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Abstract 
 

Nghiem Xuan Tran 

Department of Civil and Environmental Engineering 

The Graduate School of Seoul National University 

 

During past medium and strong earthquake events, the occurrence of 

numerous damages to pile-supported structures founded in sloping ground 

has raised an increasing demand in researches of dynamic soil–pile 

interaction and kinematic–inertial interaction of pile foundations. Therefore, 

the studies presented in this dissertation aim to extensively investigate the 

seismic behavior of different types of piles embedded in the slope by 

conducting a series of dynamic centrifuge tests and numerical simulations. 

The experimental and numerical models target a segment of a pile-supported 

wharf, which is penetrated through a sandy ground and firmly mounted on a 

rock layer. The built-up models consist of single and group piles installed in 

dry cohesionless soil and are excited with different input motions at the base. 

Experimental results primarily indicate that the presence of a slope induces a 

significant effect on the bending moment response and permanent 

displacement of the pile-supported structure. The kinematic–inertial 

interaction is analyzed on the basis of the phase response of the models 

measured in the centrifuge tests. According to the analysis of phase relation, 

it is suggested that the kinematic force acts as resistance to the single pile and 

additional load to the group pile. A numerical procedure is proposed to 

evaluate the slope effect on the stress transfer at the soil–pile interface by 
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formulating the relationship between the mobilized interface and confining 

stresses. Results of the numerical analysis of the stress transfer are 

implemented in a full 3D numerical model, which is constructed to simulate 

the responses of pile-supported structures obtained from the centrifuge tests. 

Effects of slope and pile foundation configuration on the seismic behavior of 

the pile-supported structure are further explored through a parametric study 

on the validated numerical models. Finally, the slope effect on the dynamic 

p–y backbone curve is evaluated with the reference to existing curves by 

combining the experimental and numerical analyses. The soil resistance is 

different at both sides of the pile wall depending on the loading direction, i.e., 

downslope or upslope direction. An empirical factor is introduced to account 

for the slope effect on the dynamic p–y backbone curve, which is formed by 

fitting peak points of the dynamic p–y loops with a hyperbolic function. 

Pseudo-static analyses applying the suggested dynamic p–y backbone curve 

show good agreement with the dynamic centrifuge test data. 
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1. Chapter 1. Introduction 

 

 

1.1 Background 

Pile-supported wharves have been considered one of the key waterfront 

structures, which can accommodate import and export activities. These 

structures are constructed at ports and harbors for berthing and mooring. A 

typical pile-supported wharf, which comprises a deck supported by numerous 

piles, is usually located near the shore with the presence of soft soil and slope, 

as shown in Fig. 1.1. Such structures work under complicated dynamic 

loading conditions induced by berthing of vessels, wave, tide, wind, and 

especially earthquake. 

Over the past decades, the major design approach of wharves under 

seismic conditions is about the philosophy of the conventional force-based 

procedure in which the seismic load is converted into an equivalent static load 

through a coefficient of horizontal loading related to the maximum magnitude 

of the shaking motion. The maximum shaking magnitude of excitation is 

computed on the basis of the seismic hazard investigation, and the force 

equilibrium is then applied to ensure the stability of structures under the 

equivalent static loading condition. 

A significant drawback of the conventional force-based method, which has 

been acquired from research on damaged structures during strong earthquakes, 

is the unknown behavior of the wharf when the limit load is exceeded (i.e. 

deformation behavior). On the other hand, if it is desired to ensure the limit 
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equilibrium under various circumstances, the cost of the construction or 

retrofitting process will most likely be too high. Consequently, numerous pile-

supported structures have suffered serious damage during medium and strong 

earthquakes, as typically shown in Fig. 1.2 (PIANC 2001). 

To overcome the above disadvantage, a performance-based seismic design 

method has been developed to provide a clear picture of the force and 

deformation behavior of wharves under various seismic conditions (PIANC 

2001; OCDI 2009; POLA 2010; ASCE 2014; POLB 2015). 

 

 

Fig. 1.1 Typical wharf configuration at ports (after Ramirez-Henao and Paul Smith-
Pardo (2015)). 

 

 

Fig. 1.2 Takahama wharf at Kobe port during the Hyogo-ken Nambu earthquake in 
1995: (a) damaged configuration and (b) seaward displacement of slope (adapted 

from PIANC (2001)). 
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The performance-based design method requires two important inputs such 

as (1) the definition of the appropriate levels of design earthquake motions 

and (2) the identification of corresponding acceptable levels of structural 

damage. After that, the required performance grade of a structure, which 

indicates the serviceability of the structure ranging from the serviceable 

condition to the collapsed state, is determined on the basis of the earthquake 

levels and acceptable damage levels. Then, the damage criteria are specified 

such as displacements, limit stress states, and ductility factors following the 

performance grade. The next step is to perform seismic analyses of a typical 

configuration of the desired structure and to compare the model responses 

with the damage criteria. Ultimately, a trial-error procedure should be used 

until the responses of the structures meet the specified damage criteria. 

Appropriate seismic analyses, which can reasonably account for the soil–

foundation–structure interaction, can be conducted by either physical 

modeling or numerical modeling. The physical modeling consists of 1 g and 

advanced centrifuge model tests with different scales. The numerical 

modeling might be performed using the finite element method and the finite 

difference method. 

Current studies applying seismic analyses have greatly contributed to the 

understanding of responses of the soil–foundation–structure system under 

excitation. However, several important aspects of appropriate seismic 

analyses, which require more attention, are as follows: 

(1) Major loads acting on piles under seismic conditions are inertial force 

induced by mass of the superstructure and kinematic force generated by 

ground movement. Recent studies have indicated that the interaction 
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between kinematic and inertial forces is a significant consideration in the 

seismic analysis of geotechnical structures. The recommendations on the 

kinematic–inertial interaction are remaining a challenge. Several 

researchers have suggested the decoupling procedure of kinematic and 

inertial effects (Gazetas et al. 1992; Martin and Lam 1995; Kojima et al. 

2014). However, design codes recommend that the kinematic and inertial 

effects should be simultaneously considered (Caltrans 2012; AASHTO 

2014). 

(2) Practical approaches to the seismic problem on piles apply the concept 

of a beam on a dynamic Winkler foundation (BDWF) to simplify the 

complicated interaction between the soil and pile (Matlock et al. 1978; 

Makris and Gazetas 1992; Mylonakis et al. 1997; Boulanger et al. 1999; 

Mylonakis 2001; Karatzia and Mylonakis 2017; Ke and Zhang 2017). 

The fundamental input of the BDWF method is the correlation between 

the soil resistance (p) and relative pile–soil displacement (y), which is 

called the dynamic p–y curve. Several experimental and numerical 

studies on the dynamic p–y curves have been documented for piles in a 

level ground. However, the researches considering the effects of slopes 

on the dynamic p–y curves are rarely reported. 

(3) With the rapid development of computational devices, numerical 

methods have been used to address the seismic problem on piles under 

complex loading conditions, particularly seismic loading (Wu and Finn 

1997; Maheshwari et al. 2004; Varun 2010; Luo et al. 2016; Chatterjee 

and Choudhury 2017). An important step in the numerical modeling of 

pile foundations is simulating stress transfer at the soil–pile interface. In 
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the seismic analysis, the pile foundations are subjected to active and 

passive lateral loads induced by kinematic and inertial forces. Then, the 

methods to simulate the lateral soil–pile interface should account for 

local and global deformation mechanisms of piles under lateral loading. 

This task may be difficult to perform in the experiment and yet can be 

conducted by applying the numerical method (Bransby and Springman 

1999). 

 

1.2 Objectives 

Based on the above discussion, the present study aims to address the seismic 

behavior of piles in the sloping ground by carrying out a series of centrifuge 

model tests and numerical simulations. In summary, the main objectives of 

the present study are as follows: 

(1) to evaluate the slope effect on the seismic behavior of piles in 

cohesionless soil; 

(2) to investigate the kinematic–inertial interaction of soil–pile systems in 

cohesionless soil on the basis of the displacement phase relation; 

(3) to develop a 3D numerical model for evaluating the lateral soil–pile 

interface applicable to seismic analyses of piles in cohesionless soil, 

including slope effect; 

(4) to develop a 3D numerical model for simulating the seismic behavior 

of pile-supported structures in cohesionless soil, including slope effect; 

(5) to evaluate the slope effect on dynamic p–y backbone curves for 

seismic design of piles in cohesionless soil. 
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1.3 Scope of work 

Among various configurations of pile-supported structures in sloping ground, 

the present study targets a pile-supported wharf penetrating a sandy ground 

and founding on a rock layer. The concrete slab mounted on the pile heads is 

simply simulated by a massive deck considering the same weight and 

dimensions. The soil–pile systems modeled in the experimental and 

numerical simulation are limited to the following conditions. 

 The homogenous ground of sandy soil was considered to support 

further analyses, for example, the establishment of dynamic p–y 

curves. 

 The dry condition was applied in the experimental and numerical 

analyses. This condition seemed suitable for sandy soil in 

consideration of drained conditions. 

 End-bearing piles were considered to simulate the prototype pile 

socketed in the rock layer. 

 Pile groups were tested with only a single pile spacing of about six 

pile diameters. This consideration seemed beneficial to the practical 

design of pile-supported wharves. 

 The sinusoidal excitation was mainly considered to support further 

analyses, for example, the establishment of dynamic p–y curves. The 

artificial excitation was also included to investigate the seismic 

responses of the pile-supported structures under real earthquakes. 
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1.4 Organization of dissertation 

The dissertation comprises seven chapters which are briefly introduced as 

follows: 

In Chapter 1, the background, objective, scope of work, and dissertation 

structure are presented. 

In Chapter 2, the literature review on the study of the seismic behavior of 

piles in sloping ground is described. Experimental and numerical studies on 

pile responses to the seismic excitation are collected. Current studies on 

specific topics such as kinematic–inertial interaction, dynamic p–y curve, and 

pile modeling technique are presented. Finally, the knowledge gap is 

identified within the scope of the research work presented in this dissertation. 

In Chapter 3, the results of an extensive centrifuge program on piles under 

base excitation are reported. Analyses of the kinematic–inertial interaction as 

well as the slope effect are then performed on the basis of the experimental 

data. A concept of the displacement phase difference is introduced to analyze 

the kinematic–inertial interaction. Finally, the applicability of an equivalent 

cantilever model for the seismic design of piles is discussed in terms of the 

displacement phase difference. 

In Chapter 4, analyses of lateral soil–pile interface in cohesionless soil by 

performing 3D numerical simulations are described. Different failure 

mechanisms of piles along the pile length under uniform lateral loading are 

quantitatively evaluated from the results of the numerical calculation. 

Correlation between the lateral force and confining force acting at the soil–

pile interface is formulated as a lateral interface-force ratio, which is 
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introduced to cover various influence factors such as soil relative density, pile 

spacing, confining stress, and slope configuration. This lateral interface-force 

ratio can be used to define the strength parameter of a spring presenting the 

soil–pile interface in the lateral direction. In addition, the selection of the 

interface spring stiffness and specification of the cyclic natures of the lateral 

spring are presented. 

In Chapter 5, numerical modeling and simulation to assess seismic 

responses of pile-supported structures in cohesionless soil are presented. 

Characteristics of the lateral soil–pile interface evaluated in Chapter 4 are 

used to define properties of springs connecting the soil and pile in the lateral 

direction. Numerical simulations of centrifuge tests described in Chapter 3 

are conducted to explore the insight mechanism of seismic behavior of pile-

supported structures and to validate the numerical models. Finally, parametric 

studies are performed on the validated numerical models to enhance the 

understanding of the seismic behavior of piles in the sloping ground. 

In Chapter 6, the establishment of dynamic p–y backbone curves for piles 

in sloping ground is described. Soil resistance and pile displacement are 

calculated from bending moments derived from strain recordings in 

centrifuge model tests. To calculate the pile–soil relative displacement, the 

free-field soil displacement is computed from numerical simulation 

considering the occurrence of residual displacement, which is difficult to be 

obtained from measured accelerations. Slope effects on dynamic p–y 

backbone curves are evaluated considering different loading directions. 

Finally, in Chapter 7, the main conclusions of the present study and 

recommendations for further researches are presented. 
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2. Chapter 2. Literature Review 

 

 

2.1 Overview 

Seismic analyses of pile-supported wharves can be categorized into three 

types in order of sophistication and capability: (1) simplified analysis, (2) 

simplified dynamic analysis, and (3) dynamic analysis (PIANC 2001). In the 

simplified procedure, the pile-supported wharf is typically idealized as a 

single degree of freedom or multi-degree of freedom system. The final goal 

of this procedure is to determine the limit state response of the idealized 

system. In the same manner, the simplified dynamic analysis aims to 

investigate the behavior of the idealized system by performing a pushover 

analysis and considering the effect of the ground movement. Thus, the 

ductility factor and strain limit can be obtained from the simplified dynamic 

analysis. The most sophisticated method is the dynamic analysis, which is 

often required for a detailed evaluation of important structures. In this 

approach, many key aspects of the soil–pile–structure system can be 

simultaneously analyzed such as ductility factors, strain limit, soil–pile–

structure interaction, failure mode, and so on. 

The focus of this dissertation is given to the dynamic analysis of pile-

supported structures in slopes. Therefore, this chapter presents current design 

approaches and existing studies on the seismic behavior of piles in sloping 

ground. The literature review covers overall seismic responses of piles in 

slope as well as specific topics, which have been obtained from the 
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experimental and numerical studies. The main topics in concern are the 

kinematic–inertial interaction, experimental dynamic p–y curve, slope effect, 

and numerical simulation of pile-supported structures and soil–pile interface 

considering seismic loading condition.  

 

2.2 Experimental study 

2.2.1 Overall seismic behavior of pile-supported 

structures in slope 

The seismic behavior of piles has been experimentally studied by either 

shaking table tests with different model scales under base excitation or field 

tests with applying the dynamic load at the pile head. Most of the past 

researches addressed the seismic responses of piles in the level ground or 

“mild” slope (less than 10 deg) by slightly inclining the container base of the 

test models (Abdoun and Dobry 2002; Abdoun et al. 2003; Brandenberg et al. 

2005; Haigh and Madabhushi 2005; González et al. 2009; He et al. 2009; 

Ubilla et al. 2011; Knappett and Madabhushi 2012; Chang et al. 2013; 

Chaloulos et al. 2014; Zhang et al. 2020). Few experiments were carried out 

to investigate the seismic behavior of piles in a “real” slope according to the 

difficulties in the model preparation and post-test processing. Experimental 

results have revealed that the pile responses are considerably influenced by 

the slope failure associated with the presence of the weak soil layer. 

McCullough (2003) and McCullough et al. (2007) conducted an extensive 

centrifuge testing program to study the seismic responses of five pile-

supported wharves representing the common wharf configuration in the 
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United States. Figure 2.1 shows the layout of a typical centrifuge model test. 

The authors found that the experimental results were consistent with the field 

observations, as typically shown in Fig. 2.2. The pile foundation showed poor 

performance according to the presence of weak soils. Large bending moments 

occurred at the interface between soft and stiff soil layers. The permanent 

displacement of sloping ground increased with the increase in the input 

amplitude even when weak soils were improved. 

 

 

Fig. 2.1 Test layout of Model SMS02 by McCullough et al. (2007). 

 

 

 

Fig. 2.2 Post-test surveys of (a) ground crack of Model NJM02, (b) ground crack of 
Model SMS01, and (c) ground settlement in the backland of Model SMS01 

(adapted from McCullough et al. (2007)). 
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Takahashi and Takemura (2005) carried out an experimental program at a 

centrifugal acceleration of 50 g to simulate the seismic performance of a 

damaged Takahama wharf at Kobe port, Japan, as shown in Fig. 2.3. 

Centrifuge test results showed that large bending moments on piles were 

caused by the large horizontal movement of liquefiable soils as a result of the 

liquefaction triggering. Also, the size of the constraint box in the experiments 

had an insignificant effect on the seismic response of the wharf. 

Chang et al. (2010) performed a large-scale model test at 1 g condition to 

study the performance of a 2 × 2 pile-supported wharf subjected to surface-

generated wave loading, as shown in Fig. 2.4. The authors indicated that 

accumulated excess pore pressure was strongly associated with induced shear 

strain level. When the induced shear strain was over the threshold value, the 

liquefaction was triggered correspondingly. The behavior of dynamic p–y 

curves was considerably affected by the triggering of liquefaction, i.e., the 

stiffness and subgrade reaction were significantly reduced. 

 

 

Fig. 2.3 Centrifuge modeling of Takahama wharf at Kobe, Japan by Takahashi and 
Takemura (2005). 
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Fig. 2.4 Setup of 1 g large-scale model test on a 2 × 2 wharf by Chang et al. (2010). 

 

 

2.2.2 Kinematic–inertial interaction 

Decoupling the interaction between kinematic and inertial forces is one of the 

most popular approaches to the seismic design of piles in practices, as shown 

in Fig. 2.5 (Gazetas 1984; Gazetas et al. 1992; Makris and Gazetas 1992; 

Pender 1993; Martin and Lam 1995; Kojima et al. 2014). The first step of the 

decoupling procedure is to evaluate the kinematic interaction induced by the 

free-field ground movement by assuming zero mass of the superstructure. The 

motion at the base of the superstructure is then calculated. Finally, the seismic 

response of the superstructure is analyzed using the calculated motion at the 

base of the superstructure and specifying zero ground movement. 

However, the simultaneous occurrence between the kinematic interaction 

and inertial interaction should be considered in detailed analyses (Caltrans 

2012; AASHTO 2014). The reason is that the peaks of the inertial and 

kinematic force might not necessarily take place at the same time, but might 

have a certain level of contribution to the total dynamic force acting on the 

structure. Souri et al. (2018) revisited the centrifuge test data of McCullough 
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(2003) to evaluate the correlation between the kinematic and inertial forces 

acting on piles. By applying a pseudo-static p–y model, the authors pointed 

out that the combination between the kinematic and inertial interaction should 

be taken into account for shallow depth above ten pile diameters. The full 

kinematic interaction can be considered for piles at deep depth below ten pile 

diameters. A similar obseveration was reaffimed for pies in a layered soil 

stratum by Garala and Madabhushi (2019). 

In recent years, the kinematic–inertial interaction can be evaluated on the 

basis of the phase relation between the ground and geotechnical structure 

responses. Kim et al. (2004) proposed an empirical procedure to evaluate 

various force components acting on the quay wall. The authors indicated that 

the dynamic thrust was initially 180° out of phase with the inertial force, 

thereby resisting the movement of the quay wall, as shown in Fig. 2.6. At the 

moment of liquefaction triggering, no phase difference existed between the 

dynamic thrust and inertia force. The existence of phase difference between 

the inertial force and the dynamic earth pressures resulted in reducing the 

overturning moment acting on the quay wall (Nakamura 2006; Al Atik and 

Sitar 2010; Shin et al. 2019). 

Gohl (1991) carried out a series of shaking table tests on single and group 

piles in a level ground at different scales (1 g and centrifugal condition). Test 

results showed that the single pile responded to the base excitation in the 

opposite phase compared with the ground response, as shown in Fig. 2.7a. 

The same observation was found at the 2 × 2 pile group with a pile spacing 

of two pile diameters under a high-level shaking (Fig. 2.7c). By contrast, the 

2 × 1 pile group with a pile spacing of four pile diameters under a low-level 
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shaking moved almost in the same phase with the ground displacement (Fig. 

2.7b). The author did not discuss the cause of this experimental observation 

and then there was no proper evaluation of the phase relation of pile responses. 

 

 

Fig. 2.5 Decoupling procedure for evaluating kinematic–inertial interaction: (a) 
geometry and (b) three-step evaluation (after Pender (1993)). 

 

 

 

Fig. 2.6 Phase relation between the dynamic thrust and inertial force acting on the 
quay wall by Kim et al. (2004). 



16 

 

Fig. 2.7 Typical results of shaking table tests by Gohl (1991): (a) single pile with 
low-level shaking, (b) 2 × 1 group with low-level shaking and pile spacing of four 
pile diameters, and (c) 2 × 2 group with high-level shaking and pile spacing of two 

pile diameters. 

 

Tokimatsu et al. (2005) conducted several large shaking table tests on 2 × 

2 end-bearing pile groups to evaluate the contribution of kinematic and 

inertial forces to the pile stresses. The authors found that the kinematic force 

was in phase with the inertial force when the natural period of the 

superstructure was smaller than that of the ground, as shown in Fig. 2.8. In 

contrast, the kinematic and inertial forces were in the opposite phase when 

the natural period superstructure was larger than that of the ground. The out 

of phase between the kinematic and inertial forces caused a reduction in the 

pile stress and ground displacement. 

Yoo et al. (2017) presented the results of a series of centrifuge tests on the 

free head piles in the level ground under seismic excitation. For piles in dry 

sand, the pile displacement induced by the inertial force was in the opposite 

phase with that generated by the kinematic force regardless of the ground 
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condition and natural period of the pile-supported structures, as shown in Fig. 

2.9. For piles in saturated sand, the inertial and kinematic forces were in the 

opposite and same phase before and after the liquefaction triggering, 

respectively. Furthermore, the authors developed a method of predicting the 

kinematic force considering the observed phase relation. 

 

2.2.3 Experimental dynamic p–y curve and slope effect 

In design practice, piles under seismic loading can be mainly assessed by 

either an elastic continuum method or an analytical approach (Dehghanpoor 

et al. 2017). In an elastic manner, the solution for the problem of the pile under 

dynamic loading is given in a closed-form formulation as well as a design 

chart by assuming that the soil behaves like elastic material (Tajimi 1969; 

Poulos and Davis 1980; Gazetas 1991; Karatzia and Mylonakis 2017). The 

interface between the soil and pile is considered elastically. The evaluation of 

soil stiffness primarily governs the accuracy of the elastic solution. Moreover, 

through an iterative technique, the nonlinearity may be incorporated into the 

elastic continuum solution (Gerolymos and Gazetas 2005). 

 

 

Fig. 2.8 Forces acting on the embedded foundation by Tokimatsu et al. (2005): (a) 
concept, (b) case of the natural period of the superstructure less than that of the 

ground, and (c) case of the natural period of the superstructure larger than that of 
the ground. 
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Fig. 2.9 Phase relation of acceleration time histories provided by Yoo et al. (2017): 
(a) superstructure mass of 96 t and (b) superstructure mass of 160 t (where D is pile 

diameter). 

 

Among analytical approaches, the p–yp method based on the theory of a 

beam on a nonlinear Winkler foundation is broadly used in practice to 

evaluate the behavior of piles under lateral static or cyclic loading, as shown 

in Fig. 2.10 (Matlock and Reese 1960; Matlock 1970; Reese and Welch 1975; 

API 2000). The load transfer between the surrounding soil and pile is 

idealized by a series of discrete springs, which are represented through soil 

resistance p and pile displacement yp. Empirical p–yp curves are established 

by fitting the relation between p and yp obtained from full-scale or centrifuge 

tests. Finally, the p–yp curve is implemented into a program to predict the pile 

behavior under lateral loading (Wang et al. 1998). 
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Fig. 2.10 Analytical analysis of the lateral loading behavior of pile with p–y curves 
(after Reese and Van Impe (2001)). 

 

Other researchers have developed a dynamic p–y model (where y is the 

relative displacement between pile and soil), which can account for damping, 

gapping, and plastic deformation features in the seismic analysis, as shown in 

Fig. 2.11 (Kagawa 1980; Nogami et al. 1992; Boulanger et al. 1999; Curras 

et al. 2001; Allotey and El Naggar 2008; Chaloulos 2012). The dynamic p–y 

model can capture the distinct hysteretic behavior of soil in the near- and far-

fields. A concept of the experimental dynamic p–y backbone curves has been 

proposed to analyze the pile under seismic loading conditions (Yang et al. 

2011; Yoo et al. 2013; Choi et al. 2015). Applying the experimental dynamic 

p–y backbone curve has yielded a reasonable prediction of the seismic 

behavior of piles in comparison with the static or cyclic p–yp curve. However, 

studies on this topic have been scarce. 
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Fig. 2.11 Model of piles under seismic load with (a) pseudo-static p–y method and 
(b) dynamic p–y method (after Chaloulos (2012)). 

