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ABSTRACT

In the present study, dynamic response characteristics of hollow steel piles under varying
levels of rotating machine induced vertical and coupled (horizontal and rocking)
excitations are investigated. A single pile and four set of pile groups (3-pile group, 2 x 2,
2 x 3, and 3 x 3-pile group) are constructed in the field for dynamic testing. The
frequency-amplitude responses of single and group piles are measured for four different
eccentric moments and three different static loads under vertical and coupled vibration.
The main purpose of the study is to monitor the effect of various influencing factors i.e.,
eccentric moment, static load and different pile arrangements on the dynamic response of

piles under vertical and coupled vibration.

Theoretical study is performed using continuum approach with superposition method to
determine the dynamic response of the single pile and pile groups under vertical and
coupled modes of vibration. Both linear and nonlinear analyses are performed to find out
the dynamic responses of the pile foundations. In linear analysis, a perfect bonding
between the pile and soil is considered. However in the case of nonlinear analysis, weak
boundary zones around the pile and soil-pile separation are incorporated. The theoretical
responses obtained using both linear and nonlinear analyses are compared with the
measured dynamic responses of piles. The linear analysis overestimated the resonant
frequency and underestimated resonant amplitude values as compared to dynamic field
test results for all the soil-pile systems. On the other hand, reasonable match between the
test and nonlinear theoretical responses are found for single and group piles under
different modes of vibration. In addition to that the possible variations of the weak
boundary zone parameters and soil-pile separation lengths are predicted from the

nonlinear analysis for vertical and coupled vibration. The variations of stiffness and

Vv



damping of soil-pile systems with frequency are presented using linear and nonlinear
analysis. The dynamic pile-soil-pile interaction behaviors in terms of group efficiency
ratio (GER) are also studied for different modes of vibration. Finally, a methodology is
explained to convert the experimental results of the model pile to full scale prototype pile

using scaling law.

Keywords: Coupled excitation, Damping, Group pile, Linear analysis, Nonlinear

analysis, Separation, Scaling law, Single pile, Stiffness, Vertical vibration
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Complex rocking stiffness of soil at the pile tip

Horizontal static stiffness of single pile

The soil stiffness of the outer medium for horizontal vibration
The soil stiffness of the inner medium for horizontal vibration
Horizontal stiffness of embedded footing or pile cap
Horizontal stiffness of single pile

Cross stiffness of single pile

Cross stiffness of embedded footing or pile cap
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K Vertical static stiffness of single pile

k¢ Vertical stiffness of embedded footing or pile cap

kb Vertical stiffness of single pile

ke Rocking stiffness of embedded footing or pile cap

k'/l/'// Rocking stiffness of single pile

Ko Modified Bessel functions of order zero

K Modified Bessel functions of order one

K® Complex group stiffness

Ke(A) Equivalent linear stiffness

K Elements of the structure matrix

K., Total horizontal stiffness of pile

Ky, Total cross stiffness of pile

K Total vertical stiffness of pile

K,, Total rocking stiffness of pile

KL, Total complex horizontal stiffness of single pile in composite
medium

K Total complex vertical stiffness of single pile in composite medium

K;W Total complex rocking stiffness of single pile in composite medium

K;W = Kiu//u Total complex cross stiffness of single pile in composite medium

K, Complete horizontal stiffness of single pile

KL}W = K.iu Complete cross stiffness of single pile

K. Complete vertical stiffness of single pile

K;u/ Complete rocking stiffness of single pile

KE Horizontal stiffness of pile group

wa Cross stiffness of pile group

KS Vertical stiffness of pile group
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[K.]

P(t)
{P}

Rocking stiffness of pile group

Element stiffness matrix of the soil underlying the pile tip
Element stiffness matrix for horizontal vibration

Element stiffness matrix for vertical vibration

Structure stiffness matrix

Structure stiffness matrix of single pile for horizontal vibration
Structure stiffness matrix of single pile for vertical vibration

Separation length between pile and soil

Length of the pile

Mass of eccentric rotating part in oscillator

Effective mass of the system

Total mass of footing or pile cap

Real amplitude of moment

Moment of element corresponding to end rotations

Total moment of excitation for coupled vibration

Excitation moment

Number of piles in a group

SPT value

Vertical end forces of element corresponding to end displacements
Static axial force (load of the pile)

Resultant horizontal reaction acting on embedded surface (sides) of
footing

Reactive moment of forces acting on footing sides about center of
gravity

Lateral soil resistance

Ultimate soil resistance

Real amplitude of dynamic force

Horizontal excitation force

Vector of forces
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rn
e
R

I:Qinter
Rx(t)
Ry(t)

