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ABSTRACT

This study includes the determination of soil-pile separation lengths and
frequency-amplitude responses of single and group piles under rotating machine induced
vertical and coupled i.e. horizontal and rocking vibrations by experimental investigation.
Another aspect of the present study is the estimation of boundary zone parameters for
single and group piles using the measured responses of the soil-pile systems by numerical
analysis. To fulfil these objectives, forced vibration tests were performed in the field on a
single pile and a 2 x 2 pile group made of hollow steel piles of length 5.8 m and outer
diameter of 0.166 m to determine the frequency-amplitude responses for different
eccentric moments under a static load of 15 kN. In addition to that the soil-pile separation
lengths of single and group piles are determined by measuring the contact pressure
between the pile and soil. The experimental frequency-amplitude responses of the single
pile and 2 x 2 pile group are found nonlinear in nature for both vertical and coupled

modes of vibration.

The numerical analyses are performed by continuum approach and superposition
method to determine the dynamic response of pile foundations using the soil-pile
separation lengths obtained from the dynamic pile tests. Comparing the analytical
frequency versus amplitude responses with the experimental response curves, the best
possible variations of boundary zone soil parameters are determined for different
eccentric moments and under vertical and coupled modes of vibration. In this study, the

continuum approach is found very efficient for prediction of the nonlinear responses of



single pile as well as pile group with precise inclusion of the boundary zone parameters
and soil-pile separation lengths. The variations of stiffness and damping of the soil-pile
systems with frequency are presented for all the modes of vibration using the numerical
analysis. The pile-soil-pile interaction phenomenon of the 2 x 2 pile group is also
investigated by calculating the group efficiency ratios (GER) of the pile group for
different eccentric moments and vibration modes. The effect of slenderness ratio of pile,
the pile head fixity conditions and the spacing between the piles of pile group on the
dynamic response of the pile foundation are demonstrated using the continuum approach
analysis. A comparative study is also performed for single pile and 2 x 2 pile group under
both vertical and coupled modes of vibration using three different analytical methods: 1.

Novak (1974), 2. Novak and El Sharnouby (1983), 3. Novak et al. (1999).

Various design charts are proposed based on the finding of the study, to estimate
the soil-pile separation lengths and boundary zone parameters for the single pile and 2 x 2
pile group under vertical and coupled vibrations. The applicability of the proposed design
charts is validated for full-scale prototype piles using scaling law. It is found that the
proposed design curves can be used to determine the nonlinear frequency-amplitude
responses of the full-scale pile foundations under both vertical and coupled vibrations for
similar soil-pile conditions. The charts are also validated using experimental data of
various literature to check the reliability of the design charts. It is found that the proposed
design charts can be used to determine the nonlinear frequency versus amplitude
responses of the pile foundations under vertical and coupled vibrations for similar type of

soil-pile conditions.

Vi
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LIST OF SYMBOLS AND ABBREVIATIONS

Most of the symbols are defined as they appear in the thesis. Some of the most

common symbols which are used repeatedly are listed below.

Roman symbols

Qo Dimensionless frequency

a0 Complex dimensionless frequency

A Cross-sectional area of pile

B Integration constant

C Integration constant

C Cohesion of soil

Ci Equivalent viscous damping of single pile in cross direction

co Equivalent viscous damping of pile group in cross direction

Ci Coefficient of pile internal damping

cllJ Equivalent viscous damping of single pile in horizontal direction
cf Equivalent viscous damping of pile group in horizontal direction
Cv Equivalent viscous damping

C\% Equivalent viscous damping of single pile in vertical direction
S Equivalent viscous damping of pile group in vertical direction
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List of Symbols and Abbreviations

C, Equivalent viscous damping of single pile in rocking direction
cf,,3 Equivalent viscous damping of pile group in rocking direction
d Diameter of pile