 

In view of the practical design, the evaluation of the slope effect has been 

performed on the basis of the p–y method. In this manner, the soil resistance 

might vary with the loading direction (upslope and downslope) and the slope 

configuration (shape and angle). 

According to a search of the literature, most of the existing studies 

primarily analyzed the seismic responses of piles in a level ground. Very few 

studies have reported the effect of slope on the pile behavior, including the 

static and seismic loading conditions. 

Mezazigh and Levacher (1998) performed a series of centrifuge model 

tests to investigate the effect of slope on the statically lateral loading behavior 

of single piles located behind the slope crest. Test results indicated that the 

presence of the slope induced large displacement and bending moment on the 

single pile in dry sand. In terms of the p–yp method, the ultimate soil 

resistance toward the downslope direction was reduced when the single pile 

was close to the crest as shown in Fig. 2.12. The author also suggested an 
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imperial factor to modify the p–yp curves of single piles in level ground 

considering the effects of the slope angle and the distance of the pile location 

to the slope crest. 

Similar studies and findings on the pile behavior located behind the slope 

crest have been reported in consideration of the static lateral loading (Chae et 

al. 2004; Muthukkumaran et al. 2008; Georgiadis and Georgiadis 2010; 

Georgiadis and Georgiadis 2012; Georgiadis et al. 2013; Sawant and Shukla 

2014; Muthukkumaran and Almas Begum 2015). 

 

 

Fig. 2.12 Centrifuge test on piles by Mezazigh and Levacher (1998): (a) test layout, 
(b) effect of the pile location relative to the slope crest on the p–yp curve, and (c) 

effect of slope angle on the p–yp curve. 
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Reese and Van Impe (2001) proposed an analytical model to evaluate 

different reaction mechanisms of soil–pile systems under lateral loading. The 

authors pointed out that the wedge-type failure mode was dominant at the 

shallow depth and the flow-type failure became the primary mechanism 

below a certain depth. The slope effect on the lateral loading behavior of a 

single pile might not exist in the zone governed by the flow-type failure. Thus, 

it was suggested to modify the ultimate soil resistance of the single pile 

accounting for the slope effect within the zone of the wedge-type failure mode, 

i.e., shallow depth, as shown as follows. 

 

 Ultimate soil resistance of a single pile in a level ground 

 𝑝 = 𝛾𝐻
( ) ( )

( ) ( )
+

( )

( )
[𝑏 + 𝐻 tan(𝛽) tan(𝛼)] 

      +𝐾 𝐻 tan(𝛽) [tan(𝜙) sin(𝛽) − tan(𝛼)] − 𝐾 𝑏} (2.1) 

where 𝑝  =ultimate soil resistance, 𝛾 =soil unit weight, 𝐻 =embedment 

depth, 𝐾  =earthquake pressure coefficient at rest, 𝜙 =soil friction angle, 

𝛼=inclination angle of the wedge in the horizontal direction, 𝛽= inclination 

angle of the wedge in the vertical direction, 𝑏=pile diameter or width, and 

𝐾 =active earth pressure coefficient. 

 

 Ultimate soil resistance in the front of a single pile in a sloping ground 

 𝑝 = 𝛾𝐻
( ) ( )

( ) ( )
(4𝐷 − 3𝐷 + 1)  

      +𝛾𝐻
( )

( )
[𝐷 𝑏 + 𝐷 𝐻 tan(𝛽) tan(𝛼)]  

      +𝛾𝐾 𝐻 tan(𝛽) [tan(𝜙) sin(𝛽) − tan(𝛼)](4𝐷 − 3𝐷 + 1) 

      −𝛾𝐻𝐾 𝑏 (2.2) 
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where 𝐷 =
( ) ( )

( ) ( )
, 𝐷 = 1 − 𝐷 , and 𝜃=slope angle. 

 

 Ultimate soil resistance in the back of a single pile in a sloping ground 

 𝑝 = 𝛾𝐻
( ) ( )

( ) ( )
(4𝐷 − 3𝐷 + 1) +

( )

( )
 

      +𝛾𝐻[𝐷 𝑏 + 𝐷 𝐻 tan(𝛽) tan(𝛼)] 

      +𝛾𝐾 𝐻 tan(𝛽) [tan(𝜙) sin(𝛽) − tan(𝛼)] 

      +𝛾𝐻[(4𝐷 − 3𝐷 + 1) − 𝐾 𝑏] (2.3) 

where 𝐷 =
( ) ( )

( ) ( )
 and 𝐷 = 1 + 𝐷 . 

 

However, the authors mentioned that the above suggestions were purely 

analytical and required verification for practical implementation. 

Nguyen et al. (2018) reported a dynamic centrifuge test program on a 3 × 

3 pile group in a sloping ground of dry sand. The authors stated that the p–yp 

loops of group piles showed an irregular shape according to the presence of 

slope and shaking direction, as shown in Fig. 2.13. The ultimate soil 

resistance and stiffness of the p–yp loops in the downslope direction were 

considerably smaller than those in the upslope direction. These parameters 

also varied with the position of the pile along the slope surface. Nevertheless, 

the phase relation between the soil and pile was not properly included in the 

analysis of the p–yp loop. 
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Fig. 2.13 Effect of slope on the experimental dynamic p–yp loops by Nguyen et al. 
(2018): (a) pile near the slope toe, (b) pile at the middle of the slope, and (c) pile 

near the slope crest. 

 

2.3 Numerical study 

2.3.1 Numerical simulation of pile-supported structures 

in slope 

The numerical method has become an effective tool in geotechnical 

engineering to analyze the pile behavior under various conditions. It has been 

often used to simulate the seismic response of piles in a level ground (Haldar 

et al. 2008; Cheng and Jeremić 2009; Su et al. 2013; Wang et al. 2014; Kumar 

et al. 2016; Wang et al. 2016; Rostami et al. 2017; Fatahi et al. 2018; Rostami 

et al. 2018; Chatterjee et al. 2019; Dehghanpoor et al. 2019). Few numerical 

studies have been conducted to analyze the seismic problem on piles 

considering the slope effect. Most of these studies were attempts to purely 

predict the seismic behavior of the idealized pile-supported structures. 

McCullough (2003) and Dickenson and McCullough (2005) conducted a 

series of 2D numerical simulations on typical pile-supported wharves. The 

authors reported that the residual displacement of the deck, acceleration 

response, and development of excess pore water pressure (EPWP) were 
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properly simulated, whereas the maximum bending moment responses were 

considerably overestimated, as shown in Fig. 2.14. 

Donahue et al. (2005) numerically analyzed the failure mechanism of a 

pile-supported wharf at various damage levels by using 3D structural 

modeling and simulation, as shown in Fig. 2.15. It was found that the 3D 

structural model captured well the seismic behavior of the wharf within the 

elastic range as it included the proper representation of the pile–soil and 

wharf–sheet pile–wall interaction. For the low level of shaking, the nonlinear 

soil spring reasonably simulated the soil–pile interaction. However, an 

improvement should be made to incorporate the effect of slope failure on the 

seismic behavior of piles when the input motion is strong. 

 

 

Fig. 2.14 A typical result of 2D numerical simulation of a pile-supported wharf by 
Dickenson and McCullough (2005). 
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 (a) (b) 

Fig. 2.15 3D numerical modeling of Berth 24/35 wharf, USA by Donahue et al. 
(2005): (a) prototype configuration and (b) structural model. 

 

Lu et al. (2011) demonstrated the capability of a newly developed parallel 

nonlinear finite element formulation (ParCYCLIC) in simulating an idealized 

pile-supported wharf. Results of the numerical simulation showed that large 

permanent displacement of geotechnical models was strongly correlated to 

the presence of weak soil layers, as shown in Fig. 2.16. Also, the slope 

deformation pattern was dictated by the lateral bending flexibility of the 

embedded pile foundation system. 

Chiaramonte et al. (2013) developed a 2D finite element model of a 

reference structure to mainly analyze the behavior of the pile–deck 

connection, as shown in Fig. 2.17. By applying a static pushover analysis, the 

authors found that the connection spalling was considerably delayed with the 

application of a controlled rocking connection. Besides, the dynamic time 

history analysis revealed that the damage of the facility was not solely 

resulted from the demands of inertia force. The large displacement of the 

surface clay layer did not cause excessive curvature demands on piles. 
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Fig. 2.16 Deformed mesh of a pile-supported wharf simulated by Lu et al. (2011). 

 

 

Fig. 2.17 Numerical modeling of a typical wharf by Chiaramonte et al. (2013): (a) 
finite element mesh, (b) schematic of continuum soil model, and (c) soil–structure 

interaction spring. 

 

Heidary-Torkamani et al. (2014) performed a pushover analysis and 2D 

numerical simulation to better understand the seismic behavior of an idealized 

pile-supported wharf with batter piles, as shown in Fig. 2.18. The authors 

stated that the occurrence of the damage states in terms of displacement 

ductility factor was more probable than that in terms of normalized residual 
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horizontal displacement and different settlement. Uncertainties associated 

with the porosity of loose sand contributed most to the variance of normalized 

residual horizontal displacement and displacement ductility factor. While 

uncertainties associated with the friction angle of loose sand contributed most 

to the variance of the different settlement. 

Su et al. (2017) presented a full 3D finite element analysis to numerically 

study the seismic behavior of a typical wharf system. The authors deduced 

that the overall seismic behavior of pile and deck components of the wharf 

was controlled by the seismically induced soil deformation mechanism. 

Significant lateral permanent displacement of the sloping ground was due to 

the presence of weak soil layers, as shown in Fig. 2.19. The displacement 

behavior of all piles was almost similar regardless of the difference in the free 

length of piles from the landside to the waterside. The combination of slope 

spatial deformation and pile–deck interaction caused substantially additional 

axial forces on piles. Short piles were experienced significant down drag-

induced tensile forces according to large permanent deformation of slope 

failure. 

 

 

Fig. 2.18 Typical results of 2D numerical simulation of an idealized pile-supported 
wharf by Heidary-Torkamani et al. (2014): (a) total pore pressure contour and (b) 

displacement vector. 
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Fig. 2.19 Typical results of numerical simulation of Container Wharves at Port of 
Los Angeles, California, USA at the end of shaking: (a) deformed mesh with 

transverse displacement contour, (b) deformed mesh with vertical displacement 
contour, and (c) wharf structure deformation at the maximum deck displacement 

(adapted from Su et al. (2017)). 

 

2.3.2 Numerical modeling of pile and soil–pile interface 

Appropriate simulation of the soil–pile interface for piles is one of the most 

important considerations when performing the numerical calculation. Several 

approaches, including the use of interface elements, rigid beams, and springs, 

are available to model the interface between soil and pile, as shown in Fig. 

2.20 (Fayyazi 2015). Table 2.1 summarizes typical existing studies 

categorized by different techniques for numerical modeling of the soil–pile 

interface. 

If a pile is simulated as a continuum by considering volume, then interface 

elements are used to represent the interface between the pile wall surface and 

the surrounding soil (Fig. 2.20a). This method is considered the most reliable 

approach because it can capture the pile dimension as closely as possible. 

However, the use of interface elements requires considerable computational 

effort because fine meshes on piles are necessary to accurately calculate shear 

force and bending moment. Besides, the determination of the properties of 

the interface element is relatively challenging. 
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Fig. 2.20 Numerical modelings of pile and soil–pile interface. 

 

 

Table 2.1 Typical existing studies on seismic behavior of piles categorized by 
different techniques for modeling soil–pile interface. 

 
Type of 

pile 
foundation 

Type of soi–pile 
interface 
modeling 

Validation 
Applicable 
to seismic 
condition 

Comodromos et al. (2009) Pile group Interface element Yes Unknown 

Luo et al. (2016) Pile group Interface element No OK 

Fatahi et al. (2018) Pile group Interface element No OK 

Rahmani and Pak (2012) Single pile Rigid beam Yes OK 

Fayyazi (2015) Pile group Rigid beam Yes Unknown 

Su et al. (2017) Pile group Rigid beam No OK 

Haldar and Babu (2010) Single pile Springs Yes OK 

Shafieezadeh et al. (2013) Pile group Springs No OK 

 

 

To overcome the issue of computational expense, the pile is often 

represented by a beam element, which is the most common method for 

numerical modeling of piles (Figs. 2.20b and c). In this approach, either rigid 

beams or springs can be used to model the soil–pile interface. The use of rigid 

beams can account for actual pile volume and does not require the 

determination of the soil–pile interface properties. However, representing the 

Spring

Pile by beam element

Interface

Pile by solid element

(a)

Rigid beam

Pile by beam element

(b) (c)
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soil–pile interface by the rigid beam cannot accurately capture the 

development of sliding and gaps during loading (Fig. 2.20b) (Wang et al. 2016; 

Su et al. 2017). Consequently, the spring is proposed to reasonably simulate 

the behavior of the soil–pile interface in consideration of closing, sliding, and 

separation (Fig. 2.20c). The method of using springs to connect soil and pile, 

which can be effective and efficient in dynamic analysis, can be applied in 3D 

numerical modeling of piles by specifying appropriate spring properties in 

each direction. 

Based on Winkler’s hypothesis, Nogami et al. (1992) proposed a nonlinear 

dynamic soil–pile interaction model, which reasonably accounted for 

nonlinearity near the pile wall and the gap development, as shown in Fig. 2.21. 

This proposed model can be applied in the frequency and time domains. In 

the frequency domain, the consideration of gapping was conveniently taken 

into account through the complex soil stiffness. However, this consideration 

should be simulated using a soi–pile interface model in the time domain. The 

authors reported that the input parameters of the proposed model can be 

reasonably derived from the static loading data, which have been often 

available. One of the most important considerations was the parameter 

representing the developed gap between the soil and pile, which can be simply 

derived from a modified version of the static p–y curves, as shown in Fig. 

2.22. 

This principle of treating the dynamic soil–pile system by Nogami et al. 

(1992) was applied by other researchers to consider the group effect and to 

account for the liquefaction phenomenon in a 3D numerical simulation (El 

Naggar and Novak 1995; El Naggar and Novak 1996; Thavaraj et al. 2010). 
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Fig. 2.21 Modeling of nonlinear dynamic soil–pile interaction by Nogami et al. 
(1992): (a) whole soil–pile system and (b) soil–pile interface. 

 

 

Fig. 2.22 Derivation of the dynamic p–y hysteretic loop from the static cyclic p–y 
loop by Nogami et al. (1992). 

 

Boulanger et al. (1999) developed a nonlinear dynamic p–y model to 

analyze the seismic behavior of a single pile installed into a clayey layer over 

a layer of dense sand. This model consisted of three components in series, 
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namely, elastic (p–ye), plastic (p–yp), and gap (p–yg) component, as shown in 

Fig. 2.23. The evaluation of each component is given as follows. 

 

 Elastic range 

 −𝐶 𝑝 ≤ 𝑝 ≤ −𝐶 𝑝  (2.4) 

where 𝑝 =ultimate soil resistance of the p–y element at the current loading 

direction and 𝐶 = ratio of 𝑝/𝑝 . 

 

 Plastic component (p–yp) 

 𝑝 = 𝑝 − (𝑝 − 𝑝 )  (2.5) 

where 𝑝  =soil resistance at the start of the current plastic loading cycle, 

𝑐=constant to control the tangent plastic loading cycle, 𝑦 =displacement at 

50% of 𝑝 , 𝑦 = 𝑦  at the start of the current plastic loading of the plastic 

yielding, and 𝑛=exponent to control the sharpness of the p–yp curve. 

 

 Gap component (p–yg): closure spring 

 𝑝 = 1.8𝑝 −  (2.6) 

where 𝑦  =memory term of the positive side of the gap and 𝑦  =memory 

term of the negative side of the gap. 

 

 Gap component (p–yg): nonlinear drag spring 

 𝑝 = 𝐶 𝑝 − 𝐶 𝑝 − 𝑝  (2.7) 
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where 𝐶 =ratio of the maximum drag force to the ultimate resistance of the 

p–y element, 𝑝 =𝑝  at the start of the current loading cycle, and 𝑦 = 𝑦  

at the start of the current loading cycle. 

For clay (Matlock 1970): 𝑐 = 10, 𝑛 = 5, and 𝐶 = 0.35 

For sand (API 2000): 𝑐 = 0.5, 𝑛 = 2, and 𝐶 = 0.2 

Other parameters (𝑝  and 𝑦 ) are automatically calculated following the 

suggested equations. 

 

In addition, a dashpot in parallel with the gap component was used to 

model the radiation damping. The backbone of the p–y curve was constructed 

following the suggestion of Matlock (1970). 

 

 

Fig. 2.23 Nonlinear dynamic p–y element by Boulanger et al. (1999): (a) 
components and (b) behavior of components. 
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The proposed dynamic p–y model by Boulanger et al. (1999) was then 

implemented in a finite element program to simulate a centrifuge experiment 

on single piles as a validation work. After that, the author systematically 

performed a parametric study to evaluate the sensitivity of the model 

parameters. It was seen that the analysis results were relatively sensitive to 

the variation in the dynamic p–y parameters. Therefore, it required more 

experimental data for evaluating reliability and applicability. 

This concept of nonlinear dynamic p–y model of Boulanger et al. (1999) 

was also applied to evaluate the group effect and to extend the applicability 

to the seismic problem on piles (Curras et al. 2001; Kimiaei et al. 2004; Yang 

2017). 

 

2.3.3 Evaluation of lateral soil–pile interface spring 

As aforementioned, the spring method might be preferably used to represent 

the soil–pile interface regarding the dynamic analysis. Moreover, in the 

context of seismic problems, the interface spring in the lateral direction might 

have a key contribution to the seismic behavior of piles. Therefore, an 

appropriate selection of the properties of the lateral soil–pile interface spring 

is a major concern in the numerical calculation of seismic responses of piles. 

The parameters of the lateral interface spring are stiffness and strength. 

The evaluation of stiffness is well documented, whereas more attention 

should be paid to the strength parameter (API 2000). 

For cohesive soil, a plane strain analysis was proposed to reasonably 

account for soil arching and pile–soil–pile interaction (Bransby 1996; 
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Bransby and Springman 1999; Chen and Martin 2002). The soil was 

considered a nonlinear undrained material. Considering the seismic analysis 

of piles, McCullough (2003) and Ghalibafian (2006) used the 2D plane strain 

analysis to determine the stiffness and strength of the lateral interface spring, 

as shown in Fig. 2.24. Durante (2015) applied the p–y formulation of 

Georgiadis et al. (1992) to simulate the behavior of the lateral spring but the 

application was not reported in detail. 

 

 

Fig. 2.24 2D numerical modeling for evaluating lateral spring properties by 
(Ghalibafian 2006). 
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Nevertheless, the evaluation of the lateral spring strength has not been 

sufficiently reported for cohesionless soil considering the local deformation 

mechanism. Furthermore, using a 2D plane strain model to determine the 

lateral soil–pile interface spring properties is inappropriate for cohesionless 

soil (Reese et al. 1974; Durrani et al. 2008; Pan 2013). 

 

2.4 Summary and research gap 

Over the past decades, slope failure induced by earthquake events has caused 

substantial damages to pile-supported structures and thereby demanding more 

considerable research efforts. Numerous researches have been carried out to 

investigate the seismic behavior of pile-supported structures in the sloping 

ground by means of experimental, analytical, and numerical approaches. 

Primary results show that dynamic soil–pile interaction and kinematic–

inertial interaction are essential for researches and practical designs. 

Evaluation of the dynamic soil–pile interaction with the presence of slope 

has been rarely studied, especially for cohesionless soil. Furthermore, 

numerical modeling of the soil–pile interface and its implementation in the 

numerical simulation of pile-supported structures under seismic loading have 

remained a challenge. 

An appropriate understanding of the interaction between kinematic and 

inertial effects is not only important in the seismic analysis of pile-supported 

structures but also beneficial in practical design. However, current studies on 

this issue cannot sufficiently ensure the good performance of the pile-

supported structure in the field. 
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The lack of knowledge and research raises motivation for further 

investigations, especially within the scope of the research work presented in 

this dissertation, as follows. 

 Effect of slope on the overall seismic behavior of pile-supported 

structures considering various configuration of pile foundation 

 Systematic evaluation of kinematic–inertial interaction in terms of the 

phase lag among the input motion, ground response, and pile response 

 Appropriate characterization of soil–pile interface in cohesionless soil 

 Verification and validation of numerical models of pile-supported 

structures under seismic loading condition 

 Effect of slope on the dynamic p–y backbone curve in consideration of 

the kinematic–inertial interaction and different pile head conditions 
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3. Chapter 3. Experimental Study on Seismic 

Behavior of Piles in Sloping Ground 

 

 

3.1 Overview 

In the first part of this dissertation, seismic responses of piles in the sloping 

ground obtained from a series of dynamic centrifuge tests are presented. In 

the later part of this dissertation, numerical and simplified analyses conducted 

on the basis of the experimental data are described. 

In this chapter, centrifuge test specifications are first presented. After that, 

the slope effects on the seismic behaviors of piles are analyzed on the basis 

of test results. Next, the concept of the displacement phase difference of 

model responses is introduced. Then, the difference in responses of single and 

group piles is evaluated in terms of the displacement phase difference. Finally, 

the significance of the phase analysis in design practices is discussed. 

 

3.2 Dynamic centrifuge tests 

3.2.1 Equipment 

The centrifuge facility of the Korea Advanced Institute of Science and 

Technology was employed to perform the experiments. The centrifuge 

machine has a nominal radius of 5 m and a maximum capacity of 240 g-tons, 

as shown in Fig 3.1a (Kim et al. 2013). A self-balanced biaxial shaking table 

was used to carry out the seismic excitation at the model bases (Fig. 3.1b). 
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This shaking table can operate under a centrifugal acceleration of 100 g with 

a maximum shaking acceleration of 20 g and a maximum payload of 700 kg. 

An equivalent shear beam (ESB) container with internal dimensions of 49 

cm × 49 cm × 63 cm was used to prepare the centrifuge test models (Fig. 3.1c). 

The sidewall of the ESB container was designed to match the dynamic shear 

stiffness, and therefore, the shear deformation of the adjacent soil (Lee et al. 

2013). Consequently, the compressive pressure wave generated by the 

interaction between the soil and end-walls can be minimized. 

 

3.2.2 Test layout 

The prototype of the model test was a segment of a pile-supported wharf 

located in Pohang Port, South Korea. The segment of the pile-supported wharf 

was simply modeled as pile groups supporting massive decks. Figure 3.2 

shows three types of pile foundations constructed in centrifuge test models. A 

3 × 3 pile group was constructed in level ground and 33° sloping ground 

(Models 1 and 2). Model 3 consisted of a single pile and a 2 × 2 pile group 

installed in the ground with a slope angle of 27°. The single pile in the sloping 

ground and the 3 × 3 pile group in the level ground were adopted to serve 

further analyses and comparisons. 

A length scaling factor of approximately 48 was applied to Models 1 and 

2, while that of Model 3 was approximately 34. Table 3.1 describes the model 

dimensions and parameters derived following the similitude law suggested by 

Wood (2004) and Madabhushi (2014). In this study, all data were presented 

in the prototype scale unless otherwise stated. 
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Fig. 3.1 Centrifuge facilities at Korea Advanced Institute of Science and 
Technology: (a) centrifuge machine, (b) biaxial shaking table, and (c) equivalent 

shear beam container. 

 

Aluminum alloy material was selected to fabricate the model piles. The 

piles of Models 1 and 2 had a diameter (D) of 0.912 m, a thickness of 0.048 

m, and a length of 24 m. The piles of Model 3 were 0.85 m in diameter, 0.068 

m in thickness, and 18 m in length. The single and group piles were 

instrumented with a number of pairs of strain gauges to obtain the bending 

moment during shaking (Fig. 3.2). The flexural stiffness of the instrumented 

piles was determined from a calibration procedure in which the correlation 

between strain readings and applied moments was inspected for the cantilever 

condition. 

The deck mass of the group pile was identical to the prototype condition, 

and that of the single pile was designed to be one-fourth of the mass of the 

deck mounted on the 2 × 2 pile group. Tables 3.2 and 3.3 present the pile and 

deck properties of the present study. 
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Table 3.1 Scaling factors applied in centrifuge experiment. 

Parameters Scaling factors (Prototype/Model) 

Length 𝑛 

Mass density 1 

Acceleration 𝑛  

Velocity 1 

Time (Dynamic) 𝑛 

Frequency 𝑛  

 

Table 3.2 Pile properties (in prototype scale). 

