Effects of Nonlinear Soil-Structure
Interaction on Lateral Behavior of Pile

Foundations

Mahmoud Nasser Hussien Ahmed



Abstract

Pile foundation subjected to static or dynamic lateral loading is one of a class of problems that
involve soil-structure interaction (SSI). The behavior of these foundations has a long history of
research and these researches have formed the basis for the current design practice of pile
foundations under lateral loads. However, several aspects of SSI and its effects on pile
performance under lateral loads have not been explicitly studied in research and consequently
not fully considered in design practice. There are strong needs to pursue the studies on SSI and
to evaluate its effects on the performance of piles.

Piles expected to behave nonlinearly under extreme loading conditions. Additionally,
the soil is known to exhibit nonlinear behavior even at relatively low strain levels.
Consequently, ignoring nonlinear SSI effects could lead to serious errors on evaluating pile
performance under lateral loads. The present research is concerned with identifying the effects
of three aspects of nonlinear SSI on the performance of piles and pile groups under static and
dynamic lateral load. Brief descriptions of these three aspects of SSI are given in the following
words.

One aspect of SSI that is still not fully understood and poses a challenge to
geotechnical engineers is soil-pile gap formation at soil-pile interface. In this situation, two
primary variables of SSI have to be carefully evaluated. One is the deformation of soil due to
pile displacement. This variable has to be evaluated even when the soil-pile separation occurs.
The other is the soil-pile gap formation, especially the threshold level of displacement or the
triggering level of the gap formation.

Another aspect of SSI that is not considered in the current design practice is the
interaction between axial and lateral structural loads transmitted to the soil through the piles.
According to the current practice, piles are independently analyzed first for the axial load to
determine their bearing capacity and settlement and then for the lateral load to determine the
stresses and deflections, ignoring the interaction between vertical and lateral loads.

When the seismic load is considered, the superstructure forms an integral part of the
pile-foundation system, and the SSI in this case become more challenge. The analysis of a
superstructure-foundation system for earthquake loads is a very complex process involving
inertial interaction between structure and pile foundation, kinematic interaction between piles
and soils, and the nonlinear response of the coupled soil-pile-structure system to strong
earthquake motions. In this situation, which are very complex but of the utmost importance in
practical design, a proper understanding of SSI effects on the performance of the
soil-pile-structure system is needed.



This study aims at advancing the knowledge and understanding on the above
mentioned three aspects of nonlinear SSI and their effects on the pile performance. To this end,
nonlinear finite elements models (FEM) are constructed and applied in a practical way to deal
with these three issues. These models cover a large range of soil strain levels under variety of
loading conditions. Some modeling strategies are introduced and validated in order to reduce
the computational cost. Therefore, an equivalent two dimensional (2D) model, implemented in
FLIP is adopted and used throughout the current study.

The soil in front of a pile actually moves around the pile in a three dimensional (3D)
manner whereas in this study this phenomenon is idealized through 2D type using soil-pile
interaction springs. The soil-pile interaction spring is formed by analyzing the soil behavior in
horizontal plane around a pile. With a unit thickness in vertical direction, the horizontal
deformation of soil mass around the pile is analyzed by applying the forced displacement at the
pile. Using several thousand FE meshes of nonlinear soil model of multiple shear mechanism,
nonlinear load-displacement relationships are computed, where the displacement is defined by
the displacement of the pile relative to that of the soil at the boundary (coincided with the
mid-position between the piles in group piles aligned perpendicular to the displacement
direction). The study shows that the nonlinear load-displacement relationships computed
through the FE analysis in horizontal plane coincided with the nonlinear stress-strain
relationships of a single soil element in shape. Thus, the soil-pile interaction spring can be
idealized by substituting a single soil element with empirical scaling factors for conversion
from stress-strain to load-displacement variables. This spring element makes it possible to
approximate the 3D behavior of soil-pile interaction through 2D analyses. In addition, the gap
formed between the soil and the pile is idealized through a joint element that incorporates the
separation-contact and sliding mechanisms.

The effect of soil-pile gap is studied with respect to the performance of laterally
loaded single and group piles. Full-scale tests consisting of a combination of a single and 3 by
5 group pile under static and dynamic lateral loads presents a unique opportunity for this end
and allows rigorous study without arbitrary parameter back-fitting. In these tests, piles were
installed in the deposit formed with alternating layers of saturated clay (with shear strength
ranging from 20-40 kPa) and sand. The single pile is made of steel pipe pile 11.6 m long with
pile diameter 0.324 m and 9.5 mm thick and the group pile is formed in 3 by 5 layout with a
spacing of 3.92 times the pile diameter. The static load was applied by hydraulic jack and the
dynamic load was applied using statnamic test device. In the analysis, coupled soil-pile system
is idealized through the 2D FEM mentioned earlier. For a statically loaded single pile, ignoring
soil-pile separation leads to 43% overestimation of the lateral loading-carrying capacity of the
pile. For a statically loaded pile group, the effect of soil-pile separation is most prominent at the
trailing pile. Ignoring soil-pile separation leads to 73% overestimation of the load-carrying
capacity of the trailing pile. Similar results have been obtained for dynamically loaded piles,
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indicating that the appropriate evaluation of the effect of soil-pile gap formation is essential for

accurate estimation of the lateral response of piles under static and dynamic lateral loads.

The effect of vertical loads on the lateral resistance of piles is evaluated using the pile
dimensions and configuration used for the full-scale model tests. In these analyses, the vertical
load is applied by enforcing a vertical displacement equivalent to 10% of pile diameter (i.e.
vertical load = 75 % of the ultimate vertical capacity of the pile (P,)) at the pile-head and then
the lateral resistance of the pile is analyzed. The increase in the lateral resistance due to the
vertical load is 8% for the single pile and 9% for the group piles. The vertical load leads to a
10% decrease in the lateral resistance of the leading pile (pile 1) and 9, 14, 17, 35% increase in
the lateral resistance of piles 2 through 5, respectively. The increase in the confining pressures
in the sand deposit is the major driving factor to contribute the change in the lateral resistance
of piles, depending on the position of the pile in the group. When a footing is added above the
pile-head, and the same vertical load is applied through this footing, the rate of increase in the
confining pressures in the sand deposit is more pronounced, contributing to the more
pronounced effect of the vertical load on the lateral response of the piles.

The effect of the frequency content of input motion on the SSI is evaluated through
centrifuge model tests and numerical analyses. Dry sand deposit is used in this study, thereby
aiming at the fundamental knowledge on the soil-pile-structure interactions under seismic
loading. In this series of the study, the most fundamental case of linear elastic analysis of a
single pile is analyzed first. The results of these fundamental analyses are compared with the
previously published results of linear SSI available in the literature, and the applicability of the
simplified FEM adopted in this study is confirmed. The study moves to include nonlinear SSI
using centrifuge model tests of a superstructure (Double-Degree Of Freedom (DDOF))
supported by a single pile foundation and shaken at the centrifugal acceleration of 40 g.
Applicability of the nonlinear FEM adopted in this study is confirmed in frequencies ranging
from 0.1 to 1.0 Hz. Based on the confirmed applicability of the numerical model adopted in this
study, the effect of the frequency content of input motion on the dynamic SSI is studied as
follows:

(1) A series of systematic centrifuge tests is conducted in order to study the seismic response of
end bearing single and 3 by 3 group piles embedded in dry sand layer and supporting SDOF
and DDOF structures. Resonant frequencies are 7 Hz for ground, 5 Hz for SDOF
superstructure on rigid ground, and 2 Hz (for the fundamental mode) and 11 Hz (for the
second mode) for DDOF superstructure on rigid ground. All tests are conducted with the
centrifugal acceleration of 40 g. A total of 7 tests including free-field, single and group pile
cases were performed. Each model was subjected to 12 sinusoidal waves as input base
accelerations. These waves have constant amplitude of about 1.5 m/s> and varying
frequencies ranging from 1 to 12 Hz. The centrifuge test results indicate that the pile-head
motion is found to be dominated by two discrete frequencies: a lower frequency (the

1ii



effective natural frequency (fss;)) where the pile-head motion is amplified and a higher one
(the pseudo-natural frequency (fpssi) of the system) where the response is suddenly
de-amplified with respect to the free-field motion. These results confirm the numerical
results found in the literature and generalize their findings to include group piles supporting
higher DOF structures. Moreover, as the frequency content of base excitation approaches
the fundamental frequency of the ground (7 Hz), the bending moment of all piles (in a
free-head pile group) increase as well as the difference between piles bending moments
indicating strong effect of pile-soil-pile interaction. In this case, the center pile in the group
has the minimum value of bending moment followed by the side pile followed by the
corner pile. For group piles supporting structures, as the frequency content of base
excitation approaches fss; of the coupled soil-pile-structure system, the bending moment of
all piles also increase as well as the difference between piles bending moments indicating
strong effect of pile-soil-pile interaction. Unlike the free-head case, the center pile in the
group has the maximum value of bending moment followed by the side pile followed by
the corner pile.

(2) A series of linear and nonlinear parameter studies of soil-pile superstructure systems
conducted using the simplified FEM shows that the reduction rate in the resonant frequency
of the superstructure by changing the rigid foundation ground to soil-pile foundation (to be
called frequency ratio) can be expressed as a function of wave parameter (represented by
normalized resonant frequency of superstructure on the rigid foundation ground with a
height of the structure and the shear wave velocity of ground) and foundation flexibility
(pile length over diameter ratio normalized by the quadruple of Young’s modulus ratio of
pile and ground). The results also indicate that SSI effects were observed for coupled
systems that comprise of stiff superstructures founded on flexible and/or long piles; leading
to significant reductions in fss; of the system (i.e. the frequency ratio becomes smaller for
larger wave parameter and larger foundation flexibility). The nonlinearity of the ground
induces larger reduction in frequency ratio indicating the strong need to revisit the current

interaction methodologies based on linear elastic SSI.

Keywords: lateral, vertical, static, dynamic, bending moment, pile group, nonlinear, soil-pile
spring, soil-pile separation, pile-soil-pile interaction, soil-pile interaction,
coupled soil-pile-structure interaction, finite elements, centrifuge, kinematic,

inertial, effective natural frequency, pseudo-natural frequency
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Chapter 1: Introduction

1.1 Introduction

Pile foundations are relatively long and slender structural members which have the function of
transferring load from the superstructure through weak compressible strata or through water to
more compact and less compressible soil or onto rock. In addition to axial loads that must be
sustained by the piles, substantial lateral loads may be present and must be accounted for in
design. These lateral loads can come from variety of sources such as wind forces and earth
pressures. More powerful lateral loads occur as a result of unpredicted events such as
earthquakes, slope failure, and lateral spread induced by liquefaction.

The problem of lateral loading piles is not as simple as that of vertical loading one in that
the resistance of a pile to a lateral load and the deflection of the pile as the load builds up to its
ultimate value are very complex matters involving the interaction between a semi-rigid structural
element and the soil (SSI), which deforms partially elastically and partially plastically. In
addition, the soil adjacent to a laterally loaded pile at ground surface yields at the very smallest
lateral load. As the load increases, yielding progresses down the pile further. The surface of the
pile opposite to the loading direction may separates from the soil and, to some depth, leaves a
gap. Some soil such as cohesionless sand inevitably moves falls into the gap, so that when the
load is removed the plastic deformations and the presence of the soil filling behind the pile
prevent it from returning to its pristine position. If the pile-soil system were to be modeled
elastically, the model parameter would depend on the load or displacement level specified (Scott
1981).

The available procedures of analyzing the lateral performance of piles in this complex
SSI situation have included those based on simplified interactions models as well as those based
on more rigorous FE and boundary element models (BEM). Simplified procedures are an
essential feature of pile design, and they are the tools for code regulated designs. In these
models, piles are typically analyzed by idealizing the ground through linear elastic or nonlinear
springs attached at different depths to the pile that is modeled as a beam. The former is called
Chang’s method (1937) and used in Japan in design practice whereas the latter is called p-y
curve, where y represents the lateral displacement and p represents the soil resistance per unit
length of the pile, and this method is used in North America and Europe in design practice since
1970s. Seismic soil-pile interaction analysis has been also made by using these springs by

Penzien and others since 1960s. Lateral behavior of single pile is converted to that of group pile
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by using p-multiplier as suggested by Brown et al (1988). With this approach, the soil resistance,

D, is scaled down by a constant factor. The appropriate p-multiplier is likely dependent on a

number of factors such as pile spacing, row position in the group, deflection level and soil type.

A superstructure forms an integral part of the pile-foundation system when seismic load
is considered. Thus the design of a superstructure-foundation system for earthquake loads must
take into account the effects of the foundation on earthquake ground motion as well as the
inertial loads imposed by the structure on the foundation. The former effect would cause the
motion of the base of the structure to deviate from the free-field motion (kinematic interaction)
whereas the latter would induce deformation on the supporting soil (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. Thus proper
design of structures and their foundation must account for both of these effects.

In a seismic soil-pile-structure interaction analysis, kinematic and inertial interactions can
be examined directly or indirectly. The dircc;t or coupled method analyzes the entire soil-pile-
structure system and is often performed using FEM which is very complicated and requires an
enormous amount of time and resources. The indirect (multi-step) method decomposes the
kinematic and inertial interaction as two separate stages which can later be coupled together to
obtain the actual response. Although the decoupling of the system's response provides insight as
to the distinct role of inertial and kinematic interaction, the implementation of the coupled
system gives a direct and often more convenient estimation of the response, since inertial and
kinematic effects are simultaneously modeled (Rovithis et al. 2009).

Several aspects of SSI and its effects on pile performance under lateral loads have not
been explicitly studied in previous research briefly described above. Three of these aspects are
given in the following:

(1) Level of loadings assumed for the previous study and existing design practice is often for the
condition of moderate strain level induced in the ground. Lateral behavior of piles at
extensive nonlinearity induced in the ground, such as for liquefaction or soil-pile gap
formation, as encountered in recent strong earthquakes, is not fully studied.

(2) In the conventional studies, the lateral behavior of piles has been studied independently from
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their vertical responses. The interaction between axial and lateral structural loads transmitted
to the soil through the piles is not considered; the justification being that the magnitude of
applied axial load has a little influence on the laterally loaded soil-pile system. However,
when the magnitude of the axial load of the pile approaches its ultimate vertical capacity, a
careful evaluation of the effect of vertical loads on the lateral resistance of piles and pile
groups is required.

(3) In the seismic loading condition, the fundamental frequencies that dominate pile-head motion
as well as dynamic pile bending in the coupled soil-pile-structure system as affected by the

combined effect of kinematic and inertial interaction have not been explicitly studied.

1.2 Objectives and Scope

This study aims at advancing the knowledge and understanding on the above mentioned three
aspects of nonlinear SSI. The most recent results for lateral behavior of piles through numerical
analyses and centrifuge model tests as well as full-scale tests are presented in this study. The
study is systematically performed from the most fundamental single pile to group piles, and from
the most fundamental loading condition for applying the static and dynamic load at pile-heads to
dynamic response of soil-pile-structure system. Table 1.1 lists the loading conditions of single
and grouped piles investigated in the current study through numerical analyses and centrifuge

model tests.

Table 1.1 Loading conditions of single and grouped piles investigated through numerical
analyses and centrifuge model tests

Loading conditions Numerical analysis Centrifuge model test
Single pile | Group pile | Single pile | Group pile
Static load ® ()
Dynamic load applied at pile head o ®
Seismic load o o ®
1.3 Methodology

1.3.1 Numerical analysis
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Nonlinear FEM are constructed and applied in a practical way to deal with the above mentioned
three issues of SSI. These models cover a large range of soil strain levels under variety of
loading conditions. Some modeling strategies are introduced and validated in order to reduce the
computational cost. Therefore, an equivalent 2D model, implemented in FLIP (Finite Element
Analysis Program for LIquefaction Process) is adopted and used throughout the current study. A
brief description of the simplified 2D model is given as follows:

The interaction between a pile and the surrounding soil in 3D was idealized using 2D
analyses. Nonlinear spring elements were used to represent the soil-pile interaction. Parameters
of these spring elements were determined by parametric studies on the soil-pile interaction in a
2D horizontal plane. With a unit thickness in vertical direction, the horizontal deformation of soil
mass around the pile is analyzed by applying the forced displacement at the pile. Using several
thousand FE meshes of nonlinear soil model of multiple shear mechanism, nonlinear load-
displacement relationships are computed, where the displacement is defined by the displacement
of the pile relative to that of the soil at the boundary (coincided with the mid-position between
piles in a single row of equally spaced group piles aligned perpendicular to the displacement
direction). The study shows that the nonlinear load-displacement relationships computed through
the FE analysis in horizontal plane coincided with the nonlinear stress-strain relationships of a
single soil element in shape. Thus, the soil-pile interaction spring can be idealized by substituting
a single soil element with empirical scaling factors for conversion from stress-strain to load-
displacement variables. This spring element makes it possible to approximate the 3D behavior of
soil-pile interaction through 2D analyses. In addition, the gap formed between the soil and the
pile is idealized through a joint element that incorporates the separation-contact and sliding
mechanisms.

The most fundamental loading condition is to apply the load at the pile-head, either
statically or dynamically. Single and group pile behavior is analyzed with a focus on the effects
of pile-soil gap formation. The model tests referred to in this study is the full-scale model tests of
piles installed in the deposit formed with alternating layers of clay (with shear strength ranging
from 20-40 kPa) and sand. The single pile is made of steel pipe pile 11.6 m long with pile
diameter 0.324 m and 9.5 mm thick and the group pile is formed in a 3 by 5 layout with a
spacing of 3.92 times the pile diameter. The static load was applied by hydraulic jack and the

dynamic load was applied using statnamic test device. The effect of vertical loads on the lateral
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resistance of the pile is evaluated using the pile dimensions used for the full-scale model tests. In
these analyses, the vertical load is applied by enforcing the vertical displacement equivalent to
10% of pile diameter at the pile-head and then the lateral resistance of piles is analyzed.

The effect of the frequency content of input motion on the SSI is evaluated through
numerical analyses. Dry sand deposit is used in this study, thereby aiming at the fundamental
knowledge on the soil-pile interaction under seismic loading. In this series of the study, the most
fundamental case of linear elastic response of a single pile is analyzed first. The results of these
fundamental analyses are compared with the previously published results of linear SSI available
in the literature, and the applicability of the numerical model adopted in this study is confirmed.
Applicability of the numerical model adopted in this study is confirmed also by comparing the
numerical results with centrifuge tests results in the frequency ranging from 0.1 to 1.0 Hz. Based
on the confirmed applicability of the numerical model adopted in this study, the effect of
frequency of input motion on the dynamic soil-pile-structure interaction is parametrically
studied. A series of linear and nonlinear parameter studies of soil-pile superstructure systems
shows that the reduction rate in the resonant frequency of the superstructure by changing the
rigid foundation ground to soil-pile foundation can be expressed as a function of wave parameter

and foundation flexibility.

1.3.2 Centrifuge model tests

The study moves on to the centrifuge model tests. The effect of the frequency content of input
motion on the pile-soil interaction is evaluated through centrifuge model tests. All tests are
conducted at the centrifugal acceleration of 40 g. The centrifuge model tests are performed for
single and group piles (3 by 3) embedded in dry sand with and without superstructures. A total of
seven cases of model tests are performed with the input frequency ranging from 1 to 12 Hz in
prototype. Resonant frequencies are 7 Hz for ground, 5 and 9 Hz for SDOF superstructures on
rigid ground, and 2 and 6 Hz (for the fundamental modes) and 11 Hz (for the second modes) for
DDOF superstructures on rigid ground. The obtained results provide a clear insight about the
seismic coupled soil-pile-structure interaction as well as the seismic pile-soil-pile interaction.
The originality of this study is confirmed for the academic development on static and
dynamic lateral behavior of piles as well as for the usefulness in practice for designing piles and

pile groups against strong earthquake motions.
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1.4 Organization of the Dissertation

This dissertation consists of ten chapters:

Chapter 1: Introduction—includes background, objectives, scope, methodology of the research,
and organization of the dissertation.

Chapter 2: Previous Studies on Laterally Loaded Piles—presents a critical review of the current
numerical models and centrifuge model tests as well as full-scale tests used to study
the SSI and its effects on the behavior of laterally loaded piles and pile groups.

Chapter 3: Modeling of Soil-pile Interaction in Horizontal Plane—presents a simplified approach
for idealizing the soil-pile interaction in horizontal plane in terms of a nonlinear
soil-pile interaction spring.

Chapter 4: Effect of Soil-Pile Separation on Performance of Pile Group—in this chapter, the
effect of soil-pile separation is studied with respect to the performance of laterally
loaded pile group based on full-scale tests consisting of a combination of a single
and 3 by 5 group piles under static and dynamic lateral loads.

Chapter 5: Effect of Vertical Loads on Lateral Resistance of Pile Group—presents a numerical
study of the effect of vertical loads on the lateral resistance of piles using the pile
properties and dimension used for the full-scale model tests described in Chapter 4.

Chapter 6: Analyses of Coupled Soil-Pile-Structure System under Sinusoidal Excitations with
Various Frequencies—the most fundamental case of linear elastic seismic response
of a single pile is analyzed in this chapter. The results of these fundamental
analyses are compared with the previously published results of linear SSI available
in the literature, and the applicability of the numerical model adopted in this study
is confirmed.

Chapter 7: Centrifuge Model Tests and Analyses of Nonlinear Seismic Response of Soil-Pile-
Structure System—this chapter presents a comparison between nonlinear seismic
analyses using the 2D FEM and the results of shaking table centrifuge model tests
of pile-supported structures in a dense sand profile. The overall comparisons
indicated that these FE models could be used to parametrically evaluate the
influence of other key factors, such as varying structural periods, pile slenderness,

soil-pile relative stiffness, and input motions.
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Chapter 8: Effect of Soil-Pile-Structure Interaction on Performance of Pile Group: Centrifuge

Model Tests—in this chapter, a series of systematic centrifuge tests is conducted in
order to study the seismic response of end bearing single and 3x3 group piles
embedded in dry sand layer and supporting SDOF and DDOF structures. The
obtained results provide a clear insight about the seismic coupled soil-pile-structure

interaction as well as the seismic pile-soil-pile interaction.

Chapter 9: Seismic Performance of Coupled Soil-Pile-Structure System: Parametric Study—in

this chapter, linear and nonlinear seismic response of SDOF structures supported
on single piles embedded in dry sand is parametrically studied, emphasizing on the
vibrational characteristics of the soil-structure system. These series of parameter
study are the base to develop simple charts for predicting linear and nonlinear

seismic response of SDOF structures supported on piles.

Chapter 10: Conclusions—includes a summary of the dissertation and its findings.
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Chapter 2: Previous studies on laterally loaded piles

2.1 Introduction

The majority of pile foundations are subjected to at least some degree of lateral loading. In some
cases, the magnitude of the horizontal loads relative to the applied vertical loads will be small,
and no additional design calculations would be necessary. In other cases where piles are used, for
example, to support offshore platforms or bridges or overhead structures sustaining a variety of
facilities, lateral loading may prove critical in the design. The ability of pile foundations to

withstand these lateral loads has been a subject of great concern for many years.

2.2 Description of the Problem

In practice, the problem of lateral loaded piles is immensely complex SSI problem, not only
because of the soil behavior but also because of the interdependency of the pile deflection and
the soil lateral resistance. To visualize this distinct behavior of soil-pile interaction under lateral
load, it is helpful to consider the following case history, shown in Fig. 2.1, reported by Kishida et
al. (1985). Figures 2.1(a) and (b) show soil deformation surrounding the pile due to cyclic
loading applied at pile-head level for both sand and clay soil layer, respectively.

The relationships between load and displacement at the pile-head are shown in Figs.
2.2(a) and (b). The test results in the sand (Fig. 2.2 (a)) indicates that the hysteresis curves under
cyclic loadings show about the same shape and that the area enclosed by the curve increases with
increment of load. The test result in the clay (Fig. 2.2(b)), however, indicates different shape of
the hysteresis curves compared with those of sand. The areas enclosed by the curves are smaller
than the ones in the sand. The load-displacement curve shows a "pinched" character. Movements
of the sand and the pile in Fig. 2.1(a) show that the sand in front of the pile is compacted due to
movements of the pile and that the sand in back of the pile moves down to the pile shaft
increasing its density near the shaft and decreasing it away from the shaft. No gap between the
sand and the pile was observed. Figure 2.1(b) shows the gap between the clay and the pile at the
back of the pile. The clay in front of the pile is remolded and may decrease its strength
significantly (Prakash 1992).

According to the above discussed case history, two primary variables of the soil-pile
system have to be carefully evaluated when analyzing laterally loaded pile problem. One is the

deformation of soil due to pile displacement. This variable has to be evaluated even when the
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soil-pile separation occurs. The other is the soil-pile gap formation, especially the threshold level
of displacement or the triggering level of the gap formation. These two variables might be
relatively easy to analyze if only single pile is considered. The analysis becomes more
challenging when the analysis is extended to include pile-soil-pile interaction or when a

dynamically loaded pile group associated with dynamic soil response is involved.
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Fig. 2.1 Movements of soil surrounding the pile: (a) sand, (b) clay (After Kishida et al. 1985)
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From another point of view, a pile may function as an active element, when the loads
originate in forces acting on the superstructure and reach the foundation via stresses in the cross-
section of the structure-foundation connection, with the soil resisting the load, or a passive
element, when movement of the soil subjects the pile to bending stresses. Monotonic, cyclic, and
dynamic loading at pile-head level are examples of the former category, while seismic loading is
an example of the latter category. The superstructure forms an integral part of the pile-foundation
system when the seismic load is considered. Although the problem become more challenge, an
analysis of the soil-pile-structure system and its proper understanding is necessary.

The design of a superstructure-foundation system for earthquake loads is a very complex
SSI process involving inertial interaction between structure and pile foundation, kinematic
interaction between piles and soils, seismically induced pore-water pressures (PWP) and the
nonlinear response of soils to strong earthquake motions (Finn 2005). Kinematic interaction is
the seismic response of the soil profile transmitted to the pile foundation. Seismic soil
deformation forces the pile to move under the action of vibrating soil, the different levels of
stiffness between soil, pile, and foundation generates a seismic modified motion of the
foundation which is different from the free-field motion. The inertial interaction consists of
structural inertial forces being transferred to the pile foundation. These forces impose lateral
loads which are concentrated near the pile-head, and axial loads, if a rocking mode of the
structure is present. 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.

It is in the light of these complex SSI situations that "rational" methods of analysis have
been developed to enable a foundation designer to assess the likely response of a soil-pile system
to static, dynamic, and seismic lateral loads. In addition, a wide range of field and laboratory
experiments has been performed by researchers attempting to provide parameters for and to
validate soil-pile analytical methods. This chapter aimed at presenting some of the more
important findings from the comprehensive study of SSI and its effects on the performance of
laterally loaded single and grouped piles. Techniques for the analysis of single piles and pile

groups under static, dynamic, and seismic dynamic loading have also been described. It is hoped
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that the overview may provide a better understanding of soil-pile, pile-soil-pile, and soil-pile-

structure interactions.

2.3 Analytical Methods

Pile-supported structures in the past were frequently subjected to lateral loading, but the piles
were designed using judgment or by referring to building codes, which usually allowed a modest
load on each pile if the soil met certain conditions (Reese et al. 2006). Design becomes more
critical especially when piles are used to support critical facilities such as offshore platforms or
nuclear power plants, or where the magnitude of the lateral load is large. The most powerful
lateral loads occur as a result of unpredicted events such as earthquakes, vessel impacts, slope
failure, and lateral spread induced by soil liquefaction. In these situations, more reliable and
efficient solution is needed. Therefore, substantial research efforts have been carried on this topic
to revamp the design codes and construction regulations. The available procedures of analyzing
this kind of SSI problem have included those based on simplified interactions models such as
Winkler Foundation approach, as well as those based on more rigorous FEM or BEM. The
following sections present a brief overview of soil-pile, pile-soil-pile, and soil-pile-structure

interactions analyses; these generally fall into the discrete and continuum classes of models.

2.3.1 Evolution of simplified interaction model
2.3.1.1 Beam-on-elastic foundation

The origins of simplified methods that are in wide use today can be traced back to a discussion
by Chang (1937) of a paper by Feagin (1937) on lateral pile loading tests. The tests were
conducted to provide design data for the design of the pile foundations for Lock and Dam 26 on
the Mississippi River at Altona, Illinois, USA. These tests were the earliest reported full-scale
tests on laterally-loaded piles and generated great interest and discussion. The tests were
conducted on concrete and timber single piles and pile groups of 4, 12, and 20 piles and driven to
an average penetration of 9.0 m. The heads of the piles were fixed by embedding them 0.6 m into
the concrete. The piles were installed by a combination of jetting and driving. All pile groups
were arranged in a 2xN configuration and spaced about 3 pile-diameters. Chang (1937)
presented a method for the analysis of Feagin's test data in which the interactions between soil

and pile were presented by elastic springs as those shown in Fig. 2.3, and the spring constant was
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assumed to be constant with depth. Chang (1937) developed solutions for deflections, moments
and shears in the piles. He appears to have been the first to introduce the concept of critical pile
length. He recognized that the upper layers of soil contributed most to resistance against lateral
loads and suggested that the constant soil modulus, E;, should be taken as the value at one third
of the modulus at the critical depth, in effect recommending a characteristic modulus. Using a
modulus backfigured from the test data, which inherently included nonlinear effects of the
loading, he showed that his model of soil-pile interaction could simulate the results of Feagin's
tests satisfactorily (Finn 2005).

Chang's method is still widely used today and appears in the latest Japanese codes with a
yield cut-off. The soil modulus is given in Japanese codes as a function of the standard
penetration resistance, N. Computer programs readily allow a variable E; corresponding to the
distribution of N values.

In another attempt, Hetenyi (1946) in his book analyzed the response of a single pile to
lateral loads using the equation of an elastic beam supported on an elastic foundation, which is

represented by the 4™ order differential beam bending equation:

‘Independent springs

Pile segments

——————m———"

Fig. 2.3 Subgrade reaction (elastic springs) model of soil
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where E, is the modulus of elasticity of the pile material, , is the moment of inertia of the pile
section, k is the modulus of subgrade reaction, z is the depth from the ground surface down the
pile and y is the horizontal displacement of the pile shaft. Solutions to Equation 2.1 have been
obtained by making simplifying assumptions regarding the variation of & (or E;) with depth. The
most common assumption is that E; is constant with depth for clays and E; varies linearly with
depth for sands. Using the same parameters, Lee and Harrison (1970) determined the
characteristics of a beam on a homogenous Winkler subgrade loaded at its tip using closed form
solutions such as those developed by Hetenyi (1946). Reese et al. (2006) provided tables and
charts that can be used to determine pile deflections, slopes, and moments as a function of depth
and non-dimensional coefficients. Further research has extended the elastic springs by
accounting for the following characteristics that are detailed in the following subsections:

e Using nonlinear springs to represent soil nonlinearity

e Gapping effects adjacent to the pile

e Effects of dynamic loading

e Pile-soil-pile interaction

23.1.2 Beam-on-nonlinear Winkler foundation

The next major development was to replace the elastic springs by nonlinear supports described
by a family of specified curves called p-y curves that gives soil reaction (p) as a function of the
lateral deflection of the pile (y). McClelland and Focht (1958) were the first to describe the p-y
method for the analysis of laterally loaded piles. They proposed a procedure for correlating
triaxial stress-strain data to a pile-deflection curve at discrete depths, and estimating the modulus
of subgrade reaction at each layer.

The nature of p-y curves may be understood by referring to Fig. 2.4, where a slice of soil
is examined (Reese et al. 2006). Figure 2.4(a) shows a section through a pile at depth below the
ground surface. The behavior of a thin stratum of soil at a depth z; below the ground surface will
be discussed. Figure 2.4(b) shows a possible earth pressure distribution around the pile after it

has been installed and before the pile has been loaded laterally. If the pile is assumed to be
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moved laterally through a distance y;, the distribution of stresses after the deflection is
symmetrical but no longer uniform as shown in Fig. 2.4(c). The stresses on the side in the
direction of movement (front side) have increased, and those on the back side have decreased.
The soil resistance p; is the force per unit length from the soil against the pile which develops as

a result of the pile deflection.

Ground Surface

(a)

/ AR A e Y
\—.‘ \\< ‘\J Py
N NS

Fig. 2.4 Distribution of unit stresses against a pile before and after lateral deflection: (a)
elevation view of section of pile, (b) earth pressure prior to lateral loading, (c) earth pressure
after lateral loading (After Reese et al. 2006)
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For a particular value of z below the ground surface, the value of p will vary with the
deflection y of the pile and with the type of soil into which the pile is installed. A pile subjected
to a lateral load is shown in Fig. 2.5(a). A possible shape of the deflected pile is shown in Fig.
2.5(b), along with a set of nonlinear mechanisms that serve to resist the deflection. A set of p-y
curves is shown in Fig. 2.5(c), representing the response of the soil as simulated by the
mechanisms (Reese et al. 2006).

The design procedures require the construction of p-y curves at different depths along the
pile; these are then employed in computer calculations of the pile response under lateral load.
The p-y curves for a given soil can be determined by back-figuring data from lateral load tests, as
well as general procedures that were developed for constructing these relationships for a variety
of soil conditions. Recommendations for the prediction of p-y curves will be presented here on

clays and sands under both static and cyclic loading conditions. These recommendations are

currently used in many designs.

§ -~
\\\\\\\\\\\\\\\\\\“\\‘L\\\\\\\\\

/////////////77///////////7//f//§

1771777
(a)

Fig. 2.5 Model of a pile subjected to lateral loading with a set of p-y curves: (a) pile under lateral
loading, (b) soil-spring model, (c) p-y curves (After Reese 2006)
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Soft clay p-y curves

The basic reference on this topic is a paper by Matlock (1970) which summarizes a great deal of
an integrated field and laboratory work on which the semi-empirical analysis procedure is based.
Matlock's study included static and cyclic lateral head loading on 0.3 m diameter instrumented
steel pipe piles at two different soft clay sites at Lake Austin and Sabine, Texas, USA. P-y curves
shown in Figs. 2.6(a) and (b) were back calculated from the test results for static and cyclic
loading, respectively. The main difference between static and cyclic loading is that the soil

resistance for cyclic loading at large strain levels is decreased.
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Fig. 2.6 Characteristic p-y curves for soft clay: (a) static loading, (b) cyclic loading (Matlock
1970)

The characteristic shape of the p-y curves for the static loading case can be represented

by using a parabolic equation as:

1/3
L _ 0.5£—J’—J 2.2)
Dy Ys0

where p is the lateral soil resistance, p, is the ultimate soil resistance, yso is the critical pile
deflection (yso =2.5 g59 D), &5 is the strain at one-half maximum deviator stress in a UU triaxial
compression test, and z,, is the critical depth where soil wedge failure transforms to flow failure.

