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NUMERICAL MODELING OF DYNAMIC SOIL-PILE-STRUCTURE
INTERACTION
Abstract
By Surendran Balendra, M.S.
Washington State University

December 2005

Chair: Adrian Rodriguez-Marek

The analysis of structures subject to earthquake ground motions must properly
account for the interaction between the foundation and the superstructure. The passage of
seismic waves through the foundation affects the ground motion at the base of the
structure and generates stresses on foundation elements. This effect is termed kinematic
interaction and its effects on the ground motion are described by a function termed the
transfer function. On the other hand, the response of a structure is a function of the
foundation compliance, and, in turn, inertial forces resulting from structural response
affect the stresses on foundation elements. This interaction is termed inertial interaction
and is captured by representing the foundation through an impedance function. In this
study, numerical models using ABAQUS were developed to study both inertial and
kinematic effects. The focus of this study was to perform parametric studies on the
various variables that affect kinematic transfer functions and inertial impedance functions
of pile foundations. The independent variables of this parametric study were material

nonlinearity, soil-pile separation, pile diameter, intensity of the input motion, and the



inertial force magnitude. A bounding surface plasticity soil model is used in this study to
model soil nonlinearity. Issues related to the numerical modeling of soil-pile-structure
interaction are discussed at length, including the application of dynamic loading as a
shear stress time history, the development of user-defined pile-soil interface models, and
the treatment of infinite and absorbing boundaries for the lateral and bottom boundaries,
respectively. The model was validated by comparison with analytical solutions and
previously published results.

Results for a fixed head single pile in a plastic soil show that soil nonlinearity
reduces the amplitude of the transfer function significantly for high frequencies; however,
the intensity of the ground motion does not affect significantly the kinematic transfer
function. Soil-pile separation has no effect on the kinematic transfer functions but has a
considerable effect on the impedance function. Normal stress due to kinematic effects
attains a maximum when the loading frequency coincides with the frequency
corresponding to the resonant frequency of the soil column (e.g., the site frequency). The
maximum kinematic stress on flexible piles occurs at the depth of a stiffness contrast
between soil layers. For rigid piles, maximum kinematic stresses occur at the pile head.
The presence of an interface between hard and soft soil has no effect on stresses due to
inertial interaction for flexible piles and has considerable effect on inertial stresses for
rigid piles. Soil-pile separation results in an increase of both kinematic and inertial

stresses in the pile.

Vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS
ABSTRACT
LIST OF TABLES
LIST OF FIGURES
CHAPTER 1 INTRODUCTION
1.1 BACKGROUND
1.2 OBJECTIVES
1.3 ORGANIZATION OF THE THESIS
CHAPTER 2 LITERATURE REVIEW
2.1 INTRODUCTION
2.2 SOIL-PILE-STRUCTURE INTERACTION ANALYSES — THE
APPROACH
2.2.1 SPSI analyses procedure for design
Kinematic interaction
Inertial interaction
2.2.2 Numerical tools
2.3 FINITE ELEMENT METHOD APPLIED TO SPSI PROBLEMS
2.3.1 Boundary conditions
Kelvin element

Viscous element (dashpot element)

vii

Page

11

xii

xiil

10
12
13
13
14

15



Infinite elements
2.3.2 Soil-pile interface
2.3.3 Loading
2.3.4 Soil behavior
2.3.5 Applications
2.4 p-y CURVES
2.4.1 Existing p-y curves
2.4.1.1 Soft clay p-y curves
2.4.1.2 Stiff clay p-y curves below the water table
2.4.1.3 Stiff clay p-y curves above the water table
2.4.1.4 Sand p-y curves
2.4.1.5 API sand p-y curves

2.4.1.6 p-y curves for ¢ — ¢ soils

2.4.2 Effect of pile diameter on p-y curves
2.4.3 Back calculation of p-y curves
CHAPTER 3 NUMERICAL MODELING
3.1 INTRODUCTION
3.2 CONSTITUTIVE SOIL MODEL
3.2.1 General description
3.2.2 Mathematical formulation
3.2.3 Hardening function
3.2.4 Loading and unloading conditions

3.2.5 Rayleigh’s damping

viii

15

16

17

17

17

25

27

28

29

31

31

34

35

36

37

44

44

45

47

49

50

51



3.2.6 Model parameters
3.3 INTERFACE MODEL
3.4 TRANSMITTING BOUNDARY CONDITION
3.4.1 Free-field boundaries
3.4.2 Quiet (viscous) boundaries
3.5 LOADING
3.6 MODEL VALIDATION
3.6.1 Validation of the load application method
3.6.2 Stiffness proportional damping validation
3.6.3 Validation of pile element size
3.6.4 Validation of model size
3.6.5 Validation of model for pile-soil interaction
CHAPTER 4 PARAMETRIC STUDY ON KINEMATIC INTERACTION
4.1 INTRODUCTION
4.2 COMPUTATION OF THE TRANSFER FUNCTION
4.3 MODEL DESCRIPTION
4.4 SINGLE PILE: HARMONIC EXCITATION AT THE BASE
4.4.1 Effect of non-linearity of the soil in transfer function
4.4.2 Effect of ground motion intensity in transfer function
4.4.3 Effect of pile diameter on the transfer function
4.44 Effect of gapping (pile-soil separation) on the transfer
function

4.5 KINEMATIC STRESS IN A SINGLE PILE

ix

53

54

57

57

59

60

60

61

64

65

67

70

73

73

74

7

78

80

83

84



4.5.1 Effect of soil non-linearity on kinematic stress 85
4.5.2 Effect of pile diameter on kinematic stress 87
4.5.3 Effect of gapping (pile-soil separation) on kinematic stresses 91

CHAPTER 5 PARAMETRIC STUDY ON INERTIAL INTERACTION

5.1 INTRODUCTION 93
5.2 COMPUTATION OF THE IMPEDANCE FUNCTION 93
5.3 MODEL DESCRIPTION 94

5.4 SINGLE PILE: HARMONIC EXCITATION AT THE TOP OF THE 94
PILE

5.4.1 Effect of non-linearity of the soil on the impedance function 95

5.4.2 Effect of driving force magnitude on the impedance function 97

5.4.3 Effect of pile diameter on the Impedance Function 99

5.4.4 Effect of gapping (pile-soil separation) on the impedance 102

function
5.5 INERTIAL STRESS IN A SINGLE PILE 104
5.5.1 Effect of Soil non-linearity on inertial stress 104
5.5.2 Effect of pile diameter on inertial stress 106
5.5.3 Effect of gapping (pile-soil separation) on inertial stresses 110

CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY 112
6.2 CONCLUSIONS 113
6.2.1 Kinematic interaction 113

6.2.2 Inertial interaction 115



6.3 RECOMMENDATION FOR FUTURE RESEARCH 117

REFERENCES 118

X1



LIST OF TABLES
Page
Table 2.1 Summary of procedure in developing soft clay p-y curves (Matlock, 38
1970)
Table 2.2 Summary of procedure in developing stiff clay with free water p-y 39
curves (Reese et al., 1975)
Table 2.3 Summary of procedure in developing stiff clay with free water p-y 40
curves (Welch and Reese, 1972; and Reese Welch, 1975)
Table 2.4 Summary of procedure in developing sand p-y curves (Reese et al., 41
1974)
Table 2.5 Summary of procedure in developing API sand p-y curves (APIL, 1987) 42
Table 2.6 Summary of procedure in developing cemented sand p-y curves 43
(Ismael, 1990)
Table 3.1 Properties used in the FE models in validation of model size analysis 68
Table 4.1 Elastic properties used in the FE models in parametric studies 76
Table 4.2 Borja’s model parameters used in the FE models in parametric studies 76
Table 4.3 TF for 0.5m wide pile with different intensity of input ground motion. 79
Input motion frequency is 10 Hz
Table 4.4 TF for 0.5 m wide pile with different interface with 10 Hz harmonic 84
wave

Table 5.1 Static load to cause a pile to a deflection of 25 mm (ultimate load) 95

Xii



LIST OF FIGURES

Page
Figure 2.1 Sketch of SPSI problems (after Gazetas and Mylonakis 1998) 8
Figure 2.2 The superposition theorem for SPSI problems (after Gazetas and 9
Mylonakis 1998)
Figure 2.3 Quasi 3-D model of pile-soil response (after Wu 1994) 19
Figure 2.4 Outline of the structure and pile foundation (from Cai et al. 2000) 20

Figure 2.5 Definition of p-y concept with a) Pile at rest: b) Pile after load applied 27
(after Dunnavant 1986)

Figure 2.6 Typical family of p-y curves response to lateral loading (after 28
Dunnavant 1986)

Figure 2.7 Characteristic shape of p-y curve for soft Clay a) Static loading: b) 29
Cyclic loading (after Matlock 1970)

Figure 2.8 Characteristic shape of p-y curve for stiff clay below water table for a) 30
Static loading: b) Cyclic loading: c) Value of constant A (after Reese
et al. 1975)

Figure 2.9 Characteristic shape of p-y curve for stiff clay above the water table 31
for a) Static loading: b) Cyclic loading (Welch and Reese 1972,
Reese and Welch 1975)

Figure 2.10 Characteristic shape of p-y curves for sand (Reese et al. 1974) 32

Figure 2.11 Values of coefficient A used for developing p-y curves for sand a) 33

Coefficient A; b) Coefficient B (after Reese et al. 1974)

Xiii



Figure 2.12 Charts used for developing API sand p-y curves (API 1987)

Figure 2.13 Characteristic shapes of p-y curves for sand (Reese et al. 1974)

Figure 3.1 Schematic diagram of the bounding surface plasticity model showing
unloading point F,, yield surface F, and bounding surface B on the =
plane. Contours of constant H”are centered about F,, H' is infinite at
F, and decreases to H, on the surface B (adapted from Borja and
Amies 1994)

Figure 3.2 Relationship between rayleigh damping and frequency

Figure 3.3 Schematic diagrams of dashpot arrangements of free field boundaries
and the quiet boundary at the base of the model (adapted from FLAC
3D 2002)

Figure 3.4 FE soil column model.

Figure 3.5 Comparison of TF for between FE analysis and an analytical solution

Figure 3.6 Comparison of response from a built-in ABAQUS elastic constitutive
material with built-in stiffness proportional damping and user defined
(umat) elastic material

Figure 3.7 Comparison of displacement for different size element with
predictions of beam theory analysis

Figure 3.8 Normalized pile top response for varying “a” values

Figure 3.9 Normalized pile top response for varying “b” values

Figure 3.10 FE soil-pile model

Figure 3.11 Real part of the impedance function obtained from FEA

X1V

34

36

47

53

59

63

63

65

67

69

69

71

72



Figure 3.12 Lateral dynamic stiffness versus frequency from 3D FEA (after
Gazetas and Dobry 1984)

Figure 4.1 Sketch of single-pile system subject to vertically propagating shear
waves (adapted from Fan et al. 1991)

Figure 4.2 FE mesh for the analysis of the single, fixed head pile under dynamic
loading with perfect bonding between pile and soil surface

Figure 4.3 Variation with frequency of the transfer function of a single fixed

head pile for horizontal displacement for varying diameters

Figure 4.4 Octahedral shear stress shear versus octahedral shear strain curve
obtained for an element close to the pile and for different intensities
of the input ground motion

Figure 4.5 Variation of transfer function of single fixed head pile for horizontal
displacement with non-dimensional frequency for varying diameters
for elastic soil

Figure 4.6 Variation of transfer function of single fixed head pile for horizontal
displacement with frequency for varying diameters for elastic soil

Figure 4.7 Variation of transfer function of single fixed head pile for horizontal
displacement with non-dimensional frequency for varying diameters
for plastic soil

Figure 4.8 Variation of transfer function of single fixed head pile for horizontal

displacement with frequency for varying diameters for plastic soil

XV

79

81

82

83



Figure 4.9 FE mesh for single fixed head pile analysis under dynamic loading
with gapping allowed between pile and soil surface

Figure 4.10 Kinematic stress distribution along the 0.5 m wide pile at the site
frequency

Figure 4.11 Kinematic stress distribution along the 0.5 m wide pile at 15 Hz

Figure 4.12 Kinematic stress distribution along the 0.2 m wide pile embedded in
an elastic soil medium with different harmonic frequency

Figure 4.13 Kinematic stress distribution along the 1.5 m wide pile embedded in
elastic soil medium with different harmonic frequency

Figure 4.14 Kinematic stress distribution for different wide pile embedded in
elastic soil medium at site frequency

Figure 4.15 Bending moment distribution for different wide pile embedded in
elastic soil medium at site frequency

Figure 4.16 Normalized bending moment distribution for different wide pile
embedded in elastic soil medium at site frequency

Figure 4.17 Kinematic stress distribution along the 0.5 m wide pile embedded in
nonlinear soil medium with different harmonic frequency

Figure 4.18 Kinematic stress distribution along the 0.5 m wide pile at 10 Hz

Figure 5.1 Effect of nonlinearity on the real part of the normalized impedance

function of a single fixed head pile with non-dimensional frequency

for varying pile diameter

Xvi

84

86

86

88

&9

&9

90

90

91

92

96



Figure 5.2 Effect of nonlinearity on the imaginary part of the normalized
impedance function of a single fixed-head pile with non-
dimensional frequency for varying pile diameter
Figure 5.3 Real part of the normalized impedance function of a 0.5 m diameter
fixed-head single pile in an elastic soil for driving force amplitudes of
50 and 180 kN. Results are plotted for non-dimensional frequency

Figure 5.4 Real part of the normalized impedance function of a 0.5 m diameter
fixed-head single pile in a plastic soil for driving force amplitudes of
50 and 180 kN. Results are plotted for non-dimensional frequency

Figure 5.5 Imaginary part of the normalized impedance function of a 0.5 m
diameter fixed-head single pile in an elastic soil for driving force
amplitudes of 50 and 180 kN. Results are plotted for non-dimensional
frequency

Figure 5.6 Imaginary part of the normalized impedance function of a 0.5 m

diameter fixed-head single pile in a plastic soil for driving force
amplitudes of 50 and 180 kN. Results are plotted for non-dimensional
frequency

Figure 5.7 Real part of the normalized impedance function of a flexible, fixed-

head single pile in a elastic soil for driving force amplitude of 50 kN
for varying pile diameters. Results are plotted for non-dimensional

frequency

Xvii

96

97

98

98

99

100



Figure 5.8 Real part of the normalized impedance function of a rigid, fixed-head
single pile in a elastic soil for driving force amplitude of 50 kN for
varying pile diameters. Results are plotted for non-dimensional
frequency

Figure 5.9 Imaginary part of the normalized impedance function of a fixed-head
single pile in a elastic soil for driving force amplitude of 50 kN for
varying pile diameters. Results are plotted for non-dimensional
frequency

Figure 5.10 Imaginary part of the normalized impedance function of a fixed-head

single pile in a elastic soil for driving force amplitude of 50 kN for
varying pile diameters. Results are plotted for varying frequency.

Figure 5.11 Effect of the gapping on the real part of the normalized impedance

function of a fixed-head single pile for 300 kN driving force with
non-dimensional frequency for 0.5 m diameter in elastic soil

Figure 5.12 Effect of gapping in the imaginary part of the normalized impedance

function of a fixed-head single pile for 300 kN driving force with
non-dimensional frequency for 0.5 m diameter in elastic soil

Figure 5.13 Normal stress distribution along the pile for a 0.5 m wide fixed-head

single pile embedded in an elastic and a plastic soil medium and
loaded to ultimate capacity (180 kIN) with a harmonic driving force

at the site frequency (3.41 Hz)

xviii

101

101

102

103

103

105



Figure 5.14 Normal stress distribution along the pile for a 0.5 m wide fixed-head
single pile embedded in an elastic and plastic soil medium and
loaded to ultimate capacity (180 kIN) with a harmonic driving force
at 15 Hz

Figure 5.15 Normal stress distribution along the pile for a 0.2 m wide fixed-head
single pile embedded in a elastic soil medium and loaded to 50 kN
with a harmonic driving force

Figure 5.16 Normal stress distribution along the pile for a 1.5 m wide fixed-head
single pile embedded in a elastic soil medium loaded to 50 kN with
a harmonic driving force

Figure 5.17 Normal stress distribution along the pile for a 0.3 m wide fixed-head
single pile embedded in a plastic soil medium loaded to 50 kN with
a harmonic driving force

Figure 5.18 Normal stress distribution along the pile for single fixed-head piles
of different widths embedded in an elastic soil medium and subject
to a cyclic loading of 50 kN

Figure 5.19 Moment distribution along the pile for single fixed-head piles of
different widths embedded in an elastic soil medium and subject to

a cyclic loading of 50 kN

Xix

106

108

108

109

109

110



Figure 5.20 Normal stress distribution along the pile for a 0.5 m wide single 111
fixed-head pile embedded in an elastic soil medium and subject to a
cyclic loading of ultimate capacity (300 kN) at site frequency (7.5)

Hz

XX



CHAPTER 1
INTRODUCTION
1.1 BACKGROUND

Predicting the behavior of piles and pile groups during earthquakes still remains a
challenging task to geotechnical engineers. Following the destruction caused to structures
by recent earthquakes (e.g., Kobe Earthquake of 1994, Northridge Earthquake of 1994),
many have raised concerns about current codes and the approaches used for the design of
structures and foundations. That is necessary to consider the material and geometrical
non-linearity in foundation design has been proved by foundation failures resulting from
recent earthquakes such as the Bhuj Earthquake of 2001, the Chi-Chi Earthquake of
1999, and the Kocaeli Earthquake of 1999 (Maheswari et al. 2004).

