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Abstract

Electro-mechanical behaviour of granular materials represents a significant multi-physical
problem, garnering considerable interest and extensive application across various industries. A
multitude of experimental and discrete element method (DEM) studies have investigated the
interaction mechanisms of mechanical and electrical behaviour in particulate systems from both
microscopic and macroscopic perspectives. However, acquiring data at the grain-scale through
experiments is challenging, and comprehensive analysis and formulation of models for overall
electrical resistance between contacting objects (particle-to-particle or particle-to-wall) under
mechanical loading are still needed.

This research aims to develop understanding of the interaction between mechanical and
electrical behaviour in particulate systems across both micro and macro scales. An electro-
mechanical contact model is developed to represent both particle-to-particle and particle-to-
wall interactions, characterised by particle resistances and contact resistances in overlapping
regions. The modelling of contact resistance follows Hertz and Holm’s theories, while the
particle resistance is estimated by considering the geometric transformations of particles under
mechanical force. The model is verified and validated against analytical solutions and
experimental data in the literature.

The high pressure torsion (HPT) and drained triaxial monotonic compression tests are
utilised in this thesis to systematically study electrical response characteristics under different
mechanical loading conditions. A DEM model of HPT test is developed to examine the effect
of sand particle characteristics on tribological behaviour at the wheel-rail interface,
complemented by an in-house Python code to simulate realistic fragment size distribution
following particle breakage. The electro-mechanical contact model is employed in the HPT test
to examine the variations in electrical resistance at the wheel-rail interface when conductive
and non-conductive sands are applied individually, as well as when a mixture of both particles
is utilised. Furthermore, three samples of varying inherent anisotropies are compressed under
drained triaxial monotonic condition to investigate the effect of anisotropy on the electrical

responses of the particulate system.



The findings indicate that the particle size and mass, the number of particles, and the
fragment size distribution (FSD) have a significant effect on the tribological behaviour at the
wheel-rail interface. Two commercial conductive particles can reduce HPT electrical resistance
to below 10 Q, and that mixing 5% conductive particles to silica sand dramatically drops the
HPT resistance from 55 kQ to 220 Q. Drained triaxial monotonic compression tests on loose
samples reveal that those with predominantly vertical contact orientations (Ver L) show the
fastest growth in deviator stress ratio (¢/p ") and pronounced dilative behaviour, while those with
predominantly horizontal contact orientations (Hor L) exhibit the largest decrease in
coordination number (CN) and minimal increase in mean contact area (4). Differences in bulk
resistance trends across samples at small to medium strain levels converge to similar decreasing

trends at residual state (45% axial strain).
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Chapter 1 Introduction

1.1 Motivation and Background

Electro-mechanical behaviour in particulate systems is one of the current multi-physics
problems of most interest, dating back to the pioneering work of Branly in the late 19th century
(Branly, 1873; Falcon and Castaing, 2005; Holm, 1967; Renouf and Fillot, 2008). His
observations demonstrated that in the presence of an external electric field, loose or imperfect
contact between metal particles undergoes a significant electrical transition leading to the
transformation of a highly resistive state into an electrically conductive state. This phenomenon
was further explored by Lodge, who introduced the concept of “cohering” particles, where
metal particles rearrange themselves and come into contact due to electric field, forming
conductive chains that lead to a reduction in electrical resistance (Falcon and Castaing, 2005).

Despite the early excitement arising from these discoveries, the fundamental mechanisms
underlying the electro-mechanical behaviour in particulate systems, such as the role of contact,
particle material, and surface properties, have remained poorly understood for decades. In
particular, investigations concerning the conductivity of particulate systems under external
forces and the dynamic coupling of electrical and mechanical interactions have remained
largely unexplored. From the beginning of the 21st century, a large number of experimental
studies have been conducted to quantitatively analyse the evolution of the electrical properties
of the particulate system at the macroscopic scale in response to the application of mechanical
loads and identified a direct link between them (Arias-Cuevas et al., 2010a; Creyssels et al.,
2017; Falcon et al., 2004; Falcon and Castaing, 2005; Lewis et al., 2014; Skipper et al., 2023).
However, the relevance of electrical conduction properties at the particle-scale in relation to
inter-particle contact is usually highlighted only in a qualitative manner.

The discrete element method (DEM) enables an in-depth study of the complex relationship
between electrical and mechanical behaviour in particulate systems. DEM can simulate the
interaction between an individual particle and its adjacent particles, thus investigating how the
contact forces, particle motions and electrical properties evolve under different loading

conditions. This is a major leap forward compared to the experimental limitations of the past,



allowing a more detailed and systematic exploration of how mechanical loading affects the
electrical behaviour of particulate systems. Although previous electrical conduction models can
be employed for the study of electrical behaviour in particulate systems (Bourbatache et al.,
2012; Renouf and Fillot, 2008; Reynolds et al., 2021; Sangrés Giménez et al., 2020), they still
need to be refined.

On the other hand, the interaction between the mechanical and electrical behaviour of
geomaterials in practical engineering applications has become one of the areas of increasing
interest, and it is a challenge to apply the electro-mechanical model to it and study it accordingly.
In this study, an attempt is made to comprehensively analyse and model the components of
electrical resistance in particle-to-particle and particle-to-structure contacts in particulate
systems; and to apply the presented electro-mechanical contact model to the practical

application of geomaterials.

1.2 Aim and Objectives

The aim of the thesis is to develop understanding of interaction between mechanical response
and electrical behaviour within particulate system under loading conditions. This includes
establishing an electro-mechanical contact model to analyse electrical transfer in particulate
systems during mechanical loading, applied to high pressure torsion (HPT) and drained triaxial
compression tests. The HPT test investigates the effects of sand particle characteristics at the
wheel-rail interface on tribological and electrical conduction properties, while the triaxial test
examines the role of inherent anisotropy on mechanical and electrical behaviour.

The key objectives of this thesis are as below:

e Oi: Critically review existing models for assessing electrical transfer under
mechanical loading, identify their limitations, and present new electro-mechanical
model to overcome these limitations. Also verify and validate the accuracy and
reliability of the model through published analytical solutions and experimental data.

e O2: Simulate small-scale HPT tests to understand the key mechanisms of particle
characteristics on tribological behaviour in the interface.

e  O3: To apply the electro-mechanical contact model to HPT test for investigating the
electrical conduction properties under mechanical loading when either conductive or

non-conductive particles are used alone, as well as when a mixture of both types of
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particles is present at the interface.
e O4: To conduct DEM simulation of drained triaxial compression test using samples
with different inherent anisotropy for studying the evolution of mechanical response

and electrical behaviour within particulate systems.

1.3 Outline of Thesis
This thesis contains six chapters in total. Chapter 1 introduces the research background, the aim
and objectives of research, research contributions, and provides an outline of the thesis.

Chapter 2 provides the reader with basis to understand the contents of the thesis. The
chapter begins with an introduction to the governing equations of particle motion, contact model,
and scaling laws used in DEM simulations. It then reviews DEM studies on the mechanical
response and electrical behaviour of particulate systems under loading, including the influence
of anisotropy. In light of the series of studies conducted in this thesis, which focus on the sand
particles acting between the wheel and the rail; the chapter also reviews the modelling of
crushable materials and examines the effect of sanding on the tribological behaviour at the
wheel-rail interface.

Chapter 3 develops a DEM model of the HPT test to individually investigate the effect of
different particle characteristics on the tribological behaviour at wheel-rail interface. At a
macroscopic level, the tribological performance of the wheel-rail contact is quantified by
estimating the coefficient of traction (CoT), calculated as the ratio of shear force to normal load.
At the microscopic level, the effect of fragments generated by the breakage of the sand particles
during the HPT test is discussed on the tribological characteristics of the wheel-rail contact. In
addition, this chapter also introduces an in-house Python code to model the sand particles as
cluster particles.

Chapter 4 presents an electro-mechanical contact model to investigate the electrical
response within a particulate system under mechanical loading. The model is verified and
validated using previously published analytical and experimental data. The model is further
applied to DEM simulations of the HPT test to investigate the electrical behaviour at the wheel-
rail interface. The effects of conductive and non-conductive particles separately, as well as the

impact of mixtures of conductive and non-conductive particles on electrical conduction



properties at the interface are discussed. The effect of resistivity for conductive particles on the
variation of electrical resistance at the interface is studied. The compression test and Scanning
Electron Microscopy (SEM) are performed to examine the effect of conductive and non-
conductive particles on the electrical behaviour at the interface at both the macro and micro
scales.

Chapter 5 considers the inherent anisotropy of particulate system at triaxial compression
tests. Three DEM samples with different initial anisotropic degrees (ap) are generated at
approximately the same initial void ratio (ep) and initial mean coordination number (CNy). The
evolution of mechanical response and the electrical behaviour of each sample during drained
monotonic loading is studied. In addition, the links between the mechanical response and
electrical behaviour of these three samples under drained monotonic loading and their induced
anisotropy and interparticle contact area are discussed.

Chapter 6 summarises the overall conclusions drawn at each chapter and suggests future

research that might extend this study.

1.4 Contributions

This section outlines the contributions of the author to each chapter and the associated published
works, where relevant. It also details the contributions made by the supervisory team, Dr
Nadimi, Dr Milledge, Dr Maramizonouz and Prof. Utili, and any external collaborators.

In Chapter 3, the author developed a DEM model of the HPT test and modelled the sand
particles using the bonded particle model (BPM) method. This HPT model was used to
investigate the effect of sand particle characteristics on the tribological behaviour at the contact
area of the wheel-rail specimen. The supervisory team and Prof. Lewis from the University of
Sheftield reviewed the work and provided feedback throughout the process. This work was
published in the ASME Journal of Tribology (Zhang et al., 2024a). In addition, considering the
fragment size distribution (FSD) after particle fragmentation, an in-house Python code
developed by Dr Nadimi’s research group was utilised in this thesis to control the FSD data
based on laser diffraction for sand particle modelling. The accompanying manuscript of this
code was reviewed by the supervisory team and submitted to Particuology.

In Chapter 4, the author presented an electro-mechanical contact model and implemented



in Altair EDEM™ software package to study the change in electrical properties (e.g., electrical
resistance and current) within particulate systems under mechanical loading. The simulation
results by using this contact model were also verified and validated against the published
analytical solutions and experimental data. The model was also applied to HPT test to
investigate the effect of coated alumina particles and silica sand particles on the electrical
behaviour of HPT tests when applied individually to the wheel-rail contact area. This work was
reviewed by the supervisory team and published in Powder Technology (Zhang et al., 2024b).
In addition, compression tests and DEM simulations of HPT were carried out by the author.
The effect of mixtures of conductive coated alumina particles and silica sand particles acting at
the interface on the interfacial electrical behaviour when the load is applied was investigated.
As part of this, the circuit instrument used to measure the electrical resistance data during the
compression tests was built in collaboration with Mr Yang, a PhD student in Electrical and
Electronic Engineering at Newcastle University. This work was reviewed by the supervisory
team and the accompanying manuscript was submitted to Powder Technology.

In Chapter 5, the author investigated the effect of inherent anisotropy on mechanical and
electrical behaviour of particulate systems under drained triaxial compression tests. Dr Nadimi
facilitated a collaboration with Dr Otsubo from Port and Airport Research Institute (PARI) in
Japan to assist in this work. DEM simulations were conducted using a modified version of
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) (Plimpton, 1995) by
Dr Otsubo. The author developed a MATLAB code that integrates the electro-mechanical
contact model to calculate the electrical properties associated with the mechanical response
derived from the simulation data. The author then analysed the complete dataset on mechanical
and electrical behaviour and finalised the chapter. The supervisory team and Dr Otsubo
reviewed this chapter and provided feedback. The corresponding manuscript is currently under
review by the supervisory team and Dr Otsubo for submission to Acta Geotechnica.

This PhD thesis summarises the work completed by the author during his studies, which
has contributed to a number of publications. The list of publications is as follows:
® Zhang, C., Maramizonouz, S., Milledge, D. and Nadimi, S., 2024. An electro-mechanical

contact model for particulate systems. Powder Technology, 440, p.119759.

https://doi.org/10.1016/j.powtec.2024.119759
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Zhang, C., Nadimi, S., Maramizonouz, S., Milledge, D., Lewis, R., 2024. A discrete
element model of high-pressure torsion test to assess the effect of particle characteristics
in the interface. ASME  Journal of Tribology, 146, pp.081501-1.
https://doi.org/10.1115/1.4065230

Zhang, C., O'Shaughnessy, C., Maramizonouz, S., Angelidakis, V., Nadimi, S., 2025.
Controlling fragment size distribution for modelling the breakage of multi-sphere particles.
Particuology. https://doi.org/10.1016/j.partic.2025.01.014

Wang, N., Zhang, C., Ma, T., Nadimi, S., Chen, F. and Ding, X., 2023. Mechanical insights
into the behaviour of cement stabilized aggregates during compaction and failure using
smart aggregate: Experiments and DEM simulations. Construction and Building Materials,
399, p.132504. https://doi.org/10.1016/j.conbuildmat.2023.132504

Zhang, C., Maramizonouz, S., Yang, C.R., Milledge, D., Lewis, R., Nadimi, S., 202X.
Electro-mechanical insights into the mixing of conductive and non-conductive particulate

friction modifiers at an interface. (submitted to Powder Technology).


https://doi.org/10.1115/1.4065230
https://doi.org/10.1016/j.conbuildmat.2023.132504

Chapter 2 Discrete Element Modelling

2.1 Introduction

This chapter provides the reader with a basis regarding the discrete element method (DEM) and
a fundamental understanding of the interaction mechanisms between mechanical response and
electrical behaviour in particulate systems when using DEM. Sub-chapter 2.2 introduces the
key principles of DEM, including the governing equations of particle motion, the contact
models for smooth surfaces, and the scaling laws for particle’s material parameters. Sub-chapter
2.3 outlines various approaches commonly employed for modelling crushable materials. Sub-
chapter 2.4 reviews DEM studies on the mechanical response of granular systems under load,
with a particular emphasis on the effects of anisotropy. Sub-chapter 2.5 examines DEM studies
focused on the electrical behaviour of particulate systems under loading, discussing several
models of electrical conduction during particle contact. Sub-chapter 2.6 explores sanding as a
practical application aimed at improving tribological performance at the wheel-rail interface,

detailing various methods used to investigate the mechanisms of sanding action in this context.

2.2 Theoretical Background of DEM

The discrete element method (DEM), initially introduced by Cundall and Strack (1979), has
since developed into a well-established and versatile numerical technique. As a powerful tool
for modelling the behaviour of particle assemblies, DEM has found widespread application
across various fields, including powder engineering, geotechnical engineering, food processing,
pharmaceutical engineering, geophysics, and solid-state physics. Given that the detailed
formulation of DEM 1is extensively covered in resources such as the PFC3D User Manual
(Itasca, 2019) and the Altair EDEM™ User Manual (EDEM, 2021), this sub-chapter will
provide only a brief overview of the governing equations of particle motion, contact models for
smooth surfaces. In addition, considering the scaling laws for particle material parameters as a

common means of reducing computational cost, a brief overview of this is also provided.

2.2.1 Governing Equations of Particle Dynamics

DEM models the behaviour of a particulate system by considering two main step: updating
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positions of particle and the calculation of contact forces between particles and their
neighbouring particles (Cundall and Strack, 1979; Remy et al., 2009). The translational and
rotational motions of individual particle are described by Newton’s second laws and Euler’s

law (Cundall and Strack, 1979; Thornton, 2015):

mi%: Z (Fcr,]ij—l_Fct,ij)—I_mig (2.1)
dt o5
|i_0'd6"i = > (Mg +M,;) 2.2)
| SR

where vi, w;, m;, I; and r; are defined as the translational velocity, angular velocity, mass, moment

of inertia, and radius of particle 7, and g is the gravitational acceleration. F[; and FC"U- are

the normal and tangential components of the contact force, respectively, exerted by particle j
on particle i. Mr; and M,; are defined as the rolling moment and twisting moment of particle i.

Once m; and I; are known, the translational and rotational accelerations can be calculated
using the current force and torque acting on the particle 7, respectively. In order to update the
particle positions and rotations at each time step, explicit time integration schemes, such as
Verlet explicit integration (J. Hanley and O’Sullivan, 2017), which is a second-order
approximation, are commonly employed in DEM code to maintain stability and accuracy. The
critical time step in DEM simulation is usually limited by the Rayleigh wave velocity, and
typically selected to be equal or smaller than 20% of Rayleigh’s time step (7r) to ensure that

the numerical solution remains stable (Li et al., 2005), as expressed below:

avg

T.= L
0.163v, +0.8766 \| G

(2.3)

Where Ruvg, p, G, and v, are defined as the average radius, the density, the shear modulus, and
the Poisson’s ratio of the particle, respectively.

In DEM simulation, rigid particles are assumed to be non-deformable and are allowed to
overlap or lose contact with one another. Following the update of particle positions, the
identification of particles in contact is determined. At each contact point, the normal contact
force (f») is derived from the overlap (J,) between two contacting particles and the secant
normal contact stiftness (k,), which represents the spring stiffness of the contact at that point in

the normal direction:



f =ko, (2.4)
The tangential force (f;) at the contact point is typically computed incrementally. Once the
incremental tangential contact displacement (4J;) and the incremental tangential contact
stiffness (k) are determined, the corresponding incremental tangential contact force (A4f;) can be

calculated as below:
Af, =k A6, 2.5)

In addition, if the tangential contact force exceeds the slip limit (f; max = ufs), it is rescaled
to fmax- When the tangential contact force is applied, the particle experiences rotational motion,
with the moment being the product between the tangential contact force and the lever arm.
Rotational motion occurs about three axes: two rotational degrees of freedom are within the
contact plane, referred to as rolling, while the third degree of freedom is about the contact
normal, referred to as twisting or spin. When rolling resistance is considered, the incremental
rolling moment (4Mg) can be calculated using the incremental rolling angle (4gpr) and the
incremental rolling stiffness (kz). For the twisting (or spin) moment, the incremental twisting
moment (4M,) can be calculated through the incremental spin angle (4¢,) and the incremental

twisting stiffness (k-). The expressions for AMr and AM, are given below:
AM, =k Ag, (2.:6)
AM, =k A, @7
For spherical particles, which are commonly utilised in DEM simulations, the spin
resistance has been considered by Mindlin (1949), Lubkin (1951), and Deresiewicz (1954).
Furthermore, the works of Ai et al. (2011) and Huang et al. (2017) examined the influence of
particle shape on rolling and spin resistance. The rolling and twisting moments behave similarly
to tangential contact forces, in that they should be rescaled to Mg max and M, max, respectively,

when the slip limit is reached. In Equations 2.1 and 2.2, the resultant forces and moments are

utilised to update particle positions and rotations for the next time step.

2.2.2 Contact Model for Smooth Surfaces
When two particles are in contact, the interaction generates contact forces in both the normal

and tangential directions due to their relative displacement. While the macroscopic stress state
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within a particulate system is determined by the distribution of contact forces throughout the
material, the contact model significantly influences the overall response of a DEM simulation.
The force-displacement behaviour at the contact points is governed by the material properties
of the particles, the size of the contacting particles, and the surface conditions (Thornton, 2015).
In this section, a simplified Hertz contact model that is commonly employed in
micromechanical analyses and DEM is described. Apart from the normal contact force, Hertz-

type contact stiffnesses in the tangential and twisting directions are also presented.

2.2.2.1 Normal Contact

It is well documented (Johnson, 1987) that the Hertz contact model (Hertz, 1882) is one of the
most widely adopted approaches for modelling contact interactions. This model is particularly
suitable for applications involving soils and has served as a starting point for understanding the
relationship between soil shear modulus and confining pressure (McDowell and Bolton, 2001).
The Hertz contact model is designed for smooth surfaces and yields a non-linear force-
deformation relationship, despite the fact that the contacting spheres are assumed to behave as

linearly elastic bodies. The normal contact force (1) is described below:
4 _. \/‘ :
fL=2EVR'S; 2.8)

where E” and R” are defined as the equivalent Young’s modulus and the equivalent radius of
two contacting particles. The overlap can be calculated from the particle positions, while £” and

R” depend on the material properties and radii of the contacting spherical particles i and J:

2 2
é:(l ;m,|)+(1 EU'm,J) (2'9)

! J

1 1.1
*:_+_
R" R R

(2.10)

where v,,; and vy, are defined as the Poisson’s ratio of the particle i and particle ;.
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Contact area

Figure 2.1. Two smooth spherical particles in contact.

As shown in Figure 2.1, the radius of the circular contact area (r.) between two spherical
particles is a function of the overlap (d,) and the equivalent radius (R"). By substituting
Equation 2.8 into this relationship, the radius of the circular contact area () can then be

expressed as (Thornton, 2015):

1
—= (3fR)

Apparently, 7. is proportional to f,'*. The incremental contact stiffness in the normal

direction (4k,) can be obtained by differentiating the normal contact force f, in Equation 2.8
with respect to the overlap in the normal direction J,:

df * * *
Ak =—2=2E /R =2E'r
"= ds n c (2.12)

It should be noted that Ak, is the tangent (incremental) stiffness, while the secant stiffness

in the normal direction k, is expressed as:

f 4 * * 4 *
k =L"=2E RS, =—E
=53 =3ET (2.13)

n
According to Equations 2.12 and 2.13, a direct relationship between the tangent (44,) and
secant stiffness (k,) can be found, i.e., 4k, = 1.5k,, which is valid for the non-linear Hertz contact

model. For a linear Hertz contact model, the tangent (4k,) and secant stiffness (k) are identical.

2.2.2.2 Tangential Contact
Building on Hertz's (1882) foundational work, Mindlin (1949) expanded the contact model by

11



incorporating the tangential component of particle interactions. The distributions of normal
pressure (p) and shear stress (7) along the radial distance () in a no-slip contact scenario are

illustrated in Figures 2.2a and 2.2b, respectively.

Normal pressure

Py

Shear pressure

T

i Radial
{ distance r
i r
Cross section of
contact area
i ] Shear pressure
P ; T, =
Ty T THPY 5 (= HPe)
| r r
| Partial
L slip

(€) (d)

Figure 2.2. Schematics of stick and slip regions and pressure distribution along the radial
distance (r) on a contact: (a) normal pressure distribution, and shear pressure distribution with
(b) no-slip, (c) partial slip, and (d) full slip (Otsubo, 2016).

Mindlin (1949) formulated the incremental tangential contact stiffness (k) by introducing

the degree of partial slip (6) as follows:
k. =8GTr.0 (2.14)

where G” is the equivalent shear modulus of two contacting particles given by:
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L :(Z—Um,a)Jr(z‘Um,J) (2.15)
G G, G,

! ]

Note that 6 in Equation 2.14 varies for initial loading (#"*?), unloading (6“"*?), and

reloading (6"*/**?) conditions, and Mindlin (1949) expressed §°“ for the initial loading scenario

as:

gowo _[q_ T | (2.16)
uf,

where u is the coefficient of friction between particles. However, Equation 2.16 only applies to

the initial loading condition in the tangential direction. The applied tangential force (f)
decreases k: due to partial slip before full slip at f; = f"* (= uf»). It can be seen from Figures
2.2c and 2.2d, the area within the contact stress zone that contributes to the resultant tangential
force reduces as partial slip develops, causing the outer radius of the contact annulus to shrink
(Johnson, 1987).

Subsequently, Mindlin and Deresiewicz (1953) extended Mindlin's (1949) study by
considering more loading scenarios. In various cases, the unloading or reloading of the
tangential contact force at constant normal contact force can be represented by substituting the

following expression for € into Equation 2.14:

1
gunload :(1_ f2t _fft js (2.17)
My
N
greload :[1_ fé_fft }3 (2.18)
My

where f; and f; are defined as the tangential contact force at the reversal point from loading to
unloading as well as from unloading to reloading, respectively. It should be noted that if f; = f;
orf;=f; is substituted into Equations 2.17 and 2.18, then 6 = 1, i.e., the initial loading stiffness
when f; = 0. The contact model presented here is referred to the Hertz-Mindlin-Deresiewicz
(HMD) model. However, as the HMD model is dependent on the loading history in both the
normal and tangential directions, it presents challenges when applied in analytical or numerical

models. Consequently, a simplified Hertz-Mindlin (HM) contact model is often employed,
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which simplifies the calculation by setting = 1 into Equation 2.14, which can be rewritten as:
k™ =8G'r, (2.19)

The HM model does not account for partial slip and remains unaffected by the sequence
of loading. When f; = uf,, the tangential contact stiffness reduces to zero, as the contact is unable
to resist any further increase in f;, leading to a stick-slip behaviour. This simplified HM model
is commonly employed in DEM simulations, such as in the commercial PFC3D code (Itasca,
2019) and the Altair EDEM™ software package (EDEM, 2021). A comparison of Equations
2.12 and 2.19 reveals that the ratio of tangential to normal contact stiffness for the HM model

is given by:

= (2.20)

When the Poisson's ratio v, of the particles (usually considered to be soil grains) is 0.2, the ratio
of tangential to normal contact stiffness obtained from Equation 2.20 is 0.8889, while the ratio

decreases as f; increases regarding the HMD contact model.

2.2.2.3 Twisting Couple
Twisting resistance occurs when two contacting particles undergo relative rotational motion

around the axis passing through their contact centre, as depicted in Figure 2.3.

Particle j

D

. M

Particle i

Figure 2.3. Twisting moment applied at two contacting smooth spherical particles.

The incorporation of twisting contact interactions in DEM studies has been relatively rare,
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and the influence of twisting coupling on the overall response of particulate system has not been
extensively investigated in the literature. Lubkin (1951) built upon Mindlin's (1949) work by
addressing the twisting coupling issue alongside a tangential contact model, and subsequently

derived the twisting contact stiffness (k) for a frictionally smooth sphere as follows:

16 *
k = 3G o, (2.21)
where 6, is different for initial loading (6,/°*?), unloading (6,"*“?), and reloading (6,/"°“?) of

torsional moment, and Mindlin (1949) expressed the initial loading case (6,/°*?) as follows:
1

1

2

g =2 _3 M, -1 (2.22)
2 ufr,

where M, is the twisting contact moment. As the twisting contact moment increases, the twisting
contact stiffness (k) decreases due to partial slip in the direction of rotation. Deresiewicz (1954)
discussed the more general scenarios of torsional loading in a similar manner to Mindlin and
Deresiewicz (1953) who discussed tangential stiffness. Unloading and reloading for torsional

loading are given as follows:

_ --1
M )2

erunload — 2(1_gl\gr erj -1 (223)
HTL T

- R

M) 2

Hrreload — 2(1_2 I\gr erj -1 (224)
HTLT

where M, and M, are defined as the twisting contact moment at the reversal point from loading
to unloading as well as from unloading to reloading, respectively. Partial slip and counter slip
for spinning motion are considered in Equations 2.22 to 2.24. The associated contact model is
referred to as HMDT model mentioned in Otsubo (2016). The relevant contact model is referred

to as HMDT in this study. The maximum twisting moment that the contact can sustain is:

3
M™ = — ufr 2.25
r 16 7Z.ILl n'c ( )

When full slip occurs, the twisting contact stiffness k- becomes zero. The expressions in

Equations 2.22 to 2.24 are approximated using the first two terms of a Taylor series, and the

15



accuracy decreases as twisting contact moment M, approaches M,”**. For instance, substituting
Equation 2.25 into Equation 2.22 (with M, = M,"*) does not yield 6,/°* = 0 precisely, resulting
in an error of 6.1% compared to the analytical solution reported by Deresiewicz (1954). To
reduce the error to within 1% or 2%, the ratio M, / M, should be less than 0.3 or 0.5,
respectively (Otsubo, 2016). In addition, when partial slip in the tangential contact direction is
not considered (i.e., the HM model), the full expression of the twisting model, which takes into
account partial slip, is not appropriate. Alternatively, a simplified twisting contact model (here
named HMT) can be used (Otsubo, 2016), in which partial slip in the twisting motion is not

considered, with a similar approach to the HM model (i.e., 8, = 1):

c

k™M = %G*ﬁ (2.26)

Section 2.2.2 outlined three modes of interaction between two contacting smooth particles and
discussed four distinct contact models: HM, HMD, HMT, and HMDT. The selection of the
appropriate contact model is determined by whether partial slip is considered and whether
twisting resistance to rotational motion is included. All of these models are founded on Hertz

contact mechanics, and the normal contact interactions remain consistent across each case.

2.2.3 Adjustment of Computational Time

The computational time required for DEM simulations is one of the critical challenge,
especially when applied to large-scale systems involving fine particles. (Thakur et al., 2016;
Wang et al., 2022). In DEM simulations, the particle positions and contact forces of inter-
particles must be updated at each time step. Due to the constraints imposed by physical laws
and the need to maintain numerical accuracy, the time step for the integration of the equations
of particle dynamic must be sufficiently small. Cundall and Strack (1979) first noted that the
time step must be smaller than the critical contact time to avoid instability in simulations. The
simulate time step is usually to be equal or smaller than 20% of Rayleigh’s time step (Li et al.,
2005). However, 20% of Rayleigh’s time step in DEM simulation would be too small due to

the mass, size and stiffness of the fine particles.

2.2.3.1 Mass Scaling

To reduce the computational cost, a common strategy is to scale up or down certain
16



parameters of the particles. One of the approaches is mass (density) scaling. The critical time
step in DEM is directly proportional to particle mass, meaning that by artificially increasing the
particle mass, and thereby increasing the critical time step, simulations can be made to obtain
results within a reasonable computational time (O’Sullivan, 2011). Belytschko et al. (2000)
examined the mass scaling technique from the perspective of general computational mechanics,
advocating its use in scenarios where high-frequency effects are not of primary concern. When
employing mass scaling, it is generally assumed that the system's response is largely unaffected
by inertial effects. Thornton and Antony (2000) implemented mass scaling by adjusting the
particle densities to ensure that a quasi-static deformation state could be achieved within a
reasonable simulation time. Although this approach alters both velocity and acceleration, the
quasi-static nature of the simulation, coupled with the absence of body forces, meant that the
contact forces and displacements remained largely unaffected by the modified density values.
In addition, this approach was used to investigate the correlation between the micro properties
of the particles and the macro mechanical response of the particulate system during powder
compaction (Sheng et al., 2004), as well as the effect of the density scale factor on the gas-solid
flow (Mori et al., 2020). Overall, caution is warranted when employing density scaling in DEM
simulations. To reduce simulation run times effectively, it is important to maximise the rate of
deformation while ensuring that the simulation remains quasi-static. This can be achieved by
closely monitoring the applied and internal stresses within the specimen, ensuring that the

simulation does not deviate from the quasi-static regime.

2.2.3.2 Particle Stiffness Scaling

Stiftness scaling in DEM is also a technique used to reduce computational time by
decreasing particle stiftness, which allows for a larger critical time step in the numerical
integration process. This approach is widely employed for dry and relatively coarse particles
that only contact force between particles is dominant (Washino et al., 2018). For example, in
systems such as fluidised beds and mixers, the overall motion of particles is often relatively
insensitive to particle stiffness. In these cases, reducing the particle stiffness in DEM
simulations can still yield accurate representations of powder flow, with simulation results

showing good agreement with experimental observations (Kuo et al., 2002; Stewart et al., 2001).
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However, Kobayashi et al. (2013) found that if the cohesion force is considered in the DEM
simulation of a powder system, the powder becomes more “cohesive” with reduced particle
stiffness. Several studies have been conducted to better understand the link between particle
stiffness scaling and cohesion force (Haervig et al., 2017; He et al., 2021; Thakur et al., 2016;
Washino et al., 2024, 2018). Among them, Washino et al. (2018) addressed the issue of reducing
particle stiffness for both linear and nonlinear spring-dashpot contact models, with and without
attraction forces, providing a generic scaling law based on dimensionless equations of motion.
Their work explored the effectiveness of particle stiffness scaling specifically in the context of
single particle-wall collisions. Furthermore, Washino et al. (2024) extended this generic form

of the scaling law to cover translational, rotational, and multi-body interactions.