Matlock (1970) recognized that the p-y curves are independent on pile-head fixedly and

highly nonlinear and inelastic, with characteristic pile bending moment patterns as shown in Fig.
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(2.7). Matlock (1970) concluded that static and cyclic nonlinear soil-pile response is most severe
at shallow depths, and approaches linear response at greater depths. After a large number of
cycles of loading and degradation of resistance, the soil-pile system tends to stabilize (a

condition known as “shakedown”).
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Fig. 2.7 Characteristic fixed head laterally loaded pile bending moment pattern (after Matlock
1970)

This method is codified in the APl (American Petroleum Institute) Recommended
Practice (API, 1993) and is the established criterion for laterally loaded pile analysis in soft clays
in the nearly ubiquitous computer program COM624P (Reese 1984).

Stiff clay p-y curves below the water table

Figures 2.8(a) and (b) show the characteristic shape of p-y curves for both static and cyclic
loading, respectively obtained from a lateral load tests performed by Reese et al. (1975) with
steel pipe piles that were 0.641 m in diameter and 15.2 m long. The piles were driven into stiff
clay at a site near Manor, Texas, USA. 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. This comprises the currently

recommended API design curve for stiff clay. Guidelines for computing the ultimate soil
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resistance P,, the static and cyclic stiffness parameters ks and k., and the empirical A and B

factors were given.
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Fig. 2.8 Characteristic p-y curves for stiff clay below the water table: (a) static loading, (b)
cyclic loading (after Reese et al. 1975)

Stiff clay p-y curves above the water table

Figures 2.9(a) and (b) show the characteristic shape of p-y curves for both static and cyclic
loading, respectively based on lateral load tests on a 0.76 m diameter bored pile in stiff clay
above the water table at a site in Houdton Texas, USA (Welch and Reese 1972). In Fig. 2.9(b), N
is the number of cycles of load application, C is the parameter describing the effect of repeated
loading on deformation, y. is the deflection under N cycles of the load, and y; is the deflection

under static load.

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. The characteristic
shape of the p-y curve is composed of 3 straight lines and a parabolic curve (Fig. 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
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subgrade reaction for different relative density of sands. P-y curve developed by Reese et al.

(1974) is the currently recommended API design curve in sand.
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Fig. 2.9 Characteristic p-y curves for stiff clay above water table: (a) static loading, (b) cyclic
loading (after Welch and Reese 1972)

Reliability of the p-y curves

O’Neill and Murchison (1983) carried out a systematic evaluation of the reliability of p-y
relationships in sands and compared the predictive accuracy of three methods against a set of pile
load test data. The methods tested included the segmented curve of Reese et al. (1974), a
modification suggested by Bogard and Matlock (1980), and a continuous hyperbolic tangent
curve described by Parker and Reese (1970). Their study included 24 full-scale tests on piles in
cohesionless soils; 14 static tests and 10 slow cyclic tests. The site conditions varied from very
loose clayey sands to very dense sands. The hyperbolic curve proved to be the best of the set for

both static and cyclic loading. The form of the p-y curve is given by:

p=4p, tanh(k%pu) (2.3)

where A is a constant depending on the loading being static or cyclic loading, & is the modulus of

subgrade reaction, z is depth, and p, is the ultimate lateral resistance.
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Fig. 2.10 Characteristic p-y curves for sand (After Reese 1974)

Although the hyperbolic curve is the best of the set, gave poor predictions with large
errors. As a result of their study, O’Neill and Murchison (1983) concluded that the API curves
were not adequate for the analysis of static or slow cyclic loading tests. They stated that “It is
likely that other factors, not included in the p—y formulation are operative and this observation
suggests that further study into the fundamental mechanisms of lateral pile—soil interaction in
cohesionless soils is warranted.” One obviously missing fundamental mechanism is shear
transfer between the springs.

Gazioglu and O’Neill (1984) carried out a similar evaluation of the p—y relationships
proposed for use in cohesive soils with similar results. After studying 30 full-scale tests in clayey
soils; 21 static and 9 slow cyclic tests, they concluded that “— the confidence in predicting

deflections and moments — is unfortunately rather poor”.

23.1.3  Gapping effects adjacent to the pile

Matlock (1970) reported from the full-scale tests of lateral loaded piles at soft clay sites that a
principle effect of cyclic loading appears to be the permanent physical displacement of the soil
away from the pile in the direction of loading. Anagnostopoulos (1983) and Prater (1979)
describe a range of methods for generating p-y curves for soft to stiff clays and some sands based

on previous investigations. Cyclic and monotonic p-y curves are investigated with the inclusion
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of a gap formation in some clay. Soil degradation or "shakedown" is incorporated into some p-y
models which are dependent on the number of cycles of loading and strain amplitude of the soil
elements. Matlock et al. (1978) and Swane and Poulos (1984) used the Winkler model to
represent the gapping phenomenon, modeling the foundation system as two series of detachable
Winkler springs on either side of the pile. The soil adjacent to the pile was modeled with zero
tensile strength, therefore when the force in a spring element reduced to zero, the spring detached
from the foundation element. The element reattached when the forces in the soil were no longer
tensile. Once detached, the spring no longer had any influence in the system, as would be the
case when gapping occurs. Swane and Poulos identified that during cyclic loading a stable gap
length may be generated where there is no further reduction in pile stiffness or growth in gap
length. Pender and Pranjoto (1996) updated a nonlinear soil-pile interaction model originally
proposed by Carter (1984) to include the effects of gapping. Compression-only springs were
attached to both sides of the pile, preloaded to reflect the effects of pile installation, and provided
with the ability to detach and form a gap when the spring force reached zero. A hyperbolic form
of the nonlinear spring stiffness was adopted, defined by initial stiffness and ultimate resistance
parameters. This model neglected the effect of soil damping on the behavior of the foundation
system. Soil-pile gap was considered by other researchers in their analyses using the beam in

Winkler foundation approach (e.g., Mostafa and El Naggar 2002; Allotey and El Naggar 2008).

2.3.14  Beam-on-dynamic Winkler foundation

Analysis of piles under dynamic loading requires definition of the stiffness and damping
characteristics of the soil-pile system. Several methods have been developed to determine these
characteristics which are functions of the loading frequency (Gazetas and Dobry 1984; Novak et
al. 1978; Randolph 1977). Material damping dissipates energy due to hysteretic action in the soil
and radiation damping dissipates energy by radiating it away from the soil. Damping effects have
been included in the Winkler models using dashpot elements attached to the pile using methods
similar to the spring elements (Wotherspoon 2009).

Penzien et al. (1964) were some of the first researchers to present a method for seismic
pile response analysis, and focused their efforts on the problem of bridge structures supported on
long piles driven through soft clays. They constructed a multi-degree of freedom discrete

parameter system for modeling the soil medium response initiated by seismic base excitation.
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This response then served as the input for the response analysis of the discrete parameter
structural system. Bilinear springs afforded nonlinear hysteretic soil response, with parallel and
series dashpots provided for soil damping and creep, respectively, and lumped masses to
contribute soil inertial effects. The conclusions of their study regarding site response, pile
curvature demands, and superstructure ductility, all remain valid to this day (Meymand 1998).
Nogami and Konagai (1988) and Nogami et al. (1988) have developed a time domain
analysis method for flexural response of single piles based on the frequency domain solution
developed by Novak et al. (1978) as shown schematically in Fig. 2.11. Nogami et al. (1991)
accounted for the soil nonlinearity by introducing a multi-linear element for the inner field, and a
gap element with a pre-estimated factor to account for plastic deformations and gap opening at
the soil-pile interface. Nogami et al. (1992) developed a rational dynamic soil-pile interaction
model adopting Winkler's hypothesis with the consideration of nonlinearity in the vicinity of
single piles. The model uses frequency independent mass, springs, and dashpots and uses direct
time-domain analysis to predict lateral response due to pile-head loading or prescribed
displacement at the pile-head. Either the static behavior of the soil-pile system or static p-y
curves is used as initial soil-pile properties. With the consideration of a gap formation at the soil-
pile interface, the model can successfully predicts the pile response observed in dynamic load
tests in the field. The study is limited to a single pile case. El-Naggar and Novak (1995)
developed a computationally efficient time domain model as shown in Fig. 2.12 for the lateral
response analysis of piles. In their model, the piles are assumed to be elastic, vertical, and
embedded in a nonlinear horizontally layered soil. Based on the Winkler hypothesis, the soil is
divided into a number of layers. In each layer the soil model consists of two regions; the first
region is an inner field to which nonlinearity is confined, and the second region is a linear
viscoelastic far field which accounts for wave propagation away from the pile. In the lateral
response model, the soil reactions at both sides of the pile are modeled separately to account for
the state of stress and discontinuity conditions (i.e. allowing for gap forming or closure

automatically) at both sides as the load direction changes.

2.3.15 Pile group effects

Piles are very rarely isolated but are usually put into pile-groups. If piles are arrayed in groups

with large pile-to-pile spacing (greater than 6-8 pile diameters), pile group interaction effects are
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normally ignored for static loading as shown in Fig. 2.13. But this may be an inaccurate
approach for dynamically loaded piles, as much of the pile group interaction effects arise from
wave energy reflected between neighboring piles, which does not attenuate as rapidly as static
loading pile group interaction. Pile group dynamic response is also a function of load level; many
of the group analysis methods that will be described address small strain elastic response, and
few researchers have investigated nonlinear pile group interaction. There is evidence however to
suggest that pile group effects lessen with increasing soil-pile nonlinearity, which inhibits wave
energy transmission between piles (Meymand 1998).

The springs, which were developed to model single soil-pile interaction, are not
applicable directly to pile groups because the over-lapping displacements fields of piles in the
group affect the individual pile stiffness. A solution for this difficulty was developed by Poulos
(1971). He used interaction factors to quantify the incremental deformation of one pile due to the

presence of a similarly loaded neighboring pile. He described interaction factor as:

_additional displaceme nt (rotation)due to adjacent pile 2.4)

- displacement (rotation)of pile due to its own loading

Pile Interface Element
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¢ >
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Winkler Soil Model
(@) soil-Pile Interaction Model

Near-Field Far—Field
Element Element
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(b) Winkler Soil Model

Fig. 2.11 Nogamai’s beam-on-Winkler foundation soil-pile interaction model (after Nogamai
et al., 1988)
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Fig. 2.12 Elements of the proposed model for nonlinear dynamic analysis of lateral response
of single piles. (after EI-Naggar and Novak 1995)

He presented charts of a factor for both fixed and free-head piles subject to lateral and

moment loadings as functions of pile flexibility, pile spacing, pile diameter, pile length, and

departure angle (angle between piles and direction of loading). Analysis of groups was

accomplished by superposition, calculating each pile’s interaction with all other piles in the

group, and ignoring the presence of intervening piles.

Randolph (1981) greatly simplified the use of interaction factors by developing simple

equations for the interaction between fixed-head piles, which is generally the most relevant

interaction factor in engineering practice. For a while, the state of best practice was to use
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nonlinear p-y curves for the individual piles in the group and describe the interaction between the

piles by elastic interaction factors.
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Fig. 2.13 Pile Group Interaction as Function of Pile Spacing (after Bogard and Matlock, 1983)
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The second approach to the analysis of group response uses p-multipliers (Brown et al.
1987 and 1988). The p-multiplier is a reduction factor that is applied to the p-term in the p-y
curve for a single pile to simulate the behavior of piles in the group. These reduction factors are a
function of pile spacing and orientation to loading, and are implemented in the pile group
analysis program GROUP (Reese et al., 1996). For the 3x3 group, Pinto et al. (1997) found the
multipliers to be 0.8, 0.45 and 0.3 for the leading, middle and trailing rows respectively of piles
in sand with a relative density of 55%. Brown and Bollman (1996) recommend the factors in
Table 1.1 for design. The factors are representative of significant pile-head displacements of the
order of 10% of the pile diameter.

Rollins et al. (1998) backfigured p-multipliers from their full-scale test in clay to be 0.6,
0.38 and 0.43. These multipliers are at the low end of the p-multipliers obtained from other
available full-scale tests and the third row shows a higher multiplier than the second row. Clearly
p-multipliers and group efficiencies are quite dependent on site conditions, soil types and the
details of stratification. A very significant finding from the Rollins test is that the bending
moments in piles in the group were 50—100% higher than in the single pile and that the location

of maximum moment was deeper.

Table 1.1 p-multipliers for pile group design (after Brown and Bollman, 1996)

Row spacing Front row 2nd row 3rd and more rows
3 pile diameter 0.8 0.45 0.35
4 pile diameter 0.9 0.65 0.55
5 pile diameter 1.0 0.85 0.75

The studies on the dynamic impedance of groups have shown that the dynamic
characteristics of groups are very complex and they are strongly dependent on frequency, and
different from the values obtained for single piles due to pile-soil-pile interaction. For high and
middle frequency values Novak (1991) and Gazetas et al (1993) suggest ignoring the interaction
pile-soil-pile and to consider the static interaction factor.

Kaynia and Kausel (1982) derived dynamic interaction factors for floating pile group
interaction analysis by combining a numerical integration for the evaluation of the influence

coefficients with an analytical solution for the pile stiffness and flexibility matrices. This BEM
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computed Green’s functions from imposed barrel and disk loads in a homogeneous soil medium,
and used a consistent stiffness matrix to account for the far field. Their interaction factors were
presented as complex-valued frequency dependent ratios of the dynamic displacement of pile i to
the static displacement of pile j, due to a unit harmonic load on pile j. Vertical and horizontal
interaction factors are shown in Fig. 2.14, demonstrating positive and negative group
efficiencies. Normalized dynamic stiffness and damping of a 4x4 pile group for different spacing
is shown in Fig. 2.15, indicating the strong frequency dependence of dynamic group response.
They also derived expressions for the distribution of forces over the pile group (see Fig. 2.16),
which was shown to vary from static loading force distributions. Other important conclusions
from this study were that the superposition technique is valid for dynamic pile group solutions
(in homogeneous soil), pile groups are less influenced by near-surface ground conditions than
isolated piles, group interaction effects are stronger for softer soil, and radiation damping
increases with foundation size. Dobry and Gazetas (1988) presented a simplified method for
calculating dynamic pile interaction factors in homogeneous soil by assuming that cylindrical
wave propagation governs vibration of source piles and displacement of neighboring piles. Fan
and Gazetas (1991) studied pile group kinematic interaction effects, and as shown in Fig. 2.17,
the generalized pile-head to free-field transfer function illustrates the pile group effect in filtering
out high frequency components of motion. They found that pile group configuration and spacing
have little influence on kinematic response, as pile-head fixity and relative soil-pile stiffness play
a stronger role. Gazetas and Makris (1991) and Makris and Gazetas (1992) developed simplified
methods of analysis for pile group axial and lateral dynamic response, respectively (see Fig.
2.18). Using a dynamic Winkler model, they found pile group effects to be more pronounced for
inertial than kinematic loading. The substructuring approach unifying the kinematic and inertial
analyses is described in Gazetas et al. (1992), and is shown schematically in Fig. 2.19.
Mylonakis et al. (1997) applied this substructuring approach in an equivalent linear method to

analyze pile supported bridge piers (Meymand 1998).

2.3.2 Continuum approach

23.2.1 Elastic continuum
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Fig. 2.17 Generalized pile-head/free-field transfer function for kinematic interaction (after
Fan and Gazetas, 1991)

The elastic continuum method for pile foundations is based on the work of Mindlin (1936). The
pile is idealized as a thin beam, with horizontal pile deflections evaluated from integration of the
classic Mindlin equation for horizontal subsurface loading. The Mindlin equation is used to solve
for horizontal displacements caused by a horizontal point load within the interior of a semi-
infinite elastic-isotropic homogeneous mass. Solutions are obtained by integrating the equation
over a rectangular area within the mass. The accuracy of these solutions is directly related to the
evaluation of the Young’s modulus and the other elastic parameters of the soil. Also layered soil
properties cannot be included and instead solutions for constant (Davies and Budhu 1986),
linearly increasing (Budhu and Davies 1988), and parabolic variation (Gazetas 1991) of soil
modulus with depth have been derived. True continuum models do have the advantage of
intrinsically modeling the effects of radiation damping, whereas discrete models must artificially
simulate this energy dissipation mode.

The first representations of soil-pile interaction using the elastic continuum theory were
described by Tajimi (1969). Tajimi (1969) used a linear Kelvin-Voigt visco-elastic stratum to
model the soil. Tazoh et al. (1988) modified and extended the work of Tajimi (1969) to include

superstructure inertial effects.

33



Chapter 2: Previous studies on laterally loaded piles

location of
(rosiemic PILE 2
motion PILE1 Aupy = up—~ug oS
u(2) } r
; ! L~ T TSR]
| | N
I uyy(z
| ug(z)
—~———— .
soil displacements
| i S VO Bu, =y Buy,

I | —TN N attenuation function:

| l radially-spreading waves V= Y(Sh, . wS/V(8). B)

| pile-soil interaction with
\ springs + dashpots V=V(@)
| k](z, e=0° V'Vu
! 6=90° V=V,
|
J

c(2) |

vertical

S

Fig. 2.18 Schematic of three-step procedure for computing pile-soil-pile interaction (after
Makris and Gazetas, 1992)

34



Chapter 2: Previous studies on laterally loaded piles

THE WHOLE SYSTEM 1. Kinematic Seismic Response

free-field motion ()
ugdt) = Ugel™® )

< (1)

SN XN SSY A EBEINE KCCOTR Yy
’ ! L.
\? 1 /
/L
* o

NN

/L
CRERES I.\\\.I SONAAN R AN anaaa i AN e I.\.‘» \ NEN
iax i0
ug(t)=Uge ug(t)=Uge
ground input motion

seismic waves

2. Pile Group Dynamic impedances 3. Super-structure Inertial Response

(and distribution of inertial loading
to individual piles)

O 6]

-

SANNNANS AN ANANNNNANNSY »

AR TATAR TR TR A TR AT AL A GRS GSN

‘ o(t)

foundation input motion

Fig. 2.19 Substructuring method for seismic soil pile superstructure interaction analysis (after
Gazetas et al., 1992)

35



Chapter 2: Previous studies on laterally loaded piles

Poulos (1971a, b) presented the first systematic approach for analyzing the behavior of
laterally loaded piles and pile groups using the theory of elasticity. Poulos and Davis (1980) used
the elastic continuum approach to present a comprehensive set of analysis and design methods
for laterally loaded piles. The approach assumes that both the pile and the soil have elastic
properties, and flexibility coefficients were used to determine displacements of the pile-head due
to applied loads. Solutions were provided for different functions of soil modulus versus depth
below the ground surface. Poulos (1982) described a procedure for degradation of soil pile
resistance under cyclic lateral loading and compared it to several case studies.

Characterization of the radiation damping of a pile foundation has been carried out by
multiple researchers. Berger et al. (1977) assumed that a pile moving horizontally would
generate only one dimensional (1D) P-waves in the direction of shaking and 1D S-waves
perpendicular to shaking as indicated by Fig. 2.20(a).

Novak et al. (1978) proposed his thin slice elasto-dynamic solution in which a rigid
cylindrical rod representing the pile is surrounded by soil that extends to infinity. Horizontal and
vertical oscillations were applied to the system to determine its characteristics. The form of their

solution to the radiation damping characteristics is shown in Fig. 2.20(b).
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Fig. 2.20 Radiation damping of a horizontally vibrating pile a) Berger et al. 1977; b) Novak et
al. 1978; c) Gazetas and Dobry 1984.

Gazetas and Dobry (1984) discuss the radiation damping and hysteretic action that is
created in soil deposits due to dynamic loading and developed elastic solutions for lateral pile
vibration. The energy developed from wave propagation increased damping due to the flexibility
of the system, and the soil allowed for the radiation of energy away from the structure. Their

solution is much simpler than that of Novak et al. (1978) and assumes that compression-
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extension waves develop in the two quarter planes in the direction of shaking and shear waves in
the planes perpendicular to shaking. This is indicated in Fig. 2.20(c), in which Lysmer’s wave

velocity is used instead of the compression wave velocity.

2322 Finite element methods

The FEM potentially provides the most powerful means for conducting SSI analyses, but is has
not yet been fully realized as a practical tool. The advantages of a FEM include the capability of
performing the SSI analysis of pile groups in a fully-coupled manner, without resorting to
independent calculations of site or superstructure response, or application of pile group
interaction factors. It is of course possible to model any arbitrary soil profile, and to study 3D
effects. Challenges to successful implementation of this technique lie in providing appropriate
soil constitutive models that can model small to very large strain behavior, rate dependency,
degradation of resistance, and still prove practical for use. Special features to account for pile
installation effects and soil-pile gapping should also be implemented (Meymand 1998).

Yegian and Wright (1973) and Thompson (1977) were some of the first to implement
FEM in the study of pile behavior using a 2D model. Yegian and Wright used a nonlinear soil
representation to model the lateral displacement characteristics of pile foundations in soft clays.
Thompson compared full-scale testing results to models using nonlinear soil materials, obtaining
good agreement between the two near the ground surface. Emery and Nair (1977) studied an
axisymmetric FEM that incorporated non-symmetric free-field acceleration boundary excitations
from wave propagation analyses. Randolph (1977 and 1981) developed 3D FEM in conjunction
with Fourier techniques. These models used linear soil elements and were used to develop simple
design charts. Kay et al. (1983) promoted a site-specific design methodology for laterally loaded
piles consisting of pressuremeter test data as input to an axisymmetric FE program. Lewis and
Gonzalez (1985) compared field test results of drilled piers to a 3D FE study that included
nonlinear soil response and soil-pile gapping.

As computers have become more powerful FEM has become more viable as an analysis
method. Nonlinear 3D modeling was used in research by (Brown and Shie 1990 and Trochanis et
al. 1991), and has indicated a good comparison between FE results and experimental studies.
Brown and Shie used elasto-plastic soil models to develop p-y curves for comparison with field

test results. Trochanis et al. used a yield surface soil model in their simplified analysis of the
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lateral response of piles during monotonic and cyclic loading. Anandarajah and Zhang (2000)
developed a simplified FEM 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 a recording from the
Kobe event (Event J) was considered as an input motion. Results from the FEM and the
centrifuge tests agree well.

Maheshwari et al. (2004) developed a 3D FEM 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 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 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.

Karthigeyan et al. (2006 and 2007) studied the influence of vertical loads on the lateral

response of single piles installed in sandy and clayey soils through 3D FEM. In their numerical
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model, the pile was treated as a linear elastic material and the soil was idealized using the
Drucker-Prager constitutive model with a non-associated flow rule. The results of these FEM
show that the presence of vertical loads increases the lateral load capacity of piles in sandy soils
by as much as 40% depending on the level of vertical load. On contrary, the presence of a
vertical load marginally reduces the lateral capacity of piles in clayey soils for vertical load
levels up to 0.6 P, and by as much as 20% for higher vertical load levels.

Rovithis et al. (2009 and 2011) studied the elastodynamic response of coupled soil-pile-
structure systems to seismic loading using rigorous 3D FEM, emphasizing on the vibrational
characteristics of the soil-structure system and the dynamic bending of the pile. The results
demonstrate the strong influence on fss; of the foundation properties and the crucial importance
of cross swaying-rocking stiffness of the pile. Furthermore, the notion of a pseudo-natural SSI
Jfrequency (fpssi) is introduced, as the frequency where pile-head motion is minimized with

respect to free-field surface motion.

2.3.2.2.1 Pile group complete dynamic analyses

Wolf and von Arx (1978) generalized the solution of Blaney et al. (1976) to publish the first pile
group complete dynamic response analysis method. They considered a horizontally layered
visco-elastic soil deposit with piles of equal diameter and length, either floating or end bearing,
in any group configuration. They used an axisymmetric FEM to calculate the Green’s functions
producing the displacements at any point in the soil mass given a ring load applied at a discrete
layer. The Green’s functions were then used to compute the flexibility matrix of the soil at each
frequency, and the dynamic stiffness matrix of the complete system was then assembled. The
results displayed strong dependence on frequency, number of piles, and pile spacing. Wolf
(1980) detailed procedures for calculating the dynamic stiffnesses of groups of battered piles.
Most recently, Wolf et al. (1992) described simplified but reasonably accurate cone models for
single pile and pile group dynamic response. Waas and Hartmann (1981) analyzed pile groups
arrayed in concentric rings, and assumed that the radial, vertical, and tangential components of
displacement were proportional to the direction of applied loading. They substructured the
problem (see Fig. 2.21) and determined the flexibility matrix of the visco-elastic soil deposit with
applied point and ring loads, for coupling to the structure/pile stiffness matrix. They suggested

that nonlinear soil behavior could be modeled by an equivalent linear analysis, and that
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rectangular pile groups could be transformed into equivalent circular groups amenable to their
analysis technique. Their analysis clearly demonstrated the effects of kinematic and inertial

interaction as shown in Figs 2.22a - d (Meymand 1998).
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Fig. 2.21 Separation of SSI analysis into kinematic and inertial interaction components (after

Waas and Hartmann, 1981).

The complex response method FE computer programs FLUSH (Lysmer et al., 1975),
through principally designed SSI analyses, do have the capability of modeling SSPSI as a
complete analysis, but are not well equipped to deal with strong soil-pile nonlinearity, gapping,
etc. The generalized FE code DRAIN2D-X (Prakash et al., 1993) has also been used by a
number of researchers as a platform for SSPSI analyses.

Lu et al, (2005) propose a 3D FE analysis of the SPSI system. The analysis is based on
data from shaking table model tests made in the State Key Laboratory for Disaster Reduction in
Civil Engineering, Tongji University, China. The general FE program ANSYS is used in the
analysis. The surface-to-surface contact element is taken into consideration for the nonlinearity
state of the soil-pile interface, and an equivalent linear model is used for soil behavior. A
comparison of the results of the FE analysis with the data from shaking table tests is used to
validate the computational model. It shows that separation, closing, and sliding exist between the
pile foundation and the soil. The lateral acceleration response at the top of the superstructure is
determined by the rocking and swing of the foundation and the deformation of the structure of a
SSI system have been conducted by combining the results of a general FE program with the

experimental results from shaking table tests. By comparing calculated and test results, it was
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verified that the modeling method is rational. The model is suitable for the numerical analysis of

a SSI system under small and strong ground motions.
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Fig. 2.22 a) Definition of transfer function; b) transfer function without building mass for soft
soil; ¢) transfer function without building mass for stiff soil; d) transfer function for different

building masses in stiff soil (after Waas and Hartmann, 1981)

Important conclusions that can be drawn from the computational analysis that is

consistent with those that can be drawn from the test are as follows:
e The lateral displacement of the superstructure is composed of the deformation of the
structure itself and that caused by the rocking and swing of the foundation.
e The deformation of the structure is the main component of the structural response, and

the rocking and swing of the foundation take second place.
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With increasing input acceleration, the amplification factor of the acceleration peak value
is reduced because of the nonlinearity of the soil.

Vertical excitation has little effect on the response of the dynamic SSI.

The distribution of the strain amplitude along the pile shows that large strains occur at the
top of the pile and small strains occur at the tip.

The distribution of the contact pressure on the pile-soil interface shows that a high
pressure is present at both ends of the pile and that low pressure is present at the middle
of the pile.

Important results from the calculations that cannot be made from the test are as follows:
The computational analysis shows that a significant error will occur in the calculation for
soft soil if the nonlinearity of the soil and the nonlinearity of the soil-structure interface
are not taken into consideration.

The phenomena of separation, closing, and sliding occur between the pile foundation and
the soil under severe seismic input.

The strain amplitude of the pile at the corner is bigger than that of the middle pile in the
side row and that of the pile at the center.

The sliding at the pile in the side row is larger than that at the piles in the middle row
along the vibrating direction.

Dezi et al., (2007) propose a numerical procedure to evaluate the effects of kinematic and

inertial interactions on pile groups by using a FEM. The method is used to calibrate Lumped

Parameter Models (LPMs) which can be implemented in commercial FE programs to perform

time domain analyses. The procedure is employed to study the spatial dynamic response of the

railway bridge on the Tronto River (Marche region, Italy) which, due to the particular stiffness of

substructures and deck, is an interesting case study. The seismic analysis is carried out in the

time domain considering several real accelerograms. The results are compared with those

obtained from the fixed base model by showing the importance of SSI in the actual design of the

bridge. The main conclusions are:

Foundation flexibility increases the fundamental periods of the system and alters the
shape of the vibration modes with respect to the fixed base structure;

The SSI analysis allows the design optimization of longitudinal seismic restraints;
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e The 3D modeling of the bridge was found critical in accounting for the complex effects
of the mutual interaction between the deck and the substructures and for considering their

influences on transversal seismic response.

2.4 Full-scale tests

Carefully performed and well-instrumented full-scale tests on piles and pile groups provide the
best and the accurate means of investigating the lateral loaded piles behavior because they
simulate actual conditions. They are also the most expensive and the most difficult to perform.
Therefore fewer full-scale tests have been conducted. They are limited in the sense that loading
is applied only at piles-heads levels, concentrating the effects of soil-pile inertial interaction and
ignoring the effects of kinematic interaction.

The first research conducted on laterally-loaded piles was done by Feagin (1937). The
tests were conducted to provide design data for the design of the pile foundations for Lock and
Dam 26 on the Mississippi River at Altona, Illinois, USA. Full-scale tests were conducted on
timber and concrete single piles as well as various pile group configurations. The soil conditions
at this site were sandy alluvium, and the piles were installed by a combination of jetting and
driving. Feagin observed that the average soil resistance per pile decreased as more piles were
added to the group. Feagin also concluded that group effects were only significant at large
deflections and that at deflections of less than 6 mm group effects did not occur.

O’Halloran (1953) reported tests that were conducted in 1928 for a large paper mill
located in Quebec City, Canada, along the banks of the St. Charles River. Load tests performed
in conjunction with the Arkansas River Navigation Project provided significant amounts of
noteworthy design and research data, which contributed to advancements in the state of practice
in the early 1970’s.

Further full-scale testing was done by Kim and Brungraber (1976) on 2x3 pile groups
and isolated single piles at a site at Bucknell University campus farm near Lewisburg,
Pennsylvania, USA. Their intent is to simulate loads occurring on bridge abutment foundations.
Steel H-piles with approximately 12.2 meters in length were used. They compared the pile group
per pile performance (fixed-head condition) to single (free-head) and computed pile group
efficiencies in excess of unity, contrary to conventional notation. The group piles were joined by

a pile cap, the bottom of which was cast against the ground surface, which introduced a potential
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for pile cap base frictional contribution to lateral resistance. These tests noted that with increased
lateral load, compressive stresses increased in the front row piles and decreased in the back row
piles. It was determined that this was a result of the fixed-head condition of the pile group and
that the front row piles were resisting rotation and thus had increased compressive stresses.

Holloway et al. (1982) revisited Lock and Dam No. 26 on the Mississippi River at
Altona, Illinois, USA, in a study of rehabilitation schemes for the facility. They installed timber
piles with the same construction techniques as originally used in the 1930’s, and tested a 2x4 pile
group to failure. One of the key results was experimental evidence of pile group “shadowing”,
i.e. the preferential load carrying capacity of piles in front of the line of loading, thereby
reducing load on piles at the rear of the line of loading.

Meimon et al. (1986) conducted full-scale lateral load tests at a site in Brittany, France on
a 6-pile group as well as a single pile. The pile group was composed of six piles hinged in a rigid
cap and aligned in two rows spaced three pile diameters a part center-to-center. Within each row,
the spacing was two pile diameters. Each pile was driven to a depth of 7.5 m. The initial soil
profile consisted of high and low plasticity clays underlain with silt. The water table was located
at the ground surface. They confirmed what had been observed by Feagin (1937) in that group
effects increased with larger deflections. Meimon also noted what Kim and Brungraber (1976)
had observed in that front row piles had greater resistance and also developed greater moments
for a given pile group deflection. Neither Feagin (1937) nor Kim and Brungraber (1976) directly
measured load on each pile group. Meimon et al. (1986) was the first to do this, which leads the
way to further establishments in load distribution.

Brown et al. (1987) conducted full-scale tests in stiff clay and agreed with the results of
Barton (1984) through centrifuge model tests that the elastic theory did not address what he saw
to be the key factor in predicting pile group response; ultimate soil resistance. Brown set out to
devise a new method to predict soil resistance and the very next year he revolutionized the
design of pile groups with the concept of p-multipliers (Brown et al, 1988). Brown returned to do
more tests on the same pile group tested in 1987, this time replacing the clay around the piles
with sand. Brown saw the same results, that soil resistance per pile within the pile group was less
than the single isolated pile and was primarily affected by spacing and by which row the pile was

located in. All piles within the same row showed about the same resistance.
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The results from Brown et al. (1988) can be seen in Fig. 2.23 where the decrease in load
resistance per row is compared to the single pile. Noted in is the fact that first row loads are
almost the same as the single pile loads and resist the most loads within the group, while trailing
row piles carry substantially lower values. The normalized bending moment versus depth curves
in Fig. 2.24 show how decreased resistance in trailing rows results in larger bending moments as
well. The bending moment curves that are not normalized show that bending moment decreased
in trailing rows as a result of less load being applied. Brown et al (1988) suggested p-multipliers
to account for the reduction in resistance in each row. These p-multipliers act as reduction factors
that scale down the actual p-y curves of the isolated single pile model, thus accounting for all

nonlinearity in the soil profile.
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Fig. 2.23 Pile-head load resistance versus deflection for single pile and group by row position
(Brown et al., 1988).

Ruesta and Townsend (1997) performed full-scale tests in sand in order to compare
results with full-scale tests done by Brown et al. (1988) and centrifuge tests done by McVay et
al. (1995). The tests conducted by Ruesta and Townsend were the first full-scale tests to have
more than three rows and were unique in that they had four piles in each row. The piles were

much larger than other tests and were made of reinforced concrete rather than steel. Their

45



Chapter 2: Previous studies on laterally loaded piles

conclusions suggested p-multipliers that are very similar to those suggested by these other tests.
They also saw that outside piles took more load than inside piles within a row and attributed this
to shadow effects and pile driving sequence. Rollins et al. (1998) did full-scale testing on steel
piles in clay. This test resulted in more suggested p-multipliers that were slightly lower than

those suggested for 3x3 pile groups in previous testing.
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Fig. 2.24 Bending moment versus depth (Brown et al., 1988).