The design of a superstructure-foundation system for earthquake loads must take into
account the effects of the foundation on the earthquake ground motion, the effect of
foundation compliance on the loads experienced by the structure, and the effects of the
inertial loads imposed by the structure on the foundation. The effect of the foundation on
the earthquake ground motion is termed kinematic interaction. The effect of foundation
compliance on structural response and the effect of inertial loads on the foundation is
termed inertial interaction. In the past, free-field accelerations or velocities or
displacements were considered as input motion for the seismic design of structures
without considering the effects of kinematic interaction. However, depending on the soil
profile, pile properties and dimension, and the excitation frequency, pile response may be

greater than or less than the free-field response. The present study focuses on both



kinematic and inertial effects of a single pile foundation. Proper design of structures and
their foundation must properly account for both these effects.

Researchers currently use two approaches to analyze both inertial and kinematic
effects. These approaches are the nonlinear Winkler Foundation method and the Finite
Element method. These methods are either used directly in the design of the foundation
and the superstructure, or are used to develop analytical transfer functions and impedance
functions. Structural analyses are then performed for a structure with a boundary
condition defined by the impedance function, and an input motion defined by the transfer
function.

In most of the published results on the dynamic analysis of pile foundations (e.g.,
Kaynia and Kausel 1982, Sen et al. 1985, Dobry and Gazetas 1988, Makris and Gazetas
1992), soil has been considered as a linear elastic material. Material linearity permits
analyses in the frequency domain where the principle of superposition can be used to
superimpose loading at different frequencies. However, under strong seismic excitation,
nonlinearity of the soil medium and separation at the soil-pile interface can have
significant influence on the response of the pile. Therefore, the response analysis should
be carried out in the time domain in order to properly incorporate soil nonlinearity as well
as to account for the separation at the soil-pile interface.

Various authors have incorporated nonlinear effects into discrete analysis methods.
Nogami and Konagai (1986, 1988) studied pile response in the time domain by using the
Winkler approach. Nogami et al. (1992) used a discrete system of masses, springs, and
dashpots to incorporate the material and geometrical nonlinearity. The Winkler

foundation hypothesis was used EI Naggar and Novak (1995, 1996) in the time domain to



incorporate soil nonlinearity. While the use of the above approaches capture some aspects
of material and geometric nonlinearity, it is difficult to fully represent the effects of
material damping and inertial loading of continuous, semi-infinite soil media. Also, full
coupling of lateral and axial effects cannot be considered.

The Finite Element Method (FEM) is an appropriate tool to study the response analysis of
the single pile and pile groups in the time domain by considering the nonlinearity of the
soil medium and separation at the pile to soil interface. Wu and Finn (1977) presented a
quasi-three-dimensional method for nonlinear dynamic analysis by using strain
dependent moduli and damping and a tension cutoff. Bentley and EI Naggar (2000)
considered soil plasticity as well as separation at the soil-pile interface in their studies on
the kinematic response analysis for single piles. In the above studies, work hardening of
the soil media was not considered. Cai et al. (2000) considered the plasticity and work
hardening of soil but used fixed boundary conditions, which can lead to problems when
considering dynamic loading. In this study, a work hardening plasticity soil model will be
used with the proper boundary conditions for lateral boundaries as well as for the base of
the soil to study the SPSI for the case of a single fixed-head pile. Maheswari et al. (2004)
had incorporated both soil plasticity and proper lateral boundary conditions, but their
study assumed a rigid base at the bottom of the model. This study improves on the work
of Maheswari et al. (2004) by incorporating an elastic half space at the base of the SPSI
model and furthermore extending the analysis for pile diameter effects on kinematic

interaction and inertial interaction with a different bounding surface plasticity model.



1.2 OBJECTIVES

The specific objectives of the study are to:

(1)

(i)
(iii)
(iv)

v)

develop a FE model to study soil-pile-structure interaction for a single
fixed-head pile in cooperating nonlinear soil behavior and soil-pile
separation,

develop transfer functions due to kinematic interaction,

develop impedance functions due to inertial interaction,

study the influence of pile diameter, nonlinearity, gapping, and intensity of
the ground motions on kinematic interaction transfer functions and
kinematic stresses in the pile,

study the influence of pile diameter, nonlinearity, gapping, and magnitude
of the driving force on inertial impedance functions and inertial stresses in

the pile.

The finite element code ABAQUS (ABAQUS 2005) developed by Hibbitt, Karlsson and

Sorensen, Inc. was used in this study for the numerical modeling of dynamic soil-pile-

structure interaction.

The treatment of the lateral boundary conditions presented in this study is a novel

approach that can lead to the use of smaller finite element meshes and hence aid future

researchers in this area. While this type of boundaries was previously implemented in

finite difference analyses, this is the first such implementation in FE. In addition,

researchers and practitioners alike will benefit from the parametric study presented in this

thesis, as it identifies the conditions under which soil nonlinearity, soil-pile separation,



and pile diameter effects become important in the treatment of kinematic and inertial
effects.
1.3 ORGANIZATION OF THE THESIS

This thesis is organized into six chapters. Chapter 2 presents a detailed
description of current analysis methodologies for dealing with soil-structure interaction.
Both kinematic effects and inertial effects are reviewed, and the mathematical tools used
for their description are given. In addition, Chapter 2 provides a literature review of the
current numerical models used to study the soil pile structure interaction problem.
Chapter 3 presents a brief description of the constitutive models implemented in
ABAQUS and the validation of the numerical model used in this study. Chapter 4
discusses a parametric study on kinematic interaction for selected variables and Chapter 5
discusses a parametric study of the influence of key variables that affect inertial
interaction. The sixth and final chapter presents a summary of the major conclusions

from this study and makes recommendations for future research in this area.



CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

The function of a structural foundation is to transmit the loads acting on the
superstructure to competent soil layers. When these loads are cyclic in nature, such as is
the case for wind and seismic loads, special considerations must be taken in the analysis
and design of foundation elements. The response of a structure subjected to a seismic or
harmonic loading depends primarily on the characteristics of the seismic site response,
the type of external loading, the mechanical properties of the surrounding soil, the
characteristics of the structure itself, and the interaction between the soil, the foundation,
and the superstructure. This work is focused on this latter item for the particular case of
pile foundations, that is, the problem of soil-pile-structure interaction (SPSI). An
extensive literature review was conducted on SPSI problems and is presented in the
following order: the approach towards the handling of the SPSI problem is defined first;
Finite Element (FE) applications used to study the SPSI problems are then reviewed;
finally, a review of static p-y curves used in current practice is presented.
2.2 SOIL-PILE-STRUCTURE INTERACTION ANALYSES — THE APPROACH

There is no general agreement among researchers on the effects of SPSI on the
overall performance of a structure, especially on soft soils. While some researchers think
that ignoring SPSI is the conservative approach, some (e.g. Gazetas and Kavvadas 1993)
have suggested that SPSI effects can increase structural demands. The response of a
structure is a function of the input ground motion and the SPSI. An earthquake

geotechnical engineer faces numerous challenges in foundation design for seismic



excitation because of the complexity of the problem. To handle this type of problem, the
earthquake geotechnical engineer needs skills in soil mechanics, foundation engineering,
SPSI, and some knowledge of structural dynamics. Nowadays due to the availability of
non-linear soil models and user-friendly finite element programs, geotechnical engineers
have focused their attention on non-linear behavior of soils and estimation of cyclic
deformation of foundations in order to get the SPSI forces more accurately.
Building codes have traditionally accounted for SPSI only in very simplified ways

(e.g. IBC 2003). However, the structural design code in the new Eurocode series
(Eurocode 8-part 5 1999) included techniques (recommendations) for foundation design
to seismic loading. The literature review presented herein focuses on SPSI analysis
procedures for design and the numerical tools that can be used to study the SPSI
problems.
2.2.1 SPSI analyses procedure for design

Figure 2.1 shows the SPSI problem and its key features. Since the forces that result
from SPSI govern structural response, these forces should be determined with accurate
analyses. SPSI analyses can be carried out in two ways: either by modeling the structure
and soil together with appropriate interface behavior as shown in Figure 2.1, or by using
the principle of superposition as shown in Figure 2.2. The superposition approach has
two steps that address two different mechanisms, kinematic and inertial interaction. This
approach is based on the assumption that the system remains linear. Superposition is
exactly valid for linear soil, pile, and structure (Whitman 1972, Kausel & Roesset 1974).
However, superposition is approximately valid for moderately nonlinear systems under

engineering approximations, because pile deformations due to lateral loading transmitted



from the structure vanish very rapidly with depth. Practically, pile deformations vanish
within 10-pile diameters below the ground surface. The two mechanisms are described in

the following paragraphs.
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Figure 2.1 Sketch of SPSI problems (after Gazetas and Mylonakis 1998).
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Figure 2.2 The superposition theorem for SPSI problems (after Gazetas and Mylonakis
1998).

e Kinematic interaction
In the absence of the superstructure, as shown in Figure 2.2a, the motion of the
foundation may be different from the free field motion, where “free field” refers
to the motion of the surface soil that is far enough from the foundation such that
the foundation does not affect the free field motion. This difference is due to the
kinematic interaction mechanism. The reasons for the observed differences are the

presence of stiff foundations, wave inclination or incoherence, or foundation



embedment. Kinematic effects are described by frequency dependent transfer
functions. The transfer function is defined by the ratio of the foundation motion to
the free field motion in the absence of a structure. Transfer functions are defined
in the frequency domain. Wave passage through the foundation also generates
stress in foundation elements. These stresses are termed “kinematic stresses”.
o Inertial interaction
The motion at the foundation due to kinematic interaction forces the structure to
oscillate. This, in turn, implies that the structure will produce inertial forces and
overturning moments at its base. Due to this, the foundation and surrounding soil
will get additional dynamic forces and displacements. This is due to the inertial
interaction. The flexibility of the foundation support affects the acceleration
within the structure. The flexibility of the foundation and the damping associated
with foundation-soil interaction can be described by a frequency dependent
foundation impedance function (dynamic impedance). The dynamic impedance
can be simulated by the effects of a “spring” and a “dashpot” acting at the base of
the structure in place of the foundation elements.
The above two mechanisms occur simultaneously with only a small time lag. In the two-
step approach, the acceleration at the top of the foundation is obtained by modifying the
free field motion to account for kinematic effects. This motion, ay;,, is then used as an
input motion for the analysis of inertial interaction. For computational convenience, the
analysis of inertial interaction is further subdivided into two steps, as shown in Figures

2.2 bl and 2.2 b2. First, a dynamic impedance function at the top of the foundation is
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computed for the pile-soil system. As a final step, the superstructure, supported on the
spring and dashpot system is analyzed using ay;, as the input motion.

Typically, structural design engineers neglect the kinematic interaction. This is
acceptable in some circumstances such as at low frequencies (Mamoon and Ahmad 1990)
and for shallow foundations with vertically propagating shear waves or dilatational
waves. However, Gazetas (1984) carried out analysis on flexible piles with low frequency
loading and concluded that kinematic interaction is also important. In almost every
seismic building code, structural response and foundation loads are computed by fixed
base analysis; that is, SPSI is neglected.

Eurocode 8 (Eurocode 8-part 5 1999) acknowledges the potential effect of SPSI
and suggested that SPSI should be considered for the following cases:

e “Structures where p-0 effects play a significant role;

e Structures with massive or deep seated foundations;

e Slender tall structures;

e Structures supported on very soft soils, with average shear wave velocity less than

100 m/s.”

Furthermore, Eurocode 8 suggested that kinematic interaction should be considered only
when two or more of the following conditions happen simultaneously:
e “The subsoil profile is of class C (soft soil), or worse, and contains consecutive
layers with sharply differing stiffness;
e The zone is of moderate or high seismicity, o > 0.1 [where a is the expected
PGAJ;

e The supported structure is of importance category I or II.”
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Kim and Stewart (2003) used 29 earthquake strong motion recordings from sites
where there was a recording on a structure and a recording on the free-field to evaluate
differences between foundation level and free field level ground motions. That is, they
found the empirical frequency dependent transfer function amplitude. Kim and Stewart
(2003) developed procedures to fit transfer function amplitude to analytical models for
base slab averaging. The above procedures were developed with the assumed conditions
of a rigid base slab and a vertically propagating, incoherent incident wave field
characterized by ground motion incoherence parameter, 4.

2.2.2 Numerical tools

Several methods have been used in the past to study the SPSI problem. These
include numerical methods such as the FEM, boundary element methods, and Beam on
Winkler Foundation models, Semi empirical and Semi analytical methods, and analytical
solutions have also been developed. Penzien (1970) was the first to successfully use a
Beam on Winkler foundation model for dynamic analysis. This type of model has been
used extensively since. Boundary element formulations for seismic loading were
developed by Poulos (1968, 1971), Butterfield & Banerjee (1971), Kausel & Peek (1982),
Kaynia & Kausel (1982), Sen et al. (1985), and Ahmad & Mamoon (1991). Boundary
element solutions cannot incorporate nonlinear soil behavior or soil-pile interface
behavior. However, this method offers a good solution for problems involving a variety
of incident wave fields such as vertical and inclined body waves and Rayleigh waves.
Given that the focus of this study is numerical modeling of SPSI using the FEM, the
literature review presented in the next section focuses on the FEM as applied to SPSI

problems.
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2.3 FINITE ELEMENT METHOD APPLIED TO SPSI PROBLEMS

The FEM is a useful tool in the analysis of boundary value problems for any
continuous medium. There are numerous problems in solid mechanics where the FEM is
the only easy tool for the analysis. For example in the area of plasticity, performing
nonlinear analysis by means of analytical or semi analytical formulations is tedious,
especially for complicated geometries such as a pile in layered soil. Such nonlinear
analyses can be solved with the finite element method to a much easier extent. Seismic
loading problems can also be solved using the FEM. The above phenomena are usually
encountered in geotechnical applications.

The literature on the FEM and on applications of the FEM to geotechnical
engineering is extensive. The literature review presented herein focuses on the use of the
FEM to solve SPSI problems under dynamic conditions. The general treatment of the
various elements of an FEM solution (e.g. boundary conditions, load application, etc) in
SPSI problems is presented first, followed by a thorough review of previous work on the
use of FEM to solve specific dynamic SPSI problems.

2.3.1 Boundary conditions

The use of FEA for dynamic analyses differs from static analyses in considering
the soil strata as infinite in the horizontal direction (and sometimes in the vertical
direction as well). In FEA the structures underneath the soil surface are generally
assumed to be surrounded by infinite soil medium, while structures on and near the soil
surface are assumed to lie on a semi infinite half space. In static analyses, fixed boundary
conditions can be applied at some distance from the region of interest. In dynamic

problems, however, such boundary conditions will reflect outward propagating waves
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back into the model. Furthermore, fixed boundary conditions do not model adequately the
outward radiation of energy at the boundaries of the model. A larger model can minimize
this problem because material damping will absorb most of the energy in the waves
reflected from finite boundaries. However, the increase in model size implies an
unwanted, and probably excessive, increase in computational time. Furthermore,
symmetric and anti- symmetric geometries in boundary value problems can be used to
reduce the FEA time. Examples of both cases are found in Bentlet and Naggar (2000),
where the authors took advantage of symmetry by restricting horizontal displacements
perpendicular to the symmetric axis; and in Maheshwari et al. (2004), where the authors
took advantage of the symmetry as well as the anti-symmetry.

There are three alternative methods available in finite element programs to
appropriately model the infinite medium boundary conditions. These methods are
reviewed in the following paragraphs.