Model 
Outside 
diameter 

(m) 

Inside diameter 
(m) 

Total length 
(m) 

Flexural 
stiffness 
(kN·m2) 

1 & 2 0.912 0.816 24.0 779381.637 

3 0.850 0.714 18.0 841891.680 

 

Table 3.3 Deck properties (in prototype scale). 

Foundation type Width (m) Length (m) Thickness (m) 

Single pile 2.380 2.380 4.624 

2 × 2 pile group 7.140 7.140 1.972 

3 × 3 pile group 12.960 14.976 0.960 

 

 

3.2.3 Model soil 

In this study, dry silica sand was used to make the ground. Tables 3.4 and 3.5 

describe the basic properties of silica sand, which was a poorly graded sandy 

soil (Fig. 3.3). Models 1 and 3 had soil relative densities of approximately 40% 

and 50%, respectively. Model 2 was tested with different soil relative 

densities of approximately 40%, 60%, and 80%. 
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Table 3.4 Physical properties of silica sand. 

Properties Values 

Specific gravity 2.65 

Maximum dry density (t/m3) 1.64 

Minimum dry density (t/m3) 1.24 

Mean particle (mm) 0.237 

Soil classification (USCS) SP 

 

Table 3.5 Mechanical properties of silica sand. 

Void ratio 
Relative 

density (%) 
Consolidation 

stress 
Peak friction 
angle (deg) 

Critical friction 
angle (deg) 

0.86 48 100 39.7 

36.6 

0.88 44 200 38.0 

0.87 47 400 37.9 

0.81 59 600 36.8 

0.79 64 50 43.2 

0.76 69 100 43.9 

0.77 67 200 41.8 

0.77 66 400 40.1 

0.68 83 100 45.2 

0.71 78 200 43.1 

0.68 84 400 42.8 

 

 

 

Fig. 3.3 Grain size distribution curve of silica sand. 
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The key property of soil in the seismic analysis is the maximum shear 

modulus 𝐺 , which is typically derived from the shear wave velocity Vs as 

𝐺 = 𝜌 × (𝑉 )  (where 𝜌 is the mass density of the soil). Lee et al. (2015) 

reported the results of a series of resonant column tests conducted on silica 

sand with respect to the variation in the relative density 𝐷  and mean stress 

𝜎   (Fig. 3.4). The values of Vs increase with the increase in 𝐷   and 𝜎  

because the sandy soil becomes dense and effective in transmitting seismic 

waves. A well-known formulation for Vs with mean stress can be expressed 

as follows (Cho et al. 2014): 

 

 𝑉 = 𝛼  (3.1) 

where 𝛼  is the material constant, 𝜎  is the reference stress (100 kPa), and 

𝛼  is the exponential factor that ranges from 0.2 to 0.5. The mean stress 𝜎  

is obtained by averaging all stresses in three dimensions as follows: 

 

 𝜎 = (𝜎 + 𝜎 + 𝜎 )/3 or 𝜎 = 𝜎 + 𝜎 + 𝜎 /3 (3.2) 

where 𝜎  , 𝜎  , and 𝜎   are the major, intermediate, and minor principal 

stresses, respectively; 𝜎 , 𝜎 , and 𝜎  are the stresses in the x-direction, 

y-direction, and z-direction, respectively. 

 

The least-squares method was used to fit all experimental data plotted in 

Fig. 3.4 by applying Eq. (3.1). The best fit curve exhibited an exponential 

factor 𝛼  of 0.22. The material constant 𝛼  varied with soil density given 

by Eq. (3.3). 
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Fig. 3.4 Shear wave velocity according to mean stress and relative density. Data 
from Lee et al. (2015). 

 

 𝛼 = 0.961 × 𝐷 + 159.280 (3.3) 

 

The values of Vs at any Dr can be determined using Eqs. (3.1) and (3.3), 

obtaining Gmax. 

 

3.2.4 Test procedure and input motion 

Initially, model piles were fixed onto the bottom of the ESB container to 

simulate end-bearing piles (Fig. 3.5a). Thereafter, the model ground was 

uniformly prepared by the pluviation of dry silica sands (Fig. 3.5b). An 

automatic sand raining machine was used to achieve the target relative density 

by controlling the raining height, moving speed, and nozzle opening diameter. 

After ground preparation, the deck was rigidly attached to the pile head (Fig. 

3.5c). Numerous accelerometers and linear variable differential transformers 

(LVDTs) were installed during and after the ground preparation (Fig. 3.5d). 

Figure 3.6 shows two types of input motions used in centrifuge model tests. 

Sinusoidal excitations with ramped and constant amplitudes were applied to 

investigate the effect of input amplitudes. The predominant frequencies of the 
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sinusoidal wave were 1.0 Hz at Models 1 and 2, and 1.5 Hz at Model 3. These 

input frequencies were typically selected in the frequency range of the 

offshore loading condition as well as the major interest of the seismic analyses 

(Naggar and Bentley 2000; Yoo et al. 2013; Choi et al. 2015). In addition, the 

artificial wave was applied to simulate the responses of the test models under 

a realistic earthquake. The maximum amplitude (amax) of the input 

acceleration ranged from about 0.1 g to 0.4 g. 

 

3.3 Evaluation of displacement phase difference 

3.3.1 Concept 

Kinematic–inertial interaction of piles under seismic condition is closely 

related to the relative displacement between the soil and structure. Therefore, 

the effects of coupled kinematic and inertial forces can be analyzed in terms 

of the phase difference of displacement responses. 

In this study, the phase relationship among soil, pile, and deck responses 

is evaluated by introducing a concept of the displacement phase difference, 

as shown in Fig. 3.7. The displacement phase difference is the phase lag 

between the input motion and model response, such as pile and deck 

displacements at peak points. Two steps are followed to calculate the 

displacement phase difference. First, the time instants corresponding to the 

peak points of the input motion and model response within a single cycle are 

determined. Second, the displacement phase difference can be simply 

determined by the relative difference between these peak time instants 

dividing by the period of the sinusoidal input motion, as shown as follows: 
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Fig. 3.5 Procedure for preparation of centrifuge test model: (a) fixing piles on ESB 
container base, (b) making ground, (c) attaching decks to pile heads, and (d) 

installing LVDTs. 
 

 

Fig. 3.6 Time histories of typical input accelerations (amax=0.15 g). 

 

 𝜓 = 2𝜋  (3.4) 

where 𝜓  is the displacement phase difference (in radian), 𝑡   is the time 

instant at the peak model response, 𝑡   is the time instant at the peak 

displacement of the input motion, and T is the period of the input motion. 
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The soil and deck displacements were derived from the measured 

acceleration by taking the double integration in the frequency domain. The 

accelerometers used in this study were not able to accurately record the 

information at relatively low frequencies. Before double-integrating, the 

acceleration time history was filtered with a high-pass filter to remove the 

noise at low frequencies, which might introduce a drift in the calculated 

displacement. The residual or monotonic displacement is likely to be 

dominated at low frequency. Therefore, the displacement obtained from the 

acceleration data contained the transient component only. 

On the other hand, the pile displacement computed from the bending 

moment might consist of monotonic and transient components, as shown in 

Fig. 3.8. A fast Fourier transform bandpass filter was used to obtain the 

transient component of the pile displacement. Cutoff frequency ranges were 

0.5–1.5 Hz at Models 1 and 2, and 1.0–2.0 Hz at Model 3. In addition to 

eliminating low-frequency information, the bandpass filtering would also 

remove the high-frequency component, which had no noticeable contribution 

to the displacement phase difference because the input predominant 

frequency was in cutoff ranges. Finally, the transient component of 

displacements was used in the calculation of the displacement phase 

difference given by Eq. (3.4). 

 

3.3.2 Calculation of pile displacement 

On the basis of simple beam theory, the pile displacement (𝑦 ) along the pile 

length can be calculated by double-integrating the bending moment, as shown 

as follows. 
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Fig. 3.7 Parameters to determine displacement phase difference. 

 

 

Fig. 3.8 Composition of single pile head displacement (amax=0.15 g). 

 

 𝑦 = ∬ 𝑑𝑧𝑑𝑧 (3.5) 

where M is the bending moment, z is the depth below the ground surface, and 

EI is the flexural stiffness. 

 

The bending moment value at a certain depth was obtained from the 

measured strain recordings using the flexural stiffness of piles. Subsequently, 

the discrete bending moments along the pile length were fitted by applying a 

piecewise cubic spline function below the ground surface and a linear 

function above the ground surface. The cubic piecewise spline function 
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among other fitting functions was selected because this function showed high 

accuracy in deriving the pile displacement and soil resistance (Yang and 

Liang 2007; Brandenberg et al. 2010; Haiderali and Madabhushi 2016; 

Nguyen et al. 2018). 

Several assumptions were considered in fitting discrete bending moments 

with a piecewise cubic spline function. First, the boundary condition was 

applied in the fitting process, that is, the soil resistance at the ground surface 

and pile toe was set to zero. Second, the shear force at the ground surface was 

assumed to be continuous when the fitting function was altered. Third, based 

on the tendency of measured data, the bending moment at the group pile toe 

was assumed to be zero, whereas that of the single pile was obtained by 

applying linear extrapolation from two successive points above the pile toe. 

This assumption had an insignificant effect on the calculation of the pile 

displacement because the cubic spline was applied for each pile segment. 

Finally, to achieve continuity, the bending moments calculated from two 

successive cubic splines at each depth were forced to be identical. The same 

condition was applied to the first and second derivatives of the cubic spline. 

Because all model piles were rigidly fixed onto the soil container base; the 

pile inclination and displacement at the toe were constrained at zero when 

performing the double-integration (Nguyen et al. 2018). 

 

3.4 Test results and analyses 

Experimental results of centrifuge tests with relative soil densities of 

approximately 40–50% were selected to make comparable analyses 

throughout this dissertation. 
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3.4.1 Measured deck responses 

In this study, the lateral displacement was considered positive when the 

centrifuge models moved in the upslope direction. Figure 3.9 indicates that 

the pile-supported structures in Model 3 experienced a certain amount of 

residual displacement due to the slope failure. However, the 3 × 3 pile group 

nearly bounced back to the original position after shaking. According to the 

difference in foundation stiffness and slope configuration, the soil failure at 

shallow depth mostly flowed around the 3 × 3 group piles and caused a 

residual force on single and 2 × 2 group piles. 

 

 

Fig. 3.9 Total deck displacements with the reference to input motion (amax=0.15 g). 
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The transient component of the deck displacement of a single pile is in the 

opposite phase with the input displacement, as shown in Fig. 3.10. This 

observation was similar to a study on a single pile in the level ground of dry 

sand reported by Yoo et al. (2017). The deck displacements of two pile groups 

were led by the input displacement. In addition, the phase lag between the 

deck displacement of the pile group and input displacement became smaller 

with the increase in the number of piles due to high foundation stiffness. The 

displacement phase difference of decks would be evaluated in the later section. 

The displacement amplitude of the deck response compared with the input 

motion was approximately 1.3 times smaller at the single pile, whereas 

approximately 6.0 times and 1.63 times larger at 2 × 2 and 3 × 3 pile groups, 

respectively. The opposite phase between the kinematic and inertial forces 

resulted in a small displacement at the deck mounted on the single pile. By 

contrast, because the phase lag was small, the kinematic force was likely to 

induce an additional load to the group pile, and consequently large deck 

displacement. 

 

3.4.2 Measured pile responses 

Figure 3.11 describes the peak bending moments along the pile length with 

the maximum input amplitudes (0.10, 0.15, and 0.30 g). There was an error 

in the strain measurement of Pile M1GP3 and the corresponding bending 

moment was not analyzed. The bending moment distribution curves of a 

single pile in the downslope and upslope directions were nearly similar due 

to the high flexibility (Fig. 3.11c). This shape was similar to the group piles 

in a level ground (Fig. 3.11a). On the contrary, the presence of slope caused 
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an asymmetry of the bending moment distribution curves of group piles 

relative to the pile axis (Figs. 3.11b and c). When the 3 × 3 group piles moved 

in the upslope direction, the large constraint due to high earth stresses on piles 

resulted in a large bending moment in comparison with that in the downslope 

direction. The bending moment near the pile head was likely to be zero at the 

single pile due to the free rotation condition, whereas the larger bending 

moment occurred in the group piles because of the fixed pile head condition. 

The maximum bending moments of 2 × 2 group piles occurred below the 

ground surface due to the sustainable effect of the rocking motion, whereas 

those of 3 × 3 group piles occurred at the pile head. 

Determination of the location of maximum bending moments below the 

ground surface from measured data might not be reasonable due to either the 

insufficient number of strain gauges or measurement error. Thus, the bending 

moment curves obtained by fitting with the cubic spline were used to enhance 

the estimation of the depth of the maximum bending moment. Table 3.6 

presents the depth of the maximum bending moment according to different 

piles and shaking direction at amax=0.15 g. The maximum bending moment 

depth in the downslope direction was 1.3–2.6 times deeper than that in the 

upslope direction due to the difference in soil resistance against the pile 

displacement. The maximum bending moment of group piles near the slope 

rest was located at deeper depth by 1.2–3.7 times compared with group piles 

near the slope toe. Group piles having short unsupported lengths would be 

subjected to large bending moments, which led to a deeper location of the 

maximum bending moment below the ground surface. These observations 

were consistent with the findings reported by Su et al. (2017) and Nguyen et 

al. (2018). 
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Fig. 3.10 Comparison of transient displacement component between decks and 
input motions (amax=0.15 g). 

 

Considering a certain amplitude of input acceleration, the maximum 

bending moments of 3 × 3 group piles below a level ground surface seemed 

to be smaller than those below a sloping ground surface. During shaking, the 

failed soil flow due to the slope failure resulted in a reduction in the kinematic 

force acting on piles and thereby reducing the maximum bending moment 

below the ground surface for slope cases. Subsequently, the bending moment 

on the 3 × 3 group piles in the sloping ground dissipated at a deeper depth. 

Basically, pile groups might be subjected to rocking motion during shaking. 

The axial force developed at individual piles near the ground surface was 

analyzed to assess the rocking response. The axial strain was initialized to 

remove the static axial force, which was not a cause of the rocking motion. 

The aforementioned bandpass filtering technique was applied to the time 

histories of the dynamic axial force to eliminate the high-frequency 

component. 
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Fig. 3.11 Peak bending moment and fitted curves. 

 

Table 3.6 Depth from the ground surface to maximum bending below the ground 
surface (amax=0.15 g). 

Direction M1GP1 M1GP2 M2GP1 M2GP2 M2GP3 M3SP M3GP1 M3GP2 

Downslope 3.13 D* 3.04 D* 1.17 D 2.50 D 4.37 D 2.96 D 4.57 D 6.67 D 

Upslope 2.40 D* 1.40 D* 0.80 D 0.94 D 2.55 D 1.60 D 3.63 D 4.72 D 

Note: the asterisk indicates that piles were in level ground. For these cases, the difference in 
the location of the maximum bending moment below the ground surface with respect to the 
shaking direction was due to an error in the measurement and difference in the amplitude of 
the input acceleration in both shaking directions. 
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Figure 3.12 illustrates the transient component of dynamic axial force 

acting on two group piles at a distance of approximately 6 m from the pile 

head where strain gauge recordings are available near the ground surface. The 

dynamic axial forces acting on outer piles (Piles M2GP1 and M2GP3 for 3 × 

3 the pile group; Piles M3GP1 and M3P2 for the 2 × 2 pile group) were mostly 

in the opposite phase, indicating the existence of a certain degree of rocking 

motion. Initially, each pile of 2 × 2 pile group and 3 × 3 pile group was 

subjected to a static axial force of 663 kN and 546 kN induced by the weight 

of decks, respectively. During shaking, the transient component of the axial 

force at the 2 × 2 pile group was about 520 kN, which was approximately 3.7 

times larger than that of the 3 × 3 pile group despite similar deck mass 

distributed on two group piles. The 2 × 2 pile group experienced a severe 

rocking motion compared with the 3 × 3 pile group, which resulted in a 

considerably large transient displacement of the deck (Fig. 3.10) and a large 

bending moment along pile length (Fig. 3.11). 

Rocking motion occurred at the outer piles relative to the centerline of the 

deck in the shaking direction. The 3 × 3 pile group had a greater number of 

piles and larger width compared with the 2 × 2 pile group. Thus, the 3 × 3 pile 

group would have considerably higher rotational stiffness and experience a 

small rocking motion. 

 

3.4.3 Displacement phase difference 

A single pile nearly moves in the opposite phase with the input displacement 

during shaking regardless of different input amplitudes (𝜓 = 180°) , as 

shown in Fig. 3.13. The displacement phase difference of the deck of the 
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single pile slightly increased up to the end of shaking because of an increase 

in the amplitude of the ramped input motion. By contrast, the displacement 

phase of the deck of the 3 × 3 pile group was close to that of the input 

displacement and had no significant variation throughout shaking (𝜓 = 15°). 

The 3 × 3 pile group moved in phase with the ESB container due to the high 

foundation stiffness resulted from the fixity condition at the pile heads and 

toes. The behavior of the 3 × 3 pile group was similar to the experimental and 

analytical studies reported by Gohl (1991) and Makris and Gazetas (1993). 

The displacement phase difference of the deck mounted on the 2 × 2 group 

piles increased with an increase in the input amplitudes and typically reached 

23°, 63°, and 126° at 0.10, 0.15, and 0.30 g, respectively. The rocking motion 

of the 2 × 2 pile group became sustainable due to increasing input amplitudes 

and the displacement phase difference increased correspondingly. 

 

 

Fig. 3.12 Transient component of dynamic axial force (amax=0.15 g). 

-600

-300

0

300

600

18 19 20 21 22

D
yn

am
ic

 a
xi

al
 

fo
rc

e 
(k

N
)

Time (s)

-600

-300

0

300

600

18 19 20 21 22

D
yn

am
ic

 a
xi

al
 

fo
rc

e 
(k

N
)

Time (s)

-600

-300

0

300

600

18 19 20 21 22

D
yn

am
ic

 a
xi

al
 

fo
rc

e 
(k

N
)

Time (s)

(c) Model 3: 2×2 group piles (27° slope)

(b) Model 2: 3×3 group piles (33° slope)

(a) Model 1: 3×3 group piles (level) M1GP1

M1GP2

M1GP1

M1GP2

M2GP1

M2GP2

M2GP3

M3GP1

M3GP2



59 

 

Fig. 3.13 Displacement phase difference of pile-supported structures. 

 

Considering each loading cycle, two consecutive points of each plot in Fig. 

3.13 represent the phase difference of displacements in the upslope and 

downslope directions. The negligible difference between these two points for 

all plots indicates that the slope might have an insignificant effect on the 

displacement phase difference. 

The displacement phase difference decreases from the pile head to the pile 

toe because the effect of inertial force on the pile response attenuates, as 

shown in Fig. 3.14. For the 2 × 2 pile group, the influence depth of the inertial 

force was approximately 9–11 D, which is relatively close to the suggestion 

provided in the literature (Souri et al. 2018; Garala and Madabhushi 2019). 

The influence depth of the inertial force for the 3 × 3 pile group was 
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approximately 4–7 D, which is about twice less than that of the 2 × 2 pile 

group. The influence depth from the ground surface became slightly deeper 

for group piles located near the slope crest. In addition, the higher acceleration 

amplitude resulted in a larger displacement phase difference, which was more 

pronounced for the 2 × 2 pile group. 

 

 

Fig. 3.14 Displacement phase difference along pile length at peak response. 
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Conversely, the inertial force had a significant effect on the single pile 

response at a relatively shallow depth of less than 4 D (Fig. 3.14). Although 

the displacement of the single pile was small at deep depth, the displacement 

phase difference was maintained at constant values of approximately 30–60° 

for input amplitudes of 0.1–0.3 g. 

The displacement of the 3 × 3 pile group mostly leads the soil movement 

by approximately 2–4°, as shown in Fig. 3.15. However, the interaction 

between the soil and pile was different at the 2 × 2 pile group. The soil 

movement was approximately 30°–35° ahead of the displacement of the pile 

2 × 2 group near the ground surface due to the dominance of the rocking 

behavior within the influence zone. At deep depth, the displacement of the 2 

× 2 pile group turned to be ahead of the soil movement, and the generated 

kinematic force became dominant at depth below 8–9 D. On the contrary, the 

soil movement mostly led the displacement of the single pile with respect to 

the entire pile length by about 25–150°. 

Generally, the kinematic force associated with the inertial force would 

cause an additional pile displacement and bending moment on 3 × 3 group 

piles. The kinematic force of the single pile might resist the inertial force 

during shaking, which resulted in smaller pile displacement and bending 

moment. Consequently, Figure 3.16 illustrates the interaction among various 

forces acting on piles under seismic conditions. 

 

3.4.4 Discussion on equivalent cantilever model 

Among several simplified approaches to the dynamic soil–pile interaction 

problems, an equivalent cantilever model is widely used in the design practice 
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(Nair et al. 1969; Chai 2002; Chiou and Chen 2007). This model assumes that 

the translation and rotation are fully constrained at the lower end of the 

equivalent cantilever, which is defined as the fixity point of the model. Thus, 

the key point of this model is to approximate the equivalent depth-to-fixity 

where the relative displacement between the ground and pile is ignorable. 

 

 

Fig. 3.15 Displacement phase difference of soil and pile responses (amax=0.15 g). 
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Fig. 3.16 Interactive diagrams of forces acting on piles under seismic loading 
condition. 

 

If a pile-supported structure is located in sloping ground, then the virtual 

ground surface should be used in the determination of depth-to-fixity to 

account for the slope effect (PIANC 2001; OCDI 2009). The virtual ground 

surface may be set at an elevation that is equivalent to one-half of the vertical 

distance between the slope surface at the pile axis and horizontal plane 

crossing the slope toe. The depth-to-fixity from the virtual ground surface is 

defined as 1/𝛽, which is expressed as follows: 

 

 =  (3.6) 

where 𝑘  is the coefficient of the lateral subgrade reaction. Equation (3.6) 

indicates how fast the external force acting on the pile is dissipated by the 

ground resistance. 

 

In this study, the lateral subgrade reaction coefficient 𝑘   might range 

from approximately 10,000 kN/m3 to 30,000 kN/m3, because the relative 

(a) Single pile

Inertial force

Kinematic force
Resistance

Rocking motion

(b) 2×2 pile group (c) 3×3 pile group
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density of test models was in the range 40%–50% (Terzaghi 1955). 

Alternatively, 𝑘  can be estimated on the basis of the standard penetration 

test N value, which is expressed as 𝑘 = 1500 𝑁  (kN/m3) (OCDI 2009). 

Figure 3.17 illustrates that the locations of the virtual fixed points on piles in 

Models 2 and 3 are at 4.0–4.8 and 3.8–4.7 D, respectively. These results were 

similar to those reported by Chai (2002). Interestingly, the depth of the 

negligible phase difference of pile displacement was close to the location of 

the virtual fixed point for the pile groups (Figs. 3.14 and 3.15). Moreover, the 

depth of virtual fixed points of 2 × 2 group piles was consistent with the 

transition point of the kinematic–inertial interaction. 

The group piles displaced in the same direction of soil movement, whereas 

the single pile exhibited the opposite behavior (Fig. 3.17). The displacement 

magnitude of the single pile was smaller than that of 2 × 2 group piles because 

the effect of the inertial force was reduced according to the development of 

the kinematic force. The displacement magnitude of 3 × 3 group piles was 

considerably smaller than those of the single pile and 2 × 2 group piles. This 

observation might be attributed to the large rotation stiffness at the pile head 

and toe of the 3 × 3 pile group. In addition, the displacement of the 3 × 3 

group piles was mostly less than the soil displacement, whereas the rocking 

motion caused a large displacement of 2 × 2 group piles within the influence 

depth of the inertial force. As shown in Fig. 3.17, the location of the virtual 

fixed point is consistent with the depth of negligible pile displacement and 

curvature. 