2.2.3.3 Coarse Graining Approach

Additionally, the development of coarse graining approach has also shown promise in
reducing DEM computational time. Pdschel et al. (2001) proposed a general approach for
scaling down experiments to laboratory size, revealing that the dynamics of a particulate system
are altered when all particle sizes are scaled up by a certain factor, while material properties
remain constant. In contrast, Feng et al. (2009) demonstrated that reducing the number of
particles using a coarse-graining technique can enhance computational efficiency. However,
they noted that maintaining the size of the original particulate system unchanged can conflict
with geometrical similarity, potentially introducing errors in the bulk response of the system.
Several coarse graining approaches have been proposed (Feng and Owen, 2014; Lommen et al.,
2019; Sakai and Koshizuka, 2009) and this concept of scaling particle sizes has been utilised in
several DEM studies (Ciantia et al., 2016; Coetzee, 2019; Lommen et al., 2019; Thakur et al.,
2016; Wang et al., 2022). An example of the use of coarse graining method is shown in Figure
2.4. Still, a comprehensive investigation of DEM model parameters, including particle
properties and model geometry, is essential before the coarse-graining technique can be
effectively utilised. This ensures that the large-grain DEM simulations accurately replicate the
dynamic and static properties of the smaller, more realistic particles. Proper calibration of these
parameters is necessary to prevent discrepancies in the particulate system behaviour, ensuring

that the simplified model preserves the physical integrity of the original, finer-scale simulation.
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Figure 2.4. Comparison of model before and after coarse graining: (a) before and (b) after. All
characteristic lengths are proportional, L;/L> = H;/H> = R;/R> (Wang et al., 2022).

2.3 DEM Modelling of Crushable Material

Particle breakage is an essential factor in industries such as food processing (Patwa et al., 2016),
power technology (Nan et al., 2017), mining (Lichter et al., 2009; Quist and Evertsson, 2016),
and geotechnical materials (Ciantia et al., 2015; Rahimzadeh Oskooei et al., 2021). It alters the
size distribution of particles in the particulate system (Bandini and Coop, 2011; Fukumoto,
1992), the packing properties (Bolton et al., 2008), the shear strength (Lobo-Guerrero and
Vallejo, 2005), and the microstructure of the granular material (Ma et al., 2014). Since the
discrete element method can track the kinematic behaviour of particles under loading, DEM-
based numerical modelling techniques have been widely used to better understand the crushing
process and its effect on the macroscopic behaviour. In this section, four modelling techniques
commonly employed for crushable particles will be briefly introduced, bonded particle model
(BPM), particle replacement model (PRM), cohesive interface element (CIE), and bonded cell

method (BCM).

2.3.1 Bonded Particle Model

The breakage of an individual particle (e.g., sand particle) into several fragments under
mechanical load can be modelled in DEM simulations (Fu et al., 2017; Wang and Arson, 2016;
Wau et al., 2022), using the bonded particle model (BPM) developed by Potyondy and Cundall

(Potyondy and Cundall, 2004). This model is also widely utilised in many commercial software
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packages, such as Altair EDEM™ (EDEM, 2021). In BPM, each individual particle is
represented as a cluster of independent spherical or irregular shaped fragments bonded together
with a finite-sized bond which can resist tension pulling fragments apart. Figure 2.5 presents

the forces and moments that act on a single bond between two contacting spherical fragments.

Figure 2.5. Schematic of the bonded particle model: cementing of two spheres by a ‘cylindrical’
bond and the corresponding mechanical properties.

Each bond is modelled as a set of elastic springs distributed on the circular cross-section
at the surface of each of the fragments, transferring the translational and rotational motion that
one fragment experiences to the other fragments to which it is bonded. In addition, this bond
introduces forces that can resist normal and tangential motions, thus limiting stretching between
fragments. After bonding, the forces and moments acting on the bond are adjusted incrementally

at every time step which can be written as follows:

AR =—Vv Kk,  AAL (2.27)
AR = -V K,  AAt (2.28)
AM, . =-aok, JAL (2.29)
AM,  =-ok, %At (2.30)

where 4 (= zR}) is the area, J (= %ﬂ'Ré ) is the polar moment of inertia, Rp is the radius of

bond, respectively. ks, and ks, are the normal and shear stiffness of bonds. v, and v; are the
velocities of the fragments in the normal and tangential direction. w, and w; are the normal and

tangential angular velocities of the fragments. In the above equations, multiplying the time step
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At with the normal velocities v, and tangential velocities v; of the fragments calculates the
relative displacement and shear displacement increments. Likewise, the relative rotation and
tangential rotation increments can be obtained by multiplying the time step A¢ with the angular
velocities of the fragments in the normal w, and tangential @, direction, which can then be used
to account for stretching of the bonds in any direction.

In DEM simulations involving bonded particles, the forces and moments acting at the
bonds—namely the incremental normal forces AF},, incremental tangential forces AFp,,
incremental normal moments 4AM; ,, and incremental tangential moments AM;,. They play a
crucial role in capturing bond dynamics and fracture behavior. These incremental quantities
evolve over multiple time steps, allowing for the simulation of bond degradation and eventual
breakage.

To determine if the bond strength is exceeded, leading to fracture or separation, the stresses
along the bond interface — both normal and tangential — are compared to threshold values.
The governing conditions for bond failure can be expressed mathematically as criteria for when
the normal and tangential stress components surpass certain critical values. The normal and

tangential components are typically defined as follows:

_Fb”+2|vIbt (2.31)
O < . . .
max A J B

~F, M
T <—24 Jb'“ Rq (2.32)

where onax and Taax are the critical normal and tangential stress cut-off values, respectively.
When the normal and tangential stresses acting on the bond exceed the critical values, the bond
breaks. Another important part of BPM is that the sizes of the fragments that make up an
individual particle can be monodisperse (Metzger and Glasser, 2012; Spettl et al., 2015),
bimodal (Quist and Evertsson, 2016) or normally distributed (Antonyuk et al., 2006).

2.3.2 Particle Replacement Model
The particle replacement model (PRM), first introduced by Cleary (2001), operates by instantly
replacing a particle with a set of progeny fragments when a specified failure criterion is met.

These progeny fragments can take various forms, including individual spheres, clumped
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spheres, or superquadrics. The model has been effectively utilised to represent particle crushing
by modelling compression and impact conditions (Barrios et al., 2020; Jiménez-Herrera et al.,
2018; Tavares et al., 2021), ballast fragmentation in geotechnical engineering applications (Cil
and Buscarnera, 2016; de Bono and McDowell, 2016), and for the simulation of comminution
machinery, including various types of crushers (Cleary and Sinnott, 2015; Delaney et al., 2015;
Weerasekara et al., 2013; Zeng et al., 2022), as well as high pressure grinding rolls (HPGRs)
(Barrios and Tavares, 2016).

In this section, a version of PRM discussed was implemented in Altair EDEM™ by
Tavares et al. (2021) using a high-level application programming interface (API). The model
employs the Hertz-Mindlin contact model. Under this scheme, if the contact force exerted on a
particle exceeds a critical threshold leading to fracture, the parent particle is instantaneously
replaced by fragments. This fracturing process continues across the resulting daughter particles
until the fragments reach a defined minimum size. Consequently, the multi-stage fracture
process ceases once the primary fragments generated during a fracture event are smaller than
the prescribed minimum particle size. Figure 2.6 depicts the PRM fracture process as employed
in Altair EDEM™, where the parent particle i, is removed from the simulation upon fracture
and replaced by a collection of progeny particles i referred to as the primary fracture

distribution (Saeidi et al., 2016).
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Figure 2.6. Schematic of the particle replacement model.
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Upon replacement, these daughter particles are generated, leading to an initial
superposition of the particles. To avoid the generation of excessive repulsive forces between
fragments due to this overlap, which could destabilise the simulation, a relaxation factor is
introduced (Jiménez-Herrera et al., 2018). This constant is applied to the Hertz-Mindlin
interaction forces immediately following particle replacement, serving to limit the forces
arising from the initial overlap. By doing so, it prevents unrealistically high fragmentation
velocities, ensuring the simulation remains computationally feasible.

To effectively simulate the primary breakage function while maintaining computational
simplicity and efficiency, it is often essential to determine the primary progeny size distribution.
This distribution represents the size range of particles following breakage under a stress level
corresponding to the median energy required for fracture. Tavares (2009) proposed a
relationship between the applied stress energy and the parameter tio, which corresponds to the

proportion passing in 1/10th of the original particle size in a sample:

to = A, | 1—exp(-b'E, ) | (2.33)

where 4, and b are defined as model parameters of the relationship between ;9 and the impact
energy, in which 4, corresponds to the maximum value of ¢#;9 that can be achieved when the
material is fractured under a single stress. Ex is kinetic energy during collision. Then, based on

the suggestion from (Tavares, 2007), Equation 2.33 can be rewritten as:

t,=A, {1—exp[—b* EEk H (2.34)
50b

where Esgp are defined as the median fracture energy of the crushed particles, respectively. In

particular, the two model parameters 4,, and o™ have to be fitted to the single-particle breakage
data. Note that when particles experience repetitive stresses with insufficient energy to cause
fracture in all particles, the Esgp, Will represent the energy required for the particles that do

fracture. This value will be lower than the median fracture energy of the original material, .

2.3.3 Cohesive Interface Elements
The versatility and simplicity of cohesive interface elements (CIEs), along with their capacity

to model both the initiation and propagation of delamination in a single analysis, have made
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them an increasingly popular and powerful tool for simulating delamination damage in
composite materials. While CIEs is primarily employed within the framework of finite element
method (FEM), as shown in Figure 2.7a, it is also highly effective in predicting the failure
behaviour of granular materials under a variety of loading conditions. A number of applications
of the CIEs have also been found in the literature to study the fracture behaviour and mechanical
response of composite materials (Kawashita and Hallett, 2012; Nguyen et al., 2016; Yuan et al.,
2014) as well as geotechnical materials (Jiang and Meng, 2018; Ma et al., 2014; Zhang et al.,
2024, 2023) under different loading conditions. Among them, Ma et al. (2014) developed a
combined finite—discrete element method (FDEM) to simulate the breakage of irregularly
shaped particles in granular materials like rockfill using pre-inserted CIEs to represent fracture
paths, with results aligning with experimental stress—strain responses and highlighting the role
of particle breakage in mechanical behaviour. Zhang et al. (2023) performed the FEM
simulations incorporating CIEs to study the fracture behaviour of brittle materials under
different contact topologies in Brazilian tests, with simulations confirming that flat-to-flat
contact provides the most accurate representation of crack initiation and propagation without
compression failure at the ends. Furthermore, Zhang et al. (2024) applied CIEs to sand particle
modelling which then investigated the effect of sand on tribological behaviour at wheel-rail
interface. Therefore, this section provides a brief overview of the fundamentals of CIEs based
on the particle modelling from Zhang et al. (2024, 2023).

By employing CIEs, contact detection and interaction within finite elements is extended
beyond modelling the continuum behaviour of particles to effectively capture the formation and
propagation of internal cracks. To analyse large deformation models consisting of numerous
elements, and to simulate discontinuities within relatively short dynamic response times,
computationally efficient finite element simulations are typically conducted using
Abaqus/Explicit.

In simulating the fracture process, the energy dissipation within the cohesive zone of CIEs
can be represented using cohesive crack models proposed by Barenblatt (1959) and Dugdale
(1960), as well as the frictional crack model introduced by Hillerborg et al. (1976). These
models assume that the mechanical behaviour within the cohesive zone is governed by material

bonding, aggregate interlocking, and surface friction. At the fracture surface, normal traction ¢,
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and tangential traction (shear force) #; are present. As the relative displacements, i.e., crack
opening displacement 0,4 and crack sliding displacement Js,¢ in the 2-D case, increase and the
traction forces diminish, tensile or strain softening occurs.

Figures 2.7b and 2.7c illustrate typical linear softening curves for #, — d,s and t; — dsa ,
respectively, where 6,° (d5°) and 0,°% (d5°%) correspond to the displacements at crack initiation
and full fracture, respectively. To simulate the pre-crack initiation stage, a linear ascending
branch is incorporated into each softening curve, with an unloading path also included. The
areas beneath the curves in Figures 2.7b and 2.7¢ represent the mode I fracture energy (G,) and
twice the computational mode II fracture energy (Gs), both of which are material properties
used in simulating damage to geotechnical materials such as rocks and sand particles. The initial
tensile stiffness k,° and shear stiffness A must be sufficiently high to accurately model
undamaged material. However, excessive stiffness can lead to distorted results, so a trial-and-

error approach is often employed to determine appropriate values for k.’ and &°.
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Figure 2.7. (a) Schematic for inserting CIEs between two triangle elements, and linear softening
laws for the CIEs in (b) normal direction and (c) tangential direction (edited from Zhang et al.
(2023)).

The element COH2D4 in Abaqus/Explicit represents a cohesive element with zero in-plane
thickness, designed in accordance with the cohesive crack model. The softening laws depicted
in Figure 2.7 are utilised to define the constitutive behaviour of this element. Given that the

damage progression within the material is irreversible, the key feature of COH2D4 lies in its
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ability to simulate this by allowing the stiffness values &, and ks, to degrade as the relative
displacements d,4 and Jsq increase during both unloading and reloading phases. A scalar
damage variable Dy is employed to quantify the total damage within the material, accounting
for all active damage mechanisms. This variable is derived from the effective relative

displacement

s (o3 -20)

> (o)

(2.35)

Where 6% refers to the maximum effective displacement achieved during the loading history,

while 60 and 5 represent the effective relative displacements corresponding to 9, (55°)

and 0,°7 (d5°7), respectively. The effective relative displacement J,,, can be defined as a
combination of the normal displacement J,,« and the tangential displacement Js,4, capturing both

modes of fracture behaviour. Mathematically, J,» can typically be expressed as:

S, = \/<§n,d )+ 62, (2.36)

2
where d,, denoted by the Macaulay bracket <5n> adopts different representations for tension
and compression:

8,4» G4 =0 (tension)
0, 8,4 <0 (compression)

(9na) =

According to Equation 2.35, Ds monotonically evolves from 0 to 1 upon further loading

(2.37)

after the onset of damage. Additionally, the tractions are also affected by Ds. Then, ku, ks and

the traction forces are calculated as:

k., =(1-D;)k, (2.38)
k, =(1-D, )k, (2.39)
1-D,)t, t >0 (tension
(t,) = (— — b ( ) o (2.40)
t,, t, <0 (no damge to compressive stiffness)
t,=(1-D)t, (2.41)
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where t. and t, are defined as the traction components of the current prediction of elastic

traction separation behaviour for damage-free separation. In addition to the damage evolution
characterised by D;, it is necessary to define a damage evolution model to account for the energy
dissipated during fracture. Given that mixed-mode fracture (a combination of Mode I and Mode
1) is the predominant failure mechanism in brittle materials, as opposed to unimodal fracture,
the B-K fracture criterion proposed by Benzeggagh and Kenane (1996) is employed to define
the mixed-mode fracture energy:

G n
G° =Gy +(G; —Gﬁ){ﬁ} (2.42)

where G°, G;, G/, and 7 are defined as the mixed-mode fracture energy, the fracture energy

for Mode I, the fracture energy for Mode II, and a semi-empirical index governing the initiation
and growth of delamination, respectively. Beyond defining damage evolution, it is also essential
to establish a criterion for damage initiation, which marks the onset of stiffness degradation.
Rocha (2016) recommends adopting the maximum nominal stress criterion for materials
characterised by low tensile strength. In this approach, damage is assumed to initiate when the
ratio of maximum nominal traction reaches unity, as expressed in the following formulation:

max{<:g>, t—S} =1 (2.43)

tO

S

2.3.4 Bonded Cell Method

The bonded cell method (BCM), a variation of the bonded particle model (BPM), constructs
particles by aggregating potential fragments (Nguyen et al., 2015). These fragments are bonded
by various mechanisms, with each contact point characterised by a specific bond strength.
While the bonding of spheres is commonly used to simulate three-dimensional (3-D)
fragmentation, it struggles to accurately replicate the diversity of fragment shapes, and the
apparent volume of the sphere agglomerates often exceeds that of the real fragments (Cantor et
al., 2017). To address these limitations, some researchers have employed polygonal (Kun and
Herrmann, 1996; Nguyen et al., 2015) or polyhedral sub-particles or cells (Cantor et al., 2017,
Galindo-Torres et al., 2012; Orozco et al., 2019), typically generated using the Voronoi mesh

method (Galindo-Torres et al., 2012; Kun and Herrmann, 1996). An example of BCM is shown
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in Figure 2.8a. Orozco et al. (2019) employed BCM to simulate dynamic particle fracture upon
impact, demonstrating that fragmentation efficiency depends on the ratio of consumed fracture
energy to impact energy, with maximum efficiency occurring at a specific impact energy level.
Additionally, Cantor et al. (2017) utilised BCM to model particle crushing under diametral
compression, revealing a power-law relationship between particle strength and intercell shear
and tensile strengths, highlighting the role of interlocking effects in strengthening particles even
at low tensile strength.

Note that when modelling particles using BCM, which involves extended intercellular
contacts, these contacts must be treated differently from those between spherical particles. In
earlier research, the cells were connected by linear springs with an associated fracture threshold
(D’Addetta et al., 2002; Galindo-Torres et al., 2012). However, representing cell-to-cell
contacts using a linear force law, as applied to spherical sub-particles, is an unrealistic
approximation. This is because cell-to-cell interactions occur along lines in two-dimensional
(2-D) systems or surfaces in 3-D systems, requiring the consideration of at least two or three
displacement variables, respectively. Cracks propagate along these extended contacts, similar
to intergranular cracking in polycrystalline materials.

The contact between two polyhedral shapes can manifest in three different forms: point
contact, line contact, or surface contact, as shown in Figure 2.8b. In BCM, it is usually assumed

that rigid cells interact solely through cohesive forces at face-to-face contacts (Cantor et al.,

2017; Orozco et al., 2019). The normal interface force threshold f, is dependent on the

contact area S. Since the contact plane is represented by three points, the tensile threshold at

each contact point is given by f° = C,S/3, where C, represents the internal cohesion of the

material. Similarly, the shear interface force threshold at each contact point on the contact plane

is expressed as f, = CuS/3, where C; denotes the contact shear strength. Both C, and C; are

independent material strength parameters. Once either of the critical stress thresholds is reached,
the bond between the cells irreversibly breaks, transitioning into a frictional contact with a
defined coefficient of friction. Importantly, since the cells are rigid, a cohesive face-to-face
contact will not break kinematically until all three points representing the interface fail, which

occurs when one of the thresholds is reached at each of the three points. The relationship
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between normal force f° and normal velocity v, at each contact point is (Radjai and

A

This simply expresses the nature of unilateral contact between two cells at the point of

Richefeu, 2009):
>0 = /=0

(2.44)
=0 = f7+C,S/3>0

S o S o

contact in the presence of cohesive force. Similarly, along the tangential direction, the tangential

force f° is related to the tangential velocity Vi as follows:

V>0 = f°=-CS/3

V=0 = -CS/3<f°<CS/3 (2.45)

vi <0 = f°=CS/3

These “complementary relationships” are represented in Figures 2.8c and 2.8d. The

aforementioned relationships must be integrated with the equations of motion to calculate the
velocities and forces at all contact points within the system. If Molecular Dynamics (MD) or a
traditional DEM approach were used, these relationships would need to be regularised to fit the
explicit integration scheme typically employed in those methods. During each time step,
Ve

t

“critical” contacts where V. > 0 (separation) or > 0 (sliding) will irreversibly break,

converting into cohesionless frictional contacts, which are then governed by the following set

of relations (Figures 2.8e and 2.8f):

vi>0 = f=0
(2.46)
vi=0 = fS>0
and
Vi >0 = f°f=—uf;S
Vi=0 = —uf ' <f<uf’ (2.47)

Vi <0 = f°=puf’
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Figure 2.8. (a) Examples of particles generated with different number of cells which are

represented by different colour, (b) generic contact types between polyhedral, interface
behaviour along (c) normal direction and (d) tangential direction, and frictional contact law
defined at (e) normal direction and (f) tangential direction (edited from Orozco et al. (2019)).

Overall, this sub-chapter provides a brief description of BPM, PRM, CIEs and BCM. BPM
will be used to model sand particles in this study. PRM, while computationally efficient,
oversimplifies the fracture process by instantly replacing particles with smaller fragments, thus
lacking the physical realism required for studying detailed crack initiation and propagation in
sand grains. CIE, though excellent for capturing crack propagation and delamination in
composites, is less suited for large-scale granular systems due to its high computational cost
and complexity in modelling particle-scale behaviours. BCM provides more realistic particle
shapes through polyhedral sub-particles, but its complexity and computational demands make
it challenging for large systems like sand, where multiple particles need to interact and fracture
simultaneously. In contrast, BPM can balance between accuracy and computational feasibility
for modelling sand. It allows for realistic particle breakage by simulating bond rupture between
particles, closely mimicking the crushing behaviour observed in real sand grains. Its flexibility
in defining bond strength parameters makes it adaptable to different types of sand, providing a

more precise model for understanding the effect of particle breakage on macroscopic properties
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like shear strength and compaction.

2.4 Mechanical Response of Particulate Systems under Loading

The arrangement of particles, driven by inherent inhomogeneities or externally applied
mechanical loads, often results in granular systems exhibiting pronounced anisotropy
(Kodicherla et al., 2024). Understanding anisotropy is crucial for assessing the mechanical
response of granular materials under various loading conditions, particularly in relation to
deformation, strength, and failure mechanisms (Collins and Muhunthan, 2003). This has long
been a central focus of research. In the context of geotechnical materials, anisotropy
encompasses not only the structural composition of soil, which relates to the spatial
arrangement of soil particles, voids, and inter-particle contacts, but also the alterations in these
microstructures induced by applied loads (Cambou et al., 2004; Oda, 1972). An example of the
evolution of anisotropy due to changes in the mean coordination number (CN) and void ratio
(e) in a particulate system as a result of different directions of externally applied loads is shown

in Figure 2.9.

(e=0.273)

(b)

Figure 2.9. Schematic representation of the regular packing of rigid spherical particles showing
the effect of loading direction: (a) dilative and (b) contractive (edited from Li and Dafalias
(2012)).
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Moreover, liquefaction in granular soils, where the effective stress is reduced to zero, can
cause severe damage to infrastructure (Seed and Lee, 1966; Ishihara and Koga, 1981). Both
experimental and theoretical studies have demonstrated that the fabric anisotropy and its
evolution during shear of granular soils have an impact on key aspects of the macroscopic
response of sandy soils, including dilatancy, non-coaxiality and shear strength (Collins and
Muhunthan, 2003; Li et al., 2023; Li and Dafalias, 2012; Rothenburg and Bathurst, 1989; Yang
et al., 2015). Mathematical models often struggle to provide faithful reflections and reasonable
explanations for the microstructural changes associated with the macro mechanical response of
particulate systems. Experimental approaches face similar challenges, particularly in
quantifying induced anisotropy in granular materials under loading conditions and in assessing
their impact on the mechanical behaviour of these systems. The Discrete Element Method
(DEM) offers a powerful alternative for investigating these issues. DEM enables detailed
quantification of the fabrics within particulate systems by analysing the contact normals
between particles, as illustrated in Oda’s (1982) foundational work. A key advantage of the
DEM lies in its capacity to track the evolution of induced anisotropy as the stress state changes
over time.

Kuhn (1999) conducted numerical DEM experiments on a large 2-D disk assembly under
quasi-static biaxial loading to study microscale deformations. The results showed that
deformation was highly nonuniform, with microbands forming spontaneously. These
microbands exhibited intense slip and dilation, with energy dissipation concentrated within
them. The microbands were dynamic, appearing and disappearing throughout the loading
process. This indicates that the particles are constantly realigned under loading, resulting in a
continuously changing average coordination number (CN) and void ratio (e), which is
macroscopically reflected in a variation of the volumetric strain of the particulate system. As
force chains are central to the development and evolution of anisotropy in granular materials,
and force chain buckling limited laterally by weakly networked particles has long been
recognised as a fundamental mechanism for key instabilities in dense cohesionless granular
assemblies (e.g., shear bands and slip-stick phenomena). Therefore, Tordesillas and

Muthuswamy (2009) presented the first structural mechanical model of force chain buckling in
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granular materials, focusing on how lateral support from weak network particles affects the
stability of force chains. The study finds that rolling resistance stabilises force chains, delaying
buckling and enhancing the macroscopic strength of the material, with the model showing
strong agreement with DEM simulations. Li et al. (2009) established macro—micro relationships
in granular mechanics by deriving micro-structural expressions for the macroscopic stress and
strain tensors in terms of contact forces and relative displacements. The study also investigated
the evolution of fabric tensors by 2-D DEM, highlighting their role in characterizing the internal
structure and their correlation with stress-strain behaviour (Figure 2.10), particularly under

continuous shearing towards a critical state.
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Figure 2.10. (a) Particle orientation anisotropy, (b) contact normal anisotropy, and (c) void
space anisotropy (edited from Li et al. (2009)).

To quantify the effect of the evolution of induced anisotropy under complex loading on

the strains or stresses in particulate systems, Li and Yu (2010) utilised DEM to study the
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behaviour of 2-D granular materials under continuous principal stress rotation, revealing that
the material exhibited non-coaxial and more contractive behaviour compared to unidirectional
shearing. The study found that the ultimate void ratio and anisotropy depend on the stress ratio,
not the initial void ratio (Figure 2.11), and that stress rotation leads to a smaller internal structure

and void ratio than in biaxial shearing.
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Figure 2.11. (a) Anisotropic degree of the internal structure at different stress ratios, (b) void
ratio at different stress ratios, (c) void ratio with different initial void ratios, and (d) anisotropic
degree in the internal structure for different initial void ratios (edited from Li and Yu (2010)).

Guo and Zhao (2013) investigated shear-induced anisotropy in granular media, focusing
on the evolution of internal structure during drained and undrained shearing through 3-D DEM
simulations. The key findings indicated that the dominance of the strong force network in
driving anisotropy, the critical role of mechanical anisotropy in shear resistance. The variation
of the deviatoric stress with increasing axial strain for a particulate system under undrained
shear, and its force chain network distribution in the critical state are shown in Figures 2.12a

and 2.12b, respectively.
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Figure 2.12. (a) Relationship between axial strain and deviatoric stress when the sample is
subjected to undrained shear (PTS: phase transformation state; LS: liquefaction state; CS:
critical state; UL: undrained shear on loose sample; UM: undrained shear on medium dense
sample; UD: undrained shear on dense sample) and (b) the distribution of the force chain

network in the critical state, i.e., the point D (edited from Guo and Zhao (2013b)).

The CN and e in a particulate system affects the particle arrangement during loading
conditions, leading to changes in anisotropy, Wang and Wei (2016) introduced a new “centroid
distance” fabric index to quantify particle-void distribution, which then applied to granular soils
during undrained cyclic loading and post-liquefaction by DEM. The results revealed that
anisotropic load-bearing structures and irreversible particle redistribution occurred before and
after liquefaction, strongly influencing cyclic mobility and post-liquefaction deformation. An

example to illustrate the centroid distance is shown in Figure 2.13.

Figure 2.13. Schematic illustration of the centroid distance. The Voronoi cell of particle i is a
convex polygon whose centre of mass and the centre of mass of the particle are denoted by the
vectors O; and P; respectively (edited from Wang and Wei (2016)).
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Their following study of undrained cyclic shear simulations by DEM found that highly
anisotropic samples induced by pre-shear had a lower liquefaction resistance (Wei et al., 2018).
Kodicherla et al. (2024) used DEM simulations to investigate the strength and fabric anisotropy
of granular materials under true triaxial conditions. Strain hardening and softening behaviours
were independent of mean effective stress and intermediate stress ratios. Peak state friction
angles, however, depended on the intermediate principal stress parameter value. The
simulations showed that clumped particles effectively replicated granular material behaviour.
Non-coaxiality was observed, except in specific shear modes.

In addition, The inherent anisotropy, or initial structure, plays a significant role in
determining the liquefaction resistance of soil materials (Tatsuoka et al., 1986). Ishibashi and
Capar (2003), Sze and Yang (2014), Tatsuoka et al. (1986), and Vaid et al. (1999) pointed out
that different sample preparation methods, such as moist tamping (MT), dry deposition (DD),
and air pluviation (AP), can result in vary degrees of inherent anisotropy in soil samples.
However, due to technical constraints, only a limited number of studies have been found in the
literature that have quantified the inherent anisotropy of the prepared samples using
microscopic methods (Ni et al., 2021; Yang et al., 2008). Another major advantage of the DEM
is the quantification of the inherent anisotropy in a system that initially exhibits an isotropic
stress state (Dai et al., 2016; Morimoto et al., 2021; Ni et al., 2024; Otsubo et al., 2023, 2022;
Yimsiri and Soga, 2010). Among them, Yimsiri and Soga (2010) used DEM simulations to
investigate the impact of initial soil fabric on the shear behaviour of granular materials, showing
that fabric anisotropy significantly influences stiffness, strength, and dilatancy, with behaviour
varying depending on the direction of shearing. An example of how the degree of initial fabric
anisotropy (ao) affects stress-strain relationship under both drained and undrained behaviour is
shown in Figure 2.14. The results align with experimental data and reveal that fabric anisotropy
changes rapidly during transitions from compression to dilation and contractive to dilative

states, with minimal influence from inter-particle friction angle.
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Figure 2.14. Effects of initial soil fabric on: (a) drained behaviour and (b) undrained behaviour

using dense specimen with inter-particle friction angle 45° (edited from Yimsiri and Soga
(2010)).

Otsubo et al. (2022), building on the work of Yimsiri and Soga (2010), explored the effect
of inherent anisotropy on the liquefaction resistance of granular materials by DEM simulations.
The findings revealed that anisotropic samples deform more in their weaker directions, leading
to lower liquefaction resistance compared to isotropic fabrics. A new index, effective anisotropy

(axCN), was proposed to effectively track anisotropy evolution during both undrained

monotonic and cyclic loading.
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Figure 2.15. Changes in effective anisotropy (axCN) with (a) axial strain under undrained cyclic
loading at cyclic stress ratio (CSR) = 0.15, (b) axial strain under undrained monotonic loading,
(c) deviator stress ratio under undrained cyclic loading at CSR = 0.15, and (d) deviator stress
ratio under undrained monotonic loading. (Otsubo et al., (2022)).

2.5 Electrical Behaviour of Particulate Systems under Loading

Electrical behaviour in granular materials under mechanical loading has been extensively
studied (Feki et al., 2012; Machado, 2018; Mohammadi et al., 2020) and is applied across
various industries. Applications such as optimizing metal powder compaction through electrical
measurements (Eidem et al., 2009), detecting mechanical defects via abnormal electrical
resistance (Bourbatache et al., 2013), and identifying train locations using electrical signals
from track circuits (Lewis and Masing, 2006) demonstrate the integration of mechanical and
electrical responses. Beyond these industrial uses, recent advancements have extended the
electro-mechanical behaviour into fields like battery material calendaring (Li et al., 2024),
wound healing in human tissue (Yao et al., 2022), eco-friendly device innovation (Liu et al.,
2024), and polymer development (Chen et al., 2022; Wang and Liao, 2022). Although numerous

experimental studies have advanced our understanding of the interplay between mechanical
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response and electrical behaviour (Arias-Cuevas et al., 2010a; Creyssels et al., 2017; Falcon et
al., 2004; Falcon and Castaing, 2005; Lewis et al., 2014; W. Skipper et al., 2023), these
experiments are often time-consuming, costly, and face challenges in capturing particle
behavior and electro-mechanical mechanisms at particle-scale. The discrete element method
(DEM), recognised for its robust capability to analyse particle dynamics, is widely employed
by researchers for simulating the electrical transfer characteristics of particles under loading
conditions (Abbaspour et al., 2010; Machado et al., 2019; Schneider et al., 2006). This sub-
chapter reviewed DEM studies of the electrical behaviour in particulate systems due to
mechanical response and the corresponding electro-mechanical contact models utilised to
evaluate the electrical conduction for inter-particles under loads.
Renouf and Fillot (2008) identified a conductivity model for calculating electrical
conductance of 2-D particle contacts (Figure 2.16):
c CC i
0, S5 o

m

where C; and C; are defined as conductance for particles i and j, respectively. Cy is contact
conductance, which can calculate explicitly by using normal contact forces f, from Hertz model

(Hertz, 1882):

C. =(| fn|); (2.49)

They used 2-D DEM simulations to investigate the electrical response of particulate

systems under mechanical actions.