Huang et al. (2001) performed full-scale testing on both bored and driven pre-cast piles
groups in order to compare the two and investigate the effects that pile installation had on pile
group response. Huang found that installation procedures can have a significant effect on lateral
soil resistance. Driven pile installation causes the soil to become denser and increases group
interactions, while bored pile installation loosens the soil and decreases group interactions.

Rollins et al. (2003a) did further testing on the same site tested in 1998 with two new pile
groups that were driven at the site, spaced at 2.8 and 5.65 pile diameters. This study concluded
that p-multipliers are higher in the pile group spaced at 5.65 diameters than at 2.8 diameters and
that pile interaction decreased with spacing as expected. However, group interaction was still
fairly significant at 5.65 diameters and it was concluded that interaction remained significant up

to spacing of about 6.5 pile diameters, after which group effects can be neglected. Rollins et al.
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(2003b) did further full-scale testing in clay at a different site in Salt Lake City, USA on four pile
groups spaced at 3.0, 3.3, 4.4, 5.6 pile diameters. The results of this these tests suggested p-
multipliers similar to those previously suggested. It was also observed that, contrary to what
Ruesta and Townsend (1997) observed in sand, outside piles within a row in clay did not resist
more load than inside piles. Also, similar to what McVay et al. (1998) concluded, in pile groups
with greater than three rows the trailing row carried higher loads than previous rows.

Rollins et al. (2005) performed a full-scale test on a 3x3 pipe pile group in loose to
medium dense sand at 3.3D spacing. This study observed that within a row the outside piles
consistently resisted more load than the inside piles. This same effect was observed in sand by
Ruesta and Townsend (1997), but was not observed in clay by Rollins et al. (2003b). This result
was attributed to the wider failure wedges that exist in adjacent piles in sand compared to those
that develop in cohesive soils. More p-multipliers were suggested in this study and can be seen in
together with all p-multipliers that have been suggested from the research reviewed in this
chapter.

Weaver et al. (2001) conducted full-scale cyclic loading tests in the field on a 0.6 m
diameter cast-in steel-shell (CISS) pile in liquefied soil to assess the accuracy of the p-y type of
analysis. The test site is on Treasure Island in San Francisco Bay, USA which is the location of
the National Geotechnical Experimentation Site. Therefore soil conditions at the site are very
well known. Liquefaction was caused by blasting and the cyclic loading was conducted using a
high speed hydraulic actuator. The back figured p-y curves for the liquefied sand differed
significantly in shape from the standard p-y curves modified by the p-multiplier. The shape of the
back-calculated p-y curves are shown in Fig. 2.25. The standard p-y curves including the p-
multiplier effect are also shown for comparison. The two sets of p-y curves have distinctly
different shapes and give different estimates of soil resistance. The slope of the standard p-y
curve is greatest at small displacements and eventually decreases to zero at large displacements.
The back calculated p-y curves show no resistance for a range of displacements between 20 and
50 mm. The soil resistance increased thereafter and was still increasing after 150 mm.

Rollins et al. (2006) conducted another study to investigate group interaction effects with
respect to the pile spacing on laterally loaded pile groups. In order to evaluate the behavior, full-
scale cyclic lateral load tests were performed on 3x5, 3x4 and 3x3 pile groups in stiff clay with

3.3D, 4.4D and 5.65D pile spacing respectively. The soil profile generally consists of stiff clay
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layers with sand layers that were in a medium compact density state (Dr=60%), to a depth of 5m.
These soils were underlain by sensitive clay, silty clay and sand layers. Similar to the other
studies, lateral load tests were performed on single piles in order to provide comparison to the
pile group test results. For the tests, closed-end steel pipe piles with an outer diameter of 0.324m

and 9.0mm wall thickness were chosen.
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Fig. 2.25 Comparison of standard p—y curves with curves back-figured from test data at depths of
(a) 0.2m and (b) 2.3m from a full-scale pile test (Weaver et al., 2001).

Rollins et al. (2006) concluded that, lateral load resistance was a function of pile spacing.

While decreasing the pile spacing from 5.65D to 3.3D, group interaction effects became
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progressively more important. Furthermore, the leading row (first row) piles in the group carried
the greatest load, while the trailing row piles (second, third, fourth and fifth row piles), carried
smaller loads for the same displacement level. For these pile groups driven in clay, row location
within the group had more significant effect on the lateral resistance than the location within a
row. Rollins et al. concluded that, for the same load level, the maximum moment in the trailing

row piles were greater than in the leading row piles, due to the group interaction effects.

2.5 Centrifuge model tests

Centrifuge studies of scale model piles have provided a valuable means for understanding
various aspects of soil-pile and soil-pile-structure interactions that are not readily accomplished
by other experimental methods. A centrifuge apparatus consists of a rotating arm with an
experiment package fixed to a swivel at one end; the centrifugal acceleration of the rotating arm
induces an elevated gravitational field onto the model, which swivels to a position normal to the
arm. Figure 2.26 shows representation of Centrifuge Testing Scheme (after Scott, 1994). The
principle behind centrifuge testing is to use scale model piles and subject them to an artificially
high acceleration field. This field reproduces the in-situ stresses that the full-scale pile would
experience. This consideration is crucial when testing cohesionless soils whose stress-strain
behavior is a function of confining pressure. In cohesive soils, where overburden stresses are not
as significant, the centrifuge does offer the important capability of consolidating the deposit
during spin-up, thereby achieving a more realistic soil strength profile. Centrifuge tests of model
piles have been conducted with applying loads at pile-heads or pile caps, either statically or
dynamically, or base excitation of the whole model by shaker devices (Meymand 1998).

The first centrifuge tests on model pile groups were performed by Barton (1984) on
groups consisting of 2, 3, and 6 piles at various spacings and orientations with respect to the
direction of load. Zhang and Hu (1991) examined the effect of residual stresses on the behavior
of laterally loaded piles and pile groups. Adachi et al. (1994) examined pile-soil-pile interaction
effects by testing two piles at various spacings and orientations. In these three studies, the soil
was placed and the piles were installed prior to starting the centrifuge (i.e., pile installation
occurred at 1g). Barton (1984) concluded that soil nonlinearity must be accounted for in pile
group design and that the elastic theory did not account for this nonlinearity. Elastic methods

underestimated the interactions within closely spaced pile group while overestimating the
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interaction with pile groups at greater spacing. Barton also determined that the amount of total
load carried by each pile within the group was not evenly distributed (as estimated by the elastic
theory) and depended on spacing. Separate model tests were done in the same year by Cox et al.
(1984) in soft clay. These tests were performed on piles in a line with lateral loads both parallel
and perpendicular to the line of piles. Cox found that when load was placed perpendicular to the
line of piles, group effects did not occur in spacing greater than 3 diameters. When the load was
parallel with the line of piles, group effects were increased and efficiency decreased with the

number of piles in the line.

COUNTERWEIGHT

SHAFT

BEARINGS

.....
......

Fig. 2.26 Representation of Centrifuge Testing Scheme (after Scott, 1994)

Gohl (1991) provided a detailed examination of the complete series of centrifuge model
pile group tests, with the conclusion that elastic interaction factors underestimated group
deflections at close spacings (S/D < 4) and overestimated interaction for larger spacings. He also
compared cyclic p-y curves to those constructed according to API recommendations, with the
latter implying substantially stiffer response, particularly at depth. Simulation of the single pile

experimental results with the computer code SPASM 8 was very successful.
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Hamilton et al. (1991) were the first to report on centrifuge tests of laterally loaded piles
in clay. Much of their analysis focused on the computation of ultimate soil resistance,
incorporating mechanisms of soil-pile suction and adhesion in their model. Normalized
experimental p-y curves were compared with curves constructed by Matlock’s soft clay criteria
(1970).

Kotthaus et al. (1994) used a centrifuge and small aluminum piles to conduct tests that
simulate prototype concrete piles in sand. Kotthaus et al. observed that row efficiency decreased
with trailing rows, defining efficiency as the ratio of the group load to the single pile load.
Similar to the observation made by Brown et al. (1988), Kotthaus et al. (1994) found that the first
row efficiency was close to 1.0, indicating that the resistance was about the same as the isolated
single pile under the same loading.

While Kotthaus et al. (1994) focused on row efficiency; McVay et al. (1994) did similar
centrifuge research that same year exploring the influence of soil density on pile group
interactions in sand. McVay observed that the soil density did have an impact on the group
interactions of the piles and that average load resistance increased with an increase in soil
density, although the increase was not very large. McVay also saw that increased spacing
resulted in greater pile capacity. McVay did more centrifuge testing the following year to further
investigate the influence of pile spacing in sand. McVay et al. (1995) discovered that although
density did have an influence on pile group interactions, pile spacing was actually much more
influential. McVay concluded that the p-multiplier approach suggested by Brown et al. (1988)
was a very good method of matching total group load and individual row distribution, and
suggested some p-multipliers for spacing of 3 diameters and 5 diameters. McVay decided to
further investigate larger pile groups of up to seven rows in order to obtain more comprehensive
p-multipliers. McVay et al. (1998) found that load resistance continues to decrease until about
the fourth row, after which it seems to stabilize. McVay also found that the load developed by
the trailing row is about the same regardless of the number of rows in the pile group.

Wilson et al. (1995) performed model tests of pile supported structures in liquefiable
sands on the large centrifuge facility at U.C. Davis. This machine is equipped with a 1-D base

3

shaker, an “equivalent shear beam” laminar box to suppress boundary effects, and special
container end conditions to provide complementary shear stresses and reduce unintended vertical

accelerations. There is however no capability for driving piles in flight. An extensive series of
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tests was made of single piles and small groups in saturated sands with a range of shaking
intensities and development of very high excess pore pressure ratios, and in some cases
consequent liquefaction. Pile motions were dominated by inertial forces from the superstructure,
pile cap embedment had a significant effect on response, and peak pile bending moments during
liquefaction events occurred close to the soil surface. Further work is reported by Wilson (1998)
including the successful derivation of p-y curves from the experimental data and the favorable
comparison of the tests results to the Caltrans pseudo-static analysis method.

Remaud et al. (1998) investigated the methods used by McVay et al. (1995) and did
similar centrifuge testing in an attempt to obtain p-multipliers in a different method; attaching
strain gages to the piles to obtain p-y curves from the bending moment profiles. Although
Remaud’s methods were different he saw similar results, that group effects were not evident in
pile spacing greater than 6 diameters.

Much of the centrifuge model studies on laterally loaded pile groups were conducted with
soil profile consist of sand layers. Ilyas et al. (2004) is one of the relatively few studies on
laterally loaded pile groups in clay. Centrifuge model tests were performed both in normally
consolidated and overconsolidated kaolin clay. The piles were arranged symmetrically and the
groups consist of 2, 2x2, 2x3, 3x3, and 4x4 piles with 3D and 5D spacing. In tests, hollow
aluminum square tube piles having 12 mm width and 260 mm length were used. These model
piles correspond to the prototype piles having 840 mm width and 18.20 m length. All the tests
were performed at 70 g on the National University Singapore Geotechnical Centrifuge. Ilyas et
al. (2004) concluded that, while increasing the number of piles in group, the average lateral load
per pile decreased. For piles installed in overconsolidated clay, the reduction of group effect was
less clear than for piles installed in normally consolidated clay. Furthermore, for pile groups
having 3D pile spacing installed both in normally consolidated clay and overconsolidated clay,
group effect decreased as the number of piles increased. However, for larger spacings (5D),
group effect became recessive. Ilyas et al. (2004) also concluded that, the “shadowing” effect
was occurred on lead piles over trailing piles and this effect increased as the number of piles in
group increased. Thus, higher lateral loads were carried by the lead row piles. When the average
load per pile was compared among the piles within a row, the centre piles carried much less load

and bending moment than the outer piles.
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Based on the literature review, the previous studies on lateral behavior of single and
group piles described above currently faces the following three problems:

(1) Level of loadings assumed for the previous study is often for the condition of moderate strain
level induced in the ground. Lateral behavior of piles at extensive nonlinearity induced in the
ground, such as for liquefaction or soil-pile gap formation, as encountered in recent strong
earthquakes, is not fully studied.

(2) In the conventional study, the lateral behavior of piles has been studied independently from
the vertical resistance of piles. Interaction between the lateral and vertical loads is not fully
studied.

(3) In the seismic loading condition, soil-pile-structure interaction becomes the primary
mechanism for lateral behavior of piles. The previous studies on the soil-pile interaction are
limited for evaluating the effects of input frequency on soil-pile-structure interaction.

These three issues need to be addressed by further research on laterally loaded single and

group piles.
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Chapter 3: Modeling of soil-pile interaction in horizontal plane

3.1 Introduction

A proper numerical modeling for any physical problem requires a sufficient understanding of all
aspects of this problem. An efficient way to get information leads to better understanding of
problems that involve the interaction of soils and piles is to conduct model tests, centrifuge tests
or even full-scale tests if necessary. This chapter presents 2D model tests on a horizontal cross
section of a soil-pile system performed at disaster prevention research institute (DPRI), Kyoto
University, to evaluate local soil displacement field in the vicinity of the piles associated with a
global displacement of soil around the pile foundation. A 2D effective stress analyses in
horizontal plane performed to generalize the findings from the model tests is also presented. The
results of the model tests and the associated numerical analyses formed the basis to propose a
simplified approach for idealizing the soil-pile interaction in horizontal plane in terms of a
nonlinear soil-pile interaction spring. At the end of this chapter, some comments on the soil-pile

interaction spring are elucidated.

3.2 Model Tests for Soil Deformation around Piles

The objective of the model tests is to evaluate a local soil displacement field in the vicinity of
piles such as that illustrated in Fig. 3.1. The model tests were performed using an aluminum
container (inner dimensions: 800 mm long, 500 mm wide, 40 mm high), a cylindrical pile model
made of Teflon, 40 mm high with a diameter of 50 mm, was embedded in a sand deposit formed
in the container as shown in Fig. 3.2. The sand deposit was formed by air pluviation for dry
condition, and by pouring a slurry mixture of sand and viscous fluid (120cSt) for saturated
condition. Silica sand No.7 was used. Relative densities of the sand deposits were about 70% for
dry condition and about -150% (negative relative density) for saturated condition. After the sand
deposit was formed, an acrylic plate was placed on the surface on the sand deposit. Displacement
was induced to the pile model by pulling a wire attached to the mid portion of the pile model at
the rate of 7.2 mm/min. Although the pile model was moved in the model tests, the primary
interest of the model tests was to measure the displacement field of soil relative to the movement
of the pile. Thus, the results of the model tests are readily applicable to the conditions when the

global soil movement is induced around the pile foundation as shown in Fig. 3.2(b) (Iai et al.
2010).
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Soil deformation

Fig. 3.1 Schematic figure of soil deformation around piles

The local displacement field monitored through a video-camera was plotted in terms of
displacement vectors at nodes of the grid formed by colored sand markers. Under dry condition,
the displacement vectors were directed away from the front of the pile in a pattern of a fan as
shown in Fig. 3.3. The displacement vectors at pile side rapidly decreased with an increasing
distance from soil-pile interface. A void was formed behind the pile following the movement of
the pile. Under saturated condition, vortexes were formed at pile side as shown in Fig. 3.4. Void
formation was not observed behind the pile under saturated condition. Displacement distribution
in the vicinity of soil-pile interface was obtained as shown in Figs. 3.5(a) and (b) for dry and

saturated soil conditions, respectively (Iai et al. 2010).

3.3 Soil-pile Interaction in Horizontal Plane: Numerical Analysis

2D analyses of a horizontal cross section of the soil-pile system were performed under pseudo-

static conditions. An effective stress model based on multiple shear mechanism was used through
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3.3.1 Soil model

The model is formulated based on the concept of contact forces in granular media. The model
was originally proposed by Towhata and I[shihara (1985). As shown in Fig. 3.6, the model is
represented by a movable point located within the circular fixed boundary defined in shear strain
space and connected to the boundary with an infinite number of virtual springs. Each spring
corresponds to a virtual simple shear mechanism having a various orientation. The relationship
between force and displacement of each spring follows the hyperbolic type load displacement.
The displacement of the movable point from the center represents the mobilized shear strain and

the resultant of forces acting on the point represents the shear stress induced in the soil.

. T .
External force F
causing displacement u

Inelastic spring

Fig. 3.6 Schematic view of the multiple simple shear mechanism (after Towhata

and Ishihara 1985, Iai et al. 1992).

Let us consider the following vectors of stresses and strains:

{O‘IT}Z{O'; o, rxy} 3.1

€=t & 7.} (.2)
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in which compressive stress and contractive strain will assumed positive and the strains will be

given from displacements # and v in x and y directions by

ou i _ou o
Ty T

& =—), o= 3.3
T €, Y (3.3)

It is assumed in the following discussion that o', can be approximated by (¢',+ ¢",)/2.

The basic form of the constitutive relation in an integrated form is given by

(7] = o O} 34 [} 20 (3.4)

i=1
and in an incremental form as a derivative of Equation (2.4) by
{do'}=[DN{de}-de, ) 3.5)

where ¢,= the plastic volumetric strain generated by the transient and cyclic loads. The tangential

stiffness matrix [D] is given by
[]= K Ju ' + 361 b Yo} ()
i=]

where the first terms in Equations (2.4) and (2.6) represent the volumetric mechanism with
effective mean stress ¢',=(c'+ 0'5)/2 in Equation (2.4) and elastic tangent bulk modulus of soil

skeleton K=dp/de in Equation (2.6) and the direction vector given by
WOy ={1 1 0 G.7)

and the second terms in Equations (3.4) and (3.6) represent the multiple shear mechanism
without volume change. Each mechanism i=1,....,J, where / is the number of multiple shear
mechanisms assumed for computation, represents a virtual simple shear mechanism, with each
simple shear plane oriented at an angle 6/2+m/4 relative to the x axis, whered, is the angle of

virtual shear mechanism i in [(ex — &) - Yxy] plane and 48 is the differential angle. The direction

vectors {n(’ )} for the multiple shear mechanism are given by
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) ={cos6, —cos6, sin6}  (Fori=l,...,D) (3.8)
0=(i—1)AO (For i=1,.....,]) (3.9)
A0=r/1 (For i=1,.....,]) (3.10)

The loading L and unloading U for shear mechanism are separately defined for each

mechanism by the sign of
dy™ = | {ds) @3.11)

in which
¥ =tV e} = (s, -5, )cos 6, + 7, sinb, (.12)

where y"is the virtual shear strain of the mechanism i=I,.....J. Each tangent modulus

(i

G, = Z}q/ o7 depends on the present state and the history of each virtual simple shear strain y .

The virtual shear stress g is introduced as shear resistance variable to be defined per unit angle

6 for mechanism i.
When the inherent soil fabric is assumed to be isotropic, the virtual simple shear

mechanism is defined by a hyperbolic relation under a constant confining stress as

()
i y / v
(i) _ (,-)y q. (3.13)
1+|y™ /|

where g, and y, are the parameters for defining the hyperbolic relationship and called the virtual

shear strength and virtual reference strain, respectively. The virtual tangent shear moduli are

obtained for the initial loading as

_ (i) y

sy 7ff 7 (3.14)
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The relationships between the parameters g, and y, and the macroscopic shear strength

z,, = (0] —%)/2 and shear modulus G,, can be written as

I
G, =223 sin’ 6,46 (3.15)

v =]

I
7, =4, sin’ 6,46
i=1 (3.16)

The shear modulus G,,, which corresponds to effective mean stress o » = p, is related to

the initial shear modulus G, , which corresponds to initial effective mean stress ¢ ma, as

ma

G, =G,y ()05

O-.mn (3 1 7)

The shear strength is related to angle of internal friction ¢, and cohesion c as

Ty =CCOSP; +0m sing s (3.18)

3.3.2 Finite elements

In the analysis, a single row of equally spaced pile group deployed perpendicular to the direction

of load as shown in Fig. 3.7(a), while Fig. 3.7(b) shows a simplified model for a single pile in the

Loading direction Boundary

Pile spacing (S) O Pile spacing (S)

Pile diamete
o 1 O— y
O Boundary

X

@ ®)

group.

Fig. 3.7 Soil-pile system in horizontal plane: (a) single row of equally spaced pile
group (plane view); (b) analysis domain for a single pile in the group
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The analysis domain of the simplified model is defined by the periodic boundaries that
run parallel to the load direction and go through the centers of pile spacing. The FE mesh used
for the analysis has a unit thickness with pile spacing of S = 10D and a pile diameter D=5 cm is
shown in Fig. 3.8 for the area ranging from S = -5D to +5D. At the right and left side boundaries,
displacements were fixed. At the other two boundaries, displacements were fixed in y direction
and soil nodes with the same x-coordinate were assigned same displacements in x-direction (see
Fig. 3.8) (lai et al. 2006). In the analysis, whole soil-pile system was initially consolidated with a
confining pressure of 0.28 kPa for simulating the confining condition at the middle depth of the
model sand deposit (i.e. 2 cm from the surface). The cylindrical pile section was idealized using
linear solid elements having a rigidity equivalent to that if concrete but this pile section was
replaced by the soil elements in the initial phase of analysis for consolidation in order to avoid
artificial stress concentration. Following this initial phase, the piles were loaded either
monotonically or cyclically load. Soil deformation around the cylindrical cross section of the pile
was computed in drained and undrained conditions. Parameters for sand used for the analysis
were determined referring to the results of laboratory tests on Silica sand No.7 as shown in Table

1.

Soil Elements;

Pile Elements

Assigned same displacements in x-direction

Point' A

Fig. 3.8 Finite element mesh used for the analyses
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Table 1 Parameters for silica sand No.7 in FLIP analysis

Py (/1) Gra (kPa) D) Oma' (kPa) #r(degree) Hypax
2.0 3760 0.33 0.28 35 0.24

3.3.3 Computed results

The computation was performed in a numerically stable manner even at the large displacements
in the order-of-magnitude displacement comparable to that of pile diameter. Numerical stability
occurred only when the ultimate state of soil was reached either when the load resistance curve
reached plateau, or when there is instability in the soil under drained condition.

Computed displacement field for the dry and saturated condition are shown in Figs. 3.9
and 3.10. In the dry condition, the displacement vectors are directed away from the front of the
pile in a pattern of a fan. The displacement vectors at the pile side rapidly decreases with an
increasing distance from the soil-pile interface. For the saturated condition, displacement vectors
beside the pile shows vortexes as shown in Fig. 3.10. These displacement fields are basically
consistent with those measured in the laboratory and shown in Figs 3.3 and 3.4. Only difference
is noted with respect to the formation of voids behind the pile in the model tests. No void was
formed in the analysis probably because the confining stress in the analysis was more uniform

than the one in the model tests where the stress field became 3D when the void began to form.

N TRV N P DR
M

Fig. 3.9 Computed displacement field around pile (dry)
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Fig. 3.10 Computed displacement field around pile (saturated)

In order to clearly show the displacement distribution between the piles, horizontal

components of the displacements are plotted in Fig. 3.11. These results are basically consistent

with those measured and shown in Fig. 3.5.

100

- 100
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80 80 I
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& 3
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RPN D
20 20
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0 i
: 0 |
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Displacement of pile and soil (mm) Displacement of pile and soil (mm)

Fig. 3.11 Computed displacement distributions between the piles: (a) dry, (b) saturated
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3.4 Soil-pile Interaction Spring

By using the same mesh and parameters, the load displacement relationship of a pile is computed
for the horizontal cross section shown in Fig. 3.8 for different geotechnical conditions (i.e.
sand/clay and dry/saturated). Because the limitation of space, only the analyses of dry sand will
be discussed here. The pile was loaded with monotonic static and cyclic loads and the
corresponding relative displacement was computed. The relative displacement (%) is defined as
that of the pile relative to that of the soil at the periodic side boundary that is located at the pile to
pile center (u4- up) as shown in Fig. 3.8. Figure 3.12 shows an example of soil deformation
around the pile after it was loaded laterally. The load (F) -relative displacement () curves for
both monotonic static and cyclic loads are shown in Figs 3.13(a) and 3.13(b), respectively. As a

comparison, simple shear tests of a single element of the soil were simulated using the same

parameters. The relationship between shear stress (7,,) and shear strain (y,,) obtained from

these simple shear tests under both monotonic and cyclic loads are shown in Figs 3.14(a) and

3.14(b), respectively.

' pplied Coad

IR R B AT

T IR R T
IHEEHHM B
Fig. 3.12 Soil deformation around the pile: S/D=5.0,D=1.0m
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Although the mechanisms involved in the load-displacement curves are the results of
complicated soil-pile interactions, the load-displacement curves shown in Figs 3.13(a) and
3.13(b) have practically the same shapes as those of stress-strain curves of the single soil element
shown in Figs 3.14(a) and 3.14(b), respectively. This similarity is confirmed for a wide range of
pile spacing and geotechnical conditions (Ozutsumi. 2003). Based on the above similarity, the

amplitudes of relative displacements of the pile are normalized by the amplitudes of shear strains
of the single soil element. The normalized relative displacement (B, = u/ y,,,) is plotted against

the current load of the pile relative to its ultimate load for different values of S/D in Fig. 3.15.
The amplitudes of pile loads are also normalized by the amplitudes of soil shear stresses. The
normalized pile load (o, = F'/ 7 ) is plotted against S/D as shown in Fig. 3.16. Note that a, and
Bp shown in Figs. 3.15 and 3.16 were obtained for D = 1m and soil thickness (L) of 1 m.
Ozutsumi (2003) used o, and S, explained above to get generalized expressions for the relative

displacement and pile load (spring force) as follow:

Fig. 3.13 Load-relative displacement relationship of the soil-pile system in the simplified model
(S/D = 5.0): (a) monotonic static load; (b) cyclic load

7., = (Relative displacement) / (D *f,) (3.19)
Spring force = (L x D X o) X 7, (3.20)
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Fig. 3.16 Normalized pile load (a,) variation with (S/D): dry sand

Soil-oil Pile element
oil-pile interaction =
spring element\ —
Soil element
A’/

Fig. 3.17 Concept of the soil-pile interaction spring element
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3.5

II.

I11.

IV.

Some Comments on Soil-pile Interaction Spring

While the conventional spring elements used in the analysis of soil-pile interaction is
embedded in the same plane of the two dimensional finite element analysis domain, the
soil-pile interaction spring defined in this study is used as a spring that connects a free
pile to a two dimensional cross section of soil between the piles.

The resistance of the soil-pile interaction spring (spring force) and consequently the

lateral carrying capacity of the pile are dependent on the effective mean stress (confining

‘pressure) of the surrounding soil at a specified relative displacement of the pile. The

mechanism of this dependency can be described as follows:

1- In Equation (3.20), the spring force is proportional to the shear stress of soilz, .

2- In Equation (3.4), the second term (the multiple shear mechanism without volume
change) indicates that shear stress of soil 7, is proportional to the virtual shear stress

(i)
q .

In Equation (3.13), the virtual shear stress g/”/ is proportional to parameter g, .
In Equation (3.16), parameter ¢, is proportional to the shear strength of soil 7, .
In Equation (3.18), the shear strength of soil 7, is proportional to the effective mean

stress o » . Thus, there is a direct relationship between the confining pressure of the soil
surrounding the pile and the pile lateral resistance.

In practice, gapping occurs at the rear of a laterally loaded pile shafts in cohesive soil. In
pseudo random back-and-forth cyclic loading, such as occurs in an earthquake, gapping
will occur near the ground surface on both sides of the pile shaft. Although the
importance of soil-pile gap (separation) in the static and dynamic lateral resistance of
single and group piles, this effect is not considered during modeling the soil-pile
interaction spring.

When the pile is subjected at its head to vertical loads or overturning moments, relative
sliding between the pile and the surrounding soil will take place when the soil at the
interface is sheared to a certain limit. Soil-pile sliding is also not considered during

modeling the soil-pile interaction spring.
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An attempt to model the effect of soil-pile separation and sliding in the analysis of lateral

loaded piles using soil-pile interaction springs is done and details are given in the next section.

3.5.1 Soil-pile separation and sliding mechanisms

Subjecting a pile in cohesive soil to lateral loading caused the soil on the passive side
(compression side) to move with the pile, but as previously mentioned, the soil on the active side
(extension side) might not move with the pile. Hence, a gap occurred between the soil and pile
surface on the active side (Tuladhar et al. 2008) as depicted in Fig. 3.18(a). To simulate this
phenomenon, joint elements were used at the soil-pile interface. As shown in Fig. 3.18(b), the
separation-contact model of the compression side was idealized using a high rigidity spring (Kn)
between the pile and soil elements to avoid the overlapping of the elements during compression.
Two cases, with and without separation, were considered on the tension side. In the separation
case, no stress will transfer between the pile and the soil at any tension stress value, whereas the
second case (without separation case) allows stress, including tensile stress, to transfer between

pile and soil.

Normal stress

A (Tension)
Pile Load Ssparation is not allowed
/
/
/
DR Contact <K, Separation is allowed
Passive side Active side Normal displacement
v (Compression)
(a) (b)

Fig. 3.18 Separation-contact model for joint element between pile and soil.

(a) Gap formation behind a pile: (b) separation-contact model

Figure 3.19 shows the mechanism of sliding at the interface. Figure 3.18 indicates that
sliding will initiate when the shear stress at the interface exceeds a certain value of 1¢ given by

the equation:

T, =c,tolang, (3.22)
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where cjand ¢; are shear strength parameters of soil at the interface.

Shear stress
4 17 =¢ totangy,

Ks -
Shear displacement

A

JV

Fig. 3.19 Sliding mechanisms at the soil-pile interface

The effect of soil-pile separation on the behavior of single and grouped piles under both

static and dynamic loads will be discussed in details in the next chapter.

3.6 Conclusions

The chapter presents recent developments on the soil-pile interaction in horizontal plane. The

primary conclusions may be summarized as follows:

1.

Local displacement field of soil in the vicinity of a pile associated with global displacement
of soil around pile foundation shows vortexes at the pile side. Displacement at the pile side
shows strain localization at the soil-pile interface, indicating a mechanism similar to a
sliding. This fact implies that the finite element mesh size should be sufficiently small in the
vicinity of the pile in order to represent these essential features of the local displacement
field.

Computed local displacement field of soil through a multiple shear mechanism model in a
horizontal plane are basically consistent with those measured. The computed load-
displacement curves indicates that, for dry sand, the curves have similar shapes to those
currently used in design practice in terms of p-y curve.

Although the mechanisms involved in the load displacement curve are the results of
complicated soil-pile interaction as exemplified by the local displacement field described
above, the load-displacement curves have practically the same shapes as those of the shear

stress-shear strain of a single soil element under static and cyclic simple shear. Based on this
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finding, the soil-pile interaction in horizontal plane is idealized as a soil-pile interaction

spring element using a fictitious single soil element.

4. In addition to the soil-pile interaction spring, a joint element is used to idealize the soil-pile
interface effect, including soil-pile separation and sliding effects.
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Chapter 4: Effect of soil-pile separation on performance of pile group

4.1 Introduction

Soil-pile separation is one aspect of SSI that is still not fully understood and poses a challenge to
geotechnical engineers. When a pile in a cohesive soil deposit is subjected to lateral loading, the
soil on the compression side moves with the pile whereas the soil on the extension side might not
move together with the pile. Thus, a gap forms at the soil-pile interface on the extension side
(Tuladhar et al. 2008). Two primary variables of the soil-pile system must be carefully evaluated
in this situation. One is the deformation of soil due to pile displacement. This variable has to be
evaluated even when the soil-pile separation occurs. The other is the soil-pile gap formation,
especially the threshold level of displacement or the triggering level of the gap formation. These
two variables might be relatively easy to analyze based on the appropriate FE modeling of a
coupled soil-pile system. A sophisticated level of analysis might be based on 3D FE techniques
that incorporate nonlinear behaviors of the soil (e.g., Brown and Shie 1991; Kimura and Zhang
2000; Tahghighi and Konagai 2007). However, the analysis becomes more challenging when the
effect of soil-pile separation is studied on pile groups or when a dynamically loaded pile group
associated with dynamic soil response is involved. In these situations, which are complex but of
the utmost importance in practical design, how soil-pile separation can be simulated and how this
separation affects the performance of the lateral loaded pile group remain issues to be studied.

In this chapter, the effect of soil-pile separation is studied with respect to the performance
of a laterally loaded pile group. Full-scale tests consisting of a combination of a single and 3 x §
group pile under static and dynamic lateral loads at a clayey site presents a unique opportunity
for this end and allows a rigorous study while restricting the arbitrary back-fitting of parameters
that would be necessary if only a partial combination of the test data were available. The 2D FE
analysis based on the multi-shear mechanism constitutive relationship, FLIP (lai et al. 1992), is
used to analyze the results of this series of full-scale tests. In this study, two cases of numerical
simulation were considered. The first case involves soil-pile separation if tension stress is
generated at the soil-pile interface, while in the second, soil-pile separation does not occur even
if there is tension stress at the soil-pile interface. Herein the effect of soil-pile separation on the
overall behavior of laterally loaded pile groups under static and dynamic lateral load is studied in

detail.
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4.2 Lateral Load Test of a Full-Scale Single Pile and 3xS5 Pile
Group

4.2.1 Test site

The test site is located approximately 300 m north of the Federal Aviation Administration (FAA)
control tower in a large unused lot owned by the Salt Lake City International Airport, USA. The
site is a prime location for geotechnical investigations as well as foundation testing because of
the relative seclusion and free space for easier access and mobilization of construction and
testing equipment. Figure 4.1 shows the idealized soil profile at the test site. Although the soil
profile contained some sand layers, the first three meters were composed mostly of soft clays and
silts. The water table was at the ground surface. Soil samples were collected using hand augers
and drill rigs. Cohesionless soil samples were obtained using a standard 50.8 mm diameter split
spoon sampler. Thin-walled Shelby tubes, 76 mm in diameter, were used to collect undisturbed
cohesive soil samples. Five laboratory tests were performed: particle size distributions, Atterberg
limits, soil classification, shear strength, and consolidation test. Five in situ tests were also
performed at the site: cone penetration test, dilatometer test, pressure meter test, standard

penetration test, and vane shear test (Snyder 2004).

