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ABSTRACT 
Piled raft foundations have gained acceptance as an economic foundation system for high rise buildings and heavy 
structures. The composite nature of a soil-piled raft system results in complex soil structure interaction phenomena that 
has been subjected to intense study in the past decade. Numerical simulation of seismic SSI of such foundation systems 
are often performed using approximate beam on Winkler spring methods, direct approach using finite elements or finite 
difference schemes or substructure based methods. Substructure based methods have been accepted particularly by the 
nuclear industry over the past few decades. However, the linear nature of substructure methods that employ equivalent 
linear iterative techniques for dynamic soil parameters, have to be validated to build confidence on its applicability. In the 
present study, a centrifuge test on a piled raft foundation system in kaolin clay, is simulated using the substructure based 
SASSI program. A 3D finite element based model is developed for analysis using the flexible volume substructure 
method. Two techniques of modelling piles have been studied, one that includes pile-soil-pile interaction and one that 
does not. Results from the simulation are in agreement with experimental results. It is found that pile-soil-pile interaction 
does not play a major role in the piled raft system studied. 
 
 
 
1 INTRODUCTION 

 
Composite foundation techniques like the piled raft (PR) 
foundation have proven to economize foundation design 
for tall buildings, as well as large structures. Some of the 
tallest buildings in the world at present stand on piled 
rafts. Seismic performance of structure-foundation system 
has become a relevant part of foundation design for 
important structures. Although design codes and 
guidelines exist for piled raft foundations, their seismic 
response characteristics lack clarity. There exists 
sufficient literature to prove that ignoring SSI effects could 
come at the risk of an unsafe design. Seismic SSI 
analysis for composite foundation systems like the PR 
foundation in multi layered soil, cannot be carried out with 
simple analytical models. Primarily four types of 
interaction are to be taken into account for a PR system, 
namely raft-soil interaction, pile-soil interaction, pile-pile 
interaction, and pile-raft interaction (Katzenbach and 
Choudhury, 2013). 

With the advent of high performance computers, 
numerical simulations for SSI involving complex geometry 
and non-linear models are now feasible. However the 
computational cost along with time required to develop 
SSI models in the direct approach does not make it 
feasible in every situation. Substructure based methods, 
owing to their simplified soil models and frequency 
domain computation makes it several times faster and 
robust when compared to direct methods using finite 
elements or finite difference schemes. The present study 
aims to develop a substructure-based model, to simulate 
a piled raft system in soft clay subjected to a seismic 
event, and compare the results with centrifuge test 
results. The influence of piles on the response of raft is 
investigated by comparing analyses results of raft with 
and without piles. 
 

2 LITERATURE REVIEW 
 
Although analysis of piled raft foundation for static loads 
has been studied extensively in the past, research on 
seismic response is limited. Nagao et al. (2002) have 
proposed a beam spring modeling of the foundation for 
calculating deformation and stresses of pile rafts under 
lateral/seismic loading. Mayoral et al. (2009) compared 
actual seismic response of an urban bridge support 
system on soft clay with computed results using the 
SASSI program using flexible volume method. The 
response predicted with the numerical models was a very 
close estimation of the recorded one, especially in the 
frequency domain, for both the free field and foundation 
motions. Seismic response of a single degree of freedom 
superstructure on an idealized pile-raft foundation was 
studied by Saha et al. (2015) using a numerical model. 
Mayoral and Romo (2015) investigated the seismic 
response of a bridge support system with massive 
foundations by parametric studies varying foundation 
geometry, using the substructure based SASSI program. 

Centrifuge studies to evaluate seismic response of 
piled rafts were carried out by several researchers 
including Horikoshi et al.(2002), and Sawada and 
Takemura (2014). Yuksekol et al.(2015) have performed 
1g shake table tests on a piled raft foundation soil system. 
Banerjee (2009) investigated the response of a piled raft 
in soft clay system subjected to seismic excitation. The 
study suggested that surrounding soil imposed an inertia 
load to the piled raft structure, and therefore, could 
lengthen its resonance period. The 3D numerical 
simulation performed by the author could replicate the 
centrifuge model reasonably well. In the finite element 
method, modelling pile as beam elements involve certain 
inherent disadvantages. Choice of pile modelling 
technique requires an understanding of the anticipated 
SSI effects as well as the computational cost involved. In 



 

 

the present study a 3D finite element based model is 
developed to study seismic response of the piled raft in 
soft clay system by substrucuring technique, and the 
numerical results are compared with centrifuge test 
results. Two different pile modelling techniques are 
studied for comparison. 
 