Particle j

Particle i Particle i

Figure 2.16. Schematic of the components of the total conductance of two contacting particles
(edited from Renouf and Fillot (2008)).
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This model was later applied by Descartes et al. (2008) in the field of railway engineering
to study the impact of the “third-body” layer (e.g., bonded leaf layer) on electrical conduction
at wheel-rail interface. Ott et al. (2013) utilised three-dimensional (3-D) DEM simulations to
explore the calendaring process of granular electrode structures. Hubert et al. (2017)
characterised the contact area between two overlapping particles as a transmission surface Sj;

facilitating current flow:

S; =4/S;S. (2.50)

ij ivj
where S; and §; are defined as the transmission surfaces related to particles i and j. Following
this, the value of the electrical resistance generated between two contacting particles i and j is

calculated as (Figure 2.17):

Pol;
R, =22

1

(2.51)

where p. and /; are defined as the electrical resistivity of particle material and the length
between centres of two particles, and DEM simulations were conducted to study the variation

of resistance in a cylindrical rod subjected to a torsion test.

Figure 2.17. Schematic of the circuit consisting of five discrete spherical particles (edited from
Hubert et al. (2017)).

Chapteuil et al. (2018) used DEM to model the “third-body” material composed of copper
and graphite, and examined the influence of this mixture on the electrical properties of the

wheel-rail contact area during train braking. Reynolds et al. (2021) calculated the electrical
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resistance between two overlapping particles from their centres to their common contact surface

(Figure 2.18):

2_

2 2 2
d

1 r>+r’ 1 r>—r’+r
O, =——arctanh L Ey arctanh| -—— | (2.52)
7ol 2rr; 7o

i
where o0; and o; are defined as the electrical conductivities due to particle material for particles
i and j, respectively. The electrical behaviour of the burden layer in a ferroalloy furnace system

was then evaluated through DEM simulations.

Cathode Anode

Particle i

Figure 2.18. Conceptual illustration of the construction of a resistance network in a bed
containing conductive (red) and non-conductive (blue) particles along with a schematic of two
of these spherical particles in contact (edited from Reynolds et al. (2021)).

The electrical resistance between two overlapping particles involves not only the bulk
resistance of each particle but also their contact resistance, and thus requires a comprehensive
formulation. From this perspective, Bourbatache et al. (2012) defined the electrical conductance
between two extended electrode surfaces Si and Sjx (the contact surfaces at contact points i and
J, respectively) located anywhere on the surface of a homogeneous spherical particle £ as:

« OSyS jk

C; = T(1—cos 0) (2.53)

p

where o, and V), are defined as the electrical conductivity of material and volume of particle,
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respectively. 6 is the angle formed by points i and j with the centre of the particle, as shown in

Figure 2.19a.

(a) (b)

O Node (contact)

Branch

electrical insulation
electrical insulation

Figure 2.19. (a) Schematic illustration for modelling the electrical conductance between two
contact points and (b) particulate system with the corresponding electrical network (edited from
Bourbatache et al. (2012)).

In their model, contact points were defined as circuit nodes, leading to multiple potentials
and additional current paths within each particle, as shown in Figure 2.19b. Following this,
Machado et al. (2015) improved the model for application in ball bearings, using DEM
simulations to identify defects based on unusual resistance readings. Sangrdés Giménez et al.
(2020) presented a numerical method for modelling electrical resistance networks applicable to
all-solid-state batteries. The particulate system can be equated to a circuit by identifying the
effective conductive paths in the contact network (Figure 2.20). The results showed that DEM
simulation results can reproduce experimental data trends and serve as a tool for predicting the

conductivity of electrode materials and designing enhanced electrode structures.
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Figure 2.20. Two-dimensional schematic of the numerical procedure for determining the
equivalent circuit for simulating the DEM particulate system. (edited from Sangros Giménez et
al. (2020)).

Yim et al. (2023) studied the milling process of ball-milled powder using DEM coupled
with experimental observations. The results indicated that the possible path for charge transfer
expanded as the coordination number increased, and the electrical resistivity of powders
decreased progressively with longer milling times.

As mentioned by Kuhn et al. (2015), the anisotropy can affect the bulk electrical properties
of particulate systems, meaning that the internal structure of the material may make it more
conductive in certain directions. However, there is very limited research on the effect of
anisotropy on the electrical behaviour of particulate systems under load. In this study, the effect
of the inherent anisotropy on the mechanical response as well as the electrical behaviour of the
particulate system in the small-strain range is investigated, and the evolution of the anisotropy
during drained triaxial compression is analysed by DEM simulations, as well as its link with

the mechanical and electrical behaviour.
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2.6 Practical Application

Given that Chapters 3 and 4 focus on investigating the effect of sand particles on the tribological
performance at the wheel-rail interface as well as the electrical behaviour under mechanical
loading, this sub-chapter begins with an overview of the wheel-rail contact mechanism and the
factors contributing to its low adhesion. It also provides a description of the sanding technique
employed to restore adhesion between wheels and rails. Following this, four commonly used
tests to assess the impact of sand particles in sanding methods on the frictional behaviour of the
wheel-rail interface are discussed, along with the corresponding DEM studies. In addition, the
effect of the fragment layer formed by the sand particles crushed under high contact pressure

on the electrical conduction at the wheel-rail interface has been reviewed.

2.6.1 Wheel-Rail Adhesion Restoration

It is estimated that the UK railway industry spends approximately £350 million a year to address
the issue of low adhesion®. This problem induced a significant safety risk to rail operations and
can lead to accidents caused by delayed braking, passing signals at danger, or even collisions
(Rail Accident Investigation Branch, 2007; Gray, 2018). Additionally, low wheel-rail adhesion
can prevent effective train acceleration, resulting in timetable delays and increased operational
costs (Fulford, 2004; Gary, 2018).

The contact between the wheels and rails is complicated due to varying wheel and rail
geometries, rail curves, railhead conditions, as well as moving vehicles. Figure 2.21a shows
three separate regions where contact can occur between the wheel and the rail. Generally, the
most common contact between wheels and rails occurs in Region A; also, it is the most desirable
contact region because of lower contact stresses and less damage between wheels and rails.
When a train turns a corner on the rail, contact usually occurs in Region B. Lastly, if contact
between the wheels and the rails occurs in Region C, this can lead to very high contact stresses
and severe damage, but it is very unlikely that contact will occur in this area.

Three different contact mechanisms can take place between the wheels and the rails, as

! In the railway industry “adhesion” or “adhesion coefficient” is defined as the amount of
traction present when the wheel-rail contact enters partial slip. In this paper, the terms are used
interchangeably.
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shown in Figure 2.21b. A pure rolling contact occurs when the points on the wheel and the rail
enter and exit the contact together and stick throughout. This contact mechanism usually occurs
when the train is “coasting” and does not generate tractive force. When a pure sliding contact
is produced between the wheel and the rail, it results in wheel spinning under acceleration and
wheel locking under braking, both of which are undesirable as they can damage the wheel and
the rail. During the movement through the contact point, the point on the wheel slides before
the point on the rail due to elastic deformation of the wheel surface, namely rolling-sliding
contact, which is desirable for acceleration or braking as the tractive force generated under this
contact mechanism.

In addition, the ratio between the wheel speed under rolling-sliding contact and the wheel
speed under pure rolling contact is referred to as the creep rate or slip rate at the wheel-rail
interface. Through the maintenance of the creep rate, it is feasible to keep the wheel-rail contact
in an ideal condition, i.e. to prevent the wheels and rails from entering full slip and to limit their

damage, while maximising the tractive effort.

Pure rolling contact

@ 4 ‘ “

Time = t+At Time = t+2At

Wheel section Pure sliding contact

ReglonC Reglon
“«—> Reg,(m B

Tlme t+At T‘lme t+2At

Rail section Rolling-sliding contact

Tlme t+At Tlme t+24t

Figure 2.21. Schematics of (a) wheel-rail contact regions and (b) contact mechanisms between
wheel and rail (edited from Skipper, 2021).

In Great Britain, the minimum accepted adhesion values at the wheel-rail interface are
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0.09 and 0.2 for braking and acceleration, respectively (Fulford, 2004). However, the presence
of a third body layer at the wheel-rail interface can induce low adhesion conditions, such as oil
(Beagley et al., 1975), water (Beagley and Pritchard, 1975; Buckley-Johnstone et al., 2016),
water mixed with iron oxides (Buckley-Johnstone et al., 2019), or leaves tightly bonded to the
railhead (Ishizaka et al., 2017), makes it challenging to restore the surface to a clean state. This
third body layer acts as a lubricant, reducing the contact friction between the wheels and rails,
which in turn decreases the amount of creep that can be sustained. As a result, this may lead to
pure slip at the contact surface when the driver expects normal acceleration or braking
behaviour, potentially causing wheel flattening or surface damage to the rail.

Sanding as a means of adhesion restoration for wheel-rail contact has been used since the
early days of the railway industry (Skipper et al., 2018). Its principle of operation is the
deposition of dry sand particles from a compressed air steam in an on-board sand hopper onto
the wheel-rail contact surface through a hose (Rail Safety and Standards Board, 2013), as shown
in Figure 2.22. The presence of sand changes the characteristics of the wheel-rail contact area,
thus restoring adhesion. In addition, sand particles can be mixed into a gel medium and applied
directly to the railhead using a pumping system, either from a trackside applicator or a train-
mounted one, and these particles are often referred to as friction modifiers (FM) (Fulford, 2004).
However, sanding can have unwanted negative effects when it is applied, such as damage
caused by sand particles abrading the surface of the wheel and rail when passing through the
contact point (Skipper et al., 2018), or the isolation of the wheel and rail due to the contact point
being completely covered by insulating sand and the electrical signals not being transmitted

properly (Skipper et al., 2020).
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Figure 2.22. (a) Schematics of a typical sander and (b) high-speed photograph during the
sanding test process (edited from Lewis et al. (2018) and Skipper et al. (2019)).

Standards for sand particle characteristics that meet sanding equipment guidelines have
been established in several countries (Rail Safety and Standards Board, 2018; Société Nationale
des Chemins de fer Francais, 2004; DB/EBA/VDB/VDV Working Group, 2016; Australian
Rail Track Corporation, 2017). These standards provide the benchmarks for selecting sand
particles used to restore adhesion between wheels and rails. However, due to the variety and
complexity of sand particle characteristics, such as particle shape, size, and mineralogy, it is
necessary to investigate how these characteristics affect the tribological behavior of wheel-rail

contact.

2.6.2 High Pressure Torsion Rig

The HPT rig has traditionally been utilised to investigate the effect of high plastic strain, where
large compressive forces can prevent failure (Edalati and Horita, 2016; Fujioka and Horita,
2009; Wetscher et al., 2005). But the HPT test also allows for the study of the tribological
performance of wheel-rail contact as its high contact pressure and stick-slip nature simulate in
some aspects the contact between the wheel and rail (Skipper, 2021). Previously, the University
of Sheffield developed a platform for the HPT and successfully applied sand to the test to
investigate the effect of particles on the frictional characteristics of wheel-rail contact (Evans
et al., 2021; Skipper et al., 2019; W. A. Skipper et al., 2023). The principle behind the HPT test

1s to compress two flat test specimens together to a set normal pressure and generate an annulus
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contact, and subsequently apply a torque to the bottom (rail) specimen until it has moved
through a required sweep length at a low velocity (<1 mm/s). In the initial stage of HPT testing,
the interface between the specimens deforms elastically. However, as the test continues, parts
of the contact areas begin to deform plastically until full sliding occurs. In addition, the torque
that maintained the rotation of the system is measured which can allow to calculate the shear
stresses at the interface and enable to evaluate the frictional characteristics when the specimens
are rotated from the neutral position. Schematics of the platform and HPT set-up used for testing,
as well as an example of typical HPT output, are shown in Figure 2.23, where the labels denote
the following components: (1) wheel specimen, (2) rail specimen, (3) sample holders, (4)
rotational hydraulic actuators, (5) linear hydraulic actuator, (6) rotary variable differential
transducer (RVDT)/load cell, (7) linear variable differential transducer (LVDT)/load cell, (8)

controller, (9) crosshead and (10) hydraulic ring main.
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Figure 2.23. Schematics of (a) HPT rig platform and (b) HPT set-up, as well as (c) a typical
example of HPT output (edited from Evans et al. (2021) and Skipper et al. (2023)).

For HPT rig, it allows for the achievement of high contact pressures while maintaining a
sufficiently large contact area, preventing particle dominance. It also enables precise control
over the amount of sand applied to the contact surface in each cycle, making the test conditions

more realistic. As a result, the HPT rig has been gradually introduced as a bench test for the
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effect of different third body layers (e.g., sand particles) on the frictional characteristics as well
as the mechanical behaviour in the wheel-rail contact. Meierhofer (2015) performed a work on
the effect of sand particles on the friction characteristics of wheel-rail contact using the HPT
rig and developed a new wheel-rail creep force model. However, there is limited scope for this
work as only one sand type was considered and there are no realistic application amounts.
Recently, Skipper et al. (2019) conducted HPT tests using three types of sand under dry, wet,
and leaf contaminated conditions to quantify the impact of particle characteristics on improving
adhesion of wheel-rail contact. The HPT results showed that all three types of sand had little
effect under dry contact conditions. However, silica sand was effective in improving traction
between the wheel and rail in both low adhesion condition, namely wet and leaf contaminated
layers, compared to un-sanded scenario. Subsequently, Skipper et al. (2023) performed a series
of HPT tests under different contact conditions by using numerous different sources of sand.
Then, a comprehensive investigation of how particle characteristics affect the tribological
performance of wheel-rail contact was conducted by means of particle characterisation,
tribological testing and statistical modelling. They found that the peak CoT increased with
particle hardness and circularity under both dry and wet conditions. Under leaf contamination
conditions, both particle size and hardness positively affected the peak CoT, with particle size
having a more pronounced impact. Buckley-Johnstone (2019) used the HPT rig to explore the
effect of small amounts of water and iron oxides mixtures on the wheel-rail interface. The
results indicate that the adhesion in wheel-rail interface decreases compared to dry contact but
does not produce sustained low adhesion (<0.05).

In addition, the collected HPT data can be utilised to parameterise the extended creep force
(ECF) model for full-scale wheel-rail adhesion predictions. Evans et al. (2021) introduced the
ECF model to predict the force characteristic at wheel-rail interface, and demonstrated how the
ECF model can be parameterised with typical HPT outputs from dry baseline. This was
followed by another HPT work by Evans et al. (2023), which was used to investigate the effect
of water-based Top-of-Rail Friction Modifiers (TOR FMS) on the frictional characteristics at
the wheel-rail interface. The obtained HPT results were used to parameterise the ECF model to
include TOR FM characteristics and the model was validated against field test data. Afterwards,

Skipper et al. (2024) applied data from a series of HPT tests under dry, wet and leaf
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contamination conditions to parameterise the ECF model. As a result, full-scale creep curves
were predicted for different combinations of adhesion restoring materials and contaminants,
which were then validated using published field test data (Meierhofer, 2015; Purcell and
Lightoller, 2018; Fischer et al., 2020). The above studies provide some insights into the
preliminary progress towards the prediction of full-scale creep curves at the wheel-rail interface

in real-world scenarios.

2.6.3 Twin Disc Set-Up
An example of twin disc set-up as shown in Figure 2.24a, which uses two discs (i.e., one disc
represents the wheel, and the other is rail) rolling against each other to simulate a wheel running
over a rail (Skipper, 2021). However, the geometries of the twin discs differ significantly from
real wheels and rails and their dimensions are much smaller compared to the actual wheels and
rails, as illustrated in the Figure 2.24b. In addition, the actual contact between the discs is a line
contact with a width of 10 mm, which differs from the actual wheel-rail contact. Another
limitation of the twin disc set-up is the lack of realistic velocity between the surfaces, typically
reaching only around 2 mph. However, the contact pressure between the discs is similar to that
of a real wheel-rail interface, with average contact pressures of 900 - 1,500 MPa achievable.
The sanding system has also been applied to the twin disc set-up, thus promoting the
widespread application of this test method in the investigation of how sand particles affect
tribological performance between wheel and rail (Arias-Cuevas et al., 2010a, 2010b; Lewis et
al., 2003, 2016; Lewis and Dwyer-Joyce, 2006). An example of sand particles application set-
up is shown in Figure 2.24¢. Lewis and Dwyer-Joyce (2006) carried out dynamic tests with and
without sand on a twin disc set-up to study the effect of particles on surface wear for wheel and
rail. The results showed that the application of sand led to an increase in the wear of the discs
by a factor of 2 to 10. But the discs were scaled down, the surface damage on the discs was
more severe than in actual wheel-rail contact. Arias-Cuevas and Lewis (2010) found that larger
particles generally lead to better adhesion between wheel and rail. The results also showed that
when the discharge rate of sand exceed a critical value, the sand at the wheel-rail interfaces
forms a solid lubricant resulting in lower adhesion. Following the previous work, Arias-Cuevas

et al. (2011) conducted a twin disc test on the effect of particle size on the improvement of
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wheel-rail adhesion under leaf contaminated conditions. They found that particles of any size
removed the leaf layer and improved adhesion but could only provide some indication as the
contact mechanism of twin disc is different from the actual situation. Several other studies
investigated the effect of sand on wheel-rail adhesion under various contamination layer
conditions using twin disc set-up (Kumar et al., 1986; Omasta et al., 2015; Wang et al., 2014,
2011). For oil contaminated contact surfaces, the application of sand restores wheel-rail
adhesion when the slip rate is high (Kumar et al., 1986); and due to the high viscosity of the oil,
it prevents the sand from entering the wheel-rail contact (Wang et al., 2014). For wet contact,
sand particles have a positive adhesion effect, and the effect of sand application rate on recovery
of wheel-rail adhesion increases progressively with increasing slip rate and surface velocity
(Omasta et al., 2015; Wang et al., 2011). In addition to the use of sand particles, Wang et al.
(2014) tested the effect of alumina particles on the adhesion between wheel and rail in the
presence of different contamination layers. The results showed that alumina particles proved
more effective than sand in restoring adhesion on oiled and wet contact surfaces due to their
higher hardness. However, because the alumina particles were smaller than sand, they could

not effectively penetrate the leaf layer and thus performed less effectively than sand in those

conditions.
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Figure 2.24. Schematics of (a) twin disc set-up, (b) wheel and rail disc geometry and (c) particle
application set-up (edited from Arias-Cuevas et al. (2010b) and Lewis et al. (2003)).
51



2.6.4 Linear Full-Scale Rig

Linear full-scale rigs employ actual wheels and rails, replicating realistic contact pressures
(900 — 1,500 MPa) and geometries, which is valuable for studying the application of particles
into the wheel-rail contact area (Lewis et al., 2018; Pollicott, 1977). An example of a full-scale
rig is shown in Figure 2.25. The wheel is marked as (1), and (3) represents a 1,010 mm length
of rail moved by a linear slider bed (4). Sand is introduced into the contact area from the hopper
(10) through the hose (12) and nozzle (14). The rest of labels denote the following components:
(2) load frame, (5) PTFE strips, (6) horizontal actuator, (7) vertical actuator, (8) creep actuator,
(9) chain and pulley assembly, (11) sand value, (13) air compressor, (15) control frame,
(16) computer, (17) centrifugal fan, and (18) high speed camera. In addition, the fans can be
used in the test to simulate and investigate the effect of prevailing winds and crosswinds.
However, this set-up is limited by the truncated rail length used (600 mm for one such rig (Lewis
et al., 2018)) and safety concerns, resulting in a lack of realistic wheel velocity.

Some studies investigated the relationship between sand particle size and adhesion of
wheel-rail interface in an oiled contact using the full-size rig (Cooper, 1972; Tanvir, 1972).
They found a positive correlation between particle size and wheel-rail friction. However, the
effect of fine particles on the friction characteristics of wheel-rail contact was very weak,
especially when the particle size was smaller than 53 um. Following the above studies, Zobel
(1974) investigated the effect of hardness of different types of sand on the adhesion between
wheels and rails under oiled contact conditions by full-scale tests. The results show that harder
particles have a positive effect on traction enhancement, but the efficiency of adhesion recovery
decreases when the hardness of the particles exceeds that of quartz. Also, it was noticed by
Zobel (1974) that the actual amount of sand used to improve adhesion was apparently less than
the amount of sand actually discharged from the hose. Addressing the accuracy of the sanding
system and the reduction of sand waste, Lewis et al. (2015) focused on the effect of application
rate on improving adhesion in a full-scale rig. They found that a small amount of sand can
restore low adhesion between the wheel and the rail and that a sand density of 7.5 g/m is
sufficient. Lewis et al. (2018) also investigated the effect of sand entrainment on the wheel-rail

contact surface by adjusting the hose position and the sand flow rate. The results indicated that
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the ideal position for the hose is as close as safely possible to the contact point and aligned with
the nip. Additionally, reducing the sand flow rate below the 2 kg/min threshold significantly

decreases the amount of sand entering the contact.

Figure 2.25. Schematic of linear full-scale rig sanding set-up: (a) side view and (b) top view.
(edited from Lewis et al. (2018)).

2.6.5 Track Tests

Many on-site track tests have primarily been qualitative due to the challenges of conducting
tests on operating railway lines (McEwen & Taylor, 1975; McEwen, 1977; Taylor & Pollicott,
1978). Also, the majority of studies have focused on the qualitative effects of sanding on
adhesion improvement for wheel-rail contact (Pollicott, 1977). Most of these quantitative data
come from either tribometer trains (Zobel, 1972), which provide actual adhesion values, or from
actual train performance metrics, such as journey times, slip detection, and braking distances
(Schofield et al., 1995; Marks, 1996; Tunley, 1999). While track tests offer inherent realism,
the lack of control over variables can lead to potentially misleading results, necessitating that
many conclusions from these tests be taken with caution.

Several studies have reported on tests conducted by British Rail Research using an
emergency one-shot sander system to evaluate its effectiveness under critical braking conditions
with low adhesion. Schofield et al. (1995) found that stopping distances were halved when the
emergency sander was deployed, indicating an increase in adhesion. Marks (1996) also
observed improvements based on feedback from drivers. Waring (1966) conducted a more

detailed study and discovered that the emergency sander, with a discharge rate of 5 kg/min/rail,
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increased train retardation from 2% g to 9% g, enabling full braking to be achieved. Recently,
a field work undertaken by Rail Safety and Standards Board (RSSB) (2018) validated Waring's
findings that higher discharge rates lead to more effective braking. In addition, Arias-Cuevas
and Li (2011) performed some field work to examine the influence of particle size on the
removal of the leaf layer using an actual sander and real leaves. Their results showed that the
use of sand was more effective in removing the leaf layer compared to not using sand. Moreover,
they found that particle sizes ranging from 0.3 to 0.6 mm were the most effective in removing
the leaf layer. An example of a track test using different sanding materials in dry, leaf

contaminated conditions is shown in Figure 2.26.

@ (b

Figure 2.26. Track tests of (a) silica sand particles and (b) alumina particles in dry conditions,
as well as (¢) silica sand particles in leaf contaminated conditions.

2.6.6 DEM Simulations

The application of sand particles at the wheel-rail interface is a critical practice in the railway
industry, restoring wheel-rail adhesion under adverse conditions. However, its tribological
impact—specifically how sand particles affect friction properties at wheel-rail interface—has
been a subject of increasing interest. Due to the complexity of particle characteristics,
experimental methods present challenges in quantitatively analysing a specific signature of a
particle. Discrete Element Method (DEM) simulations have emerged as a powerful tool to study

these complex interactions, offering insights into particle behaviour under real-world conditions.
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Several DEM studies have been conducted to investigate how sand particles affect the
tribological behaviour at wheel-rail interface (Gao et al., 2024.; Gautam and Green, 2021;
Maramizonouz et al., 2024, 2023a; Suhr et al., 2024a, 2024b).

Maramizonouz et al. (2023a) investigated particle entrainment efficiency in rail-sanding
applications by DEM simulations, validating the results against full-scale experimental data.
The findings suggest that aiming the sander nozzle closer to the wheel-rail interface (nip)
significantly increases both entrainment efficiency and the coefficient of traction, with further
investigation needed into particle properties and environmental factors. An example of the
geometric layout of the DEM model and particle entrainment for three case studies for the

sander is shown in Figure 2.27.
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Figure 2.27. (a) Geometric layout of numerical model, and particle entrainment for the sander
aimed at (b) the rail with a 20° angle, (c) the nip with a 20° angle, and (d) the wheel with a 20°
angle in the DEM simulations (edited from Maramizonouz et al. (2023a)).

In a following study, Maramizonouz et al. (2024) considered important features such as
train speed, sand flow rate and utilised CFD-DEM simulations to investigate rail-sanding
efficiency. The results revealed that higher train velocities significantly reduce sand particle

entrainment, with velocities over 30 m/s leading to near-zero efficiency (Figure 2.28a).
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Additionally, optimising sander nozzle geometry, sand flow rate, and particle size can enhance

entrainment efficiency, with longer sander lengths and downward cuts performing best (Figures

2.28b and 2.28c¢).
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Figure 2.28. Percentage change in the entrainment efficiency of the rail-sanding for (a) different
train velocity, (b) different sand flow rate, and (c¢) different sander nozzle configurations and
placements (edited from Maramizonouz et al. (2024)).

Suhr et al. (2024a) represented the first step in developing a DEM model to simulate the
sanding process in wheel-rail contacts, focusing on the adhesion-increasing mechanisms during
sand particles crushing under high contact pressures. The DEM model successfully replicated
experimental observations of fragment spread and cluster formation for different sand types and
contact conditions. In addition, regarding sand particles can be indented into the rail under high
pressure causing surface damage, Suhr et al. (2024b) incorporated a surface indentation model
to DEM model of wheel-rail sanding. The model, validated through sand grain crushing tests,
successfully reduced particle overlap and provided insights into the differences in cluster
formation and indentation behaviour, marking a key step towards a comprehensive DEM model

for rail sanding.

2.6.7 Electrical Isolation of Wheel-Rail Interface

The sanding process is widely recognised as a common method for restoring low adhesion
56



conditions of wheel-rail contact area (Fulford, 2004). However, the presence of sand particles
can lead to electrical isolation between the wheels and rails, particularly when a contamination
layer (e.g., leaves) adheres to the railhead surface, potentially interfering with the proper
functioning of rail circuits. Figure 2.29 illustrates a schematic diagram of a simple track circuit
used in UK railways. Typically, the track is divided into blocks, each forming a “track circuit”
for train detection. Within these sections, a transmitter at one end sends an electrical signal to a
detector at the other end. When a train is present, it shorts the track circuit, enabling train
detection. However, if the wheel-rail interface is insulated by a third body layer, there is a risk
of train detection failure, which can lead to severe safety issues, such as near collisions at level
crossings (Rail Accident Investigation Branch, 2019). It is reported from RSSB (2015) that 97%
of electrical isolation between wheels and rails is due to railhead contamination, while only 3%
is caused by sand application. However, these findings relate to the current representative sand
application, i.e., 7.5 g/m (RSSB, 2018). Addressing low adhesion issues more effectively may
require the application of larger quantities of sand, which could exacerbate electrical isolation

between wheels and rails and increase the risk of train detection failures.
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Figure 2.29. Schematic of the track circuit (Skipper et al., 2020).

Despite its importance, little research has been conducted on the effect of particles on
wheel-rail electrical isolation and how particles might be redesigned to mitigate this issue. To
date, two twin disc studies have been conducted (Arias-Cuevas et al., 2010a; Lewis et al., 2003),

but their scope has been limited. These studies often involve contact conditions and dimensions
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that are not representative of real-world scenarios and are further constrained by the need to
recycle contact surfaces. In addition, Chapteuil et al. (2018) used DEM to numerically model
the presence of copper/graphite mixture at the wheel-rail interface. Their model was “a
simplified version of reality” which intended to be qualitative rather than quantitative. Their
results demonstrated that an optimal copper/graphite ratio could achieve a balance between
electrical and tribological properties. Recently, Skipper et al. (2023) have conducted the HPT
tests to investigate the impact of newly developed conductive sand particles, as well as the
commonly used silica sand particles in the UK railways, on the electrical resistance at the
wheel-rail contact area. These tests aim to provide insights into how different types of sand
particles affect electrical isolation and suggest potential improvements for particle design to

ensure effective adhesion without compromising electrical conductivity.
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Figure 2.30. Histogram plots of time the HPT system spent at a given electrical resistance in
leaf contaminated conditions (a) without sand, and with representative amount (i.e., 7.5g/m) of
(b) silica sand, (c) conductive material Product B, and (d) conductive material Product D (edited
from Skipper et al. (2023)).

2.7 Summary
This chapter reviewed previous DEM studies on modelling techniques for crushable particles,
alongside the mechanical and electrical behaviour of particulate systems under load. The

fundamental principles of DEM, the theoretical foundation of contact models for smooth
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surfaces, and the scaling laws employed to enhance the computational efficiency of DEM were
discussed. Furthermore, sanding techniques used to improve adhesion at the wheel-rail
interface were reviewed, including testing methods for evaluating the impact of sand particles
on the tribological behaviour between the wheel and the rail, as well as the relevant DEM
studies.

This study discussed four methods for modelling crushable particles—BPM, PRM, CIE,
and BCM—and models sand particles using BPM. BPM offers a good balance between
accuracy and computational efficiency by simulating bond fractures to replicate realistic sand
grain crushing. Its flexibility in defining bond strength makes it adaptable to various sand types,
providing a more accurate representation of particle breakage effects on macroscopic properties
like shear strength and compaction.

According to the DEM literature, it is noted that the inherent anisotropy due to sample
preparation and the induced anisotropy during loading can cause variations in particle alignment
and contact. This alteration can result in the more conductive paths in certain contact directions
thus leading to changes in the bulk electrical properties of the particulate system. However, the
effect of anisotropy on the electrical behaviour of particulate systems under load was rarely
discussed in the literature.

The DEM literature of sanding review found knowledge gaps associated with the lack of
how particle characteristics, such as particle size, particle shape, and fragment size distribution
(FSD), affect their tribological behaviour in wheel-rail interface. Additionally, there is limited
research on the impact of sand particles on the electrical behaviour at the wheel-rail interface,
specifically the electrical conduction characteristics of the wheel-rail interface when physical
separation between the rails occurs due to the excessive use of sand, and the corresponding

solutions to promote electrical transfer.
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Chapter 3 Effect of Sand Characteristics in the Wheel-Rail Interface

3.1 Introduction

The study of the mechanical and tribological behaviour of granular materials at particle-
structure and particle-particle interfaces is crucial across various engineering disciplines, such
as pharmaceuticals, geotechnical engineering, the railway industry, and construction (Huang et
al., 2014; Lewis and Dwyer-Joyce, 2006; O’Sullivan, 2011.; Sandeep et al., 2021; Wang et al.,
2023; Wu et al., 2005). An example is the wheel-rail contact in railway engineering. Sanding
has been utilised since the early days of railway engineering to restore wheel-rail adhesion.
Despite its importance, there is still limited understanding of how the properties of sand
particles, such as size, shape, and hardness, influence the tribological performance and
mechanical behaviour at the wheel-rail interface. This knowledge gap presents significant
challenges in optimising the use of granular materials to enhance performance and safety in
railway engineering.

To investigate the effects of sand particle characteristics on the tribological behaviour
between the wheel and rail, extensive experimental studies, such as HPT (Buckley-Johnstone
etal., 2019; Evans et al., 2021; Skipper et al., 2023, 2019), twin-disc (Arias-Cuevas et al., 2011,
2010c; Huang et al., 2016; Wang et al., 2014), linear full-scale (Lewis et al., 2018), and track
tests (Arias-Cuevas and Li, 2011) have been conducted. The above studies offer valuable
insights into how sand particle characteristics affect wheel-rail traction enhancement. Due to
the complexity of sand particle characteristics, targeting particular feature at the particle-scale
in experiments is challenging. DEM (Cundall and Strack, 1979), which can analyse the particle
kinematics at the particle-scale, has been utilised to investigate the effect of particle
characteristics on the tribological performance at wheel-rail interface. Several DEM studies
have been conduct to examine the influence of train speed, sand flow rate, and the geometry
and positioning of sanders on the effectiveness of particle entrainment (Maramizonouz et al.,
2024, 2023a), as well as the effect of sand particle crushing under high contact pressure on the
mechanisms responsible for restoring adhesion (Suhr et al., 2024a, 2024b). However, further

DEM research is required to explore how particle characteristics, such as size, shape, and FSD,
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affect the tribological behaviour between the wheel and rail.