4.2.2 Single pile test layout

For proper assessment of the pile group performance, single pile test was conducted as a
reference. A single pile was installed just west of the 3x5 pile group. The test pile had a 0.324 m
outside diameter and wall thickness of 9.5 mm. The pile conformed to ASTM 252 Grade 3
specifications. The steel pipe pile was driven closed end to an embedment depth of 11.6 m.
Figure 4.2 illustrates the layout of the single pile load test. A W760%x284 (AISC Shape
W30x191) reaction beam was placed against the west column of piles from the 3x5 pile group.
A 1.34 MN hydraulic jack was placed between the beam and a channel section welded to the
pile. A hemispherical swivel plate was placed between the channel section and the jack to allow
for free rotation preventing any eccentric loading on the pile. A lateral load was applied 495 mm
above the ground surface. Instrumentation was used to measure load, pile-head deflection, and
strain with depth. Bending moments were computed from the recorded data. The load was

measured with a 1.34 MN load cell placed between the jack and the swivel plate as shown in Fig.
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4.2. The strain of the pile was measured by electrical resistance type strain gages made by Texas
Measurement, Inc. (model WFLA-6-12). A total of 38 strain gages (19 on each side of the pile)
were placed at regular intervals of 0.405 m to a 5.5 m depth, 0.91 m to a 9.14 m depth, and 1.2 m
to the end of the pile. A string potentiometer with an accuracy of 0.25 mm was used to measure

the pile-head deflection at the load point. (Snyder 2004).
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Fig. 4.1 Idealized soil profile at the Salt Lake City International Airport

4.2.3 Pile group test layout

The piles in the group were driven in a 3x5 pattern with a nominal spacing of a 3.92-pile
diameter from center to center in the loading direction and of a 3.29-pile diameter perpendicular
to the loading direction. The test piles in the group had the same sectional and material properties
as the single pile. Figure 4.3 shows a photograph of the overall layout of the single pile and the
15-pile group. The single pile was driven about six pile diameters west of the 15-pile group. The
single pile was located with the intent that it be close enough that the soil properties would be
similar but far enough away that it would not be affected by the testing of the pile group. Two
reinforced concrete drilled shafts (1.22 m diameter) were installed 7.92 m north of the front or

northernmost row of the 15-pile group. These drilled shafts were required to provide a sufficient
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reaction to load the pile group to high enough deflection levels so that group effects could be
observed. The load was applied either statically or dynamically 495 mm above the ground
surface. For static loading, the load was applied by two 1.34 MN hydraulic jacks powered by a
hydraulic pump with a maximum pressure of 69,000 kPa. One jack was placed between each of
the drilled shafts and a W760%x284 (AISC Shape W30x191) reaction beam as shown in Fig. 4.4.
Hemispherical swivel plates were attached to the face of the shaft as well as the beam for the
jacks to bear on. This allowed for rotation preventing any eccentric loading on the drilled shafts
(Snyder 2004).

North

15-pile group

1.34 MN Load Cell
Swivel Plates
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Fig. 4.2 Plan view of the test layout for the single pile
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The tested piles were loaded in the same direction as the static tests. The statnamic sled
was supported upon two 7.9 m long W920x223 beams, which were laid on their weak sides.
Railroad ties were laid on the beams in between the flanges to provide a clear path of movement
for the statinamic device. The steel beams were in turn supported by four H-piles which were
driven approximately 7.6 m below the base of the beams to utilize the bearing capacity of a
dense sand layer at that depth eliminating any settlement issues with the 311 kN statnamic device
aided in maintaining the required elevation of the device to load the piles at 495 mm above the
excavated ground surface around the piles. This prevented any eccentric loading on the pile
group and allowed for a tight fit between the concave plate and the rounded head (Snyder 2004).

The instruments in the 15-pile group measured pile-head deflection, applied load, and
strain versus depth. Individual pile loads were measured by strain gage pairs attached to tie-rods,
which functioned as load cells. The tie-rods connected the piles to the load frame using a pinned
connection to produce a zero moment free-head boundary condition. For static loading, two 1.34
MN load cells were placed on each of the hydraulic jacks to measure load applied to the drilled
shafts. This allowed comparisons to be made between the total measured load on the pile group
compared to the drilled shafts as a check for consistency and accuracy. The average difference
between the total measured loads was 4.9% at peak loads with a maximum difference of 8.6%.
For dynamic loading, additional load cell is placed between the piston and the head of the
statnamic device as shown in Fig. 4.8. This load cell was used to measure the total applied force
and provided a comparison to the sum of the load measured from all the group piles. Seventeen
linear variable differential transformer (LVDT) transducers, which had an accuracy of 0.127
mm, were used to measure pile-head deflections. The center piles of each of the five rows were
monitored by 30 electrical resistance type strain gages (15 on each side) placed at regular
intervals of 0.61 m to a 4.88 m depth, 0.91 m to a 7.62 m depth and 1.22 m to the end of the pile
(Snyder 2004).

4.3 Finite Element Modeling and Parameter Identification
4.3.1 Finite elements

The 2D FE program FLIP was employed to simulate the full-scale lateral load tests of the single
and group piles. The analysis focused on the five piles in the middle row of the 3x5 pile group.

Figure 4.9 shows the general layout and meshing of the FE model. The same meshing of the soil
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profile was used to analyze the single pile. The analysis is conducted under undrained conditions.
Side boundary displacements were fixed in the horizontal direction, while those at the bottom
boundary were fixed in both the horizontal and vertical directions. The top and bottom of the

piles were set as displacement and rotation free to simulate the condition of the full-scale tests.
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Fig. 4.9 General layout and meshing of the FE model

4.3.2 Soil model

The soil model used in this study consists of a multiple shear mechanism (lai et al. 1992). The
analysis adopted the idealized soil layers shown in Fig. 4.1. Soil properties were obtained from
geotechnical investigation data at the site, which included standard laboratory tests,
unconsolidated-undrained (UU) traixial tests, consolidation tests, and in situ tests such as the
cone penetration test, pressure meter test, and standard penetration test. Figure 4.10 reports the
shear strength values for the test site determined from laboratory and in situ tests conducted in
1996, 2002, and 2003. The 1996 tests showed evidence of stiff clay in the upper 1 m of the
profile. However, this stiff layer was not encountered in any of the shear strength tests performed
much closer to the 3x5 group pile in 2002 and 2003. At a depth of 1 m, the shear strength from
2003 unconfined test turned out to be about 27 kPa, which is not close to the strength observed in
1996 tests. As shown in Fig. 4.10, the shear strength profile defined in this study is consistent
with shear strengths determined from laboratory and in situ tests conducted in 2002 and 2003.
Except for the reduced shear strength of the first three meters of the profile, the defined profile is
identical to the detailed profile used in the analysis reported by Snyder (2004).
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The elastic shear modulus G, for cohesive soil was determined using an undrained

ma

shear strength based on the correlation provided by Jamiolkowski et al. (1979), while that for

cohesionless soil was determined using

G,

ma

=pV? (4.1)

where p is soil density and V; is shear wave velocity calculated using SPT data based on the

correlation provided by Ohata and Goto (1978).
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Fig. 4.10 Shear strength parameters for the soil profile used in this study compared to shear

strengths determined from field and laboratory tests.

Variation of shear modulus in depth is consistent with the variation of tip resistance and
sleeve friction of the CPT test results reported in Snyder (2004). The bulk modulus of the soil

skeleton K,,, was determined assuming a Poisson s ratio v of 0.33. Table 4.1 lists the model
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parameters for the soil elements used in this study. Values of these parameters pertain only to the

1* cycle. As described later, degradation effects were considered upon applying a cyclic load.

4.3.3 Pile model

Bilinear 1D beam elements with three degrees of freedom per node were used to model the piles.
Normal force, shear force, and bending moment of each element were obtained directly from the
finite element program. Table 4.2 defines the model parameters of pile elements. The parameters

for piles were obtained from the industrial standard (Tobita et al. 2006).

Table 4.1 Idealized soil layers and model parameters for soil elements

Soil  Depth Sﬁ:gﬁfdy:"t 'ma Gra v Kma o c da"rf]‘;‘)’i‘ng
layer (m) (tm?) (kPa) (kPa) (kPa) (degrees) (kPa) ratio, (Nme)
Softclay 0-1.22 36.72 12,200 31,720 27
Softclay 1.22-2.14 1.92 41.98 18,000 46,800 40
Soft clay 2.14-3.06 47.35 15,800 41,080 35
Sand 3.06-4.80 1.83 52.93 161,000 418,600 38
Soft clay 4.80-5.33 62.62 34,100 0.33 88,660 56.9 0.20
Soft clay 5.33-5.87 1.92 67.83 15,000 39,000 25
Soft clay 5.87-6.48 67.83 32,400 84,240 54
Sand 6.48-11.6 183 77.67 127,000 330,200 33
Sand 11.6-18.00 ) 85.5 40,600 105,560 33
Table 4.2 Model parameters for pile element
Shear Poisson’  Density, . Initial flexural Flexural rigidity PIasFuc
) Arealunit L . bending
modulus, Gs s ratio . width rigidity after yield moment
(kPa) (v) (tm”) (kPa) (kPa) (kN-m)
77,500,000 0.29 79 0.02897 108,671 65,200 875

4.3.4 Soil-pile separation and sliding mechanisms

Subjecting a pile in cohesive soil to lateral loading caused the soil on the passive side
(compression side) to move with the pile, but as previously mentioned, the soil on the active side
(extension side) might not move with the pile. Hence, a gap occurred between the soil and pile
surface on the active side (Tuladhar et al. 2008) as depicted in Fig.4.11 (a). To simulate this
phenomenon, joint elements were introduced at the soil-pile interface. As shown in Fig.4.11 (b),

the separation-contact model of the compression side was idealized using a high rigidity spring
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(Kn) between the pile and soil elements to avoid the overlapping of the elements during
compression. Two cases, with and without separation, were considered on the tension side. In the
separation case, no stress will transfer between the pile and the soil at any tension stress value,
whereas the second case (without separation case) allows stress, including tensile stress, to

transfer between pile and soil.

Normal stress

A (Tension)
Pile Load Ssparation is not allowed
’
’
’
7R ‘Contact < K, Separation is allowed
Passive side Active side Normal displacement
v (Compression)
() (b)

Fig. 4.11 Separation-contact model for joint element between pile and soil. (a)

gap formation behind a pile; (b) separation-contact model

Figure 4.12 shows the mechanism of sliding at the interface. Figure 4.12 indicates that
sliding will initiate when the shear stress at the interface exceeds a certain value of ¢ given by

the equation:

Shear stress
4 1 =¢ +otang;

K

Shear displ:;;ement

Fig. 4.12 Sliding mechanisms at the soil-pile interface

T,=c,totang, 42)
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where c; and ¢, are shear strength parameters of soil at the interface. The shear strength of the
interfaces was defined with zero cohesive strength and 2/3 of the friction angle for sandy soils. In
the case of clayey soils, the interfaces were assumed to have zero frictional strength and the same
cohesive strength of the surrounding soil. The interface strength values depend very much on the
type of pile material (wood, steel, or concrete) and method of installation (driven or bored). The
interface strength properties selected for the analyses fall within the range of properties
recommended for estimating the skin friction capacity of piles (Bowles 1988). The normal
stiffness and shear stiffness of the interface elements were initially set to 10° kN/m? /m. These
values were decided after performing several analyses with different interface stiffness values

(see Appendix A2). Table 4.3 defines the model parameters for the joint elements.

Table 4.3 Model parameters for joint element

Interface angle of friction . . 3 Tangential stiffness
Cohesion(c Normal stiffness (kN/m
(¢ ) ( ) (kN/m®)
2/3 ¢ c 1,000,000 1,000,000

4.3.5 End bearing spring

The axial soil reactions at pile tips were simulated using nonlinear spring elements (Q-z curve).

The nonlinear spring at the pile tip can be represented according to Zhang et al. (1999) as

Op(1-v)
z = 4.3
41y Gy (1~ 21 @
or

where O is ultimate tip resistance (force). Gn, and v are initial shear modulus and Poisson’s
ratio of the soil at the pile tip, respectively. r, is pile radius and Q, is mobilized tip resistance
(force) for a given displacement z.

4.3.6 Soil-pile interaction spring

The interaction between a pile and the surrounding soil in 3D type is idealized in the 2D analysis

using nonlinear soil-pile spring elements that described in Chapter 3.
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4.4 Single Pile under Static L.oad

In the analysis of a single pile under static load, the lateral load was statically applied at the pile
head (0.495 m above the ground surface) until a displacement of 90 mm at the loading point was
achieved. Figure 4.13(a) shows the computed and measured load deflection curves at the pile
head with and without soil-pile separation. The analysis without separation greatly overestimated
the lateral load-carrying capacity of the pile. In fact, the soil-pile gap was observed in situ at the
full-scale tests as shown in Fig. 4.14. In contrast, the analysis considering soil-pile separation
provided an improved load-deflection curve and agreed well with the field results. As previously
demonstrated, the separation between the soil and pile occurred in the analysis when normal

stress at the interface was changed from compression to tension.
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Fig. 4.13 Single pile response under a static load: (a) load-deflection curve, (b) load-maximum

moment curve, and (¢) moment versus depth below ground surface curve.

The computed load-maximum moment curve and moment profile, which corresponded to

a pile head deflection of 89 mm, with soil-pile separation also agreed well with the measured
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underestimation increased as the loading increased, and reached 70% at the maximum applied

load. At the maximum target deflection of 83.4 mm, ignoring soil-pile separation overestimated

the ultimate lateral load-carrying capacity of the trailing pile by 73%.
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Fig. 4.15 Group pile response under a static load

The effect of soil-pile separation on the trailing pile was similar to that on the single pile,

but the effect of soil-pile separation on the other piles in the group differed. This distinctive
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effect of soil-pile separation on group piles was further examined by plotting the earth pressure
(total horizontal soil stress) at points just at the back of and in front of each pile in the group.
Figs 4.16(a) and 4.16(b) plot the variation of both earth pressure and pore pressure with
deflection curves for piles 1, 3, and 5 at a depth of 0.30 m with separation and without
separation, respectively. For piles 1 and 3, soil-pile separation show little effect on earth
pressures not only in front of the piles but also at the back of the piles. In the analysis, soils on
the active side (extension side) of each pile moved in the direction of pile deformation due to the
deformation of the next column of pile behind the pile in question; therefore, a gap cannot be
formed behind the pile in relatively closely spaced pile groups. Soil deformation due to the next
column of trailing pile pushed on these piles, diminishing the potential for a soil-pile gap.
However, the effect of soil-pile separation for the trailing pile (pile no. 5) differed from those for
piles 1 and 3. Although the earth pressure-deflection curves from a point at the front of the pile
showed similar trends in both analyses but the analysis with soil-pile separation induced a
slightly larger earth pressure, the earth pressure at the back of the pile was significantly affected
by the effect of soil-pile separation. In the analysis with soil-pile separation, the earth pressure
began from the earth pressure at rest but gradually decreased to zero in the relative early loading
stage with a small deflection. The extension zone at the back of the pile did not contribute to the
lateral resistance of the pile when separation occurred. In contrast, the earth pressure at the back
of the pile computed without separation progressively decreased to zero and then generated a
negative earth pressure, which corresponded to the negative pore pressure built up behind the
pile as shown in Fig. 4.16(b). In the analysis without soil-pile separation, the soil behind the pile
pulled the pile opposite to the loading direction, resulting in an excessive increase in the overall
soil resistance during pile deformation.

Figures 4.17(a) and 4.17(b) show the ratio of the computed and the measured loads of
each pile relative to the load of the single pile at target deflections of 10 and 83.4 mm,
respectively. Both the measured and computed load distributions among the piles were not
uniform. The load distribution curve obtained from the FE analysis without soil-pile separation
had a concave shape with maxima at both ends (the leading and trailing piles) and a minimum in
the middle (pile no. 3). However, this type of load distribution was not observed in the field. The
measured data for a given displacement showed that the leading pile carried the greatest load

while piles 3 and 5 carried the lowest loads. Piles 2 and 4 carried loads somewhat higher than
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piles 3 and 5, but were significantly less than the leading pile. Although the loads computed with
soil-pile separation for piles 2, 3, and 4 at a low deflection level (10 mm) agreed well with the
corresponding measured loads, the computed loads of the leading and the trailing piles were
slightly overestimated (Fig. 4.17(a)). At the maximum deflection level (83.4 mm), the FE
analysis with soil-pile separation agreed well with the field data (Fig. 4.17(b)). Except for the
leading pile, the measured and the computed results with soil-pile separation showed that the

load of each pile was smaller than that of the single pile at maximum deflection (Fig. 4.17(b)).
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Fig. 4.16 Statically loaded pile group: Variation of earth pressure and pore pressure with deflection
curves for two points in front and back of piles 1, 3, and 5 at a depth = 0.3 m. (a) Computed with and (b)

without separation

Figure 4.18 plots the distribution of the bending moment over a depth for piles 1, 3, and 5
at deflections of 13, 25, 38, 64, and 89 mm. This figure compares the depths where the maximum

moments were measured and computed. The analyses with and without soil-pile separation were
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generally successful at predicting the depths of the maximum moments. The difference between
the measured and computed depths of the maximum bending moment was within 1.0 m.
Additionally, the computed depths where the bending moment returned to zero were consistent
with the measured ones. The difference between the measured and computed depths was within
1.0 m. For pile 1, both the analyses with and without separation had a slightly larger bending
moment than the measured one. Ignoring soil-pile separation did not affect the computed
moments for piles 1 and 3. However, ignoring soil-pile separation for pile 5 overestimated the

bending moment.
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Fig. 4.17 Statically loaded pile group: Ratio of the computed and the measured loads of each pile relative
to the load of the single pile; (a) target deflection = 10 mm, and (b) target deflection = 83.4 mm

4.6 Group Pile under Dynamic Load

In addition to static loading tests, full-scale statnamic tests were performed on the 3x5 pile
group. For each series of the tests, first the pile group was cyclically loaded statically up to a
certain target deflection followed by the statnamic test to the same target deflection. The
statnamic test was performed as the 16™ cycle for target deflections of 13 and 25 mm, 15™ cycle
for 38 mm, 11" cycle for the 64 mm, and 12" cycle for the 89 mm target deflection (Snyder
2004). In the FE simulation, five amplitudes of sequential statnamic loads were applied without
the cyclic static load sequence (Fig. 4.19). The model parameters in the analysis were identical to

those for the static load test without introducing arbitrary parameter adjustments or back-fitting
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to the measured data. The only difference was the inclusion of the degradation factor which

considered the effect of rapid cyclic loading of the shear modulus of clayey soil.

Pile no. (1) Pile no. (3) Pile no. (5)
Bending moment (kN-m) Bending moment (kN-m) Bending moment (kN-m)
-50 50 150 250 -50 50 150 250 -50 50 150 250

11

13
(a) Measured

11

13

Depth below ground surface (m)

(b) Computed with separation

11

13

(¢) Computed without separation

Fig. 4.18 Statically loaded pile group: Computed and measured bending moment versus

depth for piles1, 3, and 5, and target deflections of 13, 25, 38, 64, and 89 mm.
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Fig. 4.19 Time sequence of the total load applied to the pile group in numerical analysis

For cohesive soils, the value of the shear modulus after N cycles (G, ) can be related to

its value in the first cycle Gy, by (Idriss et al. 1978):

G, =0G,, 4.4)
where the degradation index & is given by & = N~ when t is the degradation parameter. In the
analysis, a plasticity index of about 10 for the top layers of clay, which was obtained from a
geotechnical investigation at the test site, and shear strains, which corresponded to all the target
deflections and were obtained from the 1* cycle static load, were used (Vucetic and Dobry 1988)
to determine the degradation parameter, t. Table 4.4 shows shear strains, degradation parameters,
and degradation indices corresponding to the target deflections for the top clay layers. In the
analysis, Rayleigh damping parameters were set as o =0 and g = 0.0015.

Figure 4.20 shows the load-deflection curves from the analyses with and without soil-pile
separation compared to the measured ones for target displacements of 13, 25, 38, 64, and 89 mm.
The analysis without soil-pile separation generally overestimated the total group load carrying
capacity for both the loading and unloading phases. At the maximum applied load, the deflection
obtained without soil-pile separation was smaller than that obtained from the field data. The
percentages of reduction were 8.6, 16.0, 17.3, 21.8, and 23.3% for target deflections of 13, 25,
38, 64, and 89 mm, respectively, which strongly suggests that neglecting the effect of soil-pile

separation leads to unconservative results in design practice.
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Table 4.4 Shear strains, degradation parameters, and degradation indices corresponding to target
deflections

Target deflection

Depth 13 mm 25 mm 38 mm 64 mm 89 mm
(m) Shegr Shegr Shear Shegr Shegr
strain t 8 strain t 1) strain t ) strain t ) strain t 8
(%) (%) (%) (%) (%)
0-1.22 013 0.05 0.88 023 008 081} 043 013 071 | 074 019 063 | 1.00 024 0.56
1221%1' 0.11  0.04 0.9 028 009 078 | 039 0142 073 | 069 0.18 064 | 095 023 057
%10%' 0.08 0.03 092 020 007 083 | 035 011 075| 066 018 065 | 094 023 0.57
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Fig. 4.20 Dynamically loaded pile group: Computed and measured bending moment versus depth for

pilesl, 3, and 5 with target deflections of 13, 25, 38, 64, and 89 mm
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Figure 4.21 plots the time histories of earth pressure corresponding to the target
deflection of 89 mm in front of and at the back of the trailing pile at a depth of 0.30 m. Although
the earth pressure-deflection curves from the front point of the pile displayed approximately the
same trend in both analyses, the earth pressure at the back of the pile was significantly affected
by the soil-pile separation. The computed results without separation gave a negative earth

pressure, which increased the ultimate load carried by the group at the same deflection level.
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Fig. 4.21 Dynamically loaded pile group: The time histories of earth pressure for two points in
front and back of piles 1, 3, and 5 at a depth = 0.3 m and a target deflection = 89 mm; (a) with

and (b) without separation

Figure 4.22 plots the distribution of bending moment with depth for piles 1, 3, and 5.
These bending moment curves corresponded to the maximum load applied to the group pile.
Unlike the static load case where the depth corresponding to the maximum bending moment
progressively increased with increasing deflection, the change in the depth of the maximum
bending moment was negligible in the dynamic load tests. This trend was clear in both the

measured and computed bending moment distributions. Both analyses, with and without
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separation, successfully predicted the depths of the maximum moments. The difference between
the computed and measured depths was 1.0 m or less. Additionally, the computed depths where
the bending moment returned to zero agreed well with the measured one as the difference was
less than 1.0 m. Although the computed bending moments obtained from the analysis with
separation agreed well with the field data for all piles and target deflections, the analysis without

separation generally underestimated the bending moments.

4.7 Conclusions

The main objective of this study is to explore the effect of soil-pile separation on the
performance of a laterally loaded pile group. This study takes full advantage of a comprehensive
set of full-scale tests, consisting of a single and 3x5 group pile under static and dynamic loads
and thereby reduces the limitations that were often caused by arbitrary parameter adjustment or
back-fitting to the measured data. Two dimensional finite element analyses performed in this
study lead to the following conclusions:

1. For a statically loaded single pile, at the same load level, the analysis without soil-pile
separation underestimates both deflection and maximum bending moment. The percentage of
underestimation increases with the progress of loading and reaches, at the maximum applied
load, 50% for deflection and 22% for maximum moment. At a target deflection of 90 mm,
ignoring soil-pile separation leads to 43% overestimation of the ultimate lateral load-carrying
capacity of the pile.

2. For a statically loaded pile group, the effect of soil-pile separation is most distinctive at the
trailing pile. The effect of soil-pile separation is not significant for other piles in the group
including the leading pile. The potential soil-pile gap for these piles appeared to be closed by
the soil deformation pushed forward by the next column of pile trailing behind. In the
analysis without soil-pile separation, the soil behind the trailing pile pulls back the pile
opposite to the loading direction and resulting in the excessive increases in the overall soil
resistance during pile deformation. At any load level, the analysis without soil-pile separation
underestimates the deflection of the trailing pile. The percentage of underestimation increases
with the progress of loading and reaches to 70% at the maximum applied load. At a
maximum target deflection of 83.4 mm, ignoring soil-pile separation leads to 73%

overestimation of the ultimate lateral load-carrying capacity of the trailing pile.
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Pile no. (1) Pile no. (3) Pile no. (5)
Bending moment (kN-m) Bending moment (kN-m) Bending moment (kN-m)
-50 50 150 250 -50 50 150 250 -50 50 150 250

(a) Measured

Depth below ground surface (m

(b) Computed with separation

11

13
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Fig. 4.22 Dynamic loaded pile group: Measured and computed load-deflection curves of group
pile: target deflection of 13mm (a), 25 mm (b), 38 mm (c), 64 mm (d), and 89 mm (e)
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3. The effect of soil-pile separation significantly affects the group action in terms of overall

load carrying capacity and bending moment, as well as the load distribution among the piles
in pile group. The load distribution curve obtained from the FE analysis without soil-pile
separation has a concave shape with the maximum at both ends (leading and trailing pile) and
the minimum in the middle (pile no 3). Measured data show that, for a given displacement,
the leading pile carried the greatest load whereas piles 3 and 5 carried the lowest loads. Piles
2 and 4 carried loads somewhat higher than piles 3 and 5 but significantly less than the
leading pile. At a low deflection level (10 mm), while the computed loads with soil-pile
separation for piles 2, 3, and 4 are in good agreement with the corresponding measured loads,
the computed loads for leading and trailing piles are slightly overestimated. At the maximum
deflection (83.4 mm), the FE analysis with soil-pile separation shows good agreement with
the field data. The measured and the computed results with soil-pile separation show that,
except for the leading pile, the load of each pile is smaller than that of the single pile at
maximum deflection. The good agreement between the FE results with soil-pile separation
and the field data is obtained her under a certain soil and pile properties and also certain pile
group configuration.

For dynamically loaded pile group, the effect of soil-pile separation is significant not only in
the loading phase but also in the unloading phase. At maximum applied load, the deflection
obtained without separation is smaller than that obtained from field data. The percentages of
reduction were 8.6, 16.0, 17.3, 21.8, and 23.3% for target deflections of 13, 25, 38, 64, and
89 mm, respectively. Ignoring the effect of soil-pile separation significantly underestimates

both deflection and bending moment values, leading to unconservative design of group piles.
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Chapter 5: Effect of vertical loads on lateral resistance of pile group

5.1 Introduction

Studies on piles and pile groups over 70 years may be categorized into those on the behavior of
pile foundations under vertical loads (e.g., Whitaker 1957, Ottaviani 1975, Randolph and Wroth
1978, Xu and Poulos 2000, Zhu and Chang 2002,) and those under pure lateral loads (e.g.,
Matlock and Reese 1960, Poulos 1971a, 1971b, Rollins et al. 1998, 2005, Basu and Salgado
2007,). The former category of studies led to the methodologies to evaluate bearing capacities
and settlements of piles, while the latter to evaluate bending moments and deflections. The
results of these extensive studies have formed the basis for the current design practice of pile
foundations, where vertical and lateral loads were assumed to act independently and the
interaction between these loads was not significant. However, Meyerhof et al. (1983) and
Meyerhof and Yalcin (1984) investigated through model tests the effects of lateral loads and
bending moments on the vertical bearing capacity of single and group piles and they suggested a
significant decrease in the vertical bearing capacity due to the presence of lateral loads or
bending moments.

The results available in the literature with respect to the effects of vertical loads on the
lateral response of single piles (e.g., McNulty 1956, Sorochan and Bykov 1976,
Anagnostopoulos and Georgiadis 1993,) suggested a significant increase in the lateral resistance
of piles in the presence of vertical loads. Other related research on single piles includes (Zhukov
and Balov 1978 and Zhang et al. 1999,). Zhang et al. (2002) through centrifuge experiments on
3x3 and 4x4 fixed-head battered pile groups concluded that the effects of vertical load on the
lateral resistance of 3x3 pile groups were not significant. For 4x4 pile groups however, the
lateral resistances increased significantly with vertical loads.

In recent studies by Karthigeyan and Ramakrishna (2005) and Karthigeyan et al. (2006,
2007,) the authors showed through a series of 3D FE analyses on single piles that the presence of
vertical loads increases the lateral load capacity of piles in sandy soils by as much as 40 %.
There is a strong need to pursue these recent developments in the studies on pile behavior. In
fact, the scopes of these recent studies that indicate the significance of the load interaction
mentioned earlier were limited to the behavior of single piles. Little work has been devoted to
the behavior of pile groups subjected to the combined effects of vertical and lateral loads.

In this chapter, the effect of vertical loads on the lateral resistance of a single pile and a

pile group is studied using 2D FEM. After the description of FE modeling and material
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properties, the chapter then presents the effect of vertical loads on the lateral resistance of a
single pile, to be followed by the main part of the study with respect to the behavior of a 3 x5

pile group under combined loads.

5.2 2D Profile of Soil-pile System for FE Analysis

The 2D FE program FLIP (Jai et al. 1992) was employed to study the behavior of a pile group
under combined loading. Same pile configuration and material properties described in Chapter 4
are used in this chapter. The 2D FE analysis focused on the five piles in the middle row of the
group. Figure 5.1 shows the general layout and meshing of the FEM. Side boundary
displacements were fixed in the horizontal direction, while those at the bottom boundary were
fixed in both the horizontal and vertical directions. The top and bottom of the piles were set as
displacement and rotation free. In the analysis, a uniform layer of sand was used as the soil

profile. Model parameters of the sand layer are shown in Table 5.1.

Pile diameter Vertical loading

D=324mm ‘ ‘* ‘ Lateralloading
: ‘lL E “l 1='[ =ll Lil Iillll'u
Embedded depth 11.6m g : ;ﬂ
i
18m
S0m - :
HIGIH r
A

Fig. 5.1 General layout and meshing of the finite element model

Table 5.1 Model parameters of the sand layer

Saturated unit weight, ", Gma v Ka os c Max damping ratio,
Yeat (/M) (kPa) (kPa) (kPa) (degrees) (kPa) (Nma)
1.83 98 43,500 0.33 114,000 33 0.20

Prior to the analysis of pile group behavior, analysis of a single pile was performed as a

reference in order to discuss the specific behavior of the pile group under combined loads. The
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same meshing of the soil profile was used to analyze the single pile. A total of 4 cases including
single and group piles were considered. Pure lateral loads were considered in half of these cases
while a combination of vertical and lateral loads was considered in the others. In the analysis of
piles subjected to combined load, a vertical displacement (V) of 0.1D (D = pile diameter) (i.e.
vertical load = 75 % of the ultimate vertical capacity of the pile (P,), details of the calculation of
ultimate vertical capacity of the pile is given in Appendix A1) was applied on the pile-head prior
to the application of lateral loads for both the single and the grouped piles then lateral loads were
statically applied until a target lateral displacement of 60 mm was achieved. The maximum
vertical applied displacement at the pile-head was kept constant during the application of the

lateral displacement.

5.3 Behavior of a Single Pile under Combined Loads
5.3.1 Preliminary analysis

As described at the introduction, recent studies on piles under combined loads (Karthigeyan and
Ramakrishna 2005, Karthigeyan et al. 2006, 2007,) indicated that the presence of vertical loads
on single piles increases the lateral resistance of the pile in sand deposit. Prior to the main part of
this study on pile groups described later, a preliminary analysis of a single pile was performed in
order to confirm these recent developments through the analysis model used in this study. In this
preliminary analysis, the lateral resistance of a single 10-m-long, 1.2 x 1.2- m* concrete pile
embedded in a sandy soil layer 34-m deep was analyzed with and without a vertical load of 384
kN in order to reproduce the recent analysis results by Karthigeyan et al. (2007) (to be called the
previous analysis). Details of pile and soil properties used in the previous analysis are given in
Table 5.2.

The comparison between the present 2D load-deflection curve up to a lateral
displacement of 120 mm and the 3D results provided by the previous analysis with and without
vertical loads are shown in Figs 5.2(a) and 5.2(b). In particular Fig. 5.2(a) shows load-deflection
curves obtained from the previous analysis, while Fig. 5.2(b) shows load-deflection curves
obtained from this study. Both figures declared an increase of the pile lateral resistance due to
the application of vertical loads with percentages of increase at 120 mm lateral deflection of 6
and 7% respectively. Although initial slopes of the present load-deflection curves obtained from

the analyses with and without vertical loads were about 0.76 and 0.69 of the corresponding
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curves provided by the previous analysis as a result of the difference in soil modeling (i.e., for

the previous analysis, the Drucker-Prager constitutive model with non associated flow rule for

sandy soils were used to predict the stress-strain behavior), loads at maximum deflections agree

well with each other. The present FE prediction matches reasonably well with that provided by

the previous analysis. Thus, the analysis model used in the present study has the capability to

reproduce the results consistent with the recent studies on the pile behavior under the combined

action of vertical and lateral loads.

Load (kN)

Table 5.2 Pile and soil Properties used in the analysis provided by Karthigeyan et al. (2007)

Pile details Soil details
Size: 1200 x 1200 mm* 6 =36
Length: 10 m C=0

Type of pile: Concrete Es = 50 Mpa
Young's modulus E,: 25,000 MPa Yp =20 kN/m®
Unit weight (y,): 24 kN/m® Hs=0.15

Poisson’s ratio y,: 0.15

800 800
700 700
600 600
500 500
400 400
300 300

—6— Vertical load = 0 kN

200 200
100 —e— Vertical load = 384 kN 100
0 1 1 1 1 1 0 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 8 100 120 140
Lateral deflection (mm) Lateral deflection (mm)
@ (b)

Fig. 5.2 Load-lateral deflection curves of the single pile for the analyses with and without
vertical loads: (a) 3D by Karthigeyan et al. 2007; (b) This study

5.3.2 Single pile response under combined loads

116



Chapter 5: Effect of vertical loads on lateral resistance of pile group

In order to study the behavior of pile groups under combined loads, analysis of a single pile
under combined load was performed as a reference. The soil profile and material parameters
described in Section 5.2 were used for the analysis. Results of the analysis on single pile
response under both lateral and combined loads, shown in Fig. 5.3, indicate that a vertical load
inducing a vertical displacement (V = 0.1D) of the pile head increases the lateral load-carrying
capacity of the pile at a lateral deflection of 60 mm by 8 %. Similar percentages of increase were

induced in the maximum shear force and bending moment in the pile.