Kelvin element

Kelvin elements can be attached to a boundary in order to simulate an infinite
medium. A Kelvin element consists of a spring and a dashpot attached in parallel. The
spring provides stiffness necessary to keep the static load in equilibrium. The viscous
dashpot absorbs the energy that reaches the boundary. Dashpot and spring coefficients
can be determined using the solution developed by Novak and Mitwally (1988). This
element is usually used to simulate the boundaries involved in both static and dynamic
analyses. In static analyses, the damping term vanishes because of its dependency on
frequency: since a dashpot absorbs energy as a function of velocity, when the velocity is

zero, the dashpot force is also zero. Bentlet and Naggar (2000) and Maheshwari et al.
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(2004) used Kelvin elements in their analysis of SPSI for single and group pile
foundations.
Viscous element (dashpot element)

Viscous elements proposed originally by Lysmer and Kuhlemeyer (1969) for
shallow foundations are used when the simulation has only dynamic loading (e.g. the
zero frequency component of loading is zero). The dashpots absorb energy reaching the
boundary. The Dashpot coefficient per unit area in the directions perpendicular and
tangential directions to the boundary can be calculated from the following equation:

C,=pV, and C, =piV; (2.1)
where, pg is density of the soil, V, is p wave velocity, Vis shear wave velocity, C, is

coefficient per unit area perpendicular to boundary, and C,is coefficient per unit area

tangent to boundary. Viscous dashpots are used often in site response and SPSI problems
(e.g., Rodriguez-Marek and Bray 2005, Borja et al. 2002, Wu and Finn 1997, among
others).
Infinite elements

Infinite elements are used in boundary value problems with unbounded
boundaries (infinite medium) or in problems with a smaller region of interest compared
to the surrounding medium. Infinite elements are usually used in conjunction with finite
elements. The behavior of the infinite element is similar to the behavior of the Kelvin
element, but far nodes are not allowed to move. An infinite element behaves linearly.
During static analyses, infinite elements will provide stiffness at the finite element model
boundaries based on the model of Zienkiewicz et al. (1983). During the dynamic

analysis, infinite elements will provide “quiet” boundaries at the finite element model
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boundaries based on the model of Lysmer and Kuhlemeyer (1969) (ABAQUS 2005). The
dynamic response of the infinite elements is based on consideration of plane body waves
traveling orthogonally to the boundary. Again, it is assumed that the response adjacent to
the boundary is of small enough amplitude so that the medium responds in a linear elastic
fashion. An example of the application of infinite elements in dynamic problems is the
wave propagation analysis of Zhao and Valliappan (1993).
2.3.2 Soil-pile interface

Soil-pile interface modeling also contributes to the behavior of the soil-pile-
structure system. The soil-pile interfaces are usually modeled in two ways, either as a
perfectly bonded interface or as a frictional interface where soil-pile slipping and gapping
may occur. In reality, the interface should be modeled to incorporate slipping and
gapping. However, computational time and modeling difficulties lead researchers to
consider perfect bonding in some applications and if the problem to be analyzed is not
dependent on slipping and gapping, this solution may suffice. Generally, Coulomb’s law
of friction is used to model slipping and gapping in FEA. If the interface surface is in
contact, full transfer of shear stress is ensured. Plastic slipping will occur, when the
friction stress exceeds the minimum of a user specified maximum shear stress or the
friction stress due to the normal stresses at the surface (pup). Separation will occur when
there is tension between the soil and pile interface. Besides the Coulomb friction model,
there are other proposed interface models available in the literature (e.g., Desai et al.
1984 and 1985, Desai and Nagaraj 1986, Drumm 1983, Drum and Desai 1986, Ghaboussi

et al. 1973, Goodman et al. 1968, Herrmann 1978, Idriss et al. 1979, Isenberg and
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Vaughan 1981, Katona 1981, Kausel and Roesset 1974, Roesset and Scarletti 1979, Toki
et al. 1981, Vaughan and Isenberg 1983, Wolf 1985, and Zaman et al. 1984).
2.3.3 Loading

In a typical seismic analysis using FE, the seismic load can be applied either at the
base, as a displacement or acceleration time history, or as a force per unit volume (f=-
ApaseP, Where p is density of the soil and a. 1S acceleration at base) distributed
throughout the mesh.
2.3.4 Soil behavior

Soil-Pile interaction behavior also depends on the constitutive behavior of soil
model. Therefore, selection of a proper constitutive model leads to better results in FE
analysis. Constitutive models are widely used in numerical analysis of geomaterials.
They can be modeled to behave linear elastically, nonlinear elastically or
elsastoplastically. Hardening rules can be used to model elastoplastic behavior. The
Duncan-Chang model, which is widely used to model earth dams, is a nonlinear elastic
model (Duncan and Chang 1970). An elastoplastic constitutive model can provide a
better representation for a typical wave propagation problem (Prevost 1977, Bardet 1989,
Dafalias 1986, Finn 1988). Some of the constitutive models are readily available in finite
element programs. New constitutive models can be incorporated in finite element
analysis programs by user-defined subroutines.
2.3.5 Applications

This study focuses only on FEM; hence, in the following text a brief review on

published studies of seismic SPSI problems using FEM is summarized.
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A quasi 3-D finite element method was proposed for dynamic elastic and
nonlinear analysis of pile-soil-structure interaction by Wu and Finn (1997). The principle
of the quasi 3-D model is shown in Figure 2.3 (Wu 1994, Finn et al. 1997, Wu and Finn
1997). This model was developed under the following assumptions. First, shear waves in
the XY and YZ planes governed the dynamic motions, and the compression waves in the
shaking direction, Y (refer the Figure 2.3). Second, deformations were neglected in the
vertical direction and normal to the direction of shaking. Dashpots were used to simulate
the infinite soil medium. The model was validated with centrifuge tests performed by
Gohl (1991) at the California Institute of Technology (Caltech) on a single pile and a 2 x
2 pile group. 8-node brick elements were used to represent the soil and 2-node beam
elements were used to represent the pile. Displacement compatibility between soil to pile
is enforced. This model incorporated soil yielding and gapping between the pile and
attached soil. An equivalent linear method was used to model the nonlinear hysteretic
behavior of soil. That is, instead of varying the shear modulus with strain, a single
effective value was used for the entire time history. In the single pile model, the
superstructure mass was a rigid body and its motion was represented by a concentrated
mass at its center of gravity. A very stiff beam element with flexural rigidity 1000 times
that of the pile was used to connect the superstructure and pile. Symmetric boundary
conditions were used. In the group pile model, a concentrated mass at the center of
gravity of the pile cap represented the rigid pile cap and mass-less rigid bars were used to
connect the piles. The mass and pile heads were connected by very stiff mass-less beam
elements. The results of the FEA showed that stiffness of the pile foundation decreases

with the level of shaking. The analysis also showed the importance of the inertial
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interaction. The proposed FEA is able to find the time dependent stiffness and damping
factors, which is useful to incorporate into commercial structural analyses programs, for
foundations subjected to earthquake shaking.

structural mass
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3D finite elements
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Figure 2.3 Quasi 3-D model of pile-soil response (after Wu 1994).
Cai et al. (2000) proposed a 3D nonlinear finite element subsystem methodology.
Figure 2.4 illustrates the outline of the structure and pile foundation FE model. An
advanced plasticity-based hierarchical single surface (HiSS) model was used to model the
soil. Eight node hexahedral elements were used to model the pile and soil. Two node
beam-column elements, which have six degrees of freedom for each node, were used to

model the space frame of the concrete superstructure. Furthermore, eight-node thin layers
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of solid isoparametric elements with a HiSS constitutive law were used to incorporate the
deformation modes of bonding, slipping, separation, and rebounding of the pile-soil
interface. Depending on the refinement of the model, the pile may behave as linear or
nonlinear. Kinematic and inertial interaction can be simulated simultaneously by using
this model. Dynamic infinite elements (Zhao and Valliappan 1993) were used to simulate
the infinite medium. One recorded earthquake ground motion was used as bedrock
motion for this study. They concluded that a plasticity based soil model significantly

deviates the pile foundation response from bedrock motion.
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Figure 2.4 Outline of the structure and pile foundation (from Cai et al. 2000).

Anandarajah and Zhang (2000) developed a simplified finite element model to
analyze the nonlinear dynamic pile-soil interaction for a single pile. This model was
verified with data from a centrifuge test performed by Wilson (Wilson 1998, Boulanger,
et al. 1999). This analysis was performed using the fully coupled method (Zienkiewicz
and Shiomi 1984), where deformation and pore water pressure variations were simulated
by modeling the pore pressure build-up and dissipation simultaneously. This soil model
has the capability to describe the stress strain behavior of liquefiable sand. Beam
elements were used to model the pile and the soil was model with 8 node elements. A

special radiation boundary was used to simulate the infinite medium. A scaled version of
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a recording from the Kobe event (Event J) was considered as an input motion. Results
from the FEA and the centrifuge tests agree well.

Kishishita et al. (2000) performed linear and nonlinear analysis by using 2D finite
element analysis for friction type micropiles. The soil was modeled with two layers. In a
linear analysis, three models were developed with varying shear wave velocity for the
upper layer while the shear wave velocity for the lower layer was constant in all cases.
Furthermore, four different type of pile foundations (pre-cast piles, cast-in-situ piles,
high-capacity micropiles, and high-capacity micropiles for raked piles) were examined.
The EI Centro motion from the 1940 earthquake of the same name and the K.P-83 motion
from the 1995 Kobe earthquake were used as input motions. The softest soil was
considered in nonlinear analysis because generally piles are used in the softest soil. Soil
was modeled with the modified Ramberg-Osgood model. Cast-in-situ piles, pre-cast piles
and high capacity micropiles were modeled with tri-linear, modified Takeda, and bilinear
models, respectively. From their work it was found that the horizontal response of the
footing was almost the same regardless of the pile type because it is controlled by soil
response. For soft soils, the piles had the largest influence in both vertical and horizontal
response of the footing, in particular when the piles were raked.

Brown et al. (2001) and Bentley and Naggar (2000) studied the effects of
kinematic interaction on the input motion at the foundation level. In this study they
incorporated pile-soil separation, slippage, soil plasticity, and 3D wave propagation. The
FE analysis was carried out using the FE program ANSYS (ANSYS Inc. 1996). By
considering symmetry, one half of the actual model was developed in order to reduce the

computing time. Kelvin elements were used to simulate the infinite soil medium. Soil
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was modeled as a linear and an elastoplastic material using the Drucker-Prager failure
criterion. Linear elastic cylindrical piles were considered for this study. Two different
type of pile-soil interfaces were considered: the pile-soil interface was either perfectly
bonded or a frictional interface was used between pile and soil surfaces. A Coulomb
frictional model was used to incorporate the above behavior. Floating and socketed
(fixed-end) piles were modeled in the analysis. Two recorded strong-motions were used
in this study. Brown et al. (2001) and Bentley and Naggar (2000) concluded in their
studies that elastic kinematic interaction for a single pile slightly amplifies the free field
transfer function (e.g., the ratio of soil to bedrock motion). Overall, the kinematic
interaction response is equivalent to free field response for the assumptions made in their
study.

Shahrour et al. (2001) performed a 3-D finite element analysis for micropiles
(small diameter piles). The FEA results were compared with those of a simplified model
based on the Beam on Winkler foundation approach. In this study, seismic behavior of a
single micropile and a micropile group supporting a superstructure were considered. A
single degree of freedom structure composed of a concentrated mass and a column was
used to model the superstructure. In the group micropile analysis, three cases were
considered: a group composed of three micropiles in a row alignment (1 x 3), a square
group including 9 elements (3 x 3), and a group of 15 micropiles (3 x 5). In this analysis,
square cross section micropiles embedded in a homogenous soil layer underlain by rigid
bedrock were considered. The behavior of the soil-micropile-structure system was
assumed to be elastic with Rayleigh material damping. Furthermore, the following

boundary conditions were imposed in this simulation: the base was fixed, periodic
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conditions were imposed at lateral boundaries for the displacement field, and harmonic
acceleration (a,=0.2 g, /=0.67 Hz) was applied at the base of the soil. The study showed
that the inertial effect is mostly seen on the upper part of the micropiles. Inertial effect
mainly depends on mass and frequency of the superstructure. In the group pile analysis,
seismic loading is not distributed uniformly in the micropiles. A group effect was also
observed due to inertial forces in this study.

Ousta and Shahrour (2001) performed a 3-D finite element analysis in order to
study the seismic behavior of micropiles used for reinforcement of saturated sand. The
analysis was carried out using the (u-p) formulation (displacement for the solid phase and
pore-pressure for the fluid phase) proposed by Zienkiewicz et al. (1980). A soil model
based on the bounding surface concepts was used and kinematic and isotropic hardening
were used to capture the elasto-plastic behavior. A single micropile and micropile groups
(2x2, 3x3) were modeled in this analysis. Micropiles were modeled with a linear elastic
model. The interface between soil and pile was assumed as perfect bonding. The analysis
was carried out under the following boundary conditions: the base of the soil was fixed
and impervious, the water table was assumed to be at the ground surface, and periodic
conditions were applied at lateral boundaries for both pore-pressure and displacements. A
harmonic acceleration (a,=0.1 g, /=2 Hz) was considered as an input motion at the base.
The analyses for micro piles under loose to medium sand showed that seismic loading
induces an increase in the pore-pressure, which leads to an increase in the bending
moment of the micropile. However, group effects reduce the bending moment

significantly.
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Sadek and Shahrour (2003) studied the influence of pile inclination on seismic
behavior of micropile groups by using a 3-D finite element analysis. The structure
represented by a concentrated mass and a column was modeled with a single degree of
freedom. Soil was modeled elastically with Rayleigh damping and the piles were
modeled with 3D elastic beam elements. A pile cap, which was free of contact with the
soil, was used to connect the piles. 2x2 micropile groups with different inclinations (0’,
70, 130, 200) with vertical axis were considered in this analysis. A harmonic acceleration
(ag=0.2g, £=0.43Hz) was applied at the base as an input motion and Young’s modulus of

the soil, £ (z), was assumed to increase with depth, z, based on:

E(z)=E, [M} | (2.2)
p(2) = [“*—i’”}p if 2=z, p(2) = p(z,) 2.3)

where, p(z) is the mean stress due to the self-weight of the soil at the depth z, p, isa
reference pressure of 100 kPa, E  is the Young’s modulus of soil when p = p_, K is the
coefficient of lateral earth pressure at rest, and z,is the thickness of the soil layer that is

closest to the surface with constant Young’s modulus. Results showed that inclination of
the micropiles increase their lateral stiffness.

Maheshwari et al. (2004) developed a 3-D finite element model to examine the
effects of soil plasticity (including work hardening) and separation at the soil-pile
interface on the dynamic response of a single pile and pile groups. The pile was modeled
with a linear elastic material and the soil was modeled with an advanced plasticity-based,

hierarchical single surface (HISS) model. Only one fourth of the model was constructed
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by considering symmetry and anti symmetry. Kelvin elements (spring and dashpot) were
used in all three directions (i.e., X, Y and Z) to simulate the infinite soil medium. The
model was loaded (at the base, which is assumed to represent bed rock) with the El
Centro (north-south component) acceleration record from the 1940 El Centro Earthquake.
Furthermore, harmonic motion was used to find the transfer and impedance functions for
the foundation. Pile-soil separation was considered only in the loading direction while the
pile and soil were assumed to be in contact in the direction perpendicular to the motion.
Friction between pile and soil were neglected. In every Gaussian point normal stress in
soil elements (in the direction of loading) and confining pressure at that depth were
compared for every time step and at every iteration within a time step. Separation was
assumed when tensile normal stress was higher than confining stress.

Numerical analyses by Maheshwari et al. (2004) reveal that the effect of
separation was more significant when using the elastic soil model rather than the plastic
model. Also, nonlinearity reduced the real and imaginary part of the impedance function
for the pile system. Moreover, soil nonlinear response in the soil-pile system has
significant effect for low excitation frequencies.

2.4 p-y CURVES

Design engineers often prefer to use the Beam-on-Dynamic-Winkler-Foundation
(BDWF) model for design purposes rather than the FE method or elastic continuum
solutions. BDWF methods use traditional semi empirical p-y curves such as those
developed by Matlock (1970) and Reese et al. (1974). These curves represent the
nonlinear soil behavior by a series of nonlinear springs, where the p refers to soil pressure

per unit length of pile and the y refers to deflection. The loading in the pile is traditionally
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applied as a factored static load at the pile-top. This review focuses on p-y curves
developed within this approach, that is, obtained from static tests. It is important to note,
however, that pseudo-static loading may be correct for low frequency vibration design,
but response may change significantly when seismic loading generates the introduction of
soil nonlinearity, damping, and pile-soil interaction. Other authors (Naggar and Novak
1996, Brown et al. 2001) have developed p-y methods that can deal with dynamic
loading.

Most of the existing standard p-y curves were developed based on full-scale
lateral load tests on a relatively small range of pile diameters. However, Juirnarongrit
(2002) showed that in dense weakly cemented sand, the pile diameter effect on the p-y
curves at displacement levels below the ultimate soil resistance is insignificant. Beyond
this range, an increment in the pile diameter increases the ultimate soil resistance.
Existing p-y curves predict the response of the laterally loaded piles well in weakly
cemented sand but are inappropriate for large diameter piles. These existing p-y curves
have been incorporated into commercial programs such as COM624P (Wang and Reese
1993), LPILE (Reese et al. 2000), and FLPIER (University of Florida 1996). Deflection
and moment along the pile can be found for a given load by using these commercial
programs. The literature review presented herein focuses on the existing p-y curves for
laterally loaded piles and methods to find p-y curves from numerical analysis. Existing
p-y curves for clay and sand are presented first, and then the effect of diameter in p-y
curves are discussed followed by a thorough review of back calculation of p-y curves

from numerical analysis.
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2.4.1 Existing p-y curves

Figure 2.5 graphically shows the concept of a p-y curve. The pile is assumed to be
perfectly straight prior to loading (i.e. there was no bending during pile driving). Prior to
loading, the soil pressure acting against the pile can be assumed to be uniform across its
diameter (see Figure 2.5), implying that the resultant horizontal pressure acting against
the pile is zero. During loading the resultant force per meter length of pile can be found
by integration of the soil pressure around the pile. This process can be continued for a
series of deflections that would give series of forces per unit length of pile, which will
produce a p-y curve. In a similar manner, the sets of p-y curves along the pile can be

obtained (refer Figure 2.6).

Gr= Constant
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a) Pile at Rest b) Pile after Load Applied

Figure 2.5 Definition of p-y concept with a) Pile at rest: b) Pile after load applied
(after Dunnavant 1986).
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Figure 2.6 Typical family of p-y curves response to lateral loading (after
Dunnavant 1986).

