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Abstract 

 

Evaluation of dynamic pile 

behavior by centrifuge tests 

considering kinematic load effect 
 

Yoo, Min Taek 

Department of Civil & Environmental Engineering 

The Graduate School 

Seoul National University 
 

 

In order to predict the dynamic behavior of a pile foundation, a pseudo-

static analysis is widely used to convert dynamic loads to additional 

equivalent inertial loads for seismic design. Among the diverse methods of 

modeling a soil-pile system for pseudo-static analysis, an equivalent soil-

spring model using p-y curves which can consider non-linear soil behavior is 

most frequently used in practice. Due to the complexity of the dynamic 

analytical p-y models, however, the p-y curves which were determined for 

static or cyclic loading condition are still applied for pseudo-static analysis in 

the seismic design of a pile. In addition, no studies have been carried out on 

the pile installation effect on dynamic p-y curves during earthquakes, and 

same p-y curves were applied in practical seismic design regardless of 

installation method.  

Field investigation and subsequent analyses after recent earthquakes 
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confirmed that not only the inertial effects of superstructures but also the 

kinematic effect induced by ground movement had significant impact on the 

pile foundations. Therefore, it is required to take both effects into account in 

designing pile foundation. However, pseudo static analysis cannot adequately 

consider the kinematic effect. In addition, little is known concerning the 

degree of contribution of the two effects, although much research on pile 

behavior under seismic loading has been performed. The objective of this 

dissertation is to suggest the dynamic pile behavior evaluating method 

quantitatively during earthquake by dynamic centrifuge model tests. This 

study is divided into three themes. 

In the first theme, dynamic p-y curve for pre-installed pile, which could 

simulate in-situ pile, was suggested by a series of centrifuge tests. The 

centrifuge tests were carried out for a single pile in dry sand, changing the 

conditions such as pile diameters, relative densities, input acceleration 

amplitudes and frequencies. Based on the results, the dynamic p-y curve was 

formed as a hyperbolic function by connecting the peak points of the resulting 

experimental dynamic p-y curves, which corresponded to the maximum soil 

resistances. In order to represent the p-y backbone curve numerically, the 

initial stiffness and the ultimate subgrade reaction of soil, which are required 

to formulate the p-y backbone curve, were proposed as a function of the 

properties of a pile and soil. The dynamic p-y backbone curve was compared 

with the p-y curves that are currently used in practice. Also, the applicability 

of the dynamic p-y backbone curve was verified using psuedo-static analysis, 

and the analysis result with the backbone curve more successfully simulated 

the other centrifuge tests results than that with the existing p-y curve. 
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In the second theme, the installation effect on dynamic pile behavior was 

evaluated, and a dynamic p-y curve for jacked piles that could simulate a 

driven pile was suggested. Dynamic centrifuge tests with different types of 

piles in dry sand -- pre-installed, 1g-jacked and Ng-jacked piles -- were 

carried out to analyze the effect of pile installation on the dynamic p-y curve. 

According to the results of these tests, the subgrade reaction of a jacked pile 

in 40g was found to be greater than that of a jacked pile in 1g and a 

preinstalled pile in 1g. It was also found that differences in the subgrade 

resistance decrease with the depth of the pile. The applicability of the 

suggested dynamic p-y curve for the pre-installed pile was evaluated by 

comparison with the results of the centrifuge tests, and in addition, a dynamic 

p-y backbone curve for jacked piles was developed by modifying the results 

for pre-installed piles. 

In the third theme a series of dynamic centrifuge tests was carried out 

under a seismic loading condition, to analyze the effect of inertial and 

kinematic forces on a pile foundation, and to evaluate the influence of various 

input parameters on each component. The tests were conducted in dry sand 

and liquefiable saturated sand deposit. Based on test results, evaluation 

method of kinematic force was suggested by using inertial force of trapezoidal 

soil wedge. In addition, the dynamic pile behavior predicting method 

considering kinematic effect was suggested by combining suggested dynamic 

p-y curves and kinematic force evaluation method. 

Keywords: Dynamic p-y curve, centrifuge tests, soil-pile-structure 

interaction, kinematic effect, dynamic pile behavior 
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1. Introduction 
 

 

   

   

1.1 Background 

 

 

Extensive damage to pile foundations has been reported during many 

earthquake events such as the Niigata earthquake (1964) and the Hyogoken-

Nambu earthquake, Kobe (1995). The failure of pile foundations can lead to 

the collapsing of bridges, overturning of buildings, loss of life and severe 

damage to many infrastructures. Therefore, predicting the behavior of a pile 

foundation under seismic loading condition is very important in designing a 

reasonable pile foundation. 

In order to predict the dynamic behavior of a pile foundation, pseudo-

static analysis is widely used to convert dynamic loads to additional 

equivalent inertial loads for seismic design. When the lateral loading was 

applied to a soil-pile system, the lateral stiffness of the soil-pile system could 

be simulated with the equivalent soil-spring system, and equivalent base 

spring model. Among the these methods of modeling a soil-pile system for 

pseudo-static analysis, an equivalent soil-spring model using p-y curves which 

can consider non-linear soil behavior is most frequently used in practice. 

These p-y curves have been established for different soil conditions based on 

in-situ pile tests under static or cyclic pile-head loading (Matlock, 1970; Cox 

et al., 1974; Reese et al., 1974, 1975; Murchinson and O’Neill, 1984; 

Georgiadis et al., 1992; Reese, 1997; Ashour and Norris, 2000; Janoyan et al., 

2001). In addition, rigorous analytical p-y models have been proposed for the 
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analysis of seismic soil-pile interaction (Matlock et al., 1978; Nogami et al., 

1992; EL Naggar and Novak, 1995, 1996; Badoni and Makris, 1996; 

Boulanger et al., 1999; Gerolymos and Gazetas, 2005; Gerolymos et al., 2007).  

Due to the complexity of the dynamic analytical p-y models, however, 

the p-y curves which were determined for static or cyclic loading condition 

are still applied for pseudo-static analysis in the seismic design of a pile. The 

seismic design using the static p-y curves or cyclic p-y curves is not 

reasonable for evaluating the ground deformation and soil-pile interaction 

generated by earthquake loading. Nevertheless, the API p-y curve with a 

coefficient considering cyclic condition (American Petroleum Institute, 1987) 

is generally used for pseudo-static analysis for the seismic design of a pile 

(Thavaraj et al., 2010).  

In addition, many researchers have revealed that the installation method 

has significant impact on the lateral pile behavior. According to McVay et al. 

(1994), the lateral stiffness of a pile driven in a centrifugal acceleration of 48g 

was greater than that of a pile driven in 1g. According to Dyson’s static 

centrifuge tests, the stiffness of a driven pile in 160g was found to be the 

greatest and that of a pre-installed pile in 1g was found to be the lowest. In 

addition, Bonab et al. (2007) analyzed the pile installation effect on the lateral 

behavior of a pile based on centrifuge tests with impact loading. As a result of 

the impact load test, the stiffness and the resonance frequency of a driven pile 

in 1g were found to be greater than those of the pre-installed pile and jacked 

pile cases. From the overall results, it can be seen that the lateral stiffness of a 

driven pile and a jacked pile increased compared to that of a pre-installed pile, 

and the stiffness of a driven pile was greatest. Despite the importance of soil-
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pile interaction, no studies have been carried out on the pile installation effect 

on dynamic p-y curves during earthquakes, and the same p-y curves were 

applied in practical seismic design regardless of installation method. 

Therefore, dynamic p-y curves applicable to the practical seismic design of 

pile foundations are insufficient and their validity has yet to be evaluated fully; 

thus, dynamic p-y curves considering an installation method that can be 

applied to pseudo static analysis need to be developed. 

Field investigation and subsequent analyses after recent earthquakes have 

confirmed that not only the inertial effects of superstructures but also the 

kinematic effect induced by ground movement had significant impact on the 

pile foundations. As shown in figure 1.1, while the inertial force dominates in 

stiff or non-liquefied ground, not only the inertial force but also the kinematic 

force plays an important role in soft and liquefied grounds. Therefore, both 

effects need to be taken into account in designing the pile foundation. 

However, pseudo static analysis, which is a widely-used method for seismic 

design, cannot adequately consider the kinematic effect when converting only 

the inertial force of a superstructure to a pseudo-static lateral force. In 

addition, while much research on pile behavior under seismic loading has 

been performed, little is known about the degree of contribution of the two 

effects. Therefore, it is necessary to investigate the inertial and kinematic 

effects on the behavior of piles during earthquakes.  
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Figure 1.1 Effects of inertial and kinematic forces on piles 

 

 

1.2 Objective 

 

 

The objective of this dissertation is to suggest a dynamic pile behavior 

evaluating method quantitatively during an earthquake. Firstly, the dynamic p-

y curve for a preinstalled pile which could simulate the in-situ pile was 

suggested by a series of dynamic centrifuge tests. Secondly, the dynamic p-y 

curve for a jacked pile which could simulate the driven pile was suggested by 

modifying the dynamic p-y curve for pre-installed pile. In addition, an 

evaluation method that can calculate the kinematic force acting on the pile 

foundation quantitatively was suggested. This study is divided into three 

themes and tests conditions for each theme were summarized in Table 1.1. 

In the first theme, a dynamic p-y curve for a pre-installed pile, which 

could simulate an in-situ pile, was suggested. Dynamic p-y backbone curves 

of a hyperbolic form are proposed for dry loose sand and dry dense sand. The 

proposed dynamic p-y curves are compared with existing p-y curves used in 

practice, such as the O’Neill and NCHRP p-y curves. The usefulness of the 

proposed backbone curves and existing p-y curves in pseudo static analysis is 
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evaluated.  

The second theme involves evaluating the installation effect on the 

dynamic pile behavior by a series of dynamic centrifuge tests. Based on test 

results and the dynamic p-y curve for the pre-installed pile, a dynamic p-y 

curve for the jacked pile, which could simulate a driven pile, was suggested 

by modifying dynamic p-y curve for the pre-installed pile.  

In the third theme, the effects of inertial and kinematic force on a pile 

foundation were evaluated by a series of dynamic centrifuge tests. Based on 

test results, the evaluation method of kinematic force was suggested by using 

the inertial force of the soil wedge. In addition, the dynamic pile behavior 

predicting method considering the kinematic effect was suggested by 

combining the suggested dynamic p-y curves and kinematic force evaluation 

method. 
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Table 1.1 Tests conditions for each theme 

 
Pile 

diameter 

Embedde

d depth 

Pile tip 

condition 
Pile installation method 

Upper 

mass 
Model soil 

Ground condition 

(Relative density) 

Input 

frequency 

Input 

acceleration 

Dynamic p-y 

curve for pre-

installed pile 

72cm, 

88cm, 

100cm 

2280 cm Fixed Pre-installed method 96 ton 
Jumunjin 

sand 

Dry (80%) 

Dry (40%) 

1Hz 

2Hz 

0.05g ~ 

0.4g 

Dynamic p-y 

curve for 

jacked pile 

40cm 1200 cm 
Unfixed 

(Free) 

Pre-installed method 

jacking at 1g condition 

jacking at 40g 

condition 

64 ton Silica sand 
Dry (80%) 

 
1Hz 

0.05g ~ 

0.4g 

Evaluation of 

kinematic 

force acting 

on pile 

72cm, 

88cm, 

100cm 

2280 cm Fixed Pre-installed method 

None 

96 ton 

160 ton 

Jumunjin 

sand 

Dry (80%) 

Saturated (30%) 
1Hz 

0.05g ~ 

0.4g 
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1.3 Dissertation organization 

 

 

This dissertation focuses on the evaluation of dynamic pile behavior 

considering the kinematic load effect during an earthquake. It consists of the 

following seven chapters. 

 

Chapter 1 

 

Research background and objective are presented, and the organization 

of this dissertation is described. 

 

Chapter 2 

 

This chapter includes the dynamic characteristics of soil-pile-structure 

interaction and the dynamic analysis method used to evaluate the behavior of 

pile foundations under earthquake loading such as the boundary element 

method, the finite element method, and the Winkler method. The existing p-y 

curves for pseudo-static analysis in practice were also introduced in this 

chapter. In addition, a literature review on the kinematic effect induced by 

ground movement during earthquakes is briefly explained. 

 

Chapter 3 

Test apparatus such as the centrifuge facility, soil containers, and 

measuring instruments are introduced, and the physical properties of model 

sands and model piles are explained. The procedure to determine reasonable 
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model piles and the methods for preparing the model ground are presented. 

 

Chapter 4 

 

The dynamic p-y curve for a pre-installed pile, which can be used for 

pseudo-static analysis, was suggested by a series of dynamic centrifuge tests 

for dry loose sand and dry dense sand. The dynamic p-y curves are specified 

as a hyperbolic function by connecting the peak points of the experimental p-y 

loops. In order to represent the dynamic p-y curve numerically, the initial 

modulus of the subgrade reaction ( inik ) and the ultimate subgrade reaction 

( uP ) were previously expressed as the function by researchers. The 

applicability of the suggested dynamic p-y curve was verified based on the 

results of centrifuge tests previously performed by researchers.  

 

Chapter 5 

 

In order to evaluate installation effect on dynamic pile behavior, a series 

of dynamic centrifuge tests were performed. The tests were carried out using 

4 installation methods: the pre-installed pile (the pile installed prior to 

placement of soil), a 1g jacked pile (pile jacked at 1g condition), and a 40g 

jacked pile (pile jacked at 40g condition). From the test results, dynamic p-y 

curves of piles are constructed and compared. From the test results, it was 

found that there is a difference in the dynamic lateral behavior according to 

the pile installation method. In addition, the dynamic p-y curve for the jacked 

pile was suggested by combining stiffness increasing factor (which is the 
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function of the ratio between pile diameter and depth), and the dynamic p-y 

curve for the pre-installed pile described in chapter 4. 

 

Chapter 6 

The effects of inertial and kinematic forces on a pile foundation were 

analyzed and the influence of various conditions of each effect was evaluated. 

Based on the experimental results, the evaluation method that could calculate 

kinematic force acting on pile foundation quantitatively was suggested by 

using the inertial force of a trapozoidal soil wedge. Based on the kinematic 

force evaluating method in this chapter and the suggested dynamic p-y curve 

described in chapters 4 and 5, the dynamic pile behavior predicting method 

considering kinematic effect was suggested. In addition, the applicability of 

the suggested method was verified based on the results of centrifuge tests 

previously performed by researchers. 

 

Chapter 7 

Conclusions from the study are summarized and several 

recommendations are presented. 
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2. Literature Review 
 

 

 

 

2.1 Dynamic response analysis methods for piles 

 

 

Various approaches to evaluate the behavior of pile foundation under 

dynamic lateral loading have been developed until now. For the seismic 

design of pile foundation, pseudo static analysis method based on BNWF 

(Beam on Nonlinear Winkler Foundation) method, such as p-y curve method 

is widely used in practice. In this chapter, various analysis method, such as 

boundary element method, finite element method and Winkler method are 

introduced and the concept of the p-y curve method and pseudo static analysis 

method are explained in detail. Some specifications for the seismic design of 

pile foundation are also introduced. 

 

 

2.1.1 Boundary element method and finite element method 
 

 

The boundary element method was used extensively between 1960 and 

1980 for the analysis of laterally loaded piles. In this method, soil is 

considered as an elastic continuum and a boundary element analysis is 

implemented to develop the solutions for analyzing the pile response (e.g., 

Spillers and Stoll, 1964; Poulos, 1971; and Banerjee and Davies, 1978). The 

analysis of the behavior of single piles using boundary element analysis 

involves discretizing the pile interface with soil into small elements and 
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equating the displacement of pile and soil at the center of elements. In this 

process, the soil displacements are obtained using the Mindlin’s solution 

(1963). A modified boundary element analysis is the extension of the 

boundary element method in an attempt to consider the complexity of soil, 

such as the nonlinearity of soil (soil reaching the ultimate bearing capacity), 

layered soil, and various distributions of soil modulus with depth (e.g., 

Banerjee and Davies, 1979; Davies and Budhu, 1986; and Budhu and Davies, 

1988). However, these solutions are limited to simple cases, and are still not 

sufficiently flexible to model the problem of a laterally loaded pile in reality. 

Furthermore, the application to the earthquake engineering such as dynamic 

analysis is difficult. As a result, this method is not widely used in design. 

In recent years, finite element method has become more popular due to 

the availability of the computational power. The main advantages of this 

method are that the continuity of soil, as well as the soil nonlinearity, can be 

taken into account. (Desai and Appel, 1976; Randolph, 1981; Kuhlemeyer, 

1979; Kooijman, 1989; Brown et al., 1989; Trochanis et al., 1991; and 

Bransby, 1999). This is a very powerful and idealized method because stress-

strain behavior in the soil mass, influence of gapping, and the effect of 

construction sequence can be studied. Though the method can be quite 

versatile, the use has been limited primarily to research, and application in 

design has rarely been used due to the some limitations. The proper 

constitutive soil models need to be developed and also verified with the 

results from full-scale and/or centrifuge model tests because the accuracy of 

analysis depends on the accuracy of soil properties and constitutive models. 

Also, too much time is consumed to generate and calculate the input files, and 
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to interpret the results, especially in the case of 3-D analyses. 

 

 

2.1.2 Winkler method and the concept of p-y curves 
 

 

The Winkler method is the most widely used method in a design of 

laterally loaded piles. The method was first introduced by Winkler (1867) to 

analyze the response of beams on an elastic subgrade by characterizing the 

soil as a series of independent linearly-elastic soil springs. Since then, this 

concept has been extensively employed for the analysis of laterally loaded 

pile. In this method, the pile is modeled as a series of beam-column elements, 

each with discrete springs connecting the pile to the soil. 

With the subgrade reaction concept, the lateral pile response can be 

obtained by solving the forth order differential equation  

 

4

4
0

d y
EI Ky

dz
                         (1) 

 

where E  is the modulus of elasticity of the pile, I  is the moment of 

inertia of the pile, z  is the depth, y  is the displacement, K  is the modulus 

of subgrade reaction (F/L2) and p Ky  is the soil reaction per unit length of 

the pile (F/L). Solutions of equation (1) can be obtained either analytically or 

numerically. Analytical solutions are only available in the case that modulus 

of subgrade reaction is constant with depth. For the variable subgrade reaction 

distribution along depth, the solutions are conveniently solved by finite 

difference method.  
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All of the analytical solutions based on subgrade reaction theory are 

valid only for a case of linear soil properties. In reality, the relationship 

between soil pressure per unit pile length p and deflection y is nonlinear. To 

take the nonlinearity of soil into account, the linear soil springs are replaced 

with a series of nonlinear soil springs. This is the Beam on Nonlinear Winkler 

Foundation (BNWF) method, so called, p-y curve method (Figure 2.1).  

 

 

Figure 2.1 Schematic of dynamic Beam on Nonlinear Winkler Foundation 

(BNWF) analysis model (Wilson, 1998) 

 

The p-y curves of the soil have been developed based on the back 

analysis of the full scale lateral pile load test. The bending moment diagram 

along the pile can generally be computed by the product of pile curvatures, 

which are computed from the measured strain along the pile. Double 

differentiation of the bending moment diagram produces the soil reaction 

curve. The deflection along the pile can be obtained by double integration of 

the curvature diagram. Therefore, the soil reaction versus the deflection of the 
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pile, p-y curve, at a given depth can be obtained. If such a set of curves can be 

predicted, the pile deflection, rotation, bending moment, shear, and soil 

reaction for any load can be obtained by solving the beam equation. The series 

of p-y curves greatly depends on the soil type. The various p-y curves for sand 

suggested by different researchers are summarized in Chapter 2.2. 

One of the great advantages of this method is that the soil nonlinearity 

and multiple soil layers can be easily taken into account. In addition, the 

computational cost is significantly less than that of the finite element method. 

However, some parameters which may have a significant effect on the pile 

response, such as the pile diameter effect, loading type effect and soil gapping 

effect have not been systematically investigated and reflected to p-y curves. 

Further research on these issues needs to be investigated in order to improve 

the existing p-y curves for the wider range of application. 

The concept can be easily implemented in dynamic analysis. In a 

program called SPASM (‘'Seismic Pile Analysis with Support Motion’'), 

Matlock et al. (1978) extended the BNWF concept to seismic problems by 

applying the ground motion time histories along the depth of the soil profile to 

the p-y springs as excitation to the system. Kagawa (1980) further extended 

the BNWF analysis in seismic analysis by including viscous dashpots with the 

nonlinear p-y springs to model the effects of radiation damping. There are 

several existing computer programs that can be used for analyzing the 

dynamic response of pile using the BNWF method (PAR (PMB Engineering 

1988), NONSPS (Kagawa, 1983) and DRAIN-2D (Prakash et al. 1993). Two 

main problems in the dynamic analyses using BNWF method are the ongoing 

difficulty in reliably estimating ground motions during strong shaking events 
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and the uncertainty in representing soil-pile interaction during strong shaking 

events (dynamic p-y curves). The consequence of these uncertainties can only 

be evaluated by comparing analysis results against physical data.  