120
100 | |~V =0mm
= ——V =0.1D mm
é 80
3 60
3
40
20
0 1 1 1 1 - 1
0 10 20 30 40 50 60 70
Lateral deflection (mm)
Shear force (kN) Bending moment (kN-m)
-100 -50 0 50 100 -50 0 50 100 150 200
-1 -1
0 r T 0
1 - 1
% 2 I % 2
O O
8 3 8 3
a 4 3 4
ke T
o 6 & 6
3 7 3 7
[1] [(]
s :
g0 F o
10 e 10
11 11
12 12
(b) (c)

Fig. 5.3 Single pile response under both with and without vertical load analyses: (a) load-
deflection curve; (b) shear force profile; and (c) bending moment profile
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An attempt to identify the mechanism of the increase in the lateral resistance of a single
pile subject to a vertical load was made by studying deformation and stress changes induced in
soil due to the vertical load. The downdrag of the soil by the vertical loaded pile as it moves
down is shown in Fig. 5.4. In this figure, displacement field was scaled by 20 times relative to
that of the geometric scale. The vertical load on a single pile drags down the soil surrounding the

pile because of the effect of skin friction of the pile.

Vertical loading

\ 4

LA L L L L

AN LN O LN LN LA LA LI L L L L
T
U

LI L L
T
AR s g pppppp

Fig. 5.4 Soil deformation associated with a vertical load applied to the head of the single pile

Soil displacement field is shown in Fig. 5.5(a). Due to the symmetry of the soil
displacement relative to the pile longitudinal axis, only the right part of Fig. 5.5(a) will be
considered in this discussion. Figure 5.5(a) shows that soil rotates counter clockwise due to the
action of the vertical load on the pile head and the centre of rotation is located just below the
ground surface and at some distance right to the pile. As a result of this rotation, in the vicinity of
the pile, the displacement vectors of soil at shallow depths (up to 10D) are directed towards the
pile whereas those at deeper depths are directed away from the pile. Figure 5.5(b) shows clearly
the difference in horizontal components of soil displacement directions with respect to the pile
depth. The resulting lateral displacement of soil at shallow depths pushes the soil toward the pile,

inducing an increase in the lateral stress () in the soil. Moreover, the displacement field also
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increases the vertical stress (c'y) in the soil in the vicinity of the pile because of the presence of
the foundation layer as represented by the fixed displacement boundary at the bottom of the
analysis domain. These stress changes results in the increase in the confining pressure in the soil
in the vicinity of the pile as shown in Fig. 5.6. The increase in the confining stress of soil, then,
increases the resistance of soil-pile interaction spring through the mechanism incorporated in the
modeling of the spring as described in Chapter 3.

Figure 5.7 shows stress paths of soil elements attached to the pile shaft and at different
depths. All these paths initiate from K, line and move in the direction shown in Fig. 5.7
indicating that the increase in the effective vertical stress of the soil element due to the
application of vertical load is accompanied by an increase in the corresponding soil horizontal

stress.
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Fig. 5.5 Soil displacement field due to a vertical load on the pile head: (a) total soil
displacement; (b) horizontal soil displacement
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Confining pressure, 6'm = (a'x+c'y)/2 (kPa)
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Fig. 5.6 Variation of the confining pressure along the pile depth before and after the
application of the vertical load

Figure 5.8 shows the variation of horizontal soil stresses of soil elements along the depth
of the pile before and after the application of lateral loads for the analyses with and without
vertical loads. In particular, the soil stress at the back side of the pile was plotted in Fig. 5.8(a),
whereas that at the front side was plotted in Fig. 5.8(b). Moreover, horizontal soil stress profiles
induced before and after the application of vertical loads were introduced for comparison
purposes. These figures show that the inclusion of vertical loads prior to lateral loads increases
the horizontal stress of soil elements along the depth of the pile not only at the front side but also
at back side of the pile. The enhanced soil reaction is counterbalanced to some extent by a loss of
a horizontal soil stress that occurs in the region approximately 6D above the pile tip. This is due
to the interaction of the pile base movement and of the soil just above the pile base elevation.
Loukidis and Salgado (2008) have reported similar findings for a pile in sandy soils through FE
analysis. Figure 5.8 also indicates that the effect of vertical loads on the induced horizontal soil

stresses lasts even after the application of lateral loads.
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Fig. 5.7 Stress paths of soil elements attached to the pile shaft
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Fig. 5.8 Horizontal soil stresses along the depth of the pile at different loading stages and
conditions: (a) back side: (b) front side
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Chapter 5: Effect of vertical loads on lateral resistance of pile group

The net horizontal soil stress at a 60 mm lateral deflection, to be defined as the stress
difference in front and at the back of the pile, was plotted against the pile depth as shown in Fig.
5.9. The influence of vertical loads is to increase the net horizontal stresses of soil especially at
shallow depth (the upper portion of the subsurface (5 to 10D in depth) is of predominant
importance in soil-pile interaction due to lateral loading as suggested by Rees and Van Impe
(2001)). This increase of the net horizontal soil stress is further examined through plotting the
variation of the net horizontal stress for points at a depth of 1.91 m below the ground surface (the
depth where maximum horizontal stresses occur, Fig. 5.9) with the corresponding lateral
deflections of these points as shown in Fig. 5.10. Figure 5.10 confirms that the effect of vertical

loads is to increase the net horizontal soil stress accompanied by the increase of the lateral load

carrying capacity of the pile.

Net horizontal soil stress (kPa)
-50 0 50 100
0 T

Depth below ground surface (m)

——V=0mm
——V=0.1Dmm

10

12

Fig. 5.9 Net horizontal soil stresses along the depth of the pile at a 60 mm lateral deflection

5.4 Behavior of Pile Groups under Combined Loads

5.4.1 Pile group response under combined loads

In the analysis of the pile group, loads were statically applied in the same manner as for a single
pile. The same model parameters as those for the single pile were used. Figure 5.11 shows the

total group load versus lateral deflections of piles heads with and without the presence of vertical
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loads and at a pile spacing of 3.92-pile diameter. Similar to the single pile behavior, a vertical
load inducing a vertical displacement of 0.1-diameter in piles leads to a 9 % increase in the

lateral load-carrying capacity of the pile group.
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Fig. 5.10 Variation of the net horizontal stress with the corresponding lateral
deflections at a depth of 1.91 m
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Fig. 5.11 Total lateral load-deflection curves of a pile group with 3.92-pile diameter spacing

5.4.2 Load distribution among piles in a group

Figure 5.12 shows load versus pile head deflection computed with and without the presence of
vertical loads for each pile. As shown in this figure, the effect of vertical loads on the response of
each pile in a group is not the same but is a function of the pile position. In the presence of

vertical loads, the lateral load of the leading pile (pile 1) at all deflections is less than the
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corresponding load developed under pure lateral loads. The percentage reduction reaches to a
10% at a 60 mm lateral deflection. For other pile including the trailing pile (pile 5), the influence
of vertical loads is to increase the lateral loads at all deflections. The percentages of increase
reach to 9, 14, 17, and 35% for piles 2, 3, 4, and 5, respectively. The influence of vertical loads
on the lateral response of piles 1 and 2 seems to be rather limited; however, the effect on other

piles can't be ignored in design practice.
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Fig. 5.12 Load-deflection curve of each pile in a group at 3.92-pile diameter spacing
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In order to discuss the load distribution among piles in a group, the ratios of the lateral
load of each pile relative to the corresponding load of the single pile are shown for deflections of
30 and 60 mm in Fig. 5.13. As shown in this figure, the presence of vertical loads on piles
reduces the difference in pile loads especially for the leading piles. In accordance with the load
distribution among piles in the pile group, differences in bending moments and shearing force
induced in individual piles in the group are reduced as shown in Fig. 5.14 and Fig. 5.15,
respectively. The reduction in the difference of loads of piles in the group may be beneficial with
respect to the performance of pile groups under lateral loads. According to the current design
practice of pile foundations under pure lateral loads, all piles are design assuming that they carry
the maximum pile load in the group (the leading pile load). The current study demonstrates that
when dead loads are considered, the load distribution between piles will be more uniform leading

to a more economical foundation design.
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Fig. 5.13 Ratio of lateral loads computed with and without vertical loads of each pile in a
group at 3.92-pile diameter spacing relative to the corresponding load of the single pile at

target deflections: (a) 30 mm; (b) 60 mm

5.4.3 Mechanism of change in the lateral response of the pile group due to vertical loads

In order to discuss the mechanism of the change in the lateral response of the pile group due to
vertical loads, soil deformations and stresses induced by vertical loads applied to piles were
studied further. The downdrag of the soil by the vertical loaded piles as they move down is
shown in Fig. 5.16. In this figure, the displacement field is scaled by 20 times relative to that of
the geometric scale. The ground surface moves downward more in the portion confined by piles

than elsewhere, but the movements also do occur away from the intermediate zone. As the single
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Chapter 5: Effect of vertical loads on lateral resistance of pile group

pile case, the soil displacement field is shown in Fig. 5.17(a). Due to the symmetry, only the
right part of Fig. 5.17(a) will be discussed here. This figure shows that soil rotates counter
clockwise due to the action of vertical loads on piles heads and the centre of rotation was located
just below the ground surface and at some distance right to the pile group. As a result of this
rotation, just outside the pile group, the displacement vectors of soil at shallow depths were
directed towards the pile group whereas those at deeper depths were directed away from it.
Figure 5.17(b) show clearly the difference in horizontal components of soil displacement
directions with respect to the pile depth. The depth at which the horizontal displacement vectors

change their directions was much deeper than the corresponding depth in the single pile case.
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Fig. 5.14 Bending moment profiles of piles in the group under: (a) pure lateral; and (b)

combined loads

The corresponding horizontal soil stresses along the first four meters on piles 1, 3, and 5
in the group are shown in Fig. 5.18, where the stresses at the back of and in front of the piles
were separately plotted. For pile 3 (the middle pile), the increases in horizontal soil stress along

the pile depth are the same for both sides of the pile. For pile 1 (the leading pile), the increase in
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the horizontal stress at the back of the pile (inside the group) is larger than that in front of it
(outside the group) due to the effect of the interaction of the next row of piles behind the leading
pile. For Pile 5 (the trailing pile), opposite trend with the same magnitude is obtained. Net lateral
stresses are shown in Fig. 5.19. For the middle pile, there is no net lateral stress induced by
vertical loads. This means that the middle pile behaves approximately the same as the single pile
(see Fig. 5.13). For the leading pile, the net horizontal stress due to vertical loads acts in the same
direction with the prospective lateral load, leading to a decrease in the pile resistance to the
subsequent lateral load. For the trailing pile, the net horizontal stress acts against the prospective

lateral load, leading to an increase in the pile resistance to the subsequent lateral load.
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Fig. 5.15 Shearing force profiles of piles in the group under: (a) pure lateral; and (b) combined

loads

When the lateral load is applied to the pile group, the lateral stresses discussed above will
change in general. In order to study this aspect of soil behavior, variation of horizontal soil
stresses for points at different depths with the corresponding lateral deflections is shown in Fig.
5.20. In this figure, positive sign of deflection indicates that the point is in front of the pile, while
negative sign of deflection indicates that the point is back to the pile. For the leading pile,
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Chapter 5: Effect of vertical loads on lateral resistance of pile group

although the horizontal soil stress-deflection curves in front points of the pile show
approximately the same trend in both of the analyses with and without vertical loads, the
horizontal soil stress at the back of the pile is significantly affected by the presence of vertical
loads. In the analysis without vertical loads, the horizontal soil stress initiates from the earth
pressure at rest and gradually increases especially at deeper depths. On the other hand, the
horizontal soil stress obtained from the analysis with vertical loads initiates from the enhanced
earth pressure due to the application of vertical loads and approximately remains constant. For a
range of pile head deflection (60 mm) and for points back to the leading pile (especially at
deeper depths) during the application of lateral load, there is a significant increase in the

horizontal soil stress due to the pre-application of the vertical loads.
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Fig. 5.16 Soil deformation corresponding to vertical loads applied to piles heads

For piles 3 and 5, the horizontal soil stress is significantly affected by the effect of
vertical loads not only at the back of the piles but also in front of them. For front points, in the
analysis without vertical loads, the horizontal soil stress initiates from the earth pressure at rest
and gradually increases especially at deeper depths. In the analysis with vertical loads, the
horizontal soil stress initiates from the enhanced earth pressure and remains constant or slightly

decreases. For back points, there is somewhat difference in the behavior of piles 3 and 5. For pile
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3, the horizontal soil stress obtained from the analysis without vertical loads initiates from at rest
earth pressure and gradually increases with rate depends on the depth of the point under
consideration. The horizontal soil stress obtained from the analysis with vertical loads shows
different behavior, it initiates from enhanced earth pressure and gradually decreases due to the
release of soil stress (as the pile deflects) in the zone behind the pile. Same behavior is captured
for the trailing pile except that the horizontal soil stress obtained from the analysis without
vertical loads at back points initiates from at rest earth pressure and remains constant and both of

the analyses with and without vertical loads produce same soil stresses after lateral deflection of

20 mm.
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Fig. 5.17 Soil displacement field due to vertical loads on piles heads in a pile group: (a) total
soil displacement; (b) horizontal soil displacement.
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Fig. 5.18 Horizontal soil stresses before and after the application of vertical loads along
the upper part of the pile depth just at the back of and in front of piles 1, 3, and 5.
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Fig. 5.19 Net horizontal soil stresses after the application of vertical loads along the
upper part of the pile depth just at the back of and in front of piles 1, 3, and 5.
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Fig. 5.20 Variation of horizontal soil stresses at different depths with the corresponding lateral

pile deflections for both analyses with and without vertical loads for piles 1, 3, and 5.
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The net horizontal soil pressure of piles 1, 3, and 5 at a lateral deflection of 60 mm were
plotted against pile depth as shown in Fig. 5.21. For piles 3 and 5, the influence of vertical loads
is to increase the net horizontal stresses of soil especially at shallow depths, which is the
predominant factor of the increase of the lateral load carrying capacity of the pile. For the
leading pile, the presence of vertical loads decreases the net horizontal stresses, leading to a
reduction in lateral loading carrying capacity of the pile.

The net soil stress is further examined through the variation of the horizontal stress
differences for points at a depth of 1.45 m below the ground surface (the depth where maximum
horizontal stresses occurs, Fig. 5.21) with the corresponding lateral deflections of these points as
shown in Fig. 5.22. Figure 5.22 confirms that the effect of vertical load on the group pile
behavior is to decrease the net horizontal soil stress for the leading pile and increase the soil

stress for other piles leading to the change in the lateral carrying capacity of the individual pile.
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Fig. 5.21 Net horizontal soil stresses along the depth of piles 1, 3, and 5 at a 60 mm
lateral deflection: (a) back side; (b) front side.

5.4.4 Effect of vertical load magnitudes

Figure 5.23 shows the variation of the percentage of change (increase or decrease) in lateral
resistances of single and grouped piles with the magnitude of the applied vertical displacement

(V). The vertical displacement ranged from 0 to 0.2D. In Fig. 5.23, the lateral resistances
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increase (for piles 2, 3, 4, and 5) and decrease (for pile 1) gradually until a vertical load

corresponding to V = 0.05D, then the lateral resistances change little with vertical loads. These

results declare that the maximum change in the lateral resistance of piles could be occurred

during the working vertical loads and thus the corresponding percentages of changes can't be

neglected.
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Fig. 5.22 Variation of net horizontal stress with the corresponding lateral deflections for

piles 1, 3, and 5 at a depth of 1.45 m
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Fig. 5.23 Effect of vertical load magnitudes
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5.5 Influence of Vertical Loads on Lateral Pile Group Response
Considering Soil-pile-cap Interactions

In this section, a reinforced concrete pile cap is attached to the system at ground surface for both
single and group piles cases. Dimensions of pile caps in both cases are shown in Fig. 5.24. The
effect of vertical loads on the lateral responses of single and group pile considering soil-pile-cap

interaction will be discussed in details in the following sub sections.

5.5.1 Pile Cap Model

Linear plan elements with two degrees of freedom per node were used to model the concrete pile
caps. The Elastic modulus (E.), Poisson's ratio (v.), and density (p;) were set to be 40 GPa, 0.18,
and 2.5 t/m’>, respectively. Joint elements with the properties shown in Table 4.3 in chapter 4

were used at soil-cap interface to represent sliding mechanism between them.

0.846 m 5.926 m
>y I
0.495 m

Fig. 5.24 Pile cap dimensions: (a) single pile; (b) pile group
5.5.2 Response of single pile with cap

Figure 5.25 shows the load versus lateral deflections of the single pile with cap for both analyses
with and without the presence of a vertical load. Figure 5.25 indicates that the effect of a vertical
load inducing a vertical displacement (V = 0.1D mm) to the pile cap is similar to that shown in
Fig. 5.3 for a free head pile but with a higher percentage increase of the lateral-carrying capacity
of the pile. At the maximum lateral deflection of 60 mm, the percentage of increase of the
lateral-carrying capacity of the pile reaches 19 %.

An attempt to identify the mechanism of the increase in the lateral resistance in this case
was made by studying deformations and stress changes induced in soil due to the vertical load.
The downdrag of the soil by the vertical load applied at the pile cap as it moves down is shown

in Fig. 5.26. In this figure, displacement field was scaled by 20 times relative to that of the
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geometric scale. The vertical load on a pile cap drags down the soil surrounding the pile because

of the down word movement of the cap in addition to the effect of skin friction of the pile.
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Fig. 5.25 Load-deflection curve of single pile with cap for both cases with and without
vertical load
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Fig. 5.26 Soil deformation associated with a vertical load applied to the pile cap

Soil displacement field is shown in Fig. 5.27. As stated earlier in the analysis of free head

piles, due to the symmetry of the soil displacement relative to the pile longitudinal axis, only the
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right part of Fig. 5.27 will be considered in this discussion. It should be noted from Fig. 5.27 that
the displacement vectors of soil beneath the pile cap were directed away from the cap in a pattern
of a fan. This displacement field increases the vertical stress () in the soil in the vicinity of the
pile because of the presence of the foundation layer as represented by the fixed displacement
boundary at the bottom of the analysis domain. Moreover soil rotates counter clockwise due to
the action of the vertical load on the pile cap and the centre of rotation is located just below the
ground surface and at some distance right to the pile. The displacement vectors of soil at shallow
depths are directed towards the pile. The resulting lateral displacement of soil at shallow depths
pushes the soil toward the pile, inducing an increase in the lateral stress (c'x) in the soil. These
stress changes results in the increase in the confining pressure in the soil in the vicinity of the
pile. The increase in the confining stress of soil, then, increases the resistance of soil-pile
interaction spring through the mechanism incorporated in the modeling of the spring as described

in Chapter 3.
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Fig. 5.27 Soil displacement field due to a vertical load on the pile cap

The difference in the increase in the lateral resistance of the single pile with and without a
pile cap subject to a vertical load could be explained further by plotting the horizontal soil stress
along the upper part of the pile. These horizontal stresses induced before and after the application
of the vertical load for both analyses with and without a pile cap as shown in Fig. 5.28. Figure
5.28 declares that the inclusion of vertical loads prior to lateral loads increases the horizontal
stress of soil elements along the upper part of the pile depth (4 m) for both cases with and
without a pile cap and the shape of the horizontal stress profile after these increases differ. The

horizontal stress profile induced after the application of the vertical load on the free head case is
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affected only by the relative movement between the pile and the soil (soil-pile interaction), while
the corresponding profile of the capped pile case is affected by the movements of both the pile
and the cap relative to the soil movement (soil-pile and soil-cap interactions). As shown in Fig.
5.28, the free head stress profile starts at the ground surface (where the stress levels are smaller
and the soil response exhibits a higher degree of softening) and propagates downwards as the
vertical stress transfer from the pile to the surrounding soil. On the contrary, the capped pile
stress profile starts at the ground surface with a high stress value due to the confinement
condition of the soil comes from the downward movement of the cap then the horizontal stress
gradually decreases with the depth and approaches the stress profile of the free head case as the
effect of soil-cap interaction vanishes. The difference between the confining pressure profile in
capped pile case and the corresponding profile of the free head case may explain the difference

in the percentages of lateral load capacity increase in the two cases.

Confining pressure (kPa)
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0.0 — ; .
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Depth below ground surface
(m)
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25 + . —oe— After vertical load
30 \\ (free head)

. ( . —@&— After vertical load
35 R (capped pile)
4.0 *

Fig. 5.28 Confining pressure along the upper part of the pile

The net horizontal soil stress at a 60 mm lateral deflection was plotted against. the pile
depth as shown in Fig. 5.29. As expected, the influence of vertical loads is to increase the net
horizontal stresses of soil especially at shallow depth and the percentage of increase is higher

than that of free head pile.

5.5.3 Response of group pile with cap

Figure 5.30 shows the piles loads versus deflection for the capped group with and without

vertical loads. The lateral load-carrying capacity of each pile in the group (pure lateral load) was
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slightly increased in the presence of the cap because of the friction between the bottom of the cap
and the ground surface. The effect of vertical loads on the lateral load carrying capacity of each
pile in the capped group is similar to the free head case but with higher percentages of decrease
or increase. The percentage of decrease of the lateral load carrying capacity of pile 1 at a
maximum lateral deflection of 60 mm was 28.44 % while the percentages of increase were
10.14, 36.91, 45.60, and 71.11 % for piles 2, 3, 4, and 5, respectively. The inclusion of the pile

cap amplifies the effect of vertical loads on the subsequent lateral load response of piles.

Net horizontal soil stress (kPa)
-40 -20 0 20 40 60
0 T T T

Depth below ground surface (m)
»

——V=0.1Dmm

12

Fig. 5.29 Net horizontal soil stresses along the depth of the pile at a 60 mm
lateral deflection

In order to discuss the effect of vertical loads on the load distribution among piles in the
group for the analysis with a pile cap, the ratios of the lateral load of each pile relative to the
corresponding load of the single pile are plotted for both analyses with and without vertical loads
and are shown for deflections of 30 and 60 mm in Fig. 5.31. Similar to the free head pile group
case, the load distribution among piles in a capped pile group without vertical loads at both
deflections of 30 and 60 mm is not uniform and the leading pile carries the greatest load while
other piles carried loads less than the leading pile. The presence of vertical loads on piles
reverses the load distribution curve (i.e. the trailing pile carried the greatest load while other piles

including the leading pile carried loads less than the trailing pile) at both deflections of 30 and 60
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mm. In accordance with the load distribution among piles in the pile group, distributions of

bending moments and shear induced in individual piles in the group tend to be uniform as shown

in Fig. 5.32 and Fig. 5.33, respectively.
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Fig. 5.30 Load-deflection curve of each pile in a group with a pile cap at 3.92-pile
diameter spacing.

139



Chapter 5: Effect of vertical loads on lateral resistance of pile group

1.00 I I 1.00
o
_g’ —V=0mm
0
4 \ ------- V=0.1Dmm | \
82050 | Nt 0.50 | O ORI e
3 i D
8
o (@) (b)
o

0.00 0.00

1 2 3 4 5 1 2 3 4 5
Pile no Pile no

Fig. 5.31 Ratio of lateral loads computed with and without vertical loads of each pile in a group
with a pile cap at 3.92-pile diameter spacing relative to the corresponding load of the single pile

at target deflections: (a) 30 mm; (b) 60 mm.

Bending moment (kN-m) Bending moment (kN-m)
-50 0 50 100 150 -50 0 50 100 150
-1 -1
0 0
1 1
E E
8 3 & 3
£ £
3 4 2 4
O e}
S 5 S 5
o o
o 6 o 6
2 2
K 7 K 7
2 - 3
= 8 —e—Pile 2 < 8
iy —a—Pile 3 iy
8 9 le 2 9
10 ——Pile 4 10
11 (@) —&—Pile 5 11 (b)
12 12

Fig. 5.32 Bending moment profiles of piles in the capped group under: (a) pure lateral; and (b)
combined loads
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Fig. 5.33 Shearing force profiles of piles in the capped group under: (a) pure lateral; and (b)
combined loads

The downdrag of the soil by the vertical load at the pile cap is shown in Fig. 5.34. In this
figure, the displacement field is scaled by 20 times relative to that of the geometric scale. The
ground surface moves downward more in the portion under the cap than elsewhere, but the
movements also do occur away from the intermediate zone. The soil displacement field is shown
in Fig. 5.35(a). Due to the symmetry, only the right part of Fig. 5.35(a) will be discussed here.
This figure shows that soil rotates counter clockwise due to the action of vertical loads on the
pile cap and the centre of rotation was located just below the ground surface and at some
distance right to the pile group. As a result of this rotation, just outside the pile group, the
displacement vectors of soil at shallow depths were directed towards the pile group whereas
those at deeper depths were directed away from it. Figure 5.35(b) show clearly the difference in
horizontal components of soil displacement directions with respect to the pile depth.

The corresponding horizontal soil stresses along the first four meters on piles 1, 3, and 5
in the group are shown in Fig. 5.36, where the stresses at the back of and in front of the piles
were separately plotted. Figure 5.36 declares a highly uniform increase in the horizontal stresses

of soil surrounding the piles after the application of vertical loads.
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Fig. 5.34 Soil deformation corresponding to vertical loads applied to pile cap.

When the lateral load is applied to the pile group, the lateral stresses discussed above will
change in general. In order to study this aspect of soil behavior, variation of horizontal soil
stresses for points at different depths with the corresponding lateral deflections is shown in Fig.
5.37. In this figure, positive sign of deflection indicates that the point is in front of the pile, while
negative sign of deflection indicates that the point is back to the pile.

For the trailing pile, the horizontal soil stress is significantly affected by the effect of
vertical loads not only at the back of the piles but also in front of them. For front points, in the
analysis without vertical loads, the horizontal soil stress initiates from the earth pressure at rest
and gradually increases. In the analysis with vertical loads, the horizontal soil stress initiates
from the enhanced earth pressure and approximately remains constant. For back points, the
horizontal soil stress obtained from the analysis without vertical loads initiates from at rest earth
pressure and gradually decreases (as the pile deflects). The horizontal soil stress obtained from
the analysis with vertical loads shows similar behavior, it initiates from enhanced earth pressure
and slightly decreases in the zone behind the pile. Both of the analyses with and without vertical

loads produce same soil stresses after lateral deflection of about 30 mm.
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Fig. 5.35 Soil displacement field due to vertical loads on the pile cap in a pile group: (a) total
soil displacement; (b) horizontal soil displacement.

For the middle pile, the horizontal soil stress is also significantly affected by the effect of
vertical loads not only at the back of the piles but also in front of them. For front points, the
horizontal soil stress initiates from the earth pressure at rest or the enhanced earth pressure for
the analyses with and without vertical loads, respectively and gradually increases with rate
depends on the depth of the point under consideration. For back points, the horizontal soil stress
initiates from the earth pressure at rest or the enhanced earth pressure for the analyses with and
without vertical loads, respectively and slightly increases or remains constant (as the pile
deflects).

For the leading pile, the horizontal soil stress is significantly affected by the effect of

vertical loads not only at the back of the piles but also in front of them. For back points, in the
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analysis without vertical loads, the horizontal soil stress initiates from the earth pressure at rest

and gradually increases. In the analysis with vertical loads, the horizontal soil stress initiates

from the enhanced earth pressure and increases gradually. For front points, the horizontal soil

stress initiates from the earth pressure at rest or the enhanced earth pressure for the analyses with

and without vertical loads, respectively and gradually increases with rate depends on the depth of

the

point under consideration. Although, the horizontal soil stress-deflection curves in front

points of the pile show approximately the same trend in both of the analyses with and without

vertical loads at deeper depths, the horizontal soil stress at shallow depth of 0.31 m is

significantly affected by the presence of vertical loads.

The net horizontal soil pressure of piles 1, 3, and 5 at a lateral deflection of 60 mm were

plotted against pile depth as shown in Fig. 5.38. For piles 3 and 5, the influence of vertical loads

is to increase the net horizontal stresses of soil especially at shallow depths, which is the

predominant factor of the increase of the lateral load carrying capacity of the pile. For the

leading pile, the presence of vertical loads decreases the net horizontal stresses, leading to a

reduction in lateral loading carrying capacity of the pile.
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Fig. 5.36 Horizontal soil stresses before and after the application of vertical loads on the pile
cap: along the upper part of the pile depth just at the back of and in front of piles 1, 3, and 5.
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Fig. 5.37 Variation of horizontal soil stresses at different depths with the corresponding lateral
pile deflections for both analyses with and without vertical loads for piles 1, 3, and 5.
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The net soil stress is further examined through the variation of the horizontal stress
differences for points at a depth of 1.45 m below the ground surface with the corresponding
lateral deflections of these points as shown in Fig. 5.39. Figure 5.39 confirms that the effect of
vertical load on the group pile behavior is to decrease the net horizontal soil stress for the leading
pile and increase the soil stress for other piles leading to the change in the lateral carrying

capacity of the individual pile.
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Fig. 5.38 Variation of horizontal soil stresses at different depths with the corresponding lateral
pile deflections for both analyses with and without vertical loads for piles 1, 3, and 5.
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Fig. 5.39 Variation of net horizontal stress with the corresponding lateral deflections for
piles 1, 3, and 5 at a depth of 1.45 m
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5.6 Conclusions

The effect of vertical loads on the lateral response of a free head and capped pile group (3x5)

embedded in sandy soil has been studied in this paper through a series of two-dimensional finite

element analyses. Of the findings of this study, the following conclusions can be drawn:

1.

The influence of vertical loads on the lateral response of piles is to increase the confining
pressure in the sand deposit surrounding the pile, leading to an increase in the lateral pile
resistance. A vertical load applied to a single pile with a vertical displacement of 0.1-pile
diameter (D = 324 mm) increases the lateral pile resistance, at a 60 mm lateral deflection, by
8 %.

The same vertical load applied to a pile group spaced at 3.92-pile diameters increases the

overall lateral resistance of the group by 9 %.

. The effect on individual piles depends on the pile position. The vertical load leads to a 10 %

decrease in the lateral resistance of the leading pile (pile 1) and 9, 14, 17, and 35 % increases
in the lateral resistances of piles 2, 3, 4, and 5, respectively.

The vertical load applied on the pile group increases the confining pressures in the sand
deposit confined by the piles but the rate of increase in those outside the group is relatively
small, resulting in the difference in a balance of lateral soil pressures acting at the back of
and in front of the individual pile.

The middle pile (pile 3) behaves approximately the same as the single pile as a result of no
net lateral stress induced by the vertical load. For the leading pile (pile 1), the net horizontal
stress due to the vertical load acts in the same direction with the prospective lateral load,
leading to a decrease in the pile resistance to the subsequent lateral load. For the trailing (pile
5), the net horizontal stress acts against the prospective lateral load, leading to an increase of
the pile resistance to the subsequent lateral load.

In addition to soil-pile interaction, soil-pile cap interaction play an important role in the
increase of the confining pressure surrounding a capped single pile leading to an
amplification of the effect of the vertical load on the lateral response of the pile.

The effect of vertical loads on the lateral load carrying capacity of individual pile in a capped

pile group is similar to the free head case but with higher percentages of decrease or increase.
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Chapter 6: Analyses of coupled SPS system under sinusoidal excitations with various frequencies

6.1 Introduction

Estimation of the seismic response of piles and piles supporting structures has received large
attention in recent years especially after the damages caused to pile foundations during recent
destructive earthquakes (e.g. Niigata Earthquake of 1964, Kobe Earthquake of 1995, Chi-Chi
Earthquake of 1999, Bhuj Earthquake of 2001, Tohoku Earthquake 2011,). The catastrophic
losses in terms of human life and economic assets have emphasized the importance of
understanding the seismic soil-pile-structure interaction (SSPSI) and motivated researchers to
propose numerical and analytical solutions of SSPSI to revamp the design codes and building
regulations trying to prevent or simply reduce such kinds of damages.

As stated in Chapter 2, the available procedures of analyzing SSPSI have included those
based on simplified interactions models such as;the beam on dynamic Winkler Foundation
approach (Kagawa and Kraft 1980; Pender and Pranjoto 1996; Allotey and El Naggar 2008), as
well as those based on more rigorous FEM (Blaney et al. 1976; Cai et al. 1995; Rovithis et al.
2009) or BEM (Kattis et al. 1999; Padrén et al. 2007) formulations. These methods utilize either
simplified two-step methods that uncouple the structure and foundation portions (Gazetas 1984;
Fan et al. 1991) or a fully coupled SSPSI system in a single step (Kaynia and Mohzooni 1996;
Mylonakis et al. 1997; Guin and Banerjee 1998). Although the former provides insights as to the
distinct role of inertial and kinematic interaction, the latter gives a direct and more convenient
estimation of the complete system response. The coupled 3D FE approach is most representative
of the SSPSI system. However, such these methods, even if available, have well-known
limitations when used in seismic design. This particularly true if the seismic analysis using actual
or simulated ground motions is to be performed in the frequency domain. Under these
conditions, SSPSI must be computed for a large number of frequencies covering the frequency
content of the seismic signal.

For this reason, a simplified model would be quite useful provided it had been shown to
be in accord with the rigorous results for a wide range of soil profiles and excitation frequencies
(Nikolaou et al. 2001). Several investigators attempted to propose procedures to simplify the
rigorous 3D FE models. The proposed method by Ozutsumi et al. (2003) described in Chapter 3
is one of these simplified procedures. In this chapter, the applicability of the 2D FEM including
soil-pile interaction spring proposed by Ozutsumi et al. (2003) to study SSPSI is verified. The

system under investigation comprises a SDOF structure supported on an end-bearing single pile
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embedded in a homogeneous dry sand layer over rigid rock (fully coupled system). This
verification has been executed in this chapter assuming elasto-dynamic behavior of the soil and
comparing the free-field, pile, and structure responses with those found in other established
results from the literature. In addition, the effects of soil profile and nonlinear soil properties on
the free-field response, kinematic soil-pile interaction as well as the effective natural frequency

of the coupled system are elucidated.

6.2 Problem Definition

The SSPSI examined in this study comprises of an end-bearing single pile supporting a SDOF
structure founded on a homogeneous dry sand layer of thickness (L) over rigid rock as shown in
Fig. 6.1. The response of the SDOF structure to seismic loading depends basically on the
structural characteristics, namely its mass mj and stiffness k; and the fixed base fundamental

frequency of the structure can be given as:

1 ’ k
- st 6.1
~f;'l Sfixed 272_ m” ( )

If the predominant frequency of the input motion is close to the fixed base frequency, the
structure displacement would be maximized relative to the displacement of the input motion.

When the structure is founded on a compliant soil, not only the structural characteristics
.but also soil properties will control the response of the soil-structure system leading to the
definition of the effective natural frequency (fss;). When the predominant frequency of input
motion is close to this frequency, the structure displacement (U;) will be maximized relative to
the free field soil displacement (Up).