2.4.1.1 Soft clay p-y Curves

Matlock (1970) performed full-scale lateral load tests on a 0.3 m diameter
instrumented steel pipe pile embedded in a soft clay deposit at Lake Austin, Texas. p-y
curves were back calculated from the test results. Figure 2.7 (a) shows the characteristic
shape of the soft clay p-y curves for the static loading case, which can be represented by
using a parabolic equation as:

1/3
P o_ 0.5[ij 2.4
pu y50
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where, p, is the ultimate soil resistance which is related to undrained shear strength of the
soil as well as being a function of depth and ysj: the soil displacement at one-half of
ultimate soil resistance.

Figure 2.7(b) shows the characteristic shape of the soft clay p-y curves for the
cyclic loading case. The main difference between static and cyclic loading is that the soil
resistance for cyclic loading at large strain levels is decreased. The methodology to
develop p-y curves for static and cyclic loading is given in Table 2.1.
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Figure 2.7 Characteristic shape of p-y curve for soft clay a) Static loading: b) Cyclic
loading (after Matlock 1970).

2.4.1.2 Stiff clay p-y curves below the water table

Reese et al. (1975) conducted a lateral load test on two 0.6 m diameter driven
steel pipe piles embedded in stiff clay under the water table at Manor, Texas. Figure 2.8
shows the characteristic shape of p-y curves for both static and cyclic loading. The soil
resistance at larger strains for both cases is lower than the peak resistance. The same
parameters used in the soft clay p-y curves are used to describe the characteristic shape of
the stiff clay p-y curves. The methodology to develop p-y curves for static and cyclic

loading is given in Table 2.2.
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Figure 2.8 Characteristic shape of p-y curve for stiff clay below water table for a) Static
loading: b) Cyclic loading: ¢) Value of constant A (after Reese et al. 1975).
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2.4.1.3 Stiff clay p-y curves above the water table

Welch and Reese (1972) performed lateral load tests on a 0.76m diameter bored
pile in stiff clay above the water table at a site in Houston, Texas. Fourth order
polynomials were used to describe the characteristic shapes of p-y curves, which are
similar to but slightly stiffer than the p-y curves of soft clay (Matlock, 1970). In the case
of cyclic loading, the soil resistance decreases as the number of cycles of load application
increases. Table 2.3 summarizes the procedure to develop p-y curves for this type of soil.

Figure 2.9 illustrates the characteristic shape of p-y curves in stiff clay above the water

table.
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Figure 2.9 Characteristic shape of p-y curve for stiff clay above the water table for a)
Static loading: b) Cyclic loading (Welch and Reese 1972, Reese and Welch 1975).

2.4.1.4 Sand p-y curves
Cox et al. (1974) carried out an experiment on two 0.6 m diameter, flexible driven
piles embedded in a deposit of submerged, dense, fine sand. Reese et al. (1974) used the

results of the above experiment to develop a procedure for obtaining p-y curves for sands.
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The characteristic shape of the p-y curve is composed of 3 straight lines and a parabolic
curve (Figure 2.10). In this approach, the initial modulus of subgrade reaction and
ultimate soil resistance are needed to develop p-y curves. Reese et al. (1974) suggested
suitable values for the initial modulus of subgrade reaction for different relative density
of sands.

Wedge-type failure theory (Reese et al. 1974) was used to find the ultimate soil
resistance at the ground surface and the flow failure model was used to find the ultimate
soil resistance at some distance below the ground surface. Based on the above procedure,
the ultimate soil resistance was found to be much smaller than that of experimental
results. Therefore, Reese et al. (1974) modified the ultimate soil resistance by introducing
empirical adjustment factors A and B as illustrated in Figure 2.11 in order to bring both
values into agreement. This questions the approach of extrapolating results for different
soil strengths and/or pile diameters. Table 2.4 summarizes the procedure to develop p-y

curves for sand.
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Figure 2.10 Characteristic shape of p-y curves for sand (Reese et al. 1974).
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Figure 2.11 Values of coefficient A used for developing p-y curves for sand a)
Coefficient A; b) Coefficient B (after Reese et al. 1974).
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2.4.1.5 API sand p-y curves

The method proposed by Reese et al. (1974) is quite tedious for routine
application. O’Neill and Murchison (1983) proposed a simplified method and the
American Petroleum Institute (API) committee adopted it. In the API method, the
characteristic shapes of p-y curves are described by using a hyperbolic tangent function.
The equation used to find the ultimate soil resistance was divided into three small parts
and simplified by the introduction of three coefficients C;, C,, and C; as functions of the
friction angle. Those coefficients can be simply found from the Figure 2.12(a). Similarly,
the initial modulus of subgrade reaction can be taken from Figure 2.12(b). A simplified
linear equation was used to represent the experimental factor A for static load test. Table

2.5 summarizes the procedure to develop p-y curves for this type of soil.
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a) Coefficients as Function of &' for APl Sand b) Initial modulus of subgrade reaction for APl sand

Figure 2.12 Charts used for developing API sand p-y curves (API 1987).
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2.4.1.6 p-y curves for c — ¢ soils

Using the traditional Mohr-Coulomb simplification of a linear failure envelope in
the shear stress vs. normal stress plane, soils can be classified either as cohesive or
cohesionless. Based on the above classification, theories were developed to analyze
geotechnical problems of soil-pile interaction. This concept may lead to significantly
conservative design for cemented soil or silt because they always neglect the soil
resistance from the cohesion component.

Ismael (1990) performed full-scale lateral load pile test under static loading in
Kuwait. Tests were carried out for single piles and small pile groups embedded in
medium dense cemented sands. Tests were carried out using 0.3 m diameter reinforced
concrete bored piles with pile lengths of 3m and 5m. Bending moment was measured for
2 piles by using electric resistance strain gauges. Friction (35°) and cohesion (20kPa)
were found using drained triaxial tests. It was shown that calculated p-y curves based on
sand p-y curves developed by Reese et al. (1974) were significantly underestimated by
the experimental results because of the presence of the cohesion components. A different
procedure was then developed to deal with the cohesion component. Figure 2.13

illustrates the theoretical parabolic p-y curves for c—¢ type soils. Table 2.6 summarizes

the procedure to develop p-y curves for ¢ — ¢ type of soil.
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Figure 2.13 Characteristic shapes of p-y curves for sand (Reese et al. 1974).
2.4.2 Effect of pile diameter on p-y curves

The literature review presented in the previous paragraphs illustrates that each
type of soil has its own characteristic shape for its p-y curve. However, most of the
existing p-y curves were developed based on full-scale pile tests on a limited number of
pile diameters because of the high cost of full scale testing. Therefore accuracy of
response for large diameter piles (or small diameter micropiles) is still questionable. The
literature review presented herein focuses on the effect of pile diameter on p-y curves for
laterally loaded piles.

Reese et al. (1975) used the data from pile tests on a 0.65m-diameter pile at
Manor site, Texas, in order to back calculate the p-y curves. These p-y curves were used
to predict the behavior of a 0.15m-diameter pile. The predicted bending moment had a
good agreement with the measured one. However, the computed deflection was lower

than the measured one. No conclusions were presented on this regard.

36



O’Neill and Dunnavant (1984) and Dunnavant and O’Neill (1985) performed
laterally loaded pile tests on 0.27m, 1.22m, and 1.83m diameter piles embedded in
overconsolidated clay. They found that the deflection at one half of the ultimate soil
pressure (ysp) is not linearly dependent on pile diameter. ys) reduces when the pile
diameter increases. That is, the pile diameter effect was not properly incorporated in the
clay p-y curves. A modification to Matlock’s p-y curves was proposed to match measured
p-y values.

Stevens and Audibert (1979) collected published case histories on laterally loaded
piles in clays. They used the existing p-y curves proposed by Matlock (1970) and API
(1987) in order to find the response of the piles. They found that the ratio between
computed to measured deflection was greater than one and increased with an increase of
pile diameter. However, computed maximum bending moments are higher than measured
values, in one case by as much as 30%. In order to force an agreement between both of
them, they suggested that yso should be proportional to the square root of the pile
diameter. This also clearly indicates that existing p-y curves for soft clay do not
incorporate the effect of pile diameter.

2.4.3 Back calculation of p-y curves

FEA can be used to perform numerical tests and calculate p-y curves. p-y curves
can be back calculated using from FEA or full scale tests in two different methods. The
first method is by considering the bending moment along the pile. In this approach, an
analytical expression is fitted to the discrete moment data along the pile. The expression
is then differentiated twice in order to find the soil resistance p. The second method

consists of integrating the normal stress and shear stress applied on the pile by the soil
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immediately surrounding it (Bransby 1999). Both methods can be used for static p-y

curves. However, the first method is difficult for dynamic p-y curves because it is

difficult to fit the analytical expression in each time increment.

Table 2.1 Summary of procedure in developing soft clay p-y curves (Matlock, 1970).

Static Loading

1. Compute ultimate soil resistance, P,

(using the smaller values)

u

P =3+ :+22lep
c. D

P, =9C,D

2. Compute deflection at one-half the
ultimate soil resistance, y;,

V5o =2.5€5yD

3. Develop p-y curves using the
following expression

P 1/3
P _, 5(LJ
P, Yso

Cyclic Loading

1. Develop p-y curves

Construct p-y curves in the same manner as
for static loading for values of P less than
0.72P,

2. Determine transition depth, Z,

~ 6CD
" (yD+JC,)

3. If the depth is greater than or equal Zr

P=0.72P, for y>3y,,

4. If the depth is less than Zr

P=0.72P, at y=3y;, and

P=072P, (Zij at y =15y,

Constant (0.5 for soft clay and 0.25 for medium clay)

Deflection at one-half the ultimate soil resistance

Where: C, = Undrained shear strength
D = Pile diameter
J =
P, = Ultimate soil resistance
Yso =
Z = Depth
Z, = Transition depth
2 = Effective soil unit weight
Ey = Strain at one-half ultimate soil resistance

0.020 for soft clay, 0.010 for medium clay, and 0.005

for stiff clay
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Table 2.2 Summary of procedure in developing stiff clay with free water p-y curves

(Reese et al., 1975).

Static Loading

1. Compute ultimate soil
resistance, P, (using the smaller
values)

P,=2C,D+y DZ+2.83C,Z (wedge failure)
P, =11C,D (flow failure)

2. Establish initial straight line
portion

P=(k,Z)y for static, P = (k_Z)y for cyclic

3. Develop p-y curves using the
following expression

0.5
P=05P [L] . Ve = &5,D

4. Develop the second parabolic
portion of the p-y curves (from
A ys, to 64,y5,)

YVso
0.5 A 1.25
P=0.5P [L] —0.055P. (—y Y50 J
Yso A ys,

5. Establish straight line portion
(from 6 4,y;,t0 184,y5,)

0.0625

P=0.5P, (64, )" —0.411P, - P(y—64y,,

Yso

6. Establish final straight line
Portion (beyond /84, y;,)

P=0.5P,(64, )" —0411P,—0.75P, A,

Cyclic Loading

1. Follow step 1 to 3 of static case

Follow Step 1 to 3 of static case

2. Establish parabolic portion (up

2.5
y—045y
to 0.6y ) P=AP|]- p ’ — 474
p ctu [ 045yp ] yp cy5()
3. Establish straight line portion 3 0.085
(from 0.6y ,to 1.8y,) P=09364.F, - Ve F(y=06y,)
4. Establish final straight line 0.102
portion (beyond 1.84.y,) P=09364.7F, - e By,

Where: 4, A, =
Ca
Clt =

kS s kC
Yso =
Z = Depth

Constants (from Figure 2.8¢)

Average undrained shear strength over depth Z

Undrained shear strength

D = Pile diameter

Initial subgrade reaction constant for static and cyclic loading
Deflection at one-half the ultimate soil resistance

Strain at one-halfultimate soil resistance (0.004-0.007)

Effective soil unit weight
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Table 2.3 Summary of procedure in developing stiff clay with free water p-y curves
(Welch and Reese, 1972; and Reese Welch, 1975).

Static Loading

1.Compute ultimate soil resistance, P, ¥ J
(using the smaller values) P, =3+ C_Z + BZ ¢,D

u

[)ll = 9Cu D

2. Compute deflection at one-half the | y., =25¢,D
ultimate soil resistance, y;,

3. Develop p-y curves using the following p y 174
—= 0.5[—] for y<16y;,

expression
u y50
P=P, for y > 16y,
Cyclic Loading
1. Develop p-y curves for static loading Follow step 1 to 3

2. Determine parameter describing effect pY
of repeated loading, C C= 9.6[—}

u

3. Determine y for cyclic loading, y. y.=y,+y;,Clog N
Where: C, = Undrained shear strength

D = Pile diameter

J = Constant =0.5

N = Number of cycles

Py = Ultimate soil resistance

Vsp = Deflection at Oone-half the ultimate soil resistance

Ve = Deflection under N-cycles of load

Vs = Deflection under short-term static

Z = Depth

gy = Strain at one-half ultimate soil resistance 0.020 for soft clay,

0.010 for medium clay, and 0.005 for stiff clay
4 = Effective soil unit weight
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Table 2.4 Summary of procedure in developing sand p-y curves (Reese et al., 1974).

1. Preliminary
computation

a:¢ ﬂ:45+§, a:?

=, , K, =tan2(45—£)
2 2

2. Theoretical ultimate
soil resistance due to
wedge failure, Py,

K,Ztangsin f N tan
P, =y Z| tan(f—g@)cosa tan(f —¢)
+ K,Z tan f(tangsin f —tana) — K D

(D + Ztan ftan )

3. Theoretical ultimate
soil resistance due to flow
failure, Py,

P,=K,Dy Z(tan® B~ 1)+ K,Dy Z tangtan’ j3

4. Govern theoretical
ultimate soil resistance, P;

P, = the smaller of the values given from step 2 and 3

5. Ultimate soil resistance,
Py

P, = A P. for static loading or P, = A. P, for cyclic loading

6. Soil pressure at D/60

P = B_P for static loading or P, = B_P. for cyclic loading

7. Establish initial straight | P=(kZ)y
line portion
8. Establish parabolic _ P -P P ~. P
section ofp-l))/ curves P=Cy", m= yu _ym , n= m; ’ C= y]r;ln ,
~ n/n-1
_| <
Vi 7

Adjustment coefficient for static and cyclic p-y curves from

from Figure 2.11a

Non dimensional coefficient for static and cyclic p-y
curves from Figure 2.11b

Pile diameter

Initial subgrade reaction constant (MN/m")

Loose sand (submerge/ above water) 5.4/6.8
Medium dense sand 16.3/24.4
Dense sand 34/61

Theoretical ultimate soil resistance due to flow failure
Theoretical ultimate soil resistance due to wedge failure
Govern ultimate soil resistance

Ultimate soil resistance

Depth

Friction angle

Effective soil unit weight for soil under water
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Table 2.5 Summary of procedure in developing API sand p-y curves (API, 1987).

1.Theoretical ultimate soil resistance due to
wedge failure, Py,

P,=(C,Z+C,D)y Z

2. Theoretical ultimate soil resistance due
to flow failure, Py,

P, = C3D7,Z

3. Govern theoretical ultimate soil
resistance, P;

P; = the smaller of the values given from
step 2 and 3

4. Determine adjustment coefficient for
static and cyclic loading

3.0—0.8£
D

=

j > (0.9 for static loading

Ac =09 for cyclic loading

5.Develop characteristic shape of p-y B
curves P=AP, tanh£_— J
Where: A, A. = Adjustment coefficient for static and cyclic p-y curves

C; G, C; Coefficients from Figure 2.12a

D = Pile diameter

k Initial subgrade reaction constant (MN/m’) from

Figure 2.12b

Py Theoretical ultimate soil resistance due to flow failure

P = Theoretical ultimate soil resistance due to wedge failure

P = Govern ultimate soil resistance

P, = Ultimate soil resistance

Z = Depth

@ Friction angle

2 = Effective soil unit weight for soil under water
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Table 2.6 Summary of procedure in developing cemented sand p-y curves (Ismael,
1990).

1. Ultimate soil resistance, P, P, =C,0,D

2. Correction factor, C, C,=15 for ¢ <15°

P

C :i for ¢ > 15’
10

3. Passive earth pressure, o,
P P o, =2c tan(45 + ?) +0o, tan2(45 + gj

4. Characteristic shape of p-y curves p 173
L {Lj

Yso

5. Pile deflection at which P =0.5P,, y,, Vs, =2.5¢,D

Where: ¢ = Soil cohesion
G = Correction factor for small width of pile
D = Pile diameter
P, = Ultimate soil resistance
Yo = Pile deflection at P =0.5P,
@ = Soil friction angle
op = Passive earth pressure
oy = Effective vertical stress
g, = Strain at (o;-03) = 0.5 (0;-03),
(01-03),= Ultimate principal stress difference in triaxial test
o] = Major principal stress
03 = Minor principal stress
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CHAPTER 3
NUMERICAL MODELING

3.1 INTRODUCTION

The finite element code ABAQUS is used in this study to model the soil-pile-
structure interaction problem. This chapter presents and discusses the details of the
numerical modeling. The non-linear constitutive soil model used for this study is
discussed first followed by a discussion of a modified interface subroutine used to model
the soil-pile interface. Boundary condition used to simulate the infinite medium that
surrounds the soil-pile models is discussed next. Finally, a validation of the FE model is
presented.
3.2 CONSTITUTIVE SOIL MODEL

Soil generally shows nonlinear behavior when subject to shear loading. The
secant shear modulus decreases with increasing shear strain while material damping
increases (Hardin and Drnevich 1972). These changes in material properties affect the
SPSI behavior. In order to simulate the observed behavior of soils, a non-linear
constitutive model is required. Generally, soil models based on work hardening theory
are used for this purpose. The multiaxial cyclic plastic model for clay developed by Borja
and Amies (1994) and implemented in a FE code by Rodriguez-Marek (2000) was used
in this study. The original model by Borja and Amies (1994) was later modified by Borja
et al. (1999). For the purpose of this thesis, this updated model will be referred to as
Borja’s model. Borja’s model works well for cohesive soils under undrained loading (e.g.