 

 

2.1.3 Pseudo static analysis method 
 

 

The commonly accepted practice for the seismic design of a pile 

foundation is to utilize a pseudo static approach (ASSHTO LRFD Bridge 

design specification, 2004), where earthquake induced foundation loads are 

determined from the reaction forces and moments necessary for structural 

equilibrium. The pseudo static analysis method assumes moments are induced 

only by lateral loads arising from inertial effects on the bridge structure, and 

the loads are statically pushed to the system. The pseudo static response of the 

foundation may be modeled using a BNWF method as previously described, 

with the soil parameters appropriately modified to account for the effects of 

seismic loading.  

It is now recognized that the pile foundation may also experience 

significant kinematic loads that are induced by the displacement of free field 

during earthquake. Kinematic loads may not be significant in dense soil that 

experience relatively small strains and deformations during shaking. Large 

kinematic loads can develop, however, due to lateral spreading of liquefied 

soils (Wilson, 1998). A pseudo static method incorporating kinematic loads 

into the BNWF method was introduced by Byrne et al. (1984). Byrne 

suggested combining the shear and moment load at the pile head with a 

deformed soil profile in a static BNWF analysis. In this method, the forces at 
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the pile head and the free-field displacements are known input values for the 

analysis. Abghari and Chai (1995) suggested that this method can over-predict 

maximum moment and shear in the pile. The author attributed the over-

estimation to applying both the maximum kinematic and maximum inertial 

loads simultaneously. 

 

 

2.2 Existing p-y curves for pseudo static analysis 

 

 

In a seismic design of a pile foundation, pseudo static analysis is widely 

used by converting the dynamic loads to equivalent static loads. Among the 

diverse methods of modeling foundations for pseudo static analysis, the p-y 

curve method considering non linear soil behavior is most frequently used in 

practice, as mentioned in Chapter 2.2. In the following sections, the p-y 

curves practically used for pseudo static analysis in sandy soils were 

introduced in detail. 

 

 

2.2.1 Reese p-y curve  

 

 

An extensive series of tests were performed at a site on Mustang Island 

(1974) and p-y curves were developed from the results by Reese et al. (1974). 

Two steel-pile piles, 610mm in diameter, were driven into sand in a manner to 

simulate the driving of an open-ended pipe and were subjected to lateral 

loading at the pile head. The embedded length of the piles was 21m. One of 

the piles was subjected to short-term loading and the other to repeated loading. 

The soil at the site was uniformly graded, fine sand with an angle of internal 
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friction of 39 degrees. The submerged unit weight was 10.4kN/m
3
. The water 

surface was maintained at 150mm or so above the mudline throughout the test 

program. 

The following procedure is for short-term static loading and for cyclic 

loading, and is illustrated in Figure 2.2 (Reese et al., 1974).   

 

Obtain values for the internal friction angle, the soil unit weight  , and 

pile diameter b . 

Make the following preliminary computations. 

 

2


  ; 45

2


   , and 2tan 45

2
AK

 
  

 
      (2) 

 

Compute the ultimate soil resistance per unit length of pile using the 

smaller of the values given by the following equations. 

0

0

tan sin tan
( tan tan )

tan( )cos tan( )

tan (tan sin tan )

st

A

K
b x

p x

K x K b

  
 

    

   

 
   

 
    

     (3) 

 8 4

0tan 1 tan tansd Ap K b x K b x                    (4) 

 

Where, x : depth below ground surface 

0K : Coefficient of earth pressure at rest  

 

In making the computation in Step 3, find the depth tx  at which there is 

an intersection at equations (3) and (4). Above this depth use equation (3). 



 

18 

Below this depth use equation (4). 

 

 

Figure 2.2 Characteristic shape of a family of p-y curves for static and cyclic 

loading in sand 

 

1. Select a depth at which a p-y curve is desired. 

2. Establish uy  as 3 /80b . Compute up  by the following equation. 

 

u s sp A p  or u c sp A p                       (5) 

 

Use the appropriate value of sA  or cA  from Figure 2.9 for the 

particular non dimensional depth, and for either the static or cyclic 

case.  

 

3. Establish my  as / 60b . Compute mp  by the following equation. 

 

m s sp B p  or m c sp B p                      (6) 

 



 

19 

Use the appropriate value of 
sB  or 

cB  from Figure 2.3 for the 

particular non dimensional depth, and for either the static or cyclic 

case. The two straight line portions of the p-y curve, beyond the point 

where y  is equal to / 60b , can be established. 

 

Figure 2.3 Values of coefficients sA , cA , 
sB , 

cB  

 

4. Establish the initial straight line portion of the p-y curve, 

( )p kx y                           (7) 

Use the appropriate value of k  from Table 2.1 and 2.2. 

 

Table 2.1 Representative values of k  for submerged sand 

Recommended k  
Relative density 

Loose Medium Dense 

MN/m3 5.4 16.3 34.0 

 

 

Table 2.2 Representative values of k  for sand above the water table 

Recommended k  
Relative density 

Loose Medium Dense 
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MN/m3 6.8 24.4 61.0 

 

5. Establish the parabolic section of the p-y curve, 

 

1/ np Cy                            (8) 

Fit the parabola between points k  and m  as follows: 

A. Get the slope of the line between points m  and u  by, 

 

u m

u m

p p
m

y y





                          (9) 

 

B. Obtain the power of the parabolic section by, 

m

m

p
n

my
                          (10) 

 

C. Obtain the coefficient C  by, 

 

1/

m

n

m

p
C

y
                         (11) 

 

D. Determine point k  as 

 

1

n

n

k

C
y

kx

 
  
 

                         (12) 
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E. Compute appropriate number of points on the parabola by 

using equation (8). 

 

 

2.2.2 O’Neill p-y curve  
 

 

The method of O’Neill introduced herein is that presented by the 

American Petroleum Institute in its manual on recommended practice (RP2A). 

This method was justified by a number of field experiments in static condition. 

There is no difference for ultimate resistance between the Reese et al. (1974) 

criteria and API criteria. The API criteria use a more convenient trigonometric 

equation for computation. The main difference between those two criteria will 

be the initial modulus of subgrade reaction and the shape function of the 

curves. 

The following procedure is for short-term static loading and for cyclic 

loading as described in API RP2A (1987). 

 

1. Obtain values for the angle of internal friction, the soil unit weight, 

and the pile diameter. 

2. Compute the ultimate soil resistance at a selected depth. The ultimate 

lateral bearing capacity for sand has been found to vary from a value 

at shallow depths determined by equation (13) to a value at a deep 

depths determined by equation (14). At a given depth the equation 

giving the smallest value of up  should be used as the ultimate 

bearing capacity. 
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  '

1 2usp C x C b x                       (13) 

'

3udp C b x                          (14) 

where, 
up : Ultimate resistance  (force/unit length) (kN/m) 

       ' : Effective soil weight (kN/m3) 

       x : Depth (m) 

' : Angle of internal friction of sand  

1 2 3, ,C C C : Coefficient determined from Figure 2.10 as a 

function of '  

b : Average pile diameter from surface to depth (m) 

 

 

Figure 2.4 Coefficients as function of '  

 

3. The lateral soil resistance-deflection relationships for sand are 

nonlinear and, in the absence of more definitive information, may be 

approximated at any specific depth x  by the following expression 
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 tanhu

u

kx
p Ap y

Ap

 
  

 
                    (15) 

 

where, A : Factor to account for cyclic or static loading 

             0.9A  for cyclic loading 

3.0 0.8 0.9
x

A
b

 
   
 

 for static loading 

             
up : Smaller of values computed from equation (13) or (14). 

(kN/m) 

              k : Initial modulus of subgrade reaction. Determine froe Figure 

2.5 as function of angle of internal friction, '  (kN/m3) 

y : Lateral deflection (m) 

x : Depth (m) 

 

Figure 2.5 Initial modulus of subgrade reaction, k used for API sand criteria 
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2.2.3 NCHRP p-y curve 
 

 

Using the computational model, dynamic p-y curves were developed for 

a typical single pile in clay and sand profiles. Cyclic degradation of the soil 

was permitted using the Idriss δ method (1978), and gapping was modeled. 

The pile was considered to be a solid circular pile with mass. Soil parameters 

and pile properties used in the various runs are listed in Table 2.3. Results for 

the harmonic pile-head loading at various frequencies are represented in 

Figure 2.6 for medium dense sand. The results from the computational model 

showed a general trend of increasing soil resistance with an increase in the 

load frequency.  

 

Table 2.3 Description of parameters used for each test case 

Case Soil type 
Dr 

(%) 
    

d  

(m) 

/L d

 
/p sE E  

maxG

(kPa) 

sV  

(m/s) 

1 
Loose sand 

(saturated) 
35 32 0.3 0.25 40 6300 1.2e7 70 

2 
Medium sand 

(saturated) 
50 34 0.3 0.25 40 3800 2.0e7 100 

3 
Medium sand 

(saturated) 
50 34 0.3 0.50 20 3800 2.0e7 100 

4 
Dense sand 

(saturated) 
90 38 0.3 0.25 40 1580 4.7e7 150 

5 
Dense sand 

(unsaturated) 
90 38 0.3 0.25 40 790 9.7e7 220 
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Figure 2.6 Static and dynamic p-y curves for medium dense sand  

(1.5m depth) 

 

The overall relationship between the dynamic soil resistance and loading 

frequency for each test was established in the form of a generic equation. The 

equation (16) was developed from regression analysis relating the static p-y 

curve, frequency and apparent velocity (ωy). 

 

2

0 0 ,

n

d s d u

y
p p a p p

d


  
  

     
   

        (16) 

 

where, 

dp = dynamic value of p  on the p-y curve at a depth x  (N/m) 

sp = corresponding reaction on the static p-y curve at depth x  (N/m) 

0a = frequency of loading, expressed in dimensionless terms 0 / sr V  
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0r = pile radius (m) 

 = circular frequency of loading equal to 2 f , where f  equals the 

actual frequency of loading (rad/s) 

y = lateral pile deflection relative to the soil at depth x  (m) 

D = pile diameter (m) 

, , ,n   = constants determined from curve fitting equation (16) to the 

dynamic p-y curves such as those shown in Figure 2.5. Values are given for 

various soil types in Table 2.4 

 

Table 2.4 Dynamic p-y curve parameter constants for a range of soil types 

Soil type Description 


 

  
  n  

a0<0.025 a0>0.025 

Medium-dense sand 

(saturated) 

50 < Dr < 85% 

125 < Vs < 175m/s 
1 3320 1640 -100 0.1 

Medium-dense sand 

(unsaturated) 

50 < Dr < 85% 

125 < Vs < 175m/s 
1 1960 960 -20 0.1 

Dense sand 

(saturated) 

Dr > 85% 

Vs > 175m/s 
1 6000 1876 -100 0.15 
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2.3 Effect of inertial and kinematic interaction on 

pile 

 

 

Piles supporting superstructures undergo with the soil two interactions 

during an earthquake: the kinematic interaction and the inertial interaction. 

The kinematic soil-pile interaction is the pile loading by the soil displacement 

produced by the seismic waves propagating. Inertial superstructure-pile-soil 

interaction results from forces due to the superstructure actuation by the 

kinematic interaction. These two interactions are superimposed in seismic 

events and there independent study is therefore difficult, due to the 

nonlinearity of the soil behavior. In following section, some preceded 

researches about kinematic and inertial effect on pile foundation during 

earthquake are introduced. 

 

 

2.3.1 Test method for evaluating kinematic and inertial effect 

(Chenaf N., Chazelas J-L, 2010) 
 

 

In order to evaluate kinematic and inertial force on pile foundation, the 

model tests were performed using geotechnical centrifuge at LCPC in France. 

The soil bed for the pile foundation was homogeneous dry Fontainebleau sand 

with density of 86%. The sand was air pluviated using a raining technique 

with the LCPC’s automatic hopper, reconstituted in a 1.20 x 0.8 x 0.36m3 

strong box for impact tests and in a 0.9 x 0.45 x 0.456 m3 strongbox for the 

seismic tests. 

The model pile was an aluminum pipe representing a prototype tubular-
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steel pile 0.72m in diameter, 15m long and wall thickness of 0.035m with 

respect to the scaling laws. The bending stiffness EI of the prototype pile is 

equal to 476MN.m² characteristic of a flexible pile. The pile model was 

instrumented with 20 pairs of strain gauges for the bending profile at 15mm 

distances (0.6m prototype). Displacement laser sensor and accelerometer were 

also used to record the pile cap movement. A force sensor was fixed on the 

pile cap for lateral loading tests. 

The lateral impact tests and seismic tests were conducted to evaluate 

inertial and kinematic effect, respectively. Lateral dynamic loading of the cap 

was generated with an electromagnetic hammer accelerating a steel ball 

developed in LCPC (Halialilue-bonab et al, 2007). This device generates 

Dirac-like force impulses with typical shock duration of 0.25ms in model 

scale (10ms on prototype scale). The global setup in the rigid box for this test 

is given in Figure 2.7 (a). Seismic events have been generated by the 1-D 

LCPC’s earthquake simulator. This electrohydraulic device generates sine 

acceleration sequences as well as wide band realistic earthquakes sequences at 

the model basis (Derkx et al, 2006). The same sand air pluviation and pile 

driving processes, as for impact tests, have been used. Density control process 

has been repeated for the same density index (ID = 86 %). Figure 2.7(b) 

shows the seismic test setup. Sensors have been used to record the horizontal 

soil particle accelerations in different depths. 

Three kinds of tests were conducted in this research. The inertial 

component is evaluated from the lateral impact loading at the pile cap (Test 

A). The kinematic component is evaluated from the seismic test using a cap-

less pile (Test B). The combined interaction is then from seismic test with pile 
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equipped with a cap (Test C). 

 

(a) Lateral loading tests 

 

(b)  Seismic loading tests 

Figure 2.7 Lateral impact and seismic test setup and measuring 

instrumentation 
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Figure 2.8 shows profiles of the maximum bending moment at each 

depth form tests A, B and C. The distribution of the bending moments indicate 

that the primary portion of large bending moments moves downward from the 

pile top to the pile tip from test A to C. Note that these three profiles should 

not be directly compared in quantitative terms as the tests could not be 

“normalized”. However, tests B and C can be compared as the seismic input is 

harmonic acceleration sequences of the same amplitude. In Test A, the 

maximum bending moments are large at the pile head. In test C, the moment 

is large from the pile tip to the pile head since the apparent soil stiffness 

decreases from depth to surface because of the soil displacement and the soil 

confinement stress. This also can explain why the inertial component extends 

deeper than in Test A.  

 

Figure 2.8 Comparison of maximum bending moments along the pile for Test 

A, Test B and Test C 
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2.3.2 Effects of inertial and kinematic interaction on seismic 

behavior of pile with embedded foundation (Tokimatu et al, 2005) 
 

 

The objective of this paper is to examine the effects of inertial and 

kinematic forces on pile stresses based on the results of large shaking table 

tests on pile-structure models with a foundation embedded in dry and 

saturated sand deposits and to discuss how these two effects are taken into 

account in the pseudo-static analysis such as Beam-on- Winkler-springs 

method. The kinematic force includes not only the horizontal subgrade 

reaction acting on pile (p–y behavior) but also the earth pressure acting on the 

embedded part of the foundation. Since the latter could have dominant effect 

over the former when the foundation is embedded, the discussions on 

kinematic effect in this paper restrict to the earth pressure acting on the 

embedded foundation. 

To investigate the effects of inertial and kinematic forces qualitatively, 

several series of shaking table tests were conducted on soil-pile-structure 

systems using the shaking table facility at the National Research Institute for 

Earth Science and Disaster Prevention (NIED) [7–10]. Figure 2.9 summarizes 

the test series in which a pile-structure system was constructed in either dry or 

liquefiable saturated sand in a large laminated shear box. 
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Figure 2.9 Soil-pile-structure model series in shaking table tests 

 

The test results show that, if the natural period of the superstructure, Tb, 

is less than that of the ground, Tg, the ground displacement tends to be in 

phase with the inertial force from the superstructure, increasing the shear 

force transmitted to the pile. In contrast, if Tb is greater than Tg, the ground 

displacement tends to be out of phase with the inertial force, restraining the 

pile stress from increasing. With the effects of earth pressures on the 

embedded foundation and pile incorporated in, pseudo-static analysis is 

conducted to estimate maximum moment distribution in pile. It is assumed 

that the maximum moment is equal to the sum of the two stresses caused by 

the inertial and kinematic effects if Tb<Tg or the square root of the sum of the 

squares of the two if Tb>Tg. The estimated pile stresses are in good 

agreement with the observed ones regardless of the occurrence of soil 

liquefaction. 
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3. Apparatus, Material and Model 

Preparation 
 

 

 

 

3.1 Introduction 

 

 

In this dissertation, three series of dynamic centrifuge tests with different 

pile diameter were performed. One is the dynamic centrifuge tests to develop 

dynamic p-y curve for pre-installed pile which could simulate cast-in-place 

pile; the other is the dynamic centrifuge tests to investigate the installation 

effect; the other is the dynamic centrifuge tests to investigate the kinematic 

force on pile foundation during earthquake. In this chapter, test apparatus, test 

materials, soil container, and procedure of model preparation will be 

introduced. 

 

 

3.2 Apparatus of tests 

 

 

3.2.1 Centrifuge facility 
 

 

The dynamic centrifuge model tests were conducted at the Korea 

Construction Engineering Development Collaboratory Program (KOCED), 

Geo-Centrifuge Center, on a centrifuge which has a radius of 5 m and 

comprises a balanced arm with dual swing platforms. Figure 3.1 shows the 

perspective view of centrifuge machine and its performance specification is 
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summarized in Table 3.1. This centrifuge has a capacity of 240 g-tones and a 

maximum acceleration of 130 g.  

 

Figure 3.1 Perspective view of KOCED Geo-Centrifuge 

 

Table 3.1 Performance specification of KOCED Geo-Centrifuge 

Radius 5 m 

Max. capacity 240 g-tones 

Max. payload 2,400 kg up to 100 g 

Max. acceleration 130 g at 1,300 kg payload 

Payload dimension 1.2 m   1.2 m    1.2 m 

 

 

3.2.2 Shaking table (Kim et al., 2011) 
 

 

The centrifuge facility was equipped with an electro-hydraulic servo type 

earthquake simulator capable of shaking in the horizontally biaxial directions. 

The earthquake simulator at KAIST was initially operated in January of 2010 

and has been actively used to simulate seismic problems of a variety of 

geotechnical structures and soil-structure systems in Korea. A self-balanced 

electro-hydraulic earthquake simulator is mounted on the centrifuge, which 
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has an effective radius of 5 m and a maximum capacity of 240 g-tons. The 

earthquake simulator is currently a unique apparatus capable of modeling 

seismic problems on centrifuge in Korea. It is designed to operate at up to 100 

gc centrifugal acceleration and the base shaking acceleration can be exerted to 

a maximum value of 20 gh with a maximum payload of 700 kg, which 

corresponds to 0.5 gh in prototype scale at 40gc centrifugal acceleration. The 

main specifications and general view of the earthquake simulator at KAIST 

are shown in Table 3.2 and Figure 3.2, respectively. 

 

Table 3.2 Performance specification of the shaking table at KOCED Geo-

Centrifuge 

Payload moving mass 700 kg 

Centrifuge acc. range 10 ~ 100 g 

Frequency response 40 ~ 300 Hz 

Max. acceleration 20 g 

Payload dimension 0.67 m   0.67 m    0.67 m 
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(a) Schematic view of shaking table 

 

 

(b) Shaking table 

Figure 3.2 Shaking table at KOCED Geo-Centrifuge 
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3.2.3 4 degree of freedom in-flight robot 
 

 

The centrifuge facility was equipped with a 4 degree of freedom in-flight 

robot capable of applying loading in the x, y, z and rotational directions. It is 

designed to operate at up to 100 gc centrifugal acceleration and to apply 

lateral loading up to 1000N, vertical loading up to 5000N. The schematic 

view and performance specification of the in-flight robot at KAIST are shown 

in Figure 3.3 and Table 3.3, respectively. 