To examine the applicability of the equivalent cantilever model, the lateral 

forces at the pile head were evaluated and compared with those obtained from 
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the measurement. The seismic behavior of the pile-supported structure 

following the equivalent cantilever model can be approximately represented 

by a single degree of freedom system. The equivalent lateral force Feq at the 

pile head is given as follows (Priestley et al. 1996): 

 

 

Fig. 3.17 Peak displacements of soil and pile relative to the pile toe (amax=0.15 g). 
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 𝐹 = 𝐾 𝑦 = 𝛼 𝑦  (3.7) 

where 𝐾   is the lateral stiffness of the equivalent cantilever, 𝑦   is the 

lateral displacement of the pile head, 𝛼  is a factor representing the pile 

head condition, 𝐸𝐼   is the effective flexural stiffness of the equivalent 

cantilever, and 𝐻  is the unsupported pile length (above the ground surface). 

 

The constant 𝛼  was designated as 3 and 12 for the fully free and fully 

constrained conditions of the pile head rotation, respectively. The effective 

flexural stiffness 𝐸𝐼  was the same as that of the pile, because the batter 

pile was not included in the equivalent cantilever system. 

Table 3.7 presents the lateral forces at the pile heads that were evaluated at 

the peak lateral displacement in comparison with experimental data. The 

lateral force in the experiment was obtained by considering the production of 

the deck mass and acceleration. For group piles, the lateral force estimated by 

the equivalent cantilever model was different from the experimental data by 

approximately 7%–20%, whereas the difference for the single pile was much 

higher (approximately 20%–40%). 

Finally, the results presented in Figs. 3.14–3.17, and Table 3.7 demonstrate 

that the equivalent cantilever model can be reasonably applied to the seismic 

design of the pile group. However, the applicability of this model to a single 

pile under seismic loading is questionable. 
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3.4.5 Summary 

In this chapter, results obtained from an extensive centrifuge test program 

were reported to analyze seismic responses of single and group piles in the 

dry sandy ground with different sloping angles. It was seen that the single and 

group pile responded differently to the base excitation in consideration of 

several influence factors such as pile head condition, pile foundation 

configuration, and sloping angle. The main conclusions can be summarized 

as follows. 

 (1) Rocking motion significantly affected the seismic response of the pile 

group regarding the number of piles in the group in the shaking direction 

and rotational stiffness. For instance, the dynamic axial force associated 

with the rocking motion acting on the 2 × 2 pile group was about 3 times 

larger than that of the 3 × 3 pile group. Consequently, the 2 × 2 pile group 

suffered considerably larger pile head displacement and bending 

moment in comparison with the 3 × 3 pile group. 

(2) The single pile displaced mostly in the opposite direction with soil 

movement, whereas the pile group with large resistance revealed a 

different behavior. The 3 × 3 pile group moved nearly in phase with the 

ground. However, the phase difference between the 2 × 2 pile group and 

the ground increased with the input acceleration amplitude because the 

effect of the rocking behavior became increasingly significant. 

(3) The presence of slope had a significant effect on the pile group compared 

with the single pile as observed an asymmetry of bending moment 

distribution with the reference of the pile axis. The single pile and 2 × 2 

pile group experienced a certain level of permanent displacement, 
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whereas the 3 × 3 pile group bounced back to the original position owing 

to a relatively high foundation stiffness. For group piles, the location of 

the maximum bending moment below the ground surface changed with 

the direction of shaking and pile position. 

(4) The kinematic force acted as resistance to the single pile throughout 

shaking. Conversely, group piles showed a large bending moment 

caused by the kinematic effect due to the large foundation stiffness of 

the pile group. The influence depth of the inertial force was 

approximately 10 times the pile diameter below the ground surface for 

group piles and varied with the number of piles in the group as well as 

the input amplitude. The difference in the kinematic–inertial effect 

between the single pile and pile group might be due to the relative 

stiffness between the pile and ground, which depends on the soil density, 

the configuration of pile foundations, and the magnitude of the input 

motion. 

(5) The equivalent cantilever model in design practice might be reasonably 

applied to the pile group. However, more attention should be given to 

the applicability of this model to a single pile under seismic conditions. 
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4. Chapter 4. Numerical Evaluation of Lateral Soil–

Pile Interface Spring for Piles in Cohesionless Soil 

 

 

4.1 Overview 

As mentioned in Chapters 1 and 2, appropriate simulation of the behavior of 

the soil–pile interface plays a key important role in the numerical calculation 

of the soil–pile–structure systems. The philosophy of the spring method for 

modeling the soil–pile interface seems to be more suitable for seismic 

analyses and therefore is adopted in this study. Within the scope of the 

research work presented in this dissertation, the main focus of this study is 

given to the soil–pile interface spring in the lateral direction because the effect 

of the soil–pile interface spring in the vertical direction might not be 

significant to the seismic behavior of end-bearing piles. 

In this chapter, a 3D numerical model of single piles in sandy soil is 

developed to assess the local failure mechanism of the lateral soil–pile 

interface. Two different failure mechanisms of piles under lateral loading are 

quantitively analyzed. The numerical model is then extended to consider the 

effect of the slope on the lateral interface. A lateral interface-force ratio of the 

lateral force to the confining force acting at the soil–pile interface is 

introduced to characterize the behavior of the lateral interface. After that, 

several factors affecting such an introduced ratio are extensively investigated. 

Finally, an equation is proposed to determine the lateral interface-force ratio 

considering the interwoven effects of slope configuration and confining stress. 
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Other properties of the interface springs such as stiffness, discontinuity, and 

cyclic nature are also explored. 

 

4.2 Computational platform 

Although piles under the seismic condition like centrifuge tests reported in 

the previous chapter seem relevant to a problem of one-dimensional shaking, 

a multi-directional particle movement can occur following the complex soil–

pile interaction. Therefore, a 3D finite-difference program called Fast 

Lagrangian Analysis of Continua in 3 Dimensions (FLAC3D) is employed to 

perform the entire numerical simulation presented in this dissertation (Itasca 

2012). This program uses the explicit method to simulate the mechanical 

behavior of a continuous 3D medium when it reaches equilibrium or plastic 

flow. The FLAC3D program can fully capture the dynamic responses of soil–

structure systems. 

A physical problem can be mathematically represented in FLAC3D by a 

set of engineering principles and constitutive laws defining the idealized 

material. The finite-difference technique is then applied to approximate 

linearly the variation of variables over the finite space and time interval. After 

that, the finite-difference model is further represented by a discrete model in 

which all forces are assumed to be concentrated at the nodes of the mesh. 

Finally, the mathematical solution is processed on the discrete model by 

solving a set of motion equations to find the equilibrium state of the system 

under consideration. 

To reliably operate the above process, an explicit method, which is suitable 

for numerical calculation of the nonlinear and unstable systems, is embodied 
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in FLAC3D. Figure 4.1 depicts the basic scheme of the calculation sequence 

implemented in FLAC3D. The calculation starts with the derivative of new 

velocities and displacement from stress and forces (solving motion equations). 

Then, strain rates are evaluated from the velocity and subsequently the new 

stresses from the strain rate for each timestep of every cycle (applying 

constitutive laws). Therefore, the timestep should be small enough to ensure 

a smooth stress transfer among adjacent elements. 

One of the most important advantages of FLAC3D is that no iteration is 

required for computing stresses from strains in an element in consideration of 

high nonlinearity and physical instability. To achieve this calculation scheme, 

the timestep given in the solution of motion equations might be a relatively 

small value, which results in long analysis time—an inherent disadvantage of 

the explicit method. 

 

4.3 Numerical analysis of lateral soil–pile interface 

spring for piles in level ground 

4.3.1 Numerical representation of soil–pile interface 

spring 

Figure 4.2 shows a representation of a pile element embedded in the FLAC3D 

program. The entire length of the pile is divided into numerous segments 

wherein each node of a single segment is located near the center of each soil 

zone. The pile element is a beam element incorporated with a feature 

representing the soil–pile interface through vertical- and lateral-coupling 

springs at the pile nodes. Each coupling spring, which follows an elastic–
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perfectly plastic behavior, is characterized by a single spring and a slider. The 

maximum unit force acting on the coupling springs is a function of the 

confining stress (𝜎 ) times the pile perimeter (pp). In the FLAC3D platform, 

the confining stress is obtained by averaging the horizontal stresses acting on 

the plane perpendicular to the pile axis. The basic parameters of the coupling 

springs are coupling spring cohesion (csc and cnc), coupling spring friction 

angle (δsc and δnc), and coupling spring stiffness (ksc and knc). The unit forces 

of the coupling springs are given in terms of spring parameters as follows. 

 

Vertical-coupling spring 

 [𝐹 /𝐿] = 𝑘 × 𝑢  (4.1) 

 [𝐹 /𝐿] = 𝑐 + 𝜎 × 𝑝 × tan(𝛿 ) (4.2) 

Lateral-coupling spring 

 [𝐹 /𝐿] = 𝑘 × 𝑢  (4.3) 

 [𝐹 /𝐿] = 𝑐 + 𝜎 × 𝑝 × tan(𝛿 ) (4.4) 

Confining stress 

 𝜎 = (𝜎 + 𝜎 )/2 or 𝜎 = 𝜎 + 𝜎 /2 (4.5) 

 

According to the above equations, the correlation between the maximum 

lateral-coupling spring force, [𝐹 /𝐿] and confining force, 𝜎 × 𝑝  are 

the main concern in the characterization of the lateral-coupling spring, which 

requires an investigation for the appropriate selection of the lateral spring 

properties. Those investigations should include the nonlinear behavior of soil 
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material and the effect of confining stress. These issues can be conveniently 

evaluated by a 3D numerical calculation, which is presented in the following 

sections. 

 

 

Fig. 4.1 Basic calculation scheme in FLAC3D (after Itasca (2012)). 

 

 

 

Fig. 4.2 Typical modeling of pile and soil–pile interface in FLAC3D: (a) modeling, 
(b) vertical-coupling spring, and (c) lateral-coupling spring. 
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4.3.2 Numerical modeling and simulation 

Figure 4.3 illustrates a 3D conceptual model for evaluating the correlation 

between the lateral force and the confining force at the soil–pile interface. 

This 3D conceptual model is an extension of the 2D model reported by Chen 

and Martin (2002) and Durrani et al. (2008). A single pile was penetrated fully 

into a soil domain to simulate a pile socketed into rock. Half of the entire 

model was used for simulation by applying symmetric conditions. The effect 

of pile spacing perpendicular to the loading direction was considered by 

applying the width of the model as half of the pile spacing. The horizontal 

displacement of the three sides of the soil domain was constrained. Stress was 

applied to the remaining side boundary. The vertical translation was restricted 

at the base. A model height of 20 D was applied to capture different failure 

modes at shallow and deep depths (Broms 1964; Reese et al. 1974; Chaloulos 

2012). 

The pile was horizontally pushed with a uniform horizontal displacement 

of 1.0×10−7 m/timestep along the entire pile length. This type of loading was 

likely to be the same as the kinematic force resulting from an earthquake. The 

inertial effect was excluded because the bending moment was not developed. 

A 3D numerical model was constructed following the aforementioned 

conceptual model using the FLAC3D program, as shown in Fig. 4.4. The pile 

cross-section was discretized into 30 elements. The pile length was divided 

into 40 segments. The smaller divisions produced nearly similar results. The 

smallest zone size near the pile was approximately half of the pile thickness. 

The largest zone size at the boundary was limited to approximately four times 

the length of the vertical pile segment to achieve a reasonable dimensional 
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aspect ratio. In addition, the preliminary analysis indicated that the 

appropriate boundary extents were 15 D from the pile center to the sides in 

the loading direction. 

Elastic-perfectly plastic Mohr–Coulomb and elastic models were applied 

to the dry silica sand and the pipe pile, respectively. The soil and pile 

properties were presented in Chapter 3. 

An interface element was placed between the soil elements and the pipe 

pile elements. The strength of the interface element followed an elastic–

perfectly plastic rule in which the interface friction angle (δint) was regarded 

as two-thirds of the soil friction angle. A value of 1.0 kPa was applied to the 

interface cohesion (cint). The interface stiffness can be determined as 10 times 

the equivalent stiffness of the stiffest zone (Itasca 2012). However, the use of 

a relatively high interface stiffness may cause numerical instability. The 

preliminary study showed that the vertical and lateral interface stiffness of 10 

GPa was sufficiently high to prevent the pile from penetrating the soil domain 

and the simulation time from increasing. 

During horizontal loading, the vertical and lateral stresses developed on 

the interface surface were used to compute the [Fnc/L] that acted on the 

corresponding pile segment (Chaloulos 2012). The confining stress σc of 

zones surrounding the pile segment was obtained by converting and summing 

horizontal stresses σxx and σyy with respect to the radial direction. 

 



78 

 

Fig. 4.3 Conceptual model for evaluating stress transfer at the soil–pile interface 
for piles in the level ground: (a) side view and (b) top view. 

 

 

Fig. 4.4 3D numerical model for evaluating stress transfer at the soil–pile interface 
for piles in the level ground. 
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4.3.3 Simulated results and analyses 

Figure 4.5 presents the deformation mechanism of the soil–pile system in the 

level ground under a uniform lateral loading condition. At shallow depth, the 

soil heaved at the front side of the pile and settled at the backside due to the 

effect of low confining stress. The magnitude of soil heaving and settlement 

decreased with an increase in overburden stress until a depth of approximately 

10 D. Below this depth, the soil zone moved horizontally with the pile. These 

numerical results indicate the dominance of wedge-type failure and flow-type 

failure mechanism at the shallow and deep depth, respectively. The numerical 

observation on the failure mechanism was similar to the numerical findings 

provided by Chaloulos (2012) and agreed well with the analytical failure 

mechanism suggested by Broms (1964), Reese et al. (1974), and Dodds and 

Martin (2007). 

 

 

Fig. 4.5 Typical deformed shape of soil–pile system in the level ground under 
uniform lateral loading: (a) numerical simulation (magnified factor of 1.3) and (b) 
analytical model suggested by Broms (1964), Reese et al. (1974), and Dodds and 

Martin (2007). 
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Correspondingly, the force–pile displacement curves exhibited a softening 

behavior at a shallow depth (d/D ≤ 10, where d is the considered embedment 

depth) and hardening behavior at a deep depth (d/D ≥ 10), as shown in Fig. 

4.6. The force–displacement curves plotted in Fig. 4.6 were used to determine 

[𝐹 /𝐿] and 𝜎 × 𝑝 , which would be the peak or ultimate value of 

the curves. The values of the maximum forces determined from Fig. 4.6 were 

corresponding to the numerical model with half-width, therefore, those 

corresponding to the full model can be found by doubling the determined 

values. However, it might not be accurate to obtain maximum forces at deep 

depth due to the hardening behavior of the curves. 

Therefore, a lateral interface-force ratio of [𝐹 /𝐿]  to 𝜎 × 𝑝  

was taken into account to overcome the abovementioned issue, as shown in 

Fig. 4.7a. Moreover, this ratio is more meaningful in the view of geotechnical 

engineering as it describes how the lateral force at the soil–pile interface 

changes with the variation in the confining force during lateral loading at 

different depths. 

 

 

Fig. 4.6 Variation of (a) unit lateral-coupling spring force [Fnc/L] and (b) confining 
force [σc×pp] with pile displacement (Dr=60%). 

 



81 

 

Fig. 4.7 Evaluation of lateral interface-force ratio with (a) lateral displacement and 
(b) embedment depth ratio (Dr=60%). 

 

The lateral interface-force ratio increased with the increase in the 

magnitude of the lateral load and reached an ultimate value (Fig. 4.7a). The 

lateral force at the soil–pile interface was proportional to the confining force 

after failure. The curves of the lateral interface-force ratio also showed both 

softening and hardening behavior at shallow and deep depth, respectively. As 

seen in Fig. 4.7a, the lateral interface-force ratio at a lateral displacement of 

0.25 D can be reasonably adopted for the entire analyses presented in this 

study. 

The lateral interface-force ratio increased with d/D and reached a constant 

value at a depth of approximately 5 D, as shown in Fig. 4.7b. The small 

proportionality between [𝐹 /𝐿]  and 𝜎 × 𝑝   near the ground 

surface was attributed to the effect of low confining stress. 
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4.3.4 Influence factors on lateral interface-force ratio 

In recognition of several uncertainties in the numerical calculation of the 

lateral interface-force ratio, an extensive parametric study was numerically 

conducted to investigate the effects of soil density, pile roughness, and pile 

spacing. Table 4.1 presents various cases included in the parametric study. 

Cohesionless soil with loose, medium dense, and dense states was considered. 

Pile roughness was specified from smooth to rough conditions. An 

investigation of the pile spacing perpendicular to the loading direction was 

also conducted for a range of 4 D to 20 D (Dr = 60%). The other numerical 

model conditions were retained the same as explained previously. 

Figure 4.8 shows the effects of soil density, pile roughness, and pile 

spacing on the lateral interface-force ratio of [𝐹 /𝐿]  to 𝜎 × 𝑝  . 

Overburden stress and soil stiffness increased with soil density, obtaining high 

values of [𝐹 /𝐿] and 𝜎 × 𝑝 . The application of two-thirds of the 

soil friction angle exhibited a result similar to that under rough condition, 

whilst a significant reduction of [𝐹 /𝐿] and 𝜎 × 𝑝  was observed 

under a smooth interface condition. During horizontal loading, a gap 

developed between the soil and the pile at the backside of the pile, and this 

gap was filled by the downward-moving soil. Gap development, which is 

governed by interface properties, indicates loss of contact between the soil 

and the pile. In the case of the smooth interface, the rapid development of a 

gap resulted in the significant loss of contact between the soil and the pile, 

and consequently, a reduction in the forces at the soil–pile interface. 
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Table 4.1 Cases for sensitivity analyses of lateral interface-force ratio. 

Soil properties Pile roughness 
Pile spacing Dr 

(%) 
ρ 

(t/m3) 
φ 

(degrees) 
δint 

(degrees) 
cint 

(kPa) 

40 1.379 37.0 2φ/3 1.0 6 D 

60 1.462 40.0 
0 

2φ/3 
Very large 

0 
1.0 

Very large 

6 D 
4 D, 6 D, 8 D, 12 D, 20 D 

6 D 

80 1.545 43.0 2φ/3 1.0 6 D 

 

 

Fig. 4.8 Results of sensitivity analyses of lateral interface-force ratio. 
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[𝐹 /𝐿]  and 𝜎 × 𝑝   continued to decrease with an increase in 

pile spacing, i.e., the boundary perpendicular to the loading direction, and 

reached a stable value at a pile spacing of approximately 10 D (Fig. 4.8). The 

effect of boundary restriction may be the cause of the high interface forces at 

a small pile spacing. Nevertheless, the lateral interface-force ratio of 

[𝐹 /𝐿] to 𝜎 × 𝑝  was unique regardless of the different conditions. 

 

4.3.5 Discussion on different lateral loading type 

An inertial effect always exists during real earthquake loading and the 

bending of piles can induce changes in lateral stress at the soil–pile interface. 

In the analysis of laterally loaded piles, the most common method for 

applying a load is the head displacement procedure. However, the relationship 

between the lateral and confining forces at deep depths is not easily obtained 

by using this method because piles may structurally fail at a shallow depth 

(Broms 1964). To overcome this issue, a uniform displacement was 

preferably applied along the entire pile length. In particular, this type of 

loading may be the primary concern when a pile is founded in sloping ground 

with a high risk of lateral movement. 

In the numerical modeling of the lateral soil–pile interface in the present 

study, no bending moment was developed by applying a uniform load on the 

entire pile length. Therefore, the lateral stress mostly resulted from the 

mobilized force in the lateral direction, which can represent kinematic force. 

Notably, any change in the lateral stress corresponded to a change in the 

confining stress of the surrounding soil, as previously shown in Figs. 4.6–4.8. 

If the inertial effect is included in the numerical model through the head 
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loading, then the developed bending moment will induce a change in the 

lateral stress. Consequently, the confining stress is correspondingly changed 

and the ratio of the lateral force to the confining force could remain the same 

as that in the case that did not consider the inertial effect. 

To confirm the preceding statement, an additional numerical simulation of 

the stress transfer at the soil–pile interface was conducted by applying the 

horizontal displacement at the pile head. It was found that the influence zone 

by the head loading extended to a depth of approximately 3.0 m (Fig. 4.9). It 

is believed the pipe pile would structurally fail at shallow depth if a nonlinear 

plastic model was applied to the pile. Lateral resistance was fully mobilized 

to a depth of approximately 3 D and partially to approximately 6 D. The 

failure mechanism induced by the head loading method was similar to that 

generated by the uniform horizontal loading procedure, except that the depth 

of the fully mobilized lateral soil resistance was relatively shallow (3 D). 

Figure 4.10 shows the typical force–pile displacement curves extracted 

from the numerical results of using the head displacement procedure, along 

with those of the uniform horizontal loading case. The developed lateral and 

confining forces under the head loading were higher than those under the 

uniform loading. That is, the bending moment induced by the head loading 

increased the lateral stress at the soil–pile interface. However, the ratio of the 

lateral force to the confining force at the ultimate state remained the same 

regardless of the loading method used. Therefore, the method of applying the 

uniform lateral load along the pile length is reasonably applicable to the 

numerical evaluation of the lateral soil–pile interface. 
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Fig. 4.9 Horizontal displacement contour and deformed shape of soil–pile system 
under lateral loading at the pile head. 

 

4.4 Numerical analysis of lateral soil–pile interface 

spring for piles in sloping ground 

4.4.1 Numerical modeling and simulation 

The numerical model presented in Section 4.3 was extended to analyze the 

lateral soil–pile interface spring for piles in sloping ground. Based on the 

results of the numerical analysis of lateral soil–pile interface in level ground, 

the numerical evaluation of the slope effect on the lateral interface-force ratio 

considered only a pile spacing of about three times pile diameter and an 

interface friction angle of two-third times the soil friction angle. The effect of 

relative soil densities was also investigated since it could affect the stress state 

of the sloping ground. 
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Fig. 4.10 Behavior of load–displacement curves of piles under different loading 
conditions. 

 

Figure 4.11 illustrates the conceptual and numerical models for evaluating 

the lateral interface-force ratio of piles in sloping ground. These models 

accounted for two different slopes with and without a level surface. In 

addition, parameters under consideration in the slope case are as follows: 

(1) Slope angle: 5–25° 

(2) Loading directions: upslope and downslope 

(3) Relative soil density: 40–80% 

(4) Slope case with a level surface: slope width (3–9 D) and pile positions 

(near the slope toe, at the middle, and near the slope crest) 

All of the numerical modeling techniques remained the same as those for 

piles in the level ground. 
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Fig. 4.11 Conceptual and 3D numerical models for evaluating stress transfer at the 
soil–pile interface in the sloping ground: (a) slope without a level surface and (b) 

slope with a level surface. 

 

4.4.2 Simulated results and analyses 

Deformation mechanisms of the soil–pile system in sloping ground under a 

uniform lateral loading condition are similar to those of piles in level ground, 

as shown in Fig. 4.12. However, the amount of soil heaving at the front side 

of the pile was not pronounced regardless of the loading direction, whereas 

the amount of soil settlement was large in comparison with that of the level 

ground case. This numerical observation was attributed to the unstable zone 

of soil near the slope surface. With the presence of the slope, the wedge-

failure mode extended deeper and shallower under the downslope and upslope 

lateral loading, respectively. 
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Fig. 4.12 Typical deformed shape of soil–pile system in the sloping ground under 
uniform lateral loading (magnified factor of 2.0): (a) slope without a level surface; 

(b), (c), (d) slope with a level surface and pile located at slope toe, middle, and 
slope crest, respectively. 

 

Figure 4.13 shows typical lateral interface-force ratios along with the 

embedment depth ratio considering various influence factors (Dr=60%). The 

lateral interface–force ratio of the single pile in the sloping ground was 

smaller and larger than those in the level ground, considering the lateral load 

applied to the downslope and upslope directions, respectively. For example, 

the lateral interface–force ratio of the single pile in the 15° sloping ground at 

shallow depth was nearly two times smaller and two times larger than that in 

the level ground under the conditions of downslope and upslope lateral 

loadings, respectively. The difference in the lateral interface–force ratio 

between the sloping ground and the level ground increased with the rise in 

slope angle because the soil zone near the slope surface was relatively 

unstable. Nevertheless, the slope effect was likely to disappear at an 

approximated maximum depth of 10 D considering the downslope loading 

condition and slope angle of 25°. 
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Fig. 4.13 Typical results of lateral interface-force ratio of piles in sloping ground 
(Dr=60%). 