3 NUMERICAL ANALYSIS USING SUBSTRUCTURE 

APPROACH 
 

Sub structuring is fundamentally, the technique of 
separating a dynamic system into several subsystems, 
and then obtaining the global response using the principle 
of superposition. This opens up the provision to use the 
most amenable solution for each step depending on the 
problem at stake, resulting in less computer time and 
storage (Villaverde, 2009). For SSI problems, strain 
dependent soil modulus and damping could be accounted 
for by using degraded soil properties from an equivalent 
linear ground response analysis. The SASSI program 
(Ostadan and Deng, 2010, Lysmer et al, 1981) follows a 
formulation by which soil layers are assumed as 
viscoelastic horizontal layers overlying viscoelastic 
halfspace. 
 
3.1 Flexible Volume Substructuring Method 
 
The Flexible Volume Substructuring Method (FVSM) 
partitions the dynamic system into three subsystems as  
shown in Fig.1. The partitioning in SASSI program is done 
in such a way that interaction occurs in all nodes of the 
embedded parts of the foundation, and the mass, 
damping and stiffness matrices of the foundation are 
reduced by the corresponding properties of the excavated 
mass of soil. The governing equation assembled to solve 
for structural response, us is presented in Equation 1. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig 1. Substructuring in the Flexible Volume Method 
(from Ostadan and Deng, 2010) 

 
The three sub-structures are free field site, excavated 

soil volume, and the structure. Together, the three sub 
structures represent the dynamic SSI system. Complex 
impedance is calculated at each interaction node. 

 

[𝐶𝑠𝑠 𝐶𝑠𝑖𝐶𝑖𝑠 (𝐶𝑖𝑖 − 𝐶𝑓𝑓 + 𝑋𝑓𝑓)] {𝑢𝑠𝑢𝑓} = { 0𝑋𝑓𝑓𝑢𝑓′}       (1) 

 
In  Equation 1, C is the complex frequency dependent 

stiffness matrix and subscripts s, i and f refer to degrees 
of freedom for nodes at the superstructure, basement and 
excavated soil, respectively. Analysis is performed in the 
frequency domain, making it considerably quick.  
 
4 THE PILED RAFT SOIL SYSTEM STUDIED 
 
The piled raft soil system employed in centrifuge tests by 
Banerjee (2009) is considered in the present study. The 
test conducted at 50g, involved a shake table and a 
dynamic shaker in a centrifuge assembly. In prototype 
scale, the raft has dimensions of 12.5mx7.5mx0.5m, with 
four piles with diameter 0.9m and length of 13m as shown 
in Fig 2.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. Details of the piled raft system 
 

Flexural rigidity of the piles in prototype scale is 10.31 
GNm

2
. Vertical load of of 605 tonnes, in prototype 

dimensions was applied on the top of raft using steel 
plates to simulate load from a superstructure. The PR was 
embedded in a homogeneous soft kaolin clay that had a 
bulk unit weight of 16 kN/m

3
, water content of 66%, liquid 

limit of 80% and plastic limit of 35% (Banerjee et al, 
2014). The low strain shear modulus Gmax is calculated  
using mean effective stress p’ by equation 2, proposed by 
Banerjee (2009) for the clay used in the test. Variation of 
Gmax with depth is shown in Figure 3. 
 𝐺𝑚𝑎𝑥 = 2060𝑝′0.653    (2) 

 
5 NUMERICAL MODEL 
 
5.1 Foundation 
 
In the 3D model developed, the raft is modelled using 8 
noded brick elements. There are several techniques to 
model piles using finite elements. The use of volume 
elements is one of them. Nakaia et al. (2004) suggested 

Total soil structure system 
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that modelling pile using beam elements underestimates 
impedance functions and over estimates foundation input 
motions. To study the effect of pile modelling techniques, 
two models are developed in the present study. 
 