Borja and Amies 1994, Borja et al. 1999, Rodriguez-Marek 2000).
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Borja’s model, based on total stress, was constructed through the reformulation of
the Dafalias and Popov (1977) bounding surface plasticity constitutive model to
accommodate multi-axial stress reversals. The model was developed based on a
vanishing elastic region undergoing pure translation inside a bounding surface, and an
exponential function for the hardening modulus H’, which changes with the tensorial
distance between the current stress state and the recent unloading point (Borja and Amies
1994). The concept of the vanishing elastic region allows for the modeling of plastic
strains developed at small strains. Borja’s model includes criteria for loading and
unloading that are applicable to general stress states; i.e. the hardening modulus should
decrease monotonically with deformation under continued loading. Since the model is
based on total stress, the excess pore pressures induced by seismic loading cannot be
predicted. This feature is not a significant limitation if the model is used for non-
liquefiable soils subject to rapid loading (e.g. seismic loading, see Rodriguez-Marek
2000, Rodriguez-Marek and Bray 2005).

3.2.1 General description

Figure 3.1 shows a schematic representation of the constitutive model. The

surfaces defined by F and B are two J, type functions that represent the yield function and

bounding surface, respectively. The vanishing elastic region corresponds to the limit
when the size of F is zero at an unloading point. The coordinates 00' in ther plane

(Figure 3.1) represent the location of the vanishing elastic region.
The point F,, with coordinates o, , represents a point where the soil experienced

the most recent elastic unloading. F, can be located inside or on the bounding surface.

The value of the hardening parameter H” changes from infinity at F, to a constant H, at
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surface B. In other words, the soil is assumed to behave elastically at point F, and to
follow a linear kinematic hardening plasticity law at the bounding surface B. For any
point that exists between F, and surface B, H  is interpolated using the exponential

function described in section 3.2.3. The yield function F passes through the current stress

coordinates o . The shape of the contours of equal H  are centered around F, and

depend on the interpolation function. These contours do not need to be circular. The

A

coordinate point o at the surface B represents the image point created in such a way that

A

coordinate points o,,c , and o have to be in a straight line in the 7 plane. The

exponential interpolation function of the hardening modulus H" is generated from well-

accepted one-dimensional models for soils (Borja and Amies 1994).
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O3

H=H
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Figure 3.1 Schematic diagram of the bounding surface plasticity model showing
unloading point F,, yield surface F, and bounding surface B on the w plane. Contours of
constant A ’are centered about F,, H’is infinite at F, and decreases to H, on the surface B
(adapted from Borja and Amies 1994).
3.2.2 Mathematical formulation
Only the most relevant equations of the Borja model will be presented and briefly

discussed here. For details of the mathematical development of the model please refer to

Borja and Amies (1994), Borja et al. (1999), and Rodriguez-Marek (2000).
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Additive decomposition of the strain tensor is assumed. Therefore the total
tensorial strain rate (£ ) can be divided in to two parts; elastic strain rate (£°) and plastic
strain rate (£”),

E=&°+¢’ (3.1)
where the dot represents the first differential with respect to time and an associated flow
rule is used to find the £” . The generalized Hooke’s law is used to find the total tensorial
stress rate with respect to elastic strain rate.

c=C*:(¢-¢&") (3.2)
where o is the total tensorial stress rate, C°is the rank four elasticity tensor, and the
colon denotes an inner product. The soil is assumed to behave as a decoupled material.
Hence, elastic volumetric and shear strain can be treated separately.

Plastic strains are associated with the yield surface F and the bounding surface B.

The yield function F has the form of a J, type plasticity model:

F=&:8-r"=0 (3.3)
where ¢&'= o' — o is a translated deviatoric stress tensor, 7 is the radius of the yield
function, o'is the deviatoric part of o, and « is the deviatoric back stress tensor
representing the center of . Note that plastic volumetric strains are assumed to be zero.

The Prager translation rule is used to calculate the back stress (Prager 1956).
Similarly, the bounding surface B has the form of a J, type plasticity model:
B=c':0'-R*=0 (3.4)
where R > r is the radius of the bounding surface B centered about the hydrostatic axis.

In soils, R can be correlated to the undrained shear strength, s,, by
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R:\Exsu (3.5

where s, can be obtained from an unconfined compressive strength test. Using equations

3.1 to 3.4, a rate constitutive equation can be obtained as (see Borja and Amies 1994):
-1
c=K tr(&)1+2G [1+§j &' (3.6)

where K is the elastic bulk modulus, G is the small strain shear modulus, I is the rank two
identity tensor, and #r is the trace operator.
3.2.3 Hardening function

The hardening modulus A" is defined in such a way as to fit well-accepted one-
dimensional cyclic stress-strain relationships. Following the Dafalias and Popov (1977)
idea, the hardening modulus H’ is obtained from an interpolation between the elastic
value (H =infinity) at the last unloading point F, and a limiting value of H, at the
bounding surface B. A criterion for loading and unloading is described in the following
section.

An exponential hardening modulus, validated by Borja et al. (1999 and 2000) by
comparison with experimental modulus reduction and damping curves, is considered for

this study. The exponential hardening modulus can be expressed as:

H' =hc"+H, (3.7)
where 4 and m are the parameters of the model. The parameter /# controls the rate of
shear stiffness degradation and the parameter m is a dimensionless parameter that
controls the shape of the secant modulus values versus the strain amplitude curve. The

variable x is a dimensionless scalar quantity that should satisfy the following condition:
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lo'+x(c’-o,)=R (3.8)
The hardening modulus A~ varies with x in such a way that the limiting conditions
discussed above are satisfied. That is, when o'is at the last unloading point then x is
infinity hence H' is also infinity. On the other hand, when ¢'is at the bounding surface
then x should be zero in order to satisfy Equations 3.7 and 3.8,
3.2.4 Loading and unloading conditions
When solving numerical problems with known monotonic loadings, it is
important to define whether the current strain increment is in a loading or unloading
condition. When the stresses are on the bounding surface, the loading and unloading
conditions are defined by the Kuhn-Tucker conditions (Simo and Hughes 1998). For any

given yield function f, these conditions are given by:

A>0, f<0,and Af =0 (3.9
where A is the consistency parameter and f is the given yield surface. A return mapping
algorithm (Simo and Hughes 1998) is used for strain increments on the bounding surface.

Different loading/unloading conditions have to be used within the bounding
surface because the singularity that results from the zero radius of the elastic region
renders the Kuhn-Tucker loading conditions ill defined. Borja and Amies (1994) define
unloading as the condition when the direction of the load step results in an increase of the
hardening modulus. Consequently, the loading condition is postulated as

_(1+K)a’+lc(l+/<)(a'—0';):é,>0 (3.10)

o' (o' -l )+ K”O"—O‘é ?

Upon unloading, the position of F, will be shifted to the current position of the

stress tensor ¢'. For the numerical implementation of Equation 3.10, see Borja and Amies
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(1994). Additional conditions are imposed on the loading-unloading criteria to prevent
unloading under infinitesimal strains that may result from numerical noise (Rodriguez-
Marek 2000). The model is only permitted to unload when the magnitude of the strain
reversal exceeds the elastic threshold of the soil.
3.2.5 Rayleigh’s damping

Laboratory tests have shown that damping at high strain is independent of
frequency and hysteretic behavior alone can explain energy dissipation in laboratory
tests. On the other hand, experimental results in the small strain range indicated that
hysteretic behavior alone cannot account for the measured damping levels (Lanzo and
Vucetic 1999). Typically, damping at low strains is small and can be modeled as

equivalent viscous damping. The viscous damping coefficient for a given frequency @;

can be expressed in terms of critical damping, &, as:
o,  Pro.
=t 3.11
5 20, 2 31D

1

where o is mass proportional damping and f;is stiffness proportional damping.

However, in this study critical damping is considered to be a constant across frequencies.

To approximate this Equation 3.11 can be reorganized in the following way:

A, Pr®,
== 4 ! 3.12
TR (3.12)
L = 2 (3.12a)
w, +w,
fr =—2 (3.12b)
w, +w,
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By an adequate selection of @, and w,, £ is rendered constant over the range of

frequency of interest. Figure 3.2 illustrates the dependence of mass and stiffness
proportional damping on frequency. The effect of mass proportional damping is very low
at high frequencies. On the other hand, stiffness proportional damping is very low at low
frequencies. Therefore, the combination of both damping types allows a fit for the desired
value of damping ratio within a selected range of frequencies (i.e., close to and between

o, and m,). Between o, and w,, the resulting damping is however lower than the
desired critical damping and away from this range, the system is over damped. @, and
o, are selected in such a way that the natural frequency of the soil deposit and the

frequencies of the interest (e.g. loading frequency) are within the range of o, and w,

(Hudson et al. 1994).

Some constitutive models are readily available in the ABAQUS FE program. The
user can also incorporate a user-defined constitutive model through a subroutine named
umat. This subroutine operates on each integration point by receiving variables such as
the incremental strain vector and the previous stress vector, and returning the current
stress vector and the Jacobian matrix (current tangent modulus matrix). Furthermore, the
user can update the solution dependent state variable and model variables (e.g.
parameters s, m for Borja’s model) for the next iteration step.

Mass proportional damping can be incorporated directly in the ABAQUS FE code
for built-in constitutive models (ABAQUS 2005). However, for a user material, stiffness
proportional damping must be incorporated in the user material subroutine (umar). This is

achieved by adding the stress due to stiffness proportional damping, o,, to the stress

resulting from the constitutive response at each integration point:
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o,=pBE ;¢ (3.13)

where, E, is the current tangent stiffness matrix and ¢ is the strain rate.

i
e
o
£
o
= . .
£ Resultant damping ratio
L] R i3 =
L up || - ‘\
T o | o
-E % €\ e = Stiffness proportional damping ratio
S F b | Ur=0.fg=0
T = - iMass proportional damping ratio
© ~ae” o= _
L R Gr=0.fr=0/
33 : -
) Frequency, () (12
Figure 3.2 Relationship between rayleigh damping and frequency.
3.2.6 Model parameters

Nine input parameters are used to incorporate Borja’s constitutive model into the
ABAQUS FE program subroutine umat. Elastic soil response is determined by the shear
wave velocity, V;, and Poisson’s ratio, v, which is assumed to be 0.48 to approach
undrained behavior. The exponential interpolation function of Borja’s model is defined
by two model parameters, 4 and m, and the kinematic hardening parameter of the
bounding surface (H,). The parameter 4 controls the rate of shear stiffness degradation
and the parameter m controls the shape of the secant modulus versus strain amplitude
curve. These two parameters are modified in order to match the experimental shear
modulus reduction and damping versus shear strain curves of a target soil. Generally, an

increase in m results in an increase in the curvature of the shear modulus reduction
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curves, while an increase in / causes a shift to the right of shear modulus reduction and
damping curves (Rodriguez-Marek 2000). Soil strength is defined by the radius of the
bounding surface, R (Equation 3.5). If the soil will not reach shear failure, the parameter
R can be used as a curve fitting parameter. Rayleigh stiffness proportional damping is
defined by the coefficient S, . Note that mass proportional damping is entered as an input
parameter in the program execution, and does not need to be entered in the user-defined
subroutine. Soil density and trapezoidal integration parameter, £, must also be defined
(for more detail refer to Rodriguez-Marek 2000).
3.3 INTERFACE MODEL
In ABAQUS, mechanical contact between two bodies (surfaces) can be modeled

by using surfaces that may interact (it is noted that ABAQUS can also operate in an
explicit mode. Contact interaction in the explicit mode allows for different option. In this
work, ABAQUS is used only in the implicit option). On the other hand, mechanical
contact between two nodes can be modeled by using contact elements. Contact elements
can be used when contact between two bodies cannot be simulated with the surface based
contact approach. In this study the former approach is considered. Generally, interface
modeling has three steps:

1. define the contact surfaces which could potentially be in contact,

2. state which surfaces interact with one another,

3. define the mechanical (tangent and normal) and thermal properties of the surface.
In the surfaced based contact approach, two surfaces have to be defined based on their
rigidity: the more deformable surface is defined as a slave surface and the more rigid

surface is defined as a master surface. Master surfaces should be defined as an element
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based surface. However, slave surfaces can be defined as either element based or node
based surfaces. In this study both options are used depending on the analysis problem.
The tangent and normal behavior are defined through Coulomb friction and a modified
hard contact, respectively. In the modified hard contact approach, tensile stress can be
transferred between two surfaces up to the maximum tensile stress specified by the user
(ABAQUS 2005). In this approach, when surfaces are in contact, surfaces transmit shear
and normal stress across their interface.

In this analysis geostatic stress is not applied to the finite element mesh because
of problems related to static boundary conditions for the dynamic model. However, the
contact interaction between soil and pile is a function of overburden stress because soil-
pile separation does not occur until the existing overburden stress is overcome. This can
be achieved by a modified hard contact approach. That is, a modified hard contact is used
to allow tension stresses up to the overburden horizontal confining pressure, which is
entered as an input parameter. Moreover, frictional resistance is a function of overburden
stress. Therefore, the standard Coulomb friction model in ABAQUS was modified by
using subroutine fric to include a cohesion (C’) component and to account for the

additional resistance ( p,) due to overburden stresses. The modified critical shear stress
(7, ) 1s defined through the relation:

T =C +u(p,+p,) (3.14)
where, u is the friction coefficient, p, is contact pressure due to geostatic (overburden)
load, and p,, is the contact pressure due to the applied load. C', x, and p, are the input

parameters for the subroutine fric. The pile is divided into several surfaces along the
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depth in order to incorporate the change in p, with depth. The modified coulomb friction

criteria is then defined as:

(» =7 +7; <1, (3.15)

where, 7, is equivalent frictional stress,z;, and 7,are shear stress in direction one and

two, respectively. The standard coulomb friction model assumes that if Equation 3.15 is
satisfied then there is no relative motion between surfaces. However, for convergence
reasons, elastic slip is allowed for this model; that is, a controlled amount of elastic shear

deformation (y,,, ) is allowed before slippage takes place. In this study, y,,is selected as

0.5% of the average length of all contact elements in the model. The elastic slip can be

related to interface shear stress in the following way:

7, =ky! (3.16a)
k, =Set (3.16b)
}/C}”il

where, k£ is the (current) “ stiffness in stick.” Equation 3.16a is valid if Equation 3.15 is

satisfied. If Equation 3.15 is not satisfied, then the frictional shear stresses are given by:

t=tir, =L (C s up, + pa)) (3.17a)

i crit
eq eq

where,

Veg =NVi+73 (3.17b)
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3.4 TRANSMITTING BOUNDARY CONDITION

Transmitting boundary conditions as described in section 2.3.1 are used to reduce
wave reflections at model boundaries. Since geostatic stress is not applied to the model,
static boundary conditions are not necessary for this model. However, in order to
simulate the infinite medium during the seismic analysis, the FE model needs some kind
of seismic boundary condition. In this section, the free field boundary used at the lateral
boundaries of the model is described first followed by the description of the quiet
boundaries used to simulate the semi-infinite half space at the base.
3.4.1 Free-field boundaries

The displacement at the lateral boundaries should be equal to that of a free field
soil column. The free field motion refers to the motion in the absence of structural or
foundation elements. If soil material damping is high, then free field response can be
achieved using a reasonably small distance from the model structure to the edge of the
model. However, when the material damping is low, free field response is difficult to
achieve with a limited distance from the model structure to the edge of the model. An
alternative approach is to “enforce” the free field motion in such a way that boundaries
act as an absorbing mechanism. This can be modeled by coupling viscous dashpots
between main model nodes to soil column nodes at the edges (refer to Figure 3.3), which
represent the free field motion. The side boundary nodes of the main model and the soil
column nodes should have matching coordinates. Note that this boundary condition only
applies if the sides of the main model are vertical. The following governing equations are

used to determine the absorbed energy by the viscous dashpots:

E,=—pC,(vi —v! )4 (3.18a)
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F,=—pC,(v" =/ )4 (3.18b)
where, p is the density of the soil material, C,is the P-wave speed at the side boundary,
C,is the S- wave speed at the side boundary, A is the area of influence of the free-field
node, v" is the normal velocity of the node which is at the side of the main soil model,
v/" is the tangential velocity of the node which is at the lateral boundary of the main soil
model, v/ is the normal velocity of the soil column node adjacent to the boundary node,
and v/ is the tangential velocity of the soil column node adjacent to the boundary node.