 

It was observed that the lateral interface-force ratio of piles in sloping 

ground was not sensitive to the soil relative density, slope width, pile position, 

and slope shape (with and without a level surface) (Fig. 4.13). 

 

4.5 Evaluation of lateral soil–pile interface spring 

4.5.1 Strength parameter 

The lateral interface–force ratios obtained from the numerical analyses of the 

single piles under uniform lateral loading were fitted with a mathematical 
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formula to define the strength parameter of the lateral-coupling spring. The 

least-squares method was used to perform the fitting process. Figure 4.14 

shows the numerical results of the lateral interface–force ratio, in which the 

fitted curves represent the piles in the level ground and the 15° sloping ground. 

The same behavior was observed for other cases with different slope angles. 

In general, the formulation of the lateral interface–force ratio is given as 

 

 
[ / ]

×
= 𝜆1 + (1.8 − 𝜆1) 1 − 𝑒[ 𝜆2( / )]  (4.6) 

 𝜆 = 0.6 ± 1.7(𝐻 /𝐿 ) ± 0.5(𝐻 /𝐿 )(𝑑/𝐷) (4.7) 

 𝜆 = 0.6 (4.8) 

where 𝜆  and 𝜆  are the constants obtained by the curve fitting depicted in 

Fig. 4.14; 𝐻   and 𝐿   are the height and width of the slope, respectively. The 

positive and negative signs in the expression of 𝜆  denote the upslope and 

downslope directions, respectively. The lateral interface-force ratio is zero if 

the above equation produces a negative value with respect to the relatively 

steep slope. 

 

Under the conditions applied in this study, the lateral interface-force ratio 

ranged from approximately 0 to 1.8, corresponding to the increase in the 

embedment depth ratio (d/D) and variation in the slope aspect ratio Hs/Ls). 

The low value of the ratio near the ground surface was due to the effect of 

low confining stress, whereas large confining stress at deep depth could 

prevent the pile elements from separating from the surrounding soil. The 

slope effect might extend to a maximum depth of about 10 D depending on 

the variation in slope angles. 
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Fig. 4.14 Numerical results of lateral interface-force ratio with fitted curves: (a) 
level ground, (b) 15° slope with downslope loading, (c) 15° slope with upslope 

loading, and (d) comparison. 

 

4.5.2 Stiffness parameter 

The stiffness of the lateral-coupling spring knc can be obtained from the force–

displacement curves presented in Fig. 4.6. The lateral-coupling spring 

stiffness can be high or low at a small or yielding displacement, respectively. 

However, the knc directly determined from the numerical simulation may be 

unreliable because an elastic–perfectly plastic constitutive model was used to 

simulate the stress–strain behavior of soil. 

Basically, the values of ksc and knc should not be larger than the upper limit; 

such condition will significantly affect force/stress transfer between soil 

zones and pile elements. In the present study, the values of ksc and knc were 

determined following the suggestion of Chatterjee et al. (2019) given by the 

following formulas to capture the behavior of coupling springs within the 

elastic range. 

 

 𝑘 =
×( )×( / )×

 (4.9) 
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 𝑘 =
×( / )×

 (4.10) 

where 𝜐  is the Poisson’s ratio of soil. These expressions were basically 

derived from a theoretical solution for the contact problem. 

 

Figure 4.15 shows the comparison of the knc calculated using Eq. (4.10) 

with the estimated values from the numerical simulation. The knc at the 

yielding displacement level is smaller than the calculation following the 

elastic theory. By contrast, the knc computed following the FLAC3D manual 

was 1.7 times larger than the elastic calculation. The knc at a level of 2.5% 

yielding displacement was approximate to the calculation result of Eq. (4.10). 

Therefore, the use of Eq. (4.10) to compute knc can be acceptable. 

 

 

Fig. 4.15 Normalized stiffness of lateral-coupling spring versus embedment depth 
ratio. 

 

4.5.3 Cyclic nature 

The characteristics of the lateral-coupling spring have two important natures, 

namely, gapping and discontinuity (Naggar and Bentley 2000; Kimiaei et al. 
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2004; Yang 2017). Figure 4.16a illustrates a typical representation of the soil 

reaction to the cyclic lateral load for piles in cohesionless soil (Broms 1964; 

Naggar and Bentley 2000; Dodds and Martin 2007). When the pile is initially 

loaded into the right side of the pile axis following the path of (a)–(b), soil 

reaction is mobilized at the front side but not at the back side of the pile wall. 

The gap developed at the backside of the pile wall is filled with the 

downward-moving soil. This phenomenon can be also found in the results of 

the numerical investigation of the lateral soil–pile interface, as previously 

shown in Figs. 4.5 and 4.12. Under the condition of consecutive unloading, 

the soil reaction at the front side bounces back to the origin following the path 

of (b)–(c)–(a), while the reaction of the filled soil is mobilized at the back side 

following the path of (b')–(c')–(d'). In the same manner, when the pile is 

loaded into the left side of the pile axis, the soil reaction at the front and back 

sides of the pile wall follows the paths of (d')–(e')–(f')–(a') and (a)–(d)–(e)–

(f), respectively. 

Under the seismic condition, the soil–pile system may experience a series 

of loading and unloading cycles. Therefore, the gap developed at the soil–pile 

interface does not permanently appear for piles in the cohesionless soil 

because the lateral load is mostly resisted by the reaction of the surrounding 

soil at both sides of the pile wall, as shown in Fig. 4.16a. The reaction–relative 

displacement loop indicates that the resistance to the lateral load on the piles 

will likely be mobilized at the front side of the pile wall relative to the loading 

direction. The loop is bounded by the maximum lateral force mobilized at the 

soil–pile interface, which can be determined using Eqs. (4.6)–(4.8). 
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Fig. 4.16 Cyclic nature of lateral interface spring: (a) complete load–displacement 
loop and (b) separation and overlap. 

 
The above force–displacement loop might be reasonably applicable to piles in a 

level ground. The lateral-coupling spring is mostly compressed, as the soil 

compression is located at either the backside or the front part of the pile. However, 

if the problem is the pile in the sloping ground, then the lateral-coupling spring can 

be in tension mode due to the significant settlement and lateral permanent 

displacement of the slope surface. Therefore, soil–pile separation should be included 

as a parameter in the numerical model to consider the effect of slope failure. 

Toki et al. (1981) adopted a joint element to simulate the interaction between soil 

and geotechnical structure, emphasizing that the separation of the soil–structure 

interaction should be considered in the numerical analyses of cases involving strong 

and long-period motion; the method can be accomplished by disabling the stress 

transfer at the join element. Sushma and Kumar (2012) and Peiris (2014) simulated 

soil–pile separation by monitoring the deformation mode of the soil element adjacent 

to the pile element. When the stress of the soil element normal to the pile axis was 
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in tensile mode, the separation between the soil and the pile element was allowed by 

applying zero stiffness and ultimate force to the interface element. Another technique 

of simulating soil–pile separation is to implement a gap property into the numerical 

model (Tuladhar et al. 2008; Gerolymos et al. 2009; Hussien et al. 2010). 

Due to the settlement induced by the slope failure, the soil element adjacent to 

the pile element may be in compression mode, hence the difficulty of tracking the 

soil–pile separation. Introducing a gap at the active side of the pile wall may be 

inappropriate for capturing the soil–pile separation in cohesionless soil. In this study, 

a tension cutoff strength was applied to the lateral-coupling spring to simulate the 

soil–pile separation in the sloping ground of the cohesionless soil (Fig. 4.16b). When 

the tensile force reached the tension cutoff strength, the force transfer between the 

soil and pile would be terminated following the loading path of (g')–h')–(k'). 

Otherwise, the behavior of the lateral-coupling spring would obey the loading path 

of (g)–(h), similar to that in the compression mode. 

The deformation mode of the lateral-coupling spring in this study was defined on 

the basis of the relative displacement between the surrounding soil and the pile 

displacement. The displacement of the surrounding soil was computed by averaging 

the displacement of eight nodes of the soil element. Meanwhile, the pile 

displacement represents the displacement of the node located at the center of the 

corresponding soil element. Only if the displacements of the pile and the surrounding 

soil have the same sign, and the absolute surrounding soil displacement is larger than 

the absolute pile displacement, will the lateral-coupling spring be deformed in the 

tension mode. Otherwise, the deformation mode of the lateral-coupling spring will 

be compressive. 
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The deformation mode of the lateral-coupling spring was examined at each 

dynamic timestep. The reattachment of the soil–pile interface was also modeled, as 

the soil and the pile element also came into contact after separation. In this study, the 

tension cutoff strength of the lateral interface spring was simply set to the same value 

of the compressive strength derived from Eqs. (4.6)–(4.8). In addition, the tension 

cutoff strength was applied to the lateral spring within the height of the slope, as the 

potential failure surface was shallow due to the dry condition. On the other hand, the 

applied range of the tension cutoff strength might be deeper considering a thick soft 

soil layer and liquefaction triggering. 

The pile displacement was considered to be in the upslope direction when the 

relative displacement, whose value was calculated by subtracting the pile 

displacement from the surrounding soil displacement, was positive. Thus, the 

relative displacement in this calculation consisted of two important properties, 

namely, the amplitude and the phase of the soil and pile responses. 

 

4.6 Summary 

In this chapter, numerical analyses of the behavior of the lateral soil–pile 

interface in cohesionless soil were described. Different failure mechanisms of 

piles along the pile length under uniform lateral loading were quantitatively 

evaluated by introducing a lateral interface-force ratio, which could be used 

to define the strength parameter of the lateral interface spring. Parametric 

studies were systematically performed to investigate the effects of various 

factors on the lateral interface-force ratio. The main conclusions can be 

summarized as follows. 
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(1) Wedge-type and flow-type failure mechanisms were dominated above 

and below a depth of approximately 5 D, respectively. The effect of the 

wedge-type failure mechanism might be extended to a depth of 

approximately 10 D considering the presence of the slope and lateral 

load applied in the downslope direction. 

(2) The lateral force mobilized at the soil–pile interface was proportional to 

the confining force. The lateral force normalized by the confining force, 

which was defined as the lateral interface-force ratio, increased with 

embedment depth of the pile and reached a constant value at a depth of 

approximately 5 D. It means that the pile and surrounding soil might be 

firmly connected at the depth below 5 D. 

(3) The lateral interface-force ratio was not sensitive to the soil relative 

density, pile roughness, pile spacing, slope shapes (with and without a 

level surface), and pile positions in the slope, even though stress 

conditions at the soil–pile interface were affected by these influence 

factors. However, the effect of slope angles associated with the lateral 

loading directions on the lateral interface-force ratio was significant and 

possibly extended to a maximum depth of approximately 10 D. 

(4) An equation was proposed to evaluate the lateral interface-force ratio for 

piles in cohesionless soil with respect to two input parameters: (1) 

embedment depth ratio of the embedment depth to the pile diameter and 

(2) slope aspect ratio of the slope height to the slope width. These input 

parameters were intercorrelated in the proposed equation. 

(5) The interface spring stiffness might be reasonably applied following an 

elastic solution of the contact problem. 
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(6) For piles in cohesionless soil, the gap did not appear permanently 

according to the soil reaction mobilized at both sides of the pile upon the 

loading direction. However, the separation between the pile and 

surrounding soil should be considered for piles in sloping ground owing 

to the significant settlement and lateral displacement of the slope surface. 

This demanding task can be achieved by incorporating a tension cutoff 

strength to the lateral interface spring. 
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5. Chapter 5. Numerical Study on Seismic Behavior 

of Piles in Cohesionless Soil 

 

 

5.1 Overview 

As mentioned in Chapter 1, numerical simulation has become a key effective 

tool in the seismic analysis of geotechnical problems. The rapid development 

of computer hardware has enabled the feasibility of the numerical 

computation of large-scale models. It is acknowledged that the numerical 

modeling and simulation should be accompanied by appropriate verification 

and validation to provide a reliable “prediction”. 

In this chapter, seismic responses of soil–pile systems in dry sandy soil to 

the base excitation are assessed by 3D numerical simulation. The modeling 

procedure and selection of input parameters are explicitly presented. The 

lateral soil–pile interface is characterized using the analysis results presented 

in Chapter 4. Damping application is specified on the basis of preliminary 

numerical analyses. After that, several insight mechanisms and influence 

factors on seismic behavior of pile-supported structures are explored by 

performing a series of numerical simulations of dynamic centrifuge tests 

presented in Chapter 3, which also serve as a validation work. Finally, 

parametric studies on the verified numerical models are carried out to enhance 

the understanding of the seismic behavior of piles in the sloping ground. 
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5.2 Numerical simulation of dynamic centrifuge tests 

on piles in level ground 

5.2.1 Numerical modeling 

The dynamic centrifuge test on a 3 × 3 pile group in the level ground of dry 

silica sand was modeled using the FLAC3D platform, as shown in Fig. 5.1. 

The aluminum pipe piles were modeled using pile elements, and the ground 

and deck were modeled using solid elements. An additional layer (a base layer) 

was prepared to support the application of the compliant (elastic half-space) 

base condition. This condition can minimize the effect of nonphysical wave 

reflections at the excitation boundary (Mejia and Dawson 2006). The length 

and the width of the numerical model determined from the preliminary 

analyses were five and three times the length and the width of the deck, 

respectively. The maximum size of each soil zone in the wave propagation 

direction (z-direction) is expressed as follows (Kuhlemeyer and Lysmer 1973): 

 

 

Fig. 5.1 3D numerical modeling of Model 1–3 × 3 pile group in the level ground. 
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 ∆𝑙 ≤ = ,

×
 (5.1) 

 

where Δlmax is the maximum size of the tetrahedral soil subzone in the wave 

propagation direction; and λmin, Vs,min, and fmax are the minimum wavelength, 

minimum shear wave velocity, and frequency associated with the highest 

frequency component that contains appreciable energy, respectively. 

 

The measured input motion in the centrifuge test was filtered at a 

frequency of 12 Hz to remove the insignificant high-frequency component 

(Fig. 3.4). The Vs,min of the dry silica sand near the ground surface was 

approximately 95 m/s. Thus, the Δlmax of 0.79 m was applied for each soil 

zone in the numerical model. The mesh size in the horizontal directions was 

gradually increased from the center to the boundaries to reduce computational 

effort without significantly affecting the calculated responses of the test 

model. 

The pile element interacted with the surrounding soil through vertical- and 

lateral-coupling springs at the pile nodes as presented in Chapter 4. Two-

thirds of the friction angle of soil was applied to the shear-coupling spring 

friction angle (Ghalibafian 2006; Durante 2015). The preliminary analysis 

showed that variation in the shear-coupling spring friction angle (within the 

range of the friction angle of soil) exerted an insignificant effect on the 

responses of the numerical model under horizontal shaking. This observation 

was evident because the pile-supported structure was mounted on a rock layer. 

The vertical displacement of piles was negligible, minimizing the effect of 

sliding between the soil and the pile on the numerical model responses. The 
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strength parameter of the lateral-coupling spring along the entire length was 

determined following Eqs. (4.6)–(4.8). The stiffness of the coupling springs 

was obtained by applying Eqs. (4.9)–(4.10). 

The links that connect the deck and piles were set as the rigid type to reflect 

the model test condition. The properties of the coupling springs of the pile 

element at the toe were set to be rigid. In this manner, the horizontal 

displacement of the pile toes could be the same as the movement of the base 

layer given that the pile element is slaved on the soil element. In addition, the 

vertical displacement of the pile toes was fixed to prevent the pile from 

uplifting and settling. The boundary conditions at the pile toe were produced 

to replicate the experimental designs, in which the model pile was mounted 

on the ESB container. 

 

5.2.2 Constitutive and damping models 

An elastic–perfectly plastic Mohr–Coulomb constitutive model was adopted 

to simulate the mechanical behavior of dry silica sand. The residual friction 

angle determined from the triaxial tests was approximately 37°; thus, the 

dilation angle was assumed to be zero. In addition, a hysteretic damping 

model that followed the extended Masing rule was used to account for the 

hysteretic property of soil under cyclic loads. The energy dissipated by the 

hysteretic damping model was represented by a modulus reduction curve. 

In the present study, the modulus reduction curves were obtained from a 

series of resonant column tests on silica sand. The test data must be fitted with 

a mathematical formulation to implement them into the numerical simulation. 

The Hardin–Drnevich formulation was selected to fit the experimental curves 
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because it can reasonably capture the hysteretic behavior of silica sand within 

the elastic range (Lee et al. 2015). The basic equations for the hysteretic 

model are expressed as 

 

 𝑀 = 𝑀 + 𝛾  (5.2) 

 𝑀 =
/

 (5.3) 

where Mt is the tangent modulus, Ms is the secant modulus, γ is the shear strain 

and γref is the reference shear strain in which G/Gmax=0.5. 

 

A series of single-element numerical simulations were conducted to 

achieve the fitting procedure. The single element exhibited elastic properties 

and was subjected to cyclic shearing. The induced shear strain and shear stress 

were used to compute the modulus reduction factor and damping ratio. Figure 

5.2 presents a comparison of the simulation results with the test data. The 

selected Hardin–Drnevich formulation fitted well with the experimental 

modulus reduction and damping ratio curves. 

 

 

Fig. 5.2 Modulus reduction and damping ratio curves of silica sand. 
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In the numerical model of centrifuge tests, if the shear strain at any point 

is relatively large, the hysteretic model should be excluded because it might 

result in an unrealistic deformation according to the application of a very low 

modulus reduction factor. An elastic analysis was conducted applying elastic 

properties to evaluate the maximum shear strain of the entire numerical model 

throughout shaking. 

The maximum shear strain increased with the input motion amplitude (Fig. 

5.3). A sudden increase in the maximum shear strain at 4–9 m was observed 

in the near field because the bending moment of piles induced by the inertial 

effects caused a change in the lateral stress at the interface, i.e. the coupling 

spring forces (Fig. 5.4). Based on the maximum shear strain profile, the 

hysteretic damping was not applied in the soil region above 9 m depth with 

low mean stress because the modulus reduction factor was relatively small. 

That is, the secant shear modulus used in the numerical calculation would 

remain the same as the Gmax within the elastic range. 

By combining the original Mohr–Coulomb model and the hysteretic 

damping model, the relationship between the shear stress and shear strain is 

approximately nonlinear following a hyperbolic law. In this manner, the 

constitutive model applied in this study may become a nonlinear elastic–

perfectly plastic model. The stress-denpendency of the sandy ground may 

also be taken into account as the maximum shear modulus of the sandy ground 

determined in Chapter 3 is an exponential function of the confining stress. In 

addition, the calibrated hysteretic damping curve was applied to the numerical 

model on the basis of the confining stress level for each soil sublayer. 
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Fig. 5.3 Maximum shear strain obtained from elastic numerical analysis of Model 1 
under sinusoidal excitation. 

 

 

 

Fig. 5.4 Typical shear stress contour obtained from elastic numerical analysis of 
Model 1 under sinusoidal excitation (amax=0.28 g). 

 

The Mohr–Coulomb model simulates well the shear yield but not the 

volumetric yield. The irreversible compaction may occur in the centrifuge 

model test as well as numerical simulation according to the secondary-arisen 

vertical motion or movement of the failed parts of the slope. However, the 
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primary concern of this study is the shear yield, which mainly governs the 

behavior of the soil–pile system under base excitation. The slope failure is 

closely related to the shear strength of the ground. The soil settlement may be 

the secondary concern, especially for dry cases. Finally, the selection of the 

constitutive model seems reasonable within the scope of this study. 

In this study, Rayleigh damping was applied to the soil and deck to remove 

the high-frequency noise in the responses of the numerical model. The 

Rayleigh damping had ratios of 0.5% and 1.0% for the soil and deck, 

respectively. These ratios were estimated by performing plastic analysis with 

a hysteretic damping model only. A center frequency of 1 Hz for the Rayleigh 

damping was selected identical to the predominant frequency of the 

sinusoidal motion. 

 

5.2.3 Simulation procedure and dynamic timestep 

The entire process of the dynamic simulation consisted of three phases. First, 

an elastic analysis was performed to check the necessity of applying 

hysteretic damping. Second, a plastic analysis with hysteretic damping only 

was conducted to confirm the necessity of including additional damping 

(Rayleigh damping). The final numerical model was performed by applying 

hysteretic damping and additional Rayleigh damping. Each numerical 

simulation was conducted using the following procedures: (1) establishing 

the geostatic condition of the soil domain, (2) installing the pile and deck, and 

(3) conducting a dynamic simulation. The free-field condition was applied to 

the lateral boundaries during shaking. The compliant (quiet) boundary of the 

numerical model required an input motion of stress time history, which was 
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calculated from velocity as follows: 

 

 𝜏 = 𝜇 × (𝜌 × 𝑉 ) × 𝑣 (5.4) 

where τ is the shear stress that corresponds to the input velocity; μ is a constant 

determined by matching the input motion (μ=1); ρ and 𝑉   are the mass 

density (2.7 t/m3) and shear wave velocity (3097.2 m/s) of the aluminum 

material at the bottom boundary, respectively; and 𝑣  is the input velocity 

(m/s). 

 

The pile was installed after establishing the geostatic equilibrium. This 

procedure was different from the centrifuge modeling, in which the 

installation of the scale model pile was carried out at 1 g condition. 

Subsequently, the centrifuge model was spun up from 1 g to 48 g. The shear 

stresses mobilized around the piles might be small and slightly affects the 

lateral loading behavior of end-bearing piles. Therefore, the seismic behavior 

of the end-bearing pile could be insensitive to the difference in the g-level at 

the pile installation stage. 

Nonlinear behavior in seismic analyses can be effectively simulated in the 

time domain (Haigh et al. 2005). However, the numerical solution for the 

motion equations in the time domain is only valid if the solution process is 

stable. A dynamic timestep should be reasonably specified to ensure 

numerical solution stability and wave propagation accuracy. The critical 

dynamic timestep is calculated within the framework of the FLAC3D 

platform as follows: 
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 ∆𝑡 = × min
×

 (5.5) 

 

where ∆𝑡   is the critical dynamic timestep; 𝑉   is the volume of 

tetrahedral soil subzone; 𝑉   is the compressive wave velocity calculated 

from the equivalent stiffness of the tetrahedral soil subzone [K+(4/3)G], 

where K is the bulk modulus of the tetrahedral soil subzone; and 𝐴  is the 

maximum face area associated with the tetrahedral soil subzone. 

 

Considering the application of Rayleigh damping and the inclusion of pile 

elements, the dynamic timestep was set to 0.8×10−5 s following the FLAC3D 

manual (Itasca 2012). The numerical model had 42,169 tetrahedral subzones 

(50,528 grid points) and 279 pile elements (288 pile element nodes). The 

multistepping option in the FLAC3D program was enabled. Accordingly, the 

total analysis time was approximately 36 h for one simulation using an Intel® 

6th generation 6-Core™ i7 computer. 

 

5.2.4 Simulated results and comparisons with centrifuge 

tests 

Model 1: 3 × 3 pile group under base excitation with sinusoidal 

wave 

Figure 5.5 indicates that the calculated acceleration time history agrees 

well with the measured data. A good agreement is also found in the 
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comparison of the maximum acceleration amplitudes along with the depth, as 

shown in Fig. 5.6. The amplification factor of ground acceleration in the near-

field was larger than that in the far-field with the presence of piles. At amax = 

0.28 g, the measured amplification factors in the near- and far-fields were 

1.37 and 1.29, respectively. The amplification factors obtained from the 

numerical simulation were 1.75 and 1.48 in the near- and far-fields, 

respectively. The calculated acceleration values at the ground surface tended 

to be approximately 14.4% and 2.1% larger than the measured ones in the 

near- and free-fields, respectively. The discrepancy between the numerical 

calculation and the measurement results may be attributed to the 

overestimation of the shear modulus in the upper region of the ground that 

resulted from not applying hysteretic damping. 

 

 

 

Fig. 5.5 Comparison of ground acceleration in the free-field of Model 1 under 
sinusoidal excitation (amax=0.28 g). 
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Fig. 5.6 Comparison of maximum ground acceleration amplitudes along depth of 
Model 1 under sinusoidal excitation. 