If the structure is supported by piles, both structural characteristics and foundation (soil +
pile) properties will control SSPSI response. Not only the effective natural frequency (fss;) will
characterize the response in this case but also a pseudo-natural frequency (fpss;) does. fpssris first
introduced by Rovithis et al. (2009) as the frequency at which the structure displacement is
maximized relative to the pile-head displacement (U,). The applicability of the current FE
adopting the simplified model proposed by Ozutsumi et al. (2003) to predict the effective and the

pseudo-natural frequencies will be focused on in this chapter.
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Fig. 6.1 A schematic view of the system under investigation

6.3 Finite Elements and Parameters Identification

The 2D effective stress FE analysis, FLIP (lai et al. 1992), has been used to analyze the SSPSI
problem. A 30 (m) thick soil stratum was meshed with quad plane elements. The length of each
element was adequately defined according to the anticipated wavelength propagating in the soil.
The maximum element size, Fn.x, was less than one-fifth to one-eighth the shortest wavelength
(4) to ensure accuracy (Kramer 1996).

The FE analyses were performed in two stages. In the first stage (self-weight analysis),
the in-situ stresses were initialized in the soil due to the own weight of the soil. Properties of pile
and soil-pile interaction spring were set to be zero during this stage of analysis. During the
second stage of analysis (seismic response analysis), the actual properties of soil, pile, and soil-
pile interaction spring were assigned. The total mesh size was extended to a horizontal distance
from the pile of 30-pile diameter to prevent spurious wave reflections at the boundaries.
Moreover, tied lateral boundary approach (a simpler alternative to the boundary approach
suggested by Zienkiewicz et al. (1988) that illustrated in Fig. 6.1.) is used in the analysis. In this
approach, the values of displacements, stresses, etc. are identical on both side boundaries. This
condition is explicitly imposed in FLIP by an equivalent node concept, multiple points constrains
(MPC).

All input motion are specified at bedrock level in the form of a harmonic horizontal
displacement Uy (1) =Uj.exp (i2xft), where Uy = amplitude of the input bedrock displacement; f=

frequency of excitation; i = -1.
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6.3.1 Soil model

In the description of the soil model given in Chapter 3, the shear modulus G,, corresponding to
effective mean stress o', is related to the initial shear modulus G, corresponding to initial

effective mean stress o', as:

G,—’”)”’G (6.2)

ma

G, =G, (

m nma

where mg is a parameter that controls the shear modulus distribution with the depth. If mg = 0,
the shear modulus will be constant with the depth and if mg = 0.5, the shear modulus will be
proportional to the square root of the depth as shown in Fig. 6.2. The verification process of the
FE model will be based on a constant shear modulus distribution with the depth (7= 0) then the

effect of the change in mg will be discussed at the end of this chapter.

0 G2 0 G(2)

»
>

A

V4 z
(a) (b)
Fig. 6.2 Soil profiles studied in the analysis: (a) mg = 0 and (b) mg = 0.5

Parameters for dry sand used in the current FE analysis are shown in Table 6.1. The bulk
modulus of the soil skeleton K was determined assuming a Poisson’s ratio v of 0.4. The initial

shear wave velocity (V) is calculated using:
1r/s = (Gna / p: )0.5 (6‘3)

b

and found to be = 200 m/s.
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Table 6.1 Model parameters for soil

Density, Pt (ums) Es(kPa) Gma (kPa) L O'Ima (kPa)
1.5 168,000 60,000 0.40 230

6.3.2 Pile column system

Linear elastic beam elements with three degrees of freedom per node are used for modeling pile
and column. Normal force, shear force, and bending moment of each element are obtained
directly from the used program. It is assumed that the pile has a circular cross-section of
diameter D, = 1.5 m, length L, = 30 m (equal to the thickness of the soil stratum L), the pile
slenderness ratio (L,/D,) = 20, Young's modulus E, = 65 GPa (i.e E,/E; = 1000), Poisson's ratio
v, = 0.3, and mass density p, = 2.5 t/m>. Same material properties were assigned for the column

with only a change in the column Young's modulus.

6.3.3 Properties of the SDOF structure

The structural mass (M) and height (H,) were assumed to be equal to 100 Mg and 10 m,
respectively and the ratio El/El, = 0.06, 0.66, and 1.85 leading to a fundamental frequency f
fixea= 1.67, 5.0, and 8.4 Hz, respectively. These fixed-base frequencies (1.67, 5.0, and 8.4 Hz) of
the structure are set to be equal the first (f;), second (f>), and third (f3) natural frequencies of the
soil layer, respectively.

The wave parameter (w.p) (Veletsos et al. 1974):

w.p= % (6.4)

st fixed ** * st

which is may be looked upon as a measure of the relative stiffness of the soil and the structure.
When ¥ and Hy, are selected to be constants and equal to 200 m/s* and 10 m, respectively, (w.p)
is inversely proportional to fy fixea. 1/w.p is equal to 0.083, 0.25, and 0.42 corresponding to f;, fixea
=1.67, 5.0, and 8.4 Hz, respectively.

6.4 Verification of the Finite Element Model

To assess the accuracy of the FE model used in this study, free field amplification, kinematic

soil-pile interaction, kinematic bending moments, and the dynamic characteristics of the coupled
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system were compared with those found using other established approaches. Verification has
been performed in the frequency domain assuming elasto-dynamic behavior of the soil. Sample

seismic signal is imposed at very low amplitude to ensure linear-elastic soil behavior.

6.4.1 Free field motion

Free-field displacements are motions of the soil that occur at a distance from the pile such that
they are not affected by the presence of the pile or that would have occurred if the pile were not
present (Byrne et al. 1984). Elastic response time histories for free-field were derived at different
frequencies of excitations (0.5-10.5 Hz). From these time histories, the amplitude of steady-state
response is noted and normalized with respect to the amplitude of input bedrock motion. Thus
amplification of soil stratum is derived at different frequencies and compared with other
approaches available in literature. In Fig. 6.3, amplification of the soil stratum obtained using the
present 2D FE method is compared with that obtained using a simple 1D free-field analysis (in
the frequency domain, Gazetas 1984) at different frequencies of excitation. Amplification for 1D

analysis is given by:

14 -
12
10
= 8
= 6
4
2
0

0 2 4 6 8 10

Frequency (Hz)
Fig. 6.3 Verification of the free-field amplification

U
2y 1 (6.5)
U, cos(ql)

where
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27 (6.6)

Y Ja+2i8)

where L = height of soil stratum; f = frequency of excitation; V; = S-wave velocity; S, =
hysteretic damping ratio; U, and Uy = amplitude of input bedrock displacement and free-field
ground displacement, respectively. The comparison shows that there is an excellent agreement
between the current FE method and free-field analysis conducted by Gazetas 1984 for all

frequencies range covered in Fig. 6.3.

6.4.2 Kinematic soil-pile analysis

A seismic S-wave propagating vertically in a soil layer without any foundation causes only
horizontal displacements in the free-field soil. A cylindrical pile tends to diffract the incident
seismic waves, modifying the free-field soil motion, so that the horizontal displacement of the
pile-head, U, will be different from the free-field surface motion Uy, and a rotation ¢, of the
pile-head will take place. This type of interaction between piles and soils is called kinematic
interaction. This kinematic effect is usually assessed in terms of the kinematic interaction factors
I, and I; which are defined, respectively, as the maximum translation and rotation of the pile

head normalized by the corresponding maximum displacement of the free field soil surface as:

U |
I =—= 6.7)
U/f
and
D
I = Po D (6.8)
U,

The kinematic interaction factors obtained by this study were compared to established
results from the literature (Rovithis et al. 2009 and Fan et al. 1991). Both fixed and free
conditions at pile head were considered.

The analytical solution for 7, is given by the expression (Markis and Gazetas 1992):
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I =T=— K*tiwe _ (6.9)
E I (g"+42")

this was obtained through a properly calibrated dynamic Winkler model. The corresponding

kinematic interaction factors for a free head pile are (Nikolaou et al. 2001):

el (g '
1,,r[1+2(/1” (6.10)

and

> (6.11)

in the above equations, (k+iwc) denotes the so-called dynamic impedance of the Winkler bed, with &
being the dynamic stiffness, ¢ being the radiation damping, w = 2zf being the cyclic vibrational frequency
and i the imaginary unity; ¢ = w/V; is the wave number of the harmonic SH waves in the soil; A is the

well-known Winkler wave number:
1

o pn? 3
&Z{k+zwc mw } (6.12)
4Ep1p

Based on the comparative results shown in Fig. 6.4 that shows the variation of kinematic

interaction factors with the normalized frequency:
a,=w*D, IV, (6.13)

It is established that the adopted FE model captures well the variation of kinematic pile
response in wide range of frequency.
6.4.3 Kinematic pile bending moment

The verification process continues to include the kinematic pile bending moment arising from
the passage of seismic waves through soil layer. As well known in linear analysis, all computed

stress and strain quantities are proportional to the excitation intensity, expressed by the amplitude
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Fig. 6.5 Verification of normalized steady state bending moments at the first three
fundamental frequencies of the soil deposits: (a) free head pile; (b) fixed head pile
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Figure 6.6(a) and (b) shows the pile and ground deformations corresponding to
normalized bending moments presented in Fig. 6.5(a) and (b), respectively , obtained using tje

current FE model and at the first three fundamental frequencies of the soil deposits.

6.4.4 Dynamic characteristics of the coupled SPS system

In this step, a concentrated mass attached to the structural column is introduced to the model.
The verification process in this stage focuses on evaluating the effective natural frequency (fssi).
The effective natural frequency (fss) of the coupled system is defined as the frequency at which
the ratio (Uy/Uy) is maximized, where Uy is the structure mass displacement. Verification was
performed by comparing the effective natural period of the system (Zss;) calculated using the
current FE model at different values of parameter 1/w.p with the available analytical solutions as
well as the 3D FE analysis by Rovithis et al.(2009). The available analytical procedures include:
1. Solution by Veletsos and Meek (1974):

K, K H?,
Tog =T, prea \/1 + Kll (1 + Tglj (6.15)

X

where T sixea and K, represent the fixed-base natural period and stiffness of the structure. K, and
Ky denote the frequency-dependent foundation stiffness in translational and rocking oscillations,
respectively.

2. Rigorous analytical solution by Maravas et al.(2007):

" K, (1+4? +K‘Y,,‘Hf,,, 1+4£? N 1+4¢7 6.16)
St g\ 144472 K, \1+422) \1+4£2

st

where (g, and £ represent the damping ratio of the fixed-base and flexibly supported structure,
respectively, and Cy, g the damping ratios in swaying and rocking of the foundation.

Comparison of the current FE model results against the aforementioned equations as well
as the results obtained by Rovithis et al. (2009) is illustrated in Fig. 6.7. Figure 6.7 presents the
ratio of the effective natural frequency of the system to the natural frequency of the fixed-base

structure (fssi/fsir fixed) against the parameter (1/w.p). A very good agreement between the
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numerical results and both the rigorous analytical solution of Maravas et al. (2007) and the 3D

analysis of Rovithis et al. (2009) is evident confirming the accuracy of the FE model.
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Fig. 6.6 Horizontal displacements of the pile and the ground at the first three fundamental
frequencies of the soil deposits: (a) free head pile; (b) fixed head pile
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Fig. 6.7 Ratio of the effective natural frequency of the system to the structural fixed-base
frequency against parameter 1/w.p

Figure 6.8(a) shows the amplification ratios obtained from the current FE analysis of the
coupled system, while Fig. 6.8(b) shows the corresponding ratios obtained from the 3D FE
analysis by of Rovithis et al. (2009). Fig. 6.8 declares that not only the current FE model is
successful in predicting the effective natural frequency (fssi), but it also predicts the pseudo-
natural frequency (fpssi) very well. It should be noted from Figs. 6.8(a) and (b) that the pseudo-
natural frequency (fyssr) is higher than the conventional effective natural frequency (fssi) of the
system.

Based on Figs. 6.8(a) and (b), it is obvious that the current FE model is capable of
predicting the fundamental frequencies that dominate the system response. It is observed that
pile-head motion is substantially amplified at the effective natural frequency (fssy), where the
response of the pile-structure system is maximized. It can also be seen that at the pseudo-natural
frequency (fyss)) of the system, a significant de-amplification of pile-head motion occurs.
Consequently, the pseudo-natural frequency possesses a double role: First, it defines the
frequency where the motion of the superstructure is maximized relative to the translational
motion of the pile head (i.e., U/U, = max). Second, it is the frequency where the pile-head

motion is minimized relative to the free field soil surface motion (i.e., Uy/Uy= min).

163



Chanbter 6: Analvses of counled SPS svstem under sinusoidal excitations with various freauencies

20 - Js/Uff
Js/Up
15 - s foss JplUff
g | | Rl OV /Fiima] b -_-3)
8 10 A
!"_é_
< 9]
0+ -
0 1 2 3 4 5 6 7 8 9 10
f(Hz)
(@)
25 1 2 cas
c 20 - ixed
2
15
I
:-3- i
E
< 5 ..
i e = _
0 1 2 3 4 5 6 7 8 )
(b)

Fig. 6.8 Amplification ratios obtained from the analysis of the coupled system: (a) current
' FE; (b) Rovithis et al. (2009)

In order to investigate the physical meaning of this significant de-amplification, pile
response is correlated with superstructure response in term of the phase angle with respect to the
input motion at the bedrock level, as shown in Fig. 6.9. In addition to pile head, structure, and
free field, phase angles of displacements of additional points on the pile (at depths of 2 and 4 m
from ground surface) and column (at a height of 2 m) are given for comparison. The effect of
inertial interaction on the phase angle of the pile-head motion is evident close to the frequencies
(fss)) and (fpssi), it can be noticed that the pile head follows the superstructure motion until
frequency reaches the effective natural frequency (fssi). At this particular frequency, the phase

angle of the pile starts to deviate from that of the superstructure. When the frequency becomes
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equal to the pseudo natural frequency (f,ssi) of the system, the pile starts moving in the direction
opposite to that of the superstructure. This implies that at the pseudo-natural frequency of the
system, the superstructure movement has a restraining effect on the pile motion, justifying the

significant de-amplification of the pile-head movement relative to the free field.
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Fig. 6.9 Phase angle with respect to the input motion at bedrock level.

6.5 Effect of Soil Profile and Soil Nonlinearity

The effects of soil profile and material nonlinearity of the soil are a major concern. It is

anticipated that the soil stratum plays a significant role in the response of the SSPSI system.

6.5.1 Effect on free-field response

The effect of soil profile on the free-field response is studied by changing the value of parameter
mg to be zero in Eq. (6.2) as stated earlier. The effect of nonlinearity of soil is also studied by
changing the amplitude of the input acceleration (A). Figure 6.10 compares the variation of the
free-field amplification with respect to bed rock motion versus frequencies of the input motion.
The second and the third natural shear frequencies of the soil layer get closer to the first natural
shear frequency as the soil shear modulus distribution with depth become not uniform
(inhomogeneous), in agreement with the results obtained by Gazetas 1984. A substantial increase
is observed in the peak amplification at the first, the second, and the third natural frequencies as

the soil become inhomogeneous. Figure 6.10 shows also the fundamental periods lengthening
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due to soil nonlinearity and the substantial reduction in the peak amplification accompanied with

these periods lengthening.
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Fig. 6.10 Influence of soil profile and soil non-linearity on the free-field response

The strain level of the soil might be different with the change of the frequency of the
input motion, even if the peak acceleration was constant. Figure 6.11 shows the variation of the
shear strain of the ground with the frequency of input motions at constant values of the amplitude
of input accelerations. As expected, a substantial increase is observed in the peak amplification
of soil shear strain at the first, the second, and the third natural frequencies with the increase of

the amplitude of the input motion.
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Fig. 6.11 Shear strain variation with frequency and amplitude of input motion.
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6.5.2 Effect on kinematic soil-pile interaction

The influence of soil profile on kinematic interaction factors for both fixed and free-head
conditions is portrayed in Fig. 6.12. Figure 6.12 declare that, in the frequency range studied (f =
0.5-10.5 Hz), the filtering by a pile of the high frequency components of the base excitation may
be substantially greater with inhomogeneous than with homogeneous soil deposits. At the same
time, the rotational components of motion may also be stronger in the inhomogeneous deposits at
high frequency components of the base excitation but weaker at lower ones. On the other hand,
the effect of nonlinear soil properties seems to be not significant for both interaction factors

components.

6.5.3 Effect on the coupled soil-pile-structure interaction

The effect of soil profile on the effective natural frequency of a coupled soil-pile-structure
system (1/w.p = 0.42) is shown in Fig. 6.13. The fixed base fundamental frequency of the
structure is also plotted as a reference. Figure 6.13 shows the strong effect on soil-pile-structure
interaction resulting in a significant reduction of fss; with respect to the natural frequency of the
structure under fixed base conditions. Figure 6.13 also illustrates a reduction in fsg
corresponding to the change in soil profile from homogeneous to inhomogeneous soil profile. A
reduction in fss; due to soil nonlinearity associated with substantial decrease in the peak

amplification could be observed from Fig. 6.13.

6.5.4 Effect on the combined kinematic and inertial pile response.

Figure 6.14 plots the ratios of the pile-head to free-field displacement (Up/Ug) under the
combined effect of kinematic and inertial interaction for both homogeneous and inhomogeneous
soil profiles at a low amplitude of input motion (input acceleration = 0.01 m/s>) to ensure linear
behavior. Figure 6.14 plots also the ratios of (U,/Ug) correspond to inhomogeneous soil profile
and at different amplitudes of input motions ranging from 0.01 to 1.0 m/s> input acceleration to
investigate the effect of soil nonlinearity on the pile response under the combined action of
kinematic and inertial interactions. It is worth to note that at least for all cases included in Fig.
6.14, the ratio U,/Ug seems to be dominated by two discrete frequencies: a lower frequency
where the pile-head motion is amplified and a higher one where the response is suddenly de-

amplified with respect to free-field motion.
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Fig. 6.12 Effect on the interaction factors: (a) I, (Fixed head); (b) I, (free head); and
(c) Iy (free head)
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Fig. 6.13 Effect on effective natural frequency (fss;) of the soil-pile-structure system:
l/w.p=10.42

——Uniform profile, A = 0.01 m/s?

0 2 4 6 8 10
Frequency (Hz)

Fig. 6.14 Effect on pile-head to free-field displacement response of the coupled system

As observed by Rovithis et al. 2009, pile-head motion is substantially amplified at the
effective natural frequency fss;, where the response of the pile-structure system is maximized. A
pseudo-natural frequency (fssi) is introduced by Rovithis et al. 2009 (using linear 3D FE
analysis) as the frequency where the pile-head motion is minimized relative to the free-field soil
surface motion. As shown in Fig. 6.14 there is some reduction in fyssr as the soil become
inhomogeneous. In contrast to the clear effect of soil nonlinearity on fssi, fpssi seems to be not

affected by soil nonlinearity.
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6.6 Conclusions

Applicability of the simplified FE model, proposed by Ozutsumi et al. (2003), to the analysis of
SSPSI in the frequency domain is examined. The verification process has been executed
assuming elasto-dynamic behavior of the soil and comparing the results obtained using the
simplified FE model with those found using other established results from the literature. Based
on the comparative results in the paper, it is established that It has been shown that this
procedure can be used successfully for a provision of the response of a single pile to inertial
loading caused by the lateral forces imposed on the over structure and kinematic loading caused
by the soil developed during an earthquake. In addition, the effects of soil profile and material
nonlinearity of the soil on the kinematic and inertial interaction as affected by the frequency
content of input motion are parametrically investigated and the following conclusions can be
drawn from this study:

1. Kinematic soil-pile interaction: the filtering of pile to the high frequency components of the
base excitation is substantially greater with inhomogeneous than with homogeneous soil
deposits. On the other hand the effect of nonlinear soil behavior seems to be not significant.

2. Combiend kinematic and inertial interaction: a significant reduction in fs5; due to soil
inhomogeneity as well as soil nonlineartiy.

3. In contrast to the clear effect of soil nonlinearity on fss;, fyss1seems to be not affected by it.
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Chapter 7: Centrifuge model tests and analyses of nonlinear seismic response of SPS system

7.1 Introduction

The lack of well-documented and well-instrumented full-scale case history data and post-
earthquake investigations of pile failures inhibits the further progress in the research field of
seismic pile behavior, but it motivates researchers to perform physical modeling through
centrifuge and shaking table model tests as an alternative technique to augment the field case
histories with laboratory data obtained under controlled conditions. The results of these tests
provide a good basis for calibration and validation of the available analytical methods developed
for SSPSI problems. In this chapter, nonlinear seismic analyses using the 2D FE model adopting
the proposed soil-pile spring proposed by Ozutsumi et al. (2003) and described in details in the
previous chapter are compared to the results of shaking table centrifuge model tests of pile-
supported structures in a dense sand profile over rigid rock. The model is shaken using sinusoidal
accelerations with different amplitudes and different frequencies. A schematic view of the
system under investigation is shown in Fig. 7.1. In the next sections, the principles of centrifuge
modeling centrifuge facilities at Kyoto University, centrifuge test procedure, and FE models are
described in detail. Then the results of the FE and centrifuge models are compared in terms of
time histories of soil and structural responses. The test results of centrifuge are presented in

terms of prototype unless otherwise stated.

7.2 Centrifuge Tests

In geotechnical centrifuge tests a model is rotated in a centrifuge device at a constant radius r
around the central axis and thereby subjected to an outwards acceleration of a = re” where © is
the eigen angular frequency of the rotation. Adjusting ®, the model can be exposed to a multiple
of the gravitational acceleration whereby the self-weight of the soil proportionally increases.
That is to say in a centrifuge the effective stress levels in the prototype can be actually modeled
and unlike in 1 g tests the stress-strain behavior under high stresses can be directly observed. To
do so, it is assumed that the model in a centrifuge behaves in the same way it would behave in an
equivalent field of multiple gravity and that a model in an acceleration field of “N” times
gravitational acceleration actually behaves similar to a prototype “N” times larger than the model
(Tan and Scott 1985). The scaling law for the centrifuge tests for N g is summarized in Table

7.1. For additional information pertaining to centrifuge mechanics, the reader is referred to the
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20™ Rankine Lecture by Schofied (1980), which provides a detailed discussion of centrifuge

testing principles.

Structure
mass

Dense sand

Rigid rock
A

Fig. 7.1 A schematic view of the soil-pile-structure system under investigation

7.2.1 Centrifuge facility at Disaster Prevention Research Institute, Kyoto University

The author carried out all the centrifuge experiments described in this thesis, at the Disaster
Prevention Research Institute, Kyoto University (DPRI-KU). The model is scaled down to 1/40.
Thus, all model tests were carried out in the centrifugal acceleration field of 40 g (Table 7.1). A
functional scheme of the centrifuge facility is given in Fig. 7.2. The centrifuge has an effective
radius of 2.5 m. The rated experimental capacity is 24 g-tons with a maximum attainable
centrifugal acceleration of 200 g, and the maximum model mass of 200 kg. The centrifuge model
is normally prepared outside the centrifuge pit, and then transferred to the swinging platform
(numbered 2 in Fig. 7.2) and mounted on the centrifuge using a crane. A motor (7) drives the
rotating arm (1) through the shaft and bevel gear (8). The swinging platforms swing outwards
and upwards as the centrifuge arm gains speed, so that the direction of the resultant acceleration
field passes through the pivot and the centroid of the package. To compensate the unbalance
emerging from the weight of the model placed on the platform, an equivalent platform swings on
the opposite arm which can be loaded with an equivalent weight (3). A shake table driven
unidirectionally by a servo hydraulic actuator is attached to a platform and it is controlled
through a personal computer (PC) (6) on the centrifuge arm. It is fixed near to the axis to
minimize the centrifugal force acting on the computer. All the equipment necessary for shake

table control is put together on the arm. The PC is accessible during flight from a PC (12) in the
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control room through wireless LAN and “Remote Desktop Environment”. A second wireless
LAN system connects the data loggers (5) with another PC (11) in the control room so the time
response of the installed sensors can be monitored during flight. The shake table has the capacity

of 15 kN, 10 g and + 2.5 mm in maximum force, acceleration and displacement, respectively.

Table 7.1 Scaling law for centrifuge tests for N g

Quantity Scaling Factor
(prototype/model)
Length N
Density 1
Time N
Frequency 1/N
Acceleration 1/N
Velocity 1
Displacement N
Stress 1
Strain 1
Stiffness 1
Pore pressure 1
Permeability N
Bending moment N°
Shear force N2
Flexural rigidity N*
Viscosity of pore fluid 1/N
2500 mm
% CEERD) N
g | OO
] S N
® © o e A 10 1l

4 ’r, lﬂ I /V - got;t'ing z;:nﬁ =

— = winging platform

=P RN BEOZREOTNE= Comemegt

Data collector

Control PC shaking table
Motor
Bevel gear

E

@ ||

OOND DL WN

Control unit outside control room

Li‘ /
= - P 10 Control unit inside control room
ﬁH @ 11 PC connected to data collector
I 12 PC connected to control PC shaking table
13 Cooling/ heating system

Fig. 7.2 Schematic view for centrifuge facility at the Disaster Prevention Research Institute,
Kyoto University (DPRI-Ku)
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7.2.2 Material properties and tests procedures

All tests were carried out in the centrifugal acceleration field of 40 g using a rigid soil container
with inner dimensions of 0.45 m (L) x 0.15 m (W) % 0.29 m (H).

7.2.2.1 Material properties

Dry sand
The model ground in this study was made of Silica sand No. 7 having the physical and
mechanical properties shown in Table 7.2 and the particle size distribution curve shown in Fig.

7.3. The soil is classified as "poorly graded sand (SP)". This sand is an industrial material so that

consistency of the material properties throughout all models can be assured.

Table 7.2 Physical properties of Silica sand No. 7

©max ©min D50 (mm) Uc Gs

1.19 0.71 0.13 1.875 2.66
100 ; —

80 | Silica Sand #7 ; //

. R /-

ol | / I

-

0 1 s i
0.01 0.1 1
Diameter (mm)

Percent finer by weight (%)

Fig. 7.3 Particle size distribution curve for Silica sand No. 7

Coupled pile-structure model

Assembly drawing and dimensions of the experimental apparatus of the coupled pile-structure

model used in this study is given in Appendix B1. The tested steel model consists of a single pile
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supporting a simple structure consisted of a pile cap, a column, and a superstructure mass as
shown in Figs. 7.1.

Material properties of the model pile, pile cap, column, and superstructure mass used in
this study are shown in Table 7.3, Table 7.4, Table 7.5, and Table 7.6 respectively. For the pile

cap and the superstructure mass, the centrifuge scaling relations were applied based on mass and

stiffness.
Table 7.3 Properties of pile modeling
Steel tube
Model scale Prototype scale Units
Length 0.29 11.6 m
Outer diameter 10 400 mm
Wall thickness 0.75 30 mm
Young's modulus 206 206 GPa
2" moment of inertia 2.35%107 6.00x10° mm*
Bending stiffness 48.41 1.24x10° MN-mm?
Table 7.4 Properties of pile cap modeling
Steel plate
Model scale Prototype scale Units
Side length 40 1600 mm
Thickness 30 1200 mm
Mass 0.3792 24269 Kg
2" moment of inertia 9.0x10* 2.30x10" mm*
Bending stiffness 1.85x10* 4.75x10" MN-mm?
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Table 7.5 Properties of column modeling

Steel tube

Model scale Prototype scale Units
Length 0.075 3.0 m
Outer diameter 10 400 mm
Wall thickness 0.76 30 mm
Young’s modulus 206 206 GPa
2" moment of inertia 2.35x10° 6.00x10° mm*
Bending stiffness 48 .41 1.24x10° MN-mm?

Table 7.6 Properties of superstructure mass modeling

Steel plate
Model scale Prototype scale Units
Side length 50 2000 mm
Thickness 15 600 mm
Mass 0.297 19008 Kg
2" moment of inertia 1.41x10* 3.61x10" mm*
Bending stiffness 2.90x10° 7.42x10° MN-mm?

7.2.2.2 Instrumentation

In a series of model tests in the present study, three types of electronic instruments were used to
measure pile bending moments, displacements and accelerations of pile cap, displacements and
accelerations of superstructure mass, and accelerations of ground. These instruments can be
listed as:
(1)  Accelerometers (SSK, A6H-50), to record dynamic motions of ground, pile cap, and
structural mass.
(2) Laser displacement transducers (Keyence, LBP-080), to measure the lateral

displacements of pile cap and the structural mass.
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(3) Seven strain gauges (Foil strain gauge, FLK-2-17) were placed at different locations
along the piles to measure pile bending moments.
The general locations of instruments and dimensions are shown in Fig. 7.4. All used
sensors for instrumentation of the model are products of Tokyo Sokki Kenkyujo Co., Ltd. and
calibrations factors are provided by the company. The specification for accelerometers, laser

displacement transducers, strain gauges can be found in Appendix B2, B3, and B4, respectively.

0—|__|
I | el N
45 mm ®
_l_ 11
45 mm
il I 160 mm
45 mm
_L (R
45 mm ®
1 b
LVD _-I 55 mm
Accelerometer o 4 (] 120 mm
Strain gauge | 55 mm
I [ 2

Fig. 7.4 Centrifuge model test set-up and instrumentation

7.2.2.3 Test setup and construction of the model ground

The centrifuge model is normally prepared outside the centrifuge pit, and then transferred to the
swinging platform. After cleaning the box with Ethanol, A dry sand deposit was prepared by air
pluvation as shown in Fig. 7.5. (Details of this method are given in Appendix BS5). After fixing
the pile in the bottom plate in the soil container base, silica sand was rained in 1 g field using a
hopper fixed at the specified height (depending on the initial target relative density of 73.8 %
used in this study, the falling height can be determined as described in Appendix BS5) until the
sand deposit formed 11.6 m thick deposit (290 mm in model scale). The pile was placed in the
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After confirming that all equipments and sensors are well functioning without any abnormality,
centrifugal acceleration was increased gradually up to 40 g. The sand deposit was then
consolidated in 40 g centrifugal acceleration field for 5 min. By measuring the heights of the
ground surface after the consolidation by a ruler, the actual relative density before shaking was
obtained. The centrifugal acceleration is again increased up to 40 g to apply the dynamic motion
to the model. Three sinusoidal waves as input base accelerations with different amplitudes and
different frequencies as shown in Table 7.7 were applied in series (Each shaking event was
stronger than the previous one) to the system without the superstructure mass. Then the
superstructure mass was added and the three input base accelerations were applied to the system

with the same previous manner.

Table 7.7 Input base motions

Base acceleration Max amplitude (g) Frequency (Hz)

1 0.005 0.1
2 0.084 0.5
3 0.317 1.0

7.3 Finite Element Model

7.3.1 Finite element

The 2D FE program FLIP (lai et al. 1992) was employed in this study. Figure 7.6 shows the
general layout and meshing of the FE model. Side boundary displacements were fixed in the
horizontal direction, while those at the bottom boundary were fixed in both the horizontal and

vertical directions to simulate the condition of the centrifuge tests.
7.3.1.1 Soil model

The soil continuum was modeled using 2D quad elements with a hyperbolic-type multiple shear
mechanism (lai et al. 1992). Parameters for sand used in the FE analysis were determined
referring to the results of laboratory tests on Silica sand No. 7 as shown in Table 7.8. The bulk
modulus of the soil skeleton K was determined assuming a Poisson’s ratio v of 0.33. Rayleigh

damping parameters were set as oo = 0 and g = 0.002.

182



Chapter 7: Centrifuge model tests and analyses of nonlinear seismic response of SPS system

Fig. 7.6 General layout and meshing of the FE model

Table 7.8 Model parameters for soil elements

Density, p Gma b} O-'ma o Hinax
3
) (kPa) (kPa)  (deg)
1.5 51x10* 0.33 57.11 38 0.20

7.3.1.2 Pile and column model

Bilinear one-dimensional beam elements with three degrees of freedom per node were used to
model the pile and the column. Normal force, shear force, and bending moment for each element
were obtained directly from the finite element program. Table 7.9 defines the model parameters
of pile and column elements. Parameters for the pile and the column were from the industrial

standard.
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Table 7.9 Model parameters for pile and column elements

Density, p G,, v Initial flexural Flexural Plastic
W) (kPa) rigidity rigidity after moment
(kPa) yield (kPa) (kN-m)

7.9 7.75x10" 029  3.64x10° 2.47x10° 4163

7.3.1.3  Pile cap and superstructure mass model

Linear plane elements with two degrees of freedom per node were used to model the pile cap and
the superstructure mass. Young's modulus of 206 GPa, Poisson's ratio of 0.3, and mass density of

7.9 t/m’were used for both the pile cap and the superstructure mass.

7.4 Comparison of Calculated and Recorded Responses

The challenge for the FE models was to reasonably approximate the recorded responses for a
total six cases (three input motion shaken the system with and without the superstructure mass)

with same model and without arbitrary adjustment or back-fitting of the input parameters.

7.4.1 Time histories of the soil-pile-superstructure system

Recorded and calculated responses of soil and pile cap for input motions of 0.1, 0.5, and 1.0 Hz
without the superstructure mass are compared in Figs. 7.7, 7.8, and 7.9, respectively. The
computed time histories of ground acceleration, pile cap acceleration, and pile cap displacement
are consistent with recorded ones in terms of their amplitudes and phases. Thus the FE analysis
reproduced soil and pile cap responses' reasonably well.

Recorded and calculated responses of soil, pile cap, and superstructure mass for input
motions of 0.1, 0.5, and 1.0 Hz after adding the superstructure mass are compared in Figs. 7.10,
7.11, and 7.12, respectively. The general trend of ground acceleration, pile cap acceleration, and
pile cap displacement records was satisfactorily predicted in terms of their amplitudes and phases
for all input motions. The computed time histories of superstructure acceleration are consistent
with the recorded in terms of phase for all input motions. However, the FE slightly
underestimated the amplitudes of superstructure acceleration for input motion of 1.0 Hz. For
input motions of 0.1 and 0.5 Hz, the computed superstructure accelerations agree well with the

recorded one.
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7.4.2 Fourier spectra of soil and structural responses

The recorded and measured soil and pile cap responses for input motions of 0.1, 0.5, and 1.0 Hz
without the superstructure mass are presented in terms of Fourier spectra in Figs. 7.13, 7.14, and
7.15, respectively. Figurs 7.13, 7.14, and 7.15 shows that the FE analysis reproduced soil and
structural accelerations that agree well with the measured data.