 

 

(a) Schematic view of shaking table 
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(b) 4 degree of freedom inflight robot 

Figure 3.3 4 degree of freedom in-flight robot at KOCED Geo-Centrifuge 

 

 

Table 3.3 Performance specification of the in-flight robot at KOCED Geo-

Centrifuge 

Item 

Specification 

x y z θZ 

Stroke 1.0m 0.6m 0.5m 270deg 

Speed 50mm/s 50mm/s 50mm/s 5deg/s 

Loading 1000N 1000N 5000N 5Nm 

Accuracy ±1.0mm ±1.0mm ±1.0mm ±1.0deg 

 

 

3.2.4 Equivalent shear beam box (Lee et al., 2011) 
 

 

The model container used for the centrifuge tests in this dissertation was 
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an Equivalent Shear Beam (ESB) box as shown in Figure 3.4. The ESB model 

container at KAIST was formed by stacking 10 light-weight aluminum alloy 

rectangular frames on a base plate to create internal dimensions of 490 mm × 

490 mm × 630 mm and external dimensions of 650 mm × 650 mm × 650 mm 

in length, width, and height, respectively. A relatively large wall thickness of 

80 mm is applied so as to avoid any lateral bulging and to maintain uniform 

stress conditions against lateral soil pressures exerted by deep soil models 

under maximum 100 gc centrifugal acceleration. Each frame is 60 mm in 

height and is separated by inside ball bearings and rubber spacing layers. The 

ball bearing system permits single-axis movement parallel to the longitudinal 

axis of the container during base shaking and makes the dynamic stiffness of 

the rubber layers constant independent of the levels of centrifugal acceleration. 

A total of 9 rubber layers having roughly about 3 mm thickness each lead to 

discrete step-like deflection of the end walls. The rubber layers ensure sealing 

of the model container and shearing behaviors of the frames and inside soil 

models. The design concept is that the deflection of each frame matches that 

of the soil column at the middle of the frame. The increase in discrete 

deflection would cause discontinuity in the shear strain of soil near the end 

walls, but shear sheets attached on the end walls reduce this effect.  
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Figure 3.4 Elastic shear beam box 

 

 

3.2.5 Measuring instrument 
 

 

Strain gauges and accelerometers were used in the tests. Strain gauges 

were attached on both sides of the pile to calculate the bending moment in the 

pile during vibration. The size of the strain gauges is 5mm in length and 1mm 

in width. To protect the stain gauges from the shaking, they were sealed with a 

tape after attaching on the pile as shown in Figure 3.5. 
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Figure 3.5 Strain gauges along a pile  

 

Accelerometers were used to measure the acceleration responses of the 

soil and pile. The capacity and the accelerometers is ±500g pk. The size of 

the accelerometer is diameter of 7.1 mm and 12.4 mm in height. Eight 

accelerometers were installed in the soil with varying depths and one 

accelerometer was attached to the pile head. Figure 3.6 shows the 

accelerometers installed at the pile head and the surface of model ground.  

 

        

Figure 3.6 Installation of accelerometers  
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Pore water pressure transducers (PWPT) were used to measure the pore 

water pressure in liquefiable ground. The size of the PWPT is diameter of 

3mm and 10mm in height. Seven PWPTs were installed in the soil at the same 

depth of other instrumentation excepting ground surface. Figure 3.7 shows the 

PWPT installed in model ground. 

 

Figure 3.7 Pore water pressure transducer (PWPT) 

 

 

 

3.3 Model piles 

 

 

Three series of dynamic centrifuge tests with different pile diameter were 

performed. One is the dynamic centrifuge tests to develop dynamic p-y curve 

for pre-installed pile which could simulate cast-in-place pile; the other is the 

dynamic centrifuge tests to investigate the installation effect; the other is the 

dynamic centrifuge tests to investigate the kinematic force on pile foundation 

during earthquake. 

 

 

3.3.1 Design of the model piles for developing dynamic p-y 

curves: pre-installed pile 
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Three model piles were used to investigate pile diameter effect on 

dynamic p-y curves. These piles were fabricated with a close-ended aluminum 

pipe with 2.5cm, 2.2cm and 1.8cm external diameters and a 0.1cm wall 

thickness, and the embedment depth of piles was 57cm and they were 

installed to be longer than the infinite depth. All tests were carried out at a 

centrifugal acceleration of 40g which is same with scaling factor of centrifuge 

test. Therefore, the three model piles simulated the prototype piles with 72cm, 

88cm and 100cm diameters, and the embedment depth of the prototype piles 

was 22.8m. The properties of piles are summarized in Table 3.4. 

 

Table 3.4 Properties of the model piles 

 Model 1 Model 2 Model 3 

Scaling relation 40 40 40 

Diameter of pile (cm) 1.8(72*) 2.2(88*) 2.5(100*) 

Thickness of pile (cm) 0.1(4*) 0.1(4*) 0.1(4*) 

Flexural rigidity 

(kg•cm4) 

133889 

(3.43E+11*) 

252080 

(6.45E+11*) 

376083 

(9.63E+11*) 

Embedment depth (cm) 57 (2280*) 57 (2280*) 57 (2280*) 

*Prototype scale 

 

 

3.3.2 Design of the model piles for developing dynamic p-y 

curves: jacked pile 
 

Model piles were made with a close-ended aluminum pipe with a 10mm 

external diameter and a 1mm wall thickness, and the properties of the model 

pile are summarized in Table 3.5. 
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Table 3.5 Properties of the model piles 

 Model 
Similitude 

Law( 40  ) 
Prototype 

Diameter (cm) 1  40 

Thickness (cm) 0.1  4 

Length (cm) 35  1400 

Penetration Depth (cm) 30  1200 

Flexural stiffness 

( ) 
20,043  5.1 x 1010 

 

 

3.3.3Design of the model piles for evaluating kinematic load 

effect 
 

 

The same model piles were used with model piles for developing 

dynamic p-y curve of pre-installed pile. 

 

 

3.4 Model soils 

 

 

3.4.1 Jumoonjin sand 
 

 

Jumoonjin sand, characterized as fine-grained uniform sand was used for 

the 1-g shaking table tests as well as the dynamic centrifuge tests for the 

verification of the generalized scaling relation. The grain size distribution and 

mechanical properties of Jumoonjin sand are shown in Figure 3.8 and Table 

3.6, respectively. 
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Figure 3.8 Particle distribution curve of Jumoonjin sand 

 

 

Table 3.6 Mechanical properties of Jumoonjin sand 

D10 

(mm) 

D50 

(mm) 
Cu Gs 

γd, max 

(kN/m3) 

γd, min 

(kN/m3) 

0.37 0.60 1.77 2.64 16.6 13.3 

 

Kim (2010) estimated the mean shear wave velocity of the Jumoonjin 

sand layers (VS,Soil) from the bender element tests at the various centrifugal 

accelerations or from RC (resonant column) tests using soil samples remolded 

in laboratory.  

Figure 3.9 and Figure 3.10 present the VS-profiles and maximum shear 

modulus respectively for the relative densities of 40%, very loose condition. 

In addition, Figure 3.11 and Figure 3.12 present the VS-profiles and maximum 

shear modulus respectively for the relative densities of 95%, very dense 

condition. The maximum shear modulus determined from the bender element 
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tests corresponds to that determined from the resonant column tests. 

 

 

Figure 3.9 Shear wave velocity (Vs) profiles of Jummonjin sand from bender 

element tests (relative density = 40%) (Kim, 2010) 

 

 

Figure 3.10 Maximum shear modulus corresponding to mean effective stress 

of Jummonjin sand (relative density = 40%) (Kim, 2010) 
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Figure 3.11 Shear wave velocity (Vs) profiles of Jummonjin sand from bender 

element tests (relative density = 95%) (Kim, 2010) 

 

 

Figure 3.12 Maximum shear modulus corresponding to mean effective stress 

of Jummonjin sand (relative density = 95%) (Kim, 2010) 
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3.4.2 Silica sand 
 

 

The diameter of a pile for the development of dynamic p-y curve for 

Jacked pile was 1.0 cm. For Jumoonjin sand, the pile diameter was too small 

to satisfy Ovsen’s suggestion (1979) that the diameter of a model pile should 

be 50 times larger than the D10 of model ground in order to consider the 

particle size effect. Therefore, Silica sand, of which particle size is much 

smaller than that of Jumoonjin sand, was used for the model ground. 

Silica sand was produced using the Hammer Crusher process, and the 

properties of the model soil are shown in Figure 3.13 and Table 3.7. 

 

Figure 3.13 Particle distribution curve of Silica sand 

 
 

Table 3.7 Mechanical properties of Silica sand 

D10 

(mm) 
Cc Cu Gs 

γd, max 

(kN/m3) 

γd, min 

(kN/m3) 

0.115 1.11 1.96 2.65 16.5 12.4 

 

 

0

20

40

60

80

100

0.01 0.1 1 10

P
er

ce
n

t 
P

a
ss

in
g

, %

Particle Size, mm - log scale



 

49 

Lee et al. (2011) estimated the mean shear wave velocity of the Silica 

sand layers (VS,Soil) from the bender element tests at the various centrifugal 

accelerations or from RC (resonant column) tests using soil samples remolded 

in laboratory. Figure 3.14 presents the VS-profiles for various relative densities 

of the Silica sand at 20 gc and 40 gc. In addition, Figure 3.15 presents the 

shear wave velocity corresponding to confining pressure estimated from 

resonant column tests. 

  

(a) 20 gc                          (b) 40 gc 

Figure 3.14 Shear wave velocity (Vs) profiles of Silica sand from bender 

element tests (Lee et al. 2011) 
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Figure 3.15 Shear wave velocity (Vs) of Silica sand from resonant column 

tests (Lee et al. 2011) 

 

 

3.5 Model ground preparation 

 

 

3.5.1 Preparation of dry ground for centrifuge test 
 

 

The dry sand layer for the centrifuge test was constructed uniformly by 

sand raining machine. Before model preparation, the model pile was 

preinstalled by fixing it at the base of the ESB container. Dry sand was poured 

into the ESB model container from a sand raining system at a constant falling 

height of 80 cm over the surface of the sand deposit to provide a fairly 

uniform specimen with the desired relative density. Different relative densities 

were achieved by varying the opening size and the traveling rate of the sand 

raining system. The height of sand drop and the opening size was determined 

by trial and error method. 
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3.5.2 Preparation of saturated ground for centrifuge test 
 

 

The saturated sand layer for the centrifuge tests was also constructed 

uniformly sand raining machine. In the case of saturated sand deposit, the 

sand deposit was prepared by water-pluviating sand to a specific relative 

density, and saturating with viscous fluid, whose viscosity was adjusted to be 

40 times that of water. The viscous fluid was made of HPMC 

(HydroxyPropylMethylCellulose).   
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4. Development of dynamic p-y curve for pre-

installed pile: in-situ pile 
 

 

 

 

4.1 Introduction 

 

 

For the seismic design of a pile foundation, a pseudo-static analysis is 

widely used to convert dynamic loads to additional equivalent inertial loads. 

Among the various methods of modeling a soil-pile system for pseudo-static 

analysis, an equivalent soil-spring model using p-y curves which can consider 

non-linear soil behavior is most frequently used in practice. These p-y curves 

have been established for different soil conditions based on in-situ pile tests 

under static or cyclic pile-head loading (Matlock, 1970; Cox et al., 1974; 

Reese et al., 1974, 1975; Murchinson and O’Neill, 1984; Georgiadis et al., 

1992; Reese, 1997; Ashour and Norris, 2000; Janoyan et al., 2001). In 

addition, rigorous analytical p-y models have been proposed for the analysis 

of seismic soil-pile interaction (Matlock et al., 1978; Nogami et al., 1992; EL 

Naggar and Novak, 1995, 1996; Badoni and Makris, 1996; Boulanger et al., 

1999; Gerolymos and Gazetas, 2005; Gerolymos et al., 2007).  

Due to the complexity of the dynamic analytical p-y models, however, 

the p-y curves which were determined for static or cyclic loading condition 

are still applied for pseudo-static analysis in the seismic design of a pile. The 

seismic design using the static p-y curves or cyclic p-y curves is not 

reasonable for evaluating the ground deformation and soil-pile interaction 

generated by earthquake loading. Nevertheless, the API p-y curve with a 
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coefficient considering cyclic condition (American Petroleum Institute, 1987) 

is generally used for pseudo-static analysis for the seismic design of a pile 

(Thavaraj et al., 2010).  

NCHRP (National Cooperative Highway Research Program, 2001) 

suggested simplified dynamic p-y curves based on the API curves using a 

numerical analysis method; however, the verification was conducted under 

restrictive conditions by stanamic tests in which the lateral load was applied 

on a pile head. Therefore, this curve did not consider the soil-pile interaction 

occurring due to an earthquake. According to Yoo et al. (2012) and 

Wilson(1998), the pseudo-static analysis in which the API p-y curve was 

applied for seismic design resulted in an overly conservative design. 

Therefore, a new dynamic p-y curve is needed to evaluate the behavior of the 

pile under seismic condition. Yang et al. (2011) also proposed the simplified 

dynamic p-y curve using 1g shaking table tests for sand. However, this curve 

needs more verification because 1g shaking table tests are not able to 

reproduce the in-situ confining pressure. 

In this study, a series of dynamic centrifuge tests with different pile 

diameters installed in dry sand were carried out for various conditions of input 

accelerations and input frequencies. Experimental dynamic p-y curves for 

each test condition were constructed and simplified dynamic p-y curves for 

the pseudo-static analysis of a pile foundation were proposed. 

 

 

4.2 Test set-up & program 

 

 

All the tests were conducted at the Korea Construction Engineering 
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Development Collaboratory Program (KOCED), GeoCentrifuge Center, on a 

centrifuge which has a radius of 5m and comprises a balanced arm with dual 

swing platforms (see Chapter 3.2.1). 

 

 

4.2.1 Description of the model pile-soil system 
 

 

The model container was an Equivalent Shear Beam (ESB) box, and the 

dimensions of the box were 49cm x 49cm x 63cm (see Chapter 3.2.4). Three 

model piles were fabricated with a close-ended aluminum pipe with 2.5cm, 

2.2cm and 1.8cm external diameters and a 0.1cm wall thickness, and piles had 

an embedment depth of 57cm which were installed to be longer than the 

infinite depth. All tests were carried out at a centrifugal acceleration of 40g. 

Therefore, the three model piles simulated the prototype piles with 72cm, 

88cm and 100cm diameters, and the embedment depth of the prototype piles 

was 22.8m. The properties of piles are summarized in Table 3.4. Jumoonjin 

sand, characterized as clean and uniform sand, was used in these tests. The 

particle distribution curve and the properties of Jumoonjin sand are shown in 

Figure 3.8 and Table 3.6. The diameter of the model pile (D) was 45~65 times 

the effective particle size (D10) of the silica sand, which concurred with the 

result by Ovesen (1979), which demonstrated that particle size had no effect 

on a pile. 

The layout of the test is shown in Figure 4.1. The model piles were fixed 

at the bottom of the soil box in order to simulate the rock socketed pile and a 

concentrated mass of 1.5kg was located 11cm above the subsurface. Eight 

pairs of strain gauges were attached on both sides of the pile to calculate the 
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bending moment in the pile during vibration. 8 accelerometers were installed 

in the soil at the same depth as each strain gauge to calculate the displacement 

of soil and one accelerometer was attached to the pile head to measure the 

acceleration responses of the pile. The three model piles were installed 

together in an ESB box, and the spacing between the piles was over 10 times 

the pile diameter (D), which concurred with the result obtained by Remaud 

(1999), which demonstrated that there was no interaction effect between the 

piles when the pile spacing was over 10D. In addition, the piles were placed 

perpendicular to the direction of shaking in order to avoid being affected by 

the adjacent piles. In order to prepare a uniform dense sand layer with a 

relative density of 80% and a loose sand layer with a relative density of 40%, 

sand pluviation was conducted with an automatic pluviation facility. 

 

 

Figure 4.1 Layout of test (in prototype) 
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4.2.2 Test input motions and program 
 

 

After the completion of model fabrication, seismic loading was applied 

at a 40g condition. A sine wave (Figure 4.2) was selected as an input base 

motion because adjusting loading amplitude and frequency was not difficult. 

In addition, a sine wave was useful for obtaining experimental p-y loop 

because loading condition was periodical and constant. The loading amplitude 

of the input sine wave ranged from 0.05g to 0.4g and the frequency was 1Hz 

and 2Hz in the prototype scale. In order to determine input frequency of input 

motion, a sweep test was conducted to evaluate the natural frequency of a 

soil-pile system. Figure 4.3 shows the sweep tests results of the model piles. 

As shown in the test results, the measured natural frequencies of the soil-pile 

system in which the piles have diameters of 72cm, 88cm, and 100cm were 

0.6Hz, 0.75Hz, and 0.9Hz, respectively. This phenomenon means that as the 

pile diameter increased, the natural frequency of the soil-pile system increased 

because pile stiffness increased. Table 4.1 shows the test programs. 

 

Figure 4.2 Input sine wave (1Hz, 0.4g) 
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Figure 4.3 Sweep test results. 

 

 

 

 

 

Table 4.1 Test programs (in prototype) 

Case No. Amplitude of acceleration Input frequency Relative density 

1 0.05 g (for sweep test) - 80% 

2 0.05 ～ 0.4g 1Hz 80% 

3 0.05 ～ 0.4g 2Hz 80% 

4 0.05 ～ 0.4g 1Hz 40% 

 

 

4.3 Test results and discussion 

 

 

4.3.1 Determination of experimental dynamic p-y curves 
 

 

The bending moments of a pile were determined from strain values, and 

the moment profile along the depth of a pile, M(z), was then derived at every 
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time step. Lateral resistance p and pile displacement ypile were calculated 

based on the simple beam theory, as shown in equations (1) and (2).  

 

2

2
( )

d
p M z

dz
                      (1) 

( )
pile

M z
y dz

EI
                     (2) 

 

where, p is the lateral resistance of soil; ypile is the lateral displacement of 

the pile; M(z) is the measured bending moments along the pile; EI is the 

flexural rigidity of the pile; and z is the depth below the ground surface. 

 

The bending moments mobilized in the pile were calculated by 

substituting the measured strains into the following equation: 

 

E I
M

y


                        (3) 

 

where E is the elastic modulus of the pile, ε is the measured strain, I is 

the moment of inertia, and y is the distance from the neutral axis. 

As seen in equation (1), the lateral resistance p is obtained from the 

second differentiation of the moment profile M(z) and can significantly differ 

according to interpolation methods for deriving the moment profile M(z). 

Generally, the polynomial interpolation method, the cubic spline interpolation 

method, and the weighted residual interpolation method are widely used. 
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Among these methods, the cubic spline method, which had been used by 

several researchers (Dou & Byrne, 1996; Scott, 1980), was applied to derive 

the moment profile in this study.  

It is necessary to remove the noise generated in the process of 

measurement, differentiation and integral in order to construct the correct p-y 

curve. For this, band-pass filtering from 1st mode frequency to 2nd mode 

frequency was performed in order to obtain lateral resistance p and pile 

displacement ypile.  

Unlike the static p-y curve, the displacement y in the dynamic p-y curve 

should be a relative displacement between the soil and a pile because the 

displacement of soil occurs during an earthquake. Therefore, to obtain the 

relative displacement y for the dynamic p-y curve, the soil movement ysoil, 

obtained from the free field accelerometers, was subtracted from the pile 

displacement ypile at each time step. 

 

 

4.3.2 Experimental dynamic p-y curves 
 

 

All test results were illustrated in prototype scale by applying a 

similitude ratio of 40. Figure 4.3 shows the sweep tests results of the model 

piles. As shown in the test results, the measured natural frequencies of the 

soil-pile system in which the piles have diameters of 72cm, 88cm, and 100cm 

were 0.6Hz, 0.75Hz, and 0.9Hz, respectively. This phenomenon means that as 

the pile diameter increased, the natural frequency of the soil-pile system 

increased because pile stiffness increased. 
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Figure 4.4 Sweep test results. 

 

Figure 4.4 shows the experimental dynamic p-y curve of an 88cm 

diameter pile for different input accelerations at an input frequency of 1Hz 

and depth of 1m. As shown in the test results, as input acceleration increased, 

the relative displacement of the soil-pile system and lateral subgrade reaction 

increased because the inertial force of the pile head increased. However, 

increments of lateral subgrade reaction decreased as the relative displacement 

of the soil-pile system increased. Therefore, the secant modulus of the 

experimental dynamic p-y curves decreased as input acceleration increased. 

This phenomenon represents the experimental dynamic p-y curves of these 

tests and shows the non-linear behavior. 
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Figure 4.5 Experimental dynamic p-y curves 

(pile diameter: 88cm, depth: 1m, Dr: 80%). 