 

The numerical model could replicate the deck response in the centrifuge 

test, as shown in Fig. 5.7. The maximum calculated and measured amplitudes 

of deck response acceleration were 0.55 g and 0.47 g, respectively. The 

difference between the calculation and measurement was approximately 18%, 

which was nearly similar to the observed outcome of the ground acceleration 

response. In addition to the major frequency content at 1 Hz, the high-

frequency component at approximately 3 Hz caused the overestimation of the 

numerical simulation (Fig. 5.7b). Either the under-damped application or the 

resonance of the pile–deck system near the natural frequency may contribute 

to the significant appearance of the 3 Hz frequency component. Similar 

behavior was observed with other input motions. 

A good comparison between the numerical simulation and experiment is 

found at the peak bending moment distribution curve, as shown in Fig. 5.8. 

The location of the maximum bending moments below the ground surface 
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was approximately from 3.5 D to 4.0 D. The numerical model successfully 

predicted the maximum bending moment below the ground surface for Pile 

M1GP2, but it was unconfirmed for Pile M1GP1 due to the insufficient 

quantity of strain gauges near the ground surface. The bending moment acting 

on the outer piles (Pile M1GP1) at the pile head was approximately 10% 

larger than that acting on the inner pile (Pile M1GP2) considering the 

shadowing effect. At amax = 0.28 g, the differences between the calculation 

and the measurement results near the maximum bending moment below the 

ground surface were approximately 24% and 12% for Piles M1GP1 and 

M1GP2, respectively. The overestimation of the numerical calculation on the 

bending moment may be related to the overestimation of deck acceleration, 

which produced a large inertial force on piles. 

The yielding of the lateral-coupling spring occurs from the ground surface 

to a depth of five times the pile diameter, as shown in Fig. 5.9. This 

observation is consistent with the suggestion of Eq. (4.6). 

Model 1: 3 × 3 pile group under base excitation with artificial wave 

The dynamic behavior of pile-supported structures might be much more 

complicated due to the variation in the predominant frequency of the seismic 

wave. Therefore, the dynamic simulation of the 3 × 3 pile group in the level 

ground was rerun under a base excitation with an artificial earthquake wave 

as an investigation of the effect of the input frequency. 

The artificial wave, which was used in the centrifuge dynamic test on the 

3 × 3 pile group in the level ground, had a maximum amplitude of 

approximately 0.25 g and a major frequency range of about 1–6 Hz (Fig. 5.10). 
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This frequency range covered the natural frequency of the soil–pile system 

and most of the loading frequency in practices. 

 

 

Fig. 5.7 Comparison of deck acceleration of Model 1 under sinusoidal excitation: 
(a) time history and (b) FFT amplitude spectrum (amax=0.28 g). 

 

 

Fig. 5.8 Comparison of peak bending moment distribution along pile length of 
Model 1 under sinusoidal excitation. 

 

 

Fig. 5.9 Evolution of yielding of the lateral-coupling springs of Model 1 under 
sinusoidal excitation (amax=0.28 g). 
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Fig. 5.10 Input artificial acceleration of Model 1: (a) time history and (b) FFT 
amplitude spectrum (amax=0.25 g). 

 

The major frequency content of the input motion was well captured by the 

numerical model (Fig. 5.11). However, the high-frequency noise component 

was significantly amplified at the ground surface. The maximum calculated 

deck acceleration and bending moment near the head of Pile M1GP2 were 

approximately 35% and 33% larger than those obtained from the centrifuge 

test, respectively. The measured bending distribution curves were well 

replicated by the numerical simulation (Fig. 5.12). Therefore, the developed 

numerical model can be conservatively applied to seismic analysis of piles in 

the level ground under excitation with irregular waves. 

 

Centrifuge model test by Yoo et al. (2013) 

To conduct another verification of the proposed model for the soil–pile 

interface, the centrifuge test on dry sand carried out by Yoo et al. (2013) was 

selected for numerical simulation. The centrifuge model included three single 

aluminum piles with diameters of 0.72 (SP1), 0.88 (SP2), and 1.0 m (SP3), 

which were installed in a level ground of dry Jumunjin sand (Fig. 5.13). All 

model piles were attached with a massive deck of 96.0 t at a height of 4.4 m 

above the ground surface. The ground had a relative density of approximately 

80% and a depth of 22.8 m. 
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Fig. 5.11 Comparison of responses of Model 1 under artificial excitation (amax=0.25 
g). 

 

 

 

Fig. 5.12 Comparison of peak bending moment distribution along pile length of 
Model 1 under artificial excitation (amax=0.25 g). 
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Fig. 5.13 Layouts of (a) centrifuge model tested by Yoo et al. (2013) and (b) 
corresponding numerical model. 

 

The centrifuge model was shaken with a sinusoidal wave of 1 Hz at a 

centrifugal acceleration of 40 g. The maximum amplitude of the input motion 

was about 0.26 g. A detailed description of centrifuge models, test sequences, 

input motion, pile, and soil properties was referred to the reports by Yoo et al. 

(2013), Choi et al. (2015), and Yoo et al. (2017). 

Although the numerical model overestimated the ground acceleration 

obtained from the centrifuge test, it captured well the overall ground and deck 

responses throughout shaking (Figs. 5.14 and 5.15). Yoo et al. (2013) found 

that the natural frequency of the soil–pile increased with the increase in the 

pile diameter and reached approximately 1 Hz for the pile with the largest 

diameter of 1.0 m (SP3). Therefore, the proposed model for the soil–pile 

interface could even work well in simulating the seismic behavior of piles in 

consideration of the resonant phenomenon. 
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Fig. 5.14 Comparison of ground acceleration of centrifuge test model provided by 
Yoo et al. (2013) (amax=0.26 g). 

 

 

Fig. 5.15 Comparison of deck acceleration of centrifuge test model provided by 
Yoo et al. (2013) (amax=0.26 g). 
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5.2.5 Discussion on stiffness of lateral soil–pile interface 

spring 

In Chapter 4, stiffness of the lateral soil–pile interface spring was applied 

following an elastic solution of the contact problem. To investigate the effect 

of variation in the lateral interface spring stiffness on the seismic behavior of 

a nonlinear soil–pile system, additional simulations were conducted by 

varying the stiffness of the lateral spring from 0.25 to 4 times the calculated 

value by Eq. (4.10). 

Variation in the stiffness of the lateral soil–pile interface spring within a 

reasonable range might not have a considerable effect on the deck and pile 

responses, as shown in Figs. 5.16 and 5.17. The same numerical observation 

was found at the ground response. However, if the stiffness of the lateral 

interface spring was sufficiently low (less than Gmax of the ground), the force 

transfer would not be reasonable due to the large displacement of the spring 

required for stress mobilization. Therefore, the determination of the stiffness 

of the interface springs following the elastic solution is applicable to seismic 

analyses of the nonlinear soil–pile systems. 

 

5.3 Numerical simulation of dynamic centrifuge tests 

on piles in sloping ground 

5.3.1 Numerical modeling and simulation 

The numerical model presented in Section 5.2 was extended to simulate the 

seismic responses of pile-supported structures in sloping ground, which were 

obtained from centrifuge model tests. Generally, all numerical modeling 
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techniques were retained the same as explained in Section 5.2. 

 

 

Fig. 5.16 Effect of stiffness of lateral soil–pile interface spring on deck 
displacement of Model 1 under sinusoidal excitation (amax=0.28 g). 

 

 

 

Fig. 5.17 Effect of stiffness of lateral soil–pile interface spring on bending moment 
distribution curve of Model 1 under sinusoidal excitation (amax=0.28 g). 
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Due to the asymmetric stress conditions with the presence of the slope, the 

lateral boundary generated by the ESB container was also modeled using a 

continuum element with its mechanical behavior obeying an elastic model 

(Fig. 5.18). A tied boundary condition was applied to the left and right sides 

of the ESB container (x-direction). A smooth interface between the ground 

and the ESB container was assumed to reflect the centrifuge test condition. 

The ESB container was designed to match the dynamic shear stiffness; 

therefore, the shear deformation of the adjacent soil for a given soil density 

and earthquake intensity could also be matched. Consequently, the pressure 

wave (P-wave) generated by the interaction between the soil and the end-

walls could be minimized through the ESB container (Zeng and Schofield 

1996; Bhattacharya et al. 2012). The shear modulus of the ESB container 

computed using Eqs. (3.1)–(3.3) is shown in Fig. 5.19. 

Moreover, the slope might suffer permanent lateral displacement, which 

results in the tensile deformation of the lateral soil–pile interface spring. Thus, 

to simulate soil flow around the pile element due to permanent lateral 

displacement of the slope, the tension cutoff strength was applied to the lateral 

interface spring as previously mentioned in Chapter 4. The yielding 

displacement of the lateral-coupling spring was decreased by 10 times with 

respect to the analytical calculation when the spring was in tension, whereas 

an increasing amount of 10 times was applied considering the compression 

mode. The modeling technique applied in this work was similar to the 

suggestion of McCullough (2003) who considered the slope effect on lateral-

coupling spring stiffness. 
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Fig. 5.18 3D numerical modeling of Model 2–3 × 3 pile group in the 33° sloping 
ground. 

 

 

 

Fig. 5.19 Contour of the maximum shear modulus of ground and ESB container of 
Model 2. 
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5.3.2 Simulated results and comparisons with centrifuge 

tests 

Model 2: 3 × 3 pile group under base excitation with sinusoidal 

wave 

The calculated acceleration along the wall of the ESB container agrees 

well with the experimental data, as shown in Fig. 5.20. The difference in the 

maximum acceleration of the ESB container obtained from the centrifuge test 

and simulation was about 25%. Nevertheless, the numerical model captured 

well the overall behavior of the ESB container as specified in the centrifuge 

dynamic test, including the amplitude, phase, and frequency content. 

Good agreement between the experiment and numerical simulation is also 

found at the ground response acceleration, as shown in Figs. 5.21 and 5.22. 

The maximum calculated ground acceleration was approximately 1.2–1.7 

times larger than that obtained by the measurement. The maximum ground 

acceleration in the downslope direction was about 1.3 times larger than that 

in the upslope direction. This observation was consistently obtained from 

both the experiment and the numerical calculation. The causes of this 

phenomenon might be attributed to two factors: (1) the input acceleration in 

the downslope direction was about 1.3 times higher than that in the upslope 

direction and (2) the slope failure by which the soil displaced faster in the 

downslope direction. 
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Fig. 5.20 Comparison of acceleration at the ESB container of Model 2 under 
sinusoidal excitation (amax=0.28 g). 

 

 

Fig. 5.21 Comparison of ground acceleration near the slope crest of Model 2 under 
sinusoidal excitation (amax=0.28 g). 
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Fig. 5.22 Comparison of maximum ground acceleration amplitudes along depth of 
Model 2 under sinusoidal excitation (amax=0.28 g). 

 

 

The numerical model captures well the seismic behavior of the deck, as 

shown in Fig. 5.23. The maximum calculated and measured amplitudes of 

deck acceleration were 0.49 and 0.38 g, respectively. The numerical model 

overpredicted the measured deck acceleration by about 30%. Interestingly, 

the maximum deck acceleration in the upslope direction was about 1.3 times 

larger than that in the downslope direction, whereas the ground acceleration 

showed the opposite behavior as abovementioned. When the pile-supported 

structure moved in the downslope direction, the inertia induced by the deck 

mass governed the displacement behavior of the structure according to low 

confining stress at the downslope side and the soil flowing around the pile. 

Considering the upslope direction, the structure displaced faster to return to 

the original position since the pile was subjected to low soil resistance due to 

the slope failure and settlement, i.e. the soil surrounding the pile wall was no 

longer in contact with the pile as the origin. 
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Figures 5.24 illustrates that the numerical model simulates well the peak 

bending moment distribution curves along the pile length. The time histories 

of the bending moment near the pile heads obtained from the numerical 

simulation are also in good agreement with the measurement, as shown in Fig. 

5.25. However, the maximum bending moment below the ground surface 

obtained from the calculation seemed to be higher than that of measurement, 

while its location was successfully simulated. The difference was unknown 

as the number of strain gauges was not sufficient to derive the maximum 

bending moment below the ground surface from the experimental curve. 

Below the ground surface, the numerical model overestimated the measured 

bending moment near the maximum one by about 71%, 26%, and 30% for 

Piles M2GP1, M2GP2, and M2GP3, respectively (amax = 0.28 g). Besides, the 

locations of the maximum bending moment below the ground surface 

calculated from the numerical simulation agreed well with the experiment, i.e. 

at about 1.5 D, 2.2 D, and 3.3 D for Piles M2GP1, M2GP2, and M2GP3, 

respectively. 

The bending moments acting on piles presented in Fig. 24 are the only 

dynamic component. There should be an initial static bending moment on 

piles induced by the presence of the slope. However, the experimental results 

showed that the values of the bending moment at the beginning and the end 

of each shaking event were nearly the same. Thus, the dynamic bending 

moment was not considerably affected by the existing static bending 

component. A similar observation on the dynamic responses of the sloping 

ground was reported by Liang and Knappett (2017) in their seismic analyses 

of a rooted slope. 
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Fig. 5.23 Comparison of deck acceleration of Model 2 under sinusoidal excitation: 
(a) time history and (b) FFT amplitude spectrum (amax=0.28 g). 

 

 

 

Fig. 5.24 Comparison of peak bending moment distribution along pile length of 
Model 2 under sinusoidal excitation (amax=0.28 g). 

 

Model 2: 3 × 3 pile group under base excitation with artificial wave 

Slope failure modes and stress transfer mechanisms at the soil–pile 

interface may be sensitive to the predominant frequency content of the input 

motion. Numerical modeling can help to approximate the “real” stiffness of 

the soil and pile. However, combining the complexity of the input seismic 

wave characteristics and the approximation of numerical calculation may 

result in highly sensitive model responses. 
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Fig. 5.25 Comparison of bending moments near the pile heads of Model 2 under 
sinusoidal excitation (amax=0.28 g). 

 

Therefore, the numerical simulation of the centrifuge test was rerun by 

applying a realistic earthquake wave to examine its capability in handling 

dynamic analysis. A shaking event with an artificial wave tested in the 

centrifuge experiment was selected for this simulation attempt. The input 

artificial wave had the same frequency as presented in Section 5.2 and, 

however, the acceleration amplitude was a little higher (0.35 g), as shown in 

Fig. 5.26. 

The results of the numerical simulation indicate that the numerical model 

is capable of replicating the overall responses of the soil–pile system, as 

shown in Fig. 27. The high-frequency noise appearing in the acceleration at 

the ground surface may be due to the high stiffness of the ground at the 

shallow depth because hysteretic damping has not been applied. The time 
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histories of deck acceleration and bending moment near the pile head have 

been effectively simulated by the numerical model, except for the two peaks 

near 10 s. Overall, the propagation and transmission of the major frequency 

contents of the container base, ground, and pile-supported structure have been 

reasonably reproduced by the numerical model. 

 

 

Fig. 5.26 Input artificial acceleration of Model 2: (a) time history and (b) FFT 
amplitude spectrum (amax=0.35 g). 

 

 

 

Fig. 5.27 Comparison of responses of Model 2 under artificial excitation (amax=0.35 
g). 
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Similar to the case of sinusoidal excitation, a good agreement of the 

computed bending moment distribution curves with experimental data was 

achieved (Fig. 28). The maximum calculated and measured bending moments 

above and below the ground surface were highly similar for Piles M2GP2 and 

M2GP3. Some of the errors may be explained by the measured bending 

moment right below the ground surface for Pile M2GP1 or the change in 

ground level induced by previous shaking events. 

Ultimately, the reasonable calculation of the numerical model with respect 

to the centrifuge test data confirms the appropriateness of the proposed 

property of the lateral-coupling spring for piles in the cohesionless soil with 

the presence of a slope. 

 

5.3.3 Discussion on tension cutoff of lateral soil–pile 

interface spring 

 

 

Fig. 5.28 Comparison of peak bending moment distribution along pile length of 
Model 2 under artificial excitation (amax=0.35 g). 
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Displacement behavior of pile foundations under seismic loading is 

sustainably affected by the soil displacement and characteristics of soil–pile 

interaction. For a pile in level ground, the soil displacement might be ahead 

of the pile displacement at a certain level due to the difference in stiffness and 

geometric nonlinearity near the pile wall. Moreover, the contact between the 

pile and soil can be lost in the case of piles in sloping ground according to the 

permanent displacement of soil at shallow depth. The tension cutoff strength 

mentioned in Chapter 4 can be used to simulate the loss of soil–pile 

connection considering the presence of the slope. In this section, to 

investigate the effectiveness of the tension cutoff strength, the dynamic 

simulation of the 3 × 3 pile group in the sloping ground was rerun without 

applying the tension cutoff strength to the lateral interface spring. 

The 3 × 3 pile group embedded in a loose–medium sandy soil suffered a 

residual displacement of approximately 0.12 m with not applying the tension 

cutoff strength to the lateral interface spring, even though it might have 

relatively high foundation stiffness (Fig. 5.29). The calculated bending 

moments near the pile heads significantly differed from the experimental data 

after the first two cycles. As the motion of the piles was primarily affected by 

soil movement, the pile-supported structure revealed a permanent bending 

moment at the same time as the occurrence of the progressive slope failure. 

The permanent bending moment increased rapidly to as high as 

approximately 12 s and then maintained at an almost constant value until the 

end of the shaking. This numerical observation can be attributed to the 

continuous force transfer from the surrounding soil to the pile wall through 

the lateral-coupling spring. Consequently, the numerical model seemed to 

overestimate the stress transfer at the soil–pile interface in the lateral direction. 
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A similar conclusion can be found in the studies of Maheshwari and Watanabe 

(2006) and Sarkar and Maheshwari (2012). 

 

 

Fig. 5.29 Comparison of structural responses obtained from numerical simulations 
of Model 2 under sinusoidal excitation with and without applying tension cutoff to 

lateral soil–pile interface spring (amax=0.28 g). 

 

Figure 5.30 displays that the permanently displaced soil overly pushed the 

pile in the downslope direction. After that, the model was consecutively 

shaken in the upslope direction, the 3 × 3 pile group could not bounce back 

to the original position due to the progressive failure of the slope. This 

numerical observation may be in correlation with the group and arching 
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effects. However, Brown et al. (2001) and Mostafa and El Naggar (2002) 

reported that the interaction of the individual piles in a group may be 

insignificant when the pile spacing is larger than 6 D. Furthermore, 

Kourkoulis et al. (2011) and Al-Defae and Knappett (2014) stated that the 

arching effect may be inapplicable to a group when the pile spacing is larger 

than a 5 D. In this study, the 3 × 3 pile group in the centrifuge model test had 

a spacing of approximately 5.5 D and 6.5 D in the transverse and longitudinal 

directions, respectively. It can be inferred that the numerical model may 

overestimate the rigidity of the entire soil–pile system. Lu et al. (2011) and 

Su et al. (2017) reported similarly calculated results in their analyses of pile-

supported wharves. 

 

5.3.4 Discussion on large-strain calculation mode 

All previous numerical simulations were conducted in the small-strain 

calculation mode, which might be accurate enough for the seismic analysis of 

piles in level ground. However, considering the occurrence of large 

deformation due to the presence of the slope, the calculation mode might have 

a certain effect on seismic responses of the soil–pile system. Thus, the 

dynamic simulation of the 3 × 3 pile group in the sloping ground was rerun 

by applying the large-strain calculation mode. 

Deck acceleration and displacement are nearly similar in the small-strain 

and large-strain calculation modes, as shown in Fig. 5.31. The difference in 

the maximum amplitudes between both calculation modes was about 15% 

and 10% at the acceleration and displacement, respectively. This difference 

could be acceptable for the numerical analysis of seismic problems. The 
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simulation applying the large-strain calculation mode was terminated at about 

16.5 s according to the bad geometry issue. This termination might be solved 

by meshing the model again to achieve a squared shape of soil element and 

yet it would induce an increase in the analysis time. 

 

 

Fig. 5.30 Deformed shape obtained from numerical simulations of Model 2 at the 
end of sinusoidal excitation with (a) applying and (b) not applying tension cutoff to 
lateral soil–pile interface spring, respectively (amax=0.28 g, magnified factor of 3). 

 

 

 

Fig. 5.31 Comparison of deck responses obtained from numerical simulations of 
Model 2 under sinusoidal excitation considering the effect of calculation modes 

(amax=0.28 g). 
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In the large-strain calculation mode, the coordinates of all numerical 

components and geometry configuration of the whole model were updated in 

every numerical calculation timestep. The accuracy of the model might 

become more reasonable in comparison with the small-strain calculation 

mode. However, in the current demonstration, deck responses were 

insignificantly affected by the calculation modes. These numerical results 

were obtained because the properties of the interface spring were not updated 

correspondingly. Therefore, more accurate results could be acquired if the 

relocation of interface springs was considered in the large-strain calculation 

mode. 

Nevertheless, the small-strain calculation applied throughout this study 

appeared to be reasonable and accurate enough. This conclusion was also 

reported by previous researchers (Kanagasabai 2010; Chaloulos 2012; Pan 

2013). 

 

5.3.5 Discussion on effect of lateral boundary 

Test layouts presented in Chapter 3 show that the boundary effects on the 

model responses might exist according to a close distance between the pile 

groups and lateral boundaries. To examine this boundary effect, additional 

simulations were performed on the validated numerical model of Model 2–3 

× 3 pile group in sloping ground. Model 2 was chosen for the numerical 

modeling because it had a larger slope angle and width compared with Model 

3. 

In this simulation attempt, the validated numerical model was rerun with 

different lateral boundaries. Figure 5.32 presents three cases of numerical 
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modeling, namely, Case M2B1–numerical model of the centrifuge test with 

the same dimensions, Case M2B2–validated numerical model with lateral 

boundaries extended a half of slope width, and Case M2B3–validated 

numerical model with lateral boundaries extended slope width. Finally, the 

lateral boundary effects on seismic responses of the soil–pile system were 

evaluated on the basis of the simulated results. 

The deck displacements obtained from numerical simulations of Cases 

M2B1, M2B2, and M2B3 are nearly the same, as shown in Fig. 5.33. The 

difference in the deck displacements among Cases M2B1, M2B2, and M2B3 

was approximately less than 8%, which could be attributed to the 

effectiveness of the “flexible” lateral boundary by means of the ESB container. 

Moreover, the overall behavior of the pile-supported structure was not 

sensitive to the change in the lateral boundary extent. 

 

 

Fig. 5.32 Numerical modeling of Model 2 with different lateral boundary extents. 
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Fig. 5.33 Comparison of deck displacement obtained from numerical simulations 
of Model 2 under sinusoidal excitation considering lateral boundary effect 

(amax=0.28 g). 

 

Failure surfaces, which were located near the slope crest, were almost 

identical for all three cases at the end of shaking (Fig. 5.34). The location of 

the failure surface was shallow, and the maximum depth from the sloping 

surface to the failure surface was about 2.2 m. The maximum residual 

displacements of the slope were approximately 2.63, 2.49, and 2.35 m for 

Cases M2B1, M2B2, and M2B3, respectively. The difference in the residual 

displacement of Cases M2B2 and M2B3 compared with Case M2B1 was 

about 5.3% and 10.6%, respectively. Nevertheless, the lateral boundary effect 

on the pile deformation was insignificant due to the large difference in 

stiffness between the pile foundation and ground. This observation was 

consistent with the deck displacement time histories illustrated in Fig. 5.33. 

Ultimately, the lateral boundary had a certain effect on the residual 

displacement, but it had an insignificant effect on the failure mode of the slope 

and overall seismic behavior of the soil–pile system. Therefore, the lateral 

boundary effects on the calculation of the displacement phase difference in 

Chapter 3 were not significant. 
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Fig. 5.34 Deformed shapes obtained from numerical simulations of Model 2 at the 
end of sinusoidal excitation considering lateral boundary effect (amax=0.28 g). 

 

5.4 Parametric studies on seismic behavior of piles in 

sloping ground 

To acquire a better understanding of the seismic behavior of pile-supported 

structures in sloping ground, a parametric study is performed on the validated 

numerical model of the dynamic centrifuge test. By changing one of the input 

parameters, a series of “numerical experiments” can be conducted to 

investigate the model responses correspondingly. 