In comparison to other experimental approaches, the HPT is regarded as capable of
precisely regulating the amount of sand at the wheel-rail interface, thereby replicating real-
world conditions more accurately, as discussed in Chapter 2. In this chapter, a DEM model of
HPT is developed? to investigate the effects of different sand particle characteristics on the
tribological behaviour at wheel-rail interface. At the macroscopic level, the tribological
performance between wheel and rail is quantified by estimating the CoT; while at the particle-
scale, the sand particle characteristics as well as the effect of fragments generated after sand
fragmentation are examined on the tribological characteristics of the wheel-rail contact. This
contributes to the current understanding of how the particles affect the tribological performance

and mechanical behaviour of wheel-rail contact.

3.2 Methodology

3.2.1 Modelling of HPT Set-Up

A realistic simulation model of the HPT set-up is shown in Figure 3.1, where the geometry of
the DEM model and the dimensions of the wheel-rail contact area are based on the HPT set-up
used in the experiments by Evans et al. (2021). The EDEM™ software package (version 7.1.0)
developed by Altair (2021) is employed in this study, while its in-built Hertz-Mindlin (no slip)
contact model based on Hertz contact theory (Hertz, 1882) and Mindlin-Deresiewicz’s work
(Mindlin, 1949; Mindlin and Deresiewicz, 1953) is utilised to calculate the normal and
tangential forces in wheel-rail contact area. The damping component of the forces in both
normal and tangential directions, as well as the damping coefficient, are linked to the coefficient
of restitution (Tsuji et al., 1992). Additionally, the tangential friction force follows Coulomb's
law of friction (Cundall and Strack, 1979), and rolling friction is represented by a directional

constant torque model that is independent of the contact (Sakaguchi et al., 2012).

2 Zhang, C., Nadimi, S., Maramizonouz, S., Milledge, D. and Lewis, R., 2024. A discrete
element model of high-pressure torsion test to assess the effect of particle characteristics in the
interface. ASME Journal of Tribology, 146, pp.081501-1.
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Figure 3.1. DEM model of the HPT setup and its geometrical parameters of the contact area
between the wheel and rail specimens.

Firstly, the contact between the wheel and rail specimens under unsanded conditions is
simulated by applying a constant vertical velocity of 0.05 m/s to the wheel specimen, bringing
it into contact with the rail specimen and achieving the required contact pressure of 10 MPa.
Once contact is established, the rail specimen rotates at a constant angular velocity of 1 deg/s.
This rotation continues until the sweep length reaches 0.4 mm, marking the end of the
simulation. In addition, to investigate the effects of sand particle characteristics on the
tribological performance at the dry wheel-rail interface, 0.025 g of material (approximately 4
silica sand particles) is applied to the wheel-rail contact area. This amount corresponds to a
sand concentration of 0.15 kg/m? at a rail speed of 10 mph, calculated by dividing the critical
sand density of 7.5 g/m, as allowed by British Railways, by the estimated rail head width of
50 mm (Edalati et al., 2011; Lewis et al., 2003; Lewis and Masing, 2006; RSSB, 2013).

3.2.2 Scaling of Simulation Parameters

According to Equation 2.3 in Chapter 2, the mass, size, and stiffness of the particle influence
the computational time. In the HPT simulation, for the sand particle crushed by the wheel
specimen, increasing the fragment density while keeping the fragment size and stiffness
constant will result in an increased fragment mass and a larger critical time step. Similarly,

increasing the fragment size or decreasing the shear stiffness of the fragments will speed up the
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computation time. However, given the mass, size, and stiffness of actual sand fragments, a 20%
Rayleigh time step in this simulation would be too small, resulting in a prohibitively high
computational cost (Cundall and Strack, 1979; O’Sullivan, 2011). Therefore, the actual Young's
modulus £ (70 GPa) and density p (2,650 kg/m?) of the sand are appropriately adjusted
according to the scaling criteria proposed in the literature (Behjani et al., 2017; Heervig et al.,
2017; Washino et al., 2018) and Equation 2.3 allowing for an increase in the time step from
108sto0 107 s.

Moreover, to test the validity of the results after scaling the parameters, HPT simulations
are performed on a Dell i5-core laptop for both actual and scaled sand to compare the effects of
scaling on the numerical data of wheel-rail traction presented in Figure 3.2 and computational
time. Due to the dynamic similarity characteristics of the two models (actual and scaled), the
contact pressure for the HPT simulations is scaled from 1,000 MPa to 10 MPa according to the

dimensionless analysis method (Wang et al., 2022).
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Figure 3.2. Comparison of the coefficient of traction obtained from DEM modelling of the HPT
set-up for the two cases using actual (red) and scaled (black) sand parameters.

As shown in Figure 3.2, the relationship between the CoT and the displacement in both
cases exhibits a similar trend, with CoT values decreasing by only 0.04 when the scaled

parameters are utilised. Additionally, the efficient HPT prediction model developed in this study
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does not require High Performance Computing (HPC), as the average computation time for one
simulation with scaled parameters is about 5 hours, whereas simulation using actual parameters
takes more than a week.

Therefore, the adjusted parameters used in the HPT simulations are listed in Table 3.1,
where the materials used for wheel specimen, rail specimen, and sand particle are R8T steel,
R260 steel, and silica sand. The material properties are taken from literature (Skipper et al.,
2019; Skipper, 2021; Skipper et al., 2021; Szczotok et al., 2018); while the interaction

parameters used in the simulations are taken from literature (Skipper, 2021; Skipper et al., 2021).

Table 3.1 Material parameters used in the HPT simulations.

Material Parameter Unit Value
Silica Sand
Poisson’s ratio (vm) - 0.3
Scaled Density (p) kg/m?® 2.65x10*
Scaled Young’s modulus (E) GPa 0.7
Wheel
Poisson’s ratio (vm) - 0.28
Density (p) kg/m?® 7,850
Young’s modulus (E) GPa 229.45
Rail
Poisson’s ratio (vm) - 0.3
Density (p) kg/m?® 7,850
Young’s modulus (E) GPa 210
Interaction Parameters Value
Coefficient of restitution (ep) 0.8
Coefficient of static friction () 0.5
Coefficient of rolling friction () 0.01

3.2.3 Sand Particle Modelling

The breakage of a single sand particle into several fragments under mechanical loading can be
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reproduced in DEM simulations (Fu et al., 2017; Wang and Arson, 2016; Wu et al., 2022). The
BPM developed by Potyondy and Cundall (2004) is employed to model an individual sand
particle in this study. In the HPT simulation, it is assumed that the fragments produced by the
crushed sand particles indent the metal surface, but fully recover from the deformation as they
follow elastic contact behaviour. Surface damage resulting from particles indented into the
wheel and the rail specimens is not considered here as it falls outside the scope of this study.
Figure 3.3 illustrates a modelled sand particle, with the red parts representing the bonds between
the fragments. The forces and moments acting on the bond are adjusted incrementally at each
time step during the compaction of the particles by the wheel specimen. When the applied
stresses in the normal and tangential directions exceed a predetermined value, the bond breaks,
simulating the breaking behavior of a sand particle at each time step. Considering the brittle
characteristics of silica sand particles and their corresponding particle breakage modelling
(Metzger and Glasser, 2012; Schilde et al., 2014), the benchmark bond properties for the HPT
simulation are identified (Normal stiffness (k,): 1x10'° N/m?, stiffness ratio (ka/k:): 1.0, critical
normal strength (Guax): 1108 Pa, strength ratio (Gmax/tmax): 1.0, and bonded disk scale (1): 1.25).
A parametric study of the bond properties is conducted (as mentioned above in Table 3.1) to
investigate their effects on the frictional characteristics at the wheel-rail interface; as well as the
effect of size and the number of sand particles on the wheel-rail adhesion are also investigated,

as listed in Table 3.2.
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Figure 3.3. Schematic of a sand particle represented as a cluster of spherical fragments bonded
together using the bonded particle model.
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Table 3.2 Particle properties used as input parameters in each simulation scenario.

Bond strength  Bond stiffness Particle diameter Number of
Case No.
[Pa] [N/m?3] [mm] particles
a.l 1x107 1x101° 1.0 4
a.2 5%107 1x10'° 1.0 4
a.3 1x108 1x101° 1.0 4
a.4 5%10® 1x10'° 1.0 4
a.5 1x10° 1x101° 1.0 4
a.6 5x10° 1x10!° 1.0 4
a.7 1x101° 1x101° 1.0 4
b.1 1x10% 1x10° 1.0 4
b.2 1x108 2.5x10° 1.0 4
b.3 1x10% 5x10° 1.0 4
b.4 1x108 1x101° 1.0 4
b.5 1x10% 2.5x10% 1.0 4
b.6 1x108 5x10' 1.0 4
b.7 1x10% 1x10" 1.0 4
c.1 1x10% 1x10!° 0.83 4
c.2 1x108 1x101° 1.0 4
c.3 1x10% 1x10!° 1.5 4
c4 1x108 1x101° 2.0 4
d.1 1x10% 1x10!° 1.0 4
d.2 1x108 1x101° 1.0 8
d.3 1x10% 1x10!° 1.0 16

In addition, to determine the size of the fragments, a sample of the crushed sand collected
from the railhead has been analysed using laser diffraction (Figure 3.4). Given that the size of
spherical fragments produced by sand particle fragmentation significantly impacts the
computational time of the DEM simulation (Cundall and Strack, 1979; O’Sullivan, 2011), a

fragment diameter of 100 um (<Dgo) has been selected to ensure the simulation can be
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completed within a reasonable timeframe.
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Figure 3.4. Size distribution curve of the crushed sand obtained using laser diffraction (“%
Passing” on the y-axis represents the percentage of fragments in the sample that have a size
smaller than or equal to a particular fragment size on the x-axis).

3.2.4 Calculation of Effective Radius of Friction

In the HPT test, although creep stresses are uniform across the contact area (Figure 3.1), the
contribution of these stresses to the support torque is greater at higher radii. Thus, using the
midpoint radius to calculate creep stress from the measured torque is not correct (Evans et al.,
2021). To determine the creep stress in the contact area, the "effective radius of friction (ERF)",
a concept commonly used in clutch design, is used as the point at which creep stress is
calculated (Budynas et al., 2015). The outer and inner radius of the HPT contact area yield an
ERF of 7.29 mm. However, in the HPT simulation, the ERF can be more accurately estimated
by considering the distance of each individual fragment to the centre of the annular contact area.
The ERF, accounting for all fragments, can be computed in each simulation by defining the

average effective radius of friction (ERFauv):

Z\/|(X‘ —xo)2 +|(z-1,)

ERF,,, =—
N

where x; and z; are the coordinates of each fragment on the X-Z plane, x, and z, are the

2

(3.1)

coordinates of the centre of the annular contact area on the X-Z plane, and N is total number of

fragments present in the contact area.
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After the ERF. 1s calculated, the CoT at the wheel-rail interface can be estimated

(Buckley-Johnstone et al., 2019):

T/
coT = Fs - /ERFug (32)
I:N I:N

where Fv and Fs are the normal load and shear force, respectively. T, is the torque measured

by the HPT apparatus.

3.3 Effects of Bond Properties on the Coefficient of Traction

The effects of bond properties between fragments of sand particle on the CoT at the wheel-rail
interface is discussed in this sub-chapter, where the simulation scenarios used are presented in
Table 3.2. Figure 3.5 shows how varying bond strength affects the CoT at wheel-rail contact
area, while bond stiffness remains constant. Altering the bond strength between particle
fragments from 1x107 Pa to 1x10'° Pa has a negligible effect on the CoT. The number of
fragments in the contact area was determined using an annular bin, matching the wheel-rail

contact dimensions. The total fragments remained relatively stable across varies bond strengths.
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Figure 3.5. Comparison of the coefficient of traction obtained from DEM modelling of the HPT
set-up using different values of bond strength (The insert graph shows the number of fragments
remaining on the contact area for each value of the bond strength).
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To investigate how bond strength affects the breakage behaviour of sand particles during
the HPT test, case study a.7 (see Table 3.2) is selected, with a particle diameter of 1.0 mm, and
bond strength and stiffness of 1x10'° Pa and 1x10'° N/m?, respectively. Figure 3.6a-1 shows
that in the first stage, when the wheel specimen initially contacts the sand particle before a
normal load is applied, the particle retains its shape and remains in a steady state. In the second
stage (Figure 3.6a-2), applying a normal load causes the particle to deform under compressive
forces, with a sudden increase in compressive forces at the centre of the particle and tensile
failure at the edges. During the third stage of compaction (Figure 3.6a-3), the particle fragments
detach completely and come into direct contact with the wheel and rail specimens, with the
vertical load remaining constant until the end of simulation.

Figure 3.6b presents the changes in the angular velocity of fragments from the beginning
to the end of the torsion phase. Fragments in the central area exhibit greater angular velocity
than those in the surrounding area, though the difference is not significantly large. The sand
fragment layer remains stable under vertical and torsional loads from the wheel and rail, as
normal and tangential stresses rarely exceed the critical strength of the bonds. This stability
prevents fragment detachment, leading to negligible differences among cases 4, 5, and 6 in

Figure 3.6b.
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Figure 3.6. The breaking behaviour of the sand particle and the evolution of the bond force in
the normal and tangential directions for particle with a 1.0 mm diameter, and a bond strength
and stiffness of 1x10'° [Pa] and 1x10'° [N/m?], respectively, during the DEM modelling: (a)
Changes in the compression force of fragments during compaction (side view), (b) Changes in
the angular velocity of the fragments during torsion (top view), (c¢) Normal bond force, (d)
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Figure 3.6¢ illustrates that bond force in the normal direction increases sharply during the
second stage of compaction, while Figure 3.6d shows no abrupt increase in tangential bond
force. The bond force in both normal and tangential directions increase gradually but neither
exceed the corresponding critical bond strength. However, high bond strengths may cause
inappropriate breakage behaviour in sand particles, as shown in Figure 3.6e, where a small
fraction of agglomerates accumulates at the edge of the wheel-rail intersection region at a bond
strength of 1x10'° Pa, and the sand particles exhibit breakage behaviour of ductile material
rather than the expected brittle material.

Figure 3.7 presents the effect of different bond stiffness values on the CoT while keeping
the bond strength constant. As the bond stiffness varies between 1x10° and 1x10'"" N/m’, its
effect on the CoT is more pronounced compared to the bond strength. Additionally, for bond
stiffness values which below 5x10'° N/m?, the change in bond stiffness has a minimal effect on
the number of fragments generated at the wheel-rail contact area due to particle breakage.
However, when the bond stiffness values exceed 5x10'® N/m?, the number of fragments
generated in the contact area gradually decreases during torsion, with the rate of decline

becoming more pronounced at higher bond stiffness values (i.e., 110! N/m?).
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Figure 3.7. Comparison of the coefficient of traction obtained from DEM modelling of the HPT

set-up using different values of bond stiffness (The insert graph shows the number of fragments

remaining on the contact area for each value of the bond stiffness).
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To investigate the effect of bond stiffness on the breakage behaviour of sand particles
during the HPT test, case study b.7 (refer to Table 3.2) is chosen. This case study involves a
particle diameter of 1.0 mm, with bond strength and stiffness set at 1x10® Pa and 1x10'! N/m?,
respectively. When a normal load is applied to the wheel specimen (Figure 3.8a-1), the force
transfers to the particles, resulting in a sudden increase in compressive force on most of the
particle fragments as they extend outward from the centre of the particle (Figure 3.8a-2). In the
third stage (Figure 3.8a-3), the particle is completely crushed and subjected to a continuous
normal load until the end of the test.

As shown in Figure 3.8b, there is a significant increase in the angular velocity of the
fragments at the beginning of the twist, with the overall angular velocity being greatest in the
central region of the fragment layer. At this stage, the normal and tangential stresses acting on
the bond increase dramatically and exceed the critical strength of the bonds, leading to fragment
detachment. Subsequently, the angular velocity of the fragments decreases and stabilises from
the middle stage of torsion to the end of the simulation.

In Figure. 3.8c, the normal bond strength increases sharply to about 28 N during the second
stage of compaction, exceeding the critical normal bond strength (approximately 67 N) after
entering the third stage. In Figure 3.8d, the tangential bond force increases abruptly at the start
of the twist, and then exceeds the critical tangential bond strength (around 385 N) at around
0.75 s into the test. With high bond stiffness, the forces generated to resist bond stretching can
easily exceed the critical bond strength, resulting in bond breakage and a gradual reduction in

the force exerted on the bond.
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Figure 3.8. The breaking behaviour of the sand particle and the evolution of the bond force in
the normal and tangential directions for particle with a 1.0 mm diameter, and a bond strength
and stiffness of 1x108 [Pa] and 1x10'" [N/m?], respectively, during the DEM modelling: (a)
Changes in the compression force of fragments during compaction (side view), (b) Changes in
the angular velocity of the fragments during torsion (top view), (c) Normal bond force, and (d)
Tangential bond force.

3.4 Effects of Particle Size on the Coefficient of Traction under Torsional Loading

In this sub-chapter, the effects of sand particle size on traction at wheel-rail contact area is
discussed, and the detailed parameters for particle with different size are listed in Table 3.3.
Figure 3.9 shows that the CoT decreases as particle size increases. During the HPT simulations,
the wheel specimen gradually approaches the rail specimen and compacts the particles. The
sand particles with smaller size are completely broken under this load. This causes the
fragments to detach fully from the parent particles and come into direct contact with the wheel

and rail specimens. However, when the particle diameter is increased to 2 mm, the particles do
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not completely break under the load. Instead, the fragments cluster together and form layers at

the wheel-rail contact area.

Table 3.3 Number of fragments and bonds and average effective radius for each particle size.

Average effective

Particle Number of Number of Fragments
radius of friction in
diameter [mm] fragments bonds diameter [mm]
HPT [mm]
0.83 210 486 0.1 7.52
1.0 326 739 0.1 7.40
1.5 1,000 2,892 0.1 7.24
2.0 2,840 6,855 0.1 7.32
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Figure 3.9. Sand particles of different size with a diameter of: (a) 0.83mm, (b) 1.0mm, (c)
1.5mm, and (d) 2.0mm used in the DEM models and (e) comparison of the coefficient of
traction obtained from DEM modelling of the HPT set-up using different particle sizes.
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Figure 3.10 provides a closer view of the force transfer mechanism. When a normal load
is continuously applied to smaller particles (Figure 3.10a), the fragments completely detach
from the parent particle, forming a single layer that indents into both the wheel and rail surfaces.
This results in the creation of a reaction force that transmits the torsional force more effectively
(Skipper et al., 2023). In contrast, as shown in Figures 3.10b to 10d, for larger particle diameters
of 1 mm, 1.5 mm, and 2 mm, the fragments break away during compaction, but numerous
overlapping fragments are observed at the wheel-rail interface. This indicates that some
fragments cluster together, forming weak shear bands and resulting in lower traction forces.

Additionally, Figure 3.10e shows that for particle diameters smaller than 2 mm, the number
of fragments in the contact area remains constant during the test. However, for particles with a
diameter of 2 mm, the number of fragments increases as the sweep length increases. This is due
to the expansion of the fragment layer as the wheel and rail specimens twist against each other,

allowing more fragments to come into direct contact with the wheel and rail surfaces.
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Figure 3.10. Particle breakage in the contact area, the variation in the number of fragments
depending on the particle size, and the possibility of the formation of fragment clusters and
weak shear bands during the DEM simulation for particles with a diameter of: (a) 0.83mm, (b)
1.0mm, (c) 1.5mm, and (d) 2.0mm, and (e) comparison of the number of fragments produced
during the DEM modelling of the HPT set-up for the above four particle sizes.
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Figure 3.11 compares the peak CoT values for different particle sizes obtained from the
simulations to the experimental results for both dry and leaf-contaminated conditions provided
by Skipper et al. (2023). The peak CoT of the DEM simulations is determined as the maximum
value reached at the end of the simulation. It is important to note that the HPT test focuses
exclusively on the friction effect as the crushed particles move through the contact. It does not
account for particle trapping in the actual wheel-rail nip, where particles indent the rail and are
subsequently crushed by friction forces. The simulation results indicate that as particle size
increases, the peak CoT values decrease. In contrast, the experimental observations do not show
a clear relationship between particle size and peak CoT under both dry and leaf-contaminated
conditions. In the DEM simulations, particles are positioned identically to those in the
experiments, and material heterogeneity effects are absent. The peak CoT values from the DEM
simulations are closer to those observed in the leaf-contaminated condition in the experiments.
This similarity may be due to the exclusion of metal-to-metal contact in the DEM simulations

(Zhang et al., 2024a).
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Figure 3.11. Comparison of the peak coefficient of traction obtained from DEM modelling of
the HPT set-up (blue diamond) using different particle sizes to the experimental results for dry
(black square) and leaf-contaminated (green circle) contact condition by Skipper et al. (2023).

In Figure 3.12, the branch vectors, defined as lines connecting the centroids of each pair
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of particle fragments, are shown for the four different particle sizes and are coloured based on
their contact normal forces. For the smallest sand particle, with a diameter of 0.83 mm (Figure
3.12a), the branch vectors do not overlap. However, as the size of the sand particles increases,
the number of overlapping branch vectors in the central region of the particles increases sharply
(Figures 3.12b to 3.12d). This indicates that the particles are rolling and sliding on top of each

other in the central region during torsion.
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Figure 3.12. The contact force network formed during crushing of a particle with a diameter of:
(a) 0.83mm, (b) 1.0mm, (c) 1.5mm, and (d) 2.0mm obtained from the DEM models.

3.5 Effects of Number of Particles on the Coefficient of Traction

The effects of the number of sand particles on frictional characteristics at wheel-rail contact
area is investigated in this sub-chapter, the fragment and ERFu, for each HPT simulation
scenario can be found in Table 3.4. Figure 3.13 shows that when 4 sand particles are present in
the wheel-rail contact area, the CoT can increase up to 0.3. However, increasing the number of
sand particles to 8 or 16 decreases the CoT to 0.21 and 0.15, respectively. This reduction is due
to two factors. First, increasing the number of particles increases the contact area between the
fragments and the wheel/rail specimens. Second, with a higher number of particles, the

fragments can distribute more evenly over the wheel-rail contact area, providing lubrication,
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which is consistent with the effects of particle size.

Table 3.4 Fragments and average effective radius for three different scenarios.

Number of Number of Fragments diameter  Average effective radius
particles Fragments [mml] of friction in HPT [mm]
4 1,304 0.1 7.40
8 2,608 0.1 7.11
16 5,216 0.1 7.08
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Figure 3.13. The particle distribution used in simulations for different number of particles

present at the wheel-rail contact area (1) before and (2) after crushing shown from the top view

for: (a) 4 particles, (b) 8 particles, and (c) 16 particles and (d) comparison of the coefficient of

traction obtained from DEM modelling of the HPT set-up using different number of particles
at the contact area.
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3.6 Controlling Particle Size Distribution of Fragments for Modelling the Breakage of
Arbitrary-Shaped Sand Particles
The previous sub-chapters discussed the effects of bonding properties between spherical
fragments, particle size, and the number of particles applied to the wheel-rail contact area on
tribological behaviour between the wheel and the rail. However, when modelling a sand particle,
mono-sized spherical fragments were employed. In order to simulate a more realistic
fragmentation of sand particle at the interface under high contact pressures, it is essential to
incorporate the size distribution of the fragments post-fragmentation into the model. In this sub-
chapter, a study is conducted to investigate how the fragment size distribution (FSD) data
created by crushed sand particles affects wheel-rail adhesion. An in-house python code
developed by Nadimi’s research group is utilised to model sand particles, incorporating
fragments with the corresponding size distribution. The performance and reliability of the code
are evaluated by modelling two different types of sand particles and comparing the predicted
fragment size distribution with experimental data. Subsequently, the sand particles modelled by

the code are applied to the HPT simulations.

3.6.1 Motivation and Significance

Granular materials are commonly encountered and utilised in a variety of engineering fields
such as pharmaceutical engineering (Tamadondar and Rasmuson, 2020), chemical engineering
(Nan et al., 2017), agriculture (Pasha et al., 2016), civil engineering (Suhr and Six, 2020; Wang
et al., 2007) and mining engineering (Cho et al., 2007). These particles can break into smaller
fragments during high stress compression or shearing events, and the particle size distribution
(PSD) of the fragments plays a crucial role in the behaviour of the entire particulate system,
such as force transmission (O’Sullivan, 2011). DEM is a technique typically employed in
academic research and industries to study granular materials and their behaviour during the
breakage process. Since the contact models and contact detection algorithms in DEM are mainly
developed for rigid spherical particles, modelling the breakage of arbitrarily shaped particles
can present two main challenges. First is to represent the shape of non-spherical particles, and
second is how to reproduce the particle breakage process in the DEM model along with realistic

FSD data.
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For arbitrarily shaped non-spherical particles, the common practice in academic and
industrial research is to model the actual particles as clumps of overlapping spheres or clusters
of non-overlapping spheres (Orefice and Khinast, 2020). This approach allows for the inclusion
of more detailed particle morphology characteristics, such as local roundness, roughness or
concavities. Regarding the modelling of non-spherical particles, commercial DEM software,
such as PFC3D (Itasca) and EDEM™ offer specialised methods developed in-house; some
open-source codes are also currently available to implement the corresponding requirements,
such as Bradshaw & O’Sullivan (2004), Haeri (2017), and Angelidakis et al. (2021).

In addition, some studies are successfully using the BPM to simulate the crushing response
of grains and assemblies of silica sand (Cheng et al., 2003; McDowell and Harireche, 2002;
Metzger and Glasser, 2013, 2012; Zhang et al., 2024). However, only clumps and/or clusters
consisting of monodisperse spherical fragments arranged in regular lattices are considered in
these applications. To incorporate the post-fracture behaviour meaningfully into the model, it
is necessary to construct clumps and/or clusters from polydisperse fragments with sizes that
match a realistic post-fracture FSD. Therefore, this sub-chapter employs an in-house code
named Voro-Pack based on Python programming language dominated by a technique for
generating polydisperse spherical stacks to reproduce arbitrarily shaped particles with realistic
FSD. This code relies solely on computational geometry, utilising a simple but effective Vorono
relaxation algorithm to subdivide and populate arbitrary regions with polydisperse spherical

fragments in a controlled FSD.

3.6.2 Description of the Voro-Pack code
The algorithm used to generate polydisperse agglomerates relies on two related key ideas:
Laguerre-Voronoi diagrams and Voronoi relaxation.

The traditional Voronoi diagram partition Euclidean space into polygonal cells, each
centred around a generator point, as shown in Figure 3.14a. Laguerre-Voronoi diagram, as
shown in Figure 3.14b, is a weighted variant of the traditional Voronoi diagram, where each

generator point p; is assigned a weight w;. In Laguerre-Voronoi diagram, given a set of generator
. . d . .

points { Py Py pn} in R" and corresponding weights {Wl, Wy ,yeey Wn} , the power

distance from a point x to a generator point p; with weight w; can be defined as:
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[T(p %) =[x=p] -w? (3.3)

where ”X— P ” denotes the Euclidean distance between x and p;. This power distance

determines the boundaries of the Laguerre cells, which are infuenced by both the spatial
position of the generator points and their respective weights. The laguerre cell L(p;) for a

generator point p; is then:
L(pi)z{XeRd D, (. x)<D, (p;.x) for all j =i} (3.4)

Geometrically, these weights can be visualised as the square of a radius around each
generator point. Therefore, the cells in a Laguerre-Voronoi diagram represent the set of points
closest to a generator circle (or sphere in higher dimensions) compared to any other.

The difference between traditional Voronoi and Laguerre-Voronoi diagrams is illustrated
in Figure 3.14. Both methods generate convex polygonal cells, but the weighting in Laguerre-
Voronoi diagrams provides control over the relative sizes of the cells. This allows for more
flexibility in modelling situations where influence varies between generators. It can be observed
that a smaller circle is completely contained within a larger circle, and overlapping generator
circles may cause some cells to have zero area, resulting in the cells of the smaller generator
not being present. This demonstrates that Laguerre-Voronoi diagrams have the ability to model
layered or nested influences, and that their flexibility allows the creation of spatial partitions
that are more representative of real-world scenarios where influence and dominance are not

uniformly distributed (Chaidee and Sugihara, 2020; Lautensack, 2008).

Figure 3.14. Examples of (a) traditional Voronoi diagram constructed from 24 generator points
and (b) Laguerre-Voronoi diagram of the same generator points with randomly assigned cell
weights.
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To achieve a more uniform and well-distributed set of Voronoi cells, Voronoi relaxation is
introduced. The aim of this concept is to improve the quality of a Voronoi diagram or mesh by
iteratively adjusting the positions of the generator points. Moreover, Lloyd’s algorithm (Lloyd,
1982), is the most commonly used technique to achieve Voronoi relaxation. The algorithm is
used to approximate the “Centroidal Voronoi Diagrams (CVD)”, which is a special subset of
the Voronoi diagram characterised by the fact that each generator point is located at the centroid
of its respective cell. When applying Lloyd’s algorithm to Voronoi diagrams, it follows a
relatively straightforward iterative process. The steps include starting with an initial Voronoi
diagram, calculating the centroid of each Voronoi cell, moving each generator point to the
centroid of its corresponding cell, and then reconstructing the Voronoi diagram. These steps are
repeated until the generator points converge to a stable configuration, resulting in an
approximation of a CVD. The convergence of the system can be monitored using an energy
function, which is proportional to the displacement of the generator points between iterations.
This approach ensures that the generator points gradually move towards the centroids of their
cells, optimising the spatial partitioning. The energy function y that describe convergence is

expressed as follows:

> Ave,
y= (3.5)
n

where Avc; is the distance between the centroid and the generator point of the ith Voronoi cell
and # 1s the number of cells.

An example of Voronoi relaxation using Lloyd’s algorithm is illustrated in Figure 3.15a.
This figure takes Figure 3.14a as an initial stage and demonstrates a Voronoi diagram with a set
of evenly spaced, uniformly sized and well-shaped points generated by the Lloyd’s algorithm
after 50 iterations have been performed. As the algorithm iterates, the system converges towards
a CVD. The convergence process is depicted in Figure 3.15b. Initially, the energy function is
relatively high, indicating significant displacements of the generator points. Over successive
iterations, the energy function decreases, reflecting a gradual convergence. This reduction in
energy corresponds to smaller displacements of the generator points, leading to an increasingly

accurate approximation of the CVD. The visualisation of this process highlights how Lloyd’s
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algorithm effectively optimizes the spatial distribution of points, resulting in a well-relaxed

Voronoi diagram.

Energy function

0 20 40 60 80 100
Iteration
(b)
Figure 3.15. (a) Voronoi diagram after completing 50 iterations and (b) Curve of the of the
energy function y during the Lloyds algorithm.

The code utilised in this study extends the concept of Voronoi relaxation to Laguerre-
Voronoi diagrams, offering a straightforward algorithm for generating polydisperse
agglomerates. This approach allows for the modelling of geotechnical materials such as soil,
sand, and rock by incorporating the exterior geometry (*.stl) and PSD data of the corresponding
fragments (*.csv). The output files, which represent agglomerates using the centroids and radii
of the polydisperse, are compatible with several leading commercial and open-source DEM
codes, including EDEM™, PFC3D, YADE, and LAMMPS. This compatibility ensures that the
generated agglomerates can be easily integrated into various simulation environments,
facilitating their use in a wide range of applications.

Taking the irregular geometry shown in Figure 3.16 as an example, this algorithm
generates polydisperse agglomerates through the following steps:

(1) Generate a cumulative frequency PSD curve from the input binned PSD data.

(2) Randomly scatter particle centres within the axis-aligned bounding box of the external
shell of the agglomerate to be generated, as shown in Figure 3.16a. Assign radii to these
particles sampled from the desired PSD. Ensure that the total area or volume of the placed

particles matches the maximum packing density of the region. This initial distribution will
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likely be irregular and contain many overlapping particles.

(3) Construct the Laguerre diagram for the initial arrangement using periodic boundary
conditions to prevent unwanted boundary effects. Due to significant overlaps, it is necessary to
initially reduce the weightings. Gradually increase the cell weights to avoid particle
“swallowing.” Stop iterating once the particles reach their full size and the energy tolerance
criterion is met, as shown in Figure 3.16b.