In this study, dashpot coefficients,C, =pC,4 and C,=pC A, are input

parameters. The soil columns on the edge of the model have a single degree of freedom
in the direction of load application (thus modeling 1-D wave propagation in the free field)
and the side nodes of the main soil model are restricted to have only horizontal motion.
The soil columns in the boundaries can be made to respond to the input motion, or for
computational efficiency, free field displacements with time, computed separately, can be

given as boundary conditions for the soil column nodes.
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Figure 3.3 Schematic diagrams of dashpot arrangements of free field boundaries and the
quiet boundary at the base of the model (adapted from FLAC 3D 2002).

3.4.2 Quiet (viscous) boundaries

The boundary condition at the base of the model should be such that a portion of

the seismic wave energy is reflected, according to the impedance ratio between the soil
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model and the underlying half space representing bedrock. A quiet boundary scheme
proposed by Lysmer and Kuhlemeyer (1969) is used to simulate this type of boundary
condition. Viscous dashpots are attached in the normal and tangential directions at the
base of the model in order to reflect some portion of the energy to the main soil model.
The governing equations are similar to 3.18a and 3.18b but free field velocity is zero and
density refers to the bedrock density. Viscous dashpots are attached in all three
perpendicular directions in this study.
3.5 LOADING

In a seismic analysis, seismic load can be applied either as a displacement,
acceleration, or velocity time history at the base of the model; or as a body force per unit
volume for the entire mesh as is described in section 2.1.3. Relative motions
(displacement, acceleration, velocity) will be output when load is applied as body force
per unit volume for the entire mesh (e.g., the output is the motion of the mesh relative to
the motion at the base). In this study, seismic load is applied as a shear stress at the base
because a quiet boundary condition and displacement boundary condition cannot be
applied simultaneously. The shear force in the viscous dashpots at the base of the model
is proportional to velocity. Hence, the application of shear force at the base is equivalent
to applying a velocity time history at the base of the model. A similar scheme is used in
the finite difference code FLAC 3D (FLAC 3D 2002). Validation of this loading scheme
is presented in section 3.6.1.
3.6 MODEL VALIDATION

The model used in this study is validated for its applicability to the soil-pile

interaction problem. The load application method is validated first. Pile element size and
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the model dimensions need to be adequate for the study; hence a parametric study of the
effect of model and mesh size is also performed. The use of stiffness proportional
damping, also an important aspect in this study, is validated next. Finally, a brief
discussion of the overall validation of the model is presented.
3.6.1 Validation of the load application method
Initially, a 3-D FE mesh was built to represent a soil column with a height of 10 m

and 1 m width in both horizontal directions (see Figure 3.4). The soil column consists of
ten 8-node tri-linear brick elements with unit area. In this validation, soil column motion
was restrained in two directions (vertical and one horizontal); that is, every node has only
one degree of freedom in one horizontal direction, hence modeling one-dimensional shear
wave propagation. A sine sweep equation given by equation 3.19 was used to generate
the acceleration input motion:

a(t+At)=(A(t+At)) Sin(a(t+ At )* (t + At ) (3.19)

o(t+At)=w(t)+Aw/(t, / At)

A(t+At)=A(t)+A44/(t,/ At) for t<t,

A(t+At) = A, for 1, <t<t, +1,

A(t+A4t)=A(t)—-A4/(t,/ At) for t >t +t,
where f,is low frequency, f, is high frequency, Aw is given by 2x(f)-f;), Agis start
amplitude , 4,is end amplitude, A4 is given by 4. — A, , t, is ramp up time, 7, is
constant amplitude time, 7, is ramp down time (total time, #, is given by ¢, =¢, +¢. +¢, )
and Atis the time step. The initial conditions for the above equation are A(0) = A, and

@(0) = 27f,.
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The acceleration time history was integrated to get velocity. A base line
correction was performed on the motion to ensure zero final velocity. A linear elastic
model was used for the soil. The Young’s modulus and Poisson’s ratio were set to
5.328x10° N/m” and 0.48 (corresponding to V; of 300 m/s), respectively and the density
was taken as 2000 kg/m’.

Shear stress was obtained from:

og(t) = pV V(1) (3.20)
where, p is density of the rock (basement), Vs rock shear velocity, and V' (¢) is the rock

outcrop velocity time history. The shear stress was applied at the base of the soil column
simultaneously with quiet boundary conditions corresponding to rock properties (p=2300
kg/m’, V,=1000 m/s) in order to simulate the base rock. Response was obtained at the top
node of the soil column. From this analysis, the transfer function (TF) between the top of
the soil and the input (rock) motion was obtained by using the Fast Fourier Transfer
(FFT). This TF was compared with the TF obtained from the analytical equation given by
Kramer (1996). Figure 3.5 shows that the TF obtained in both cases are similar up to 15
Hz. Therefore, seismic load can be applied as a shear stress time history at the base for all

analyses.
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Figure 3.4 FE soil column model.
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Figure 3.5 Comparison of TF for between FE analysis and an analytical solution.
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3.6.2 Stiffness proportional damping validation

Stiffness proportional damping was incorporated in the user defined material
subroutine called umat as described in section 3.2.5. The soil column model described in
section 3.6.1 was used to validate the applicability of stiffness proportional damping to
applied seismic loading.

The Gilroy # 1 E-W velocity record from the 1989 Loma Prieta earthquake was
used to generate a shear stress time history as described in section 3.6.1. The shear stress
time history was applied at the base of the column simultaneously with quiet boundary
conditions corresponding to rock properties (density=2300 kg/m®, Vi=1000 m/s). A
linear elastic model was used for the soil with the same properties as that used in section
3.6.1, but with the addition of 5% critical Rayleigh’s damping.

The analysis was first carried out with the built-in ABAQUS elastic model. Then
a user subroutine for elastic material with stiffness proportional damping was
implemented. The comparisons of the responses at the top of the soil column for both
analyses are shown in Figure 3.6. The two responses are identical thus showing that the

implementation of stiffness proportional damping in umat is correct.
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Figure 3.6 Comparison of response from a built-in ABAQUS elastic constitutive material
with built-in stiffness proportional damping and user defined (umat) elastic material.

3.6.3 Validation of pile element size

The element size is determinant for the accuracy of the FE approximation to the
true solution of a boundary value problem. A finer mesh results in a better approximation
to the true solution, however it comes at the expense of computational time. An optimum
element size for this study was determined by assuming that the pile behaves as a
cantilever beam, and varying the element size until a satisfactory element size was found.

8-node tri-linear brick elements were used to develop an 8 m long square concrete
cantilever beam with 1 m width. A linear elastic model was used for the concrete. The

Young’s modulus and Poisson’s ratio used were 2.3x10'° N/m” and 0.3, respectively, and
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the density used was 2400 kg/m’. One edge of the beam was fixed while the other edge
was loaded with a point load of 2000 N. Displacements along the cantilever were
obtained for different element sizes. Then these displacements were compared with the

displacements obtained from beam theory:

Vx)==——(—~"—) (3.21)

where, P is the applied point load, L is length of the cantilever beam, £ is Young’s
modulus of the cantilever beam, x is distance from the fixed edge, and / is second
moment of the inertia.

Figure 3.7 shows the comparison of the displacement for FE models with
different sized elements and the displacements from elastic beam theory. A minimum of
sixteen elements along the pile are needed to approximate the analytical solution.
Similarly, eight elements in the cross section of the pile are required to get a good

approximation to the solution.
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Figure 3.7 Comparison of displacement for different size element with predictions of
beam theory analysis.

3.6.4 Validation of model size

The pile and soil were made out of solid elements and modeled with 8-node tri-
linear brick elements. The soil layer thickness was set to 10 m, while the pile was 8§ m in
length and a square cross section of 0.5 m in width. The soil and pile were modeled with
elastic material with the properties given in Table 3.1. Rayleigh’s damping was also
incorporated in this study with 5% critical damping. The base was fixed while lateral
boundaries were set as described in section 3.4.1. The motions of the soil column at the
boundaries of the model were restrained in two directions (vertical and one horizontal), as
described in section 3.6.1. The load was applied as a 7.5 Hz harmonic displacement at the

base. As a first step, the distance between the lateral boundary and the pile center
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(denoted by ‘a’) in the loading direction was changed while the distance between the
boundary and the pile center in the direction perpendicular to loading was kept constant
(b = 10 m). In each case, the response at the top of the pile was obtained. Then the
response was normalized in the frequency domain with respect to free field response to
obtain a TF. Figure 3.8 shows the normalized pile top response (TF) with varying “a”
values. Figure 3.8 shows there is no significant change in TF beyond a = 15 m. Therefore,
“a” was selected as 15 m. Similarly, response was obtained for different b value while
“a” was kept as 15 m. Figure 3.9 shows the normalized pile top response for varying “b”
values. The effect of “b” on the TF is not as clear and is not significant, hence “b” was set
to 10 m.

Table 3.1 Properties used in the FE models in validation of model size analysis.

Pile Soil
Density (kg/m’) 2400 1610
Young’s modulus (N/m?) 2.5x10" 11.78x10°
Poisson’s ratio 0.25 0.42
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Figure 3.9 Normalized pile top response for varying “b” values.
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3.6.5 Validation of model for pile-soil interaction

Figure 3.10 shows the 3D FE mesh used in the validation analysis. A model with
similar properties as the model developed in section 3.6.4, except for the dimensions, was
selected. The soil layer was 12 m high and 30 m wide in the direction of the loading
direction, and 20 m wide in the other direction. The pile was 7.5 m in length and with a
square cross section of 0.3 m in width. The properties, including damping of the soil and
pile, are similar to those of the model used in section 3.6.4. The movement of the soil
column at the boundaries was restricted in all directions, that is, free field velocity is
assumed to be zero. Analyses were carried out for the different harmonic driving forces at
the top of the pile. In each analysis, response of the pile top was obtained and the
impedance function (see section 5.2) was calculated for each frequency of loadings.
Figure 3.11 shows the variation of the impedance function obtained from the FE analysis

for a single fixed head pile with non-dimensional frequency (a =awd /V,, where d is

width of the pile and V_ is the average shear wave velocity of the soil). Figure 3.12

shows the Gazetas and Dobry (1984) published results, where S is 1.7 to match these
studies. The analytical solution of the IF is equal to one. The normalized impedance
function obtained form the FE analysis (Figure 3.11) was compared with analytical
solutions and the results published in Gazetas and Dobry (1984). The FE results and other
two results agree well up to 15 Hz (a,=0.56) (Figures 3.11 and 3.12). The analytical
solution for the real part of the normalized impedance function is one and Gazetas and
Dobry (1984) also obtained values for the real part of the normalized impedance function
close to one. From the FEA solution within 15 Hz (a,=0.56), the lowest real part of the

normalized impedance function was obtained at the site frequency of 1.06 Hz (a,=0.04),
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where the site frequency is equal to the lowest natural frequency (given by 4VH

, where H

is soil layer thickness) of the soil stratum. The above feature was also obtained by

Gazetas and Dobry (1984).

1Step: Step-1, Applying force in the
Increment 1000: Step Time = 1.

ooo

Figure 3.10 FE soil-pile model.
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x|x” SEp

Real part of the Normalized /F" =

0.5 L Constant
; Rock i
; 2n|v=0d |V,
0 ; | PR ey J
0.1 0.2 0.3

Figure 3.12 Lateral dynamic stiffness versus frequency from 3D FEA (after Gazetas and
Dobry 1984).
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CHAPTER 4
PARAMETRIC STUDY ON KINEMATIC INTERACTION

4.1 INTRODUCTION

A parametric study was conducted in order to understand the effect of several
variables on the kinematic interaction of a fixed-head single pile. In this study, the effects
of pile diameter, soil non-linearity, gapping, and intensity of the input ground motion
were considered. The effect of these variables on the transfer function (see Section 2.2.1)
is studied. In addition the effects of these variables on the kinematic stress in a fixed-head
single pile are also considered. The results of the parametric study will provide a better
understanding of the effect of kinematic interaction on the dynamic behavior of a fixed-
head single pile.
4.2 COMPUTATION OF THE TRANSFER FUNCTION

The transfer function (TF) of the pile is required in order to find the input motion for
the analysis of the super structure supported by pile foundations. Figure 4.1 illustrates a
fixed-head pile-soil system excited by vertically propagating harmonic shear waves

(U, exp(iewt)). These harmonic shear waves would produce a harmonic oscillation,
termed “free field” oscillation, of U ;, exp(iwt) at a point in the ground surface which is

far enough from the pile to have no effects due to the presence of the pile. The frequency

dependent transfer function (TF) can be calculated from the following equation:

4.1

where,

U, ( f X is the maximum lateral response at the pile top for a given excitation

frequency f. This definition of the transfer function was used also by Kim and Stewart
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(2003).
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Figure 4.1 Sketch of single-pile system subject to vertically propagating shear waves
(adapted from Fan et al. 1991).

4.3 MODEL DESCRIPTION

Figure 4.2 illustrates the 3D FE mesh used in this study. The model is similar to that
described in Section 3.6.5 but with different dimensions. The modeled site consists of a
two-layered soil strata consisting of a 6 m thick soft soil layer underlain by a 4 m thick
stiff soil layer. A 30 m x 20 m rectangular soil area was modeled and the uni-directional
loading was applied in the direction of the larger dimensions. An 8 m long square pile
with different widths was analyzed (0.2 m, 0.3 m, 0.5 m, 1.0 m, and 1.5 m). The
movement of the vertical faces of the soil model was restricted. The base and the sides of
the soil model were modeled as an infinite medium by incorporating quiet (viscous) and

free field boundaries respectively (see Section 3.4). The fixed-head condition was
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simulated by restricting the vertical movement at the top of the pile. The properties of the
base rock, soil, and pile are summarized in Tables 4.1 and 4.2. Rayleigh’s damping with
5 % and 2 % of critical damping for the elastic and the inelastic soil model, respectively
was used. The inelastic soil was modeled using Borja and Amies’ model (Borja and
Amies 1994, Borja et al. 1999). This model will be referred to as "Borja's model" in the
remainder of the chapter. Analyses were carried out for different harmonic velocity input
motions at the base of the model. Note that the motions are entered as shear stress time
histories (see Section 3.3.1). In each analysis, response of the pile top was obtained and

the transfer function (TF) was calculated for each frequency.
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Figure 4.2 FE mesh for the analysis of the single, fixed-head pile under dynamic
loading with perfect bonding between pile and soil surface.
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Table 4.1 Elastic properties used in the FE models in parametric studies.

Parameter Pile Base Rock Soft Soil Stiff Soil
Density (kg/m3) 2400 2300 1600 1800
Young’s modulus | 2.5x10" 5.98x10’ 47.36x10° 479.52x10°

(N/m?)

(Vi=2041.25 m/s)

(V,=1000 m/s)

(Vs=100 m/s)

(Vs=300 m/s)

Poisson’s ratio

0.25

0.30

0.48

0.48

Table 4.2 Borja’s model parameters used in the FE models in parametric studies.

Parameter | Soft Soil Stiff Soil

V, (m/s) 100 300

1% 0.48 0.48

p (kg/m’) | 1600 1800

h 1.7 0.8

m 1.1 0.8

y/j 0.5 0.5

R 3.572x10° 2.268x10”

H, 10° 107

Br Function of driving and site | Function of the driving and site
frequency frequency

4.4 SINGLE PILE: HARMONIC EXCITATION AT THE BASE

The parametric study conducted to understand the effect of the variables that

control kinematic interaction in a fixed-head single pile is presented in this section. The
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independent variables include the pile diameter, nonlinearity of the soil, intensity of the
harmonic motion, and gapping between the soil and pile. A harmonic input motion with
a baseline intensity of 0.3g and varying frequencies (3.41 Hz, the site frequency, 5.0 Hz,
7.5 Hz, 10.0 Hz, 12.5 Hz, and 15 Hz) was considered in this study. For the soil and pile
properties used in this analysis the smaller piles (widths of 0.2 m, 0.3 m and 0.5 m) are
expected to behave as flexible piles while other piles (I m and 1.5 m) are expected to
behave as rigid piles.
4.4.1 Effect of non-linearity of the soil on transfer function

Figure 4.3 shows the variation of the TF for single fixed-head pile with non-

dimensional frequency a (a=wd /V,, where d is diameter or width of the pile, V, is

average shear wave velocity of the soil, and w is angular driving force frequency) for
elastic and plastic soil models with different pile widths (0.3 m and 0.5 m). This non-
dimensional frequency was also used by Gazetas and Dobry (1984) and Fan et al (1991).
The figure shows that the nonlinearity of the soil reduces the amplitude of the TF
significantly. However, nonlinearity has no effect on the TF at the site frequency (3.41
Hz). The effect of nonlinearity is more significant in the 0.3 m width pile. It is also
observed that an increase in the non-dimensional frequency for the 0.3 m wide pile

increases the difference between the TF’s in elastic and plastic soil models.
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Figure 4.3 Variation with frequency of the transfer function of a single fixed-head pile for
horizontal displacement for varying diameters.

