence study. The 
embedded pile length in sand is 39.50m and free 
length is 0.5m. Beams on non-linear Winkler 
foundation (BNWF) modelling approach is adopted 
to model the pile-soil interaction under horizontally 
applied dynamic loading. Initially, horizontal soil 
springs adhered to the pile is used to support the pile. 
The spring properties are modelled by nonlinear p-y 
behaviour under cyclic loading proposed by 
American Petroleum Institute (2005).Fig. 2 presents 
the finite element based model of soil-pile-
superstructure system. Further, the soil springs are 
assumed to behave as linear material. The initial pile-
soil stiffness obtained from pushover curve between 
pile displacements (Y) with respect to reaction (P) in 
soil springs is used as spring stiffness at each node.  

0.6 

5 floors @ 3.5m height                 

and loading 8.0 KN/m2 

@ each floor 

 

8.5m 
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               Fig.2 Soil-pile superstructure model 

 

4. MODELING OF SOIL UNCERTAINITY 

AND PROBABILISTIC ANALYSIS 

In this study, angle of internal friction (ø) and 

stiffness ( K ) of sandy soil is modelled by random 

field. The random field is generated following Haldar 

and Babu (2008) within the finite element grids by 

assigning ø or K at each grid location which is not 

presented herein due to brevity. Angle of internal 

friction (ø) and stiffness ( K ) is considered as log-

normally distributed random variable represented by 

parameters mean µø, standard deviation σø and spatial 

correlation distance δz = 1.5. Deterministic soil 

parameters as mentioned in Table 1 are assumed as 

mean values for probabilistic analysis. The 

probability analysis is conducted for a range of 

variability and a correlation parameter of soil. The 

range of values is selected based on the typical range 

for coefficient of variation (COV) of angle of internal 

friction (5%-15%) as suggested by Phoon and 

Kulhway (1999). Monte Carlo simulation (MCS) is 

adopted in present study for probabilistic analysis. 

Based on a convergence study (Das et al. 2016), the 

number of sample realizations for MCS analysis is 

considered as 1000. The range of co-efficient of 

variation (COVø or COVK %), is considered as 5, 10 

and 15 and δz = 1.5, 5 and 15. 

 

 

 

 

5. RESULT AND DISCUSSION 

5.1 Effect of variability of angle of internal 
friction on fundamental period 

Fundamental period of structure governs the seismic 

design response of a structural system. Eigen value 

problem is solved to calculate the fundamental period 

of structure under fixed base, deterministic and 

variability induced SSI condition in present study.   

The fundamental period of the idealised 5 storey 

structure is assumed as 0.60 sec (Pender 1986). 

However, present study calculates the fundamental 

period of single pile supporting lumped mass of 

superstructure embedded in medium sand for the 

sake of simplicity under deterministic as well as 

variable SSI condition. The influence of variable soil 

parameters (ø or K ) on fundamental period of 

structure is primarily investigated with comparison 

of deterministic solution. The normalised period (i.e., 

Tssimean/Tssidet, where Tssimean and Tssidet indicates period 

of structure at probabilistic and deterministic SSI 

condition respectively) for pile embedded in medium 

sand is presented in Fig.3. The figure indicates that 

the normalized period lengthens marginally in case 

of both non-linear and linear soil as compared to 

deterministic SSI condition. The reason of marginal 

increase may be due to assumption of single pile in 

place of pile group and lumped superstructure mass. 

 

 

Fig. 3 Normalized period considering different COV 

5%, 10% and 15% and δz= 5, 10 and 15. 
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It is observed that the normalized period 

(Tssimean/Tssidet) is varying within a range of 0.92 to 

1.10 with respect to a range of angle of internal 

friction (ø) of 5% to 15% COV in case of non- linear 

idealization of soil behavior. The percentage 

variation with respect to deterministic prediction 

comes out in a range of minimum 4.86% to 

maximum 7.17% in case of non-linear idealization of 

soil. However the percentage variation for linear 

idealization of soil is in a range of minimum 0.7% to 

maximum 3%. 

 

5.2 Influence of in-situ variability of soil on 

shear force at pile head  

Three sets of graph highlighting normalized shear 

force at pile head for linear and nonlinear 

idealization of soil is presented in Fig. 4. It is 

observed that there is a significant increase in shear 

on pile due to variability of soil properties in case of 

non-linear idealization of soil. However, marginal 

change is observed in normalized shear at pile in case 

of linear idealization of soil. For instance, the value 

of normalized shear at pile [(VB,pile)ssimean/ 

(VBpile)ssidet]is observed to be 1.38 for 10% COV with 

correlation distance δz to be 5. Whereas, in case of 

COV 15%, with correlation distance δz 1.5 the value 

of normalized shear at pile head [(VB,pile)ssimean/ 

(VBpile)ssidet]is found to increase significantly to 

2.933.Hence, there is significant effect of in-situ 

variability soil properties on transfer of shear force in 

pile.  

Fig. 4 Normalized shear at pile head considering 

different COV 5%, 10% and 15% and δz= 5, 10 and 15. 

6. CONCLUSION 

Present study is a preliminary attempt to assess the 

effect of in-situ variability of soil design parameters 

which may have an implication in seismic design of 

load resisting elements of heavy structures supported 

on pile foundation. This study shows a marginal 

variation in normalised period of pile supported 

structure due to incorporation of in-situ variability of 

soil parameters. However, the effect is significant in 

transfer of shear force at pile head. Furthermore, the 

effect of in-situ variability of soil also studied for 

linear and nonlinear idealisation of soil behaviour 

which indicates that assumption of different 

modelling may further alter the design response of 

pile foundation. These issues need to be studied in 

detail by considering a well-accepted statistical 

modelling of variability of soil, dynamic loading and 

SSI modelling uncertainty. 
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