(4) Apply convex optimization to locate the Chebyshev centre and determine the largest
inscribed particle within each cell (Figure 3.16¢).

(5) Trim any excess particles that extend beyond the exterior surface of the agglomerate,
as shown in Figure 3.16d.

By following these steps, the algorithm effectively generates polydisperse agglomerates
that are compatible with the external geometry and PSD data of fragments. This method ensures
that the generated particles fit well within the target agglomerate shape and adhere to the desired

size distribution of fragments.

Figure 3.16. Graphical illustration of the algorithm steps to generate polydisperse agglomerates
for an irregular geometry.

3.6.3 Case studies
In this section, silica sand from Leighton Buzzard and from central European quarries were

selected and then these natural irregular sand particles were imaged using X-ray micro-
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Computed Tomography (LCT). To generate the 3-D geometry of the particles, the pCT images
were reconstructed into greyscale cross-sectional slices, with a voxel edge length/image
resolution of 8.81 um, producing a 3D image of approximately 7,444 x 7,444 x 7,117 voxels.
After that, a total of 100 sand samples from Leighton Buzzard and central European quarries
were modelled using the Voro-Pack code. The size distribution of fragments of sand particles
was obtained by laser diffraction and the idea is to fit the FSD into an irregular shape of sand
sample. Moreover, the coefficient of determination (R?) (Wright, 1921) and root mean square
error (RMSE) (Chicco et al., 2021) are utilised in order to quantify in a straightforward way the
difference between the FSD data predicted by the code in the sand particle modelling and the
actual test data. The R? can be interpreted as the proportion of variation in the dependent
variable that can be predicted from the independent variable, which can be expressed as

following:

R? :l_i;(y_-—_y)z (3.6)
=1 | !

i
where X; is the predicted ith value, Y; is the actual jth value, Y is the mean of the actual values,

and m is the number of elements for actual values in the data set.
In contrast, the RMSE measures the average difference between the predicted and actual
values of the model, providing an estimate of the ability of model to predict the accuracy of

target value:

RMSE =\/%i(xi -Y,)’ (3.7)
i=1

In order to calculate the R2 and RMSE of the sand samples from the two different sources,
the fragment sizes obtained from the code are taken as the predicted values while the size of the
fragments from laser diffraction are taken as the actual values. As shown in Figure 3.17a, for
the first source of sand particles, it reveals a high degree of alignment between the actual and
predicted data. Also, the high R? values indicate that the code effectively reproduces most of
the FSD data from laser diffraction when modelling sand particles. Additionally, for some sand

samples, the proximity of the predicted data to the actual data results in low RMSE values,
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indicating that the average error between the predicted FSD by code and the actual data is small.
However, when there is a significant deviation between the actual data and the predicted data,
the RMSE value is high, reflecting a large error in the prediction of code for that interval.

For the second source of sand particles (Figure 3.17b), most samples also exhibit high R?
values and low RMSE values, suggesting that the predicted FSD data by code closely matches
the actual data for this type of sand as well. Overall, Figure 3.17 provides a visual representation
of the code performance in predicting FSD data, with many scenarios showing excellent
predictive accuracy. Metrics such as the combination of R* and RMSE confirm the robustness
and reliability of code in capturing potential patterns in the data. Additional comparisons for

the rest of sand samples can be found in Appendix A.
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Figure 3.17. Comparison of code-predicted fragment size distribution data with laser diffraction
data: (a) sand samples from the first source and (b) sand samples from the second source.

Figure 3.18 illustrates a comparison of pCT scans (Maramizonouz et al., 2023b) and code
modelling for 6 sand samples from each source. It can be observed that the geometries and sizes
of the agglomerates obtained from code modelling match well with the corresponding realistic

sand particles.
#a-1 ' l #a-2 . l #a’ '
#a-4 #a-5 #a-6 I
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Figure 3.18. Comparison of the geometry between the real sand particles and the ones modelled
by the code: (a) sand samples from the first source and (b) sand samples from the second source.

3.6.4 Effects of Fragment Size Distribution on the Coefficient of Traction

The code is then employed to model sand particles in HPT simulations to examine how the size
distribution of fragments affects wheel-rail adhesion. To reasonably reflect the size distribution
of fragments after particle breakage, the D30-D70 range is selected from Figure 3.4.
Additionally, to avoid the expensive computational costs associated with very small spherical
fragments, the size of the fragments is enlarged by a scale factor of 10. Another type of sand
particle is composed of fragments with a monotonic distribution of sizes, as described in
case ¢.2 in Table 3.1. In the HPT simulation, 4 sand particles are applied in the wheel-rail
contact area, with each particle having a diameter of 1 mm.

Figure 3.19 shows that when the fragments in the sand particles are of a uniform size, the
CoT at the wheel-rail interface is 0.3. However, after incorporating the FSD into the sand
particles, the CoT in the wheel-rail contact area increases to 0.37. This indicates that
incorporating the FSD can significantly affect the force transmission between the wheels and
rails compared to using monotonically sized fragments, thus it is necessary to consider the size

distribution of the fragments within the sand particles in future numerical studies.
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Figure 3.19. Comparison of the coefficient of traction at wheel-rail contact area between the
sand particles with uniform size of fragments and those with D30-D70 of fragments.

3.7 Effects of Particle Shape on the Coefficient of Traction

In this sub-chapter, three typical shapes of particles, namely compact, elongated, and flat, are
used to study the effect of particle shape on wheel-rail adhesion, as shown in Figure 3.20. For
each shape of sand particles, the particle size is 1 mm, and the FSD is consistent with that of
spherical particles (D30-D70). In each HPT simulation, four sand particles of identical shape
are placed in the wheel-rail interface to obtain the CoT. Figure 3.20d shows the CoT at the
wheel-rail interface for each shape of sand particles. It can be seen that the wheel-rail friction
1s more sensitive to flat and elongated particles, with a CoT of 0.39, which is higher than that
for compact particles (CoT of 0.35). However, the difference between their CoT and that caused
by spherical particles (CoT of 0.37) is not significant. This suggests that there is no obvious
link between particle shape and wheel-rail adhesion, aligning with Skipper's (2021)

experimental findings.
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Figure 3.20. Comparison of the coefficient of traction when applied different shapes of sand
particles at wheel-rail contact area: (a) compact particle, (b) elongated particle, (c) flat particle,
and (d) coefficient of traction at wheel-rail contact area.
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3.8 Conclusions

This chapter reported how the particulate materials affect the tribological behaviour at the
interface. Taking wheel-rail contact as an example, the effects of particle characteristics on the
frictional performance between the wheel and the rail under dry conditions in the sanding
operation was discussed by simulating the HPT tests using DEM. The effects of metal-to-metal
contact between the wheel and the rail specimens, the properties of the bonds between particle
fragments after breakage (i.e., bond stiffness and strength), the size and the number of the sand
particles present at the contact area, the size distribution of fragments that make up sand particle,
and the particle shape on the frictional behaviour of wheel-rail contact was quantified by the
traction coefficient at wheel-rail interface.

It was demonstrated that the properties of the bonds between particle fragments
significantly affect the frictional behaviour of the wheel-rail contact. Compared to bond
strength, bond stiffness has a stronger effect on the coefficient of traction. Additionally, the
bond properties greatly influence the breakage behaviour of sand particles. When bond strength
exceeds a certain limit during compaction, sand particles exhibit ductile behaviour rather than
the expected brittle fracture.

Increasing the size of sand particles was shown to decrease the coefficient of traction. As
particle size increases, the number of fragments and the bonds between them also increase
dramatically. This prevents the complete detachment of fragments from the parent particles
during compaction, leading to the formation of particle fragment clusters. A high number of
fragments in the contact area creates weak shear bands, causing a lubrication effect.

Furthermore, it was necessary to consider the size distribution of the fragments within the
sand particles in subsequent numerical studies, as this has a significant effect on wheel-rail

traction. However, no obvious link was found between particle shape and wheel-rail adhesion.
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Chapter 4 Electro-Mechanical Behaviour of Conductive and Non-

Conductive Sands at the Wheel-Rail Interface

4.1 Introduction

Several experimental studies have enhanced our understanding of the interactions between
mechanical behaviour and electrical response in particulate systems (Arias-Cuevas et al., 2010a;
Creyssels et al., 2017; Falcon et al., 2004; Falcon and Castaing, 2005; Lewis et al., 2014;
Skipper et al., 2023). However, such experiments are often time-consuming, costly, and suffer
from safety issues, while also facing challenges in capturing the motion and electrical properties
of individual particle. The DEM, known for its robust capability to analyse particle dynamics,
has been widely employed to simulate the electrical transfer properties of particles under
mechanical forces (Abbaspour et al., 2010; Bourbatache et al., 2012; Chapteuil et al., 2018;
Descartes et al., 2008; Machado, 2015; Ott et al., 2013; Renouf and Fillot, 2008; Sangrds
Giménez et al., 2020; Schneider et al., 2006; Yim et al., 2023). Despite the modelling
approaches proposed in the literature for electro-mechanical behaviour in particulate systems,
current methods for formulating the electrical resistance between particles still require further
development. An electro-mechanical contact model is presented here®, which is applicable to
both particle-to-particle and particle-to-wall contacts. The model considers the particle
resistance due to its material and the contact resistance in the overlap region. It has been verified
and validated against previously published analytical and experimental data. In addition, the
model has been applied to HPT tests to investigate the changes in electrical properties when
conductive and non-conductive sand particles are separately acted on the wheel-rail interface.
Furthermore, the effects of a mixture of conductive and non-conductive particles on the
electrical resistance at the wheel-rail interface is examined. These insights help to understand
the complex interaction mechanisms between mechanical behaviour and electrical response

within the particulate system.

3 Zhang, C., Maramizonouz, S., Milledge, D. and Nadimi, S., 2024. An electro-mechanical
contact model for particulate systems. Powder Technology, 440, p.119759.
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4.2 Development of Electrical Transfer Model

In a particulate system, when two particles are pressed together by an external force or a particle
comes into contact with a structure, a conductive path is established at the contact region,
facilitating the free flow of electrons (Mikrajuddin et al., 1999). To evaluate the electrical
response characteristics of a particulate system, it is essential to determine the electrical
resistance along this conduction path. In this study, both particle-to-particle and particle-to-
structure conduction are considered. Using the nodal analysis method (Ho et al., 1975; Wing,
1972) and circuit analysis principles (Birkholz et al., 2019), each particle and the boundary
structure interacting with the particulate system can be treated as a node, which then allows the

resistance along the conductive paths to be modelled accordingly.

4.2.1 Particle-to-Particle Electrical Conduction

For two contacting particles i and j, the overall electrical resistance is composed of three
components: the particle resistance from the centre of particle i to the overlapping surface (R;);
the contact resistance of the two particles in the contact zone (R.;;); and the particle resistance
from the centre of particle j to the overlapping surface (R)), as depicted in Figure 4.1. Therefore,

the electrical resistance R;; between particle i and particle j can be expressed as follows:
Rij =R + RC’ij + Rj 4.1)

In addition, the size of the contact zone between two particles strongly affects their contact
resistance, which can be represented by the Holm resistance model as (Holm, 1967;

Mikrajuddin et al., 1999):

4 .
Reii = ,0.4er (4.2)

c

where p; and p; are defined as the electrical resistivity of particles i and j, respectively, while 7.
is the radius of the contact area. According to the classical Hertz theory, when two elastic

spherical particles are in contact, the contact radius 7. can be written as (Hertz, 1882; Thornton,

1
. 3an : 4.3)
4E

2015):




where f,, E” and r" are defined as the normal component of contact force, the equivalent Young’s
modulus and the effective radius. Substituting Equation 4.3 into Equation 4.2, the contact

resistance between two particles can be rewritten as:

*

1
1 3frye 1 E
Rc,ij :Z(pi +pj)[ AE J zz(pi +pj)3 6fnr* (4.4)

For two particles i and j contact with each other, each of them has its own particle resistance,

that is from the centre of the particle to the contact plane, which can be written as:

=5 d

R = _([ Pi 7z(ri22—22) (4-5)
i dz

&=,[ﬁ————— (4.6)

o x(r?-2)
where 7; and J; are the radius and deformations of particle 1, while 7; and J; are defined as the
radius and deformations of particle ;. To determine the amount of elastic deformation for each
particle in the contact zone, the geometric characteristics of the two particles in contact (as

shown in Figure 4.1) are considered, thus J; and J; can be calculated as:

riz—rj2+Li2j
6=r-D=f-———F——— (4.7)
2L,
oL
5 =r-L+D=r-Lj+———— (4.8)

2 |_ij

where D is the distance from the centre of particle i to the contact plane, and L;; is the distance
between the centres of two overlapping particles. By substituting Equations 4.7 and 4.8 into
Equations 4.5 and 4.6, respectively, the particle resistance of the corresponding half-sphere of

particle i and particle j under elastic deformation for can be derived as:

2L
SN e P 49)
| = piﬂ(rz—zz)_Zﬂr. rZ—r?-L +2rL,
d i i i i ij 11
2L
R, = L, Ay, e Rl (4.10)
j 5 Jﬂ(rjz—zz) 27T, riz_rjz_l‘izj+2r1|'”

After that, by substituting Equations 4.4, 4.9 and 4.10 into Equation 4.1, the electrical
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resistance between the centre of particle i and the centre of particle j when these two particles

are overlapping can be written as:

_ r2—r?+L2+2rL.
R — Pi In 12 12 '21 'LU +1
= —Lij+2riLij

(o

* 2 2 2
) E P IIr{rj—ri +L+2r L,
2

ij = 3 =+ 4.11
' 2, 6f,r  27r, |\ rP-r’-Lg +2erijJ 1)

Figure 4.1. Schematic of particle-to-particle contact: (a) components of electrical resistance in
two particles overlapping, (b) geometry of two particles generating an overlap.

4.2.2 Particle-to-Structure Electrical Conduction

During the application of mechanical loads to the particulate system, some particles come into
contact with the boundary structures, creating channels in the overlap region that facilitate the
free passage of electrons, leading to electrical transfer between the particles and the structures.
In this study, the structure (i.e., wall) is assumed to have a uniform and constant electric
potential. When a particle contacts the wall, electrons flow from the wall to the particle through
the contact region. Therefore, the electrical resistance R, resulting from the contact between
the particle and the wall should take into account the contact resistance Rc v, as well as the
resistance of the particle itself (R;) from the centre of particle 7 to the contact surface of the wall,

as illustrated in Figure 4.2, which can be expressed as:
Riw=Ri+Reu (4.12)
The elastic deformation of the particle i subjected to mechanical loading by a wall is J,

and the distance from the centre of the particle to the contact plane is S = r; — . This can be
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then used to calculate the electrical resistance of particle i itself and written as follows:

r dz i 2r -5
Ri:.([piﬂ_(riZ_ZZ):zfz.ri In( S j (413)

At the overlapping area of the particle and the wall, the contact radius of the overlapping

circular surface is determined by Hertz contact theory (Hertz, 1882; Thornton, 2015). The Holm
resistance model (Holm, 1967; Mikrajuddin et al., 1999) can then be employed to obtain the

contact resistance:

*
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3fr)s 1
R ==(p n ==(p
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E
61,

(4.14)

where p,, is the electrical resistivity of the wall. By substituting the Equations 4.13 and 4.14

into Equation 4.12, the electrical resistance between particle and wall can be written as:

R =P In(ﬂ—l}l(pﬁpw)fﬂ E (4.15)
27rr,

o 2 6f.r

Figure 4.2. Schematic of particle-to-wall contact: (a) components of electrical resistance when
a wall and a particle are overlapping, (b) geometrical characteristics of a particle and a wall in
their contact region.

4.3 Electro-Mechanical Coupling and Assumptions
In addition to the mechanical loadings that affect the bulk electrical properties of the particulate

system, the intrinsic electrical properties of the particles (e.g., electrical resistivity), the size and

number of particles, the roughness and contamination film on the particle surface, as well as
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the temperature variations in the particulate system can influence the conductivity properties
(Bourbatache et al., 2012). In this study, to examine the link between mechanical behaviour and
electrical response, it is assumed that the temperature of the particulate system is constant, the
surfaces of the particles are smooth, and the effect of contamination film is negligible.

Figure 4.3a shows an example of a simple particulate system, where the particles are
packed into a rectangular container. The top plate ad and bottom plate bc are electrically
conductive, while the sides ab and dc are electrically insulated. The entire system is connected
to a direct current (DC) source, and a normal load is imposed on ad. Once ad comes into contact
with the particles, current /y flows from ad into the particles and across the particulate system
to bc. By referring to the network model of thermal conduction (Feng et al., 2008; Rojek et al.,
2022) and the principles of circuit analysis (Birkholz et al., 2019) as well as the nodal analysis
method (Ho et al., 1975; Wing, 1972), a particulate system can be likened to a circuit with
multiple resistors. In this analogy, each particle is regarded as a node, and the path between the
centres of two adjacent particles is treated as a branch with an associated resistance Rj.
Furthermore, the two conductive boundaries, ad and bc, can be viewed as reference points or
terminals, labelled as node 0 and node 1, respectively. The conductive path created by the
particles in contact with the wall is then treated as a branch with a corresponding resistance Riy.
As illustrated in Figure 4.3a, the relationship between the electrical properties of the particulate

system can be expressed as follows:

Gy G G - G| Vi —lo
Gy, Gu Gi - Gy || Vsotom ly
Gy Gy G - Gy Vi |51 0 (4.16)
GOn Gln Gin T Gnn Vn 0
G v !

J— .

where G, V and | are defined as the conductivity matrix, the vector of electric potential

and current, respectively.

98



JAN o

Figure 4.3. (a) schematic of a setup for characterising the electrical transfer properties of a
particulate system under mechanical loading, (b) schematic of the electrical conduction when
particle i is in contact with neighbouring particles and the wall (The red arrows indicate the
current entering the particle and the blue arrows indicate the current exiting the particle), (c)
schematic of a granular assembly showing the electrical conduction of particle 7 in contact with
neighbouring particles.

Each particle in contact with the top plate ad creates a circuit branch, causing current to
flow through the particle system along each branch. Based on the characteristics of parallel
circuits, the sum of each branch currents 7, is equal to the total current /y entering or leaving

the boundary 0Q, as expressed below:
NW
D=1, icoQ (4.17)
i

where N,, is the number of particles in contact with the wall. In Figure 4.3b, the branch current
flows continuously from particle i to particle j and £, after entering particle i from top plate ad.
Following Ohm’s law, Kirchhoff’s current law, and the relationship between mechanical
loading and current (Bourbatache et al., 2012), the above circuit properties can be expressed as

follows:

Fn
L, = I, (4.18)
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where N, is the number of particles adjacent to particle i, Vw, Vi, and V; are the electric
potentials of top plate ad, particle i and particle j, respectively. R; is the electrical resistance
between particle i and particle j, which is the inverse of the conductance Cj;. R and Cy, are the
electrical resistance and conductance, respectively, between the top plate ad and particle i.
Figure 4.3c shows a simple granular assembly in which particle i is in contact with
surrounding particles. Taking particle i and particle j as an example, a linear relationship
between current /; and the potential drop of these two particles can be established using Ohm’s
law, where the inter-particle electrical conductance Cj; serves as a proportionality constant.
According to Kirchhoff’s current law, the sum of the currents entering and leaving particle i

should be zero, which can be expressed as follows:
Nei Noo (V. =V, N pei
;I” :Z,-:(IR—”J):ZJ-“C" (V,-Vv;)=0 (4.20)
When the conductive properties are formulated for a particulate system, the mechanical
loads acting on the system can be coupled with the corresponding electrical response. The
procedure for electro-mechanical coupling in the particulate system is illustrated in Figure 4.4
and involves the following steps:
(1) Generate and initialise the particulate system.
(2) Determine the positions and velocities for each particle.
(3) Calculate the contact radius at the contact plane via Equation 4.3 and update the
geometry transformations of particles during mechanical loadings.
(4) Compute the electrical resistance for both particle-to-particle and particle-to-wall
contacts via Equations 4.11 and 4.15 based on the contact information.
(5) Evaluate the local electrical conduction properties using Equations 4.19 and 4.20.
(6) Predict the global electrical network of the entire particulate system via Equation 4.16.
(7) Update the electric potential of each particle within the assembly and store the data for
this time step.
(8) Return to step (2) to repeat the entire electro-mechanical DEM simulation for the next

timestep until the end time is reached.
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Figure 4.4. Flowchart of the solution in the DEM framework for the electro-mechanical coupled
model.
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4.4 Validation of the Numerical Model

The above numerical scheme is implemented in the DEM commercial software package
EDEM™ developed by Altair (2022) through the application programming interface (API)
using C++ programming language. Single-particle compression, particle-particle contact,
chains of particles, and particle bed tests are simulated and compared against published
analytical solutions and experimental data to validate the implementation. Additionally, to
balance the stability of the numerical calculations with the computational cost and to achieve a
reasonable simulated phenomena within an acceptable computation time, a 20% of Rayleigh’s

timestep (Li et al., 2005; Washino et al., 2016) is utilised for all the simulations.

4.4.1 Comparison with the Analytical Solutions
A single-particle compression test and a particle-particle contact test are reported in this section.
The parameters used in the simulations are listed in Table 1, which are taken from (Yim and

Paik, 1998).

Table 4.1 Adopted parameters of the materials in the DEM simulation.

Parameters Unit Value
Nickel ball
Poisson’s ratio — 0.312
Particle density kg/m? 8,908
Young’s modulus GPa 199.5
Particle diameter mm 1.0
Electrical resistivity Qm 8.0x108
Copper pad
Poisson’s ratio — 0.343
Density kg/m? 8,960
Young’s modulus GPa 129.8
Electrical resistivity Qm 1.8x108

4.41.1 Single-particle compression test
To evaluate the solution proposed in this study for calculating the electrical resistance of the
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particle-to-wall system, the overall electrical resistance Ry of the particle in contact with two
walls is derived based on Equation 4.15:

o) 2r.
R =X Inl &1 _
i = n(g j+(p.+pw)3

*

E
6f.r

(4.21)

A single-particle compression test is modelled using copper pads and a nickel ball to
investigate the variation of system resistance under different mechanical loading conditions.
The simulation results are compared with the analytical solutions from Yim and Paik (1998).
Figure 4.5 shows that the numerical results almost perfectly match with the analytical results.
The electrical resistance of the particle-to-wall contact system decreases with increasing
mechanical force. Notably, the electrical resistance of the system experiences a significant
decrease as the applied mechanical force increases from 0 N to 10 N. When a very low
mechanical force is applied to the system, a slight overlap generates between particle and wall,
thus restricting the flow of electrons and leading to excessively high electrical resistance. As
the mechanical force begins to increase from a very small value, the contact area between the
particle and the wall expands, allowing more electrons to transfer through this region, which
leads to a sharp decrease in resistance. However, as the mechanical force continues to rise to a
certain level, the change in contact area becomes less pronounced. Consequently, the resistance
of the system does not change significantly, even when the mechanical force reaches very high

levels.
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Figure 4.5. Evolution of electrical resistance for particle-to-wall contact under different
mechanical forces (red dots are simulation results, blue line is analytical results, and the inset
figure is a schematic diagram of a single-particle compression setup).

4.4.1.2 Particle-particle contact test

Figure 4.6 shows that the comparison of the numerical results for a particle-particle contact
system under different mechanical forces with the two published analytical solutions (Birkholz
et al., 2019; Ott et al., 2013). The numerical results are in excellent agreement with the
analytical solutions provided by Birkholz et al. (2019) and Ott et al. (2013). A similar
phenomenon to the single-particle compression test is observed: the electrical resistance of the
particle-to-particle system decreases sharply as the mechanical force increases from 0 N~ 10 N.
Beyond this point, further increases in mechanical force have a minimal effect on the resistance

of the particle-to-particle system.
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Figure 4.6. Evolution of electrical resistance for particle-to-particle contact under different
mechanical forces (red dots are simulation results, blue and pink dash lines are analytical results,
and the inset figure is a schematic diagram of a particle-particle contact setup).

4.4.2 Comparison with the Experimental Results

A one-dimensional (1-D) chain of stainless-steel particles is simulated to investigate the effect
of contact sequences between the particles on the overall electrical conduction (Creyssels et al.,
2017; Falcon et al., 2004; Falcon and Castaing, 2005). Also, a three-dimensional (3-D) spherical
steel particle bed test (Bourbatache et al., 2012) is modelled to examine the effects of particle
material, the nature of the contacts, and the structural characteristics of the entire granular

network on the electrical conduction of the particulate system.

4.4.2.1 Chain of stainless-steel particles

Figure 4.7 illustrates the schematic of the experimental setup. In this setup, a chain of N (Nmax
= 50) identical stainless-steel particles is assembled in series and placed inside a cylindrical
container made of polyvinylchloride (PVC) material. A DC current is supplied to the particle-
chain system while a piston, applying a static force ranging from 1 to 500 N, exerts pressure on
the chain. As the particles come into contact with each other, a series circuit is formed, allowing

the calculation of the electrical resistance for the particle-chain system.
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Figure 4.7. Schematic of the experimental setup for a chain of stainless-steel particles.

Three different DC current intensities are applied to the chain of stainless-steel particles
to study how its electrical conduction varies under the influence of mechanical forces. The
material parameters used in the simulation are listed in Table 4.2, which are taken from Falcon

et al. (2004).

Table 4.2 Model parameters used for 1-D stainless-steel bead chain test.

Parameters Unit Value
Number of particles — 41
Particle diameter mm 8
Poisson’s ratio — 0.27
Particle density kg/m? 7,750
Young’s modulus Pa 1.95 x 10"
Electrical resistivity pQ cm 72
Imposed current intensity A 0.01, 0.001, 0.0001

Figure 4.8 illustrates an example of the electric potential distribution in a chain of stainless
steel particles subjected to a static force of 100 N and a current of 0.0001 A. It can be observed
that the particle chain exhibits a potential drop from the left side to the right side. Specifically,
electrons flow through the particle chain from the anode (left side) to the cathode (right side).
During the compression process, the particles undergo slight deformation under the static force,
increasing the contact area between the particles. This deformation can have a significant effect
on the contact resistance in the overlapping region of the particles.
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Figure 4.8. The electric potential distribution of the stainless-steel particle chain in the DEM
simulation with static force of 100 N and current of 0.0001 A.

Figure 4.9 compares the experimental data and DEM results for the chain of stainless steel
particles under different static forces for three specified current intensities. The electrical
resistance of the particle-chain system gradually decreases as the static force increases. At the
initial stage of static force application, the DEM results underestimate the electrical resistance
of the particle-chain system. This discrepancy occurs because the small static force is
insufficient to break the oxide layers on the surfaces of the particles, hindering electron
penetration and the formation of a conductive channel. Consequently, the resistance of the oxide
layer is included in the measured experimental data. A closer match with the experimental
results is achieved when the static force exceeds 100 N, aligning with previous theoretical

interpretations (Falcon et al., 2004; Falcon and Castaing, 2005; Jaksi¢ et al., 2017).
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Figure 4.9. Comparison between numerical predictions and experimental data for equivalent
electrical resistance of stainless-steel particle-chain system under various mechanical forces.
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4.4.2.2 Particle bed test

Figure 4.10 shows a schematic diagram of a compaction experiment on a particle bed, where
steel particles are placed in a cylindrical container with a diameter of 50 mm. To simplify the
simulation, the top and bottom plates are assumed to be made of the same material as the
particles, while the cylinder wall is electrically insulated. The anode and cathode of the power

supply are connected to the top and bottom plates of the cylindrical container, respectively.

CurrentI

Electric
power source 1

Il -
X 50 mm —

Figure 4.10. Schematic of a compaction experiment on the particle bed subjected to an imposed
DC current.

ww 09

A current of 0.01 A is applied as a boundary condition to the top and bottom plates, with a
voltage of 0 volts applied to the bottom plate. This setup specifies that the current flows from
the top plate to the bottom plate. At the beginning of the numerical experiment, a compressive
load is applied to the top plate. When the top plate comes into contact with the steel particles, a
DC current with a specific value enters the particle bed from the top plate and is then transferred
to the bottom plate. Once the system stabilises, the electric potential drop between the top and
bottom sides of the granular system is obtained, allowing the calculation of the electrical
resistance of the particle bed. The properties of the steel particles and the simulation parameters

are listed in Table 4.3, based on data from Bourbatache et al. (2012).
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Table 4.3 Material properties and numerical parameters for the steel particle bed test.

Parameters Unit Value
Particle diameter mm 2
Poisson’s ratio — 0.3
Particle density kg/m? 7,850
Young’s modulus Pa 2 x 10"
Electrical resistivity Qm 1.71x10°®
Imposed current A 0.01

Figure 4.11 shows the evolution of electrical conduction for a spherical steel particle bed
under simultaneous application of an electric current and a compressive load. Figure 4.11a
shows the electric potential distribution, which stabilises at 0.5 s of loading time. Due to the
applied boundary conditions, the top platen is at high electric potential, while the bottom platen
is grounded (0 V), resulting in a potential gradient driving the current through the granular
system. The colour scale in Figure 4.11a represents the electric potential, with red indicating
higher potential and blue indicating lower potential. Figure 4.11b displays the current
distribution, which follows the force chains within the particulate system. The colour of the
lines represents the current intensity, where red lines correspond to stronger force chains
carrying higher current, while blue lines indicate weaker force chains with lower current flow.
This behaviour is consistent with previous DEM studies (Bourbatache et al., 2012; Hubert et
al., 2017), demonstrating the strong correlation between mechanical force transmission and

electrical conduction in particulate systems.
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Figure 4.11. Snapshots of the evolution of the electrical conduction for a steel particle bed when
it is subjected to a mechanical force of 100 N and a current of 0.01 A: (a) the electric potential
distribution of particle bed and (b) the current intensity distribution of particle bed.

Figure 4.12 compares the 3-D numerical predictions and experimental data for particle
beds with different numbers of layers; previous 2-D DEM simulation results are also included
for comparison (Bourbatache et al., 2012). It is important to note that the steel particles used in
the experiments are slightly oxidised, leading to significantly higher measured electrical
resistance values than numerical results at lower mechanical loads (i.e., for forces <50 N in
Figure 4.12). As the mechanical load increases and reaches a level where the oxidised layer can
be crushed and the surface of the particles is exposed, the 3-D numerical predictions align well
with the experimental results.

In Figure 4.12a, a compressive load and DC current are applied to a 3-layer particle bed.
Both the 2-D and 3-D models predict decreasing resistance as the mechanical force increases,
showing minor differences in the form of the relationship, yet both reasonably align with the
experimental data. However, as the number of particle bed layers increases, the difference
between the 2-D and 3-D numerical results becomes more pronounced (Figures 4.12b and
4.12¢). The 2-D simulation, lacking a third dimension, fails to capture the complexity of particle
interactions within the granular system. This limitation constrains the ability of model to
accurately represent the electrical conduction of the particulate network, resulting in an

apparent and increasing divergence of the 2-D calculations from the experimental results.
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Figure 4.12. Variation of electrical resistance under different mechanical forces in comparison
with experimental data and 2-D simulation results: (a) 3-layer particle bed, (b) 5-layer particle
bed, and (c) 10-layer particle bed.

4.5 Application: High Pressure Torsion Test

4.5.1 Model Setup

Figure 4.13 shows an example of the actual HPT setup model with an excessive amount of silica

sand particles applied to the wheel-rail contact area. To introduce the sand particles into the

wheel-rail interface, a geometry bin shaped like a cylindrical shell with an inner diameter of

10.5 mm, an outer diameter of 18 mm, and a height of 2 mm is created. In this case study, the

amount of each type of particle is managed by maintaining a consistent volume fraction while

ensuring no direct physical contact occurs between the wheel and rail specimens during test.
Subsequently, a 0.5 Vpc power supply is connected to the HPT rig while applying a vertical

load to the wheel specimen, as illustrated in Figure 4.13. The value of 0.5 Vpc represents the

worst-performing low-voltage DC track circuit in UK rail operations, with 79% of wrong side
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track circuit failures occurring on DC circuits between 2012 and 2022 (Skipper et al., 2023).
Additionally, a contact pressure of 600 MPa needs to be applied in the wheel-rail contact area
to simulate a light vehicle with an axle load of approximately 80 kN (Zhou et al., 2019). This
is because a light vehicle is less capable of breaking down the contamination layer between the
wheel and the rail, leading to weak conductive performance at the wheel-rail interface. For
dynamic similarity purpose between the HPT model and the actual scenario, it is worth noting
that the dimensionless analysis method is utilised thereby scaling down the contact pressure
from 600 MPa to 6 MPa (Wang et al., 2022). As the wheel specimen moves closer to the rail
specimen, it crushes the sand particles into fragment layers. Then, the electric current is
transmitted from the wheel specimen to the rail specimen via the fragment layers, creating a
closed circuit. When the particles are completely crushed and the wheel specimen is no longer
displaced, a uniform angular velocity 1deg/s is applied to the rail specimen. Voltage and current
data collected during the rotation can be used to calculate the electrical resistance of the HPT
test.

