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cavity radius (m);

initial cavity radius (m);

final cavity radius (m);

radius of the external boundary in a cavity expansion problem (m);
radius of the plastic zone in a cavity expansion problem (kPa);
cohesion (kPa);

cohesion of the bond element in DEM (MPa);

pile diameter (m);

size of the prediction sphere (m);

distance between the centres of particles 1 and 2 (m);

median particle size (m);

normal dashpot;

shear dashpot;

damping constant at the contact;

Young’s modulus (MPa);

effective modulus of the particles in DEM (MPa);

bond effective modulus (MPa);
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F(e):

Gref:

Is:

Imax:

void ratio;

friction force acting parallel to the slipping plane (kN);

normal force at the contact interface between contacting particles (kN);

shear force at the contact interface between contacting particles (kN);

normal force between two contacting particles at the beginning of the timestep (kN);
shear force between two contacting particles at the beginning of the timestep (kN);
resultant force in the x direction (kN);

resultant force in the y direction (kN);

Hertz normal force (kN);

Hertz shear force (kN);

Hertz shear force at the beginning of the timestep (kN);

. shear strength at the contact interface (kPa);

: maximum shear strength of the linear frictional component (kN);

: maximum shear strength of the parallel cementation bond component (kN);

void ratio function;

shear modulus (MPa);

modulus number;

surface gap between contacing particles (m);
maximum gap between contacting particle (m);

horizontal force appied to the particle (kN);

elastic shear modulus exponent;
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shear stiffness of linear springs (N/m);

rolling stiffness of linear springs (N/m);
stiffness ratio between normal stiffness and shear stiffness (N/m);
linear component spring stiffness ratio (normal stiffness/shear stiffness);
normal stiffness of linear springs (N/m);
shear stiffness of linear springs (N/m);
normal stiffness of bond element (N/m);
shear stiffness of bond element (N/m);
the distance between the centres of contacting particles (m);
the embeded length of the pile in Strain Path Method;
linear frictional components;
the slope of critical state line;
resultant moment (kNm);
twisting moment (kNm);
bending moment (kNm);

rolling resistance torque (kNm);

: limiting toque of rolling resistance torque (kNm);

the normal force acting perpendicular to the slipping plane (kN);
total number of broken cementation bonds;
ratio between the total number of cementation bonds;

modulus exponent;
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the centre of the contact interface between balls A and B;

the centre of the contact interface between balls A and B’;

cavity pressure (kPa);

external radial stress (kPa);

internal radial stress/cavity pressure in cavity expansion theory (kPa);
internal cavity pressure (kPa);

radial pressure (kPa);

hoop stress (kPa);

maximum cavity pressure (kPa);

the progress of the cavity expansion;
parallel cementation bond components;
reference pressure equal to 100 kPa;
radial stress (kPa);

initial mean effective stress (kPa);
constant limiting pressure causing a continous cavity expansion (kPa);
deviatoric stress (kPa);

particle size (m);

radius of particle 1 (m);

radius of particle 2 (m);

number of broken cementation bonds;
radius of the column to be installed (m);

radial distances measured from the corresponding initial cavities (m);
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AP:

Hertz contact model particle effective radius (m);
radius of the prediction sphere A (m);

radius of the prediction sphere B (m);

radial distance (m);

initial radial distance of a soil element (m);
undrained shear strength (kPa);

vertical force appied to the particle (kN);

volume of the expansion (m?);

a model paramater used in cavity expansion theory;
a model paramater used in cavity expansion theory;
a model paramater used in cavity expansion theory;
a model paramater used in cavity expansion theory;

a cylindrical coorindate (e.g. z at the ground surface is 0);

composite state parameter defined as a function of the speficic volume and the mean

effective stress;
slope of the critical state line;

bond radius mutiplier;
!
the intercept on the specific volume axis when p /Pre ;= 1;

central angle in cavity expansion simulation (degree);
angle of the slipping plane (degree);

Hertz contact model exponent;

shear displacement increment in a timestep (m);

radial displacement (m);
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A6,:  radial displacement increment in a timestep (m);

AS,: normal displacement increment in a timestep (m);

9 Poisson’s ratio;

9 Specific volume;

Weq: rotational velocity of particle A (rad/s);
Wp: rotational velocity of particle B (rad/s);
At: increment of timestep (s);

U friction cofficient/interparticle friction;
Uy rolling resistance coefficient;

Uwar: Wwall friction coeffecient;

ut: friction coefficient of the linear frictional component;
n: a model paramater used in cavity expansion theory;
M : a model paramater used in cavity expansion theory;
B: a model paramater used in cavity expansion theory;