      The first pile modelling technique is using beam 
elements for piles (model 1). The pile elements are 
connected to the raft by a series of rigid beams, as brick 
elements do not possess rotational degrees of freedom, 
to transfer moments. In the flexible volume substructuring 
method, interaction nodes are defined at all embedded 
portions of the foundation, including nodes of raft and 
those in the beam elements representing piles. Volume 
effect of piles will be ignored when beam elements are 
used. The approximation becomes less reliable when 
piles are spaced close to each other, which is not the 
case in the present study. In the SASSI formulation, 
unless near field soil elements are modelled between the 
piles, pile-soil-pile interaction will not be realistically 
simulated. The near field elements can be modelled using 
volume elements explicitly.  
      In the present study, special elements for piles, 
available in the SASSI2010 library, called interpile 
elements (Ostadan and Deng, 2010) along with beam 
elements are employed as the second pile modelling 
technique (model 2). All the nodes of brick elements of 
pile and adjacent soil are defined as interacting nodes. 
Model 2 would be able to account for pile-soil-pile 
interaction effects as well as volume effect of the piles. 
For the purpose of comparison, a third model of the raft 
without piles is also developed using brick elements.  

 

 
 
Fig 4. Finite element meshes for (a) model 1 with piles 
modelled as brick elements (b) model 2 with piles 
modelled along with soil using inter pile elements 

 
Table 1 : Material Properties 

 
Finite element models for the two cases are presented 

in Fig 4. Meshing was performed following the  
wavelength criterion whereby maximum mesh size was 
restricted to 5 times the wavelength of the highest 
frequency component. Linear elastic material model was 

used for foundation elements. The assigned material 
properties, for prototype scale are presented in Table 1.  

 
5.2 Soil Properties 
 
In the present analyses, soil medium is modelled as 
viscoelastic horizontal layers. The model is unable to 
account for strain dependent dynamic properties of soil. 
To compensate for the linear soil model, equivalent linear 
ground response analysis was performed using the 
program SHAKE 2010. Initial shear modulus was defined 
as shown in Fig 3. Strain dependent modulus reduction 
and damping curves reported in Banerjee (2009), shown 
in Fig 5(a) and (b) are used for the ground response 
analysis. The degraded properties of soil, i.e. strain 
compatible shear wave velocity and damping, were 
extracted and fed into the SASSI soil model. In the 
present study, it is assumed that strain developed in the 
clay is not large enough for plastic behavior. A total of 15 
soil layers overlying halfspace were defined in the model. 
Halfspace is simulated using a combination of several 
extra layers with the property of halfspace and a viscous 
boundary at the base.  
 
 
 
 

 
 

 
 

 
 
 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
Fig 5. (a) Modulus degradation-strain and (b) damping-
strain curves 
 
5.3 Input Motion 
 
Two earthquake motions used in the centrifuge tests 
(Banerjee, 2009) with peak accelerations of 0.017g and 
+0.16g were used in the present study. The acceleration 
time histories were synthetically developed from typical 
response spectra of Sumatran earthquakes (Banerjee et 
al., 2014). The input motion used in the study are demand 
motion applied to the centrifuge shaker. Time histories of 
the two input signals are presented in Fig 6 (a) and (b). 

Component Modulus of 
Elasticity 
(GPa) 

Poisson’s ratio Unit 
Weight 
(kN/m

3
) 

Raft 320 0.25 78.5 

Pile 320 0.25 78.5 

(a) (b) 



 

 

They will be referred to as small and large earthquakes in 
this study. 

 

 
Fig 6. Time history of (a) small and (b) large earthquakes 
 
6 RESULTS AND DISCUSSIONS 
 
Time history obtained at the top of raft of model 1, for both 
earthquakes are presented in Fig 7 along with measured 
time history and the one obtained from nonlinear finite 
element method (Banerjee, 2009). The simulation was 
found to underestimate the peak acceleration by 7% to 
17% for small and large earthquakes respectively. 
Fourier spectra of measured acceleration response at the 
top of raft from the test and simulations are presented in 
Fig 8. Response spectra obtained at the top of raft, from 
the different methods used, are compared with measured 
values in Fig 9(a) and (b).  