S

Su

Scu1| Scu2
Scw11 SCWZ
Scy/la Scy/Z
Soull Sou2
Smu1, Smu2
Smwl, SmWZ
Smwly sz//2
Sul1 SuZ

Swl; SW2

Sl//11 S{//2

t

Ug, U2
Via
Vi

Radius of the topmost element of the pile

Radius of footing or pile cap

Radius of circular pile

strength reduction factor

Horizontal reaction at the footing base

Reactive moment of forces acting at footing base about center of
gravity

Spacing of piles in a group

Undrained shear strength

Stiffness and damping parameters of side layer for horizontal
vibration

Stiffness and damping parameters of side layer for vertical vibration
Stiffness and damping parameters of side layer for rocking vibration
Horizontal stiffness and damping parameters of outer medium
Dimensionless stiffness and damping parameters of composite
medium for horizontal vibration

Dimensionless stiffness and damping parameters of composite
medium for vertical vibration

Dimensionless stiffness and damping parameters of composite
medium for rocking

Real and imaginary parts of the dimensionless complex stiffness in
horizontal direction (u)

Real and imaginary parts of the dimensionless complex stiffness in
vertical direction (w)

Real and imaginary parts of the dimensionless complex stiffness in
rotation or rocking ()

Time

Thickness of inner soil medium

Horizontal displacement of pile

Horizontal end displacements of the element

Lysmer’s analog velocity

Shear wave velocity of soil in the lowest layer
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Vs

Wi, W2

Greek symbols

[a],
[a],

Shear wave velocity of the soil

Vertical displacement of pile

Vertical end displacements of the element
Resonant amplitude of vertical vibration

Weight of eccentric rotating part in oscillator
Total weight of footing or total static load on pile

Distances of each pile from centre of gravity of foundation

Pile deflection

Critical pile deflection

Height of the center of gravity above the footing base

Height of horizontal excitation force above the center of gravity of

footing

Complex dynamic interaction factor

Real part of the complex dynamic interaction factor
Imaginary part of the complex dynamic interaction factor
Rayleigh damping coefficients

Dynamic interaction factor of pile group

Static interaction factor
Matrix of interaction factors

Interaction matrix for horizontal translation and rotations
Interaction matrix for vertical translation

Frequency-independent soil material damping
Angle of pile with direction of loading
Loss angle

Relative embedment

Dynamic displacement of pile i due to load on pile j
Static displacement of pile j due to its own load

Vector of displacements
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g & 8 s o

Vm
Vs

A A

Wi, Y2
Wr
Wri-ress Wr2-res

H
&3i2j

H
&ria2j1

An

Angle of eccentricity

Friction angle of soil

Angle between the direction of load and the plane in which piles lie
Circular frequency

The frequencies corresponding to the points of interaction between
the response curve and a line passing through the origin of
coordinates

The components of the rotational vector

Damped resonant circular frequency

Undamped resonant circular frequency

Two resonant frequencies of coupled vibration

Mass of the pile per unit length

Mass density

Poisson’s ratio of soil

Poisson’s ratio of inner zone

Poisson’s ratio of outer zone

Real part and imaginary part of Lame’s constant

Effective mass coefficient

Rotation (rocking) in vertical plane

Rotational (rocking) end displacements of the element

Amplitude of rocking motion

First and second resonant amplitudes for rocking motion

Complex elements of [«],; that correspond to the moments
associated with rotations

Complex elements of [«],; that corresponds to the horizontal forces
associated with horizontal displacements

Elements of [a],'

Complex frequency parameter

Relative volume change

Maximum amplitude of pile for horizontal vibration

XXVi



List of Symbols

Ar
Ay
Q

Abbreviations

BEM
BH
C.G.
DC
Deg
DOF
Eq.
FE
FEM
Fig.
GER
Hz

kN
L.L.

mm
M.P.F.
P.L.
Rad
RPM
SDOF
SPT
USCS
2-D
3-D

Maximum amplitude of pile for rocking vibration
Maximum amplitudes of pile for vertical motion

Backbone curve

Boundary element method
Bore hole

Center of gravity
Direct-current

Degree

Degree of freedom
Equation

Finite element

Finite element method
Figure

Group efficiency ratio
Hertz

Indian standard

Kilo Newton

Liquid limit

Meter

Millimeter

Mass participation factor
Plastic limit

Radian

Revolutions per minute
Single degree of freedom
Standard penetration test
Unified soil classification system
Two dimensional

Three dimensional
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