D Damping ratio of soil

Do Damping ratio of soil below pile tip

Dnm Damping ratio of inner boundary zone soil

e Eccentricity of rotating masses of oscillator

E Young’s modulus of pile

Em Young’s modulus of model pile

Ep Young’s modulus of prototype pile

Es Young’s modulus of soil

fi Dimensionless function

F A coefficient for frequency variation of dynamic interaction factors
Fi Amplitude of axial force

g Acceleration due to gravity

G Shear modulus of soil

Gob Shear modulus of soil below pile tip

Gnm Shear modulus of inner boundary zone soil

hi Length of pile element

Hi Amplitude of horizontal force

{H} norizontal forces at the pile heads of a pile group

[ Imaginary unit satisfying i? = -1
I Moment of inertia of pile
Im Moment of inertia of model pile

lp Moment of inertia of prototype pile
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List of Symbols and Abbreviations

kinner

kouter

ku

k{//b
k{//l
Ko

K1

Stiffness of single pile in cross direction

Stiffness of pile group in cross direction

Inner boundary zone complex stiffness of soil in horizontal direction
Outer boundary zone complex stiffness of soil in horizontal direction

Equivalent linear complex stiffness of soil in horizontal direction

Stiffness of single pile in horizontal direction

Stiffness of pile group in horizontal direction

Stiffness of an individual pile member for coupled vibration

Complex stiffness of pile base in horizontal direction
Linear complex stiffness of soil in horizontal direction

Equivalent linear complex stiffness of soil in vertical direction

Stiffness of single pile in vertical direction
Stiffness of pile group in vertical direction

Stiffness of an individual pile member for vertical direction

Complex stiffness of pile base in vertical direction
Linear complex stiffness of soil in vertical direction

Equivalent linear complex stiffness of soil in rocking direction

Stiffness of single pile in rocking direction

Stiffness of pile group in rocking direction

Complex stiffness of pile base in rocking direction
Linear complex stiffness of soil in rocking direction
Zero order modified Bessel function of second kind

First order modified Bessel function of second kind
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List of Symbols and Abbreviations

Ke

Kus

Dynamic stiffness of single pile in cross direction

Complex stiffness of single pile in cross direction

Complex stiffness of pile group in cross direction

Cross stiffness generated due to the coupling between lateral force and
moment (=K, = K/,,) at pile node n

Dynamic stiffness of the single pile in vertical direction

Complex stiffness of single pile in vertical direction

Complex stiffness of pile group in vertical direction

Stiffness corresponding to the vertical force at pile node n

Static stiffness of single pile in vertical direction

Dynamic stiffness of single pile in horizontal direction

Complex stiffness of single pile in horizontal direction
Complex stiffness of pile group in horizontal vibration

Stiffness corresponding to lateral force at pile node n

Static stiffness of single pile in horizontal direction

Dynamic stiffness of single pile in rocking direction

Complex stiffness of single pile in rocking direction
Complex stiffness of pile group in rocking direction

Stiffness corresponding to moment at pile node n

Stiffness matrix of the soil/element below pile tip
Total stiffness matrix of pile for vertical vibration

Total stiffness matrix of pile for coupled vibration
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List of Symbols and Abbreviations

Mi

{M}

{P}

Ro

Rb

Sul

Su2

Subl

Sub2

Sull

Length of pile

Mass of eccentric rotating part in oscillator

Amplitude of the moment in vertical plane

Moments at pile heads of a pile group

Scaling factor for full-scale pile length to model pile length

SPT value

Static axial force on pile

Soil resistance in lateral direction

Dynamic force of oscillator

Vertical forces at pile heads of a pile group

Radius of pile

Radius of pile plus thickness of inner boundary zone soil (=R + tm)
Radius of pile tip

Spacing of piles in pile group

Dimensionless stiffness parameter of equivalent linear soil stiffness in
horizontal direction

Dimensionless damping parameter of equivalent linear soil stiffness in
horizontal direction