The recorded and measured soil, pile cap, and superstructure responses for input motions
of 0.1, 0.5, and 1.0 Hz with the superstructure mass are presented in terms of Fourier spectra in
Figs. 7.16, 7.17, and 7.18, respectively. Figures 7.16, 7.17, and 7.18 show that the FE analysis

reproduced soil and structural accelerations that agree well with the measured data.

7.4.3 Peak bending moment profile

Figures 7.19 and 7.20 plot the peak bending moment profiles, calculated as extremes bending-
moments at different depths along the pile for input motions of 0.1 and 1.0 Hz and for both cases

with and without the superstructure mass.
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Fig. 7.13 Comparison of recorded and calculated Fourier spectra for ground and pile cap
responses: without superstructure, 0.1 Hz
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Fig. 7.14 Comparison of recorded and calculated Fourier spectra for ground and pile cap
responses: without superstructure, 0.5 Hz
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Fig. 7.15 Comparison of recorded and calculated Fourier spectra for ground and pile cap
responses: without superstructure, 1.0 Hz
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Fig. 7.16 Comparison of recorded and calculated Fourier spectra for ground, pile cap, and
superstructure responses: with superstructure, 0.1 Hz
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Fig. 7.17 Comparison of recorded and calculated Fourier spectra for ground, pile cap, and

superstructure responses: with superstructure, 0.5 Hz
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Fig. 7.18 Comparison of recorded and calculated Fourier spectra for ground, pile cap, and
superstructure responses: with superstructure, 1.0 Hz

Figures 7.19 and 7.20 compare the depths where the maximum moments were measured
and computed. Although, the depth of computed maximum moment agreed well with the
measured one at 0.1 Hz, there is a difference at 1.0 Hz and this difference was about 1.5 m. The
computed depths where the bending moment returned to zero were consistent with the measured
ones. The difference between the measured and computed depths was within 1.0 m.. For the
system without the superstructure mass, the computed bending moment profile agreed well with
the measured one at 0.1 and 1.0 Hz. The FE is also successful at predicting the increase of peak
bending moment profile after adding the superstructure mass but the computed increase of
bending moment differed from the recorded one and this may be due to the empirical procedure
for the setting of soil-pile interaction springs. Some calibration in the numerical modeling may

be required to have more consistent results on the bending moments

7.5 Conclusions

This chapter presents a comparison between nonlinear seismic analyses using the 2D FE and the

results of shaking table centrifuge model tests of pile-supported structures in a dense sand
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profile. The FE analyses were reasonably able to approximate the recorded responses during
shaking in centrifuge tests for the range of conditions covered in the experiments. The challenge
was to approximate the recorded responses for a total of six cases using a common set of
modeling parameters. As illustrated by the reprehensive time series , Fourier spectra , and
bending moment profiles, the overall comparisons indicated that these FE models could now be
used to parametrically evaluate the influence of other key factors, such as varying structural

periods, pile slenderness, soil-pile relative stiffness, and input motions.
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Fig. 7.19 Comparison of recorded and calculated peak bending moment profile, 0.1 Hz
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Chapter 8: Effect of SPSI on performance of pile group: centrifuge model tests

8.1 Introduction

A geotechnical centrifuge modeling has been established as a powerful technique over the past
two decades in obtaining physical data of pile behavior under earthquake events. The advantage
of this modeling lies in the ability of the centrifuge to reproduce prototype stress-strain
conditions in a reduced scale model as well as the ability to provide a relatively rapid method for
performing parametric studies. In this chapter, a series of systematic centrifuge tests is conducted
in order to study the seismic response of end bearing single and 3x3 group piles embedded in dry
sand layer and supporting SDOF and DDOF structures. The obtained results will provide a clear
insight about the seismic coupled soil-pile-structure interaction as well as the seismic pile-soil-
pile interaction. All the tests are conducted with the centrifugal acceleration of 40 g. A schematic
view of the end bearing single and 3x3 group piles supporting DDOF structures are shown in
Figs. 8.1(a) and (b), respectively. The scope of this study is fourfold: (a) to examine the
kinematic soil-pile interaction, (b) to investigate the combined effect of kinematic and inertial
interaction on the motion of the pile-head, by identifying the fundamental frequencies that
dominate the response for both SDOF and DDOF structures, (c) to study the role of the
frequency content of the input motion on the development of pile bending, and (d) to study group
pile effects on the above mentioned items (from a-c).

Full description of principles of centrifuge modeling as well as centrifuge facilities at
DPRI, Kyoto University was given in Chapter 7. In the next sections, centrifuge test procedure,

test results, and analysis will be discussed in detail.

8.2 Material Properties
8.2.1 Sand

The model ground in this study was made of Silica sand No. 7 having the physical and
mechanical properties given in Chapter 7. All tests were carried out in the centrifugal
acceleration field of 40 g using a rigid soil container with nominal inner dimensions of 0.45 m
(L) x 0.15 m (W) x 0.29 m (H). Air pluviation method was used to place the dry sand in the soil

container as discussed in Chapter 7 and Appendix BS.
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Mass 2

/ Column

Mass 1

(@) (b)

Fig. 8.1 A schematic view of end bearing single and 3x3 group piles supporting DDOF structures:
(a) single; and (b) group piles

8.2.2 Piles

Model piles used in this study were made of steel tubes with the properties shown in Table 8.1.

8.2.3 Columns

Model columns used in this study were made of steel tubes with the properties shown in Table
8.2.

Table 8.1 Properties of piles modeling

Steel tube

Model scale Prototype scale Units
Length 0.29 11.6 m
Outer diameter 10 400 mm
Wall thickness 0.75 30 mm
Young’s modulus 206 206 GPa
2" moment of inertia 2.35%x10° 6.00x10° mm*
Bending stiffness 48.41 1.24x10° MN-mm?
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Table 8.2 Properties of columns modeling

Steel tube

Model scale Prototype scale Units
Length 0.075 3.0 m
Outer diameter 10 400 mm
Wall thickness 0.75 30 mm
Young’s modulus 206 206 GPa
2" moment of inertia 2.35x10° 6.00x10° mm*
Bending stiffness 48 .41 1.24x10° MN-mm?

8.2.4 Structural mass 1 (single pile case)

A steel mass (Mass 1) with the properties shown in Table 8.3 fixed to the single pile (see Fig.
8.1(a)) is used in this study.

8.2.5 Structural mass 2 (single pile case)

A steel mass (Mass 2) with the properties shown in Table 8.4 fixed to the top of the column (see
Fig. 8.1(a)) is used in this study.

8.2.6 Structural mass 3 (group pile case)

A steel mass (Mass 3) with Properties shown in Table 8.5 fixed to the group piles (see Fig.
8.1(b)) is used in this study.

8.2.7 Structural mass 4 (group pile case)

A steel mass (Mass 4) with Properties shown in Table 8.6 fixed to the top of the columns (see
Fig. 8.1(b)) is used in this study.

8.3 Test Program

A total of 7 tests were performed and these tests are listed in Table 8.7. Typical cross sections of

free-field, single and group pile model tests are shown in Figs. 8.2, 8.3, 8.4, and 8.5,
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respectively. Assembly drawing of single and group pile supporting SDOF and DDOF structures
are given in Appendix B1. Figure 8.6 shows a plane view of group pile arrangement. Group pile
was lined up 3 by 3 with a spacing of 4 times a pile diameter. The pile tips were set in rotation

fixed at the bottom of container using steel plate of 10 mm thickness.

Table 8.3 Properties of Mass 1 modeling

Steel plate
Model scale Prototype scale Units
Side length 40 1600 mm
Thickness 30 1200 mm
Mass 0.3792 24269 Kg
2" moment of inertia 9.0x10* 2.30x10" mm*
Bending stiffness 1.85x10* 4.75x10" MN-mm?
Table 8.4 Properties of Mass 2 modeling
Steel plate
Model scale Prototype scale Units
Side length 50 2000 mm
Thickness 15 600 mm
Mass 0.297 19008 Kg
2" moment of inertia 1.41x10* 3.61x10™ mm*
Bending stiffness 2.90x10° 7.42x10° MN-mm?

8.4 Instrumentation

In a series of model tests in the present study, electronic instruments were used to measure
bending moments of piles, accelerations of ground, piles heads, and superstructure masses. The
general locations of instruments are shown in Figs. 8.2, 8.3, 8.4 and 8.5. The specification for

accelerometers and strain gauges can be found in Appendix B2 and B4.
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Table 8.5 Properties of Mass 3 modeling

Steel plate
Model scale Prototype plate Units
Side length 120 4800 mm
Thickness 30 120 mm
Mass 3.4128 218419 Kg
2" moment of inertia 2.7x10° 6.91x10" mm*
Bending stiffness 5.56x10* 1.42x10" MN-mm?
Table 8.6 Properties of Mass 4 modeling
Steel plate
Model scale Prototype scale Units
Side length 105 4200 mm
Thickness 13.5 540 mm
Mass 1.176 75252 Kg
2" moment of inertia 2.15x10* 5.50x10" mm*
Bending stiffness 4.434x10* 2.65%x10° MN-mm?
Table 8.7 Tested cases
Test Test setup Soil deposit  Relative density (%)
No Before the  After the
test test
1 Free field 77 81
2 Single pile 78 80
3 Single pile + SDOF structure 80 82
4 Single pile + DDOF structure Dry sand 80 82
5 Group pile 78 82
6 Group pile + SDOF structure 82 83
7 Group pile + DDOF structure 82 84
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Accelerometer

e ksl

029 m

045m

A
\J

Test 1
Fig. 8.2 Illustration of free-field test setup (test 1)

Strain gauge 40, 40

045m 045m

Test 2 Test 5
Fig. 8.3 Illustration of piles tests setup: single pile (test 2); and group pile (test 5)

0.04x0.04 m
—>

0.12x0.12 m
—>

045m 0.45m

- > - >
Test 3 Test 6
Fig. 8.4 Illustration of piles supporting single degree of freedom tests setup: single pile (test 3);
and group pile (test 6)
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0.11x0.11 m

0.05x0.05 m
+—>
|

0.30 my

045m

Test 7

Fig. 8.5 Illustration of piles supporting double degree of freedom tests setup: single pile (test 4);
and group pile (test 7)

| 4D 1. 4D

'pile 3 Pile 2 | Pile 1

—_ ‘I,I—‘I"_{*

Instrumented pile o

Fig. 8.6 Plan view of the pile group arrangement

8.5 Model Construction

The centrifuge model is normally prepared outside the centrifuge pit, and then transferred to the
swinging platform. Each model was constructed very carefully so that all ground models were as

identical to each other as possible:
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obtained. The centrifugal acceleration is again increased up to 40 g to apply the dynamic motion
to the model. Each model was subjected to 12 sinusoidal waves as input base accelerations.
These waves have constant amplitude of about 1.5 m/s” and frequencies ranging from 1 to 12 Hz.
After shaking the ground surface settlement was measured again to determine the actual relative
density after shaking. The actual relative densities of each tested case before and after shaking

are given in Table 8.7.

8.7 Centrifuge Test Results

The comparative results presented in this section are given in terms of different spectral ratio
moduli, corresponding to the ratio between displacements at different points in frequency
domain. In determining a time history of displacement, measured acceleration was numerically
integrated twice. Displacement values shown in this study were all calculated in the same way.
Twelve key control points were defined in this study:
(1) A point located at the base of soil container, input motion, (o, in all tests).
(2) A point on the free-field (i.e. soil ground surface response without soil-structure
interaction) (ff, in Test 1).
(3) A point located at the single pile head (at the same elevation with the free-field point)
(sp, in Tests 2, 3, and 4).
(4) A point located at pile 1 in the group (at the same elevation with the free-field point) (pl1,
in Tests 5, 6, and 7).
(5) A point located at pile 2 in the group (at the same elevation with the free-field point) (p2,
in Tests 5, 6, and 7).
(6) A point located at pile 3 in the group (at the same elevation with the free-field point) (p3,
in Tests 5, 6, and 7).
(7) A point located at pile 4 in the group (at the same elevation with the free-field point) (p4,
in Tests 5, 6, and 7).
(8) A point located at pile 5 in the group (at the same elevation with the free-field point) (p5,
in Tests 5, 6, and 7).
(9) A point located at the top of M1 (ml1, in Tests 3 and 4).
(10) A point located at the top of M2 (m2, in Test 4).
(11) A point located at the top of M3 (m3, in Tests 6 and 7).
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(12) A point located at the top of M4 (m4, in Test 7).
The accelerations and then displacements of these control points were measured using

accelerometers as shown in Figs. 8.2, 8.3, 8.4, 8.5, and 8.6.

8.7.1 Free-field response

The first step in any soil-structure seismic analysis is the evaluation of the free-field response of
the site, that is, the spatial and temporal variation of motion before excavating or rigging the soil
and superimposing the structure. Test 1 was used as a benchmark test and performed to monitor
the free-field dynamic response of the dry sand deposit to be as a reference in the subsequent
discussions of both kinematic and inertial effect on pile behavior. It is now a well-established
fact of geotechnical earthquake engineering that soil deposits can amplify the seismic rock
motion through the soil column toward the surface. In this study, time histories of the free-field
displacements were obtained at different frequencies of excitations (1-12 Hz). From these time
histories, the amplitude of steady-state displacement (Ug) is noted and normalized with respect to
the amplitude of the base displacement (U,). Thus amplification of free-field response is derived
at different frequencies and plotted as shown in Fig. 8.8. As shown in Fig. 8.9, the fundamental
period of the ground (T, is the period corresponds to the local maxima of the free-field response)

equals to 0.14 sec and the corresponding fundamental frequency of the ground (f; = 7.0 Hz).

r & Free-field response

\K\@mwe

- Amplification (U4/U,)
O =2 NWhOOoONO®®O

S S IS DUU DU N T S T SN S T S SN SN SN T A T W N T SN SN SN U SN S S T S S S |

0 2 4 6 8 10 12 14

Frequency (Hz)

Fig. 8.8 Free-field amplification versus frequency
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Fig. 8.9 Free-field amplification versus period

8.7.2 Single pile response: kinematic interaction

In the absence of the superstructure, the motion of the pile-head may be different from the free-
field motion. This difference is due to the kinematic interaction mechanism. Kinematic effects
are described by frequency dependent transfer functions. The transfer function (kinematic
interaction factor, 1) is defined by the ratio of the pile-head displacement (Ugp) to the free-field
displacement (Uy) in the absence of a structure. In order to study kinematic soil-pile interaction,
test 2 was performed. Time histories of pile-head displacements were obtained at different
frequencies of excitations (1-12 Hz). From these time histories, the amplitude of steady-state
pile-head displacement is noted and normalized with respect to the amplitude of the free-field
displacement. Normalized pile-head displacements (kinematic interaction factor) versus base
excitation frequencies are shown in Fig. 8.10. It is worth to note from Fig. 8.10 that
e As expected and at a low-frequency region (f <4 Hz), the pile-head displacement may be
same as or very close to the dynamic response at the free-field surface.
e At arelatively high-frequency region (f > 4 Hz), the pile produces strong filtering effects
of the base excitation. This difference between pile and free-field response in high

frequency region is the result of the difference in pile and soil stiffness (Epile/Esoil = 1300).
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Fig. 8.10 Kinematic interaction factor versus base excitation frequencies

8.7.3 Coupled soil-pile-structure: combined kinematic and inertial action

Tests 3 and 4 were performed to investigate the coupled soil-pile-structure interaction by fixing a
SDOF and DDOF structures on the single pile-head, respectively. Figure 8.11 and 8.12 shows
the calculated amplification of the single (Uy;) and double (Uy,; and Upp) DOF structures
displacement with respect to the base displacement (U,), respectively. Figures 8.11 and 8.12
were obtained using the results of 2D FE analyses FLIP (Iai et al. 1992). In these analyses,
structures were considered as fixed base structure. From Fig. 8.11, it is easy to realize that the
fundamental frequency of the SDOF structure (fy) equals to 5.0 Hz, and from Fig. 8.12, it can be
realize that the first and second fundamental frequencies of the DDOF structures (f;; and f;) are
2.0 and 11.5 Hz, respectively.

The ratios of the pile-head to free-field horizontal displacements (Us,/Uyr) are examined
in Fig. 8.13. These ratio incorporates the combined effect of inertial and kinematic interaction-as
opposed to the kinematic interaction factor (I, = Ug/Ug) which expresses solely kinematic
effects. As discussed in Chapter 6, the frequency variation of the ratio (Us,/Ug) is dominated by
two discrete frequencies: a lower frequency (the effective natural frequency (fss;)) where the
pile-head motion is amplified and a higher one (the pseudo-natural frequency (fpssi) of the
system) where the response is suddenly de-amplified with respect to the free-field motion. The

centrifuge results shown in Fig. 8.13 depict this distinctive behavior of pile supporting structures.
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It is worth noting that this variation pattern was found to exist in transient response analyses
using real earthquake motions of a pile-supported structure (Ohata et al. 1980) as well as
analytical studies of soil-pile-structure systems based on the principle of superposition
(Mylonakis et al. 1997).

The frequency at which the ratio of structural mass to free-field horizontal displacement
is maximized was computed for each examined case, to determine fss of the soil-structure
system. fss1 of the system was then compared to the natural frequency of the structure under

fixed-base conditions, thus quantifying SSI in terms of fundamental dynamics considerations.
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Fig. 8.11 Fixed base structure amplification versus frequency (test 3): Single degree of freedom
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Fig. 8.12 Fixed base structure amplification versus frequency (test 4): Double degree of
freedom
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Fig. 8.13 Pile-head to free-field displacement ratio versus frequency

Figure 8.14 shows amplification ratios obtained from Test 3 that corresponds to single
pile supporting a SDOF structure. In this test the fundamental period of the structure, Ts = 0.2, is
greater than the fundamental period of the ground, T, = 0.14. Figure 8.14 shows that fsg, the
frequency where both structural mass and pile-head motions are maximized relative to the free-
field soil surface motion, coincides with fyssi of the system, the frequency where the pile-head
motion is minimized relative to the free-field soil surface motion. In this case, fss; and fpss; are
found to be equal to 2 Hz as shown in Fig 8.14. As a result of SSI, a significant reduction of the
Jss1 with respect to the natural frequency of the structure under fixed-base conditions (f;) is
observed.

Figure 8.15 shows amplification ratios obtained from Test 4 that corresponds to a single
pile supporting a DDOF structure. In this test, the relation between the first and second
fundamental periods of the structure (Ts; and Ts;) and that of the ground (T,) can be given as the

following inequality:
T, <T, <T, @.1)
or in term of frequency as:

Ja <Jy <Jfa 8.2)
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Evidently, the response of the system is amplified at fss; of 5.0 Hz while the significant
de-amplification of the pile-head motion with respect to the free-field motion takes place at the
Joss1of 6.0 Hz. This means that there is a clear evident of the existence of effective and pseudo-

natural frequencies not only in the SDOF structures but for DDOF structures also.
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Fig. 8.14 Amplification ratios: single pile supporting a single degree of freedom structure
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Fig. 8.15 Amplification ratios: double degree of freedom structure

8.7.4 Single pile: dynamic pile bending

The response of the coupled soil-pile-structure system is furthered examined in terms of pile

bending as a function of frequency content of base excitation. The pile bending moments were
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normalized to the amplitude of bedrock acceleration following Kavvadas and Gazetas (1993) and
Rovithis et al. (2009):
M

M,, =D, (8.3)

P~ p g

where U, = w”Uy is the amplitude of the harmonic input motion introduced at the base of the soil
profile.

To investigate the role of the frequency content of the input motion as well as the relative
contributions of kinematic and inertial interactions on dynamic pile bending, pile bending
moments profiles calculated at frequencies content of input motions closed to the natural
frequency of the soil stratum and effective natural frequencies of coupled soil-pile-structure
systems (for both SDOF and DDOF structures) are plotted and compared to the corresponding
kinematic moments for free-head pile as shown in Fig. 8.16. Figure 8.16 (a), (b), (c), and (d)
presents dynamic pile bending obtained at 1.5 m/s® input acceleration and 2, 5, 6, and 7.0 Hz,
respectively.

When the frequency content of the base excitation is closed to 2 Hz as shown in Fig. 8.16
(a), the maximum pile bending moment occurs near the ground surface (pile-head) and it
corresponds to the case of pile supporting SDOF structure. In this case, SSI has a major effect on
the dynamic characteristics of the structure, resulting in an effective natural frequency fss; of 2
Hz significantly lower than the fixed base frequency of the SDOF structure (5 Hz). This case
reveals the dominant role of inertial interaction in the development of bending moments on or
near the pile head when the superstructure is close to resonance.

When the frequency content of the base excitation is closed to 5 Hz as shown in Fig. 8.16
(b), the maximum pile bending moment occurs near the ground surface (pile head) and it
corresponds to the case of pile supporting DDOF structure. In this case, SSI has also a major
effect on the dynamic characteristics of the structure, resulting in fss; of 5 Hz significantly lower
than the second fixed base frequency of the DDOF structure (11.4 Hz). This case reveals also the
dominant role of inertial interaction in the development of bending moments on or near the pile

head when the superstructure is close to resonance.
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Fig. 8.16 Distributions of amplitudes of normalized steady state bending moments at: (a) 2.0
Hz, (b) 5.0 Hz, (¢) 6.0 Hz, and (d) 7.0 Hz
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For the DDOF structure, Fig. 8.16 (c) shows a substantial reduction in pile bending under
the combined action of kinematic and inertial interaction when the frequency content of the input
motion is closed to fpss1 = 6.0 Hz. This reduction in pile bending may be important in pile design.
It is worth to note that, although this significant reduction, the maximum pile bending still
corresponds to the single pile supporting DDOF structure but it occurs at a depth of 2 m below
ground surface.

When the frequency content of the base excitation is closed to 7.0 Hz as shown in Fig.
8.16 (d), the pile bending moment corresponding to the free-head pile case significantly

increases indicating a clear kinematic effect.

8.7.5 Group pile response: kinematic interaction

In order to study kinematic soil-pile interaction in free-head group piles, Test 5 was performed.
Time histories of pile-heads displacements were obtained at different frequencies of excitations
(1-12 Hz). Due to symmetry, only the results of piles 1, 2, and 4 are presented here. From these
time histories, the amplitudes of steady-state pile-heads displacements were noted and
normalized with respect to the amplitude of the free-field displacement. Normalized pile-head
displacements (kinematic interaction factor) for piles 1, 2, and 4 versus base excitation
frequencies are shown in Fig. 8.17. Kinematic interaction factor for the single pile is plotted in
Fig. 8.17 as a reference. Similar to the behavior of statically loaded pile group discussed in
Chapters 4 and 5, Fig. 8.17 indicates that the displacements of the piles in the group are not the

same, but a function of the pile position and this is the result of pile-soil-pile interaction.
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Fig. 8.17 Kinematic interaction factors of piles versus base excitation frequencies
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To clearly address this difference in piles behavior, the amplitudes of piles displacements
are normalized with respect to the corresponding amplitude of the single pile and plotted versus
the frequency of the base excitation as shown in Fig. 8.18. It is obvious from Fig. 8.18 that the
displacement of a pile in the group is neither similar to other piles nor the single pile. It is also
clear from the figure that the behavior is frequency dependent. For relatively low frequency of
the base excitation, displacements of piles in the group are lower than the corresponding
displacement of the single pile. For a relatively close pile group embedded in a dense sand soil
layer, and at low frequency of the base excitation, the pile group and the sand enclosed between
the piles may serve as a block or a rigid pier that may resist rather than follow the seismic motion
of the outside ground. With the increase of the frequency of the base excitation, the piles and the
enclosed sand no longer serve as a rigid pier and pile-soil-pile interaction take place. When the
frequency content of base excitation is close to the fundamental frequency of the ground, the

effect of pile-soil-pile interaction is more pronounced as shown in Fig. 8.18.
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Fig. 8.18 Displacements of piles in a group normalized by single pile displacement versus base
excitation frequencies
8.7.6 Coupled soil-pile-structure: combined kinematic and inertial action

Tests 6 and 7 were performed to investigate the coupled soil-pile-structure interaction by fixing a
SDOF and DDOF structures on the piles heads in the group, respectively. Figures 8.19 and 8.20
show the calculated amplification of the single (Uns) and double (Unz and Uys) DOF
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displacement with respect to the base displacement (U,), respectively. Figures 8.19 and 8.20
were obtained using the results of 2D FE program FLIP (lai et al. 1992). In these analyses,
structures were considered as fixed base. From Fig. 8.19, the fundamental frequency of the
SDOF structure (fgp0) equals to 9.0 Hz, and from Fig. 8.20, the first and second fundamental
frequencies of the DDOF structures (fgp1 and fg2) are 6.0 and 11.0 Hz, respectively.
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Fig. 8.19 Fixed base structure amplification versus frequency (test 6): single degree of freedom
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Fig. 8.20 Fixed base structure amplification versus frequency (test 7): double degree of freedom

Figures 8.21-8.23 shows amplification ratios obtained from Test 6 that corresponds to
group pile supporting a SDOF structure. Figures 8.21-8.23 correspond to amplification ratios of
pile 1, 2, and 4, respectively. Figures 8.21-8.23 indicate that fss; and f;ss1 are found to be existing
in the analysis of seismic behavior of group pile supporting a DDOF structures, and the

difference in the values of these frequencies among the piles is not significant. As a result of SSI,
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a significant reduction of the effective natural frequency fss; with respect to the natural frequency
of the structure under fixed-base conditions (fg0) is observed as shown in Figs, 8.21-8.23. In this
test the fundamental frequency of the structure, fopo = 9.0 Hz, is larger than the fundamental
frequency of the ground, f, = 7.0 Hz. The following inequality is also observed form the test

results:
Jos < pSs1 < / &0 8.4

Figures 8.24-8.26 shows amplification ratios obtained from test 7 that corresponds to
group pile supporting a DDOF structure. Figures 8.24-8.26 correspond to amplification ratios of
pile 1, 2, and 4, respectively. These figures indicate that fss; and fss1 are found to be exist in the
analysis of seismic behavior of group pile supporting a DDOF structures, and the difference in
the values of these frequencies among the piles is not significant. As a result of SSI, a significant
reduction of the effective natural frequency fss; with respect to the first natural frequency of the
structure under fixed-base conditions (fgp1) is observed as shown in Figs, 8.24-8.26. In this test,
the relation between the first and second fundamental frequencies of the structure (fop1 and fy0)

and that of the ground (f;) can be given as the following inequality:
Jan <Jg < T2 (8.5)
or in term of fundamental periods as:

T,,<T,<T, (8.6)

2

The following inequality is also observed form the test results:
Joar < PSS/ <fgpx 3.7

8.7.7 Group pile: dynamic pile bending

As the single pile case, the response of the coupled soil-pile-structure system is furthered
examined in terms of normalized pile bending as a function of frequency content of base

excitation.
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To investigate the role of pile-soil-pile interaction as a function of the input motion of the
frequency content of the base excitation on kinematic bending of piles, pile bending moments
profiles corresponding to piles 1, 2, and 4 obtained from Test 5 are calculated at selected
frequencies content of input motions including frequency closed to the natural frequency of the
soil stratum and plotted as shown in Figs. 8.27. Figure 8.27 (a), (b), (c), and (d) presents dynamic
pile bending obtained at 1.5 m/s” input acceleration and 2, 3, 4, and 7.0 Hz, respectively.

For relatively low frequencies of the base excitation (2 and 3 Hz) as shown in Figs 8.27
(a) and (b), the effect of pile-soil-pile interaction is not significant and the measured bending
moments in all piles are the same. When the frequency content of base excitation is increase and
become close to the fundamental frequency of the ground, bending moments of all piles increase
as expected and the difference between piles bending moments also increases with the center pile
(pile 2) having the maximum value followed by the side pile (pile 1) followed by the corner pile
(pile 4). It is also worth to note that, the depth of maximum moments is not affected by the pile
position or the frequency content of the base excitation.

To investigate the role of pile-soil-pile interaction as a function of the input motion of the
frequency content of the base excitation on kinematic and inertial pile bending of piles
supporting SDOF and DDOF structures, pile bending moments profiles corresponding to piles 1,
2, and 4 obtained from Tests 6 and 7 are calculated at selected frequencies content of input
motions closed to fsg; of the system as well as natural frequency of the soil stratum. Figures 8.28
and 8.29 present dynamic pile bending corresponding to Tests 6 (SDOF) and 7 (DDOF),
respectively, and obtained at 1.5 m/s” input acceleration and 2, 3, 4, and 7.0 Hz.

When the frequency content is closed to the effective natural frequency of the coupled
soil-pile-structure system, the dynamic bending moments of all piles in the group as well as the
difference of piles bending increase indicating strong effect of pile-soil-pile interaction as
depicted in Figs. 8.28 (b) and 8.29 (a). In particular Fig. 8.28 (b) corresponds to bending of piles
at frequency content of excitation equal to fss; of the SDOF case, while Fig. 8.29 (a) corresponds
to bending of piles at frequency content of excitation equal to fss; of the DDOF case. Unlike the
kinematic bending moment's case, the center pile (pile 2) has the minimum value of bending
moment followed by the side pile (pile 1) followed by the corner pile (pile 4). Similar to the
kinematic bending moment's case, the depth of maximum moments is also not affected by the

pile position or the frequency content of the base excitation.
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To investigate the role of the frequency content of the input motion as well as the relative
contributions of kinematic and inertial interactions on dynamic bending of piles, pile bending
moments profiles calculated at frequencies content of input motions closed to the effective and
pseudo-natural frequencies of the coupled soil-pile-structure systems (for both SDOF and DDOF
structures) as well as natural frequency of the soil stratum are plotted and compared to the
corresponding kinematic moments for free-head piles as shown in Figs. 8.30-8.32 for piles 1, 2,
and 4, respectively.

When the frequency content of the base excitation is closed to 2 Hz as shown in Figs.
8.30 (a), 8.31 (a), and 8.32 (a), the maximum pile bending moment corresponds to the case of
group pile supporting DDOF structure. In this case, SSI has a major effect on the dynamic
characteristics of the structure, resulting in an effective natural frequency fssi of 2 Hz
significantly lower than the first fixed base frequency of the DDOF structure (6 Hz). This case
reveals the dominant role of inertial interaction in the development of bending moments of piles
when the superstructure is close to resonance.

When the frequency content of the base excitation is closed to 3 Hz as shown in Figs.
8.30 (b), 8.31 (b), and 8.32 (b), the maximum pile bending moment it corresponds to the case of
group pile supporting SDOF structure. In this case, SSI has also a major effect on the dynamic
characteristics of the structure, resulting in an effective natural frequency fssi of 2 Hz
significantly lower than the fixed base frequency of the SDOF structure (9.0 Hz). The increase of
the bending of piles in a group supporting SDOF structure is associated with a significant
decrease in piles bending of a group supporting DDOF structure as a result of frequency shifting
from the effective natural frequency of the system (2.0 Hz) to the pseudo-natural frequency (3.0
Hz). This reduction in pile bending may be important in pile design.

For the SDOF structure, Figs. 8.30 (c), 8.31 (c), and 8.32 (c) show a substantial reduction
in pile bending under the combined action of kinematic and inertial interaction when the
frequency content of the input motion is closed to fyssi = 6.0 Hz. It is worth to note that, although
this significant reduction, the maximum pile bending still corresponds to the group pile
supporting SDOF structure.

When the frequency content of the base excitation is closed to 7.0 Hz as shown in Figs.
8.30 (d), 8.31 (d), and 8.32 (d), the pile bending moment corresponding to the free-head pile case

significantly increases indicating a pronounced kinematic effect.
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8.8 Conclusions

A series of systematic centrifuge tests is conducted in order to study the seismic response of end

bearing single and 33 group piles embedded in dry sand layer and supporting single and double

degree of freedom structures. All tests are conducted with the centrifugal acceleration of 40 g.

Air pluviation method was used to place the dry sand in the soil container. A total of 7 tests

including free-field, single and group pile cases were performed. Each model was subjected to 12

sinusoidal waves as input base accelerations. These waves have constant amplitude of about 1.5

m/s> and varying frequencies ranging from 1 to 12 Hz. Of the findings of this study, the

following conclusions can be drawn:

1.

For both single and group pile supporting a single or double degree of freedom structures, the
pile-head motion is found to be dominated by two discrete frequencies: a lower frequency
(the effective natural frequency (fss;)) where the pile-head motion is amplified and a higher
one (the pseudo-natural frequency (fpssi) of the system) where the response is suddenly de-
amplified with respect to the free-field motion. These results confirm the numerical results
found in the literature and generalize the finding to include group pile and higher degree of
freedom structures.

For free-head pile group, as the frequency content of base excitation approaches the
fundamental frequency of the ground, the bending moment of all piles increase as well as the
difference between piles bending moments indicating strong effect of pile-soil-pile
interaction. In this case, the center pile in the group has the minimum value of bending

moment followed by the side pile followed by the corner pile.

. For group piles supporting structure, as the frequency content of base excitation approaches

the effective natural frequency of the coupled soil-pile-structure system, the bending moment
of all piles increase as well as the difference between piles bending moments indicating
strong effect of pile-soil-pile interaction. Unlike the free-head case, In this case, the center
pile in the group has the maximum value of bending moment followed by the side pile
followed by the corner pile.

For both single and group piles, Structural vibrations tend to impose large pile bending
moments, when the frequency of excitation is close to the effective natural frequency of the
system. On the contrary, when the input motion is close to the fundamental frequency of the

ground, strong kinematic effects are mobilized and generate significant pile bending.
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Chapter 9: Seismic performance of coupled soil-pile-structure system: parametric study

9.1 Introduction

Chapter 8 has shown clearly using centrifuge test results that a structure founded on a
deformable soil could respond differently compared to a fixed base situation. Indeed, in flexible
supported case, mutual interaction between structure and adjacent soil takes place inducing
modifications in the dynamic response. 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 (kinematic
effect), and the effects of the inertial loads imposed by the structure on the foundation (Inertial
effect). 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. Up to
date, no tool or chart is available to calculate the vibrational characteristics of structures
supported by piles embedded in deformable soil taking into account pile properties and
dimensions and soil profile, and soil nonlinearity as well as the relative soil-pile stiffness or the
relative stiffness of the soil and the structure.