Therefore, in this section, the parametric studies cover the effects of two 

factors such as the pile foundation configuration and slope angle on seismic 
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responses of Model 2, as shown in Table 5.1. The validated numerical model 

of Model 2 is denoted as Case M2ORIG for comparison. Other cases are set 

up by changing either the pile foundation configuration or the slope angle of 

Case M2ORIG. 

 

5.4.1 Pile foundation configuration 

As reported in Chapter 3, the pile-supported structures responded differently 

to the base excitation according to different types of pile foundations. A single 

pile and two pile groups with a single spacing were dynamically tested in the 

centrifuge experiment. The number of piles in the group and the pile spacing, 

which might sustainably affect the stiffness contrast between the soil and pile 

as seen from experimental results, are examined in this section. 

 

Table 5.1 Cases for parametric study on Model 2. 

Case Parameter to study Numerical modeling 

M2ORIG 
Original 

configuration 
Retaining the same as Model 2 

M2FC1 
Pile foundation 

configuration 

Removing the center column of Case 

M2ORIG 

M2FC2 
Pile foundation 

configuration 
Removing the center row of Case M2ORIG 

M2FC3 
Pile foundation 

configuration 

Removing the center column and row of 

Case M2ORIG 

M2FC2 Slope angle 
Reducing the slope angle of Case M2ORIG 

from 33° to 20° 

M2FC3 Slope angle 
Reducing the slope angle of Case M2ORIG 

from 33° to 10° 
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Foundation configuration of the 3 × 3 pile group in sloping ground of 

Model 2 is modified by removing some piles of the group, as shown in Fig. 

5.35. Three cases were considered, namely, Case M2FC1–validated 

numerical model with the removal of the column of center piles, Case 

M2FC2–validated numerical model with the removal of the row of center 

piles, and Case M2FC3–validated numerical model with the removal of the 

column and row of center piles. All these cases were repeatedly simulated 

under base excitation with a sinusoidal wave of about 0.28 g amplitude and 1 

Hz predominant frequency. 

The seismic responses of decks were nearly similar among Cases 

M2ORIG, M2FC1, M2FC2, and M2FC3 (Fig. 5.36). The maximum 

acceleration amplitude increased by 40%, 50%, and 70% at Cases M2FC1, 

M2FC2, and M2FC3 compared to Case M2ORIG, respectively. The 

maximum displacement amplitude revealed a higher increasing amount of 

50%, 70%, and 90% at Cases M2FC1, M2FC2, and M2FC3 compared to Case 

M2ORIG, respectively. Case M2FC2 exhibited a higher increasing amount of 

the deck acceleration and displacement compared to Case M2FC1 because of 

a smaller number of piles in the shaking direction. Furthermore, the 

increasing amount of the deck displacement in the downslope direction was 

more pronounced than that in the upslope direction. 

Because the pile curvature is mainly controlled by the inertia of deck mass, 

the same observation on the peak bending moment distribution is obtained 

from the numerical simulation, as shown in Fig. 5.37. The bending moment 

was increased at all piles, especially at the pile near the slope crest. The 

maximum bending moments below the ground surface were increased by 
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approximately 2.0, 2.7, and 4.3 times at the piles near the slope crest of Cases 

M2FC1, M2FC2, and M2FC3, respectively. In addition, the location of the 

maximum bending moment below the ground surface was slightly deeper. 

 

 

Fig. 5.35 Numerical models for parametric study on pile foundation configuration 
of Model 2. 

 

 

Fig. 5.36 Comparison of deck responses obtained from parametric study on pile 
foundation configuration of Model 2 under sinusoidal excitation (amax=0.28 g). 
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Fig. 5.37 Comparison of peak bending moment distribution curves obtained from 
parametric study on pile foundation configuration of Model 2 under sinusoidal 

excitation (amax=0.28 g). 

 

As previously shown in Fig. 5.36, the phase differences of the deck 

displacement of Cases M2FC1, M2FC2, and M2FC3 relative to that of Case 

M2ORIG were about 12°, 27°, and 72°, respectively. This numerical 

observation might be attributed to the difference in the development of the 

dynamic axial force among these cases, as shown in Fig. 5.38. During shaking, 

the transient component of the dynamic axial force of Cases M2FC1, M2FC2, 

and M2FC3 increased by 1.8, 2.3, and 2.5 times compared to Case M2ORIG, 

respectively. Interestingly, this phenomenon was similar to the experimental 
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results of the 2 × 2 pile group in sloping ground. Again, the displacement 

phase difference was considerably correlated to the foundation stiffness 

relative to the ground. It can be inferred that the presence of the center piles 

in the group could support the structure in resisting the rocking motion, 

especially center piles in shaking direction. 

Axial stress on piles might be different from the test condition (Case 

M2ORIG) when removing some piles at the center. Besides, the inertia of the 

deck generated during shaking could be changed due to the difference in the 

tributary mass on each pile of the group considering the modification of the 

pile foundation. However, these differences might not be the primary factor 

affecting the overall seismic behavior of the entire soil–pile systems in Cases 

M2ORIG, M2FC1, M2FC2, and M2FC3, which has shown a consistent 

manner. 

 

5.4.2 Slope angle 

Past researches have indicated that the failure modes of slope govern the 

overall seismic behavior of pile-supported structures (McCullough 2003; 

Takahashi and Takemura 2005; Lu et al. 2011; Su et al. 2017). The primary 

parameters affecting the slope failure are the soil strength and slope shape. In 

FLAC3D, a factor of safety of the slope is often evaluated following the 

strength reduction procedure. It is comparable to the analytical approaches 

and more practical for numerical analyses. 

In this section, a parametric study on the slope shape affecting the seismic 

behavior of the 3 × 3 pile group in sloping ground of Model 2 was conducted 

by reducing the slope angle from 33° to 20° (Case M2SA1) and 10° (Case 



144 

M2SA2). It is believed that the increase in the soil density would result in 

high stability of the slope and thereby reducing the deck displacement and 

bending moment on piles. Thus, the relative density of the ground (40%) was 

kept the same as the test condition, i.e., the loose–medium state. The same 

sinusoidal wave of about 0.28 g amplitude and 1 Hz predominant frequency 

was used to excite these cases at the model base. 

 

 

Fig. 5.38 Comparison of transient component of dynamic axial force obtained from 
parametric study on pile foundation configuration of Model 2 under sinusoidal 

excitation (amax=0.28 g). 
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With the reduction in the slope angle, the deck acceleration and deck 

displacement of Cases M2SA1 and M2SA2 became 1.2–1.6 times smaller 

than those of Case M2ORIG, respectively (Fig. 5.39). However, the 

difference between Cases M2SA1 and M2SA2 was not significant. Due to the 

increase in the embedment depth, the pile-supported structure would be more 

stable and thereby reducing the deformation of the structure. In addition, there 

was no change in the phase of the deck responses. 

Even though the effect of the slope angle was not much pronounced on the 

deck response, the peak bending moment distribution curves corresponding 

to the peak deck displacement were significantly affected (Fig. 5.40). With a 

decrease in the slope angle, the bending moment distributing on three group 

piles became equally and rapidly dissipated along with the depth. Pile M2GP3 

near the slope crest of Cases M2SA1 and M2SA2 showed an irregular shape 

of the bending moment curve due to the soil settlement associated with a 

smaller lateral displacement compared to Case M2ORIG (Fig. 5.41). 

 

 

Fig. 5.39 Comparison of deck responses obtained from parametric study on slope 
angle of Model 2 under sinusoidal excitation (amax=0.28 g). 
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Fig. 5.40 Comparison of peak bending moment distribution curves obtained from 
parametric study on slope angle of Model 2 under sinusoidal excitation (amax=0.28-

g). 

 

5.5 Summary 

In this chapter, 3D numerical modeling of pile-supported structures under 

seismic conditions was described. The numerical simulation is limited to end-

bearing piles in dry cohesionless soil. Input parameters were determined by 

performing a series of numerical calibration. Lateral soil–pile interface was 

specified following the proposed numerical procedure in Chapter 4. The built-
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up numerical model was extensively validated with the centrifuge data. 

Subsequently, parametric studies were conducted on a validated numerical 

model to explore the seismic behavior of the soil–pile–deck system under 

various conditions. The main conclusions can be summarized as follows. 

(1) The developed numerical model can simulate reasonably the seismic 

behavior of single and group piles in level and sloping ground. Moreover, 

the numerical simulation might work well with the sinusoidal and real 

earthquake motion. The results of the numerical simulation could be 

conservative in practical designs. 

(2) An appropriate modeling of the lateral soil–pile interface for piles in 

sloping ground should consider the loss of contact between the pile and 

soil when the permanent soil displacement occurred. Otherwise, the 

numerical simulation would overestimate either the stress transfer at the 

soil–pile interface or the rigidity of the whole soil–pile system. 

 

 

Fig. 5.41 Deformed shapes at the end of sinusoidal excitation obtained from 
parametric study on slope angle of Model 2 (amax=0.28 g, magnified factor of 20). 
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(3) The lateral interface spring stiffness determined following an elastic 

solution of the contact problem could reasonably simulate stress/force 

transfer between the pile and surrounding soil in the full-scale seismic 

problem. A relatively low value of the lateral spring stiffness resulted in 

the ineffectiveness of the stress/force transferring. 

(4) Seismic behavior of the soil–pile–deck system was significantly affected 

by the deformation mechanism of the slope, which might be primarily 

governed by the slope shape and soil strength. Particularly, the behavior 

of the bending moment acting on piles was considerably altered by the 

variation in the slope angle. 

(5) The displacement phase difference, which was determined on the basis 

of the transient component of the model responses in Chapter 3, was not 

sensitive to the flexible lateral boundary, e.g., the use of the ESB 

container in the centrifuge tests. Moreover, the slope failure mode tended 

to be consistent regardless of different lateral boundary extents. However, 

permanent soil displacement was reduced when the lateral boundary was 

extended. 

(6) Structures supported by a small number of group piles, especially the 

piles towards the shaking direction, experienced large rocking motion, 

which induced large inertia and bending moment. Furthermore, the 

phase lag of the structure response was increased with a reduction in the 

number of piles. These observations might be in correlation with the 

stiffness of the foundation relative to the ground. 
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6. Chapter 6. Slope Effect on Dynamic p–y Backbone 

Curves for Piles in Cohesionless Soil 

 

 

6.1 Overview 

As mentioned in Chapter 1, the BDWF approach has been widely applied in 

the design practice of piles under lateral loading. The resistance of the 

foundation soil to the lateral load is represented by means of p–yp curves, 

which are empirically established by fitting the relation between p and yp 

derived from full-scale or centrifuge test data. Regarding the dynamic loading 

condition, the pile displacement (yp) relative to the soil displacement (ys) is 

taken into account, i.e., y = yp–ys, forming a dynamic p–y curve or dynamic 

p–y backbone curve. In addition, the group and slope effects on the pile 

response to the lateral load are often incorporated into the p–y curves. 

In this chapter, the establishment of dynamic p–y backbone curves for piles 

in sloping ground is presented. Bending moments calculated from strain 

measurement are used to derive the soil resistance and pile displacement. 

Numerical modeling techniques presented in Chapter 5 are employed to 

compute the free-field soil displacement considering the occurrence of 

residual displacement. Then, dynamic p–y loops are drawn and dynamic p–y 

backbone curves are correspondingly formed through the peak points of the 

loops. Finally, the slope effect on the dynamic p–y backbone curve is 

evaluated with the reference to existing curves for piles in level ground. 
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6.2 Construction of dynamic p–y backbone curve 

Experimental data obtained from Models 2 and 3 under base excitation with 

sinusoidal waves were used to derive dynamic p–y backbone curves.  

The pile displacement (𝑦 ) can be obtained through the double integration 

of the bending moment as previously described in Section 3.3.2. In the same 

manner, the soil resistance (p) can be calculated by double-differentiating the 

bending moment, as shown as follows. 

 

 𝑝 =  (6.1) 

 

The fitting process applied to the bending moment distribution curves as 

well as the assumption of boundary conditions were retained the same as 

previously presented in Section 3.3.2. The dynamic stress generated by the 

inertia of piles was negligible and disregarded in the soil resistance 

calculation given by Eq. (6.1) (Ting 1987; Hajialilue-Bonab et al. 2007; 

Rovithis et al. 2009; Yoo et al. 2013). 

The relative displacement (y) between the pile and soil was computed by 

subtracting the free-field soil displacement (ys) from the pile displacement 

(yp), that is, y = yp–ys. The ys can be obtained by double-integrating the 

measured accelerations at the specified depths and applying a linear 

interpolation for other depths. This procedure seems suitable for piles in level 

ground. 

By contrast, considering a pile embedded in sloping ground, the yp might 

contain a certain amount of residual placement induced by the slope failure, 
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whereas the ys derived from the acceleration recording did not include the 

residual placement. Thus, a numerical procedure was employed in this study 

to compute ys in the provision of a comparable calculation of the relative pile–

soil displacement. The numerical calculation and verification of the free-field 

soil displacement under sinusoidal excitation are presented in the following 

section. 

A low-pass filtering technique considering the existence of residual 

displacement was first performed on the calculated p, ys, and yp to remove the 

high-frequency noise introduced in the measurement and mathematical 

calculations (Nguyen et al. 2018). Afterward, the dynamic p–y loop was 

established by plotting the soil resistance and relative pile–soil displacement 

in the same graph. Finally, the dynamic p–y backbone curve was derived 

through all the peak points of the dynamic p–y loops. 

 

6.3 Numerical calculation of free-field soil 

displacement 

6.3.1 Numerical modeling and simulation 

The numerical model presented in Sections 5.2 and 5.3 was used to compute 

the free-field soil displacement by removing the structural elements (pile and 

deck). Generally, all numerical modeling techniques were retained the same 

as previously explained in Sections 5.2 and 5.3. Particularly, due to the 

availability of the measured data for verification, the focus of this section is 

given to Model 3. Similar numerical techniques were applied to Model 2. 

The numerical model to determine free-field soil displacement of Model 3 



152 

comprises the ground layer, base layer, and lateral boundary generated by the 

ESB container wall by applying the continuum elements, as shown in Fig. 

6.1a. The lateral boundary extent in the shaking direction (x-direction) was 

set the same as the centrifuge test model, whereas the width of the numerical 

model perpendicular to the shaking direction (y-direction) was shortened to 

reduce analysis time. The preliminary analysis confirmed that there was an 

insignificant effect on the results because the model was mainly shaken in one 

direction. 

Three arrays of history recordings were made to monitor the lateral 

displacement of the ground at specific depths (Fig. 6.1b). The lateral 

displacement of the ground at the intermediate depth was obtained by 

applying a linear interpolation. The settlement at several points along the 

ground surface was also observed for verification. 

 

 

 

Fig. 6.1 Numerical modeling to determine the free-field soil displacement of Model 
3. 
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A dynamic timestep was set to be smaller than the critical value and a 

multiple of the measured time interval in centrifuge model tests. This setup 

aimed to ensure the reasonable accuracy of the numerical calculation and the 

compatibility of the time histories derived from the measurement and 

numerical simulation (Haigh et al. 2005; Itasca 2012). With the inclusion of 

Rayleigh damping, the dynamic timesteps of approximately 9.368 × 10−6 and 

8.300 × 10−6 were applied to the numerical simulations of Models 2 and 3, 

respectively. 

 

6.3.2 Verification of numerical model 

A comparison of the acceleration time histories between the experimental data 

and numerical simulation shows good agreement, as shown in Fig. 6.2. The 

difference in the maximum amplitude was approximately 33% near the 

ground surface due to the effect of the high-frequency noise. The ground 

accelerations behind the slope crest of Model 3 might not be considerably 

affected by the presence of pile-supported structures. Furthermore, the group 

and arching effects might not be pronounced because the spacing among the 

individual piles was approximately larger than 6 D (Brown et al. 2001; 

Mostafa and El Naggar 2002; Kourkoulis et al. 2011; Al-Defae and Knappett 

2014). Consequently, the numerical model replicated the amplitude and phase 

responses of the ground observed in the centrifuge test. 

The lateral displacements extracted from the numerical simulation agree 

well with those computed by double integration of the measured ground 

acceleration, as shown in Fig. 6.3. The numerical model reasonably simulated 

the experimental observation within approximately 10 s at shallow depth. 
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With the occurrence of residual displacement following slope failure, the 

numerical calculation results diverged from the measurement because the 

lateral displacement calculated from the measured acceleration did not 

include the residual component. However, the results of the numerical 

simulation and experiment became nearly similar at the deep depth because 

of the attenuation of the slope effect. 

 

 

Fig. 6.2 Comparison of ground acceleration behind the slope crest of Model 3 
under sinusoidal excitation (amax=0.30 g). 
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Fig. 6.3 Comparison of lateral displacement of Model 3 under sinusoidal excitation 
(amax=0.30 g). 

 

Other good agreement is found at a comparison between the calculated and 

measured settlements, as shown in Fig. 6.4. The numerical model could 

capture minimal heaving near the slope toe and settlement along the slope 

surface. However, the settlement near the slope crest was fairly simulated. 

This difference between the measurement and numerical calculation might be 

attributed to several factors, such as the approximation of the ground stiffness 

in the numerical model, the effect of the preceding shaking event on the 

succeeding one, and the change in the position of the recording device in the 

centrifuge test. 
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Fig. 6.4 Comparison of settlement along the ground surface of Model 3 under 
sinusoidal excitation (amax=0.30 g). 

 

The same comparison was found in the numerical simulation results of 

Models 2 and 3 with different amplitudes of input accelerations. Therefore, 

the free-field soil displacement determined from the proposed numerical 

simulation is reliable. 

 

6.3.3 Free-field soil displacement 

Figure 6.5 presents typical results of the free-field soil displacement 

computed from the numerical simulation of Model 3 with a maximum input 

amplitude of approximately 0.30 g. The presentation of the free-field soil 

displacement was limited to a depth of approximately 3.5 D below the ground 

surface due to the attenuation of the slope effect below this depth. The residual 

component of the free-field soil displacement started at approximately 10 s 
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and continued up to the end of shaking within approximately 3–5 D depth. 

The residual component gradually increased from the slope toe (0.07 m at the 

location of Pile M3GP1) to the slope crest (0.14 m at the location of Pile 

M3GP2) due to the restriction of the left boundary. 

 

 

Fig. 6.5 Calculated free-field soil displacements at each pile location of Model 3 
under sinusoidal excitation (amax=0.30 g). 
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As shown in Fig. 6.5, the ground movement keeps cycling under the base 

excitation without flow deformation (flat pattern of displacement time 

histories). This seismic behavior was attributed to the dry condition in the 

experiments, wherein the slope failure and cyclic loads did not induce a 

considerable reduction in the ground stiffness. 

Similar observation on the free-field soil displacement was found in the 

results of numerical simulation of Models 2 and 3 with different amplitudes 

of input accelerations. However, the residual displacement of Model 2 was 

considerably higher than that of Model 3 because the slope shape of Model 2 

was delicate to be damaged. 

 

6.4 Behavior of dynamic p–y loop 

Soil displacement, pile displacement, and soil resistance in the preceding 

sections are used to analyze the relationship between the relative pile–soil 

displacement and soil resistance via plotting, as shown in Fig. 6.6. Negative 

and positive relative pile–soil displacements denote the pile displacement 

relative to the soil displacement in the downslope and upslope directions, 

respectively. Because the slope configuration of Model 2 tended to be more 

unstable than that of Model 3, the dynamic p–y loop of Models 2 and 3 shifted 

to the right side and the left side at a maximum amplitude of 0.15 g, 

respectively. Furthermore, the 3 × 3 group piles did not show a closed-loop 

due to large residual soil displacement at early shaking, whereas the dynamic 

p–y loop of the single and 2 × 2 group piles had a favorable shape. The ground 

of Model 2 might more rapidly displace relative to the pile in comparison with 

Model 3 in the downslope direction, as shown in Fig. 6.7. 
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Fig. 6.6 Typical dynamic p–y sloops at various embedment depths of Models 2 and 
3 (amax=0.15 g). 

 

As previously shown in Fig. 6.6, the rise of the dynamic p–y loop at the 

downslope side had a smaller increasing rate compared with that at the 

upslope side because the loss of the soil–pile contact was noticeably 

introduced at the downslope side by the slope failure. Moreover, the 

increasing rate became high for piles near the slope crest due to the difference 

in the residual soil displacement along the sloping surface, as previously 

shown in Fig. 6.5. Interestingly, the difference in the behavior of the dynamic 

p–y loop at both sides of the slope was consistent with the observation on the 

deck responses as presented in Chapters 3 and 5. 

Each dynamic p–y loop of Model 3 had two peaks at the upslope and 

downslope sides, whereas those of Model 2 revealed an irregular distribution 
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(Fig. 6.7). The upslope peak was considerably larger than the downslope peak 

due to the difference in the earth stresses with the presence of the slope. Piles 

located near the slope crest had long embedment depth; therefore, their 

upslope peaks were larger than those of piles near the slope toe. For example, 

the upslope peaks of M3GP2 at a maximum input amplitude of 0.15 g were 

approximately 2.0 and 2.6 times larger than those of M3GP1 and M3SP, 

respectively. In addition, the resistance increased with the embedment depth 

owing to the contribution of the confining stress. 

Figure 6.8 presents typical full dynamic p–y loops at a depth of 0.8 D with 

a maximum input amplitude of 0.15 g. The input accelerations of Models 2 

and 3 were constant- and ramped-amplitude waves, respectively. Thus, the 

peak points of the full dynamic p–y loops of Model 2 remained nearly the 

same during shaking, whereas those of Model 3 continued to increase. The 

downslope peak point of piles in Model 2 reduced from the slope toe to the 

slope crest according to the considerable effect of the slope failure, as 

previously shown in Fig. 6.5. The mobilized soil resistance of the single pile 

was substantially smaller than that of the group piles because the kinematic 

and inertial forces acting on the single pile were in the opposite phase. 

The irregular shape of the dynamic p–y loops of Model 3 extended to a 

depth of approximately 3–5 D corresponding to the attenuation of the slope 

effect. This observation is similar to the concept of the virtual ground surface 

suggested in the practice codes (PIANC 2001; OCDI 2009). However, the 

results of this study recommend that the seismic design of piles in sloping 

ground should consider the effect of the slope configuration and input 

acceleration on the location of the virtual ground surface. 
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Fig. 6.7 Comparison between free-field soil and pile displacements of Models 2 
and 3 at 0.8 D depth (amax=0.15 g). 

 

Unfortunately, the range of the irregular dynamic p–y loops of Model 2, in 

which the ground moved far away from the pile, corresponded to high 
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instrumentation of strain gauges. Therefore, the full dynamic p–y loops of 

Model 3 throughout shaking were used to evaluate the slope effect on the 

dynamic p–y backbone curve. 

 

6.5 Slope effect on dynamic p–y backbone curve 

The first step of the process of evaluating the slope effect on dynamic p–y 

backbone curves was to determine the peak points of each dynamic p–y loop. 

Afterward, the dynamic p–y backbone curve for each side of the slope was 

obtained by fitting all peak points with a mathematical formula. Notably, the 

effect of the residual soil displacement was removed in accordance with the 

loss of the soil–pile contact. 

 

 

Fig. 6.8 Full dynamic p–y loops at 0.8 D depth of Models 2 and 3 (amax=0.15 g). 
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6.5.1 Single pile 

Figure 6.9 shows peak points of dynamic p–y loops of a single pile at various 

embedment depths in comparison with existing curves recommended for a 

similar pile in the level and sloping grounds. The dynamic p–y curve was 

recommended by Brown et al. (2001) and Yoo et al. (2013), whereas the static 

cyclic p–y curve was suggested by API (2000), Reese and Van Impe (2001), 

and Baek et al. (2018). The results of this study seem to be in the initial part 

of the dynamic p–y backbone curves, that is, mainly in the elastic range. 

However, this initial portion is considered important for the practical design 

of piles under seismic loading. 

As previously presented in Chapter 2, although Reese and Van Impe (2001) 

theoretically considered the slope effect on the ultimate soil resistance 

according to the loading direction, their static cyclic p–y curve showed the 

large ultimate resistance and the high stiffness at the upslope and downslope 

sides, respectively. However, the reduction amount in the ultimate soil 

resistance at the downslope side is comparable to the experimental data of the 

present study. 

