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ABSTRACT:  Piles are long, slender members inserted deep into the ground to support heavily loaded structures such as 

bridges, high-rise buildings, jetties or oil platforms. Generally they are provided where the ground is not strong enough to 

support the structure. Analysis and Design of pile foundations for earthquake loads requires the consideration of inertial 

loads and kinematic interactions those result from the soil-structure interaction and the soil-pile interaction respectively. 

The objective of this study to analyze the design parameters (Deflection and BM) of a single pile (slenderness ratio =22) 

in liquefiable soil under seismic loading as well as effect of increasing PGA studied. For analysis, finite difference based 

software FLAC3D is employed. Brick elements were used for Soil mass modeling following two different constitutive 

models (viz, Mohr-Coulomb and Finn-Byrne), while embedded Pilesel element were used for pile. Bhuj earthquake 

(2001), scaled for different earthquake zones of India (viz, 0.10g, 0.16g 0.24g and 0.36g as IS 1893:2002 part I) are used 

for seismic analysis of soli-pile system and response in terms of design forces were compared. It is observed that Bending 

moment and displacement increases significantly when liquefaction of soil is considered. 
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1 Introduction 

Pile foundation is vital structure to transfer the heavy 

load under loose soil condition. Pile foundations 

perform well under earthquake load so they are 

preferred in seismic active region. It easily fit for 

complex geologic settings and all kinds of load 

conditions, especially for soft soil foundation. Thus 

pile foundation is widely applied deep foundation for 

civil structure.  

Buildings and bridges on loose to medium dense sands 

are often built on piles to limit settlements because the 

surface ground layers are often not stiff enough to 

support the structures. In an earthquake if these loose 

sands are saturated, they lose strength as excess pore 

water pressure is generated and the soil tends to 

liquefy. 

2 Previous studies 

A lot of work have been done in this field. From the 

previous works, it has been observed that there are 

various design approaches of pile foundation available 

for liquefiable and non-liquefiable soil as given below 

2.1 In Non-Liquefiable Soil 

Novak (1974) considered linear elastic pile material 

and pile is perfectly connected to soil. Chandrasekaran 

(1974) assumed pile as discrete mass while soil as 

linear Winkler’s spring. Bentley and EI Naggar (2000) 

analyzed single pile under the kinematic seismic 

loading using ANSYS (FEM package) in which contact 

element was used to consider separation between soil 

and pile. A Pseudo Static Approach for seismic 

analysis was used by Tabesh and Polous (2001) 

wherein pile is subjected to simultaneous application of 

a lateral force (mass×spectral acceleration) at its head 

and soil movement profile along the length of pile. An 

advanced soil model HiSS(Hierarchical single surface) 

with plasticity effect, was used to simulate soil media 

by Maheshwari et al. (2004) in 3-D finite element 

model.  

2.2 In Liquefiable Soil 

Reduction in stiffness, increase in damping, lateral 

spreading, pile buckling and increase in pore water 

pressure are complex behavior under liquefiable layer.  

Force or Limit Equilibrium Analysis and Displacement 

or P-Y Analysis are the generalized methods to analyze 

the pile foundation in liquefiable soil. In first method, 

the lateral resistance passive pressure for liquefaction 

zone is taken as 0.3 times of total overburden pressure. 

While the later method makes use of Winkler type 

spring mass model and degraded p-y curve is assigned 

for liquefiable zone.  Liyanapathirana and Polous 
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(2005) considered degradation in soil modulus using 

plastic slider in each spring to limit the pressure at the 

pile soil interface in their Pseudo Static Approach. 

Madabhushi and Gopal (2010) simulated earthquake 

condition in centrifuge test to get the response of pile 

under static critical load by Euler formula. A 

parametric study has been conducted by Haldar and 

Babu (2010) to investigate pile failure mechanism 

using finite difference based software FLAC. 

3 Modelling procedure 

The diameter of free headed pile is 0.5 m and length 

11m (1 m above from the ground level) having 

slenderness ratio of 22. The soil pile system is 

modelled in FLAC3D (2009) that is an explicit finite 

difference program using Lagrangian scheme. The 

dimensions of soil block are 20m×20m×15m (15m in 

vertical z direction). The soil and pile properties are as 

given in Table 1. The soil type is medium loose sand. 

For dynamic analysis free field boundary condition is 

assigned. 

 

 

               (a)                                (b) 

Fig. 1: Mesh view of (a) Soil-pile system (b) Pile 

Table 1: Material properties for soil and pile 

 Parameter Soil Pile 

Density (kN/m3) 19 24 

Elastic Modulus (MPa) 20 20×103 

Poisoon's Ratio 0.35 0.25 

Shear Modulus (MPa) 7.41 8×103 

Bulk Modulus (MPa) 22.22 13.33×103 

Friction angle  30o - 

Cohesion (kPa) 10 -  

3.1 Pile, Soil and Interface Elements 

Soil media is modelled using brick element, the soil 

block is discretized into 6000 zones. Pile is modelled 

using structural element pilesel consisting 11 elements 

of 1 m length. The mesh view of soil-pile system is 

shown in Fig. 1. An inbuilt interface element has been 

used between soil and pile. The values of parameters (i. 

e., normal stiffness (Kn), shear stiffness (Ks) and 

friction angle (𝛿)) for interface element are taken as per 

Itasca Manual and the Indian design code IS 2911 

Part1: Section 4(1987). The normal stiffness, shear 

stiffness and friction are as 36 GPa, 502.2 GPa and 30o. 

