
 
 
 
 
 
 
 
 
 
 
 

 
 

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 

(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 

terms and conditions of use: 

 

This work is protected by copyright and other intellectual property rights, which are 

retained by the thesis author, unless otherwise stated. 

A copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. 

This thesis cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the author. 

The content must not be changed in any way or sold commercially in any format or 

medium without the formal permission of the author. 

When referring to this work, full bibliographic details including the author, title, 

awarding institution and date of the thesis must be given. 

 



A study of temporal and spatial
evolution of deformation and

breakage of dry granular materials
using x-ray computed tomography
and the discrete element method

Zeynep Karatza

This dissertation is submitted for the degree of

Doctor of Philosophy

November 2017





To my grandfather Andreas...
(20 Aug. 1928 - 11 Nov. 2015)



Declaration

I hereby declare that except where specific reference is made to the work of others, the
contents of this dissertation are original and have not been submitted in whole or in part
for consideration for any other degree or qualification in this, or any other university.
This dissertation is my own work and contains nothing which is the outcome of work
done in collaboration with others, except as specified. Some of the work has been
presented in the following publications:

Journal papers, peer reviewed conference papers and extended abstracts:

• Z.Karatza, E. Andò, S.-A. Papanicolopulos, J. Y. Ooi & G. Viggiani, (2017).
Evolution of deformation and breakage in sand studied using x-ray tomography.
Géotechnique (Ahead of Print)

• O. Okubadejo, Z. Karatza, E. Andò, L. Bonnaud, M. D. Mura & G. Viggiani,
(2017). Identification and tracking of particles undergoing progressive breakage
under stress with 3D+t image analysis. Proc. of 3rd International Conference on
Tomography of Materials and Structures - Lund - Sweden

• Z.Karatza, E. Andò, S.-A. Papanicolopulos, G. Viggiani & J. Y. Ooi, (2017).
Evolution of particle breakage studied using x-ray tomography and the discrete
element method. Proc. of Powders & Grains - Montpellier - France

• Z.Karatza, E. Andò, S.-A. Papanicolopulos, J. Y. Ooi & G. Viggiani, (2015).
Observing breakage in sand under triaxial and oedometric loading in 3D. Proc.
of International Symposium on Deformation Characteristics of Geomaterials -
Buenos Aires - Argentina

• Z.Karatza, E. Andò, G. Viggiani, J. Y. Ooi & S.-A. Papanicolopulos, (2014).
Micromechanical analysis of particle breakage mechanisms of granular porous
media with XCT and image analysis. Proc. of Modelling Granular Media Across
Scales Conference - Montpellier - France

Zeynep Karatza
November 2017



Acknowledgements

Epicurus said: "It is not so much our friends’ help that helps us, as the confidence of
their help"; I have been enormously lucky to have had friends all along this journey
of mine. I would like to start by thanking the UK Engineering and Physical Sciences
Research Council (EPSRC) DTP PhD studentship and the International Fine Particles
Research Institute (IFPRI) for funding my PhD research. I would like to express my
gratitude to my supervisors in Edinburgh, Jin Ooi and Stefanos-Aldo Papanicolopulos
for constantly guiding and supporting me. Their advice, patience and friendship is what
kept me going and helped me evolve to the kind of researcher I am today. I’d like to
thank my colleagues from the University of Edinburgh and especially JP Morrissey,
for putting up with all of my DEM issues. I would like to acknowledge the help I’ve
received from the lab technicians Jim Hutcheson (The University of Edinburgh) and
Pascal Charrier (Univ. Grenoble Alpes); I would not have been able to perform all
the tests that I have, without them; Laurent Debove for his assistance in building the
oedometer and the IT personnel, especially Rémi Cailletaud (Univ. Grenoble Alpes)
and Steve Thorn and Michael Gordon (The University of Edinburgh). I have had an
excellent collaboration with Edward Andò and I thank him for his supervision during
the PhD and all of his help with the image processing; he has inspired me and made me
love XCT research. I would like to acknowledge the help of the people who I’ve met at
conferences or in Laboratoire 3SR for the interesting discussions we’ve had (especially
Thanos Papazoglou, Joana Fonseca, Alessandro Tengattini, Gaël Combe, Erminio
Salvatore, Budi Zhao, Olumide Okubadejo, Guilia Guida, Matias Silva). My most
precious friends in Grenoble (especially Eleni2, Tijan, Caroline, Alexandra, Ranime)
made me feel so welcome every time I visited Grenoble (my home, away from home...
away from home), that I could never find the words to express my gratitude towards
them; I hope we will remain friends for ever. My family and friends in Greece have
been emotionally supporting me ever since I left Greece and have always been there for
me, even though we are so many miles apart. I’d like to thank my partner Kostas, who
has never stood in the way of my dreams and ambitions. And last but not least, I would
like to thank from the bottom of my heart, Cino Viggiani, my friend and mentor, who
has always believed in me and more importantly who made me believe in myself!



Abstract

Particles exist in great abundance in nature, such as in sands and clays, and they
also constitute 75% of the materials used in industry (e.g., mineral ores, formulated
pharmaceuticals, dyes, detergent powders). When a load is applied to a bulk assembly of
soil particles, the response of a geomaterial at the bulk (macro) scale, originates from the
changes that take place at the particle scale. If particle breakage occurs, the shape and
size of the particles comprising the bulk are changed; this induces changes in the contact
network through which applied loads are transmitted. As a result, changes at the micro-
scale can significantly affect the mechanical behaviour of a geomaterial at a macro-scale.
It is therefore unsurprising that the mechanisms leading to particle breakage are a subject
of intense research interest in several fields, including geomechanics.