The static cyclic p–y curve recommended by API (2000) for a single pile 

in level ground exhibited remarkably low ultimate soil resistance and highly 

large initial stiffness at the upslope side (Fig. 6.9). A similar report can be 

found in the studies of Yoo et al. (2013) and Wilson (1998). The dynamic p–

y curve of Brown et al. (2001) was proposed on the basis of the static cyclic 

p–y curve, which yielded the same comparison as the API recommendation. 

Baek et al. (2018) determined the static cyclic p–y curves from a series of 1 g 

model tests on single piles in level ground. Thus, their curves within the 
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shallow depth showed a similar trend to the experimental data at the upslope 

side. Nevertheless, the cyclic p–y curves derived for piles under the static 

loading condition could not properly capture the kinematic interaction 

between the soil and pile. 

As shown in Fig. 6.9, the results of this study for the upslope side follow 

the formulation suggested by Yoo et al. (2013), especially below a depth of 

1.0 D. The mobilized soil resistance above the 1.0 D depth was lower than 

that of Yoo et al. (2013) due to the unstable soil near the ground surface during 

shaking. The mobilized soil resistance for the downslope side obtained in this 

study was considerably smaller than that of the existing curves owing to the 

low confining stress. 

The behavior of peak points obtained in the present study is consistent at 

all embedment depths. Thus, the application of dynamic p–y backbone curves 

of Yoo et al. (2013) for the upslope side considering relative similarities 

between the two studies was conservatively suggested. By contrast, the 

dynamic p–y backbone curve for the downslope side was formed by 

introducing a factor to match the calculated data with the formulation of Yoo 

et al. (2013). 

A dynamic p–y backbone curve has two parameters, namely the initial 

modulus of the subgrade reaction (kini) and the ultimate subgrade reaction (pu). 

The slope effect on the dynamic p–y backbone curve can be incorporated into 

the relationship between kini and pu by introducing be an empirical constant, 

as shown below (Kondner 1963; Yoo et al. 2013). 

 

 𝑝 =
×

 (6.2) 
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where 𝜁 is an empirical constant considering the slope effect. 

 

 

Fig. 6.9 Peak points of dynamic p–y loops of single pile in sloping ground versus 
existing static and dynamic p–y curves. 
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Yoo et al. (2013) determined the values of kini and pu by matching the pure 

hyperbolic function with the experimental data of their seismic analyses of a 

single pile in a level sandy ground. The value of pu was derived considering 

the effects of the embedment depth and pile diameter, as described as follows. 

 

 𝑝 = 12.5 × 𝐷 × 𝐾 × 𝛾 × 𝑧 .  (6.3) 

where D is the pile diameter in cm; 𝐾   is the Rankine’s passive earth 

pressure coefficient; 𝛾  is the effective unit weight of soil (N/cm3); and z is 

the considered depth in cm. 

 

Values of the kini were determined through a subgrade reaction modulus 

(km) at the displacement of 1% pile diameter and considering the effect of 

confining stress as follows. 

 

 𝑘 =  (6.4) 

 𝑘 = 4.26 × 𝐷 × 𝜎 ×
.

 (6.5) 

where 𝜎   is the reference stress in N/cm2 (10.13 N/cm2), and 𝜎   is the 

effective confining stress (N/cm2). 

 

The value of 𝜁 is correlated with the embedment depth ratio (d/D, where 

d is the embedment depth), which is obtained by matching the dynamic p–y 

curve of Yoo et al. (2013) with the peak points of the present study, as shown 

below. 

 



167 

For the downslope loading with d/D ≤ 9 

 𝜁 = 0.09 × (𝑑/𝐷) + 0.15 (6.6) 

For either the downslope loading with d/D > 9 or the upslope loading  

 𝜁 = 1.0 (6.7) 

 

Figure 6.10 illustrates that the suggested dynamic p–y backbone curves of 

the single pile following Eqs. (6.2)–(6.7) fit well the peak points of the 

dynamic p–y loops. 

 

6.5.2 Group pile 

The peak points of dynamic p–y loops of group piles of Model 3 mostly 

follow the suggested dynamic p–y curves for a single pile in the same sloping 

ground, as shown in Fig. 6.11. The peak points for the downslope side 

changed from the third to the second quadrant because the soil moved faster 

than the pile. However, the irregular distribution of the peak point at the 

downslope side disappeared at deep depths. This behavior was similar to the 

finding reported by Nguyen et al. (2018) in their analysis of p–yp loops for 

group piles in sloping ground. The mobilized soil resistance of group piles at 

the upslope side was slightly larger than that of the single pile at a low level 

of the relative pile–soil displacement because the pile group was subjected to 

additional load induced by the kinematic force as previously presented in 

Chapter 3. In addition, the soil resistance mobilized at the group pile near the 

slope crest was inappreciably larger than that at the group pile near the slope 

toe owing to the difference in the embedded length. 
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Fig. 6.10 Suggested dynamic p–y backbone curves versus peak points of dynamic 
p–y loops of single pile in sloping ground at various embedment depths. 

 

 

Fig. 6.11 Peak points of dynamic p–y loops of group pile versus the suggested 
dynamic p–y curve of single pile in sloping ground at various embedment depths. 
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A 6 D spacing of the 2 × 2 pile group of Model 3 was applied in the 

dynamic centrifuge tests of the present study. The group effect considering 

the seismic loading condition might not be remarkable due to the effect of the 

kinematic soil–pile interaction, especially the occurrence of large soil 

displacement with the presence of the slope. This observation was nearly 

close to the findings provided by Brown et al. (2001) in the multiplier analysis 

for dynamic p–y curves of a two-pile group in sandy soil with a similar pile 

spacing of 6 D. The analytical results of their study indicated that the dynamic 

multiplier was insensitive to the input frequency and could be ignored for a 

pile spacing over 6 D. A similar finding was reported by Mostafa and El 

Naggar (2002) in the analysis of the dynamic p-multiplier for the group pile 

in sand and clay. Similarly, Rollins et al. (2003) conducted the full-scale test 

on a 3 × 3 pile group under lateral static and dynamic loads at the Salt Lake 

International Airport. Their results reaffirmed that the group effect could be 

negligible for a pile spacing larger than 6 D, especially for leading piles. The 

trailing and leading piles considering a 2 × 2 pile group with spacing larger 

than 6 D were alternated during shaking, thereby resulting in a relatively low 

group effect. 

 

6.5.3 Verification of suggested dynamic p–y curve 

In design practice, the seismic response of pile-supported structures is 

conventionally evaluated by applying a pseudo-static analysis in which the 

seismic load induced by inertia is converted to a pseudo-static load by 

introducing a seismic coefficient in combination with the superstructure mass. 

One of the key considerations in the pseudo-static analysis is the 
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approximation of the soil–pile interaction. Currently, the theory of a beam on 

the Winkler elastic foundation has been widely applied to simulate the stress 

transfer between the soil and pile. By approximating the pile as a beam, the 

responses of the pile to the pseudo-static load are computed by solving the 

differential equation of a beam–column on an elastic foundation. 

Therefore, a pseudo-static analysis of piles in sloping ground was 

conducted through an LPILE program, which is commonly applied to analyze 

the behavior of single piles under lateral loading, to verify the applicability of 

suggested dynamic p–y curves (Ensoft 2004). The resistance of the single pile 

to the applied lateral load at the pile head is characterized by a series of 

discrete springs along the pile length, which are represented by the p–y curves 

to account for the nonlinearity of soil. Within the conditions of this study, the 

LPILE analysis was also applied to the group piles because the group effect 

was insignificant. 

Eqs. (6.2)–(6.7) were used to evaluate the p–y curve for single and group 

piles of Models 2 and 3 because the slope angles of the ground in both models 

were nearly similar. The inputs of these equations are the pile diameter, the 

effective unit weight of the soil, and the friction angle of the soil, as shown in 

Table 6.1. The p–y curve was computed for each soil sublayer of 0.5 m 

thickness. A linear interpolation was applied to determine the p–y curve at the 

middle of such soil sublayers. The slope effect was included in the suggested 

equations; thus, the pseudo-static analysis would be conducted separately for 

each loading condition, that is, the downslope and upslope loading. 
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Table 6.1 Input parameters of suggested dynamic p–y curves for verification 

Model 
Diameter 

(m) 

Effective unit 
weight of soil 

(kN/m3) 

Friction angle of 
soil 
(°) 

Passive earth 
pressure 

coefficient 

2 0.912 13.64 37.0 4.023 

3 0.850 13.94 39.0 4.395 

 

The pile-supported structure in this study was excited with a one-

dimensional sinusoidal wave at the base; thus, the seismic load induced by 

inertia was mainly in the lateral direction. The lateral pseudo-static load can 

be calculated by multiplying the deck mass by the measured acceleration. 

However, this calculation might be inappropriate due to the uncertainty in the 

determination of the tributary deck mass on each pile. Consequently, the 

lateral load at the head of each pile was applied via the lateral deck 

displacement relative to the base movement, which was measured in the 

centrifuge test. Fully-free and fully-fixed head conditions were applied to the 

single and group piles, respectively. 

Furthermore, the displacement of the spring relative to the base movement 

induced by the earthquake might have a certain effect on the p–y curve. The 

mobilized soil reaction varies with the relative displacement between the soil 

and pile considering the amplitude and phase. Therefore, the profile of the 

soil displacement relative to the base movement, which can be computed from 

the numerical calculation results of the free-field soil displacement (Section 

6.3), was incorporated in the LPILE analysis. The soil displacement profile 

was determined considering the loading direction. 

For comparison, another pseudo-static analysis using the p–y curves 

provided by Reese and Van Impe (2001) was performed because it could 
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analytically consider the slope effect. The inputs of the p–y curve of Reese 

and Van Impe (2001) are the pile diameter, the effective unit weight of the 

soil, the friction angle of the soil, and the slope angle of the ground. The initial 

modulus of the subgrade reaction was approximately 68,000 kN/m3, which 

was determined on the basis of the soil friction angle. The ultimate soil 

reaction at shallow and deep depths was calculated by applying the wedge 

and flow failure modes, respectively. 

Pseudo-static analyses applying the suggested dynamic p–y backbone 

curve reasonably estimate the bending moment distribution along the pile 

length, as shown in Fig. 6.12. The pile length in these analyses was 

determined from the center of the deck to the pile toe. Excellent agreement of 

the calculated bending moment with the experimental data was achieved for 

a single pile due to the appropriate assumption of a fully-free head condition. 

However, the difference between the calculation and measurement became as 

large as 30% for the group piles, which might be due to the relatively 

appropriate assumption of a fully-fixed head condition. Mokwa and Duncan 

(2003) stated that assuming complete fixity induced unreasonable calculation 

of the pile deflection, the amplitude of bending moment, and the location of 

the maximum bending moment below the ground surface. Moreover, the 

rotation stiffness of the group pile might change from the slope toe to the 

slope crest and be sustainably affected by the rocking motion. 

As shown in Fig. 6.12, pseudo-static analyses applying the 

recommendation of Reese and Van Impe (2001) yield an overestimate of the 

bending moment, especially under the upslope loading condition. The 

maximum difference between the calculated and experimental data was 
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approximately 110% at Pile M3GP3. Moreover, the pseudo-static analysis 

failed to replicate the location of the maximum bending moment below the 

ground surface because the soil resistance of the p–y curve following the 

suggestion of Reese and Van Impe (2001) was relatively large, especially in 

the upslope direction. 

 

 

Fig. 6.12 Bending moment distribution curves of piles in sloping ground obtained 
from pseudo-static analyses versus experimental data of Models 2 and 3 under 

sinusoidal excitation (amax=0.15 g). 
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6.6 Summary 

In this chapter, the slope effects on single and group piles were described in 

terms of the dynamic p–y backbone curve, which is a worldwide simplified 

tool in the design practice of the pile foundation under static and dynamic 

lateral loading. Pile displacement, soil displacement, and soil resistance were 

determined from experiments and numerical simulations to establish the 

dynamic p–y loops and subsequently dynamic p–y backbone curves. The 

main conclusions can be summarized as follows. 

(1) The dynamic p–y loops of a single pile in sloping ground showed a 

favorable shape due to the difference in the phase responses, whereas 

those of group piles revealed an irregular shape at shallow depths. 

However, the irregular shape disappeared at a depth of 3–5 D below the 

ground surface according to the attenuation of the slope effect associated 

with the suppression of the large confining stress. 

(2) The soil resistance at the upslope side was considerably larger than that 

at the downslope side due to the difference in earth stresses. The soil 

resistance mobilized at the single pile was smaller than that mobilized at 

the group pile because the kinematic force contributed to the resistance 

of the single pile under seismic loading. In addition, the group pile near 

the slope crest showed a slightly larger soil resistance compared with the 

group pile near the slope toe according to long embedment depth. It is 

noticed that the arching phenomenon might induce a certain effect on the 

resistance of the group pile. However, in this study, the arching effect 

could be ignored since the pile spacing was larger than five times the 

pile diameter (Kourkoulis et al. 2011; Al-Defae and Knappett 2014). 
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(4) Based on the relative similarities of the test conditions, the reasonable 

application of dynamic p–y backbone curves reported by Yoo et al. (2013) 

to the single pile in sloping ground when the pile moves relative to the 

ground in the upslope direction is conservatively suggested. By contrast, 

a reduction factor from 85% to 4% should be accounted for the single 

pile loaded laterally in the downslope direction from the ground surface 

to a depth of 9.0 D, respectively 

(5) Pseudo-static analyses applying the suggested dynamic p–y backbone 

curves yielded a good estimate of bending moments for a single pile, but 

a conservative calculation for a group pile. Appropriate determination of 

the rotational stiffness at the pile head may improve the accuracy of the 

pseudo-static analysis of the group pile under lateral loading. 
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7. Chapter 7. Conclusions and Recommendations 

 

 

7.1 Conclusions 

Seismic responses of soil–pile–deck systems in cohesionless soil were 

extensively acquired through a centrifuge test program and a series of 

numerical simulations, especially the primary attention was paid to the effect 

of the slope. Simplified and advanced tools were employed to examine the 

behavior of piles under seismic excitation with different types of input 

motions. Kinematic and inertial interaction of pile foundation were analyzed 

in terms of phase relation. The effects of seismic-induced lateral displacement 

of the slope on the structural responses were experimentally and numerically 

investigated by monitoring the deck, pile, and soil reaction to the input 

seismic waves. Major conclusions of the research work presented in this 

dissertation can be summarized as follows. 

(1) Structures supported by the single piles under base excitation displaced 

in the opposite direction with soil movement, whereas those supported 

by the group piles revealed either an in-phase or out-of-phase manner. 

Structures supported by a small number of group piles, especially the 

piles towards the shaking direction, experienced large rocking motion, 

which induced large inertia, bending moment, and phase lag. Therefore, 

it is suggested that the kinematic force acted as resistance to the single 

pile and additional load to the group pile throughout shaking. The 

difference in the kinematic–inertial interaction between the single pile 
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and pile group might be due to the relative stiffness between the pile and 

ground, which depends on the soil density, the configuration of the pile 

foundation, and the magnitude of the input motion. 

(2) Seismic behavior of the soil–pile–deck system was significantly affected 

by the deformation mechanism of the slope, which was primarily 

governed by the slope shape and soil strength. Particularly, the presence 

of slope had a considerable effect on the group pile compared to the 

single pile, e.g., an asymmetry of the bending moment distribution curve 

with the reference of the pile axis. The single pile and 2 × 2 pile group 

experienced a certain level of residual displacement, whereas the 3 × 3 

pile group bounced back to the original position owing to a relatively 

high foundation stiffness. In addition, the behavior of the bending 

moment acting on piles was sustainably altered by the variation in the 

slope angle. 

(3) A numerical procedure was proposed to evaluate the stress transfer at the 

lateral soil–pile interface in cohesionless soil. The calculated results 

were quantitatively analyzed through a normalized factor and discussed 

with analytical solutions. Finally, the properties of the interface spring 

connecting the soil and pile in the lateral direction are determined on the 

basis of the numerical calculation and analysis as follows. 

(a)–An introduced lateral interface-force ratio could be reasonably used 

to define the strength parameter of the lateral spring. The lateral 

interface-force ratio was not sensitive to the soil relative density, pile 

roughness, pile spacing, slope shapes (with and without a level 

surface), and pile positions in the slope. However, the effect of slope 
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angles associated with the lateral loading directions on the lateral 

interface-force ratio was considerable. An equation was proposed to 

evaluate the lateral interface-force ratio for piles in cohesionless soil 

with respect to two input parameters: (1) embedment depth ratio of 

the embedment depth to the pile diameter and (2) slope aspect ratio of 

the slope height to the slope width. These input parameters were 

intercorrelated in the proposed equation. 

(b)–The lateral spring stiffness might be acceptably applied following an 

elastic solution of the contact problem. 

(c)–As the inherent characteristics of cohesionless soil, the gap did not 

appear permanently because the soil reaction is mobilized at both sides 

of the pile according to the loading direction. However, the separation 

between the pile and surrounding soil should be considered for piles 

in sloping ground owing to large lateral displacement and settlement 

of the slope. This demanding task could be achieved by incorporating 

a tension cutoff strength to the lateral interface spring. Otherwise, the 

numerical simulation would overestimate either the stress transfer at 

the soil–pile interface or the rigidity of the whole soil–pile system. 

(4) A developed 3D numerical model can simulate reasonably the seismic 

behavior of pile-supported structures in level and sloping ground. 

Moreover, the numerical simulation might work well with the sinusoidal 

wave and real earthquake motion. Parametric studies on the validated 

numerical model showed that the slope angle had a remarkable effect on 

the bending moment distribution curve. Furthermore, the number of 

piles towards the shaking direction, especially the center pile, was 
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effective to reduce the effect of rocking motion. The results of the 

numerical simulation could be conservative in practical designs 

considering the input motion with a high-frequency content.  

(5) According to the analysis of dynamic p–y backbone curves, the soil 

resistance at the upslope side was considerably larger than that at the 

downslope side due to the difference in earth stresses. The soil resistance 

mobilized at the single pile was smaller than that mobilized at the group 

pile because the kinematic force contributed to the resistance of the 

single pile under seismic loading. In addition, the group pile near the 

slope crest showed a slightly larger soil resistance compared with the 

group pile near the slope toe according to long embedment depth. 

(6) Based on the relative similarities of the test conditions, the reasonable 

application of dynamic p–y backbone curves reported by Yoo et al. (2013) 

to the single pile in sloping ground when the pile moves relative to the 

ground in the upslope direction is conservatively suggested. By contrast, 

a reduction factor from 85% to 4% should be accounted for the single 

pile loaded laterally in the downslope direction from the ground surface 

to a depth of 9.0 D, respectively. 

(7) Arching and group effects might be negligible for a pile group with 

spacing larger than 6 D. 

Those findings presented in this dissertation might be applicable to the 

pile-supported structures in homogeneous sandy soils and under fully drained 

condition. Most of the main results of the present study have been derived 

under dry conditions, which are considerably different from the scenarios in 

the practices, i.e., the wet conditions. The properties of the sandy ground such 
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as the soil modulus and friction angle might be sustainably affected by the 

change in the pore water pressure under seismic loading. For instance, if the 

development of the pore water pressure is included, the calibration of the 

damping models should account for the reduction in the soil modulus. The 

evaluation of the lateral soil–pile interface should consider the decrease in the 

soil friction angle as a function of the excess pore water pressure. Moreover, 

the slope failure mode might not be limited to the shallow depth as 

investigated by the present study. Finally, those suggestions made by the 

present study would be suitably applied to the end-bearing piles. 

 

7.2 Recommendations for further researches 

Experimental and numerical studies presented in this dissertation have 

contributed to the understanding of the seismic behavior of piles in the sloping 

ground of dry cohesionless soil. Physical responses were acquired by 

performing a series of centrifuge model tests and insight mechanisms were 

analyzed using numerical tools. Further researches on this subject can be 

conducted on the potential topics as follows. 

 The effect of pore water on the seismic behavior of the pile-supported 

structure should be taken into account since the stiffness of the soil–pile 

system is significantly changed with the development of the excess pore 

water pressure. 

 For the seismic problem on piles in the sloping ground, the lateral 

spreading associated with the liquefaction triggering is one of the key 

concerns in the design practice as the major damage of structures has 

been reported in the relation to this phenomenon. 
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 Experiment on pile foundations in the sloping ground should be paid 

more attention to the measurement of the lateral displacement and 

settlement of the slope surface, which are essential in post-test analyses. 

Particularly, these requirements can be achieved by applying a high-

speed camera technique or particle image velocimetry (PIV) method. 

 Even though considering seismic loads with relatively high frequency 

is not often practical for piles located near the coastal line, it could be 

important to enhance the capability of the developed numerical model 

in simulating structural responses under realistic earthquake waves with 

a wide range of predominant frequencies. 

 Finally, another extension of this study is to perform the simulation of 

pile-supported structures in the sloping ground using the suggested 

dynamic p–y backbone curves. An appropriate calculation should 

consider the difference in the soil resistance at both sides of the slope, 

the low level of the soil resistance at relatively shallow depth, and the 

incorporation of the effect of the permanent soil displacement. 
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초 록 

전 수원 엽 

건설환경공학부 

서울대학교 대학원 

 

과거 중진 또는 강진이 발생하였을때 경사지반에 설치된 말뚝 

지지구조물에 많은 피해가 발생하였는데 이를 분석하려면 지반-말뚝 

동적상호작용 그리고 말뚝기초의 운동학적 힘과 관성력의 상호작용 

연구가 중요하다. 그러므로, 본 연구에서는 다양한 동적 원심모형실험과 

수치해석을 수행하여 경사지반에 설치된 말뚝의 지진거동을 분석하였다. 

연구대상은 말뚝기초로 지지되는 잔교식 안벽으로서, 말뚝기초는 

사질토 지반에 근입되고 말뚝선단은 단단한 암반층에 근입된 조건을 

적용하였다. 단일말뚝과 무리말뚝 등 말뚝조건, 수평지반과 경사지반 등 

지반조건, 입력파 조건 등을 변화시키며 다양한 조건의 원심모형실험을 

수행하였다. 실험결과 지반경사가 말뚝의 휨모멘트와 영구변위 발생에 

큰 영향을 주는 것으로 나타났다. 말뚝과 지반 사이의 변위 위상관계를 

이용하여 운동학적 힘과 관성력의 상호작용을 분석하였다. 그 결과, 

말뚝-지반 간의 변위 위상관계에 의해 운동학적 힘은 단일말뚝의 경우 

말뚝의 수평 지지력을 증가시키는 저항력으로 작용하였고 무리말뚝의 

경우 말뚝에 추가하중으로 작용하였다. 

이러한 동적 상호작용을 수치해석적으로 모사하기 위하여 말뚝-지반 

인터페이스 모델을 제안하였다. 우선, 3차원 수치모델에서 말뚝을 

수평으로 정적으로 이동시키며 말뚝-지반 인터페이스에 발생하는 

구속압과 응력값을 분석하여 수평지반과 경사지반에 대한 인터페이스 

물성값을 제안하였다. 동적 원심모형실험의 수치 모델링에서 제안된 

인터페이스를 적용한 결과 수치해석 결과가 원심모형실험 결과를 잘 
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모사할 수 있는 것으로 나타났다. 그리고, 검증된 수치모델링을 이용하여 

추가적인 변수연구를 수행하고 지반경사와 말뚝 배치가 잔교식 안벽의 

지진거동에 미치는 영향을 분석하였다. 

최종적으로, 동적 원심모형실험 결과로부터 동적 p–y 곡선을 

산정하고 지반 경사가 동적 p–y 곡선에 미치는 영향을 분석하였다. 

그리고, 원심모형실험과 동적 수치해석 결과를 종합하고 기존에 제시된 

p–y 곡선을 수정하여 경사지반에 적용할 수 있는 동적 p–y 곡선을 

새롭게 제안하였다. 이 p–y 곡선은 하중재하 방향이 경사하향 방향과 

경사상향 방향일 때 서로 다른 지반반력값을 적용하였다. 제안된 동적 

p–y 곡선을 적용하여 등가정적해석을 수행한 결과 원심모형실험 결과를 

잘 예측할 수 있는 것으로 나타났다. 

 

주요어 : 말뚝; 지반경사; 지진거동; 지반-말뚝 인터페이스; 동적 p–y 

곡선; 원심모형실험; 수치해석; 사질토 

학번 : 2018-35265 
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