Orss:  soil radial movement in Strain Path Method;

6,ss:  soil vertical movement in Strain Path Method;

oq: major principle stress in Mohr’s circle setting (kPa);

03! minor principle stress in Mohr’s circle setting (kPa);

Op,: initial radial stress (kPa);

Oy : cavity expansion radial stress (kPa);

of :  radial stress in the elastic region during the cavity expansion (kPa);

o, :  radial stress in the plastic region during the cavity expansion (kPa);



0yp: cavity expansion hoop stress (kPa);

ag: hoop stress in the elastic region during the cavity expansion (kPa);
crg : hoop stress in the plastic region during the cavity expansion (kPa);
Oy initial stress in X direction (kPa);
ay: initial stress in y direction (kPa);

0]? . tensile strength of a cementation bond (kPa);

0,: instant normal stress of the cementation bond (kPa);

0]? . tensile strength of the cementation bond (kPa);
Te: shear strength of a cementation bond (kPa);

Ag@,: relative rotation increment between contacting particles in a timestep (degree);
Q: friction angle (degree);

Q- effective stress friction angle (degree);

@,,:  moblised friction angle (degree);

Dy ultimate value of the friction angle (degree);

ty.  critical state/constant volume friction angle (degree);

Y. dilation angle (degree);
Yy: ultimate value of the dilation angle (degree);

Y mobilised dilation angle (degree);

T: shear stress (kPa);
&yt volumetric strain;
&t shear strain;

y: deviatoric strain;



cross section area in Strain Path Method;

a model paramater used in cavity expansion theory;

a model paramater used in cavity expansion theory;

a model paramater used in cavity expansion theory;

angle of the rotation of the cementation bond due to twisting (degree);

angle of the rotation of the cementation bond due to bending (degree);
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Abstract

Rigid inclusions, generally made of structural concrete, are widely employed to reduce
the settlement and enhance the bearing capacity of the ground by transferring loads from
superstructures through weak soil layers to a firm underlying stratum. However, the
installations of rigid inclusions such as driven piles and controlled modulus columns can
induce irreversible changes of the soil stress - strain state, and lead to excessive lateral

soil movements during the auger penetration or pile driving/hammering process.

This thesis proposes a rigorous numerical modelling to investigate the installation effects
of rigid inclusions on surrounding ground via cavity expansion simulation adopting
discrete element method. The benefits of adopting the discrete element method is
attributed to its capability in simulating large displacements and distortions, as well as
incorporating the discontinuous nature of granular materials and providing a microscopic
insight into the problem. True scale three-dimensional discrete element models
simulating the creation of cylindrical cavities from zero initial cavity radius in dry clean
and lightly cemented sands are developed. Contact constitutive models mimicking the
behaviour of dry clean granular materials and lightly cemented sands are calibrated
against existing laboratory experimental results. The numerical models proposed contain
up to 500,000 particles with boundary conditions carefully selected to reproduce realistic
scenarios. Embedded scripting is adopted to precisely record both the local and global
stress and strain variations, as well as the cementation bond breakage during the cavity

expansion process.
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The results confirm that the selection of arbitrary initial cavity radius could significantly
influence the soil response at the earlier stages of the cavity expansion. For a given
expansion volume, creating a cylindrical cavity from zero initial radius induces larger
stresses in the soil compared to expanding existing cavities in the same soil medium from
a nonzero given initial radius. This implicates that the estimation of the pile driving force
may be largely underestimated adopting the approximation method based on the existing
cavity expansion theories, requiring an assumptive initial cavity radius. In addition, the
soil lateral displacements, depending on the gradation and the relative density, can reach
up to 30 R, (R, is the radius of the pile) during the installation, and the loose sand in a
plane strain condition can even exhibit dilation during the early stages of the cavity
expansion. In the lightly cemented sands, the installation of rigid inclusions or cavity
expansion can lead to significant cementation degradations. The influence zone of
cementation degradation observed in cemented sand with various cement content can
extend to approximately 4R, in which the shear strength of the soil is significantly
reduced due to the cementation bond breakage, which may lead to the reduction in axial
capacity, adversely influencing the pile toe stability. Within this influence zone, the
displacement induced by the installation is not sensitive to the level of cementations,
while soils with higher cement content are expected to experience larger radial
displacements beyond this influence zone. Hence, extra care must be taken by practicing
engineers when assessing the required pile driving pressure and the installation effects of
ground inclusions in the vicinity of existing structures such as pipelines and bridge

abutments in both granular materials and lightly cemented sand.

XX1il



	Title Page
	Certificate of Original Authorship
	Acknowledgement
	List of Publications
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols
	Abstract