 

Figure 4.5 shows the experimental dynamic p-y curves for different pile 

diameters at an input frequency of 1 Hz, an input acceleration of 0.15g, and a 

depth of 2m. As shown in Figure 4.5, the subgrade reaction at the same 

displacement increased as the pile diameter increased. This phenomenon 

means that the stiffness of p-y curves increased as the pile diameter increased, 

and these results contradict previous findings that suggest that the pile 

diameter influences the ultimate subgrade reaction, while it does not have an 

effect on the initial stiffness of the p-y curves (API, 1987). In addition, the 

relative displacement of the soil-pile system increased as the pile diameter 

increased at the same input acceleration. As shown in Figure 4.3, the natural 

frequency of the soil-pile system approached 1Hz, which was equal to the 

input frequency, as the pile diameter and stiffness increased. The discrepancy 

between the natural frequency and the input frequency decreased and resulted 

in increasing the acceleration and inertial force of the pile head. 
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Figure 4.6 Experimental dynamic p-y curves 

(acceleration: 0.15g, depth: 2m, Dr: 80%). 

 

 

4.3.3 Maximum subgrade reaction 
 

 

Figure 4.6 shows the maximum subgrade reaction point of the 

experimental dynamic p-y curves at input frequencies of 1Hz and 2Hz. The 

relative displacements of the soil-pile system and lateral subgrade reaction of 

the experimental dynamic p-y curves at an input frequency of 2Hz were larger 

than those of the p-y curves at an input frequency of 2Hz because the natural 

frequencies of the soil-pile system were close to 1Hz. At the different input 

frequencies, the maximum subgrade reaction points of the experimental 

dynamic p-y curves at each input frequency were located on the same p-y 

curve and it was noticed that the dynamic p-y curve could be defined as the 

unique p-y curve regardless of the input frequency. 
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(a) Pile diameter: 72cm, Depth: 1m 

 

 

 

(b) Pile diameter: 88cm, Depth: 1m 
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(c) Pile diameter: 100cm, Depth: 1m 

Figure 4.7 Maximum subgrade reaction point 

(input frequency: 1Hz and 2Hz, Dr: 80%). 

 

 

 

 

4.4 Suggested dynamic p-y curve for pre-installed 

pile 

 

 

4.4.1 Construction of dynamic p-y curve 
 

 

Based on the experimental dynamic p-y curves, the simplified dynamic 

p-y backbone curve, which can be used for pseudo-static analysis of a 

dynamically loaded pile system, was constructed. In the experimental 

dynamic p-y curves, it appears that the p values included resistance not only 

from the dynamic spring force of the soil but also the damping resistance in 

the soil. However, in order to construct the dynamic p-y backbone curve with 
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a simple equation, damping resistance was not considered. In order to develop 

the simplified dynamic p-y backbone curve, the peak points of the 

experimental dynamic p-y curves, which corresponded to the maximum 

subgrade reaction, were taken at several depths and plotted on a p-y plane for 

each location. The p-y backbone curves were then fitted by connecting these 

points (Ting et al., 1987; Yang et al., 2011). The peak points of the 

experimental dynamic p-y curves at an input frequency of 1Hz were used to 

develop the dynamic p-y backbone curves because the input frequency had 

little influence on the dynamic p-y curve, as shown in Figure 4.7, and the 

results of input frequency of 1Hz showed non-linearity of the soil-pile system. 

The best-fit curves were extracted for each depth by regression analysis. The 

basic equation of the best fit curve was chosen to be the hyperbolic function 

of Kondner (1963), which was expressed as 
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                              (4) 

 

where, inik
 
is the initial modulus of the subgrade reaction stiffness, up  

is the ultimate subgrade reaction (N/cm), and y is the relative displacement 

between soil and pile (cm) 

Figure 4.7 shows the peak points of the experimental dynamic p-y curves 

and the dynamic p-y backbone curves by regression analysis. The test results 

were obtained up to the depth of 2m. It was impossible to construct the 

dynamic p-y backbone curve below a 2m depth because the pile displacement 
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occurred within 1% of the pile diameter, which is considered to be the elastic 

limit of the pile (Korean Society of Civil Engineers, 2008).  

As shown in Figure 4.8, the initial modulus of the subgrade reaction 

stiffness ( inik ) and the ultimate subgrade reaction ( up ) increased as the depth 

increased. This tendency was observed regardless of pile diameter. Also, the 

initial modulus of the subgrade reaction stiffness ( inik ) and the ultimate 

subgrade reaction ( up ) increased as the pile diameter increased at each depth. 

In order to numerically represent the dynamic p-y backbone curves as a 

hyperbolic form, the initial modulus of the subgrade reaction stiffness ( inik ) 

and the ultimate subgrade reaction ( up ) were expressed as a function of the 

Rankine's passive pressure coefficient and a confining pressure. However, it is 

difficult to determine inik  with a specific function due to the variability of 

inik . Therefore, the subgrade reaction modulus K, defined as a secant slope of 

the p-y curve at 1% of the diameter of the pile (0.01D), was used to determine 

the function of inik . 



 

67 

 

(a) Pile diameter: 72cm 

 

(b) Pile diameter: 88cm 
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(c) Pile diameter: 100cm 

Figure 4.8 Maximum subgrade reaction point and dynamic p-y backbone 

curve at each depth (Dr=80%). 

 

In addition, as shown in figure 4.9 ~ 4.12, the subgrade reaction modulus 

(K) and the ultimate subgrade reaction ( up ) increased with pile diameter. 

When the shallow foundation problem can be approximated as one or 

uniformly distributed loads acting on rectangular areas near the surface, the 

vertical settlement can be estimated by following equation.  

21
( )i s

u

s C qB
E


  

 

Si = settlement of a point on the surface 

Cs = shape and rigidity factor 

q = magnitude of the uniformly distributed load 

B = characteristic dimension of the loaded area 

Eu = Young’s modulus 

v = possion’s ratio 
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Because settlement is a function of width (B), increasing size of a square 

footing to support a given total load leads to a reduction of in elastic 

settlement in proportion to the increased footing dimension (Perloff and Baron, 

1976). From the same perspective, when the same lateral load was applied to 

pile foundation with different diameter, pile displacement reduced with pile 

diameter.  

 In addition, the mean normal pressure under the larger footing is larger 

than under the small one (De Beer, 1961), which the soil strength under large 

footing is larger than that under smaller footing. This phenomenon means that 

the subgrade reaction force to pile foundation increased with pile diameter. 

Therefore dynamic p-y curve, which represent the subgrade reaction to pile 

foundation, also defined as function of pile diameter (D). 

As shown in following figures, the correlation index (R2) of non-linear 

analysis was higher than that of linear analysis. However, it is required to 

develop new numerical model to define the K and Pu value as the non-linear 

function. This process is too complicated problem. In addition, preceded 

researches (API, 1987; Kim et al, 2004; Yang, 2009) also insist that the 

subgrade reaction force was proportional to the pile diameter linearly. In this 

research, the subgrade reaction modulus (K) and the ultimate subgrade 

reaction (Pu) were expressed as a linear function of pile diameter (D). 
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Figure 4.9 The relationship between subgrade reaction modulus K and pile 

diameter (Linear analysis) 

 

Figure 4.10 The relationship between subgrade reaction modulus K and pile 

diameter (Non-linear analysis) 
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Figure 4.11 The relationship between Ultimate subgrade reaction (Pu) and pile 

diameter (Linear analysis) 

 

Figure 4.12 The relationship between Ultimate subgrade reaction (Pu) and 

pile diameter (Non-linear analysis) 
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4.4.1.1 The initial modulus of the subgrade reaction stiffness ( inik ) 

 

 

As shown in Figure 4.8, the initial tangent modulus of the subgrade 

reaction stiffness ( inik ) also increased with the depth. Based on this, the 

equation inik  was determined as a function of the confining stress. However, 

it is difficult to determine inik  with a specific function due to the variability 

of inik . Therefore, the subgrade reaction modulus K, defined as a secant slope 

of the p-y curve at 1% of the diameter of the pile (0.01D), was used to 

determine the function of inik . Combining K with equation (4), which was 

suggested by Kondner (1963), K was determined as equation (5). Therefore, 

using the subgrade reaction modulus, the initial modulus of subgrade reaction 

stiffness  ( inik ) was calculated as shown in equation (6). 
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Since the K value is correlated with the confining stress, equation (7) 

suggested by Janbu (1963) was used as a basic equation. 
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        (7) 

 

where aP  is atmospheric pressure (
210.13 /N cm ), '  is confining 

stress (
2/N cm ), and A is a curve-fitting constant 

 

To determine a curve-fitting constant A, the regression analysis was 

conducted using subgrade reaction modulus (K) and the confining pressure at 

each depth as shown in Figure 4.8. Through regression analysis, a curve-

fitting constant value, A, of dense sand was determined as 420.92, 660.61 and 

787.98 for pile diameters of 72cm, 88cm and 100cm, respectively. The 

constant A increased as the pile diameter increased and this tendency was also 

observed for loose sand. This phenomenon means that the pile diameter 

influenced not only the ultimate subgrade reaction ( up ) but also the initial 

modulus of subgrade reaction stiffness ( inik ). The initial modulus of subgrade 

reaction stiffness ( inik ) is the initial stiffness of SSI(soil-structure interaction), 

and the ultimate subgrade reaction ( up ) is the subgrade reaction where 

failure occurs, which means the strength of SSI. In the case of sand, the larger 

contact force between the soil and pile occurred as the pile diameter increased 

(Lambe et al, 1979). Figure 4.9 shows a curve-fitting constant for the pile 

diameter. As shown in Figure 4.9, a curve-fitting constant A and the pile 

diameter have a high linear correlation. Based on these results, the subgrade 

reaction modulus (K) was determined as the function of the confining 
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pressure and pile diameter, thus the K value was obtained as equations (8) and 

(9). From the K value and equation (6) with the ultimate subgrade 

reaction( up ) which will be explained in the following section, the initial 

modulus of subgrade reaction stiffness ( inik ) can be obtained. For medium 

and medium-dense sand, parameter A in equation (7) can be obtained by 

linear regression analysis. 

 

0.5'
7.29 ( )a

a

K DP
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  (Dr = 80%)                     (8) 

0.5'
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a
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P


  (Dr = 40%)                     (9) 

 

 

(a) Pile diameter: 72cm 
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(b) Pile diameter: 88cm 

 

(c) Pile diameter: 100cm 

Figure 4.13 Regression analysis results of subgrade reaction modulus. 
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Figure 4.14 Curve-fitting for constant A for pile diameter. 

 

 

4.4.1.2 The ultimate subgrade reaction( up ) 

 

 

As shown in Figure 4.7, the ultimate subgrade reaction increased as the 

depth and the pile diameter increased. Based on this, the ultimate subgrade 

reaction per unit width ( /up D ) was best-fitted using equation (10), which 

was suggested by Kim et al. (2004) using the Rankine's passive pressure 

coefficient and the depth. 

 

   ' nu
P

p
BK z

D


            
          (10) 

 

where D is the pile diameter (cm), PK
 
is the Rankine's passive 

pressure coefficient, '  is the effective unit weight (
3/N cm ), z is the depth 
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(cm), and B and n are the curve-fitting constants. 

 

In order to determine the curve-fitting constants B and n, equation (10) 

was rearranged as equation (11).  

 

  log( / ) log log( ')u Pp D n z BK  
         

    (11) 

 

Figure 4.10 shows the results of linear regression analysis for equation 

(11), which was performed in the plane of the logarithm scale. As shown in 

Figure 4.10, the /up D  of dense sand was larger than that of loose sand, 

implying that the soil stiffness of dense sand was greater than that of loose 

sand. Through regression analysis, the ultimate subgrade reaction up
 
was 

obtained as shown in equations (12) and (13). For medium and medium-dense 

sand, parameter B, n in equation (10) can be obtained by linear regression 

analysis. 

 

1.0213.3 'u Pp DK z  (Dr = 80%)                  (12) 

0.9012.5 'u Pp DK z  (Dr = 40%)                  (13) 

 

Suggested empirical equations for dry loose and dense sand conditions 

are summarized in Table 4.2. 
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Figure 4.15 Regression analysis results of ultimate subgrade reaction. 

 

Table 4.2 Suggested dynamic p-y curve for pre-installed pile 

Dynamic p-y curve 

 

 Subgrade reaction modulus K (
2/N cm ) 

The ultimate subgrade reaction 

up ( /N cm ) 

Loose sand 

0.5'
4.26 ( )a

a

K DP
P




 

0.9012.5 'u Pp DK z  

Dense sand 

0.5'
7.29 ( )a

a

K DP
P




 

1.0213.3 'u Pp DK z  

pile diameter : D(cm); confining pressure : 
2'( / )N cm  ; depth :z 

(cm) ; unit weight :
2( / )N cm ; Rankine coefficient of passive earth 

pressure : PK ; atmosphere pressure : 
2( / )aP N cm
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4.4.2 Comparison of the suggested dynamic p-y curve with 

existing p-y curves 
 

 

The suggested dynamic p-y curves were compared to the API (1987) p-y 

curves and the NCHRP (2001) p-y curves, which are widely used in pseudo-

static analysis. The NCHRP p-y curves were based on the API p-y curves, and 

the coefficient values of these curves for comparison were determined with 

the shear modulus from the bender element tests. The results of comparison 

between the suggested p-y curves and the previous p-y curves are shown in 

Figure 4.11. Compared to the suggested dynamic p-y curve within an elastic 

displacement of 1% of the pile diameter, the subgrade reaction of the API 

curve was either slightly larger than, or similar to, that of the suggested curve. 

On the other hand, in the non-linear region of over 1% of the pile diameter, 

which may occur during an earthquake, the ultimate subgrade reaction of the 

existing p-y curve was up to a quarter of that of the suggested p-y curve, and 

overly conservative results would occur under the seismic condition. Although 

NCHRP suggested that the subgrade reaction of the dynamic p-y curve should 

be increased with an increase of the frequency of input acceleration, from the 

test results shown in Figure 4.6, there was no increase of subgrade reaction 

when increasing the frequency of input load in dry sand.  

The reason for the difference between the results of the previous tests 

and the tests in this study was the difference of input load condition; for 

example, the API p-y curve was proposed under the static or cyclic load 

condition, in which forces were applied to the pile cap. Likewise, the NCHRP 

p-y curve showed results because the maximum resistance of the API static p-

y curve was used in the NCHRP p-y curves.  
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These test results were consistent with the results of the dynamic 

centrifuge tests conducted by Wilson (1998). According to the test results by 

Wilson (1998), the ultimate subgrade resistance of the API p-y curve 

underestimated that of the test results at a depth of less than about 3 times the 

pile diameter. 

 

 

(a) Pile diameter: 72cm, Depth: 1m 
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(b) Pile diameter: 88cm, Depth: 1m 

 

 

(c) Pile diameter: 100cm, Depth: 1m 

Figure 4.16 Comparison of suggested dynamic p-y curve and existing p-y 

curve (Dr=80%). 
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4.5 Verification of suggested dynamic p-y curve 

 

 

In order to verify the applicability of the suggested dynamic p-y curve, 

pseudo-static analysis using LPILE 5.0 (Reese et al., 2004), which is a 

commonly used computer program for analyzing the lateral behavior of a pile, 

was performed. The analysis results were then compared with the results from 

the centrifuge model test performed by Choi et al. (2011). The model pile 

simulated concrete drilled shafts of 114 cm diameter and the tests were 

performed at a 60g centrifugal acceleration. Table 4.3 and Table 4.4 show the 

properties of the pile and test conditions, respectively. 

Pseudo-static analysis was performed using the API p-y curve and the 

suggested dynamic p-y curve. The loading type of the API p-y curve was 

considered as the cyclic loading condition in pseudo-static analysis. This is 

because the load reduction effect of cyclic loading should be considered when 

using the API p-y curve in seismic design, and for the cyclic loading condition 

the maximum subgrade reaction was decreased by 10% (API, 1987). The 

applied internal friction angle of 37° was the same as the suggested p-y curve 

in this research, and the initial modulus of subgrade reaction 61,000 kPa/m, 

which was recommended for dense sand by API, was used.  

The pile bending moment and displacement along the depth obtained 

from this approach were compared with the test results and are shown in 

Figure 4.12. Results from pseudo-static analysis using the API p-y curve 

overestimated the maximum bending moment of the test results and the 

discrepancy between the two approaches was 40%. The location where the 
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maximum bending moment occurred was 5m, which differed from the test 

results of 2.5m. However, when the suggested dynamic p-y curve was used, 

the discrepancy of the maximum bending moment was reduced to about 20%, 

and the location where the maximum bending moment occurred was relatively 

accurate (Figure 4.12(a)). In the case of displacement along the depth, when 

the API p-y curve was used, the maximum displacement was 230% larger 

than that of the test results. On the other hand, when the suggested dynamic p-

y curve was used, the discrepancy was reduced to about 35% (Figure 4.12(b)). 

The difference in the results from the pseudo-static analysis according to the 

p-y curve occurred because the existing p-y curve underestimated the 

subgrade reaction of the soil-pile system for dynamic behavior in the 

nonlinear domain. 

 

Table 4.3 Pile properties (Choi et al., 2011) 

Property Diameter(cm) Embedded depth(cm) Flexural Rigidity (
2kg cm ) 

Prototype 114 3300 2.059 E+12 

Model 1.9  55 376083 

 
Table 4.4 Test conditions (Choi et al., 2011) 

Input acceleration 
Input frequency 

(prototype) 

Input acceleration 

(prototype) 
Relative density 

Sinusoidal wave 0.9 Hz 0.2g 80% 
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(a) Bending moment of pile 
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(b) Displacement of pile 

Figure 4.17 Pseudo-static analysis results with Jumoonjin sand. 

 

In order to verify the applicability of the suggested p-y curve more 

reliably, other centrifuge test results in following chapter with silica sand, the 

particle size of which is smaller than that of the Jumoonjin sand, were 

compared with the pseudo-static analysis using the suggested curve. The tests 

were performed to evaluate the behavior of the cast-in-lace pile with a 
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diameter of 0.4m at a centrifugal acceleration of 40g. The particle distribution 

curve and the properties of the silica sand are shown in Figure 3.13 and Table 

3.7. The properties of a model pile are summarized in Table 3.5 and the test 

conditions are shown in Table 4.5. 

As in the case, the Pseudo-static analysis was performed using the API p-

y curve and the suggested dynamic p-y curve. The applied internal friction 

angle of 37° was the same as the suggested p-y curve in this research, and the 

initial modulus of subgrade reaction of 61,000 kPa/m was used, which was 

recommended for dense sand by API. The pile bending moment and 

displacement along the depth obtained from this approach were compared 

with the test results and are shown in Figure 4.13. As a result, the error 

between the test results and the pseudo-static analysis results decreased and 

the location of the maximum bending moment occurring was relatively 

accurate compared to the pseudo-static analysis with the API curve. Based on 

these results, it is concluded that the suggested dynamic p-y curve could be 

applied to the other sands, not only the Jumoonjin sand. 

 

Table 4.5. Test conditions 

Input acceleration 
Input frequency 

(prototype) 

Input acceleration 

(prototype) 
Relative density 

Sinusoidal wave 1 Hz 0.4g 70% 
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(a) Bending moment of pile 
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(b) Displacement of pile 

Figure 4.18 Pseudo-static analysis results with silica sand 
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4.6 Summary and conclusions 

 

 

In this study, a series of dynamic centrifuge tests were performed in dry 

sand for various conditions of input frequencies and input accelerations. The 

following conclusions were drawn.  

 

1. The relative displacement, y, and lateral subgrade reaction, p, of 

experimental dynamic p-y curves increased as input acceleration increased. 

However, the rate of increase of the lateral subgrade reaction gradually 

decreased as the relative displacement increased. Therefore, the secant 

modulus of the experimental dynamic p-y curves, which represents the 

stiffness of the p-y curves, decreased as the input acceleration increased. In 

addition, dynamic p-y curves in dry sand were not affected by the input 

frequency. 

 

2.  Based on the experimental dynamic p-y curve, dynamic p-y 

backbone curves were produced, which can be used for pseudo-static analysis 

of a pile under seismic load, connecting the peak points of the experimental 

dynamic p-y curve with a hyperbolic function suggested by Kondner (1963). 

In order to numerically represent the dynamic p-y backbone curves of the 

hyperbolic form, the initial modulus of the subgrade reaction ( inik ) and the 

ultimate subgrade reaction ( uP ) were expressed as functions suggested by 

Janbu (1963) and Kim et al. (2004), respectively.  
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3. Compared to the suggested dynamic p-y backbone curve within an 

elastic displacement of 1% of the pile diameter, the subgrade reaction of the 

API curve was either slightly larger than or similar to that of the suggested 

curve. On the other hand, in the non-linear region with over 1% of the pile 

diameter, which may occur during an earthquake, the ultimate subgrade 

reaction of the existing p-y curve was only one quarter that of the suggested p-

y curve, and overly conservative results would occur under the seismic 

condition.  