Two newly developed sand-like commercial conductive particles (i.e., coated alumina
particles, referred to as Product B and Product D for confidentiality) with electrical resistivity
ranging from 1.66x10® Q-m to 4.31x10 Q-m and silica sand particle are employed in the HPT
test. The characteristics of these three types of particle are reported in Skipper et al. (2023). As
discussed in Chapter 3, the effect of particle shape on the frictional properties between the wheel
and rail is not pronounced. Therefore, all particles in this study are considered spherical.
Crushed samples collected from the railhead are analysed using laser diffraction to generate
size distribution data of the fragments. This data, applicable to the HPT simulations, is
processed using an in-house Python code described in Chapter 3. In addition, the BPM method
(Potyondy and Cundall, 2004) is utilised to make up three types of particles, as illustrated in
Figure 4.14. Each particle is represented as a cluster of independent spherical fragments bonded
together with finite-sized bonds. The translational and rotational motions of each fragment are
communicated to other bonded fragments through these bonds under the compression of the
wheel specimen. As the wheel specimen continues to compress the particles, the normal and
tangential stresses acting on the bonds will exceed their specified critical strength values,

leading to bond fracture and particle breakage. Since carbon steel is the primary component of
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the rails and wheels, the electrical resistivity of the wheel and rail specimens is considered to
be the same as that of carbon steel for simplicity in simulation. The numerical parameters used

for three types of particles are listed in Table. 4, based on the data from Skipper et al. (2021,
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Figure 4.13. The HPT setup connected to a DC circuit and the geometrical parameters of its
contact area between wheel and rail specimen.
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Figure 4.14. Particle modelling of three different crushable particles: (a) Product B with particle
size 0.5 mm, (b) Product D with particle size 0.9 mm, and (c) Silica sand with particle size
1.45 mm.
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Table 4.4 Properties of three types of particles used in the HPT simulations.

Parameters Unit Value
Product B
Particle diameter (d),) mm 0.5
Number of particles (N,) — 1,051
Fragment diameter (dy) mm 0.06 ~0.2
Number of fragments (Ny) — 154,497
Poisson ratio (vm) — 0.3
Density (p) kg/m? 3.81x10*
Young’s modulus (E) Pa 7x108
Electrical resistivity (pe) Q'm 4.31x107
Product D
Particle diameter (dp) mm 0.9
Number of particles (N,) — 180
Fragment diameter (d)) mm 0.06~0.3
Number of fragments (Ny) — 82,440
Poisson ratio (v) — 0.3
Density (p) kg/m? 3.75x10*
Young’s modulus (E) Pa 7x108
Electrical resistivity (pe) Q'm 4.31x10°
Silica sand
Particle diameter (d) mm 1.45
Number of particles (NV,) — 43
Fragment diameter (d)) mm 0.06 ~0.38
Number of fragments (Ny) — 55,384
Poisson ratio (v) 0.3
Density (p) kg/m? 2.65x10*
Young’s modulus (E) Pa 7x108
Electrical resistivity (pe) Q'm 5.56x10°
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4.5.2 HPT Simulation Results

Figure 4.15 shows the electrical conduction of the fragment layers formed by the breakage of
the three different types of particles at the end of the HPT simulation. The electric potential of
the fragment layers of each type of particles decreases from top to bottom. The electric current
is transferred through the overlapping surfaces between the fragments, with the amount of
current being transmitted proportional to the contact area. In addition, an analogy can be drawn
between the current paths and the force chains within the particulate system, which aligns with

the findings of Bourbatache et al. (2012) and Machado et al. (2015).
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Figure 4.15. Snapshots of the electric potential distribution and current intensity distribution
across the fragment layers formed by the crushing of the three different types of particles: (a)
Product B, (b) Product D, and (c) Silica sand.

Figures 4.16a and 4.16b demonstrate that the high electrical conductivity of Products B
and D ensures that the electrical resistance between the wheel and rail specimens remains low
(<10 Q), even when excessive amounts of these conductive particles are used in the HPT test.
In contrast, an excess of silica sand particles results in significant electrical resistance. The
fragment layers produced by the sand prevent direct metal-to-metal contact between the wheel
and rail specimens, and since silica sand particles have very weak conductivity, the current
intensity remains extremely low, as shown in Figure 4.16c.

At the start of the HPT simulation, the system is an open circuit, resulting in infinite
electrical resistance because the wheel specimen is not in contact with the particles. At t =
0.005 s, the electrical resistance drops to a finite, measurable value, as the conduction paths are
generated by the crushed particles between the wheel and rail specimens, allowing current flow.
As the rail specimen begins to rotate, the electrical resistance of the HPT system fluctuates
significantly. During this phase, the fragments transition from static (being crushed) to dynamic
(rotating), altering the contact conditions and local alignment between fragments. This change
leads to fluctuations in the contact forces and, consequently, the current. By approximately
0.02 s, the HPT system is fully sliding, the contact state between fragments stabilises, and the

resistance value gradually smooths out.
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Figure 4.16. Numerical results of electrical resistance for the HPT system with over-application
of different types of particles: (a) Product B, (b) Product D, and (c) Silica sand.

Figure 4.17 compares the experimental data with the HPT numerical results for three types
of particles when applied excessively to the wheel-rail contact region. The numerical
predictions for each type of particles fall within the range of the experimental data reported by
(Skipper et al., 2023). In all HPT tests, over-application of particles at the wheel-rail interface
is used to prevent direct physical contact between the wheel and rail specimens. However, this
also results in material heterogeneity in each test repetition, making the experimental results
inherently stochastic. Moreover, in Figure 4.17c, the electrical resistance data (1 ~ 100 Q) for
certain tests appear significantly lower than the numerical results. This discrepancy may be due
to the silica sand particles fragmenting and being expelled from the wheel-rail interface under
compressive force. Alternatively, the fragments might be displaced during rotation, leading to

direct metal-to-metal contact between the wheel and rail specimens.
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Figure 4.17. Comparison between numerical predictions and the HPT experimental outputs: (a)
Product B, (b) Product D, and (c) Silica sand.

Products B and D are selected to evaluate the impact of fragments generated after particle
crushing on electrical transfer at the wheel-rail specimen interface on a microscopic scale.
Figure 4.18a illustrates the number of fragments that are electrically active (i.e., those through
which electric current passes) for both Product B and Product D at the wheel-rail interface. The
majority of electrically active fragments fall within the smaller size range. However, this does
not imply that smaller fragments are inherently more electrically active or that they contribute
more significantly to electrical transfer within the particulate system compared to larger
fragments. To address this, an electroactivity index is proposed in this study for evaluating the
contribution of each fragment sieve cut on the bulk electrical conduction behaviour. This index
helps to quantify how different fragment sizes influence the bulk electrical conductivity of the

particulate system, ensuring a more comprehensive understanding of their roles.
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Number of electroactive fragments at each size
Total number of fragments at each size

Electroactivity Index = (4.22)

Figure 4.18Db illustrates the degree of electrical activity for each fragment size, as evaluated
by the electroactivity index. Generally, the degree of electroactivity increases with fragment
size. This suggests that many smaller fragments do not make effective contact with the wheel-
rail specimen or with other fragments, limiting their role in forming conductive paths within
the particulate system. In contrast, larger fragments are more often involved in the force-chain
network, facilitating easier current flow through them. This observation aligns with the
understanding that current paths in particulate systems follow the force-chain network
(Bourbatache et al., 2012; Machado et al., 2015). Furthermore, the absence of current flow
through some non-contacting small fragments results in a zero electric potential for these

fragments, as seen in Figure 4.15.
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Figure 4.18 (a) The number of electroactive fragments and (b) the degree of electrical activity
of the fragments at each corresponding size for two types of conductive particles in the HPT
test (The X-axis values represent the test sieve aperture size following BS1377-2:1990. The
light orange area indicates that fragments retained by the specified sieve size, whereas the light
grey area shows fragments that pass through the smallest sieve size).

4.6 Experimental and Numerical Investigation of the Mixing of Conductive and Non-
conductive Particles at an Interface

The following sub-chapter explore the effects of mixing conductive and non-conductive

particles on the electrical response characteristics at the interface under mechanical forces,

through both experimental and numerical simulations. Experimentally, a mixture of conductive
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and non-conductive particles is applied to the contact region between two metallic objects,
followed by compression tests. During these tests, changes in electrical resistance under
compressive force are monitored in real time. Additionally, the phase composition of the
particles is analysed using Powder X-ray Diffraction (XRD), and the microstructure of the
fragment layer formed after crushing of the particle mixture is observed with SEM. In the
numerical simulations, the HPT test is modelled to investigate changes in electrical resistance
of the particle mixture at the wheel-rail interface. The electrical resistivity of the conductive
particles is parameterised to evaluate the effect of particles with varying conductivity on the
electrical transfer behaviour at the interface when mixed with a constant number of non-
conductive particles. This comprehensive study allows for a detailed analysis of how different
particle compositions influence the overall interfacial electrical conduction properties under

mechanical loading.

4.6.1 Previous work

In railway engineering, electrical isolation between wheels and rails, leading to potential safety
issues, can be caused by contaminants on the railhead surface or the excessive use of sanding
materials. Research efforts to redesign particles with the aim of overcoming electrical isolation
at the wheel-rail interface have been limited (Skipper et al., 2020). Two twin disc tests have
been carried out by Arias-Cuevas et al. (2010a) and Lewis et al. (2003). However, the contact
conditions and dimensions of the twin discs do not reflect the real-world scenario and are further
limited by the need to recycle the contact surfaces. Additionally, Chapteuil et al. (2018)
investigated how the mixture of highly conductive copper and self-lubricating properties of
graphite works at the wheel-rail interface through DEM. The results demonstrated that the
optimal mixture ratio in the wheel-rail contact region could balance electrical and tribological
properties, but their model is a ‘simplified version of reality’ intended to be qualitative rather
than quantitative. Recently, Skipper et al. (2023) and the author, based on the HPT rig, explored
the effects of several newly developed conductive particles on both adhesion recovery and
electrical resistance at the wheel-rail interface, from both experimental and numerical
simulations, respectively. Their findings indicate that while conductive particles can greatly
enhance electrical conduction properties, the associated costs could pose a significant constraint.

To minimise the costs, the usage of commercial conductive particles can be reduced by
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mixing them with the standard rail-sand. The effects of mixing electrically conductive and non-
conductive particles on the electrical conduction of the wheel-rail interface and the required
ratios to specifically regulate the electrical behaviour at the interface has not been thoroughly
understood. Therefore, it is crucial to investigate the electro-mechanical properties of mixed
conductive and non-conductive particles at the wheel-rail interface, which can contribute to
ongoing efforts to enhance railway safety and performance by providing a cost-effective

approach to managing electrical isolation challenges.

4.6.2 Experimental Investigation

4.6.2.1 Testing Setup

Figure 4.19a shows a compression test system for measuring the electrical resistance at the
interface between piston and base specimens. The piston and the base specimens are both
fabricated from O1 tool steel, which is hardened and tempered to 58 — 60 Rockwell C grade
hardness, with high resistance to abrasion and toughness to ensure the test can be completed
under high pressure conditions. The piston specimen is a cylinder with a diameter of 35 mm
and a height of 50 mm, while the dimensions of the base specimen are 50 mmx*50 mmx>40 mm.
In addition, a circuit is developed to measure the electrical resistance between the piston and
the base specimens when they are in contact, as shown in Figure 4.19b. To prepare the circuit
mentioned above, the piston and base specimens are sanded using 400-grit silicon carbide
abrasive paper to ensure that the surfaces are smooth. Then, an electronic glue is used to adhere
the wires to the surfaces of the specimens and keep good electrical contact between them, and
the wires are fixed by using hot-melt adhesive. A TENMA 72-7732A Digital Multimeter is used,
which applies a constant current and then measures the electrical resistance value between the
interface of the piston and the base specimen using the instrument’s voltmeter. The test materials
are spread evenly on the base specimen and the piston specimen is placed on the top of the
materials. The spherical platen is positioned directly above the piston specimen to prevent non-
parallel situation in the system caused by uneven loading. Moreover, a lubricant layer is applied
to the surface of spherical platen, as shown in Figure 4.19c. This arrangement ensures that

current flows only through the closed circuit between the piston and the base specimens.
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Figure 4.19. (a) 1-D compression test system for measuring electrical resistance at the interface
between piston and base specimen, (b) schematic of a simple circuit used in the compression
test, and (c) spherical platen with lubrication coating.

4.6.2.2 Particle Characteristics

The results of particle characterisation and HPT testing by Skipper et al. (2023) indicated that
Product D would be of particular interest for further investigation. Therefore, silica sand and
Product D are selected for compression tests, as shown in Figures 4.20a and 4.20Db, respectively.
The particle size distribution (PSD) of silica sand and Product D are characterised through sieve
analysis following BS1377-2:1990, and their PSD is presented in Figure 4.20c. It can be seen
that PSD of these two materials range from 0.6 mm to 2 mm.

XRD of product D and silica sand particles is performed by a Bruker D2 Phaser with
LynxEye detector using Cu Ka radiation. For phase identification of finely ground samples, the
diffraction parameters including divergence slit, 20 range, step size and setp-1 are set to 1.0 mm,
10-100°, 0.033° and 0.5 s, respectively. The phase compositions of Product D and silica sand
particles are determined and their XRD results are shown in Figure 4.21. The highest diffraction
peak of Product D particles, located at 20 = 53°, is identified as the Al>O3 phase (reference code
96-100-0033) (Maramizonouz et al., 2023b). For silica sand particles, the principal peak
appears at 20 = 27°, corresponding to the SiO> (quartz) phase (reference code 96-153-2513)
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(Maramizonouz et al., 2023b). To ensure the reliability of these XRD results, they are

corroborated with SEM and Energy-Dispersive X-ray (EDX) analyses provided by the School

of Engineering at Newcastle University, United Kingdom.
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Figure 4.20. (a) Photo of silica sand particles used in the test, (b) photo of Product D particles
used in the test, (c) particle size distribution of two tested materials obtained by sieve analysis.
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Figure 4.21. XRD spectrum of the Product D and silica sand particles.

4.6.2.3 Experimental Scenarios

90

To investigate the effect of silica sand, Product D, and their mixture on the interfacial electrical

resistance between the piston and the base specimen, the experimental scenarios employed in
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this study are listed in Table 4.5. Following the practice of Skipper et al. (Skipper et al., 2023),
each test uses a total mass of 10 g of particles to ensure continuous physical separation between
the piston and the base specimen. A loading force is applied, increasing at a rate of 20 kN, with
the corresponding electrical resistance recorded throughout the process. When the loading force
reaches 577 kN, resulting in a contact pressure of 600 MPa between the piston and the base
specimen (Zhou et al., 2019), the force is maintained for 10 s, and the electrical resistance values

are measured and noted.

Table 4.5 Proportion of Product D and silica sand particles in each test scenario

Test No. Silica sand (g) Product D (g)
1 10 0
2 9.5 0.5
3 9 1
4 8 2
5 7 3
6 5 5
7 0 10

The silicon carbide abrasive paper is used to sand piston and base specimens before each
test to ensure a smooth surface finish. Figures 4.22a and 4.22b display examples of the surfaces
of the piston and the base specimens before and after each test. These examples include contact

area covered by silica sand, a mixture of silica sand and Product D, and Product D.
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Figure 4.22. Photos of the surfaces of the piston and the base specimens, accompanied by silica
sand particles, a mixture of silica sand and Product D particles, and Product D particles: (a)
before test, (b) after test.

4.6.2.4 Effect of Conductive Particle Content on Interfacial Electrical Resistance

Figure 4.23 shows the evolution of the electrical resistance at the interface between the piston
and the base specimen under mechanical loading conditions for various mixing ratios of Product
D and silica sand particles. The data clearly indicate that when the test material is composed
entirely of sand particles, mechanical loading has a minimal effect on interfacial electrical
resistance. However, for all mixing scenarios, a significant decrease in interfacial electrical
resistance is observed with increasing mechanical loading. Previous studies suggest that current
flows between two metals along conductive micro-channels in the oxide film and that an
increase in loading causes the oxide film to be crushed, increasing the number of conductive
micro-channels proportionally to the contact area (Bourbatache et al., 2012; Creyssels et al.,
2017). This implies that the fragment layer behaves similarly to the oxide film, allowing current
to transfer along conductive micro-channels. For 100% silica sand particles, the increased load
enhances the contact area between the particles and the specimens, but the intrinsic electrical
properties of the sand impede current transmission within the fragment layer. Conversely, when
a certain proportion of Product D particles is mixed in, the increased load enhances their contact
area with the piston and the base, thereby creating more conductive micro-channels for current

to pass through in the fragment layer.
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Figure. 4.23. Variation of electrical resistance at the interface between piston and base specimen
with increasing mechanical loads for different mixing ratios of Product D and silica sand
particles.

Figure 4.24 illustrates the relationship between the content of Product D particles and the
interfacial electrical resistance at a load of 577 kN, corresponding to a contact pressure of 600
MPa at the interface. The data reveal a significant decrease in the final electrical resistance at
the interface as the proportion of Product D particles increases. Notably, the interfacial electrical
resistance drops sharply from approximately 55 kQ to around 220 ©Q when the content of
conductive particles is increased from 0% to 5%. This sharp decline indicates that Product D
particles effectively enhance the conduction performance of the fragment layer and establish
good electrical contacts with the specimens. This observation aligns with previous studies that
qualitatively analysed conductive micro-channels in oxide films formed by metal particle
contacts (Falcon et al., 2004; Falcon and Castaing, 2005). Additionally, as the percentage of
Product D particles continues to increase, the final electrical resistance at the interface decreases
progressively. However, the reduction in electrical resistance when the percentage of Product

D particles increases from 10% to 100% is less pronounced compared to the initial drop from
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0% to 10%. This is because the initial addition of conductive particles rapidly forms conductive
paths, drastically improving conductivity of fragment layer. Beyond this point, further increases

yield diminishing returns, as most available pathways are already established.
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Figure 4.24. Final electrical resistance at the interface of the piston and base specimen as a
function of the percentage of Product D particles at a constant mechanical load (The final
resistance value is determined once the contact pressure at the metal-to-metal interface reaches
600 MPa, while maintaining a constant load. This value represents the stabilised electrical
resistance of the interface under high-pressure conditions).

4.6.2.5 Microstructural Observation of the Fragment Layer

The fragment layer formed by the fragmentation of different particles between the piston and
the base specimen is collected, with some examples shown in Figures 4.25a, 4.25b, and 4.25c.
The microstructure of these fragment layers is then observed using JSM-IT510 Scanning

Electron Microscopy, as presented in Figure 4.25d.
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Figure 4.25. Photos of (a) fragment layer of crushed silica sand particles, (b) fragment layer of
crushed mixed particles, (c) fragment layer of crushed Product D particles and (d) SEM analysis.

The SEM images depict in Figure 4.26 that reveal the morphological characteristics and
layered structuring of different composite particles. It can be observed that the thickness of each
fragment layer is around 1 mm. Figures. 4.26a and 4.26b clearly illustrate the compact nature
of the fragment layer after crushing Product D particles. The texture of the fragment layer is
relatively homogeneous with the presence of larger angular fragments. Additionally, the overall
brightness of the fragment layer is uniform, and together with the XRD results from Figure 4.21,
it indicates that the fragments are mainly embedded in Al,Os crystals, which can effectively
dissipate the electrons and prevent the accumulation of charges. Figure 4.26¢ shows the
fragment layer after crushing from a mixture of Product D and silica sand particles, with the
interface between the two particles clearly visible. The contrast between the bright and dark
areas in the image is remarkable, suggesting that SiO2 may be concentrated in the bright area,
allowing charging in this region and leading to an accumulation of charge. It is also notable that
AlLOs crystals are interspersed in the matrix, showing that mechanical interlocking may exist
between these particles and that conductive micro-channels are established in the fragment layer.
Figure 4.26d displays the fragment layer of silica sand particles with a more uniform texture
and composition. Since SiO; is interspersed in the matrix as the main component, the
accumulation of charge is very evident throughout the region, resulting in a high brightness in

the image. This also illustrates the difficulty in creating effective conductive micro-channels in
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the fragmented layer of silica sand particles, resulting in impeded transfer of current through

the medium.
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Figure 4.26. SEM images of the side of the fragment layer: (a) and (b) Product D particles,
(c) mixture of Product D and silica sand particles, and (d) silica sand particles.

4.6.3 Numerical Investigation

4.6.3.1 Updated HPT Model

In this section, the effects of mixing Product B and D with silica sand particles, respectively, on
the electrical conduction properties at the wheel-rail interface of HPT system is investigated
through numerical simulations. Also, this study compares the impact of the size of the
conductive particles on the electrical resistance of the HPT system. Figure 4.27 presents an
example of an HPT model with Product B and silica sand particles mixed at the contact area
between the wheel and rail specimen. The simulation parameters used for the HPT model are
detailed in Table 4.4. In addition, a median electrical resistivity value of 1x10° Q-m for the
conductive particles is chosen for the simulation. This value serves as a benchmark which can

be used in later section to study the effect of resistivity changes on the electrical conduction
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properties of the particulate system.
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Figure 4.27. The real HPT model connected to a DC circuit with a mixture of Product B and
silica sand particles applied at the wheel-rail interface (pink cluster particles represent Product
B, while blue ones represent silica sand).

In a particulate system composed of conductive and non-conductive particles, it is crucial
to categorize the types of particle-to-particle and particle-to-wall contacts under loads.
Consequently, the C++ script of electro-mechanical contact model used in sub-chapter 4.5 is
updated to accommodate these classifications. For particle-to-particle contacts, three categories
are identified: (i) two conductive particles, (ii) one conductive and one non-conductive particle,
and (ii1) two non-conductive particles. For particle-to-wall contacts, the classifications include
(1) conductive particle-wall contact and (ii) non-conductive particle-wall contact. The electrical
resistivity properties of the particles are used to determine their conductivity, guiding the
appropriate computational scheme. Figure 4.28 presents the pseudo-code of the complete
computational workflow for calculating the electrical resistance of both particle-to-particle and

particle-to-wall contacts.
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DEFINE FUNCTION ExecuteStep(forParticle, forWall):
IF forWall [S FALSE THEN
CALCULATE contact resistance Reij for particles 1 ]
CALCULATE particle resistance Ri for particle i
CALCULATE particle resistance Rj for particle j
OUTPUT
ELSE
CALCULATE contact resistance Retw for particle 1 the wall
CALCULATE particle resistance Ri for particle i
OUTPUT
END IF
END FUNCTION

SET isConductive i to true or false based on the electrical resistivity of particle i
SET i1sConductive ] to true or false based on the electrical resistivity of particle j

IF isConductive i isConductive j THEN
CALL ExecuteStep(forParticle=true, forWall=false)

ELSE IF isConductive 1 1sConductive j THEN
CALL ExecuteStep(forParticle=true, forWall=false)

ELSE
CALL ExecuteStep(forParticle=true, forWall=false)

END IF

IF isConductive i THEN

CALL ExecuteStep(forParticle=false, forWall=true)
ELSE

CALL ExecuteStep(forParticle=false, forWall=true)
END IF

Figure 4.28. A pseudo-code for calculating the electrical resistance of a mixture of conductive
and non-conductive particles corresponding to the HPT modelling.

4.6.3.2 Mixing Scenarios in Simulations

Following the modelling approach detailed in Sub-Chapter 4.5, a geometric bin in the shape of
a cylindrical shell is created at the interface between the wheel and rail specimens to place a
mixture of conductive and non-conductive particles. The volume fraction of the mixture is kept
consistent in each simulation to regulate the number of conductive and non-conductive particles,
ensuring no direct contact between the wheel and rail specimens. The simulated mixtures of
Product B with silica sand and Product D with silica sand are depicted in Figures 4.29a and
4.290b, respectively. Table 4.6 lists the number, volume, and mass ratios of conductive and non-

conductive particles used in each simulation.
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Figure 4.29. Simulation scenarios with various mixing ratios of conductive and non-conductive
particles: (a) silica sand and Product B, (b) silica sand and Product D (The blue, pink, and red
cluster particles represent silica sand, Product B, and Product D, respectively).

Table 4.6 Mixing scenarios of conductive and non-conductive particles in the HPT simulation.

Case No. Conductive particle Non-conductive particle
Product B Silica sand
Number of Volume  Mass ratio Number of Volume Mass
particles ratio (%) (%) particles ratio (%) ratio (%)
al 52 5 7 41 95 93
a2 105 10 13.7 39 90 86.3
a3 210 20 26.7 34 80 73.3
a4 315 30 38.2 30 70 61.8
as 524 50 58.4 22 50 41.6
Product D Silica sand
Number of Volume  Mass ratio Number of Volume Mass
particles ratio (%) (%) particles ratio (%) ratio (%)
bl 9 5 6.9 41 95 93.1
b2 17 10 12.9 39 90 87.1
b3 38 20 27.4 34 80 72.6
b4 55 30 383 30 70 61.7
b5 88 50 57.5 22 50 42.5
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4.6.3.3 Simulation Results

Figures. 4.30a and 4.30b show the electric potential distribution of the fragment layer in the
wheel-rail contact region for Product B and silica sand particles as well as for Product D and
silica sand particles in each mixing scheme, respectively. Due to the imposed boundary
conditions (i.e., voltage), the figures clearly indicate that the electrical potential of the fragment
layer in each mixing scheme decreases sequentially from top to bottom. As the number of
conductive particles increases, the interlocking between the crushed conductive and sand
particles induced by mechanical loading makes the fragmented layer more uniform and denser.
In addition, the fragments from conductive particles are interspersed in the matrix, and thus the
potential distribution on the upper surface of the fragmentation layer gradually becomes more

even as the conductive particles increase.
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Figure 4.30. Snapshots of the electric potential distribution in the fragment layer for each
mixing scenario of conductive and non-conductive particles: (a) silica sand and Product B, (b)
silica sand and Product D.

Figure 4.31 is current intensity distribution in the fragment layer after a mixture of
conductive and non-conductive particles is crushed in each mixing scheme. In Figure 4.31a, a
significant increase in current intensity can be observed in a growing part of the fragmentation
layer as the number of Product B particles increases. As the crushed Product B particles are
inserted in the fragment layer, resulting in the construction of conductive micro-channels to
facilitate the current transfer, which is similar to Figure 4.26¢. Also, as the fragment layer
becomes more uniform and denser, the interaction between the fragments is stronger, leading
to an improvement in the magnitude of the electric current transmitted across the fragments
(from side view). The trend of the current intensity distribution in the fragment layer for a
mixture of Product D and silica sand particles is shown in Figure 4.31b, which is in general

consistent with Figure 4.3 1a.
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Figure 4.31. Snapshots of the current intensity distribution in the fragment layer for each mixing
scenario of conductive and non-conductive particles: (a) mixing of silica sand and Product B,
(b) mixing of silica sand and Product D.

Figures. 4.32a and 4.32b show the variation of electrical resistance for HPT system when
using different mixing ratios for Product B and silica sand particles as well as for Product D
and silica sand particles under a constant mechanical loading, respectively. Before the wheel
specimen comes into contact with the particles, the entire HPT system is in open circuit, leading

to an infinite electrical resistance value. Due to the mechanical action of the wheel specimen,
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the particles are gradually crushed and the contact area with the wheel as well as the rail
specimen increases. During this process, the fragments are detached from particles and
realigned by the mechanical behaviour, and the conductive micro-channels for current transfer
from wheel to rail specimen are built. At t = 0.005s, the electrical resistance of HPT system
decreases to a measurable value. At the initial stage of the rotation of the rail specimen, the HPT
resistance value appears to fluctuate. Afterwards, the HPT system slides completely at around
0.02 s and the resistance value remains stable. For 100% silica sand particles scheme, the high
electrical resistivity of the sand particles prevents the efficient current transmission through the
fragment layer, thus leading to a resistance of 58 kQ in HPT system. However, the resistance
of HPT system drops dramatically when the proportion of conductive particle (Product B or D)
in the test material is increased to 5%. As the percentage of conductive particles continues to
increase to 30%, the HPT system resistance decreases to an acceptable value (<10 Q) (Skipper

etal., 2023).
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Figure 4.32. The electrical resistance of the HPT system for each mixing scenario of conductive
and non-conductive particles at constant mechanical load: (a) silica sand and Product B, (b)
silica sand and Product D.

Figure 4.33 compares the effect of Product B and D particles at each mixing ratio on the
HPT resistance in the final stage of the simulation. An effective reduction in the electrical
resistance of HPT system can be achieved by mixing either Product B or Product D particles in
the silica sand particles. Moreover, it can be observed that Product B can reduce the electrical

resistance of HPT system to some extent better than Product D when using the same percentage
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of conductive particles. This is because the particle size of Product B is smaller compared to
Product D. When the same volume of test material is used in the simulation, more Product B

particles are mixed in, thus building more conductive micro-channels, as shown in Figures

4.31aand 4.31b.
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Figure 4.33. Comparison of the effect of Products B and D on the final electrical resistance of
the HPT system at each mixing scenario.

4.6.3.4 Effect of Electrical Resistivity of Conductive Particle on HPT Electrical Resistance
The electrical resistivities of the conductive particles Product D range from 4.31x107 to
1.66x10"® Q-m according to Skipper et al. (2021). To investigate how electrical resistivity of
conductive particles affect the electrical resistance at the wheel-rail interface of HPT, the
resistivity of Product D is altered accordingly, and the resistivity value 1x10° Q-m as a
benchmark. The different electrical resistivities of Product D particle used in the HPT model

are listed in Table 4.7.
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Table 4.7 Resistivity values of Product D and sand particles used in the HPT simulation.

Case No. Unit Product D Silica sand
1 4.31x10°
2 5x107°
3 Q'm 1x10°6 5.56x10°
4 1x107
5 1.66x10°®

Figure 4.34 clearly demonstrates that the electrical resistance is significantly influenced
by both the proportion of Product D and its electrical resistivity. When the resistivity of Product
D is held constant, the electrical resistance of the HPT system decreases as the proportion of
conductive particles increases, which aligns with the above analysis. Additionally, the
resistivity of Product D particles is correlated with the overall electrical resistance of the HPT
system. For the same mixing ratio, Product D particles with lower resistivity effectively reduce
the HPT electrical resistance. Under dry contact conditions, the primary mechanism for current
transfer is the formation of conductive micro-channels in the fragment layer through contact
paths (Yang et al., 2020). Lower resistivity in Product D particles means there are fewer
collisions between electrons and atoms in the material, resulting in less resistance to current
flow through the conductive micro-channels in the fragment layer (Housecroft and Sharpe,

2008).
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Figure 4.34. Comparison of the effect of Product D with different resistivities on the electrical
resistance of the HPT system.

The above investigations have demonstrated that incorporating a small amount of a
conductive material with low electrical resistivity into silica sand can significantly reduce the
electrical resistance at the wheel-rail interface of the HPT system. Effective electrical
conduction between the wheel and rail specimens is typically achieved when the HPT electrical
resistance is below 10 Q (Skipper et al., 2023). As illustrated in Figure 4.35, the resistivity of
the conductive material and its proportion in the mixture play a critical role in determining the
resistance of the HPT system. The figure clearly shows that selecting the appropriate resistivity
and proportion of conductive material can reduce the HPT resistance below a critical threshold.
Specifically, if the resistivity of the conductive material is less than 1 x 107 Q-m, only about
5% of the conductive material needs to be mixed with silica sand to achieve good electrical
contact. Conversely, if the resistivity of the conductive material is higher, a larger proportion of
the material is required—potentially up to 100% in some cases with high electrical resistivity

values—to ensure effective electrical conduction in the HPT system.
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Figure 4.35. Heatmap of electrical resistivity of conductive material versus its percentage for
the electrical resistance estimation of the HPT system (The demarcation line indicates the
threshold value of 10 Q for the electrical resistance of HPT system which from Skipper et al.
(2023)).