 
Fig 7. Time history obtained at top of raft for (a) small and 
(b) large earthquakes from simulation using Model 2 
 

 
Fig 8. Fourier spectra at top of raft for (a) small and (b) 
large earthquakes 
 

 
 

 
 
Fig 9. Response spectra comparison at top of raft for (a) 
small and (b) large earthquakes (Spectral acceleration in 
m/s

2
) 

 
Fourier spectra obtained at the top of raft suggests that 
the simulation has not been able to replicate response at 
frequencies close to 0.44Hz for both the earthquakes. For 
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the case of small earthquake, both Model 1 and Model 2 
are found to amplify response from 0.85 to 2 Hz range, 
with Model 1 showing higher amplification. For the large 
earthquake case though, Model 1 alone exhibits 
amplification in Fourier amplitude to the order of 2.5 to 3.4 
times, in the frequency range of 1.4 to 2 Hz. 

On comparison of response spectra obtained from the 
analysis with experimental values, for small earthquake 
case, it was found that the simulation using both models 
have amplified the response in the period range of 0.4 to 
1s. For the large earthquake, response spectrum from 
Model 2 simulation is in better agreement with the test 
results than Model 1. However, the spectra obtained from 
the substructure based analysis do not differ considerably 
with those reported by Banerjee(2009) from direct 
approach simulation in Abaqus program. The Abaqus 
model also employed interface elements between pile and 
soil, which is absent in the present study. 

 
Fig 10. Transfer function for longitudinal displacement at 
the top of raft 

 
Fig 11. Maximum bending moment profile of piles for both 
input motions 

 
To study the effect of piles on the response of piled 

raft, a separate analysis with raft without piles was 
performed. A transfer function, TF defined as the ratio of 
displacement at the top of raft (uraft) to free field ground 

displacement (uff) was extracted from the SASSI analysis, 

to study the effect of piles on response of the piled raft. 
Variation of TF with frequency is presented in Fig. 10. It 
can be observed that the presence of piles does not 
influence the response of piled raft upto around 1 Hz for 
the piled raft system considered. Peak displacement 
response for the piled raft is observed at 2.4 Hz for both 
models. Peak value of TF of Model 2 is higher than that of 
Model 1 by around 26 percent. A de-amplification of TF is 
observed at higher frequencies for both models, 
compared to the case of raft without piles. 

Maximum bending moment profile of piles obtained 
from Model 1 is presented in Fig. 11 for both input 
motions. The maximum bending moment from simulation 
and tests seem to be in agreement. The maximum 
bending moment values for the large earthquake case 
appears to be overestimated by around 40% towards the 
pile head. Piles in Model-1 are connected to the raft with 
rigid links in order to transfer moments. It should be noted 
that this connectivity approaches that of a fixed joint for 
the beam elements representing a pile. 

The number of interaction nodes governs the 
computational cost in the FVSM in SASSI. The number of 
interaction nodes in Model 2 is over 5 times the number of 
those in Model 1. The simulation using Model 1, however 
is in fair agreement with the Abaqus simulation reported 
by Banerjee (2009). From the results, it could be inferred 
that pile soil pile interaction does not affect the response 
at the top of raft to a great extent in the case of small 
earthquake. This is evident in the close agreement 
between the two modelling techniques. 

 
7 CONCLUSIONS 
 
A numerical model to simulate seismic response of a piled 
raft foundation has been developed in the substructure 
based SASSI program. There exists several techniques to 
model pile foundations, out of which two have been 
evaluated in the present study.  Seismic response for two 
different earthquakes has been computed and is found to 
be in agreement with the response measured in the 
centrifuge test.   

The model with piles modelled as beam elements and 
one with piles modelled using special elements for piles 
that account for volume effects, are found to produce 
similar response for the small earthquake case. Model 2 
is found to produce a better comparison for the case of 
large earthquake. The contribution of pile-soil-pile 
interaction to the response of the PR system considered, 
is found to be less. Although displacement transfer 
function at the top of raft is not found to be influenced by 
piles in the frequency range of input motions studied, a 
de-amplification is observed at higher frequencies for 
piled raft compared to raft without piles.  Maximum 
bending moment profile obtained from Model 1 is in good 
agreement with the experimental results.  

The choice of various modelling techniques for pile 
foundations in the FVSM has to be made considering the 
limitations as well as capabilities of each model to 
emulate SSI effects.   
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