4.4.2 Effect of ground motion intensity on transfer function

The intensity of the input ground motion influences the degree of nonlinearity in
the soil. It has been observed in the previous section that there are no effects of
nonlinearity on the TF at site frequency. Therefore a higher frequency (10 Hz) was
selected to study the effects of the ground motion intensity on the TF. A 10 Hz harmonic
input motion with three different intensities (0.1 g, 0.3 g, and 0.5 g) was used. An elastic,
0.5 m wide pile in a plastic soil was used for this study. Figure 4.4 shows the shear stress
strain behavior of the soil close to the pile top for different input motion intensities.
Observe that with increasing input motion intensity, there is a corresponding increase in
hysteretic damping and strain (hence stress) levels. The results of the parametric study,
summarized in Table 4.3, indicate that there is no significant effect in the TF due to

ground motion intensity. The reason is that while both pile and free field response are
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affected by the increase in the intensity of the input motion, the ratio between both does
not change.

Table 4.3 TF for 0.5m wide pile with different intensity of input ground motion. Input
motion frequency is 10 Hz.

Intensity/(g) TF
0.1 0.6435
0.3 0.6343
0.5 0.6344
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Figure 4.4 Octahedral shear stress versus octahedral shear strain curve obtained for an
element close to the pile and for different intensities of the input ground motion.
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4.4.3 Effect of pile diameter on the transfer function

Figure 4.5 shows the variation of the TF of a single fixed-head pile with non-
dimensional frequency for different pile widths (0.2 m, 0.3 m, 0.5 m, 1 m, and 1.5 m),
where soil and pile were modeled as elastic materials. Figure 4.6 represents the same
results as a function of frequency. While the behavior of piles with widths of 0.2 m,
0.3 m and 0.5 m was similar to that of the flexible piles, the other piles considered in this
study showed rigid pile behavior. The trend of the TF in the non-dimensional frequency
for all the cases agrees well with the idealized general shape of kinematic displacement

factor proposed by Fan et al (1991).
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0.00 0.50 1.00 1.50
a=wd/V
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Figure 4.5 Variation of transfer function of single fixed-head pile for horizontal
displacement with non-dimensional frequency for varying diameters for elastic soil.

80



0 I I 1

0 5 10 15
Frequency/(Hz)

—+—02 =03 +—05 -1 =15

Figure 4.6 Variation of transfer function of single fixed-head pile for horizontal
displacement with frequency for varying diameters for elastic soil.

The influence of pile diameter (width) on the TF in the frequency domain is
significant, as shown in Figure 4.6, however the influence is not significant when the
frequency axis is normalized as shown in Figure 4.5. This implies that TF can be
represented by a trend in the non-dimensional frequency domain for any diameter,
especially for flexible pile diameters, because the TF for flexible piles have unique trends
in non-dimensional frequency (see Figure 4.5). In addition, according to Figure 4.6,
flexible pile (e.g. 0.2 and 0.3 m pile diameters) response is roughly equal to the free field
response up to 10 Hz. Therefore, there is no significant effect due to kinematic interaction
for flexible piles in elastic soil material.

Figure 4.7 illustrates the variation of the TF of single fixed-head piles with non-
dimensional frequency for different pile diameters (0.3 m and 0.5 m) where the soil was
considered as an elasto-plastic material and the piles were assumed to be elastic. Figure

4.8 represents the same results as Figure 4.7 in the frequency domain. For plastic soil,
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there is no unique trend observed for the TF in non-dimensional frequency as observed in
the elastic soil model. Moreover, there is a considerable influence of the kinematic effect
on the pile response of flexible piles. That is, in plastic material, flexible pile response is
not equal to free field response. Therefore, the effect of pile diameter is more significant

in plastic soil rather than elastic soil.

1 B
0.75 N

0.00 0.25 0.50
a=wd/V ¢

——0.5 —8-0.3

Figure 4.7 Variation of transfer function of single fixed-head pile for horizontal
displacement with non-dimensional frequency for varying diameters for plastic soil.
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Figure 4.8 Variation of transfer function of single fixed-head pile for horizontal
displacement with frequency for varying diameters for plastic soil.

4.4.4 Effect of gapping (pile-soil separation) on the transfer function

A one-layer soil stratum of a stiff soil was considered to study the effect of
gapping on the TF. Figure 4.9 shows the FE mesh used in this analysis. The effect of
gapping was considered for elastic soil and for one driving frequency only (10 Hz). The
results, summarized in Table 4.4, show the variation of the TF with and without
separation between soil and pile surface interface and it shows that there are no effects on
the TF of allowing separation between the pile and soil surfaces. Maheshwari et al.
(2004) studied the effect of gapping on the IF and stated that gapping has a larger effect
on the IF than on the TF. Similar results were observed in this study. In this study,
gapping was observed at the top and bottom of the pile at different time intervals

according to the shear wave propagation.
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Table 4.4 TF for 0.5 m wide pile with different interface with 10 Hz harmonic wave.

TF

Separation may not occur (perfect bonding) | 0.9919

Separation may occur (gapping) 1.0055

3
Lﬁfﬁ_ﬁﬁODB: ifmodel5Snbondespls.odb ABAQUS/STANDARD Version 6.5-1 Fri hug 26 15:39:33 Pacific S3tandsrd Time 2005

gtep: Step-1, Applving force in the body
Increment 1000: 3tep Time = 1.000

Figure 4.9 FE mesh for single fixed-head pile analysis under dynamic loading with
gapping allowed between pile and soil surface.

4.5 KINEMATIC STRESS IN A SINGLE PILE

Pile stresses were obtained at discrete points in order to understand the influence
of the independent variables considered in the above study on kinematic pile stresses.
Stresses at the pile top (at Z=10 m in the figures) and at the depth of the interface
between hard to soft soil (at Z=4 m in the figures) were considered in this study because

stresses at those points are the most critical (Kavvadas and Gazetas 1993).
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4.5.1 Effect of soil non-linearity on kinematic stress

This study was carried out for a 0.5 m diameter (wide) pile embedded in an elastic
and a plastic soil medium with a different harmonic excitation. The soil consists of two
layers. It has been discussed in the previous sections that there is no effect of soil
nonlinearity on the TF at the site frequency (refer to Figure 4.3) while there is a
significant effect at high frequencies (refer to Figure 4.3). To capture both cases, the
results in this section are presented for the site frequency (3.41 Hz) and for a frequency of
15 Hz.

Figures 4.10 and 4.11 show the variation of the normal stress distribution along
the pile at the site frequency and 15 Hz, respectively. Generally, normal stress along the
pile is higher for a pile embedded in an elastic soil medium when the seismic excitation is
3.41 Hz (site frequency) (refer Figure 4.10). However the normal stress along the pile is
higher for a pile embedded in a nonlinear soil medium when the seismic excitation is 15
Hz (refer Figure 4.11). At the site frequency, there is no significant variation in normal
stress at interface depth (z=4 m) but there is considerable reduction (35 %) in normal
stress due to the presence of nonlinearity of the soil at the pile top (z=10 m). On the other
hand, at 15 Hz, there are no significant variations in normal stress at the pile top as well

as at the depth of interface (refer to Figure 4.11).
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Figure 4.10 Kinematic stress distribution along the 0.5 m wide pile at the site frequency.
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Figure 4.11 Kinematic stress distribution along the 0.5 m wide pile at 15 Hz.
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4.5.2 Effect of pile diameter on kinematic stress

A single fixed-head pile with different widths (0.2 m, 0.3 m, 0.5 m, 1.0 m, and
1.5 m) embedded in an elastic soil medium was analyzed in this study. In addition, 0.5 m
piles embedded in a nonlinear soil medium were also analyzed. Figures 4.12, 4.13, and
4.17 show that the maximum normal stress on the pile occurs when the loading frequency
coincides with the site frequency. Kavvadas and Gazetas (1993) made the same
conclusions in their studies for a two-layer soil stratum. Figures 4.12 and 4.17 show that
for flexible piles, maximum normal stress on the pile occurs at the depth of the interface
between hard to soft soil (at Z=4 m in figures). On the other hand, Figure 4.13 shows
that, for a rigid pile, maximum normal stress on the pile occurs at the pile top.

To see the effect of diameter on kinematic stresses, harmonic loading at the site
frequency was considered because maximum normal stress occurs at this frequency.
Figure 4.14 shows that for flexible piles (0.2 m, 0.3 m, 0.5 m width) normal stress on the
pile at interface depth is almost the same. That is, there are no effects of pile width in
flexible piles on the normal stress at the interface depth. Also, Figure 4.14 shows that, for
a flexible pile, normal stress on the pile top increases with pile width. On the other hand,
Figure 4.14 shows that, for a rigid pile, normal stress along the pile reduces with pile
width.

Figure 4.15 shows the variation of the bending moment distribution along the pile

for different pile diameters (width) at the site frequency. Moment is calculated using:

M =99 4.2
y

where M is the bending moment, o, and o, are the normal stresses at the left and right

outermost pile mesh integration points, respectively, y is the distance between the two
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integration points where the normal stress is obtained, and / is the moment of inertia of

the pile.

Figure 4.16 shows the variation of the normalized bending moment (pd]\f(j

4
where pis density of the pile, d is the diameter of the pile, and U .18 the peak ground

acceleration) distribution along the pile. This normalization was proposed by Kavvadas
and Gazetas 1993. Figure 4.16 shows that the normalized bending moments have
different trends with depth for different widths, and the intensity of the moments reduces
with pile width. However, normalized bending moment at the top of the pile has same

value for all pile widths except for 1.5 m (Figure 4.16).
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Figure 4.12 Kinematic stress distribution along the 0.2 m wide pile embedded in an
elastic soil medium with different harmonic frequency.
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Figure 4.13 Kinematic stress distribution along the 1.5 m wide pile embedded in elastic
soil medium with different harmonic frequency.
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Figure 4.14 Kinematic stress distribution for different pile widths embedded in elastic
soil medium at site frequency.
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Figure 4.15 Bending moment distribution for different pile widths embedded in elastic
soil medium at site frequency.
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Figure 4.16 Normalized bending moment distribution for different pile widths embedded
in elastic soil medium at site frequency.
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Figure 4.17 Kinematic stress distribution along the 0.5 m wide pile embedded in
nonlinear soil medium with different harmonic frequency.

4.5.3 Effect of gapping (pile-soil separation) on kinematic stresses

This study was carried out for a 0.5 m diameter (width) pile embedded in a layer
of elastic soil medium with 10 Hz harmonic motion as input motion at the base. As it
was previously discussed, there are no effects on the TF due to pile-soil separation.
Nevertheless, there is a significant effect on normal stress due to separation in the lower
half of the pile and there are no effects on the normal stress in the upper half of the pile
(Figure 4.18). That is, the effect of separation along the pile has doubled the normal stress
at the lower half of the pile. The reduction in stiffness due to the separation would have
caused the top of the pile to bend more while the bottom of the pile was fixed. That is, the

separation along the top of the pile has caused the pile to act as a cantilever beam.
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Because of that, the pile bends more and causes larger normal stresses at the bottom.
Note that the shear wave transferred from soil to pile is through the bottom of the pile so
that there is not much effect in transferring harmonic forces from the soil to the pile.

Hence, there is not much effect of gapping in the TF, as shown previously.
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Figure 4.18 Kinematic stress distribution along the 0.5 m wide pile at 10 Hz.
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CHAPTER 5
PARAMETRIC STUDY ON INERTIAL INTERACTION

5.1 INTRODUCTION

A parametric study was conducted in order to understand the effect of several
variables on the inertial interaction of a fixed-head single pile. In this study, the effects of
pile diameter, soil non-linearity, gapping, and magnitude of the driving force were
considered. The effect of these variables on the impedance function (see Section 2.2.1) is
studied. In addition, the effects of these variables on the inertial stresses in a fixed-head
single pile are also considered. The results of the parametric study will provide a better
understanding of the effects of inertial interaction on the dynamic behavior of a fixed-
head single pile.
5.2 COMPUTATION OF THE IMPEDANCE FUNCTION

The impedance function (dynamic stiffness) of the pile is required to calculate the
response of a structure to dynamic loading. The impedance function (IF) of a pile system
is defined by means of the stiffness and damping of the system. The IF can be
represented by a complex number in the frequency domain, and it is a function of the
driving frequency (e.g. the frequency of the loading function) and the magnitude of the
driving force, in addition to being a function of the properties of the soil-pile system. The
following equations were used in this study to calculate the impedance function (for

further details refer to Maheshwari et al. 2004):
IF=(P,/U,)e" 5.1

O=wt, =2rxft, 52
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where F,is the amplitude of the exciting lateral force applied at the top of the pile, U, is
the lateral peak amplitude response at the top of the pile at the steady state, ¢, is the time

lag between driving force and pile top response, and f is the driving frequency. In this
study, dynamic impedance functions were normalized with respect to static impedance
functions.
5.3 MODEL DESCRIPTION

A similar FE model as the one described in section 4.3, but with different
boundary conditions, was used for this parametric study. The soil column was assumed to
be fixed in all directions, which implies that the lateral boundaries become absorbing
boundaries. The soil and pile properties used in this study are also identical to those
discussed in section 4.3. Analyses were carried out for varying harmonic driving forces at
the top of the pile. The response of the top of the pile was obtained and the impedance
function (IF) was calculated for varying frequencies.
5.4 SINGLE PILE: HARMONIC EXCITATION AT THE TOP OF THE PILE

The parametric study conducted to understand the effect of inertial interaction on
a single pile is presented in this section. The independent variables considered include the
pile diameter, soil nonlinearity, the magnitude of the driving force, and gapping between
the soil and pile. The baseline magnitude of the driving forces was selected as the
magnitude of a static force that would cause a pile top deflection of 25 mm. This force
was considered an ultimate load, and was obtained through an analysis using the software
LPILE. The results of the LPILE analysis are summarized in Table 5.1. Various loading
frequencies (3.41 Hz, the site frequency, 5.0 Hz, 7.5 Hz, 10.0 Hz, 12.5 Hz., and 15 Hz)

were considered for this study.
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Table 5.1 Static load to cause a pile to a deflection of 25 mm (ultimate load).

Pile width/(m) Soil profile type* Ultimate load/ (kN)
0.3 2 100
0.5 2 180
0.5 1 300

* Soil profile type: 1: Single layer of hard soil. 2: Soft soil layer underlain by a hard stratum.

5.4.1 Effect of non-linearity of the soil on the impedance function
Figures 5.1 and 5.2 show the variation of the normalized IF for a single fixed-

head pile with non-dimensional frequency (a = wd /V,, where d is diameter or width of

the pile, V. is the average shear wave velocity of the soil, and w is the angular frequency

of the driving force) for elastic and plastic soil models with different pile widths (0.3 m
and 0.5 m). The ultimate capacity of the pile system obtained from LPILE analysis was
used as the driving force magnitude (Table 5.1). Figure 5.1 shows that the nonlinearity of
the soil reduces slightly the real part of the normalized IF for low frequencies and
significantly for high frequencies. Because the stiffness of the plastic soil model is
reduced at high strains, the lateral stiffness (real part of the normalized IF) of the pile is
reduced. On the other hand, nonlinearity of the soil increases the imaginary part of the
normalized IF. As the strains in the soil increase and the soil stiffness reduces, damping
increases and due to this the imaginary part of the normalized IF for a plastic soil
increases with respect to that observed in an elastic soil. Observe that a local minimum in
the real part is observed at 5 Hz (a = 0.069 for the 0.3 m diameter pile and a = 0.115 for

the 0.5 m pile, see Figure 5.1).
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Figure 5.1 Effect of nonlinearity on the real part of the normalized impedance function of
a single fixed-head pile with non-dimensional frequency for varying pile diameter.
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Figure 5.2 Effect of nonlinearity on the imaginary part of the normalized impedance
function of a single fixed-head pile with non-dimensional frequency for varying pile
diameter.
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5.4.2 Effect of driving force magnitude on the impedance function

The effect of driving force magnitude on the IF was studied using a 0.5 m wide
pile subject to a driving force with two different magnitudes: 180 kN (ultimate capacity)
and 50 kN. There are no significant effects of driving force magnitude on the normalized
IF for a pile in an elastic soil medium (refer to Figures 5.3 and 5.5). This is expected for a
linear system. However there is a significant effect of driving force magnitude on the
normalized IF for pile systems in a plastic soil medium (refer to Figures 5.4 and 5.6). The
reason for this is that, in a plastic soil model, an increase in shear strain reduces the soil

stiffness and increases the damping level.
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Figure 5.3 Real part of the normalized impedance function of a 0.5 m diameter fixed-
head single pile in an elastic soil for driving force amplitudes of 50 and 180 kN. Results
are plotted for non-dimensional frequency.
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Figure 5.4 Real part of the normalized impedance function of a 0.5 m diameter fixed head
single pile in a plastic soil for driving force amplitudes of 50 and 180 kN. Results are
plotted for non-dimensional frequency.
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Figure 5.5 Imaginary part of the normalized impedance function of a 0.5 m diameter
fixed-head single pile in an elastic soil for driving force amplitudes of 50 and 180 kN.
Results are plotted for non-dimensional frequency.
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Figure 5.6 Imaginary part of the normalized impedance function of a 0.5 m diameter
fixed-head single pile in a plastic soil for driving force amplitudes of 50 and 180 kN.
Results are plotted for non-dimensional frequency.