4.7 Discussion
4.7.1 Features of Electro-Mechanical Contact Model
The electro-mechanical contact model proposed in this chapter for evaluating electrical
resistance in particle-to-particle and particle-to-wall interactions incorporates both the contact
resistance of the overlapping regions between solids and particle resistance from inherent
material. This enhancement allows the model to be applied to particulate systems with varying
particle size distributions, as well as a mixture of conductive and non-conductive particles.
The numerical results from the validation section exhibit a trend in the electrical resistance
of metal particle systems that is consistent with elastic Hertz theory (i.e., R ~ F"'*) under
mechanical loading conditions. This suggests that contact resistance plays a dominant role when
this electro-mechanical contact model is applied to the metal particle system. The current model
does not account for the effect of contamination layers on particle surfaces, leading to
discrepancies between numerical predictions and experimental data at lower static forces.
Future model development should address how contamination layers obstruct metal-to-metal

conductive paths on a microscopic scale to better understand their role as barriers to electrical
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transmission. Additionally, the real contact area between particles may be larger than the
nominal contact area due to the surface roughness of actual particles (Zhai et al., 2016). More
advanced models are needed to accurately track current transfer at the contact interfaces
between rough particles.

The present numerical framework is based on the Hertz-Mindlin model, making it suitable
for modelling the electrical conduction behaviour of particulate systems under dry contact
conditions. However, real-world scenarios are more complex. When this electro-mechanical
model is applied to real railway projects, for example, requires considering various contact
conditions at the wheel-rail interface, such as wet (Buckley-Johnstone et al., 2020) or leaf
contaminated (Arias-Cuevas and Li, 2011) conditions. Future work should refine the model to
better align with experimental and field data. Moreover, while this model primarily focuses on
elastic particle-to-particle and particle-to-wall contacts, it is applicable to DEM simulations of
many fundamental particulate systems. Nevertheless, further improvements are needed,
particularly for scenarios involving elasto-plastic deformation, such as wheel-rail contact
(Evans et al., 2021). Despite these limitations, the proposed model offers a new approach for
analysing the electrical response of particulate systems under mechanical loadings and its

potential applications are broad.

4.7.2 Effect of the Particulate Systems on the Current Transfer Mechanism at An Interface
This section discusses the current transfer mechanisms at the wheel-rail interface across four
distinct scenarios: the absence of particles, the presence of only one type of non-conductive
particles, a mixture of conductive and non-conductive particles, and the presence of only one
type of conductive particles. Using the wheel-rail contact as an illustrative example, a case
where the wheel and rail are in direct contact, and no particulate system interferes with the
interface (as depicted in Figure 4.36a). In this scenario, the current transfer mechanism is
primarily facilitated by the high electrical conductivity of carbon steel, the material from which
both the wheel and rail are typically constructed. At the microscopic level, current flows through
the asperities—tiny contact points—where the two metallic surfaces physically meet (Brodnik
Zugelj and Kalin, 2020; Liu et al., 2021). This direct electron flow between the wheel and rail

significantly lowers electrical contact resistance at the interface, promoting efficient current
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transfer. On the other side, the substantial mechanical forces exerted by the weight of the train
enhance this electrical conduction properties at the interface. The mechanical forces increase
the real contact area by deforming the asperities and breaking through any thin insulating layers
that may form on the surface, such as oxides or contaminants. This deformation ensures that a
stable and effective contact area is maintained, which is crucial for a reliable electrical
connection. Moreover, in the absence of any isolating (oxide or contaminants) films, the
electrical contact resistance at the wheel-rail interface is predominantly determined due to
current constriction (Persson, 2022). This type of resistance arises from the limited number of
real contact points, where the current is forced to pass through narrow paths, leading to localised
increases in electrical resistance. However, due to the materials involved and the mechanical
forces at play, this electrical contact resistance is minimised, ensuring that the interface remains
conductive.

When an excess of non-conductive particles (e.g. silica sand particles) is used at the wheel-
rail contact area, how the current transfer at the interface is shown in Figure 4.36b. Under
normal load, silica sand particles at the wheel-rail interface are crushed, forming a fragment
layer often referred to as a friction film (Grandin and Wiklund, 2018). This layer transforms the
direct metal-to-metal contact between the wheels and rails into an indirect contact (Liu et al.,
2021). As the sand particles crushed, the contact area between the resulting fragments increases
under mechanical loading. However, due to the insulating nature of sand particles, which is
primarily composed of SiO», the formation of this fragment layer produces a long insulating
path for electron flow from the wheel to the rail. While this insulating layer does not completely
prevent current transmission across the interface, it significantly hinders electron movement,
thereby increasing the overall electrical contact resistance.

As depicted in Figure 4.36¢, when a mixture of conductive and non-conductive particles,
such as Product D and silica sand, is applied to the wheel-rail contact are, the mechanical action
causes the mixture to crush and compact into a friction film. Although this fragment layer
induces an indirect contact between the wheel and rail, the conductive fragments of Product D
become distributed throughout the layer. Under continued mechanical loading, the contact area
between these conductive fragments progressively increases, facilitating the formation of

conductive micro-channels. These channels enable the transfer of electrons from the wheel to
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the rail, thereby allowing for partial electrical conductivity through the otherwise insulating
friction film, and thus significantly reducing the electrical contact resistance at the interface.
When all the particles present at the wheel-rail interface are conductive, their fragmentation
results in the formation of a fragment layer that not only contributes to the repair of surface
defects and interfacial microcracks on the wheel and rail but also facilitates electron transfer.
In this scenario, the conductive fragment layer enables continuous and efficient electron flow
from the wheel to the rail, ensuring effective electrical conductivity across the entire interface,

as shown in Figure 4.36d.

(a) ﬂ Normal load

Fragments of Product D

©® =0 Ssjiding direction

Sliding direction

Figure 4.36. Schematic of the effect of the particulate systems on the current transfer
mechanism at the interface between two metal objects: (a) no particles, (b) sand particles after
crushing, (c¢) a mixture of Product D and sand particles after crushing, and (d) Product D
particles after crushing (Orange and grey spheres represent sand fragments and Product D
fragments, respectively).

When two metal surfaces are in contact, the asperities at the interface undergo shearing,
leading to the formation of wear particles under the influence of normal loads and shear forces
during parallel sliding (Liu et al., 2024, 2021; Wang et al., 2024). However, in this study, the
application of conductive, non-conductive, or mixed particles resulted in their fragmentation,

forming a fragment layer at the interface. This fragment layer acted as a lubricant, contributing
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to a stable wear phase between the contacting metal surfaces. Notably, the fragment layer plays
a more significant role in governing the electrical conduction properties at the interface than
the wear particles themselves. Furthermore, when a representative quantity of particles, i.e.,
7.5 g/m, is applied to the metal interface — specifically within the wheel-rail contact area —
the resulting current at the interface can reach levels of 5 A or higher (Skipper et al., 2023).
Under these conditions, the current tends to concentrate in the asperities of the metal surfaces,
where the electrical contact resistance generates significant Joule heating (Liu et al., 2021;
Meng et al., 2024; Wang et al., 2024). This localised heating leads to a substantial temperature
rise at these points, which may affect the electrical conduction properties of the interface.
Consequently, it may need to consider the dynamic thermal equilibrium of the contact materials,

an aspect that will be explored in greater detail in future work.

4.8 Conclusions

This chapter presented an electro-mechanical contact model to investigate the electrical
response of a particulate system under mechanical loading conditions. The model was validated
using analytical solutions for particle-to-particle and particle-to-wall contacts, and experimental
data from a stainless steel particle chain and a particle bed test. The proposed model was applied
in an example to study the effect of three different materials, each acting individually at the
wheel-rail interface, on the electrical response of the system using HPT tests. Additionally, the
effect of a mixture of conductive and non-conductive particles on the electrical conduction
properties of the wheel-rail interface under mechanical loading was analysed through a
combination of laboratory tests and numerical simulations. The influence of the electrical
resistivity of conductive particles on interfacial resistance was also investigated.

For both particle-particle and particle-wall conduction, the electrical resistance decreases
significantly as mechanical force begins to increase. With further increases in mechanical force,
the decline in electrical resistance approaches a constant value. Alterations in the contact
surfaces for both particle-to-particle and particle-to-wall contacts can directly impact the
electrical resistance of the system.

In a metallic particle system, contact resistance is a far more significant factor than the

intrinsic electrical resistance of the particles. This is supported by numerical calculations, which
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exhibit a trend similar to that predicted by elastic Hertz theory as the mechanical force increases.

Using the HPT test as an application example, the numerical calculations of electrical
resistance fall within the range of experimental results. Two commercial conductive materials,
Product B and Product D, demonstrate a substantial improvement in electrical conduction
between the wheel and rail specimens compared to silica sand. Additionally, the electroactivity
index indicates that larger-sized fragments play a more significant role in bulk electrical
conduction.

When the percentage of Product D particles gradually increases, the electrical resistance
at the interface between the piston and the base specimens decreases significantly with the
increasing load. In addition, when the load is maintained at 577 kN, the resistance at the
interface decreases as the ratio of Product D in the mixture increases. In particular, the
interfacial resistance drops sharply from about 55 kQ to 220 QQ when the percentage of Product
D is raised to 5%.

The main phase of Product D and silica sand is the AlO3 phase and the SiO> phase,
respectively. For Product D particles, their fragments are interspersed in the fragmentation layer
during compression and conductive micro-channels are established. The charging effect in the
fragment layer diminishes as the Product D content increases, which means the accumulation
of charge due to SiO> in the sand particles is gradually reduced.

When the same amount of Product B or Product D is mixed with sand particles, the
smaller-sized Product B particles can participate more effectively. Their fragmentation allows
for better penetration into the fragment layer, enhancing the formation of conductive micro-
channels. Consequently, smaller-sized conductive particles may be more advantageous in
reducing the interfacial resistance of wheel-rail interface in HPT system.

The electrical resistivity of the conductive material and its proportion in the mixture
significantly impact the electrical resistance at the wheel-rail interface of the HPT system. If a
low-resistivity conductive material is mixed with silica sand, only a small number of conductive
particles is needed to reduce the electrical resistance of the HPT system to less than 10 Q.
Conversely, if the resistivity of the conductive material is higher, a significantly larger number

of conductive particles is required to achieve the same reduction in electrical resistance.
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Chapter 5 Effect of inherent anisotropy on electro-mechanical behaviour of

particulate systems

5.1 Introduction

The inherent anisotropy of granular soils, defined as the initial structural arrangement of
particles and pores, significantly influences the mechanical behaviour of these materials, such
as liquefaction phenomenon, a state in which the effective stresses within the soil approaches
zero (Seed and Lee, 1966; Tatsuoka et al., 1986). Numerous experimental studies have been
conducted to explore the mechanical response of samples with varying degrees of inherent
anisotropy, prepared under different loading conditions such as drained/undrained monotonic
and undrained cyclic triaxial testing (Ishibashi and Capar, 2003; Ni et al., 2021; Sze and Yang,
2014; Tatsuoka et al., 1986). However, challenges persist in accurately quantifying inherent
anisotropy and understanding its effect on mechanical response. Complementary to these
experimental approaches, some studies have employed DEM to analyse the evolution of
anisotropic degree as the stress state changes, focusing on the quantification of inherent
anisotropy and induced anisotropy under different loading conditions (Morimoto et al., 2021;
Otsubo et al., 2022; Wang and Wei, 2016; Wei et al., 2018; Wei and Wang, 2017).

On the other hand, the electrical properties of geomaterials have been utilised to monitor
the evolution of their mechanical characteristics for decades (Niu et al., 2017; Seladji et al.,
2010). For example, the bulk conductivity of sandy materials can serve as an indicator of
compaction and shear behaviour within granular systems (Koch et al., 2012). Additionally, the
electrical properties of granular materials offer potential applications for non-invasive
monitoring of geotechnical phenomena such as slope stability, fault activity, and landslides
(Mahardika et al., 2012; Niu et al., 2017). A range of experiments, particularly triaxial tests,
have been conducted to analyse the evolution of stress-strain behaviour in samples, informed
by electrical property data (Glover et al., 2000, 1996; Zhao et al., 2023). Among these studies,
Glover et al. (2000) examined the relationship between bulk conductivity and the mechanical
behaviour of saturated sandstones during triaxial tests. Their findings demonstrated that

electrical measurements are particularly effective at detecting cracks formation and propagation,
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especially before rock failure. Recently, Zhao et al. (2023) conducted a series of triaxial shear
tests to investigate the link between bulk resistivity and the mechanical damage evolution of
soil-rock mixtures. Their results showed that electrical resistivity can effectively characterise
the damage process of the soil-rock mixtures. In addition, some studies have investigated the
relationship between mechanical response and electrical behaviour in granular systems under
compressive conditions using DEM (Niu et al., 2017; Zhang et al., 2024). To the current
knowledge of author, only a very limited number of studies have explored the effect of
anisotropy on the electrical properties of granular materials in triaxial compression using DEM.
Niu et al. (2017) investigated the relationship between bulk conductivity anisotropy and fabric
anisotropy during triaxial shearing through DEM simulations. Their findings revealed a strong
linear correlation between bulk conductivity and fabric anisotropy factors. Yet, inherent
anisotropies can distinctly affect the electrical behaviour of particulate systems under loading
conditions, but further studies in this area remain limited.

Drawing on the research by Otsubo et al. (2022), this study employs DEM to model
samples with approximately identical void ratios and average coordination numbers, yet
differing inherent anisotropies. The study investigates how inherent anisotropy influences the
mechanical response and electrical behaviour of particulate system under drained monotonic
compression for each sample. Moreover, this study proposes an alternative index that
effectively evaluates the evolution of induced anisotropy and the mean contact area between
particles, considering the combined effects of macroscopic mechanical response and electrical

behaviour.

5.2 Sample Preparation and Test Method

To investigate how the inherent anisotropy of a particulate system affects its mechanical and

electrical behaviour, this study follows the modelling approach described by Otsubo et al. (2022)
for triaxial compression tests. Afterwards, the electro-mechanical contact model presented in

Chapter 4 is applied to these three samples and the mechanical and electrical data are collected

during drained monotonic loading.

5.2.1 Material Properties

In this study, the spherical particles were utilised to explore the fundamental impact of inherent
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anisotropy on the mechanical and electrical behaviour in the particulate system, while also
eliminating the complexities associated with particle shape. The particle size distribution (PSD)
ranges from 1.2 mm to 2.2 mm, with a median particle size (Dso) of 1.89 mm and a coefficient
of uniformity (C,) of 1.37, indicative of a uniformly graded sand. The material characteristics
of these spherical particles align closely with typical silica sand properties, which can be found
in Table 5.1. To model the interaction between particles, a simplified Hertz-Mindlin contact
model was employed in the particulate system, allowing contact stiffness to be automatically
adjusted based on the material properties and the load applied between two particles, as detailed
by Morimoto et al. (2021). In order to conduct these DEM simulations, a modified version of
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) (Plimpton, 1995) was
utilised. A time step of 4 x 10”7 s was used to execute simulations, ensuring compliance with

the critical time step for the specified material, as suggested by Otsubo et al. (2017).

Table 5.1 Material parameters utilised in the DEM simulations.

Parameters Unit Value
Poisson’s ratio (vn) — 0.23
Specific gravity (Gs) — 2.7
Young’s modulus (E) GPa 71.6
Shear modulus (G) GPa 29.1
Electrical resistivity (pe) Qm 5.56x10°

5.2.2 Preparation Steps for Iso, Ver, and Hor Samples

The preparation method of the three samples used for the triaxial compression test followed the
steps shown in Figure 5.1. Firstly, a random distribution of 30,000 spherical particles was
generated within a cuboidal volume, ensuring that no particles were in contact. Periodic
boundary conditions were applied in all three principal directions to maintain uniformity.
Subsequently, three different initial compression protocols were employed to prepare the Iso,
Ver, and Hor samples, respectively, all conducted under gravity-free conditions. The
preparation steps for three samples were as follows:

® [so sample: Isotropic compression was uniformly applied along the x, y, and z axes to
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achieve an isotropic effective stress, where o, = ¢, = o, = 100 kPa, corresponding to an

Y
initial isotropic effective stress p;) =100 kPa.

® JVer sample: Uniaxial compression was applied vertically along the z-axis to reach a stress

of o, =1 kPa, while the incremental axial strains in the horizontal x and y directions were

constrained, ensuring Ae, = Ag, =0, i.e., the horizontal strain during sample preparation

Aé‘h =0.

® Hor sample: Horizontal compression was applied along the x and y axes to achieve a stress
of o, = a} = 1 kPa, with the vertical strain along the z-axis kept fixed at zero, i.e., Ag, =

0, ensuring that the vertical strain (A¢,) = 0 during sample preparation.

Thirdly, the Ver and Hor samples underwent additional compression until the stress state

in all principal directions reached o, = 0} = ¢, =100 kPa (i.e., pé) = 100 kPa). During the

sample preparation phase, a maximum strain rate of 0.2 s™! was employed, gradually decreasing
as the target stress level was approached, in accordance with the methodology outlined by
Otsubo (2016). Throughout the above process, an inter-particle friction coefficient (upre) of
approximately 0.15 was used as suggested by Otsubo et al. (2022). This process produced three
loose samples, i.e., Iso_L, Hor L, and Ver L. In addition, the initial void ratios (ep = 0.643 —
0.645) and the initial mean coordination number (i.e., the number of contact points per particle,
CNy =4.68 —4.69) for three samples were very similar using this preparation method, with the

corresponding expressions as follows:

vy

e=— (5.1
p
2N
CN=—¢
N (5.2)

p
where V', and V), are defined as the volume of voids and particles, respectively; while N. and N,

are the numbers of the contacts and the particles within the particulate system, respectively.

Figure 5.2 shows an example of an Iso_L sample at p;) = 100 kPa, where the colour of each

particle indicates its diameter.
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Figure 5.1. The steps used in this study to prepare the three samples.

Diameter [mm]
- 2.2

1 2.0

1.8

1.6

1.4

1.2

boundary

Figure 5.2. Representative DEM sample (Iso-L) at plo = 100 kPa with periodic boundaries

(colour bar shows the range of particle diameter within the sample).
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5.2.3 Quantifying Inherent Anisotropy for Samples

To describe the differences in packing properties of three samples, Iso L, Hor L, and Ver L,

the second-order fabric tensor (Dij was quantified according to the contact normal

orientations (Satake, 1982; Yimsiri and Soga, 2010) as:

1
CDij :N_Zninj (5.3)
¢ Nc

where N, represents the total number of contact points, and »; and n; denote the contact normals

in the i- and j-directions, respectively (i, j = x, y, z). In addition, the principal components of the

fabric tensor (D, P, , and D,, ) can be used to quantify the vertical and horizontal

yy >

components, which can be expressed as follows:

®V = q)ZZ (54)
_ (@, +Dy) (5.5)
" 2
b, +20, =1 (5.6)

where @, and @, are defined as vertical and horizontal component of fabric tensor,
respectively. In accordance with the method presented by Yimsiri and Soga (2010), the
anisotropic degree (@) is employed to quantify a fabric tensor as a single scalar assuming the

cross-anisotropic condition:

3a-5
S 0
5(a—3)
3a-5
o = 0 22 0 .
0 0 —(5+a)
5(a—3)

The value of anisotropic degree for the three samples utilised in this study are calculated

using D, , under the assumption that P, and (Dyy are equal, as follows:
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a= m (5.8)
50, +1

Figure 5.3 illustrates the orientations of the contact normal vectors for the three samples,
along with their corresponding initial anisotropic degree (ao). In the Iso L sample, the contact
orientations are uniformly distributed in all directions, indicating a minimal degree of
anisotropy. A positive value of a (>0) indicates a higher concentration of contacts in the vertical
direction, as observed in the Ver L sample, whereas a negative value of a (<0) indicates more
contacts in the horizontal plane, as seen in the Hor L sample. When compared to previous
studies, the anisotropy levels of the samples in this study align closely with those reported in
the literature. For instance, Yimsiri and Soga (2010) demonstrated that their prepared loose
samples exhibited ay values of -0.04, 0.01, and 0.06, respectively, where samples with positive
ap value are referring to experimental preparation methods such as dry deposition (DD) or air
pluviation (AP). Also, Otsubo et al. (2022) prepared a sample with the ay value of 0.083 by the
AP method using the same material as in this study. By comparing these values with the ay
derived from the DEM models utilised in this study, it is evident that the inherent anisotropy of
the Hor-L and Ver-L samples falls within a comparable and reasonable range, despite
differences in preparation methods. The findings of Sze and Yang (2014) suggest that the moist
tamping (MT) method, a sample preparation technique where sand is mixed with a small
amount of water to ensure uniform moisture distribution before being compacted in layers,
creates a more isotropic fabric. This aligns with the observation that the Iso L sample in the
current study exhibit minimal anisotropy. In addition, regarding the Hor L sample, despite its
inherent anisotropy, this study can still provide important context of the results and valuable
insights into some elaborate experiments that systematically control soil fabrics (e.g., Oda, 1972;
Odaet al., 2001). This comparison demonstrates the reliability and validity of the methodology
of the current study and that it is consistent with and complementary to established research in

the field.
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Figure 5.3. Orientation of contact normal vectors and schematic representation of the degree of
anisotropy (a) for the Ver-L, Iso-L, and Hor-L samples.

5.2.4 Circuit Setup and Assumptions for Samples

To examine the electrical behaviour within the particulate system during the triaxial
compression test, the electro-mechanical contact model presented in Chapter 4 is employed.
Given that the DEM model incorporates periodic boundary conditions rather than rigid walls,
this study focuses solely on electrical conduction through particle-to-particle contacts,
excluding any electrical transfer involving particle-to-wall contacts. In addition, due to the
symmetrical nature of the DEM model used in triaxial testing, it is assumed that the upper and
lower boundaries are electrically conductive, while the sides of the model are treated as
electrically insulated, as discussed by Moraru et al. (2011). As illustrated in Figure 5.4, a
constant potential of 0.5 volts is applied to the upper boundary, with the lower boundary
grounded (set to zero electric potential), effectively establishing an electrical circuit within the
DEM model. In this configuration, DC current will flow from the particles at the upper boundary,
through the particle system, and ultimately reach the particles at the grounded lower boundary.
Moreover, while the choice of a 0.5-volt potential is originally intended to simulate the
performance of low voltage DC track circuits, particularly those performing poorly in UK
railway operations (Skipper et al., 2023), this value serves as a practical reference point for

exploring the interplay between mechanical and electrical behaviours in granular materials. By
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employing this voltage level, this study not only aims to reflect specific conditions relevant to
railway operations, also provides a controlled environment to investigate how inherent
anisotropy affects the electrical response of the particulate system during mechanical loading.
This approach enables a broader understanding of the principles governing electrical
conduction in stressed granular materials, thereby bridging the gap between geotechnical
applications and the study of electrical properties in particulate systems.

The particulate system can be likened to a circuit comprising multiple resistors, drawing
on the heat transfer network model (Feng et al., 2008; Rojek et al., 2022), the principles of
circuit analysis (Birkholz et al., 2019), and the nodal analysis method (Ho et al., 1975; Wing,
1972). In this analogy, each particle is considered as a node, and the path between the centres
of two adjacent particles is viewed as a conductive path with an associated circuit resistance.
This resistance includes both the resistance of the material constituting the particles and the
contact resistance formed at the overlap region between the two particles. Additionally, the
assumptions were made that the DEM simulations were conducted at room temperature and
that the particle surfaces were smooth and free from contaminant layers, thereby removing the

influence of these complicating factors on the simulation results.
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Figure 5.4. Electric potential distribution of Iso-L sample at the initial stage with a schematic
representation of local circuit branches between particles (colour bar shows the electric
potential value of particles).

5.2.5 Drained Monotonic Loading

Drained monotonic loading (triaxial compression) was applied vertically to the three samples
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while maintaining a constant lateral effective stress. The strain-controlled loading was
implemented by displacing the boundaries at a rate of 0.0002 m/s, resulting in an approximate

strain rate of 0.0039 [s™']. This strain rate ensures compliance with the quasi-static flow
condition for the material properties under a confining pressure of pé) =100 kPa (Lopera Perez

et al., 2016). A local damping coefficient of 0.2, as utilised by Morimoto et al. (2021), was
applied during loading. The inter-particle friction coefficient (uyr.) was increased to 0.4 (uioad)
for all simulations during the loading phase. The deviator stress ratio (DSR) during loading is
defined as the ratio of the deviator stress (g) to the mean effective stress (p’), and can be

expressed as follows:

_4__o-0
DSR = y [G; +20:] /3 (5.9)

where o, and o, are defined as principal stresses in the vertical and horizontal directions,
respectively. In this study, ¢ > 0 is consider for compression conditions. During drained

monotonic loading, the volumetric strain ( &,,, ) was calculated from the change in sample bulk

volume, where &, > 0 for dilation and &,, < 0 for contraction. Table 5.2 summarises the
properties of the three samples, Iso L, Ver L, and Hor L, at the initial compression stage (i.e.,

p, =100 kPa).

Table 5.2 Properties of Iso_L, Ver L, and Hor L samples at the initial compression stage

Sample ey CNy Dy Do Dy - Do Dol Do ay
Iso L 0.644 4.69 0.333 0.333 0.000 0.999 -0.002
Ver L 0.643 4.68 0.351 0.324 0.027 1.083 0.097
Hor L 0.645 4.69 0.316 0.342 -0.026 0.926 -0.098

5.3 Mechanical Responses in Drained Monotonic Loading

In this sub-chapter, the macro-mechanical responses of three samples during drained monotonic
loading (triaxial compression) was investigated. After that, the evolution of the packing
properties of the particulate system, such as void ratio (e), mean coordination number (CN),
and mean contact area (4) between particles, was analysed along with drained monotonic
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loading. Finally, the change in distribution of contact forces within the particulate system during

drained monotonic loading was visualised.

5.3.1 Macroscopic Response of Three Samples
Monotonic compression up to an axial strain ( £, ) of 45% was applied to each of the three

samples: Iso L, Ver L, and Hor L. Figures 5.5a and 5.5b illustrate the overall variation in the
DSR (i.e., g/p’) for each sample, highlighting the changes occurring within the small-strain
range at the initial loading phase. The Ver L sample (ao = 0.097) exhibits a rapid increase in
q/p’ during compression, indicating a strong initial response. In contrast, the Hor L sample
with a negative value of ao (—0.098) demonstrates the slowest rate of increase in ¢g/p’, reflecting
a more gradual compressive response. The Iso L sample (ap =— 0.002) shows an intermediate
response between the two extremes. While their peak ¢/p’ values differ significantly, the
residual ¢g/p’ values of all three samples converge and appear nearly identical under sustained

mechanical loading. In addition, Figures 5.5¢ and 5.5d illustrate the changes in volumetric strain
(&€,01) for the three samples during monotonic loading, where negative values (<0) indicate

contraction and positive values (>0) indicate dilation. The Ver L sample exhibits more
pronounced dilative behaviour during compression. In contrast, the Hor L sample initially
shows a tendency to contract, with a transition from contraction to dilation occurring only after
the axial strain exceeds approximately 13%. This behaviour is likely due to the rearrangement
of particles under mechanical loading, which reduces the void ratio and initially promotes
contraction. The observed overall responses in both deviator stress ratio and volumetric strain
during drained monotonic compression are consistent with the characterisations provided by

Yimsiri and Soga (2010).
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Figure 5.5 Drained monotonic responses of three samples: (a) and (b) deviator stress ratio (g/p°),
(c) and (d) volumetric strain (&,,/) against axial strain. ((a) and (c) are overall response, while
(b) and (d) are response at small-strain range).

5.3.2 Microstructural Responses of Three Samples during Monotonic Compression

The macroscopic mechanical responses of three samples during monotonic compression was
discussed in the previous section. In this section, the Iso L, Ver L, and Hor L samples are
utilised to investigate their contact-scale microstructural responses during monotonic loading,
with an emphasis on the evolution of packing properties, i.e., CN, e, and 4. The results are
presented in Figure 5.6. As be seen from Figures 5.6a and 5.6b, the CN values of the Hor L
sample drop quickly at the small-strain range, while the CN values of the Ver L sample show
the smallest decrease at the initial monotonic compression. These initial changes (Figure 5.6b)
are closely related to the changes in deviator stress ratio (Figure 5.5b), i.e., the lower the CN

value, the smaller the g/p’ value for a given axial strain.
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Figures 5.6c and 5.6d depict the evolution of the void ratio (e) for the three samples during
monotonic compression. At the beginning of monotonic loading, the e of the Hor L sample
decreases significantly, indicating compaction. This is consistent with the contraction observed
in the volumetric strain in Figures 5.5¢ and 5.5d. The decrease in void ratio indicates that the
particles are rearranging and coming closer together, thus reducing the voids between the
particles. This initial contraction phase can be attributed to the inherent anisotropy of the Hor L
sample, where the particles are initially more horizontally aligned and must be realigned to
accommodate vertical loading. As the axial strain increases to approximately 7%, the void ratio
of the Hor L sample begins to increase slightly. Once the axial strain reaches around 13%, the
void ratio starts to increase sharply, signifying a transition from the contraction phase to the
dilation phase. This transition coincides with the point where the sample begins to exhibit
dilative behaviour, as shown in Figure 5.5c. In contrast, the void ratio of the Ver L sample
increases throughout the monotonic compression process, especially during the 0% to 5% axial
strain range. This indicates a consistent dilative response without a notable contraction phase.
The void ratio of the Iso L sample does not display a pronounced increasing or decreasing trend
in the initial stage of loading; instead, it increases gradually with the axial strain until reaching
a relatively stable state. Overall, the Ver L sample, with its more vertically aligned contacts,
underwent less particle rearrangement and maintained a more compact structure. Meanwhile,
the Hor L sample, with its primarily horizontal alignment, allowed for a greater degree of
particle rearrangement and void reduction before ultimately transitioning to a dilative state.

Figures 5.6e and 5.6f illustrate the evolution of the mean contact area (A4) for the three
samples during monotonic loading, a critical parameter for understanding the force
transmission capabilities within the particulate system. At the initial stage of loading, all three
samples exhibit an increase in the mean contact area. This increase is most pronounced in the
Ver L sample, reflecting a rapid establishment of stronger contacts as particles align and adjust
to the applied vertical stress. The substantial increase in contact area for the Ver L sample
suggests that the greater contact forces developing between particles. For the Hor L sample,
the increase in mean contact area is relatively significant within the small-strain range but
diminishes as axial strain continues to rise. This reduction in the rate of increase may be

attributed to the loss of stable contacts due to particle rearrangement during the transition from
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contraction to dilation. As the axial strain increases further, reaching approximately 15%, the
value of 4 for the Hor L sample becomes similar to those of the other two samples. The increase
in the mean contact area for the Iso L sample is intermediate between the other two, reflecting
a more moderate response. Throughout the monotonic loading process, the Ver L sample
maintains a relatively high mean contact area, indicating its ability to sustain contact forces
more effectively under vertical loading conditions. The evolution of the mean contact area is
directly linked to the mechanical behaviour observed at the macroscopic level. For the Ver L
sample, the consistently high mean contact area supports the higher deviator stress ratio
observed in Figure 5.5a, as stronger contacts facilitate more efficient load transfer. In contrast,
the Hor L sample, which shows the smallest increase in mean contact area, corresponds with

lower deviator stress ratio and a shift to a dilative state, as shown in Figure 5.5a and 5.5c,

respectively.
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Figure 5.6 Responses of the packing properties of three samples during drained monotonic
compression: (a) and (b) mean coordination number (CN), (c¢) and (d) void ratio (e), and (e) and
(f) mean contact area (A) against axial strain. ((a), (c), and (e) are overall response, while (b),
(d), and (f) are response at small-strain range).

5.3.3 Change in Distribution of Contact Forces

The macro-mechanical responses and the evolution of the microstructure during drained
monotonic loading for Iso L, Ver L, and Hor L samples have been analysed in the above
sections. It can be found that the mechanical behaviour of Hor L sample is more sensitive to
the monotonic compression process compared to the other two samples, particularly within the
phase of axial strain from 0% to 13%. In this section, to visualise the development of stress
transfer and contact forces, four stages in the axial strain from 0% ~ 13% during drained
monotonic compression in the Hor L sample were selected and compared in Figure 5.7.