3.2 Constitutive Model 

Pile material is simulated as elastic isotropic. Mohr-

Coulomb constitutive law is used for non-liquefiable 

soil. The failure envelope for this model corresponds to 

a Mohr-Coulomb criterion (shear yield function) with 

tension cutoff (tension yield function). The position of 

a stress point on this envelope is controlled by non-

associated flow rule for shear failure and associated 

rule for tension failure. The liquefiable soil is simulated 

by using Byrne (1991) Model to consider the effect of 

pore water pressure. They give the following empirical 

equation that relates the change in volume decrease, 

∆휀𝑣𝑑 , to the cyclic shear strain amplitude 𝛾: 

∆𝜀𝑣𝑑

𝛾
= 𝐶1𝑒𝑥𝑝 (−𝐶2 (

𝜀𝑣𝑑

𝛾
)) (1) 

The parameter C1 controls the amount of volume 

change and the parameter C2 controls the shape of 

accumulated volume change with number of cycles. In 

many cases, C2 = 0.4/ C1 so this becomes one 

parameter dependent equation.  

Byrne (1991) noted that the constant, C1 can be derived 

from relative density, Dr, in percentage as follows, 

𝐶1 = 7600(𝐷𝑟)
−2.5 (2) 

The constants in the present study are C1=0.27 and 

C2=1.47 for soil having Dr =60 %. 

4 Validation of FLAC3D model 

For dynamic loading, verification is done by ground 

response analysis with DEEPSOIL program Hashash et 

al. (2015). On the above soil 3-D model harmonic 

motion of frequency 1Hz and 1m/s2 amplitude is 

applied at base of model. In FLAC3D to replicate one-

dimensional condition (to compare with DEEPSOIL) 

other two dimensions are restrained at every grid point.  

The soil block dimension for FLAC3D is 

50m×20m×20m and for DEEPSOIL one dimensional 

vertical length (20m) is considered. In DEEPSOIL soil 

properties used same as FLAC3D and elastic half space 
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is considered with bedrock properties same as soil.  

Response of applied motion in terms of acceleration is 

plotted with DEEPSOIL results as illustrated in Fig. 2 

and both responses are in good agreement.  

 

Fig. 2: Verification of ground response on soil block 

5 Response of Pile under Earthquake 

excitation 

5.1 Dynamic loading 

The acceleration time history of Bhuj earthquake (Jan 

2001) having magnitude 7.0, PGA= 1.03 m/s2 and 

predominant frequency 1.19 Hz is used as input motion 

as shown in Fig. 3. 

 

Fig. 3: Acceleration time history of Bhuj earthquake 

(2001) 

Base line correction has been made on raw earthquake 

motion (acceleration). The above acceleration time 

history is applied on base of model in lateral direction 

(x-direction). 

5.2 Effect of increasing PGA  

The motion is scaled for different PGA from 0.1g to 

0.16g, 0.24g and 0.36g (as IS 1893 Part I:2002) to 

analyze the effect of increased PGA. Displacement and 

bending moment profile are plotted along the depth of 

the pile for all PGAs. As we can see from Fig. 4 

displacement is increased in higher proportion than 

applied motion and bending moment is maximum 

around 8m depth so pile is most vulnerable at this 

section. As we can see from Table 2 that by increasing 

PGA, the maximum bending moment is increasing and 

also the location of maximum bending moment is 

shifting to greater depth in higher PGA. The increment 

in maximum bending moment is higher than that in 

proportion of increase in PGA. 

 

Table 2: Bending moment with depth at increased PGA 

PGA Depth (m) Bending Moment (kN-m) 

0.1g 6.0 82.70 

0.16g 6.0 129.70 

0.24g 6.5 239.10 

0.36g 8.0 387.30 

 

Fig. 4: Effect of increasing PGA on single pile                

(a) Displacement (b) Bending Moment 

5.3 Response of single pile Effect of 

Liquefaction 

The water table is assumed to be at the ground level. 

After numerical analysis, displacement and bending 

moment profile are plotted along the depth of the pile 

for Liquefied and Non- Liquefied soil under Bhuj 

(2001) earthquake motion. With PGA 0.1g it is 

observed from the Figs. 5(a) & 5(b), the pile head 

displacement is amplified 1.27 times for liquefiable 

soil due to lateral spreading of soil and the maximum 

bending moment at 5m depth is 2.3 times higher for 

liquefiable soil as compare to non-liquefiable soil. 

6 Conclusions 

The present study provides a brief review of various 

design approaches to understand the seismic response 

of a single pile under liquefiable and non- liquefiable 

soil. For dynamic loading ground response analysis is 
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validated with DEEPSOIL program.  Single pile is 

analyzed under seismic loading and effects of 

increasing PGA (0.1g, 0.16g, 0.24g and 0.36g as per 

IS1893 Part I) are discussed.  The effect of liquefaction 

on the response of pile is analyzed for Bhuj (2001) 

earthquake motion. 

 

Fig. 5: Effect of liquefiable soil on (a) Displacement           

(b) Bending Moment of single pile.  

The major conclusions from the present study are listed 

below: 

 Effect of PGA on response of pile is significant. 

Due to increase in PGA, the design parameters get 

amplified.  

 Maximum bending moment shift towards greater 

depth of pile for higher PGA.  

 Displacement and bending moment is considerably 

high for liquefiable soil as compared to non-

liquefiable soil. This is due to the presence of 

ground water table, high pore water pressure and 

degradation in strength of soil. 

Further study is in progress to examine the effect of 

predominant frequency of earthquake on the response 

of pile.  
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