 

4. Pseudo-static analysis was performed with the API p-y curve and the 

suggested dynamic p-y backbone curve. From the results, the pseudo-static 

analysis with the API p-y curve overestimated the maximum bending moment 

and pile displacements compared to those of the centrifuge test results by 

Choi et al. (2011), and the discrepancies were about 230% and 40%, 

respectively. This confirmed that the results would be overly conservative. On 

the other hand, with the suggested dynamic p-y backbone curve, the 

discrepancy was reduced to about 20%. 
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5. Development of dynamic p-y curve for 

Jacked pile: Driven pile 
 

 

 

 

5.1 Introduction 

 

 

The p-y method, which can account for the non-linear behavior of soil, is 

widely used for modeling pile foundations under dynamic loads in pseudo-

static analysis. Since a dynamic curve for a seismic loading condition has not 

been well established yet, the p-y curves suited for a static loading or a cyclic 

loading applied to the pile head have been applied for a seismic loading 

condition instead. Recently, Yang et al. (2011) suggested the dynamic 

backbone curve for sand based on 1g shaking table tests. However, the 

suggested p-y curve did not factor in the confining stress effect of a prototype 

and pile installation methods during tests on the p-y curve, such as pre-

installing, jacking and driving. 

 McVay et al. (1994) and Dyson et al. (1998) analyzed the pile 

installation effect on the lateral behavior of a pile based on centrifuge tests 

with lateral static loading. According to McVay et al. (1994), the lateral 

stiffness of a pile driven in centrifugal acceleration of 48g was greater than 

that of a pile driven in 1g. According to Dyson’s static centrifuge tests, the 

stiffness of a driven pile in 160g was found to be the greatest and that of a 

pre-installed pile in 1g was found to be the lowest. In addition, Bonab et al. 

(2007) analyzed the pile installation effect on the lateral behavior of a pile 

based on centrifuge tests with impact loading. As a result of the impact load 
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test, the stiffness and the resonance frequency of a driven pile in 1g were 

found to be greater than the pre-installed pile and jacked pile cases. From the 

overall results, it can be seen that the lateral stiffness of a driven pile and a 

jacked pile increased compared to that of a pre-installed pile, and the stiffness 

of a driven pile was greatest. However, these centrifuge tests have been 

conducted under the static load and the impact load exercising pressure on the 

pile caps. Despite the importance of soil-pile interaction, no studies have been 

carried out on the pile installation effect on dynamic p-y curves during 

earthquakes.  

To this end, dynamic centrifuge tests with different types of piles in dry 

dense sand, pre-installed pile (the pile installed prior to the placement of soil), 

a 1g jacked pile (pile jacked at 1g condition), a 40g jacked pile (pile jacked at 

40g condition), were carried out in order to analyze the effect of pile 

installation on the dynamic p-y curve. In addition, the applicability of 

dynamic p-y curve for pre-installed pile was verified, furthermore, the 

dynamic p-y curve for jacked pile which could simulate driven pile was 

developed by modifying dynamic p-y curve for pre-installed pile. 

 

 

5.2 Test program  

 

 

All the tests were conducted at the Korea Construction Engineering 

Development Collaboratory Program (KOCED), GeoCentrifuge Center, on a 

centrifuge which has a radius of 5m and comprises a balanced arm with dual 

swing platforms (see Chapter 3.2.1). 
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5.2.1 Description of the model pile-soil system  
 

 

The model container was an Equivalent Shear Beam (ESB) box, and the 

dimensions of the box were 49cm x 49cm x 63cm (see Chapter 3.2.4). Model 

piles were made with a close-ended aluminum pipe with a 10mm external 

diameter and a 1mm wall thickness, and the properties of the model pile are 

summarized in Table 3.5. The model soil was artificial silica sand produced 

using the Hammer Crusher process, and the properties of the model soil are 

shown in Figure 3.13 and Table 3.7. The diameter of the model pile (D) was 

87 times the effective particle size (D10) of the silica sand, which concurred 

with the result by Ovesen (1979), which demonstrated that there was no effect 

of particle size on a pile.  

Three model piles, including a pre-installed pile, a 1g jacked pile and a 

40g jacked pile, were installed in the ESB container together. The process of 

model fabrication is as follows.  

 

1. In order to make a uniform dense sand layer with a relative density of 

80%, sand pluviation was conducted with an automatic pluviation facility. The 

pluviation was performed until the reconstituted sand layer reached a height 

of 5cm, corresponding to the tip of the model pile.  

 

2. A model pile is then suspended with a nylon cable to fix the model pile 

during sand pluviation. The sand pluviation procedure is then continued until 

the height of sand reached 35cm. This method of pile installation did not 

generate extra confining pressure on the pile. This pre-installed pile might be 
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considered to be similar to a drilled or cast-in-situ pile. 

 

3. After pluviation, the surface of the sand layer was made even. Then, 

the second model pile was jacked by the robot with 0.5mm/s under a 1g 

condition. When installing model piles, the spacing between piles was 15cm 

(15D), which concurred with the result by Remaud (1999), which 

demonstrated that there was no interaction effect between the piles when the 

pile spacing was over 10D.  

 

4. The box was then placed on the centrifuge. The third model pile was 

jacked by the in-flight robot with 0.5mm/s under 40g during spinning of the 

centrifuge.  

 

 

Figure 5.1 Schematic drawing of test section 

 

The final layout of the test is shown in figure 5.1. Five couples of strain 
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gauges were attached to the model pile to measure the strain of the model pile, 

and this was used to calculate the bending moment at each depth during 

seismic loading. 5 accelerometers were installed at the same depth as the 

strain gauge to measure the acceleration response of the free field. One 

accelerometer was installed in a pile cap to measure the acceleration of a pile 

cap. The pile was then coated with a 0.5 mm layer of epoxy to protect the 

strain gauge from severe friction which could occur during the jacking of the 

model pile (Figure 5.2). 

 

  

Figure 5.2 Model pile 
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5.2.2 Test input motions and program 
 

 

After the completion of model fabrication, seismic loading was applied 

at a 40g condition. A sine wave(Figure 5.3) was selected as an input base 

motion because adjusting loading amplitude and frequency was not difficult. 

The loading amplitude of the input sine wave ranged from 0.1g to 0.4g and 

the frequency was 1Hz in the prototype scale. The test program was 

summarized in Table 5.1. 

 

 

 

Figure 5.3 Input sine wave (1Hz, 0.4g) 

 

Table 5.1 Test program 

Input 

acceleration 
Installation method 

Input 

frequency 

Relative 

density 

0.1g, 0.2g, 

0.3g, 0.4g 

pre-installed prior to 

soil pluviation, 

jacked in at 1g 

condition, 

jacked in at 40g 

condition 

1Hz 80% 
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5.3 Test results and discussion 

 

 

5.3.1 Determination of Experimental Dynamic p-y Curves 
 

 

The bending moments of a pile were determined from strain values, and 

the moment profile along the depth of a pile, M(z), was then derived at every 

time step. Lateral resistance p and pile displacement ypile were calculated 

based on the simple beam theory, as shown in equations (1) and (2).  

 

2

2
( )

d
p M z

dz
                      (1) 

( )
pile

M z
y dz

EI
                     (2) 

 

where, p is the lateral resistance of soil; ypile is the lateral displacement of 

the pile; M(z) is the measured bending moments along the pile; EI is the 

flexural rigidity of the pile; and z is the depth below the ground surface. 

 

The bending moments mobilized in the pile were calculated by 

substituting the measured strains into the following equation: 

 

E I
M

y


                        (3) 

 

where E is the elastic modulus of the pile, ε is the measured strain, I is 
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the moment of inertia, and y is the distance from the neutral axis. 

 

As seen in equation (1), the lateral resistance p is obtained from the 

second differentiation of the moment profile M(z) and can significantly differ 

according to interpolation methods for deriving the moment profile M(z). 

Generally, the polynomial interpolation method, the cubic spline interpolation 

method, and the weighted residual interpolation method are widely used. 

Among these methods, the cubic spline method, which had been used by 

several researchers (Dou & Byrne, 1996; Scott, 1980), was applied to derive 

the moment profile in this study.  

It is necessary to remove the noise generated in the process of 

measurement, differentiation and integral in order to construct the correct p-y 

curve. For this, band-pass filtering from 1st mode frequency to 2nd mode 

frequency was performed in order to obtain lateral resistance p and pile 

displacement ypile.  

Unlike the static p-y curve, the displacement y in the dynamic p-y curve 

should be a relative displacement between the soil and a pile because the 

displacement of soil occurs during an earthquake. Therefore, to obtain the 

relative displacement y for the dynamic p-y curve, the soil movement ysoil, 

obtained from the free field accelerometers, was subtracted from the pile 

displacement ypile at each time step. 

  

 

5.3.2 Experimental p-y curve 
 

 

All test results were illustrated in prototype scale by applying a 
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similitude ratio of 40. Figure 5.4 shows the experimental p-y curve for 

different input accelerations at each installation method. As shown in the test 

results, as input acceleration increases, the relative displacement of the soil-

pile system increases due to increased inertial force of the pile head. 

According to the preceding research, the p-y curve shows the non-linear 

behavior whereby increments of lateral subgrade reaction decrease as relative 

displacement of the soil-pile system increases. Figure 5.4 shows that the 

secant modulus of experimental p-y curves decreases as input acceleration 

increases. This phenomenon represents the dynamic experimental p-y curves 

of these tests and shows the non-linear behavior. In the case of the 1g jacked 

pile (Figure 5.4(a)) and pre-installed pile (Figure 5.4(b)), it was observed that 

the gapping phenomenon, which is a separation between the soil and pile 

because of soil movement, cannot follow in the movement of a pile. In 

general, in the case of high relative density and high vertical effective stress 

condition, the gapping phenomenon would not occur. According to this 

phenomenon, it could be estimated that the density of soil around the pile 

jacked in a 40g condition was greater than other cases. 
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(a) pre-installed pile 

 

 

 

(b) 1g jacked pile 
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(c) 40g jacked pile 

Figure 5.4 Experimental dynamic p-y curves for different input accelerations 

(Depth: 1D) 

 

Figure 5.5 shows the experimental dynamic p-y curves for different 

installation methods at an input frequency of 1 Hz and input acceleration of 

0.2g. Figure 5.5(a) shows results at the depth of 0.5D (20cm) and Figure 5.5 

(b) shows results at the depth of 2D (80cm). As shown in Figure 5.5, it is 

immediately obvious that the method of installation has a significant effect on 

the p-y curves. Figure 5.5 shows that the pre-installed pile showed the softest 

response overall, the next stiffest soil was linked to the 1g jacked pile and the 

stiffest soil is associated with the 40g jacked pile. The difference in p-y curve 

can be attributed to the difference in the soil conditions caused by the 

installation method. In the pre-installed case, the soil is undisturbed by the 

presence of the pile. However, in the case of the 1g jacked pile, after 

placement of the soil, the density of the soil adjacent to the pile increases and 

the stress state is modified compared to initial stress (Dyson et al (1998); 
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Bonab et al (2007)). The 40g jacked pile shows the stiffest response because 

the high confining pressure would reduce the amount of dilation which could 

occur near the surface during installation, leading to a further reduction in the 

void ratio around the pile and the modification of the stress state is greater 

than when jacked in a 1g condition. 

 

(a) Depth: 0.5D (20cm) 

 

(b) Depth: 2D (80cm) 

Figure 5.5 Experimental dynamic p-y curves for different installation methods 

(0.2g, 1Hz) 
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5.4 Dynamic p-y curve 

 

 

5.4.1 Determination of Dynamic p-y curve 
 

 

Based on the experimental p-y curve data, the dynamic p-y curves can be 

constructed. First, the maximum subgrade reaction points of the experimental 

p-y curves were taken at several points, and plotted on a p-y plane for each 

location. A best-fit curve was then pursued for each depth by regression 

analysis (Ting et al, 1987; Yang et al, 2011). The basic equation of the best-fit 

curve was chosen to be the hyperbolic function (equation 4) suggested by 

Kondner (1963). 

 

                        (4) 

 

where,  = initial modulus of subgrade reaction stiffness 

     = ultimate subgrade resistance  

     y = relative displacement of soil-pile system 

 

 

5.4.2 Comparison of suggested dynamic p-y curves according 

to the pile installation method 
 

 

Figure 5.6 shows the results of regression analysis using equation 4 and 

1

ini u

y
p

y

k p





ini
k

u
p



 

104 

maximum subgrade reaction points from the experimental dynamic p-y curves. 

From the figures, the lateral stiffness of the pile jacked in a 40g condition was 

found to be the greatest, and the response of the pile jacked at 1g condition is 

stiffer than that of the pre-installed pile. It is also observed that the stiffness 

difference decreased with depth. It can be concluded that the confining 

pressure increases with depth, and the lateral stiffness is strongly dependent 

on the confining pressure. Therefore, the installation effect decreases with 

depth.  

 

(a) Depth at 20cm (0.5D) 
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(b) Depth at 40cm (1.0D) 

 

(c) Depth at 60cm (1.5D) 
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(d) Depth at 80cm (2.0D) 

 

(e) Depth at 120cm (3.0D) 

Figure 5.6 Maximum subgrade reaction points of dynamic p-y curve with 

depth and p-y curve 
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For quantitative analysis of these lateral stiffness differences with depth, 

comparisons were carried out using the maximum subgrade reaction and the 

modulus of subgrade reaction of the p-y backbone curve. The modulus of 

subgrade reaction is a secant slope of the p-y curve at 1% of the diameter of 

the pile, which is the elastic limit of the pile noted in Bridge Design Criteria 

of Korea (2001). From comparisons, the maximum subgrade reaction of the 

40g jacked pile was found to be 75% greater and the 1g jacked pile was found 

to be 30% greater than the pre-installed pile at the depth of 0.5D (20cm). It 

was also found that the modulus of subgrade reaction of the 40g jacked pile 

was 164% greater and the 1g jacked pile was 56% greater than the pre-

installed pile at the depth of 0.5D (20cm). The lateral stiffness difference 

according to the pile installation method is summarized in Table 5.2. A large 

lateral stiffness difference is observed within a depth of less than 2D (80cm). 

However, there is almost no difference in the maximum subgrade reaction 

with the depth of 2D (80cm) and the observed difference of the modulus of 

subgrade reaction with the depth of 3D (120cm) is less than 10%.  

The pre-installed pile simulates a cast in-situ pile which has little 

influence on soil adjacent to the pile during the installation and the 40g jacked 

pile simulates approximately the driven pile which increases the relative 

density and changes the stress state around the pile during the installation. 

Therefore, it is necessary to modify the stiffness of the suggested dynamic p-y 

curve proposed through the experiment with a pre-installed pile, when 

predicting the dynamic lateral behavior of the driven pile with less than the 

depth of 3D.  

 



 

108 

Table 5.2 Lateral stiffness difference between pre-installed pile and jacked 

piles with depth 

Depth 

(D : diameter 

of the pile) 

The ultimate subgrade reaction 

( up ) 

The modulus of subgrade 

reaction (K) 

40g jacked 

pile 
1g jacked pile 

40g jacked 

pile 
1g jacked pile 

0.5D 

(20cm) 
75% 30% 164% 56% 

1D 

(40cm) 
10% 3% 93% 41% 

1.5D 

(60cm) 
11% 1% 75% 26% 

2D 

(80cm) 
3% 0.3% 52% 12% 

3D 

(120cm) 
0% -1% 8% -11% 

 

5.5 Suggested dynamic p-y curve for jacked pile 

 

 

As explained before, there are difference between p-y behavior of 

preinstalled pile and 40g jacked pile, which simulated in-situ pile and driven 

pile respectively. Because these tests were conducted by using only unique 

single model pile, dynamic p-y curves for jacked pile was proposed indirectly 

by modifying dynamic p-y curves for pre-installed pile (see chapter 4). 

 

 

5.5.1 Applicability of dynamic p-y curve for pre-installed pile 
 

 

Prior to propose dynamic p-y curve for jacked pile by using that for pre-

installed pile, the applicability of dynamic p-y curve for pre-installed pile was 
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verified. The test results of pre-installed pile in this chapter were compared 

with suggested dynamic p-y curve for pre-installed pile in chapter 4. In 

addition, the test results were also compared with API cyclic p-y curve which 

is widely used for seismic design. As shown in Figure 5.7, the maximum 

subgrade reactions points of pre-installed pile were placed between suggested 

dynamic p-y curve for pre-installed pile in dense and loose sand. This is 

because the relative density of these tests was 70%, which is the value 

between loose and dense sand deposit using in chapter 4. In addition, the 

relative density of 70% is relatively close to 80% than 40%, therefore, the test 

results shows similar behavior with suggested dynamic p-y curve for pre-

installed pile in dense sand. Furthermore, the test results are closer to 

suggested dynamic p-y curve as depth increases, because the relative density 

of soil deposit increased with depth. 

In case of API cyclic p-y curve, this curve highly underestimated the 

subgrade reaction and these differences occurred greater in shallow depth than 

in deep depth. These results concurred with the results of preceded researches 

(Yang et al, 2011). According to the results of a series of experiments, 

suggested dynamic p-y curve for pre-installed pile could simulate the lateral 

dynamic behavior of pre-installed pile reasonably. Therefore, dynamic p-y 

curve for jacked pile was proposed by modifying suggested dynamic p-y 

curve for pre-installed pile. 
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(a) At the depth of 1 diameter (40cm) 

 

 

(b) At the depth of 2 diameter (80cm) 
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(c) At the depth of 3 diameter (120cm) 

Figure 5.7 Suggested dynamic p-y curve for pre-installed pile and maximum 

subgrade reaction of pre-installed pile with depth 

 

5.5.2 Determination of dynamic p-y curve for jacked pile : 

driven pile 
 

 

As explained before, the installation method could cause different lateral 

p-y behavior of pile. Therefore, applying p-y curve for in-situ pile to driven 

pile with in-situ pile could underestimate subgrade reaction. Based on the 

experimental results between jacked in 40g pile and pre-installed pile, the 

simplified dynamic p-y curve for jacked pile which could be used for driven 

pile was constructed. The suggested p-y curve for jacked pile was modified 

form of dynamic p-y curve for pre-installed pile in chapter 4.  

Figure 5.8 shows the subgrade reaction modulus (K) and ultimate 

subgrade reaction ( up ) of both 40g jacked pile and pre-installed pile with 

depth. As shown in this figure, the difference between K and up  of two 
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methods decreased with depth. In addition, soil stiffness and depth have a 

high linear correlation. Through linear regression analysis, the equation of 

increasing factor for driven pile was obtained as shown in equation (5) and (6). 

The increasing factor decreased with depth; however, this factor should not 

exceed 1. By applying the increasing factor to suggested p-y curve for pre-

installed pile in chapter 4, dynamic p-y curve for jacked pile was constructed 

as shown in table 5.3. However, suggested dynamic p-y curve for jacked pile 

cannot simulate driven pile exactly, because driven pile adds the effect of 

vibration during driving pile. This vibration of the soil resulted in further 

densification; therefore, the stiffness of jacked pile is smaller than that of 

driven pile (Dyson et al, 1998). Consequently, suggested p-y curve for jacked 

pile in this research could underestimate subgrade reaction than actual 

behavior of driven pile, which could cause conservative results in designing 

pile foundation. However, suggested p-y curve for jacked pile can be applied 

to the lower limit of p-y curve for driven pile and can reduce overly 

conservative design than existed p-y curve or suggested p-y curve for pre-

installed pile in chapter 4. 

 

0.58 2.80( 1)
z

A A
D

                     (5) 

0.35 1.68( 1)
z

B B
D

                     (6) 

where, z = depth 

   D = pile diameter 

     A = Increasing factor for subgrade reaction modulus (K) 

     B = Increasing factor for ultimate subgrade reaction(Pu) 
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Figure 5.8 Regression analysis result of K and Pu with depth 
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Table 5.3 Suggested dynamic p-y curve for jacked pile 

Dynamic p-y curve 

 

 Subgrade reaction modulus K (
2/N cm ) 

The ultimate subgrade reaction 

up ( /N cm ) 

Loose sand 

0.5'
4.26 ( )a

a

K ADP
P




 

0.9012.5 'u Pp BDK z  

Dense sand 

0.5'
7.29 ( )a

a

K ADP
P




 

1.0213.3 'u Pp BDK z  

pile diameter : D(cm); confining pressure : 
2'( / )N cm  ; depth :z 

(cm) ; unit weight :
2( / )N cm ; Rankine coefficient of passive earth 

pressure : PK ; atmosphere pressure : 
2( / )aP N cm ; A, B : Increasing factor 

for driven pile 
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5.6 Summary and conclusions 

 

 

It was found that there is a difference in the dynamic lateral behavior 

according to the pile installation method using the dynamic centrifuge tests. 