5.4.3 Effect of pile diameter on the impedance function

Figures 5.7 and 5.8 show the effect of pile diameter on the real part of the
normalized IF of a single fixed-head pile with non-dimensional frequency for flexible and
rigid piles, respectively, where soil and pile were modeled as elastic materials. Figure 5.9
represents the imaginary part of the normalized IF for the above system. The magnitude
of the driving force was set to 50 kN. The trend of the normalized IF for flexible piles
with non-dimensional frequency agrees well with that shown by Gazetas and Dobry
(1984). Especially a local minimum is also observed at or close to the site frequency (a =
0.031 for the 0.2 m diameter pile and a = 0.047 for the 0.3 pile, see Figure 5.7). For a
flexible pile there is no significant effect of pile diameter on the real part of the

normalized IF (i.e. it is close to one) but for rigid piles, the real part of the normalized IF

reduces with increasing frequency except for 10 Hz (refer to Figure 5.8). The imaginary
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part of the normalized IF with non-dimensional frequency has a unique trend for flexible
piles for the same driving force magnitude (50 kN); however, for rigid piles, the
imaginary part of the normalized IF reduces with increasing pile width.. On the other
hand, rigid piles have a unique trend in the frequency domain while for flexible piles the

imaginary part of the normalized IF increases with increasing pile width (Figure 5.10).
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Figure 5.7 Real part of the normalized impedance function of a flexible, fixed-head single
pile in a elastic soil for driving force amplitude of 50 kN for varying pile diameters.
Results are plotted for non-dimensional frequency.
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Figure 5.8 Real part of the normalized impedance function of a rigid, fixed-head single
pile in a elastic soil for driving force amplitude of 50 kN for varying pile diameters.
Results are plotted for non-dimensional frequency.
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Figure 5.9 Imaginary part of the normalized impedance function of a fixed-head single
pile in a elastic soil for driving force amplitude of 50 kN for varying pile diameters.
Results are plotted for non-dimensional frequency.
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Figure 5.10 Imaginary part of the normalized impedance function of a fixed-head single
pile in a elastic soil for driving force amplitude of 50 kN for varying pile diameters.
Results are plotted for varying frequency.

5.4.4 Effect of gapping (pile-soil separation) on the impedance function

A similar mesh as the one used in section 4.4.4 was used to study the effects of
soil-pile separation. Figures 5.11 and 5.12 show the effect of gapping on the normalized
IF of a single fixed-head 0.5 m wide pile in an elastic soil medium. A driving force of
300 kN was selected based on deflection criteria (25mm) in LPILE. Figure 5.11 shows
that gapping has significantly reduced the real part of the normalized IF because of lack
of soil support along the pile segment where gapping occurred. Similarly, Figure 5.12
shows that the gapping has significantly reduced the imaginary part of the normalized IF
because there is no wave propagation along the gap and hence radiation damping is

reduced.
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Figure 5.11 Effect of the gapping on the real part of the normalized impedance function
of a fixed-head single pile for 300 kN driving force with non-dimensional frequency for
0.5 m diameter in elastic soil.
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Figure 5.12 Effect of gapping in the imaginary part of the normalized impedance function
of a fixed-head single pile for 300 kN driving force with non-dimensional frequency for
0.5 m diameter in elastic soil.
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5.5 INERTIAL STRESS IN A SINGLE PILE

In the above parametric study, pile stresses were also obtained in order to
understand the influence of the independent variables considered in the previous section
on inertial pile stresses. In this study, the maximum stress amplitude obtained from time
domain analyses was used. The parametric study conducted to understand the influence
of independent variables in inertial pile stresses is presented in this section.

5.5.1 Effect of Soil non-linearity on inertial stress

This study was carried out for a 0.5 m diameter (width) pile embedded in elastic
and plastic soil media. A harmonic driving force at the ultimate capacity (180 kN) of the
pile is applied to a soil medium consisting of two layers. It has been discussed in the
previous sections that there is no effect of soil nonlinearity on the normalized IF at the
site frequency (refer to Figure 5.1) while there is a significant effect at high frequencies
(refer to Figure 5.1). To capture both cases, the results in this section are presented for the
site frequency (3.41 Hz) and for a frequency of 15 Hz.

Figures 5.13 and 5.14 show the variation of the normal stress distribution along
the pile at the site frequency (3.41 Hz) and a frequency of 15 Hz, respectively. There is
no effect of soil nonlinearity on the distribution of normal stresses at the site frequency
(Figure 5.13). However, there is a slight effect on normal stress distribution at a
frequency of 15 Hz (Figure 5.14). These results were expected at both frequencies
because at the site frequency, global stiffness is the same for both elastic and nonlinear
soil, while at 15 Hz global stiffness for a pile system embedded in a nonlinear soil
medium 1is slightly less than that of a pile system embedded in an elastic soil medium

(Figure 5.1). A lower stiffness of the pile-soil system implies that a larger portion of the
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load must be taken by the pile. Because of the above reasons, at 15 Hz, normal stresses
for the pile embedded in a nonlinear soil medium are slightly higher than those for a pile

embedded in an elastic soil medium.
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Figure 5.13 Normal stress distribution along the pile for a 0.5 m wide fixed-head single
pile embedded in an elastic and a plastic soil medium and loaded to ultimate capacity
(180 kN) with a harmonic driving force at the site frequency (3.41 Hz).
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Single fixed-head square piles with different sizes (0.2 m, 0.3 m, 0.5 m, 1 m, and
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was used for the analyses.
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Figure 5.14 Normal stress distribution along the pile for a 0.5 m wide fixed-head single
pile embedded in an elastic and plastic soil medium and loaded to ultimate capacity (180

kN) with a harmonic driving force at 15 Hz.

5.5.2 Effect of pile diameter on inertial stress

1.5 m) embedded in an elastic soil medium were considered in a study of the effect of
pile diameter on inertial stresses. In addition, pile sizes of 0.3 m and 0.5 m embedded in

a plastic soil medium were considered. A driving force of 50 kN with varying frequency

Observe that there are no significant effects (especially for a pile embedded in a elastic
soil medium) of varying the loading frequency on normal stress along the pile for the

flexible piles (e.g., the piles with sizes of 0.2 m, 0.3 m, and 0.5 m). Also, there are no
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significant effects on normal stresses on flexible piles due to the present of an interface
(at Z=4 m in figures) between a soft and a hard soil layer of the (Figures 5.15 and 5.17).
On the other hand, the presence of the interface affects normal stresses on rigid piles
(Figure 5.16). At the bottom of the pile (Z=2 m in figures) normal stress is zero for the
flexible piles and nonzero for the rigid pile. The above observations result from the fact
that lateral forces are fully carried by a portion at the top of the pile equivalent to 10 pile
diameters. For flexible piles, all the lateral force is carried by the pile above the interface
(located in this case 6 m below the surface). For the rigid piles, there is still a significant
portion of lateral forces carried by the pile at the interface.

There are no significant effects of the driving frequency on normal stresses even
at high loading frequencies (15 Hz), despite the fact that at that high frequencies the
global stiffness of the pile system is low (see Figure 5.1, especially for nonlinear soil and
rigid piles). That is, it is speculated that if the global stiffness is low then there should be
higher normal stresses in the pile. Figure 5.18 shows the variation of the normal stress
distribution along the pile for different pile sizes and Figure 5.19 shows the variation of
the bending moment distribution along the pile for different pile diameters. The moment
is calculated through Equation 4.2 (see Section 4.5.2). Figure 5.19 shows that the bending
moment increases with the pile diameter. Also, the presence of an interface between soft
and stiff soil has more of an effect on bending moment distribution than on normal stress

distribution (Figures 5.18 and 5.19).
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Figure 5.15 Normal stress distribution along the pile for a 0.2 m wide fixed-head single
pile embedded in a elastic soil medium and loaded to 50 kN with a harmonic driving
force.
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Figure 5.16 Normal stress distribution along the pile for a 1.5 m wide fixed-head single
pile embedded in a elastic soil medium loaded to 50 kN with a harmonic driving force.
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Figure 5.17 Normal stress distribution along the pile for a 0.3 m wide fixed-head single
pile embedded in a plastic soil medium loaded to 50 kN with a harmonic driving force.
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Figure 5.18 Normal stress distribution along the pile for single fixed-head piles of
different widths embedded in an elastic soil medium and subject to a cyclic loading of
50 kN.
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Figure 5.19 Moment distribution along the pile for single fixed-head piles of different
widths embedded in an elastic soil medium and subject to a cyclic loading of 50 kN.

5.5.3 Effect of gapping (pile-soil separation) on inertial stresses

A pile with a diameter of 0.5 m embedded in a layer of hard elastic soil was used
to study the effects of soil-pile separation on inertial stresses. A driving force of 300 kN
(ultimate capacity) was applied to the top of the pile. The results are presented only for

the site frequency (7.5 Hz) because at this frequency there are significant effects of

gapping on global stiffness (refer to Figure 5.11).

Figure 5.20 shows the variation of normal stress distribution along the pile
embedded on an elastic soil medium with and without gapping. There is a slight effect on
the normal stress distribution resulting from the presence of the gap (Figure 5.20). This

result is expected because at the site frequency, global stiffness for the pile system with

110



the gap interface is slightly less than that of pile system without the gap interface (see
Section 5.4.4). That explains why the normal stress distribution for a pile with the gap

interface is slightly higher than that of the pile without the gap interface.
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Figure 5.20 Normal stress distribution along the pile for a 0.5 m wide single fixed-head
pile embedded in an elastic soil medium and subject to a cyclic loading of ultimate
capacity (300 kN) at site frequency (7.5) Hz.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 SUMMARY
Numerical models for dynamic soil-pile-structure interaction (SPSI) were developed
using the finite element software ABAQUS. The numerical models were developed for
quantifying kinematic transfer functions and inertial impedance functions for the design
of foundations subject to machine vibrations or ground shaking. This project also
involved developing a user subroutine for contact interaction and implementing a
constitutive model with stiffness proportional damping in a user subroutine umat. This
study was carried out for a single fixed-head pile. Tapered harmonic bedrock input
motions were used to quantify the kinematic transfer functions and a harmonic loading
function applied as a lateral force at the top of the pile was used to quantify the inertial
impedance functions. The multiaxial cyclic plasticity model of Borja and Amies (1994),
implemented in a FE code by Rodriguez-Marek (2000) was used in this study to model
soil nonlinearity and hysteretic behavior. Three independent variables were considered in
parametric studies. These variables are soil nonlinearity, pile diameter, and soil-pile
separation. A soft clay over a stiff clay soil profile was considered in the study of the
effects of pile diameter and soil nonlinearity on both kinematic transfer functions and
inertial impedance functions. For the study of soil-pile separation, a single layer of a hard
soil was used. A study also was conducted to evaluate the variation of normal stress along
the pile length as the independent variables were varied.
The treatment of the lateral boundary conditions presented in this study is a novel

approach that can lead to the use of smaller finite element meshes and hence aid future
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researchers in this area. While this type of boundaries was previously implemented in
finite difference analyses, this is the first such implementation in FE. In addition,
researchers and practitioners alike will benefit from the parametric study presented in this
thesis, as it identifies the conditions under which soil nonlinearity, soil-pile separation,
and pile diameter effects become important in the treatment of kinematic and inertial
effects. The FE method proved to be a useful tool to study the effect of various variables
on the kinematic transfer functions as well as inertial impedance functions. This chapter
presents the major findings from this study and presents recommendations for further
study.
6.2 CONCLUSION
Conclusions from this study are categorized into two groups: those dealing with
kinematic interaction and those dealing with inertial interaction. For both cases, the
influence of various parameters on the TF as well as on the IF is described. These
parameters include soil nonlinearity, pile diameter, soil-pile separation, and intensity of
the harmonic input motion or loading function.
6.2.1 Kinematic interaction
I. Ground motion intensity does not change the value of the TF in a nonlinear soil
medium. While an increase in input motion intensity decreases the soil stiftness
and increases the hysteretic damping in the soil, these effects occur both for the
free field motion and the pile-top motion; hence the TF is not affected (Table 4.3
and Figure 4.4).
II. Transfer functions for a flexible pile embedded in an elastic soil medium have a

unique trend when plotted versus non-dimensional frequency a, where the
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IV.

frequency is rendered non-dimensional by a =wd/V;. However, this uniqueness is
not preserved when the pile is embedded in a nonlinear soil medium. The
influence of the pile diameter (width) on the TF for a given frequency is
significant. However, the influence is not significant, especially for piles
embedded in an elastic soil medium, if the frequency axis is normalized as
discussed above (Figures 4.5 and 4.7).

The response of flexible piles embedded in an elastic soil medium is roughly
equal to free field response for frequencies up to 15 Hz (e.g., the value of the TF
is close to one). However, the response of flexible piles embedded in a nonlinear
soil differs from free field response, especially at high frequencies. Nonlinearity
of the soil medium reduces the transfer function significantly. This has more
effect on the 0.3 m wide pile. That is, an increase in the non-dimensional
frequency for the 0.3m wide pile increases the difference between the TF’s of
elastic and plastic soil models (Figures 4.3, 4.6, and 4.8).

Separation between soil and pile has no effect in the transfer function of a pile
embedded in an elastic soil medium (Table 4.4).

Maximum normal stresses on a pile occur when the harmonic excitation
frequency is equal to the linear site frequency (where fy. = Vi/(4H)). The
maximum normal stress on flexible piles occurs at the depth of the interface
between soft and hard soils. On the other hand, the maximum normal stress on
rigid piles occurs at the pile top. For flexible piles, the maximum normal stress is

nearly independent of pile diameter and the normal stress on the pile top increases
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with pile width. For rigid piles normal stresses along the entire pile length are
smaller for piles with smaller width (Figures 4.12, 4.13, 4.14, and 4.17).

The maximum bending moment envelope along the pile increases with
pile width for both rigid and flexible piles, but the shape of the envelope is a
function of pile width. The normalization of bending moment proposed by
Kavvadas and Gazetas (1993) renders a pile-top bending moment that is
independent of diameter (except for 1.5 m diameter), however the normalization
does not result in a unique bending moment envelope along the pile (Figures 4.15
and 4.16).

VI. Generally, nonlinearity does not affect significantly the normal stress envelope
along the pile. However, at the site frequency, nonlinearity reduced the normal
stress at the top of the pile by 35 %. For higher frequencies (e.g. 15 Hz), soil
nonlinearity does not have a systematic effect on the normal stress envelope (e.g.,
stresses increase at some depths and decrease at others) (Figures 4.10 and 4.11).

VIIL. Soil-pile separation (gapping) increases the normal stress along the lower half of a
flexible pile. However, there is no effect of gapping on the normal stresses in the
upper half portion of the pile (Figure 4.18).
6.2.2 Inertial interaction
[. The magnitude of the driving force does not affect the IF of a pile embedded in an
elastic soil medium. However, the IF of a pile embedded in a nonlinear soil
medium is affected by the magnitude of the driving force. That is, the real part of

the IF reduces with increasing driving force magnitude. On the other hand, the
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VL

imaginary part of the IF increases with increasing driving force magnitude
(Figures 5.3, 5.4, 5.5, and 5.6).

For flexible piles embedded in an elastic soil medium, the real part of the IF is
nearly constant across all frequencies and does not change much with pile
diameter. For rigid piles, the real part of the IF reduces with increasing frequency.
For flexible pile the imaginary part of the IF has unique trend in non-dimensional
frequency but for rigid pile the imaginary part of the IF decreases with increasing
diameter for a given non-dimensional frequency (Figures 5.7, 5.8, 5.9, and 5.10).
Soil nonlinearity reduces slightly the real part of the IF for low loading
frequencies and significantly for high loading frequencies. On the other hand, soil
nonlinearity increases the imaginary part of the IF (Figures 5.1 and 5.2).

Soil-pile separation (gapping) reduces the real and imaginary parts of the IF
(Figures 5.11 and 5.12).

The normal stress envelope along a pile embedded in elastic soil medium is not
affected by loading frequency, in particular for flexible piles. However, there is a
considerable effect of loading frequency on the normal stress envelope when the
pile is embedded in a nonlinear soil. Furthermore, the presence of an interface
between soft and hard soil has been found to affect the maximum normal stresses
for rigid piles, but not for flexible piles. At the bottom of the pile, normal stresses
are zero for flexible piles and nonzero for rigid piles. The bending moment
envelope increases with increasing pile width (Figures 5.15, 5.16, and 5.17).
Nonlinearity does not affect the normal stress along the pile at low frequencies

and it has a small effect at higher frequencies (Figures 5.13 and 5.14).
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VIIL. Soil-pile separation increases the normal stress along the pile (Figure 5.20).
6.3 RECOMMENDATION FOR FUTURE RESEARCH
Recommendations for further research on the subject of kinematic transfer
functions and inertial impedance functions are listed below.

I. The effect of soil-pile separation on the TF as well as the IF has to be studied for
the plastic soil model. In this study, gapping was only considered for an elastic
soil.

II. Analysis for the TF and the IF should be carried out for pile groups with different
spacing and inclinations.
III. The study of soil-pile separation on the TF as well as the IF should be extended to
pile groups. The effects of pile spacing and pile inclination should be studied.
IV. A study should be carried out to validate the superposition assumption made in

this study, in particular for nonlinear soils.
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