It can be observed that during the initial stage of compression, the distribution of contact
forces within the sample exhibits a slight bias towards the horizontal direction. As the axial
strain increases to 1%, the preferred orientation of the contact forces begins to align more
closely with the vertical direction, with the anisotropic degree (a) reaches 0.102. This indicates
that the particles are undergoing a rearrangement in response to the applied vertical stress,
thereby altering the loading characteristics that are used to assess both the microstructural
properties (Figure 5.6) of the sample and the volumetric strain at the macroscopic level (Figure
5.5¢). When the axial strain is increased to 5%, the contacts between particles become primarily
vertical, and the value of a further increases to 0.243. Despite this increased vertical alignment,

the void ratio of the sample continues to decrease (Figure 5.6¢), signifying ongoing contraction.
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Meanwhile, the mean contact area between particles continues to increase, suggesting that the
system has not yet reached a stable state and is still undergoing compaction and structural
adjustments. At an axial strain of 11%, vertical contact forces dominate even more strongly,
with the value of a rising to 0.323. At this stage, the void ratio begins to increase (Figure 5.6¢),
indicating that the sample may transition from a contracting phase to a dilation phase if vertical
stress continues to apply, as shown in Figure 5.5¢. This shift suggests that the internal structure
of sample has reached a point where the accumulation of vertical forces induces dilation,

reflecting a change in the overall mechanical behaviour of the material.
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Figure 5.7 lllustration of changes in the distribution of normal contact force for Hor-L sample
during drained monotonic compression.

5.4 Electrical Behaviour under Drained Monotonic Loading

In this sub-chapter, the electrical behaviour of three samples during drained monotonic
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compression was investigated. The link between the macro-mechanical responses and the
electrical behaviour was assessed by quantifying the bulk resistance for three samples.
Afterwards, the relationship between the microstructural responses and the electrical behaviour
is analysed and the effect of packing properties at the contact-scale, such as void ratio (e), mean
coordination number (CN), and mean contact area (4), on the bulk resistance of the three
samples was studied. In addition, the distribution of current intensity in the orientation of the

contact normal vectors was visualised for axial strain from 0% to 11%.

5.4.1 Change in Bulk Resistance under Macro-Mechanical Behaviour

Figures 5.8a and 5.8b show the overall variation of bulk resistances for Iso_L, Ver L and Hor L
samples up to 45% of axial strain as well as the variation in small-strain range, respectively. It
can be observed that the bulk resistances of the three samples exhibit significant differences in
the range of 0% ~ 11% of axial strain. Hor L sample shows the largest decrease in bulk
resistance at this stage, while Ver L sample shows the smallest decrease. Iso L sample shows
a decrease in bulk resistance that is in between the other two samples. Afterwards, the bulk
resistances of the three samples tend to coincide as the monotonic compression continues.

At the small-strain stage, the Ver L sample shows a significant decrease in bulk resistance,
as shown in Figure 5.8b. This sharp decrease is consistent with the rapid increase in the
deviatoric stress ratio (Figure 5.5b) and the average contact area (Figure 5.6f), indicating that
the particle contact points are more vertically aligned with vertical loading and the contact area
between the particles gradually increases, which is more conducive to the transfer of electrons
within the conductive paths. In addition, the decrease in bulk resistance is further enhanced by
the initial contraction observed in the volumetric strain, as shown in Figure 5.5d, which reduces
the voids between particles, thereby compressing the contact points and altering the conductive
network. For the Hor L sample, the normal contact vectors during the initial loading phase are
mainly horizontal and less resistant to vertical loading. At the small-strain range, the vertical
loading leads to a redistribution of forces, weakening the horizontal force chain and reducing
the bulk resistance. The volumetric strain data suggests that the initial contraction phase leads
to a decrease in bulk resistance. However, as the particle contacts become less stable, they are

more prone to rearrangement, which reduces the effectiveness of the conductive paths and leads
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to a renewed increase in bulk resistance, as shown in Figure 5.8d.

As the axial strain exceeds approximately 11%, the Hor L sample shows a further decline
in bulk resistance, which is closely associated with the sample transitioning from contraction
to dilation (Figure 5.5¢). It can be seen from Figure 5.8c that the deviator stress ratio stabilises
at this point, suggesting a balance between the formation and destruction of contact points under
continued loading. As the monotonic compression progresses towards 45% axial strain, the bulk
resistances of all three samples converge. This convergence suggests that long-term application
of axial strain leads to similar microstructures as well as restructuring of the conductive

pathways in all samples, despite initial fabric and anisotropic differences.
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Figure 5.8 Electrical behaviour during drained monotonic compression for three samples: (a)
and (b) axial strain (&.), (¢) deviator stress ratio (¢/p’) and (d) volumetric strain (&,0/) against
bulk resistance. ((a) is overall response and (b) is response at small-strain range).
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5.4.2 Relationship between Microstructural Responses and Bulk Resistance

Figure 5.9a presents the relationship between the mean coordination number (CN) and bulk
resistance during monotonic compression for the three samples. In the initial small-strain range,
the CN of the Hor L sample decreases from 4.7 to around 4.5, representing the most
pronounced reduction among the three samples. This significant decrease reflects a rapid loss
of contacts due to particle rearrangement under vertical loading, resulting in fewer effective
conductive paths and a slower reduction in bulk resistance. In contrast, the Ver L and Iso L
samples exhibit a more gradual decrease in CN in the initial small-strain range, indicating a
greater number of vertical contacts and less extensive particle rearrangement when subjected to
vertical stress compared to the Hor L sample. As shown in Figure 5.9b, the void ratio (e) of the
Ver L and Iso L samples increase during the initial compression phase, indicating dilative
behaviour. Despite this, the mean contact area (4) between particles within these two samples
also increases at this stage (Figure 5.9c), which enhances contact between particles and allows
for more efficient electron transfer, thereby reducing bulk resistance. It can also be observed
that the bulk resistance of all three samples increases to some extent after an initial decrease,
with a particularly notable rise in the Hor L sample. This suggests that particle contacts within
all three samples are not yet stabilised at this stage, and their inter-particle arrangements
continue to be influenced by the vertical stress. When the axial strain reaches 11%, the CN and
A for all three samples become similar (Figures 5.6a and 5.6¢), with the tendency of dilative
behaviour (Figure 5.6c). Meanwhile, the bulk resistance of the three samples converges,

reflecting a similar structural state under the applied load.
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Figure 5.9 Effects of packing properties on bulk resistance during drained monotonic loading:
(a) mean coordination number (CN), (b) void ratio (e), and (c) mean contact area (4).

5.4.3 Evolution Magnitude of Current Intensity Acting on Orientations of Contact Normal
Vectors
As the electrical behaviour of the three samples showed significant differences in the axial strain
increase from 0% to 11%, therefore the magnitude of the current intensity acting in the
orientation of the contact normal vectors was visualised for further analysis, as shown in Figure
5.10. In the 1initial stage, as depicted in Figure 5.10a, the maximum current is observed in the
90° direction, indicating that electrons mainly flow through vertically oriented conductive paths
formed by particle contacts. In contrast, due to the boundary conditions of circuit imposed,
electrons do not easily traverse horizontally oriented conductive paths composed of particles,
resulting in a relatively low current. As the axial strain increases to 1%, as shown in Figures
5.10b to 5.10e, the current begins to flow more preferentially in a specific direction, particularly

between 45° and 135°. This suggests the formation of more conductive paths that align with the
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direction of applied stress. With further increases in axial strain up to 11%, as illustrated in
Figures 5.10f to 5.10j, the distribution of contact normal vectors for the three samples
progressively tend to coincide. In addition, the currents in all three samples become increasingly
concentrated along the vertical direction, again between 45° and 135°, which reflects a greater
alignment of contacts along the loading axis. This variation in current distribution with
increasing strain emphasises the gradual development of anisotropy in electrical behaviour
under mechanical loading, driven by the rearrangement of particles and the evolution of the
contact network. However, as monotonic loading continues beyond a certain point, the
microstructure of the samples, regardless of their initial inherent anisotropy, and the orientation
of the contact normal vectors between particles begin to converge. This convergence leads to

similar electrical behaviours across the samples, observable at both micro- and macroscopic

scales.
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Figure 5.10 Magnitude of current intensity acting on the orientations of the contact normal
vectors during drained monotonic compression: (a) axial strain 0%, (b) axial strain 0.03%, (c)
axial strain 0.4%, (d) axial strain 0.8%, (e) axial strain 1%, (f) axial strain 3%, (g) axial strain
5%, (h) axial strain 7%, (i) axial strain 9%, and (j) axial strain 11% (The Probability Density
Function is utilised to plot, which the length of each bin is (number of contact normal vectors
in the bin)/(total number of contact normal vectors x width of bin), and the colour represents
the magnitude of the average current intensity).

5.5 Evolution of Induced anisotropy during Drained Monotonic Loading

In this section, the microscopic response at the contact scale is examined for the Iso-L, Ver-L,
and Hor-L samples, with a focus on the variation in the anisotropic degree (a). Relationships
between the anisotropic degree and axial strain, deviatoric stress ratio, and bulk resistance are
explored, linking the microscopic parameter to the macroscopic mechanical and electrical
behaviour. Additionally, an alternative index, contact area anisotropy, is proposed to effectively
track the evolution of the induced anisotropy and the mean contact area (4) in relation to the

mechanical and electrical responses at macro-scale.
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5.5.1 Link between Anisotropy and Electro-Mechanical Behaviour

Analyses relying solely on the mean coordination number (CN), as shown in Figure 5.6a, are
insufficient to capture changes in fabric anisotropy during loading. Thus, the evolution of
anisotropic degree (a), specifically induced anisotropy, is quantified to provide a more
comprehensive understanding. Figure 5.11a depicts the evolution of the a during drained
monotonic compression, while Figure 5.11b illustrates its evolution relative to the deviator
stress ratio (¢/p’). The variation of a under monotonic loading is observed to be more stable
and systematic. For the Ver L sample, the value of a increases sharply to approximately 0.3
within an initial small-strain range. As the axial strain continues to increase, it eventually
reaches around 0.33, where it stabilises. In contrast, for the Hor L sample, the value of a
initially rises from approximately -0.1 to about 0.02 within the early stages of strain, indicating
the onset of rearrangement between particles and a gradual increase in vertical contacts. As the
axial strain reaches around 11%, the value of a for Hor L sample approaches 0.33 and
subsequently stabilises. The Iso L sample exhibits an intermediate increase in a compared to
the other two samples, with the final value of a also reaching approximately 0.33. This trend
mirrors the relationship between the deviator stress ratio and anisotropy, where the a of the
Ver L sample increases rapidly in response to arising g/p’, reaching 0.33. Conversely, the value
of a for the Hor L sample gradually increases to 0.33 due to a more gradual rise in the g/p’. In
addition, the bulk resistances of the Ver L and Iso L samples decrease significantly as the a
increases, whereas the Hor L sample shows a less pronounced decrease. This suggests that
conductive paths formed by particle contacts in the vertical direction are more effective in

facilitating current transfer.
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Figure 5.11 Variations in anisotropic degree (a) with (a) axial strain, (b) deviator stress ratio,
and (c) bulk resistance under drained monotonic compression.

5.5.2 Alternative Index — Contact Area Anisotropy

The contact area between particles plays a crucial role in influencing current transfer along
conductive paths (Bourbatache et al., 2012; Mikrajuddin et al., 1999; Ott et al., 2013). Building
on the work of Li et al. (2021) and Otsubo et al. (2022), who utilised similar indices such as
@D xCN, @pxCN, and axCN for analysing drained monotonic compression and undrained
monotonic loading, respectively, this study introduces an alternative index termed contact area
anisotropy. This index is defined as the product of the anisotropic degree (a) and the mean
contact area (A4), expressed as a x 4. This formulation enables effective monitoring of the
evolution of induced anisotropy and the contact area between particles under varying
mechanical and electrical conditions.

Figures 5.12a and 5.12b illustrate the variation of @ x4 with axial strain and deviator stress
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ratio, respectively, while Figure 5.12c¢ presents the relationship between axA4 and bulk
resistance. The light green lines in these figures denote the upper limits of a x4, derived from
the maximum values observed during the drained monotonic loading tests. Upon comparison
with Figure 5.11, it is evident that the variation of @ X4 in response to macroscopic mechanical
responses and electrical behaviour mirrors the trend observed for the anisotropy degree (a).
This consistency suggests that threshold contact area anisotropy is one of the material
characteristics of the given samples, independent of the loading type under drained conditions.
It is important to note that the threshold value of a x4 is relying on the initial void ratio (ep),

PSD, and the drainage conditions.
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Figure 5.12 Variations in contact area anisotropy (axA4) with (a) axial strain, (b) deviator stress
ratio, and (c) bulk resistance under drained monotonic compression.

5.6 Discussion

This study investigated the macro-mechanical and microstructural responses during drained
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monotonic compression by examining three samples with varying inherent anisotropy: Iso L,
Ver L,and Hor L. The analysis also focused on the changes in bulk resistance of these samples
under both macro-mechanical and microstructural influences. The distribution of contact forces
and current intensities at different levels of axial strain (ranging from 0% to 11%) was explored
to understand the interplay between mechanical deformation and electrical conduction.
Furthermore, a relationship was established between the anisotropic degree (a) and the
macroscopic mechanical and electrical properties, leading to the proposal of the contact area
anisotropy (axA) as an alternative index to assess the evolution of induced anisotropy and
contact area during monotonic compression. However, several limitations exist in this study.
The DEM modelling approach does not fully capture certain critical aspects of granular soils,
such as particle shape and PSD. Recent DEM studies commonly use multi-sphere clumps to
represent non-spherical particles, such as Angelidakis et al. (2021) and Katagiri (2019),
recognising that factors like particle shape parameters and principal axis orientation
significantly influence mechanical responses. In addition, PSD is known to affect the range of
achievable void ratio (e) and mean coordination number (CN) (Liu et al., 2021), which could
also influence the range of initial anisotropy observed in the three loose samples presented in
Table 5.2. Moreover, unlike Jiang et al. (2021), who utilised DEM to compare the dynamic
responses of spherical particles under horizontally polarised shear-wave and Love-wave strain
conditions, this study was limited to triaxial test conditions, highlighting a need for future

research to explore a broader range of loading conditions and particle characteristics.

5.7 Conclusions

This study investigates the effect of inherent anisotropy on the mechanical and electrical

behaviour of particulate systems during drained monotonic compression and relates this to

induced anisotropy. Three samples with similar initial void ratio (eg) and initial mean

coordination number (CNy) were modelled and their corresponding initial anisotropic degree

(ao) was systematically varied. The following conclusions were obtained:

(1) The initial stiffness and peak strength of the samples with inherent anisotropy, such as the
Ver L sample, are higher when compression is applied along the preferred contact normal

direction. This is evident from the higher deviator stress ratio (g/p’) observed in the Ver L
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sample compared to the Hor L sample. The anisotropic degree (a) significantly influences
the development of the ¢/p’ during the initial stages of compression up to an axial strain of
about 11%. However, in the residual state (at an axial strain of about 45%), the effect of
anisotropic degree on the g/p’ diminishes, indicating that the samples reach a similar
structural state irrespective of their inherent anisotropy.

(2) The volumetric strain behaviour of the samples reflects their inherent anisotropy and contact
alignment. The Ver L sample, with vertically aligned contacts, exhibits a tendency to dilate
more significantly during compression, while the Hor L sample shows initial contraction
before transitioning to dilation. This behaviour is also reflected in the changes in void ratio,
where a decrease in void ratio indicates initial compaction, followed by an increase
corresponding to dilation as the structure adjusts under continued loading.

(3) The mean coordination number (CN) and mean contact area (4) provide insights into the
microstructural evolution of the samples under monotonic compression. A decrease in CN
during the initial compression phase suggests particle rearrangement and loss of contacts,
which is most pronounced in the Hor L sample. The value of 4 increases at small to medium
strain level for all samples, indicating stronger contacts are formed under compression, but
eventually stabilises as the samples transition from contraction to dilation.

(4) The electrical behaviour of the samples, as quantified by bulk resistance, is closely linked
to their mechanical behaviour and microstructural changes. As the anisotropy degree (a)
increases, bulk resistance decreases, particularly in the Ver L and Iso L samples, due to the
formation of more efficient conductive paths aligned with the vertical stress direction. The
Hor L sample shows a less pronounced decrease in bulk resistance, reflecting its initial
horizontal alignment and subsequent particle rearrangement under vertical stress.

(5) An alternative index, contact area anisotropy (a xA), to analyse induced anisotropy under
drained monotonic compression. This index effectively captures the evolution of the
anisotropic degree and mean contact area, providing consistent upper bound regardless of
the loading conditions. This suggests that contact area anisotropy is an effective indicator
of induced anisotropy and microstructural evolution, linking the micro-level changes to

macroscopic mechanical and electrical responses.
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Chapter 6 Conclusions

6.1 Summary

The overall aim of the research was to understand the interaction mechanisms between the
mechanical response and electrical behaviour of particulate systems under loading from both
macro and micro scales. The electrical properties of contacting objects were theoretically
modelled and integrated into the DEM framework to simulate HPT test and drained triaxial
compression test. Experimental investigations have been conducted to provide the necessary
empirical data to support simulation-based findings.

Chapter 2 reviewed previous DEM studies to examine the mechanical response and
electrical behaviour of particulate systems, with the aim of identifying existing research gaps.
To enhance the understanding of the interplay between these two phenomena, this chapter
explored the literature on the principles and modelling approaches of electrical transfer
occurring during mechanical interactions between particles. Additionally, the breakage
behaviour of crushable materials, such as sand particles under loading conditions, and the
relevant modelling techniques were thoroughly investigated.

Chapter 3 focused on a practical application, sanding on wheel-rail interface, to investigate
the effect of particle characteristics on tribological behaviour between the wheel and the rail.
The HPT test, a laboratory technique for assessing wheel-rail adhesion, was modelled using
DEM. Also, silica sand, a crushable material, was modelled using the BPM method. The study
investigated various factors—including the bond properties (i.e., stiffness and strength) used to
form silica sand particle, particle size and mass, the number of particles in the contact area, the
size distribution of fragments following particle breakage, and particle shape. These effects
were quantified in terms of CoT.

Chapter 3 also introduced an in-house Python code developed to regenerate size
distribution data of fragments measured by laser diffraction, making them suitable for the
modelling of sand particles. Samples of silica sand particles obtained via pCT scanning were
modelled using this code. The accuracy of the code-generated FSD data was evaluated against

the actual data using two metrics: R-squared and RMSE. In addition, the modelled silica sand
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particles were visualised to assess their similarity to real particles in terms of size and shape.

Chapter 4 presented an electro-mechanical contact model for investigating the electrical
behaviour of a particulate system in response to mechanical loading. The model differentiates
the electrical transfer within the particulate system into two types: particle-to-particle and
particle-to-wall contacts. The overall electrical resistance between two contacting objects is
divided into two components: contact resistance, which arises from the overlapping region, and
particle resistance, which is due to the intrinsic material properties of the particles (e.g.,
electrical resistivity). The contact resistance is calculated using the Hertz and Holm’s models,
while the particle resistance is determined through the geometrical transformation of particles
under mechanical stress. A one-way coupling approach in mechanical and electrical interaction
is adopted, where mechanical forces influence electrical conduction, but electrical conduction
does not impact mechanical behaviour. In contrast, a two-way coupling approach would involve
mutual interaction, where electrical properties, such as induced currents or electromagnetic
forces, could also influence the mechanical response of the granular materials. The one-way
coupling assumption simplifies the analysis by focusing on how contact forces and stress
distributions govern electrical conduction within the particulate system. The model was verified
through analytical solutions for single-particle compression and particle-particle contact tests
and validated against experimental data from stainless-steel particle chains and particle bed
tests.

Chapter 4 also applied the electro-mechanical contact model to the HPT model, building
on the findings from Chapter 3, to investigate how the particulate system influences the
electrical behaviour between the wheel and the rail under mechanical loading. Two types of
commercial coated alumina particles and non-conductive particles, silica sand, were used in the
wheel-rail contact area of the HPT test. The change in electrical resistance of the HPT system
was examined from a macroscopic perspective for each type of particle acting individually, and
the simulation results were compared with experimental data. The distribution of electric
potential and current within the particulate system at the wheel-rail interface under mechanical
loading was analysed at the particle-scale. Moreover, an Electroactivity Index was proposed to
quantify the contribution of different fragment sizes, generated after particle fragmentation, to

the overall electrical behaviour of the particulate system.
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Additional experimental and DEM studies were conducted to examine the electrical
conduction properties of a mixture of conductive and non-conductive particles at the interface
under loading. Compression tests were performed to explore the effect of varying the content
of conductive particles with alumina coating and silica sand particles on the electrical
conduction properties at the interface of two metal bodies, while maintaining a constant overall
mixture mass. A specialised setup was developed and utilised to measure the changes in
electrical resistance during the compression tests. Moreover, the fragment layers produced
during the experiments were collected, and the microstructures of the silica sand fragment layer,
the combined silica sand and conductive particles fragment layer, and the conductive particles
fragment layer were observed using SEM. A DEM model of the HPT was employed to simulate
each scenario involving mixtures of conductive and non-conductive particles, with the resulting
electrical resistance data used to assess the electrical conduction properties at the wheel-rail
interface. Additionally, the impact of the electrical resistivity of the conductive particles on the
electrical resistance of the HPT system was investigated. The relationship between the content
of conductive material, its electrical resistivity, and the resultant effect on electrical resistance
was illustrated using a heatmap.

Chapter 5 investigated the effect of inherent anisotropy on the mechanical response of
particulate systems. The LAMMPS molecular dynamic (DEM) code (Pinson et al., 1998) was
utilised to model the drained triaxial compression tests. Three samples, Iso L, Ver L, and
Hor L, with different anisotropic degrees (a) were prepared. The macroscopic mechanical
response of the three samples was examined from small to medium strains through to the

residual state (up to 45% axial strain), including the deviator stress ratio (¢/p’) and volumetric

strain ( &, ). Simultaneously, the packing properties during drained triaxial compression

process of the particulate system, with particular emphasis on the evolution of the mean
coordination number (CN), void ratio (ep), and mean contact area (4) under loading were
investigated. Furthermore, since the contact orientation of particles in the initial stage of the
Hor L sample is primarily aligned in the horizontal direction (with the value of a = —0.1), this
sample was selected and its distribution of contact forces from small to medium strains was
visualised.

The electro-mechanical contact model was also implemented in the DEM simulations of
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drained triaxial compression tests to investigate the electrical behaviour of particulate system
from small to medium strains until the residual state. The effect of the mechanical and
microstructural responses of the three samples on their electrical properties was investigated
and analysed by quantifying the evolution of the bulk resistance. Also, the current intensity in
the orientation of the contact normal vectors for each sample is represented by two-dimensional
rose diagrams for small and medium strain stages (0 ~ 11%). In addition, the evolution of the
induced anisotropy of the three samples under the influence of macro mechanical and electrical
properties was analysed. Moreover, an alternative index for assessing the induced anisotropy
and the mean contact area within particulate system, the contact area anisotropy (axA4), is
proposed and thus can be employed to analyse the relationship between the mechanical and
mechanical behaviour from the macro- to the micro-scale.

The laboratory tests and DEM simulations presented in this thesis provide valuable
insights for developing design guidelines for optimising sanding strategies and balancing
tribological and electrical performance at the wheel-rail interface. The findings demonstrate
that while sanding recovers adhesion, excessive use of non-conductive sand can lead to
electrical isolation, potentially affecting railway signalling systems. To address this, the
introduction of conductive particles into the sanding mixture was explored, revealing an optimal
ratio that improves traction while maintaining sufficient electrical conduction. The lab and
simulation works have shown how particle size, shape, and breakage behaviour influence both
mechanical response and electrical conduction. These results suggest that the selection of
sanding materials should not only consider their adhesion-enhancing capabilities but also their
ability to form conductive pathways in the fragment layer. Furthermore, the electro-mechanical
contact model developed in this study can be used to predict how different sanding materials
and mixture ratios affect both tribological and electrical properties under various loading
conditions. These insights can inform railway maintenance guidelines, ensuring that sanding
strategies are tailored to specific operational conditions, minimising risks related to traction loss

and signal failures, and enhancing safety and efficiency in rail transport systems.

6.2 Key Remarks

The following key remarks were made in this thesis:
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Sand particle characteristics

The stiffness and density of the sand particles were appropriately scaled down to reduce
the computational time, while the CoT difference was only 0.04 when compared to the
results of the unscaled HPT simulation.

The bond properties between particle fragments, particularly bond stiffness, significantly
influence the tribological behaviour of wheel-rail contact, particularly as the bond stiffness
is more sensitive to the CoT than bond strength.

When bond strength exceeds a certain threshold (in this case 1x10'° Pa) during HPT testing,
sand particles exhibit ductile behaviour instead of the expected brittle fracture.

An increase in particle size, along with an increase in mass, decreases the CoT. Larger
particles result in more fragments during compaction, which leads to the formation of
particle fragment clusters that act as weak shear bands, creating a lubrication effect.

As the number of particles in the contact area increases, the CoT at wheel-rail interface
decreases, in a similar manner to the increase in particle size.

The FSD data following sand particles fragmentation significantly affects CoT at wheel-
rail interface, highlighting the need to consider this characteristic in sand particle modelling.
No clear correlation was found between particle shape and the CoT, suggesting that shape

is less critical than other particle characteristics such as particle size and FSD.

In-house Python code

Linking the concept of weights in the Laguerre-Voronoi diagram to PSD or FSD and
extending Voronoi relaxation to the Laguerre-Voronoi diagram offered a straightforward
algorithm for modelling multi-sphere clustered particles.

The code successfully modelled real sand samples as cluster particles, and the generated
FSD data can be identified by R-squared and RMSE to closely matched the actual data,
and the shape of cluster particles was approximately comparable to real sand particles.
The laser diffraction data significantly improves the accuracy of the modelling for sand

samples, highlighting that the code performed admirably when using finer fragment data.

Electrical behaviour of particulate systems under mechanical loading

For both particle-particle and particle-wall contacts, electrical resistance decreased
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significantly as mechanical force increases until it decreased to a constant value; the
contact area is a direct cause of the change in electrical resistance.

In metallic particle systems, contact resistance was more significant than the intrinsic
electrical resistance of the particles.

In the HPT simulation, conductive coated alumina particles can significantly improve the
conductivity between the wheel and rail compared to silica sand.

The Electroactivity Index suggested that larger fragments contribute more significantly to
bulk electrical conduction.

Increasing the proportion of conductive particles in the mixture decreases the electrical
resistance at the interface significantly, especially when the content reaches 5%, leading to
the resistance drop sharply from around 55 kQ to 220 Q.

Mixing conductive particles in silica sand will form micro-conductive channels within the
fragment layer during compression to promote the electrons transfer.

When the content of different types of conductive particles is the same, the smaller size of
conductive particles mixed with silica sand can reduce the electrical resistance at the
interface more effectively.

The resistivity of the conductive material and its proportion in the mixture have a
considerable effect on the resistance at the wheel-rail interface. The reasonable

combination of the two factors can reduce the resistance to a very low level.

Inherent anisotropy of drained triaxial compression test

Sample with inherent anisotropy exhibited higher initial stiffness and peak strength when
stress is applied along the preferred contact normal orientation.

The effect of inherent anisotropy on the mechanical response of the particulate system
diminishes in the residual state, suggested a convergence to a similar structural status.
The volumetric strain behaviour of the samples was influenced by their inherent anisotropy
and contact alignment, and was also reflected in the variation of the void ratio.

Changes in mean coordination number (CN) and mean contact area (4) reflected particle
rearrangement and strengthening under monotonic compression.

The electrical behaviour, measured by bulk resistance, correlates with mechanical

182



behaviour and microstructural changes.

e Contact area anisotropy (a xA4) suggested that induced anisotropy, along with an increased
contact area between particles, resulted in a reduction in bulk resistance. This is mainly
attributed to the vertically aligned contacts and the increase in the contact area between

particles enhanced electron transfer efficiency.

6.3 Recommendations for further research

This study aimed to develop understanding of the interaction mechanisms between mechanical
response and electrical behaviour of particulate systems. The following aspects should be
carried out in the future research to improve the extension of the electro-mechanical contact

model to more complex engineering applications.

Theoretical modelling

The electro-mechanical contact model in this thesis was undertaken under the assumption of
dry contact conditions, considering only electrical transfer under two specific contact modes:
particle-to-particle and particle-to-wall. However, in real railway applications, contact
conditions at the wheel-rail interface are far more complex. For example, factors such as wet
conditions (Buckley-Johnstone et al., 2020) or contamination (e.g., oxide, oil, and leaf layers)
(Arias-Cuevas and Li, 2011), can significantly alter electrical conduction. Additionally, for
three-phase materials like soil, it is necessary to consider electron transfer within the liquid
phase in the voids and electrical transfer during solid-liquid contact.

During DEM simulations of metal particulate systems, it was observed that the presence
of the oxide layer on the particle surfaces resulted in substantial discrepancy between the
simulation results and experimental data. This discrepancy arises because the film resistance
generated by the contamination layer primarily influences the overall electrical resistance
between particles during the initial stages of load application (Bourbatache et al., 2012;
Creyssels et al., 2017). To more accurately investigate how the contamination layer impedes
metal-to-metal conductive paths at a microscopic scale, further development of the model is
required to incorporate the effect of film resistance into the electro-mechanical contact
framework.

Moreover, thermal effects play a crucial role in wheel-rail contact behaviour (Liu et al.,
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2021; Meng et al., 2024; Wang et al., 2024). Under high loads and repeated rolling-sliding
interactions, frictional heating can alter surface conductivity by influencing oxide growth,
material softening, and contact resistance. Thermal expansion of the wheel and rail materials
may also modify contact pressure, affecting both mechanical deformation and electrical
conduction pathways. In extreme cases, localised heating can lead to material phase changes or
microstructural modifications, further impacting electro-mechanical interactions. To enhance
the applicability of electro-mechanical contact model, future work should explore thermal
influences on contact resistance, including temperature-dependent resistivity changes and heat-

induced oxidation in wheel-rail interfaces.

Numerical study

The DEM simulations conducted in this thesis, both the particles and walls are assumed to have
smooth surfaces. However, in real-world engineering applications, the surfaces of structures
and particles are typically not smooth, as is the case with railhead surfaces in railway
engineering. Surface roughness may result in the actual contact area between particles, and
between particles and structures, being larger than the nominal contact area (Zhai et al., 2016).
Consequently, in future DEM simulations, the effect of surface roughness will be incorporated
into the modelling of both structures and particles to achieve a more accurate representation.
The DEM simulations in Chapter 5 were performed under drained monotonic loading.
However, to achieve more realistic simulation of mechanical response and electrical behaviour
within sand particulate system, the undrained monotonic loading and undrained cyclic loading
methods need to be conducted in the future research. In addition, it is essential to consider more
realistic particle shapes and PSD in future DEM studies. This is because particle shape
parameters and the orientation of the major axis will contribute to the mechanical response and
electrical behaviour of the particulate system. Additionally, PSD affects the range of void ratios
and the mean coordination number within the particulate system, which are critical factor in

determining system behaviour.

Experimental study

For future research, it is recommended to develop a comprehensive setup for measuring the

electrical properties of geotechnical materials during triaxial compression testing. This setup
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should be capable of real-time monitoring of changes in electrical properties, such as electrical
resistance and current, under different loading conditions, including drained/undrained
monotonic loading, as well as undrained cyclic loading.

Additionally, while DEM simulations of the HPT test were conducted in Chapter 4 to study
the effect of mixing conductive and non-conductive particles on electrical behaviour at the
interface, corresponding experimental studies are needed. Conducting these experiments would
provide essential data for refining the electro-mechanical contact model and validating the

simulation results, thereby offering robust empirical support for the theoretical findings.
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Appendix A

Referring to Section 3.6.3, the figures provided in this appendix show the comparison between
the fragment size distribution data predicted by the code against the desirable input distribution
obtained by laser diffraction for the rest of the sand particle samples. Label (a) presents sand

particles from Source 1 and label (b) from Source 2.
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