The tests were carried out using a pre-installed pile (installed prior to the 

placement of soil), a 1g jacked pile (pile jacked at 1g condition) and a 40g 

jacked pile (pile jacked at 40g condition). From the test results, dynamic p-y 

curves of piles were constructed and compared. In addition, a dynamic p-y 

curve was suggested for a jacked pile, which could be applied for a driven pile. 

 

1. From the result of the dynamic p-y curve, the lateral stiffness of the 

40g jacked pile was found to be greater than that of the 1g jacked pile and the 

pre-installed pile, with the pre-installed pile giving the lowest lateral stiffness. 

This tendency was shown to be within less than the depth at 3D (120 cm). 

 

2. From a comparison of the modulus of subgrade reaction depending on 

the installation effect through the p-y backbone curve with the depth, the 

lateral stiffness of the 40g jacked pile and 1g jacked pile were 164% and 56% 

greater, respectively, than that of the pre-installed pile at 0.5D depth (20cm). 

Moreover, it was also found that the moduli of subgrade reaction of the 40g 

jacked pile and 1g jacked pile were 52% and 12% greater than that of the pre-

installed pile at 2D depth (80 cm), respectively.  

 

3. Because the existing experimental dynamic p-y curve was obtained 

using a pre-installed pile, it is suited for cast in-situ piles which do not have an 
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effect on soil adjacent to the pile during the installation. When the existing 

experimental dynamic p-y curve is applied to a driven pile, the modulus of 

subgrade reaction of the dynamic p-y curve of the driven pile should be at 

least 52% greater than that of the existing dynamic p-y curve, as suggested by 

using the pre-installed pile within less than the depth of 2D (80 cm). 

Therefore, through various additional experiments, it is necessary to establish 

the actual dynamic p-y curve based on the installation effect. 

 

4. The test results of a pre-installed pile in this chapter were compared 

with the suggested dynamic p-y curve for a pre-installed pile in chapter 4. The 

suggested p-y curve for a pre-installed pile can predict test results well within 

discrepancies of 20%. 

 

5. An equation of the stiffness increasing factor was suggested as a function of 

the ratio between the pile diameter and the depth. In addition, the p-y curve 

for a jacked pile was constructed using this factor and the dynamic p-y curve 

for a pre-installed pile.  

 

 

. 
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6. Evaluation of kinematic force acting on 

pile foundation 
 

 

 

 

6.1 Introduction 

 

 

Pile foundations supporting superstructures are frequently found to have 

been damaged or to have failed during earthquakes. From recent research, it 

was confirmed that not only the inertial effects of pile foundation 

superstructures, but also the kinematic effects by ground movement, had a 

considerable influence on the damage to the pile foundations. However, 

pseudo static analysis, which is a widely-used method for seismic design, 

cannot adequately consider the kinematic effect, by converting only the 

inertial force of a superstructure to a pseudo-static lateral force. In addition, 

little is known concerning the degree of contribution of the two effects, 

although much research on pile behavior under seismic loading has been 

performed. Therefore, it is necessary to investigate the inertial and kinematic 

effects on the behavior of piles during earthquakes. According to Dezi et al. 

(2010), pile displacement by kinematic effect was similar to ground 

displacement. Tokimatsu et al. (2005) suggested that the pressure acting on a 

pile may be determined as the sum of the two forces caused by the two effects, 

or the square root of the sum of the squares of the two forces. However, this 

previous research was performed using 1-g shaking table tests, which could 

not reproduce the in-situ confining pressure, or was conducted only by 

numerical analysis. 
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In this research, a series of dynamic centrifuge tests were carried out, 

with different pile diameters installed in dry and loose saturated sand deposit 

(liquefiable sand), for various conditions of input acceleration and upper mass. 

The effects of inertial and kinematic force on a pile foundation were analyzed, 

and the influence of various conditions on each effect was evaluated. In 

addition, the evaluation method, which could calculate kinematic force acting 

on pile foundation quantitatively, was suggested. 

 

 

6. 2 Test program 

 

 

All the tests were conducted at the Korea Construction Engineering 

Development Collaboratory Program (KOCED), GeoCentrifuge Center, on a 

centrifuge which has a radius of 5m and comprises a balanced arm with dual 

swing platforms (see Chapter 3.2.1). 

 

 

6.2.1 Description of the model pile-soil system  
 

 

The model container was an Equivalent Shear Beam (ESB) box, and the 

dimensions of the box were 49cm x 49cm x 63cm (see Chapter 3.2.4). Three 

model piles were fabricated with a close-ended aluminum pipe with 2.5cm, 

2.2cm and 1.8cm external diameters and a 0.1cm wall thickness, and piles had 

an embedment depth of 57cm which were installed to be longer than the 

infinite depth. All tests were carried out at a centrifugal acceleration of 40g. 

Therefore, the three model piles simulated the prototype piles with 72cm, 

88cm and 100cm diameters, and the embedment depth of the prototype piles 
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was 22.8m. The properties of piles are summarized in Table 3.4. Jumoonjin 

sand, characterized as clean and uniform sand, was used in these tests. The 

particle distribution curve and the properties of Jumoonjin sand are shown in 

Figure 3.8 and Table 3.6. The diameter of the model pile (D) was 45~65 times 

the effective particle size (D10) of the silica sand, which concurred with the 

result by Ovesen (1979), which demonstrated that particle size had no effect 

on a pile. 

The layout of the test is shown in Figure 6.1. The model piles were fixed 

at the bottom of the soil box in order to simulate the rock socketed pile and a 

concentrated mass was located 11cm above the subsurface. Eight pairs of 

strain gauges were attached on both sides of the pile to calculate the bending 

moment in the pile during vibration. 8 accelerometers were installed in the 

soil at the same depth as each strain gauge to calculate the displacement of 

soil and one accelerometer was attached to the pile head to measure the 

acceleration responses of the pile. The three model piles were installed 

together in an ESB box, and the spacing between the piles was over 10 times 

the pile diameter (D), which concurred with the result obtained by Remaud 

(1999), which demonstrated that there was no interaction effect between the 

piles when the pile spacing was over 10D. In addition, the piles were placed 

perpendicular to the direction of shaking in order to avoid being affected by 

the adjacent piles. In order to analyze the effect of inertial and kinematic force 

according to ground condition, the tests were conducted in both dry sand and 

liquefiable saturated sand deposit. In the case of dry sand deposit, sand 

pluviation was conducted with an automatic pluviation facility, to prepare a 

uniform sand layer with a relative density of 80%. In the case of saturated 
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sand deposit, the sand deposit was prepared by water-pluviating sand to a 

relative density of approximately 30%, and saturating with viscous fluid, 

whose viscosity was adjusted to be 40 times that of water. The viscous fluid 

was made of HPMC (HydroxyPropylMethylCellulose). 

 

 

Figure 6.1 Layout of test (in prototype) 

 

6.2.2 Test input motions and program 
 

 

After the completion of model fabrication, seismic loading was applied 

at a 40g condition. A sine wave(Figure 6.2) was selected as an input base 

motion because adjusting loading amplitude and frequency was not difficult. 

In the case of dry sand deposit, the loading amplitude of the input sine wave 

ranged from 0.05g to 0.2g on the prototype scale. In order for liquefaction to 

occur, an input sine wave with input acceleration of 0.3g was applied to the 

loose saturated sand deposit. The frequency of input motion was 1Hz on the 
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prototype scale. 

The test programs are summarized in Table 6.1. In this chapter, the most 

important parameter was upper mass. The presence of upper mass means the 

presence of inertial force. When the upper mass is none, only a kinematic 

effect was applied to the soil-pile system, and when there is an upper mass, 

both inertial effect and kinematic effect are applied. 

 

Figure 6.2 Input sine wave (1Hz, 0.4g) 

 

Table 6.1 Test Programs (Prototype Scale) 

No. of 

test  
Input acceleration 

Input 

frequency 

Relative 

density 

Ground 

condition 

Upper 

mass 

1 0.05g ～ 0.2g 1 Hz 80% Dry none 

2 0.05g ～ 0.2g 1 Hz 80% Dry 96 ton 

3 0.05g ～ 0.2g 1 Hz 80% Dry 160 ton 

4 0.3g 1 Hz 30% Saturated none 

5 0.3g 1 Hz 30% Saturated 96ton 
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6.3 Test results and discussions 

 

 

6.3.1 Determination of pile displacement along the depth 
 

 

The bending moments of a pile were determined from strain values, and 

the moment profile along the depth of a pile, M(z), was then derived at every 

time step. Pile displacement ypile were calculated based on the simple beam 

theory, as shown in equations (1).  

 

( )
pile

M z
y dz

EI
                     (1) 

 

where, ypile is the lateral displacement of the pile; M(z) is the measured 

bending moments along the pile; EI is the flexural rigidity of the pile; and z is 

the depth below the ground surface. 

 

The bending moments mobilized in the pile were calculated by 

substituting the measured strains into the following equation: 

 

E I
M

y


                        (2) 

 

where E is the elastic modulus of the pile, ε is the measured strain, I is 

the moment of inertia, and y is the distance from the neutral axis. 

The cubic spline method, which had been used by several researchers 
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(Dou & Byrne, 1996; Scott, 1980), was also applied to derive the moment 

profile in this chapter.  

It is necessary to remove the noise generated in the process of 

measurement, differentiation and integral in order to construct the correct p-y 

curve. For this, band-pass filtering from 1st mode frequency to 2nd mode 

frequency was performed in order to obtain pile displacement ypile. 

 

 

6.3.2 Dry dense sand 
 

 

6.3.2.1 Kinematic effect 

 

 

The kinematic effect of the pile was evaluated by the test case without 

superstructure. Results from the experiments were converted to the prototype 

scale, using a scaling factor. Figure 6.3 shows the input motion, ground 

acceleration, and pile head acceleration profile for an input acceleration of 

0.1g. In this figure, if there is no superstructure, amplification on the ground 

surface and the pile head is relatively less than the input motion. The 

measured acceleration of the ground surface and the pile head was in-phase 

with the input motion. This kind of phenomenon implies that small soil 

deformation is generated in dense sand, and the deformation pattern of the soil 

and the pile is the same, when only a kinematic effect is generated by the soil 

deformation. Figure 6.4 shows the maximum displacement at the ground 

surface, according to the input acceleration. As shown in Figure 6.4, as the 

input acceleration increases, the soil deformation increases linearly in dense 

sand. This means a linear behavior of the free field response in dry sand.  



 

124 

 

 

Figure 6.3 Acceleration-time history 

(without superstructure, input motion = 0.1g) 

 

 

Figure 6.4 Relation between input acceleration and maximum displacement of 

ground surface 
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Figure 6.5 shows pile displacement and soil deformation along depth, 

which is evaluated at the moment when maximum displacement of ground 

surface is occurring. As shown in Figure 6.5, the pile displacement generated 

by the kinematic effect was 11% ~ 45% of the soil deformation. As the pile 

diameter and horizontal stiffness increase, the pile displacement decreases. 

These results are contrary to Dezi et al. (2005), which report the pile 

displacement by kinematic effect to be identical to the soil deformation. In the 

case of a pile embedded in soil, the pile stiffness is relatively greater than the 

soil stiffness, and the pile displacement is less than the soil deformation, due 

to the horizontal stiffness of the pile when only a kinematic effect is generated. 

Also, the pile displacement was inversely proportional to the pile stiffness, 

when identical kinematic forces acted on each pile. This results in a small 

displacement for a pile that has a large stiffness and large diameter. In Figures 

6.5, when the input motion doubles, the soil displacement doubles, but the pile 

displacement is greater than double. Such difference between the pile 

displacement and the soil deformation is due to the nonlinearity in horizontal 

behavior of the soil-pile system. When horizontal loads acted on a pile 

embedded in soil, the horizontal stiffness of the soil-pile system, which is 

representative of a nonlinear p-y curve, becomes smaller as the pile 

displacement and horizontal load increase. Therefore, as horizontal loads and 

horizontal displacement increase by the kinematic effect, the horizontal soil 

stiffness of the back ground of the pile decreases. Finally, the increase of pile 

displacement becomes more than that of the soil displacement.  
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(a) Input acceleration = 0.05g 

 

(b) Input acceleration = 0.1g 
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(c) Input acceleration = 0.15g 

 

 

(d) Input acceleration = 0.2g 

Figure 6.5 Soil & pile displacement along depth (without superstructure) 
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Figure 6.6 shows the pile displacement along the depth without ground 

condition. The pile displacement was calculated by using pseudo-static 

analysis and 1-DOF theory. The pseudo-static load was determined based on 

shape function, as shown in equation (3) and (4). 

 

0( ) ( ) ( )f x m x x A                    (3) 

( ) (1 cos )
2

x
x

L


                      (4) 

where, f0(x) is pseudo-static load, m(x) is concentration mass of pile, A is 

input acceleration, ( )x  is shape function. 

 

As shown in figure 6.6, pile displacement along the depth without 

ground was about 20 times larger than pile displacement with ground. This 

phenomenon means that the subgrade reaction, which reduced the pile 

displacement, occurred although pile displacement is smaller than ground 

displacement. 
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(a) Input acceleration = 0.1g 

 

 

(b) Input acceleration = 0.2g 

Figure 6.6 Soil & pile displacement along depth without ground 

(pseudo static analysis) 
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The ground displacement along the distance from the pile was obtained 

from numerical analysis. Because ground acceleration of near field cannot be 

measured from model test due to interference of pile behavior, FLAC 3D was 

used for numerical analysis in order to obtain ground displacement data along 

the distance from the pile. To shorten the calculation time for practical 

modeling, the whole system was simplified. The pile, near-field soil and 

interface element were considered and far-field soil was substituted as the 

boundary condition. The acceleration time history of the far-field area was 

calculated by site response analysis for the free-field soil condition using 

FLAC 3D. The sin wave with an input acceleration of 0.2g and frequency of 

1Hz was used as input motion, and the model pile with a diameter of 100cm 

was applied in numerical modeling. 

As shown in figure 6.7, near-field pile displacement is similar with pile 

displacement, although far-field ground displacement is larger than pile 

displacement. It means that there is not gapping between soil and pile and also 

means that subgrade reaction force could be applied to soil-pile system. 
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Figure 6.7 Ground displacement along the distance from the pile 

 

Figure 6.8 shows the relationship between soil displacement and pile 

displacement, which is the cause of kinematic force. In this figure, the 

nonlinear relation between soil displacement and pile displacement is 

identified. 
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Figure 6.8 Relation between maximum soil displacement and pile 

displacement 

 

 

6.3.2.2 Inertial effect 

 

 

To investigate the inertial effect acting on the pile foundation, 

experiments were performed for a superstructure of 96ton, and 160ton, 

respectively, on the prototype scale. Figure 6.9 shows the input acceleration, 

ground acceleration and superstructure acceleration of each pile, for a 

superstructure of 96ton, and 160ton, respectively, and input acceleration of 

0.1g. As shown in Figure 6.9, all accelerations measured at the superstructure 

are out-of-phase with the input acceleration and soil acceleration. This means 

that the inertial force generated by the superstructure, and the kinematic force 

generated by the soil movement, act in opposite directions. Moreover, 

acceleration measured at the superstructure of each pile shows a large 

difference, according to the pile dimension. This is because of the difference 
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between the input frequency and natural frequency of each structure. Table 6.2 

shows the natural frequency distribution, according to the pile diameter and 

superstructure. As shown in Table 6.2, as the natural frequency approaches 

1Hz, which is the input frequency, the superstructure acceleration becomes 

large.  

 

 

(a) Superstructure = 96ton 
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(b) Superstructure = 160ton 

Figure 6.9 Acceleration-time history 

(Superstructure = 96ton, Input acceleration = 0.1g) 

 

 

Table 6.2 Natural Frequency of Soil-Pile Model 

 Superstructure = 96ton Superstructure = 160ton 

Diameter: 72cm 0.6 Hz 0.4 Hz 

Diameter: 88cm 0.75 Hz 0.55 Hz 

Diameter: 100cm 0.9 Hz 0.7 Hz 

 

Figures 6.10 and 6.11 show the soil and pile displacement, when 

maximum displacement is occurring for a superstructure of 96ton, 160ton, 

respectively. Pile displacement was transcribed with positive sign, while soil 

displacement was transcribed with negative sign, because pile displacement 

and soil displacement are out-of-phase with each other. As shown in the 

figures, pile displacement was large when the superstructure was small. This 

is because amplification of the acceleration at the superstructure largely 

occurred for a superstructure of 96ton, due to the influence of natural 
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frequency. The magnitude of inertial force, which multiplies the mass of the 

superstructure and the acceleration, was greater for the superstructure of 96ton 

than for the superstructure of 160ton. This implies that inertial force generated 

in soil-pile system is largely affected not only by the mass of the 

superstructure, but also by the relation between the input frequency and the 

natural frequency of the soil-pile system. In the case that both kinematic and 

inertial effect were generated, pile displacement occurred in the direction of 

the inertial force, and the maximum pile displacement occurred 5 ~ 25 times 

greater, than in the case that only kinematic effect was generated. This means 

that inertial force is dominant for soil-pile interaction in dry sand. Also, in the 

case that only kinematic effect was generated, pile displacement occurred 

relatively large at a relatively deep depth (deeper than 10m). However, in the 

case that both the kinematic and inertial effect occurred, pile displacement 

either hardly occurred, or occurred in the direction of the inertial force, which 

was the opposite direction to the kinematic force, in a depth that was deeper 

than 5m. This implies that inertial force largely has an affect in a relatively 

shallow depth, and the influence sharply decreases as the depth increases. On 

the other hand, the kinematic effect applies even at a relatively deep depth. 

Therefore pile displacement in the lower part of the ground occurred in the 

opposite direction to inertial force for the case of a superstructure of 160ton, 

where the inertial force was small, because the influence of kinematic force 

was dominant. 
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(a) Input acceleration = 0.1g 

 

 
(b) Input acceleration = 0.2g 

Figure 6.10 Soil & pile displacement along depth (Superstructure = 96ton) 
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(a) Input acceleration = 0.1g 

 

 
(b) Input acceleration = 0.2g 

Figure 6.11 Soil & pile displacement along depth (Superstructure = 160ton) 
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6.3.3 Loose Saturated Sand Ground (Liquefiable Ground) 
 

 

Figure 6.12 shows the excess pore pressures that occurred in liquefiable 

soils. As shown in Figure 6.12, despite liquefaction generally occurring in 

shallow ground, where there was the condition of low confining pressure, 

liquefaction confirmed that the ratio of excess pore pressures was 1 at a depth 

of below 7m. This may be caused because the relative density of the upper 

ground was greater than that of the lower ground, which was caused by using 

the water sedimentation method with viscous fluid. And the upper ground may 

have not been fully saturated, so liquefaction did not occur in the upper 

ground, but in the lower ground. 

 

 

Figure 6.12 Excess pore pressure in saturated sand ground 

 

 

6.3.3.1 Kinematic effect 

 

 

Figure 6.13 shows the input acceleration, ground acceleration, and pile-
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head acceleration in the condition of input acceleration of 0.3g in loose 

saturated sand ground, which is liquefiable ground. The ground acceleration is 

illustrated at the depth of 7m, which was liquefied. As shown in Figure 6.13, 

there were phase differences of 90° between the ground acceleration and the 

input acceleration in the liquefied ground. Furthermore, the pile-head 

acceleration was in phase with the ground acceleration, and a similar 

acceleration time history was shown for all of the piles. From these results, it 

was found that phase difference occurred between input acceleration and 

ground acceleration in liquefied ground, and the ground displacements in the 

liquefied ground were greater than those that occurred in the dry sand ground. 

Moreover, when only kinematic effects were generated, it was found that 

there were also a similar acceleration time history between the ground and the 

pile in liquefied ground. 

Figure 6.14 shows the pile and ground displacements in the liquefiable 

ground with depth, when the maximum ground displacement was occurring, 

in the condition of only kinematic effects, without inertial effects. As shown 

in Figure 6.14, it was found that the ground displacement of maximum 20cm 

in the liquefied ground was greater than that occurring in the dry sand ground. 