In this chapter, linear and nonlinear seismic response of a SDOF structure supported on a
single pile embedded in dry sand is parametrically studied, emphasizing on the vibrational
characteristics of the soil-structure system and the dynamic bending of the pile. These series of
parameter study are the base to develop simple charts for predicting linear and nonlinear seismic
response of a SDOF structure supported on piles. For this reason, a fully 2D FE model of the
coupled soil-pile-structure system is analyzed in the frequency domain under harmonic
excitation introduced at the base of the soil profile. This chapter cover particular issues that can
be summarized as follows: (a) to examine soil-pile-structure interaction in terms of the modified
dynamic properties of the coupled system, (b) to investigate the combined effect of kinematic
and inertial interaction on the motion of the pile-head, by identifying the fundamental
frequencies that dominate the response, and (c) to develop design charts of linear and nonlinear

seismic soil-pile-structure systems.
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9.2 Definition of the Examined Parameters

The system under investigation as shown in Fig. 9.1 comprises of a single pile supporting a

SDOF structure founded on a homogeneous dry sand layer over rigid rock.

Structure mass, mg;

El str.

DST

LLEN
Column

Eplp
Dry sand Lp
I Tied lateral boundary Es, vs
| Dp Rigid rock 1

|l v

Fig. 9.1 A schematic view of the system under investigation

Due to the large number of parameters involved, the parametric analyses focus on a
limited set of factors, namely the fixed-base fundamental frequency fq fixed, the pile slenderness
ratio (L,/Dp) and the relative initial soil-pile stiffness (E,/Es). The effect of these characteristics
was thoroughly investigated, implementing dimensionless parameters towards a generalized
description of the coupled system.

To this end, the wave parameter (1/w.p) (Veletsos et al. 1974):

o H
I S H ©.1)

w.p |14

s

which may be looked upon as a measure of the relative stiffness of the soil and the structure or,
equivalently, as a normalized fundamental frequency of the structure. Obviously, higher values
of parameter 1/w.p correspond to stiff structures on soft soil and vice versa.

For the pile, the dimensionless parameter Sy (Dobry et al. 1982):
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Sy =Ly ! Dp)(Ep | EgY™® 9.2)

was adopted as a measure of foundation flexibility. Thus, low values of Sy (Sy < 5) correspond
to short (small L,/Dp) and/or stiff (large E,/Es) piles, while long and flexible piles are

characterized by higher Sy values.

9.3 Parametric Study

A total of 16 cases of coupled soil-pile-structure systems as shown in Table 9.1 were analyzed
assuming linear behavior of the system. Seismic signals are imposed at very low amplitude
(0.0001 m/s?) to ensure linear-elastic soil behavior. To study the nonlinear response of the
coupled system, the analyses then repeated with higher amplitudes of seismic waves. All input
motion are specified at bedrock level in the form of a harmonic horizontal displacement U, (1)
=Ug.exp (i2znft), where U, = amplitude of the input bedrock displacement; = frequency of

excitation; i =-1.

Table 9.1 Cases of coupled soil-pile-structure systems considered

Soil Pile Structure
Case
VS po(m) LD, EJE. Su  Elg/El famed T (s) 1wp
(m/S) P P S S P (HZ) stinxed -
1 0.1010 8.00 0125 036
2 0.0394 5.00 0200 022
A 3 25 3 101000 1.78 45049 175 0.571 0.08
4 0.0009 0.75 1333 003
1 1.620 8.00 0125 036
2 0.630 5.00 0200 022
B 3 2 1.5 20 1000 356 (478 175 0.571 0.08
4 0.014 0.75 1333 003
1 3.240 8.00 0125 036
2 1.261 5.00 0200 022
c 3 2 1520 500 423 45 1.75 0.571 0.08
4 0.056 0.75 1333 003
1 16.20 8.00 0125 036
2 6.300 5.00 0200 022
D 3 225 1.5 20 100 632 g5 1.75 0.571 0.08
4 0.285 0.75 1333 003
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9.4 Finite Elements and Parameters Identification

The 2D effective stress FE analysis, FLIP (Iai et al. 1992), has been used to analyze the seismic
soil-pile-structure interaction (SSPSI) problem. A 30 (m) thick soil stratum was meshed with
quad plane elements. The length of each element was adequately defined according to the
anticipated wavelength propagating in the soil. The maximum element size, Emax, Was less than
one-fifth to one-eighth the shortest wavelength (1) to ensure accuracy (Kramer 1996).

The FE analyses were performed in two stages. In the first stage (self-weight analysis),
the in-situ stresses were initialized in the soil due to the own weight of the soil. Properties of pile
and soil-pile interaction spring were set to be zero during this stage of analysis. During the
second stage of analysis (seismic response analysis), the actual properties of soil, pile, and soil-
pile interaction spring were assigned. The total mesh size was extended to a horizontal distance
from the pile of 30-pile diameter to prevent spurious wave reflections at the boundaries.
Moreover, tied lateral boundary approach (a simpler alternative to the boundary approach
suggested by Zienkiewicz et al. (1988) that illustrated in Fig. 9.1. is used in the analysis. In this
approach, the values of displacements, stresses, etc. are identical on both side boundaries. This

condition is explicitly imposed in FLIP by an equivalent node concept (MPC).

9.4.1 Soil model

The soil model used in this study consists of a multiple shear mechanism (Iai et al. 1992). Details
of this model are given in Chapter 3. Parameters for dry sand used in the current FE analysis are
shown in Table 9.2. The bulk modulus of the soil skeleton K was determined assuming a

Poisson’s ratio v of 0.33. The initial shear wave velocity (Vs) is calculated using:

Table 9.2 Model parameters for soil elements

Density, Pt (t/ms) Gma (kPa) v 0"ma (kPa) ¢f Hmax
1.55 84,500 0.33 98 39.67 0.24
V,=(G,./p)"” (9.3)

and found to be = 225 m/s. The parameter mg that controls the shear modulus distribution with

the depth is kept equal to 0.5 for both linear and non-linear analyses.
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9.4.2 Pile column system

Bilinear beam elements with three degrees of freedom per node are used for modeling pile and
column. Normal force, shear force, and bending moment of each element are obtained directly. It
is assumed that both the pile and the column have a circular cross-section of diameter depend on
the case under consideration as shown in Table 9.1. The Pile length is assumed to be equal to the
thickness of the soil stratum (L, = 30 m). The elastic properties of both pile and column are
related to that of the soil as shown in Table 9.1. The mass density and Poisson's ratio for pile and
column were considered 2.5 kg/m® and 0.3, respectively.

To minimize the number of parameters, structural mass (mg, ) and height (Hg, ) were kept

equal to 100 Mg and 10 m, respectively.

9.5 Numerical Results: Linear analyses

9.5.1 Free-field response

The first step in any SSI seismic analysis is the evaluation of the free-field response of the soil
layer. Elastic response time histories for free-field were derived at different frequencies of
excitations. From these time histories, the amplitude of steady-state response is noted and
normalized with respect to the amplitude of input bedrock motion. Thus amplification of soil
stratum is plotted in Fig. 9.2. From this figure, the first and the second fundamental frequencies

of the soil layer are 2.25 and 6.0 Hz, respectively.

16 -

14 - S -fi
-5 12 | Free-field
‘((3510—
£ 81
S 6 -
£

2_

O T T 1 T L T T T T T T T T T 1

0 2 4 6 8 10

Frequency (Hz)
Fig. 9.2 Free-field response
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9.5.2 Kinematic soil-pile interaction analysis

As it well known, a cylindrical pile diffracts the incident and reflected 1D vertical S-waves,
thereby modifying the "free" wave field forming what we call kinematic interaction. This effect
can be assesses using translation and rotational kinematic interaction factors I, and Iy,
respectively. These interaction factors depend on many factors such as relative stiffness between
the pile and soil (Sy value) and pile-head fixation condition. The influence of foundation
flexibility on kinematic interaction factors for both fixed and free-head conditions is portrayed in
Fig. 9.3. Figure 9.3 declares that, in the normalized frequency range studied (a, = 0 - 0.42), the
filtering by a pile of the high frequency components of the base excitation may be substantially
greater with lower values of Sy for both free and fixed-head conditions. At high frequency
components of the base excitation, the rotational components of motion decrease with lower

value of Sy.

9.5.3 Coupled soil-pile-structure analysis

A concentrated mass attached to the structural column was introduced to the model, and the
dynamic response of the coupled soil-pile-structure system was parametrically studied. The
ensuing parametric investigations aim at evaluating the pile-head to free-field horizontal
displacement (Up/Ug), the effective and the pseudo-effective natural frequencies of the system,

and the relative contribution of kinematic and inertial interaction to the pile bending.

9.5.3.1 Pile head response under the combined action of kinematic and inertial
interactions

Similar to Fig. 9.3, the influence of foundation flexibility (Sy) on pile-head to free-field
horizontal displacement (Uy/Ug) is portrayed in Figs. 9.4 (a) - (d) for different values of (1/w.p)
of 0.36, 0.22, 0.08, and 0.03. For (1/w.p = 0.25) as shown in Fig. 9.4 (b), the maximum
amplification increases as Sy decreases (i.e. pile become stiffer). For (1/w.p = 0.36) as shown in
Fig. 9.4 (a), and for the case of (Sy = 1.78), a reduction in amplification is observed. This case
corresponds to stiff structure founded on a stiff or short pile. For lower values of (1/w.p = 0.03),
the effect of Sy on the pile-head motion is not significant. The inertial interaction is most

pronounced at higher values of 1/w.p.
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Fig. 9.4 Pile-head to free-field displacement response of the coupled system for: (a) 1/w.p =
0.36, (b) 1/w.p=10.22, (c) 1/w.p =0.08, and (d) 1/w.p = 0.03

9.5.3.2 Effective natural frequency of the coupled system

As we see in the Chapters 6 and 8, the effective natural frequency of the coupled soil-pile-
structure system can be defined as the frequency at which the structure displacement is
maximized relative to the free-field displacement. The effect of (Sy) on structure to free-field
horizontal displacement (Us/Us) is shown in Figs. 9.5 (a) - (d) for different values of (1/w.p) of
0.36, 0.22, 0.08, and 0.03. For (1/w.p = 0.36 and 0.25) as shown in Figs. 9.5 (a) and (b), a
significant reduction of the natural frequency of the structure is observed. The percentage of
reduction in the natural frequency of the structure increases with the increase of Sy. For lower
values of 1/w.p as shown in Figs. 9.5 (c¢) and (d), the reduction of the natural frequency is not

significant.
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Fig. 9.5 Structure to free-field displacement response of the coupled system for: (a) 1/w.p =
0.36, (b) 1/w.p =0.22, (¢) 1/w.p =0.08, and (d) 1/w.p = 0.03

The ratio of the effective natural frequency of the coupled system to the fixed base

frequency of the structure (fssi/fuwfixed) is plotted against both (1/w.p) and (Sy) in Fig. 9.6. Soil-

structure interaction effects are stronger for higher levels of relative soil-structure stiffness (i.e.,

higher values of 1/w.p), resulting in a significant reduction of the effective natural frequency fss
with respect to the natural frequency of the structure under fixed-base conditions (f fixed). For

these cases, SSI effects are controlled primarily by the structural properties of the pile (parameter

Su). More specifically, it is observed that increasing the flexibility or slenderness of the pile

results in lower values of the effective frequency fsg; of the system, which implies a stronger soil-
structure interaction effect. On the contrary, for low values of parameter 1/c (0.08—0.03), soil-

structure interaction has a minor effect on the vibrational characteristics of the structure,

regardless of the adopted SH parameter.
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Fig. 9.6 Effect of SSI on the vibrational characteristics of the system: effective natural
frequency against the fixed base frequency of the structure; linear analysis

9.5.3.3  Pseudo-effective frequency of the coupled system

As we see in the Chapters 6 and 8, the pseudo-effective natural frequency of the coupled soil-
pile-structure system can be defined as the frequency at which the structure displacement is
minimized relative to the pile-head displacement. The effect of (Sy) on structure to pile-head
horizontal displacement (Ug/Up) is shown in Figs. 9.7 (a) - (d) for different values of (1/w.p) of
0.36, 0.22, 0.08,.ar1d 0.03. For (1/w.p = 0.36 and 0.25) as shown in Figs. 9.7 (a) and (b), the
pseudo-effective frequency (fyssi) increases with the decrease of Sy. For lower values of 1/w.p as
shown in Figs. 9.7 (c¢) and (d), fyss1 is closed to the fixed base fundamental frequency of the
structure.

The ratio of the pseudo-effective frequency of the coupled system to the fixed base
frequency of the structure (fpssi/fsfixed) 1S plotted against both (1/w.p) and (Sw) in Fig. 9.8. For
higher values of 1/w.p and Sy, a significant reduction of the effective natural frequency f,ss1 with
respect to the natural frequency of the structure under fixed-base conditions (fr fixed) i Observed.
More specifically, it is observed that increasing the flexibility or slenderness of the pile results in

lower values of the pseudo-effective frequency fpssi of the system; on the contrary, for low
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values of parameter 1/c (0.08-0.03), fyss1 approaches the fixed base fundamental frequency of

the structure, regardless of the adopted Sy parameter.

9.6 Numerical Results: Nonlinear analyses

The effects of material nonlinearity of the soil are a major concern. It is anticipated that the soil
nonlinearity plays a significant role in the response of the soil-pile system. In the following
sections, it is observed how soil nonlinearity modifies the free-field response, kinematic soil-pile
interaction, as well as coupled soil-pile-structure interactions. Sinusoidal waves of unit amplitude

(1.0 m/s?) and varying frequency are used in these cases.
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Fig. 9.7 Structure to pile-head displacement response of the coupled system for: (a) 1/w.p =
0.36, (b) 1/w.p=0.22, (c) 1/w.p=0.08, and (d) 1/w.p =0.03

242



Chapter 9: Seismic nerformance of counled soil-nile-structure svstem: narametric studv

nsetidn-effactive freaniencv

).80-1.00
=) ).60-0.80
&
= 1.00 ).40-0.60
[
§ 0.80 ).20-0.40
£ 060 ).00-0.20
i)
§ 040 6.32
g 0.20 J‘\ // 423
2 000 +.._ Foundation
@ 0.00 e 3.56 flexibility (SH)
L . e
0.03 e
0.0 /178
0.22

Wave parameter (1/w.p)
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9.6.1 Effects of nonlinearity on free-field response

Figure 9.9 shows the effect of soil nonlinearity on the free-field response. Figure 9.9 shows the
fundamental periods lengthening due to soil nonlinearity as well as the substantial reduction in

the peak amplification accompanied with the period lengthening.
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14 -
12 -

——Linear

Nonlinear
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O N A O
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Fig. 9.9 Effect of nonlinearity on the free-field response at different frequency

243



Chapter 9: Seismic performance of coupled soil-pile-structure system: parametric study

9.6.2 Effects of nonlinearity on kinematic soil-pile interaction analysis

The effect of soil nonlinearity on kinematic interaction factors for both fixed and free-head
conditions is portrayed in Fig. 9.10. Figure 9.10 declares that, in the frequency range studied (f'=
0.25-9.0 Hz), the effect of soil nonlinearity seems to have little effect on the kinematic

interaction factors corresponding to fixed and free-head pile conditions.

9.6.3 Effects of nonlinearity on pile-head response under the combined action of
kinematic and inertial interaction

The influence of Sy on pile-head to free-field horizontal displacement (Up/Ug) in nonlinear case

is portrayed in Figs. 9.11 (a) - (d) for different values of (1/w.p) of 0.36, 0.22, 0.08, and 0.03.

Similar to the linear case, the effect of Sy is significant at higher 1/w.p values as shown in Fig

9.11 (a) and (b). A significant reduction in the amplification ratio is observed due to soil

nonlinearity.

9.6.4 Effects of nonlinearity on effective and pseudo-effective frequencies of the coupled
system

The ratios of the effective and pseudo-effective frequencies of the coupled system to the fixed

base frequency of the structure (fssi/for fixea and fossi/fsicfixed) are plotted against both (1/w.p) and

(Sh) as shown in Figs. 9.12 and 9.13. These figures indicate that the frequency ratios (fssi/fstr fixed

and fossi/fewfixed) become smaller for larger wave parameter and larger foundation flexibility.

Compared to Figs 9.6 and 9.8, Figs. 9.12 and 9.13 indicate that the nonlinearity of the ground

induces larger reduction in frequency ratio.

9.7 An example problem

To show how charts presented in this chapter can be used in a practical way, a numerical
example is given as shown in Fig. 9.14. Properties and dimensions of pile, structure, and soil are
given in also Fig. 9.14. The considered system is subjected to a seismic wave with peak ground
acceleration of 1.0 m/s’ and predominant frequency of 2.0 Hz. The effective and pseudo
effective natural frequencies as well as pile head displacement can be estimated based on charts

given in this chapter as follows:
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Fig. 9.11Pile-head to free-field displacement non-linear response of the coupled system for: (a)
1/w.p=0.36, (b) 1/w.p =0.22, (c) 1/w.p =0.08, and (d) 1/w.p =0.03
Structure.
I = 7%(0.5)"4/64=3.06E-03 m*
Stiffness (k) = 3*3.00E+07*1000*3.06E-03/(5)*3 = 2203200 N/m
St fixea= (1/2*1)*(2203200/100000)"-0.5 = 3.5 Hz

Dimensionless parameters:
Wave parameter (//w.p) = (3.5%5.0/200) = 0.08

SH parameter = (12.5/1)*(3.00E+07/2.00E+05) ~-0.25 = 3.57

Using these values and from charts given in Figs. 9.12 and 9.13, the effective and pseudo

effective natural frequencies could be estimated as follows:

246



Chapter 9: Seismic nerformance of counled soil-nile-structure svstem: narametric studv

fssi=3.5%0.8=2.8Hz
Jossi=3.5%0.9=3.15Hz

Fffective natural freauiencv

).80-1.00
s ).60-0.80
X 1.00 ).40-0.60
£ 080 ).20-0.40
w

£ 060 ).00-0.20
o

® 040 6.32

)

S ox 3

>

o

o

L

0.00

0.00 -L e //3.56 Foundation
0.03 e

Wave palameter ( 1w )

Fig. 9.12 Effect of SSI on the vibrational characteristics of the system: effective natural
frequency against the fixed base frequency of the structure, nonlinear analysis

Pseiidn natiiral frecniencv

=
[0}
& 100
& ).80-1.00
= 080
7 ).60-0.80
& 060
= ).40-0.60
§ 040 y 632 )20-0.40
§ 0.20 i /o423 ).00-0.20
S 000 ¥ / Foundation
o £ 356 fiexibil
o / . flexibility (SH)
= 0.00 e

0.03 e/

0.08 L 178
0.22
0.35

Wave parameter (1/w.p)

Fig. 9.13 Effect of SSI on the vibrational characteristics of the nonlinear system: pseudo-
effective frequency against the fixed base frequency of the structure, nonlinear analysis

247



Chapter 9: Seismic performance of coupled soil-pile-structure system: parametric study

Based on the values of (I/w.p = 0.08) and SH = 3.57, Fig. 9.11(c) will be used to
determine pile-head displacement relative to free-field displacement. At predominant frequency

of input motion of 2.0 Hz, U,/Us will be 0.68.

Structure mass, mg,= 100Mg

Detr=0.5m 50m
Column
E«=3.00E+07kP R
i Pile i
| Dry sand "
: E,=3.00E+07kPa Es=2£llEJgg kPa : 125m
: Vs =200 m/s :
: Dp=1m Rigid rock :

Fig. 9.14 An example problem

9.8 Conclusions

In this chapter linear and non-linear seismic response of a single a SDOF structure supported on
a single pile embedded in dry sand is parametrically studied, emphasizing on the vibrational
characteristics of the SSI system. These series of parameter study are the base to develop simple
charts for predicting linear and nonlinear seismic response of a SDOF structure supported on
piles. For this reason, a fully 2D FE model of the coupled system is analyzed in the frequency
domain under harmonic excitation introduced at the base of the soil profile. The following
conclusions can be drawn:
1. Strong soil-structure interaction effects were observed for coupled systems that comprise of
stiff superstructures founded on flexible and/or long piles, leading to significant reductions in
effective natural frequency of the system.

2. The nonlinearity of the ground induces larger reduction in frequency ratio.
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Chapter 10: Conclusions

10.1 Summary

In the preceding chapters we have investigated various aspects SSI and their effects of the lateral
behavior of piles. Even if this problem has been the subject of numerous investigations, the
previous studies currently face the following three problems: (1) Level of loadings assumed for
the previous study and existing design practice is often for the condition of moderate strain level
induced in the ground. Lateral behavior of piles at extensive non-linearity induced in the ground,
such as for liquefaction or soil-pile gap formation, as encountered in recent strong earthquakes, is
not fully studied, (2) In the conventional study, the lateral behavior of piles has been studied
independently from the vertical resistance of piles. Interaction between the lateral and vertical
loads is not fully studied, (3) in the seismic loading condition, soil-pile-structure interaction
becomes the primary mechanism for lateral behavior of piles. The previous studies on the soil-
pile interaction are limited for evaluating the effects of resonant frequencies of soil, structure,
and pile. The effect of input frequency on soil-pile-structure interaction is not fully studied.

The major goal of this thesis was to advance the knowledge and understanding on the
above mentioned three issues. This study presents the most recent results for lateral behavior of
piles through numerical analyses and centrifuge model tests. The study is systematically
performed from the most fundamental single pile to group piles, and from the most fundamental
loading condition for applying the static and dynamic load at pile heads to dynamic response of

soil-pile-structure system.

10.2 Overall Conclusions

In Chapter 3, recent developments on the soil-pile interaction in horizontal plane are presented.

The primary conclusions from this chapter may be summarized as follows:

1. Local displacement field of soil in the vicinity of a pile associated with global displacement
of soil around pile foundation shows vortexes at the pile side. Displacement at the pile side
shows strain localization at the soil-pile interface, indicating a mechanism similar to a
sliding. This fact implies that the finite element mesh size should be sufficiently small in the
vicinity of the pile in order to represent these essential features of the local displacement

field.
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Computed local displacement field of soil through a multiple shear mechanism model in a
horizontal plane are basically consistent with those measured. The computed load-
displacement curves indicates that, for dry sand, the curves have similar shapes to those
currently used in design practice in terms of p-y curve.

Although the mechanisms involved in the load displacement curve are the results of
complicated soil-pile interaction as exemplified by the local displacement field described
above, the load-displacement curves have practically the same shapes as those of the shear
stress-shear strain of a single soil element under static and cyclic simple shear. Based on this
finding, the soil-pile interaction in horizontal plane is idealized as a soil-pile interaction
spring element using a fictitious single soil element.

In addition to the soil-pile interaction spring, a joint element is used to idealize the soil-pile

interface effect, including soil-pile separation and sliding effects.

In Chapter 4, the effect of soil-pile separation on the performance of a laterally loaded

pile group is studied based on a comprehensive set of full-scale tests, consisting of a single and

3x5 group pile under static and dynamic loads and thereby reduces the limitations that were often

caused by arbitrary parameter adjustment or back-fitting to the measured data. Two dimensional

finite element analyses performed in this study lead to the following conclusions:

1.

For a statically loaded single pile, at the same load level, the analysis without soil-pile
separation underestimates both deflection and maximum bending moment. The percentage of
underestimation increases with the progress of loading and reaches, at the maximum applied
load, 50% for deflection and 22% for maximum moment. At a target deflection of 90 mm,
ignoring soil-pile separation leads to 43% overestimation of the ultimate lateral load-carrying
capacity of the pile.

For a statically loaded pile group, the effect of soil-pile separation is most distinctive at the
trailing pile. The effect of soil-pile separation is not significant for other piles in the group
including the leading pile. The potential soil-pile gap for these piles appeared to be closed by
the soil deformation pushed forward by the next column of pile trailing behind. In the
analysis without soil-pile separation, the soil behind the trailing pile pulls back the pile
opposite to the loading direction and resulting in the excessive increases in the overall soil

resistance during pile deformation. At any load level, the analysis without soil-pile separation
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underestimates the deflection of the trailing pile. The percentage of underestimation increases
with the progress of loading and reaches to 70% at the maximum applied load. At a
maximum target deflection of 83.4 mm, ignoring soil-pile separation leads to 73%
overestimation of the ultimate lateral load-carrying capacity of the trailing pile.

For dynamically loaded pile group, the effect of soil-pile separation is significant not only in
the loading phase but also in the unloading phase. At maximum applied load, the deflection
obtained without separation is smaller than that obtained from field data. The percentages of
reduction were 8.6, 16.0, 17.3, 21.8, and 23.3% for target deflections of 13, 25, 38, 64, and
89 mm, respectively. Ignoring the effect of soil-pile separation significantly underestimates

both deflection and bending moment values, leading to unconservative design of group piles.

In Chapter 5, the effect of vertical loads on the lateral response of a free head and capped

pile group (3x5) embedded in sandy soil has been studied in this chapter through a series of two-

dimensional finite element analyses. Of the findings of this study, the following conclusions can

be drawn:

1.

The influence of vertical loads on the lateral response of piles is to increase the confining
pressure in the sand deposit surrounding the pile, leading to an increase in the lateral pile
resistance. A vertical load applied to a single pile with a vertical displacement of 0.1-pile
diameter (D = 324 mm) increases the lateral pile resistance, at a 60 mm lateral deflection, by
8 %.

The same vertical load applied to a pile group spaced at 3.92-pile diameters increases the
overall lateral resistance of the group by 9 %.

The effect on individual piles depends on the pile position. The vertical load leads to a 10 %
decrease in the lateral resistance of the leading pile (pile 1) and 9, 14, 17, and 35 % increases
in the lateral resistances of piles 2, 3, 4, and 5, respectively.

The vertical load applied on the pile group increases the confining pressures in the sand
deposit confined by the piles but the rate of increase in those outside the group is relatively
small, resulting in the difference in a balance of lateral soil pressures acting at the back of
and in front of the individual pile.

The middle pile (pile 3) behaves approximately the same as the single pile as a result of no

net lateral stress induced by the vertical load. For the leading pile (pile 1), the net horizontal
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stress due to the vertical load acts in the same direction with the prospective lateral load,
leading to a decrease in the pile resistance to the subsequent lateral load. For the trailing (pile
5), the net horizontal stress acts against the prospective lateral load, leading to an increase of
the pile resistance to the subsequent lateral load.

6. In addition to soil-pile interaction, soil-pile cap interaction play an important role in the
increase of the confining pressure surrounding a capped single pile leading to an
amplification of the effect of the vertical load on the lateral response of the pile.

7. The effect of vertical loads on the lateral load carrying capacity of individual pile in a capped

pile group is similar to the free head case but with higher percentages of decrease or increase.

In Chapter 6, applicability of the simplified FE model, proposed by Ozutsumi et al.
(2003), to the analysis of SSPSI in the frequency domain is examined. The verification process
has been executed assuming elasto-dynamic behavior of the soil and comparing the results
obtained using the simplified FE model with those found using other established results from the
literature. Based on the comparative results in the paper, it is established that It has been shown
that this procedure can be used successfully for a provision of the response of a single pile to
inertial loading caused by the lateral forces imposed on the over structure and kinematic loading
caused by the soil developed during an earthquake. In addition, the effects of soil profile and
material nonlinearity of the soil on the kinematic and inertial interaction as affected by the
frequency content of input motion are parametrically investigated and the following conclusions
can be drawn from this study:

1. Kinematic soil-pile interaction: the filtering of pile to the high frequency components of the
base excitation is substantially greater with inhomogeneous than with homogeneous soil
deposits. On the other hand the effect of nonlinear soil behavior seems to be not significant.

2. Combiend kinematic and inertial interaction: a significant reduction in fss; due to soil
inhomogeneity as well as soil nonlineartiy.

3. In contrast to the clear effect of soil nonlinearity on fss;, fpssi seems to be not affected by it.

In Chapter 7, a comparison between nonlinear seismic analyses using the 2-D finite
element (FE) and the results of shaking table centrifuge model tests of pile-supported structures
in a dense sand profile is preseneted. The FE analyses were reasonably able to approximate the

recorded responses during shaking in centrifuge tests for the range of conditions covered in the
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experiments. The challenge was to approximate the recorded responses for a total of six cases
using a common set of modeling parameters. As illustrated by the representive time series ,
Fourier spectra , and bending moment profiles, the overall comparisions indicated that these FE
models could now be used to parametrically evaluate the influnce of other key factors, such as

varying structural periods, pile slenderness, soil-pile relative stiffness, and input motions.

In Chapter 8, a series of systematic centrifuge tests is conducted in order to study the
seismic response of end bearing single and 3x3 group piles embedded in dry sand layer and
supporting single and double degree of freedom structures. All the tests are conducted with the
centrifugal acceleration of 40 g. Air pluviation method was used to place the dry sand in the soil
container. A total of 7 tests including free-field, single and group pile cases were performed.
Each model was subjected to 12 sinusoidal waves as input base accelerations. These waves have
constant amplitude of about 1.5 m/s” and varying frequencies ranging from 1 to 12 Hz. Of the
findings of this study, the following conclusions can be drawn:

1. For both single and group pile supporting a single or double degree of freedom structures, the
pile-head motion is found to be dominated by two discrete frequencies: a lower frequency
(the effective natural frequency (fss;)) where the pile-head motion is amplified and a higher
one (the pseudo-natural frequency (fyssi) of the system) where the response is suddenly de-
amplified with respect to the free-field motion. These results confirm the numerical results
found in the literature and generalize the finding to include group pile and higher degree of
freedom structures.

2. For free-head pile group, as the frequency content of base excitation approaches the
fundamental frequency of the ground, the bending moment of all piles increase as well as the
difference between piles bending moments indicating strong effect of pile-soil-pile
interaction. In this case, the center pile in the group has the minimum value of bending
moment followed by the side pile followed by the corner pile.

3. For group piles supporting structure, as the frequency content of base excitation approaches
the effective natural frequency of the coupled soil-pile-structure system, the bending moment
of all piles increase as well as the difference between piles bending moments indicating

strong effect of pile-soil-pile interaction. Unlike the free-head case, In this case, the center
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Chapter 10: Conclusions

pile in the group has the maximum value of bending moment followed by the side pile
followed by the corner pile.

4. For both single and group piles, Structural vibrations tend to impose large pile bending
moments, when the frequency of excitation is close to the effective natural frequency of the
system. On the contrary, when the input motion is close to the fundamental frequency of the

ground, strong kinematic effects are mobilized and generate significant pile bending.

In chapter 9, linear and non-linear seismic response of a single degree of freedom
(SDOF) structure supported on a single pile embedded in dry sand is parametrically studied,
emphasizing on the vibrational characteristics of the soil-structure system. These series of
parameter study are the base to develop simple charts for predicting linear and nonlinear seismic
response of a single degree of freedom (SDOF) structure supported on piles. For this reason, a
fully two dimensional (2D) finite element (FE) model of the coupled system is analyzed in the
frequency domain under harmonic excitation introduced at the base of the soil profile. The
following conclusions can be drawn:

1. Strong soil-structure interaction effects were observed for coupled systems that comprise of
stiff superstructures founded on flexible and/or long piles, leading to significant reductions in
effective natural frequency of the system.

2. The nonlinearity of the ground induces larger reduction in frequency ratio.
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APPENDIX Al

Calculation of the ultimate vertical capacity of single pile

l

Ww.L G.S
A — ZN\\
Sand layer
¢I = 330
/=11.6m

Yeat = 1.83 t/m’>

D=0.324m

Jea

Fig. A11 Closed end steel single pile embedded in sandy soil

The ultimate vertical capacity of a closed end steel single pile embedded in sandy soil with the

properties shown in Fig. Allcan be calculated as follows:

(1) Based on conventional method

P, =P +P, (A11)
with

PB,: ultimate loading capacity

P;: ultimate skin friction

P, ultimate base resistance
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P, = pKtan$ fol o, dz
p = 03247 = 1.0178 m
K =12K, = 1.2(1 - sin33) = 0.546
8 = 0.67 ¢' =22°
]
] o, dz = 0.5(11.6 * 11.6 * 0.83) = 55.84 t/m?
0

P, = 1.0178 * 0.546 * tan22 * 55.84 * 9.81 = 122.99 kN

Pb = AquO'l’,
A, = 0.0825 m?
N, = 47

o) = 0.83 x 11.6 = 9.628 t/m?
P, = 0.0825 * 47 * 9.628 * 9.81 = 366.23 kN
P, = 366.23 + 122.99 = 489.22 kN

(1) Based on FE analysis

(A12)

(A13)

Figure A12 shows vertical load versus vertical displacement curve obtained using FE analysis of

a closed end steel single pile embedded in sandy soil with the properties shown in Fig. A11 and

given in details in Chapter 5.
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Fig. A12 Vertical load versus vertical displacement of the single pile embedded in sandy
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From Fig. A12, the ultimate vertical capacity of the pile equals 450 kN and corresponds
to vertical displacement equals to 40% D. The vertical load used in the analyses in Chapter 5
equals to 336 kN and corresponds to 10% D (i.e. vertical load = 75 % of the ultimate vertical
capacity of the pile (P,)).
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APPENDIX A2

Calculation of the normal stiffness and shear stiffness of the interface
elements

The normal and shear stiffness of joints are selected based on sensitivity FE analyses of the
single pile embedded in sandy soil and having the properties given in Fig. All. In these
analyses, the pile is loaded either vertically or laterally. Figure A21 shows the vertical load-
vertical displacement curves calculated with different normal and shear stiffness of joint
elements (in this analysis, the normal and shear stiffness is assumed to be equal). The figure
indicates that the change in the load-deflection curve is become insignificant as the joint stiffness
becomes high (i.e. K=10°, 10® kN/m®). It is worth to note that if K exceeds 10° kN/m?>, the
analysis is stopped due to divergence.

Figure A22 shows the vertical load and soil shear stress variations with depth. This figure
shows that except for stiffness value of 100 kN/m’, the vertical load and soil shear stress
variations with depth are independent on the joint stiffness values.

Figure A23 Confining stress and soil strain variations with depth. This figure shows that
except for stiffness value of 100 kKN/m’, confining stress and soil strain variations with depth are

independent on the joint stiffness values.
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Fig. A21 vertical load-vertical displacements curves at different joint element stiffness
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Fig. A22 Vertical load and soil shear stress variation with depth; (a) vertical load and (b)
soil shear stress
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Fig. A23 Confining stress and soil strain variation with depth; (a) confining stress and (b)
soil strain
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% Relative density

Table B5.1 Relation between falling height and relative density

Fallina Heiaht (cm) | Weiaht (a) I Yd (9/cm®) | %Dr
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Fig. B5.1 Relation between falling height and relative density
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