Dimensionless stiffness parameter of the pile base complex stiffness in
horizontal direction

Dimensionless damping parameter of the pile base complex stiffness in
horizontal direction

Dimensionless stiffness parameter of linear soil stiffness in horizontal

direction

XXVii



List of Symbols and Abbreviations

SuIZ

Svl

Sv2

val

vaz

Svll

Svl2

Sy/bl

S{//bZ

S{//l 1

Dimensionless damping parameter of linear soil stiffness in horizontal
direction

Dimensionless stiffness parameter of equivalent linear soil stiffness in
vertical direction

Dimensionless damping parameter of equivalent linear soil stiffness in
vertical direction

Dimensionless stiffness parameter of the pile base complex stiffness in
horizontal direction

Dimensionless damping parameter of the pile base complex stiffness in
vertical direction

Dimensionless stiffness parameter of linear soil stiffness in vertical
direction

Dimensionless damping parameter of linear soil stiffness in vertical
direction

Dimensionless stiffness parameter of equivalent linear soil stiffness in
rocking direction

Dimensionless damping parameter of equivalent linear soil stiffness in
rocking direction

Dimensionless stiffness parameter of the pile base complex stiffness in
rocking direction

Dimensionless damping parameter of the pile base complex stiffness in
rocking direction

Dimensionless stiffness parameter of linear soil stiffness in rocking

direction
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List of Symbols and Abbreviations

Sy/lZ

tm

Vn

{v}
U1234
Vs

Vp

Ws

Dimensionless damping parameter of linear soil stiffness in rocking
direction

Time

Thickness of boundary zone soil

Horizontal displacement of pile

Time derivative

Displacement at pile node n in horizontal direction
Vertical displacement of pile

Time derivative

Displacement at pile node n in vertical direction
Vertical displacements at pile heads of a pile group
Integration constants

Shear wave velocity of soil

Shear wave velocity soil below pile tip

Weight of eccentric rotating part in oscillator
Static Load

Pile defection in lateral direction

Depth of pile

Greek symbols

a1

a2

ad

A constant quantifies the dependency of stress level on the system stiffness
Real part of complex dynamic interaction factor
Imaginary part of complex dynamic interaction factor

Complex dynamic interaction factor
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List of Symbols and Abbreviations

aij

[o+]
[ow]

Sin

&ij’

Vb

Vm

Complex vertical interaction factors of individual piles in a group between
piles i and j

Complex cross interaction factors of individual piles in a group between
piles i and j.

Complex horizontal interaction factors of individual piles in a group

between piles i and j.

Complex rocking interaction factors of individual piles in a group between
piles i and j.

Static interaction factor

Dynamic group interaction matrix for coupled vibration
Dynamic group interaction matrix for vertical vibration
frequency independent soil material damping

Circular frequency

Rocking displacement (rotation) of pile

Rotation at pile node n

Complex elements of inv[an]

Complex elements of inv[ay]

Mass of pile per unit length

Poisson’s ratios for outer zone of soil

Poisson’s ratio of soil below pile tip

Poisson’s ratios for inner zone of soil

Complex frequency parameter for vertical vibration
Friction angle of soil

Eccentric angle between rotating masses of oscillator
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List of Symbols and Abbreviations

1.2 Complex frequency parameters for coupled vibration

Abbreviations

AC Alternating-current

@ At the rate of

BEM Boundary element method
BH Borehole

C.G. Center of gravity

CuU Consolidated undrained
Eq. Equation

FE Finite element

FEM Finite element method
Fig. Figure

GER Group efficiency ratio
hp horsepower

Hz Hertz

N Newton

LL Liquid limit

m Meter

mm Millimeter

MPF Mass participation factor
psi Pounds per square inch
Pa Pascal

PL Plastic limit

Rad Radian
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List of Symbols and Abbreviations

RPM Revolutions per minute

S Second

SPT Standard penetration test

USCS Unified soil classification system
° Degree
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