This is because ground acceleration and input acceleration are out of phase 

with each other, and thus the relative displacement increased between the 

ground acceleration and the input acceleration. The ground displacement 

increases largely until a depth of 7m; the rate of increment of ground 

displacement decreases in the upper ground, where liquefaction has not 

occurred. This shows that the upper ground behaved with the same 

acceleration time history between ground and pile as the dry sand ground. The 
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pile displacement occurred significantly by up to 80%~95% of the ground 

displacement. Moreover, the differences of displacement between piles that 

occurred were not great. From the recent research of Yang et al. (2011), when 

lateral loading was applied to piles which are installed in saturated ground, the 

lateral subgrade resistance acting on the piles decreases with the rate of excess 

pore pressure, and subgrade resistance rarely occurs when liquefaction is 

generated. Therefore, when a large kinematic force was applied to piles in 

liquefied ground, subgrade resistance was rarely generated at the rear of pile. 

Thus, it is found that pile displacement was similar to ground displacement.  

 

 

Figure 6.13 Acceleration time history 

(upper mass = None, input acceleration = 0.3g) 
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Figure 6.14 Ground and pile displacement with depth 

(upper mass = None, input acceleration = 0.3g) 

 

 

6.3.3.2 Inertial effect 

 

 

To confirm the inertial effect in liquefiable ground, a test was conducted 

with an upper mass of 96ton in the same condition as the no upper mass case 

test.  Figure 6.15 shows the input acceleration, ground acceleration, and pile-

head acceleration, in the condition of input acceleration of 0.3g, when the 

upper mass is 96ton. The ground acceleration is illustrated at a depth of 7m, 

which is liquefied. As shown in Figure 6.15, there were phase differences of 

90° between the ground acceleration and the input acceleration in the 

liquefied ground. Furthermore, all of the pile-head acceleration was out of 

phase with the ground acceleration, and a similar acceleration time history 

was shown for all of the piles. From these results, it was found that the inertial 

force by upper mass and the kinematic force by ground displacement act in 
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opposite directions.  

Figure 6.16 shows pile and ground displacements in liquefiable ground 

with depth, when the maximum ground displacement was occurring, in the 

condition of both kinematic effects and inertial effects being applied. As 

shown in Figure 6.16, it was found that pile displacement was generated in the 

same direction as ground displacement, which is the direction of the kinematic 

force at a depth of below 7m, where liquefaction occurred. On the contrary, 

pile displacement was generated in the opposite direction to ground 

displacement, which is the direction of the inertial force at the upper ground, 

where liquefaction has not occurred. The direction changes of ground 

displacement at the boundary between liquefied layer and non-liquefied layer 

correspond with recent research (Finn et al. 2002), which found that a large 

moment is generated at the boundary between the liquefied layer and the non-

liquefied layer. Despite the inertial force and kinematic force acting in 

opposite directions, and liquefaction not occurring in the upper ground, 

overall pile displacement is generated in the direction of the kinematic force. 

From this result, it is found that the kinematic force is the more dominant 

factor for soil-pile-interaction in liquefied ground, than the inertial force. 

Therefore, it is found that the behavior of pile displacement was similar to the 

behavior when only the kinematic effect was generated (Figure 6.14), at a 

depth of below 7m, where liquefaction occurred. It means that the existence of 

inertial force is not a dominant factor for pile displacement in liquefied 

ground, and this result corresponds with recent research (Han et al. 2011). 

However, because liquefaction did not occur in the upper ground in this 

research, it is necessary to verify this result by another test, which generates 
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liquefaction for the whole ground. 

 

 

Figure 6.15 Acceleration time history 

(upper mass = 96ton, input acceleration = 0.3g) 

 

Figure 6.16 Ground and pile displacement with depth 

(upper mass = 96ton, input acceleration = 0.3g) 

 



 

144 

6.4 Suggested method for evaluating kinematic force 

acting on pile foundation 

 

6.4.1 Evaluation process of kinematic force on pile 
 

In order to evaluate kinematic force acting on pile, results of dry sand 

deposit was used because various amplitude, which means that various 

magnitudes of seismic loadings, was applied in dry sand condition. Figure 

6.17 shows the force component on pile foundation without upper mass, 

which case means that only kinematic force acing on pile. Three force 

component could apply on pile foundation; inertial force of pile mass, 

kinematic force induced by ground movement and subgrade reaction by p-y 

spring model.  

 

Figure 6.17 force component on pile foundation 
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Figure 6.18 shows the evaluation procedure for determining inertial force 

of pile foundation itself. Inertial force of pile mass was calculated by using 

concept of concentration mass and shape function of inertial force. Pile mass 

was assumed by concentration mass and shape function of equation (4) was 

used to calculate pseudo-static loading. Measured pile head acceleration was 

also used to determine inertial force of pile. Final function of inertial force of 

pile was determined based on these terms, as shown in equation (5). 

( ) 1 cos
2

inertialofpile pile pilehead

z
F z m a

L

  
      

  
         (5) 

 

Figure 6.18 Inertial force of pile mass 

 

The kinematic force was evaluated by using concept of the inertial force 

of soil wedge. In order to determine soil wedge component, a number of 

references were cited. Deepnkar and Sanjay (2006) insist that dynamic earth 

pressure acting on retaining wall could be calculated by soil wedge 
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component as shown in figure 6.19 for plan strain condition. However, plane 

strain condition was not suitable for analyzing pile foundation. Ashour(1998) 

and Liang(2009) suggested the soil wedge, which has effect on pile 

foundation, as the trapezoidal wedge as figure 6.20. In this research, the 

kinematic force acting on pile was evaluated by combining these two concepts 

as the inertial force of trapezoidal soil wedge. The angle of soil wedge  was 

assumed as 45
2


    applying Rankine’s active failure mode. Based on 

this soil wedge component, two-dimensional mass element was determined, 

as shown in equation (6). 

( ) tan
( )

tan tan

H z H z
m z D dz

g

 

 

    
     

   
           (6) 

Kinematic force acting on pile foundation could be calculated by 

combining mass element of soil wedge and measured ground acceleration, as 

shown in equation (7). 

1

2

( ) ( ) ( )
H

kinematic ground
H

F z m z a z dz                (7) 

In order to determine the angle of , back analysis by LPILE 5.0 (Reese 

et al., 2004), which is a commonly used computer program for analyzing the 

lateral behavior of a pile, was performed. Back analysis was performed using 

the suggested dynamic p-y curve in chapter 4. The applied internal friction 

angle of 37° was used.  
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Figure 6.19 Soil wedge component for determining kinematic force 

(Deepankar and Sanjay, 2006) 

 

 

Figure 6.20 Trapozoidal soil wedge (Ashour, 1998; Liang, 2009) 
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The angle of  , which is the angle to match analysis results and 

measured result, was found from this back analysis at each diameter and input 

acceleration. Figure 6.21 shows the angle of  at each diameter and input 

acceleration. As you can see figure, the angle of  increases with diameter 

and input acceleration. As the results of regression analysis, input acceleration 

and the angle of  shows high linear correlation at each pile diameter, in 

addition, the slope of each pile diameter is very similar. Therefore the average 

value of slope, that is 29.05, was used as equation (8). 

 

Figure 6.21 The relationship between  and input acceleration 

 

29.05A B                       (8) 

where, A = input acceleration 

 

The y-intercept value B increases with diameter. This B value and pile 
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diameter also shows high linear correlation as shown in figure 6.21. Based on 

these results, the angle of  could be determined as equation (9). 

 

Figure 6.22 The relationship between B value and pile diameter 

 

29.05 (0.084 6.193)A D                   (9) 

where, A = input acceleration 

      D = pile diameter 

 

 

6.4.2 Application to result of saturated sand deposit 
 

 

In order to verify the applicability of the suggested method for evaluating 

kinematic force, this method was applied to saturated sand condition. LPILE 

5.0 was used for applying to kinematic load and inertial load of pile. 

Suggested dynamic p-y curve in chapter 4 was applied as lateral p-y curve, in 
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addition, degradation factor according to excessive pore water pressure was 

used to reduce the subgrade reaction force of p-y curve (Liu & Dobry, 1995). 

Figure 6.23 shows the analysis results of LPILE 5.0 in saturated sand 

condition. As shown in figure, the difference between analysis results and 

experimental results were from 5% to 15% at ground surface. However, larger 

discrepancy occurred at the depth of 5 ~10m. This phenomenon means that 

suggested method cannot evaluate kinematic force exactly in saturated sand 

where excessive pore water pressure occurred. 

 

(a) D = 72cm 
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(b) D = 88cm 

 

(c) D = 100cm 

Figure 6.23 Comparison of experimental results and LPILE results 
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6.5Development of dynamic pile behavior predicting 

method considering kinematic and inertial effect 

 

 

6.5.1 Description of dynamic pile behavior predicting method 

considering kinematic and inertial effect 
 

 

Figure 6.24 shows the force component acting on pile foundation during 

earthquake with upper mass. Inertial force by superstructure, inertial force of 

pile mass and kinematic force induced by ground movement was applied on 

pile foundation due to seismic loading. In addition, subgrade reaction force by 

p-y curve was also applied. In this research, the procedure for predicting 

dynamic pile behavior method considering both kinematic and inertial effect 

was suggested as follows; 

 

Figure 6.24 Force components acting on pile foundation during earthquake 
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(1) Calculation of inertial force for superstructure 

 

Inertial force of superstructure could be calculated by multiplying mass 

and acceleration of superstructure. The acceleration of superstructure could be 

determined by using ground response analysis result as shown in equation 

 

sup supinertialof erstructure ersturcture responseananlsysF m a            (10) 

 

(2) Calculation of inertial force for pile 

 

Inertial force of pile mass was determined by using pile mass, pile head 

acceleration and shape function. The acceleration of pile head could be 

determined by using ground response analysis result. The equation of inertial 

force for pile mass was shown in equation (5) (chapter 6.4.1). 

 

(3) Calculation of kinematic force 

 

Kinematic force acting on pie was determined by using mass of 

trapezoidal soil wedge and ground acceleration in soil. The ground 

acceleration could be determined by using ground response analysis result. 

The equations for kinematic force acting on pile were shown in equation (6), 

(7) and (9) (chapter 6.4.1). 
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(4) Applying suggested p-y curve for subgrade reaction force 

 

In order to simulate soil-structure interaction, an equivalent soil-spring 

model using p-y curves which can consider non-linear soil behavior was used. 

The suggested dynamic p-y curves in chapter 4 or chapter 5 were applied for 

subgrade reaction force. According to installation method, pile suggested 

dynamic p-y curve for pre-installed pile in chapter 4 should be used for in-situ 

pile, and dynamic p-y curve for driven pile in chapter 5 should be applied for 

driven pile. The equations for determining each dynamic p-y curve were 

shown in table 4.2 and table 5.3, respectively. 

 

(5) Applying all the inertial and kinematic forces at the same time 

 

Kinematic force by ground movement, inertial force for superstructure 

and pile mass was applied on soil-pile system at the same time by using 

winkler-foundation model. Practical program, such as LPILE, could be used 

to analyze pile behavior for this method. 
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6.5.2 Application of suggested dynamic pile behavior 

predicting method : dry sand condition 
 

 

In order to verify the applicability of the suggested dynamic pile 

behavior predicting method, static analysis using LPILE 5.0 (Reese et al., 

2004), which is a commonly used computer program for analyzing the lateral 

behavior of pile, was performed. The analysis results were then compared 

with the test results, which were conducted in dry sand with upper mass as 

shown in table 6.1 (No.2 and No.3). 

Static analysis was performed in three different conditions; applying API 

p-y curve without kinematic force, applying suggested dynamic p-y curve 

without kinematic force, applying suggested dynamic p-y curve with 

kinematic force. The loading type of the API p-y curve was considered as the 

cyclic loading condition in static analysis. This is because the load reduction 

effect of cyclic loading should be considered when using the API p-y curve in 

seismic design, and for the cyclic loading condition the maximum subgrade 

reaction was decreased by 10% (API, 1987). The applied internal friction 

angle of 37° was the same as the suggested p-y curve in this research, and the 

initial modulus of subgrade reaction 61,000 kPa/m, which was recommended 

for dense sand by API, was used. 

Because the inertial force generated by the superstructure, and the 

kinematic force generated by the soil movement, act in opposite directions 

inertial force was applied to positive direction, while kinematic force was 

applied to negative direction. The displacements along the depth obtained 

from this approach were compared with the test results and are shown in 
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Figure 6.25. Results from static analysis using the API p-y curve 

overestimated the pile displacement and the discrepancy between the analysis 

results and tests results was significantly large up to 43% (Figure 6.25(a)) and 

163% (Figure 6.25(b)). On the other hand, when the suggested dynamic p-y 

curve was used, the discrepancy was reduced to 23% and 54%, respectively. 

In addition, when suggested method for calculating kinematic force was 

applied, the discrepancy was more reduced to 6% and 3%, respectively. The 

discrepancy between test results and each analysis results at ground surface, 

where maximum pile displacement occurred, was summarized in Table 6.3. 

As shown in figure 25 and table, the discrepancy between test results and 

analysis results reduced when suggested dynamic p-y curve and kinematic 

force were considered. Especially, when inertial effect was relatively small 

because of small pile head acceleration and kinematic force was large because 

of large pile diameter (Figure 6.25(b)), the reduced discrepancy was much 

larger.
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(a) Upper mass = 96ton, pile diameter = 88cm, Input Acc = 0.2g, dry sand 

 

(b) Upper mass = 160ton, pile diameter = 100cm, Input Acc = 0.2g, dry sand 

Figure 6.25 Comparison between tests results and LPILE results (Dry sand) 
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Table 6.3 Discrepancy between test results and analysis results at ground 

surface 

 Upper mass = 96ton Upper mass = 160ton 

API p-y curve; 

w/o kinematic force 
43% 163% 

Suggested p-y curve; 

w/o kinematic force 
23% 54% 

Suggested p-y curve; 

with kinematic force 
6% 3% 
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6.5.3 Application of suggested dynamic pile behavior 

predicting method : saturated sand condition 
 

 

The test results in saturated sand with upper mass as shown in table 6.1 

(No. 5) was also compared with the analysis results. Static analysis for 

saturated sand deposit was also performed in three different conditions; 

applying API p-y curve without kinematic force, applying suggested dynamic 

p-y curve without kinematic force, applying suggested dynamic p-y curve 

with kinematic force. The loading type of the API p-y curve was also 

considered as the cyclic loading condition in static analysis. The applied 

internal friction angle of 37° was the same as the suggested p-y curve in this 

research, and the initial modulus of subgrade reaction 61,000 kPa/m, which 

was recommended for dense sand by API, was used. In addition, degradation 

factor according to excessive pore water pressure was used to reduce the 

subgrade reaction force of both API and suggested p-y curve (Liu & Dobry, 

1995). 

Because the inertial force generated by the superstructure, and the 

kinematic force generated by the soil movement, act in opposite directions 

inertial force was applied to positive direction, while kinematic force was 

applied to negative direction. The displacements along the depth obtained 

from this approach were compared with the test results and are shown in 

Figure 6.26. In case of saturated sand, it was found that pile displacement in 

the soil was generated in the same direction as ground displacement, which is 

the direction of the kinematic force. From this result, it is found that the 

kinematic force is the more dominant factor for soil-pile-interaction in 
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liquefied ground, than the inertial force. Therefore, existed method, which 

could not consider kinematic force, predicted the pile displacement to 

opposite direction. However, suggested method for predicting dynamic pile 

behavior in this research also highly underestimated the pile displacement at 

the depth of 5 ~10m. This phenomenon means that the suggested method 

could not evaluate kinematic force exactly in liquefiable sand deposit. Despite 

of this limitation, suggested method could predict well dynamic pile behavior 

than existed method. 

 

Figure 6.26 Comparison between tests results and LPILE results 

(Saturated sand) 
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6.5.4 Verification of suggested dynamic pile behavior 

predicting method 
 

 

In order to verify the applicability of the suggested dynamic pile 

behavior predicting method more reliably, other centrifuge test results by Choi 

et al.(2011) were compared with the analysis results using suggested method. 

The model pile simulated concrete drilled shafts of 114 cm diameter and the 

tests were performed at a 60g centrifugal acceleration. Table 6.4 and Table 6.5 

show the properties of the pile and test conditions, respectively. 

Static analysis for this case was also performed in three different 

conditions; applying API p-y curve without kinematic force, applying 

suggested dynamic p-y curve without kinematic force, applying suggested 

dynamic p-y curve with kinematic force. The loading type of the API p-y 

curve was also considered as the cyclic loading condition in static analysis. 

The applied internal friction angle of 37° was the same as the suggested p-y 

curve in this research, and the initial modulus of subgrade reaction 61,000 

kPa/m, which was recommended for dense sand by API, was used.  

The pile bending moment and displacement along the depth obtained 

from three approaches were compared with the test results and are shown in 

Figure 6.27. Results from pseudo-static analysis using the API p-y curve 

overestimated the maximum bending moment and pile displacement of the 

test results and the discrepancy between the two approaches was 40% and 

129%, respectively. However, when the suggested method was used, the 

discrepancy of the maximum bending moment and pile displacement was 

reduced to about 13% and 16%, respectively. Table 6.6 shows the discrepancy 
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between tests results and each analysis results of maximum bending moment 

and maximum pile displacement. 

Table 6.4 Pile properties (Choi et al., 2011) 

Property Diameter(cm) Embedded depth(cm) Flexural Rigidity (
2kg cm ) 

Prototype 114 3300 2.059 E+12 

Model 1.9  55 376083 

 
Table 6.5 Test conditions (Choi et al., 2011) 

Input acceleration 
Input frequency 

(prototype) 

Input acceleration 

(prototype) 
Relative density 

Sinusoidal wave 0.9 Hz 0.2g 80% 
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(a) Bending moment of pile 
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(b) Displacement of pile 

Figure 6.27 Comparison between tests results and LPILE results 

(Choi et al, 2011) 
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Table 6.6 Discrepancy between test results (Choi et al, 2011) and analysis 

results 

 
Maximum bending 

moment 

Maximum pile 

displacement 

API p-y curve; 

w/o kinematic force 
37% 130% 

Suggested p-y curve; 

w/o kinematic force 
21% 35% 

Suggested p-y curve; 

with kinematic force 
13% 16% 
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6.6 Summary and conclusions 

 

 

A series of dynamic centrifuge tests were carried out with different pile 

diameters installed in a dry and loose saturated sand deposit (liquefiable sand), 

for various conditions of input acceleration and upper mass. 

 

1. In the case of a dry sand deposit, the ground acceleration was in phase 

with the input motion, and little soil deformation was generated. The pile 

displacement generated by the kinematic effect was 11% ~ 45% of the soil 

deformation, and as the pile diameter and horizontal stiffness increased, the 

pile displacement decreased. In addition, as the input acceleration increased, 

the ratio of displacement to ground displacement increased. When horizontal 

loads were applied to the soil-pile system, the horizontal soil stiffness, which 

was applied to the rear of the pile, became smaller as the lateral load increased. 

Soil and pile displacement would tend to occur, due to this horizontal non-

linearity of the soil-pile system. 

 

2. In the case that both the kinematic and the inertial effects were 

generated in dry sand, the inertial force generated by the superstructure and 

the kinematic force generated by the soil movement were out of phase, and 

acted in the opposite direction. In this case, pile displacement occurred in the 

direction of the inertial force, and the maximum pile displacement was 5 ~ 25 

times larger than in the case where only a kinematic effect was generated. On 

the other hand, when the depth was greater than 10 m, pile displacement 

either hardly occurred, or occurred in the direction of the kinematic force. 
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This implied that while the effect of inertial force sharply decreased as the 

depth increased, the kinematic effect applied, even at a relatively great depth. 

 

3. In ground with loose saturated sand, there were phase differences of 

90° between the ground acceleration and the input acceleration. Moreover, the 

ground displacements in the liquefied ground were greater than those that 

occurred in ground with dry sand. By the kinematic effect, pile displacement 

occurred significantly by up to 80% ~ 95% of the ground displacement, 

because of the characteristic behavior in liquefied ground. Lateral subgrade 

resistance rarely occurred when liquefaction was generated in ground with 

saturated sand. When kinematic force was applied to piles in liquefied ground, 

subgrade resistance was rarely generated at the rear of the pile, and it was thus 

found that a large pile displacement was generated. 

 

4. In ground with loose saturated sand, when both kinematic force and 

inertial force were applied to a soil-pile structure, it was found that the inertial 

force by the upper mass and the kinematic force by ground displacement were 

out of phase, and acted in opposite directions. In liquefied ground, pile 

displacement was generated in the direction of the kinematic force, whereas in 

non-liquefied ground, pile displacement was generated in the direction of the 

inertial force. The behavior of pile displacement was also similar to the 

behavior when only the kinematic effect was generated, where liquefaction 

occurred. From this result, it could be found that in liquefied ground, the 

kinematic force was a more dominant factor for soil-pile-interaction than the 

inertial force. 
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5. Based on the experimental results, the evaluation method, which could 

calculate kinematic force acting on a pile foundation quantitatively, was 

suggested using the inertial force of a trapezoidal soil wedge (Ashour, 1998; 

Liang, 2009). The angles of a 3-dimensional trapezoidal were expressed as a 

function of pile diameter and input acceleration. 

  

6. The method for predicting dynamic pile behavior considering 

kinematic effects was suggested by combining the kinematic force evaluating 

method in this chapter and the dynamic p-y curve in chapters 4 and 5. Static 

analysis was performed with an existing method and the suggested method. 

From the results, the existing methods overestimated the dynamic pile 

behavior compared to the centrifuge tests results. Notably, these methods 

could not predict the direction of pile displacement in a liquefiable sand 

deposit. On the other hand, in the case of the suggested method, the 

discrepancy between tests results and analysis results was reduced. 

 

7. Suggested method for predicting dynamic pile behavior, however, 

highly underestimated the pile displacement in liquefiable sand deposit. It is 

because that the suggested method could not evaluate kinematic force exactly 

in liquefiable sand deposit and suggested dynamic p-y curve was suggested in 

dry sand condition. Therefore, more study should be carried out to evaluate 

kinematic force and determine dynamic p-y curve in liquefiable ground. 
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7. Conclusions and Recommendations 
 

 

 

 

7.1 Conclusions 

 

 

The objective of this dissertation has been to suggest a method for 

evaluating dynamic pile behavior quantitatively during an earthquake. To this 

end, the dynamic p-y curve for a preinstalled pile and jacked pile, which could 

respectively be used to simulate an in-situ pile and driven pile, were suggested 

by a series of dynamic centrifuge tests. In addition, an evaluation method to 

quantitatively calculate the kinematic force acting on a pile foundation was 

suggested. A method for predicting the dynamic pile behavior considering 

kinematic effects was also suggested by combining suggested dynamic p-y 

curves and a kinematic force evaluation method.  

This dissertation is divided into three themes. In the first theme, a 

dynamic p-y curve to simulate a pre-installed in-situ pile was suggested. 

Dynamic p-y backbone curves in hyperbolic form are proposed for dry loose 

sand, and dry dense sand. In the second theme, the installation effect on 

dynamic pile behavior was evaluated by a series of dynamic centrifuge tests, 

and a dynamic p-y curve for a jacked pile to simulate driven piles was 

suggested. In the third theme, the effects of inertial and kinematic forces on a 

pile foundation were evaluated by a series of dynamic centrifuge tests, and an 

evaluation method of the kinematic force was suggested using the inertial 

force of a soil wedge. In addition, a dynamic pile behavior prediction method 

considering kinematic effect was suggested. 
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(1) Development of dynamic p-y curve for pre-installed pile: in-situ pile 

 

In this study, a series of dynamic centrifuge tests were performed in dry 

sand for various conditions of input frequencies and input accelerations. The 

following conclusions were drawn.  

 

1. The relative displacement, y, and lateral subgrade reaction, p, of 

experimental dynamic p-y curves increased as input acceleration increased. 

However, the rate of increase of the lateral subgrade reaction gradually 

decreased as the relative displacement increased. Therefore, the secant 

modulus of the experimental dynamic p-y curves, which represents the 

stiffness of the p-y curves, decreased as the input acceleration increased. In 

addition, dynamic p-y curves in dry sand were not affected by the input 

frequency. 

 

2. Based on the experimental dynamic p-y curve, dynamic p-y backbone 

curves were produced, which can be used for pseudo-static analysis of a pile 

under seismic load, connecting the peak points of the experimental dynamic 

p-y curve with a hyperbolic function suggested by Kondner (1963). In order 

to numerically represent the dynamic p-y backbone curves of the hyperbolic 

form, the initial modulus of the subgrade reaction ( inik ) and the ultimate 

subgrade reaction ( uP ) were expressed as functions suggested by Janbu (1963) 

and Kim et al. (2004), respectively. Empirical equations for dry dense sand 

and dry loose sand conditions are represented in table 7.1. 
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3. Compared to the suggested dynamic p-y backbone curve within an 

elastic displacement of 1% of the pile diameter, the subgrade reaction of the 

API curve was either slightly larger than or similar to that of the suggested 

curve. On the other hand, in the non-linear region with over 1% of the pile 

diameter, which may occur during an earthquake, the ultimate subgrade 

reaction of the existing p-y curve was only one quarter that of the suggested p-

y curve, and overly conservative results would occur under the seismic 

condition.  

 

4. Pseudo-static analysis was performed with the API p-y curve and the 

suggested dynamic p-y backbone curve. From the results, the pseudo-static 

analysis with the API p-y curve overestimated the maximum bending moment 

and pile displacements compared to those of the centrifuge test results by 

Choi et al. (2011), and the discrepancies were about 230% and 40%, 

respectively. This confirmed that the results would be overly conservative. On 

the other hand, with the suggested dynamic p-y backbone curve, the 

discrepancy was reduced to about 20%. 
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Table 7.1 Suggested dynamic p-y curve for pre-installed pile 

Dynamic p-y curve 

for pre-installed 

pile 

 

 
The initial modulus of subgrade reaction  

K (
2/N cm ) 

The ultimate subgrade reaction 

up ( /N cm ) 

Loose sand 

0.5'
4.26 ( )a

a

K DP
P




 

0.9012.5 'u Pp DK z  

Dense sand 

0.5'
7.29 ( )a

a

K DP
P




 

1.0213.3 'u Pp DK z  

pile diameter : D(cm); confining pressure : 
2'( / )N cm  ; depth :z 

(cm) ; unit weight :
2( / )N cm ; Rankine coefficient of passive earth 

pressure : PK ; atmosphere pressure : 
2( / )aP N cm  

 

(2) Development of dynamic p-y curve jacked pile: driven pile 

 

It was found that there is a difference in the dynamic lateral behavior 

according to the pile installation method using the dynamic centrifuge tests. 

The tests were carried out using a pre-installed pile (installed prior to the 

placement of soil), a 1g jacked pile (pile jacked at 1g condition) and a 40g 

jacked pile (pile jacked at 40g condition). From the test results, dynamic p-y 

curves of piles were constructed and compared. In addition, a dynamic p-y 

curve was suggested for a jacked pile, which could be applied for a driven pile. 

 

 1. From the result of the dynamic p-y curve, the lateral stiffness of the 

,
1

ini u

y
p

y

k p





100

u
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u
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k

D
p K
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40g jacked pile was found to be greater than that of the 1g jacked pile and the 

pre-installed pile, with the pre-installed pile giving the lowest lateral stiffness. 

This tendency was shown to be within less than the depth at 3D (120 cm). 

 

 2. From a comparison of the modulus of subgrade reaction depending on 

the installation effect through the p-y backbone curve with the depth, the 

lateral stiffness of the 40g jacked pile and 1g jacked pile were 164% and 56% 

greater, respectively, than that of the pre-installed pile at 0.5D depth (20cm). 

Moreover, it was also found that the moduli of subgrade reaction of the 40g 

jacked pile and 1g jacked pile were 52% and 12% greater than that of the pre-

installed pile at 2D depth (80 cm), respectively.  

 

 3. Because the existing experimental dynamic p-y curve was obtained 

using a pre-installed pile, it is suited for cast in-situ piles which do not have an 

effect on soil adjacent to the pile during the installation. When the existing 

experimental dynamic p-y curve is applied to a driven pile, the modulus of 

subgrade reaction of the dynamic p-y curve of the driven pile should be at 

least 52% greater than that of the existing dynamic p-y curve, as suggested by 

using the pre-installed pile within less than the depth of 2D (80 cm). 

Therefore, through various additional experiments, it is necessary to establish 

the actual dynamic p-y curve based on the installation effect. 

 

 4. The test results of a pre-installed pile in this chapter were compared 

with the suggested dynamic p-y curve for a pre-installed pile in chapter 4. The 

suggested p-y curve for a pre-installed pile can predict test results well within 
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discrepancies of 20%. 

 

 5. An equation of the stiffness increasing factor was suggested as a 

function of the ratio between the pile diameter and the depth. In addition, the 

p-y curve for a jacked pile was constructed using this factor and the dynamic 

p-y curve for a pre-installed pile. Empirical equations for dry dense sand and 

dry loose sand conditions are represented in table 7.2 and equations (1) and 

(2). 

 

Table 7.2 Suggested dynamic p-y curve for jacked pile 

Dynamic p-y curve 

for jacked pile 

 

 
The initial modulus of subgrade reaction  

K (
2/N cm ) 

The ultimate subgrade reaction 

up ( /N cm ) 

Loose sand 

0.5'
4.26 ( )a

a

K ADP
P




 

0.9012.5 'u Pp BDK z  

Dense sand 

0.5'
7.29 ( )a

a

K ADP
P




 

1.0213.3 'u Pp BDK z  

pile diameter : D(cm); confining pressure : 
2'( / )N cm  ; depth :z 

(cm) ; unit weight :
2( / )N cm ; Rankine coefficient of passive earth 

pressure : PK ; atmosphere pressure : 
2( / )aP N cm ; A, B : Increasing factor 

for driven pile 
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0.58 2.80( 1)
z

A A
D

                     (1) 

0.35 1.68( 1)
z

B B
D

                     (2) 

where, z = Depth 

   D = Pile diameter 

     A = Increasing factor for subgrade reaction modulus (K) 

     B = Increasing factor for ultimate subgrade reaction (Pu) 

 

(3) Evaluation of kinematic force acting on pile foundation 

 

A series of dynamic centrifuge tests were carried out with different pile 

diameters installed in a dry and loose saturated sand deposit (liquefiable sand), 

for various conditions of input acceleration and upper mass. 

 

1. In the case of a dry sand deposit, the ground acceleration was in phase 

with the input motion, and little soil deformation was generated. The pile 

displacement generated by the kinematic effect was 11% ~ 45% of the soil 

deformation, and as the pile diameter and horizontal stiffness increased, the 

pile displacement decreased. In addition, as the input acceleration increased, 

the ratio of displacement to ground displacement increased. When horizontal 

loads were applied to the soil-pile system, the horizontal soil stiffness, which 

was applied to the rear of the pile, became smaller as the lateral load increased. 

Soil and pile displacement would tend to occur, due to this horizontal non-

linearity of the soil-pile system. 
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2. In the case that both the kinematic and the inertial effects were 

generated in dry sand, the inertial force generated by the superstructure and 

the kinematic force generated by the soil movement were out of phase, and 

acted in the opposite direction. In this case, pile displacement occurred in the 

direction of the inertial force, and the maximum pile displacement was 5 ~ 25 

times larger than in the case where only a kinematic effect was generated. On 

the other hand, when the depth was greater than 10 m, pile displacement 

either hardly occurred, or occurred in the direction of the kinematic force. 

This implied that while the effect of inertial force sharply decreased as the 

depth increased, the kinematic effect applied, even at a relatively great depth. 

 

3. In ground with loose saturated sand, there were phase differences of 

90° between the ground acceleration and the input acceleration. Moreover, the 

ground displacements in the liquefied ground were greater than those that 

occurred in ground with dry sand. By the kinematic effect, pile displacement 

occurred significantly by up to 80% ~ 95% of the ground displacement, 

because of the characteristic behavior in liquefied ground. Lateral subgrade 

resistance rarely occurred when liquefaction was generated in ground with 

saturated sand. When kinematic force was applied to piles in liquefied ground, 

subgrade resistance was rarely generated at the rear of the pile, and it was thus 

found that a large pile displacement was generated. 

 

4. In ground with loose saturated sand, when both kinematic force and 

inertial force were applied to a soil-pile structure, it was found that the inertial 

force by the upper mass and the kinematic force by ground displacement were 
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out of phase, and acted in opposite directions. In liquefied ground, pile 

displacement was generated in the direction of the kinematic force, whereas in 

non-liquefied ground, pile displacement was generated in the direction of the 

inertial force. The behavior of pile displacement was also similar to the 

behavior when only the kinematic effect was generated, where liquefaction 

occurred. From this result, it could be found that in liquefied ground, the 

kinematic force was a more dominant factor for soil-pile-interaction than the 

inertial force. 

 

5. Based on the experimental results, the evaluation method, which could 

calculate kinematic force acting on a pile foundation quantitatively, was 

suggested using the inertial force of a trapezoidal soil wedge (Ashour, 1998; 

Liang, 2009). The angles of a 3-dimensional trapezoidal were expressed as a 

function of pile diameter and input acceleration. 

  

6. The method for predicting dynamic pile behavior considering 

kinematic effects was suggested by combining the kinematic force evaluating 

method in this chapter and the dynamic p-y curve in chapters 4 and 5. Static 

analysis was performed with an existing method and the suggested method. 

From the results, the existing methods overestimated the dynamic pile 

behavior compared to the centrifuge tests results. Notably, these methods 

could not predict the direction of pile displacement in a liquefiable sand 

deposit. On the other hand, in the case of the suggested method, the 

discrepancy between tests results and analysis results was reduced. 
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7. The suggested method for predicting dynamic pile behavior highly 

underestimated the pile displacement in liquefiable sand deposits. This was 

because the suggested method could not evaluate the kinematic force exactly 

in a liquefiable sand deposit, and the suggested dynamic p-y curve was 

proposed for dry sand conditions. Therefore, further study is needed to 

evaluate the kinematic force and obtain a dynamic p-y curve for liquefiable 

ground. 

 

7.2 Recommendations 

 
 

The following engineering contributions are presented, as well as 

recommendations for future studies to clarify the problems discussed. 

 

I. The dynamic p-y curves for pre-installed piles, which can be used for 

pseudo-static analysis of piles under seismic load, were suggested by 

centrifuge tests as a hyperbolic function. In addition, the applicability 

of the suggested dynamic p-y curve was verified based on the 

centrifuge results obtained in previous research. Because the pseudo-

static analysis with an existing p-y curve for seismic design could 

result in overly conservative design, the suggested p-y curve would 

be useful for economical and reasonable seismic design for 

foundations. 

 

II. The installation method could cause different lateral p-y behaviors of 

a pile, and it is necessary to apply a specific dynamic p-y curve 
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according to the installation method, such as in-situ piles and driven 

piles. The pre-installed pile simulates a cast in-situ pile, which has 

little influence on soil adjacent to the pile during the installation, and 

the 40g jacked pile approximately simulates a driven pile, which 

increases the relative density and changes the stress state around the 

pile during the installation. A dynamic p-y curve for a jacked pile 

which could be used for a driven pile was constructed, and these p-y 

curves for preinstalled piles and jacked piles would be useful for 

reasonable seismic design. 

 

III. The suggested dynamic p-y curve for jacked piles cannot simulate 

driven piles exactly, because driven piles add an effect of vibration 

during pile driving. This vibration of the soil results in further 

densification, so the stiffness of a jacked pile is therefore smaller 

than that of driven pile. Consequently, the suggested p-y curve for a 

jacked pile in this research could underestimate the subgrade reaction 

in the actual behavior of a driven pile, which could cause 

conservative results in designing pile foundation. However, the 

suggested p-y curve for a jacked pile can be applied to a lower limit 

of p-y curve for driven piles and reduces the occurrence of overly 

conservative design compared to the existing p-y curve. 

 

IV. An evaluation method, which can calculate the kinematic force 

acting on pile foundations quantitatively, was suggested using the 

inertial force of a trapezoidal soil wedge. In addition, the dynamic 

pile behavior predicting method considering kinematic effects was 
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suggested by combining the kinematic force evaluation method and 

the suggested dynamic p-y curve for each installation method. The 

suggested method could yield better predictions than the existing 

method. 

 

V. The suggested method for predicting dynamic pile behavior highly 

underestimated the pile displacement in liquefiable sand deposits. 

This was because the suggested method could not evaluate the 

kinematic force exactly in a liquefiable sand deposit, and the 

suggested dynamic p-y curve was proposed for dry sand conditions. 

Therefore, further study is needed to evaluate the kinematic force 

and obtain a dynamic p-y curve for liquefiable ground. 
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초  록 
 

 

 

일반적으로 말뚝 기초의 내진 설계에서는 동적인 하중을 정적인 

하중으로 치환하는 등가정적 해석법이 이용되고 있다. 이러한 등가 정적 

해석을 위한 말뚝 기초의 모델링 방법으로는 지반의 비선형 거동을 고려할 

수 있는 p-y 곡선을 이용한 등가 지반-스프링 모델이 널리 이용되고 있다. 

그러나 말뚝 동적 거동의 복잡성 때문에, 하중 조건이 다름에도 정적 하중 

혹은 반복 하중 조건에서의 p-y 곡선을 내진설계에 적용하고 있는 

실정이다. 또한, 말뚝 설치 방법에 따른 지진 시 말뚝의 동적 거동 차이에 

대한 연구가 부족하며 이로 인해 말뚝 설치 방법에 관계없이 동일한 p-y 

곡선을 적용하고 있다. 또한, 최근 연구에 따르면, 상부구조물에 의한 

관성력뿐 아니라 지반 운동에 의해 발생하는 운동학적 효과가 말뚝 기초에 

영향을 주는 것으로 확인되었다. 이에 말뚝 기초 설계 시 관성효과뿐 

아니라 운동학적 효과를 고려해야 한다. 그러나 현재 내진설계에 적용하는 

등가정적 해석의 경우 운동학적 효과를 고려하지 못하며, 각 효과가 말뚝 

기초에 미치는 영향에 대한 연구가 부족한 실정이다. 본 학위 논문에서는 

동적 원심모형 실험을 수행하고, 말뚝의 동적 거동을 정량적으로 평가할 

수 있는 방법을 새롭게 제안하였다. 본 논문은 총 3 주제로 구성되어 있다. 

본 논문의 첫 번째 주제에서는 현장 타설 말뚝을 모사할 수 있는 지반 

조성 전 설치 말뚝에 대한 동적 원심모형 실험을 수행하고, 등가 정적 

해석에 적용할 수 있는 동적 p-y 곡선을 제안하였다. 건조 사질토 지반에 

근입된 모형 단말뚝을 대상으로 다양한 말뚝직경, 상대밀도, 입력가속도 및 
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주파수에 대해 원심모형 실험을 수행하였으며, 실험 동적 p-y 곡선의 최대 

지반반력점을 쌍곡선 형태로 연결하여 동적 p-y 곡선을 산정하였다. 쌍곡선 

형태의 동적 p-y 곡선을 수식적으로 나타내기 위하여 초기지반반력계수  

와 극한 저항력  에 대한 경험식을 말뚝과 지반 물성치의 함수로 

제안하였다. 또한, 등가정적 해석 법을 이용하여 제안된 동적 p-y 곡선의 

적용성을 검증하였으며, 제안된 동적 p-y 곡선을 이용한 방법이 기존 p-y 

곡선보다 말뚝의 동적 거동을 보다 잘 모사하는 것을 확인하였다. 

두 번째 주제에서는 말뚝 설치 방법에 따른 동적 p-y 곡선의 차이를 

분석하기 위하여, 1g 상태에서 지반 조성 전 설치한 말뚝과 지반 조성이 

완료된 후에 1g 상태에서 관입(jacking)하여 설치한 말뚝, 그리고 40g의 

원심 가속도 조건에서 관입시킨 말뚝에 대해 동적 원심모형 실험을 

수행하였다. 말뚝 설치 방법에 따른 동적 p-y 곡선 해석 결과, 40g 조건에서 

관입한 말뚝이 1g 상태에서 관입한 말뚝 및 지반 조성 전 설치 말뚝에 

비해 말뚝에 작용하는 지반반력이 크게 평가되었으며, 이러한 지반 반력의 

차이는 깊이가 깊어질수록 작아지는 것으로 나타났다. 지반 조성전 설치 

말뚝에 대해 제안된 동적 p-y 곡선의 적용성을 평가하였으며, 이를 

바탕으로 항타말뚝에 적용할 수 있는 관입말뚝에 대한 동적 p-y 곡선을 

제안하였다. 

세 번째 주제에서는 말뚝기초에 작용하는 관성효과와 운동학적 효과를 

분석하고 입력변수가 각 효과에 미치는 영향을 평가하기 위하여, 일련의 

원심모형 실험을 수행하였다. 실험은 조밀한 건조 사질토 지반과 액상화가 

발생하는 느슨한 포화사질토 지반에서 수행되었다. 실험 결과를 통해 

사다리꼴 지반 쐐기의 관성력을 이용한 운동학적 효과 평가 방법을 

제안하였다. 또한, 제안된 동적 p-y 곡선과 운동학적 평가 방법을 결합하여 

운동학적 효과를 고려한 말뚝의 동적 거동 평가 방법을 새롭게 제안하였다. 
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주요어: 동적 p-y 곡선, 원심모형실험, 지반-말뚝-구조물 상호작용, 

운동학적 효과, 동적 말뚝 거동 
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