In this thesis, particle breakage of two dry granular materials is studied, both
experimentally and numerically. The response of the materials is investigated under
different stress paths and in all the tests grain breakage occurs. High resolution x-ray
computed micro-tomography (XCT) is used to obtain 3D images of entire specimens
during high confinement triaxial compression tests and strain controlled oedometric
compression tests. The acquired images are processed and measurements are made of
the temporal and spatial evolution of breakage, local variations of porosity, volumetric
and shear strain and grading. The evolution and spatial distribution of quantified
breakage including the resulting particle size distribution for the whole specimen and
for specific areas, are presented and further related to the localised shear and volumetric
strains that developed in the specimens.

In addition, the discrete element method (DEM) was used to provide further micro-
mechanical insight of the underlying mechanisms leading to particle breakage. Classical
DEM simulations, using a Hertz-Mindlin contact model and non-breakable spheres,
was first deployed to study the initiation and likelihood of particle breakage under
oedometric compression. Moreover, a bonded DEM model was used to create clumps
that represent each particle and simulate breakage of particles under single particle
compression. The DEM model parameters were obtained from results of single particle
compression test and the models were validated against the quantitative 3D information
of the micro-scale, acquired from the XCT analysis.



The XCT results for the triaxial tests show that the shear band initiates as soon as
the deviatoric stress is applied, from a single point at the bottom edge of the specimen
and develops into a full shear band post peak. As soon as the particles start to break,
and both breakage and strains localise (peak and post-peak), the specimen starts to
dilate in the shear band, allowing the development of higher maximum shear strains
and more breakage. Interestingly, the two mechanisms of particle rearrangement and
particle breakage coexist within the shear band.

In the oedometer tests, during initial stages of breakage there is a clear boundary
effect, as all of the breakage is concentrated at the loading platen. Additionally, during
initial fragmentation only intact particles broke and while loading progressed and the
packing of the particles became denser, the fragmentation occurred mainly among the
smaller particles, resulting in a gap graded ultimate particle distribution of either intact
large particles or very small fragments. Three main breakage patterns were identified
when intact particles break; surface chipping, axial splitting and multiple splitting, to
which the coordination number was related. It was found that the particles that failed in
the more complicated mode, had the fewer contacts, as did the particles that broke in
comparison to the ones that remained intact. The evolution of the shape of the particles
also revealed interesting information about the evolution of the fabric due to breakage.

Finally, the classical DEM model can reproduce the bulk response of the material
until the point where substantial breakage governs the macroscopic response and it
starts to soften. From the results of the DEM model the force network shows some
localisation of the large forces, more so of the normal forces than the shear. This
localisation of forces can be interpreted as localisation of breakage, as XCT showed
that that was indeed where the majority of breakage occurred during the initial stages
of breakage. The contact orientation was examined, showing a hexagonal packing. In
addition, the orientation of the strong contacts influenced the bulk behaviour as shown
from the investigation of the coefficient of earth pressure. Finally, it is concluded that
breakage is mainly attributed to the mobilisation of the strong contact forces.
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Chapter 1

Introduction

Particles exist in great abundance in nature, such as in sands and clays, and they
also constitute 75% of the materials used in industry (e.g., mineral ores, formulated
pharmaceuticals, dyes, detergent powders). When a load is applied to a bulk assembly
of soil particles, the response of the geomaterial at the macro-scale, originates from
changes that take place at the particle scale. Additionally, most natural phenomena,
such as landslides, initiate from a localised region where the particle-scale undergoes
significant changes. If particle breakage occurs, the shape and size of the particles
comprising the bulk are changed; this induces changes in the contact network through
which applied loads are transmitted. As a result, changes at the micro-scale can
significantly affect the mechanical behaviour of a geomaterial at a macro-scale. It is
therefore unsurprising that the mechanisms leading to particle breakage are a subject of
intense research interest in several fields, including geomechanics.

Particle breakage has been studied experimentally, numerically and theoretically.
Accurate experimental studies regarding the macro-scale have been carried out, focusing
on breakage and how it is affected by the micro-scale and the boundary and loading
conditions (e.g., Colliat-Dangus et al., 1988; Nakata et al., 2001a). On the contrary,
numerical studies, such as simulations using the Discrete Element Method (hereinafter
DEM), are focusing on particle scale kinematics and fabric changes, to explain how
would these cause particles to break and affect the macro-scale (e.g., Cil and Alshibli,
2012, 2014). Additionally, continuum constitutive models attempt to describe the
response of a granular material in terms of stresses and strains, taking into account
experimental observations and data, either regarding the bulk response throughout the
test or during the unloaded and post-testing state of the specimen, instead of describing
individual particle deformation mechanisms (e.g., Einav, 2007a,b). In these models,
the degree of particle breakage is taken into account, considering changes between
the initial and final grain size distribution curves (e.g., Einav, 2007a; Hardin, 1985),
however in most cases they neglect to account for the evolution of particle shape induced
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by breakage. Overall, in the literature, the key parameters affecting particle breakage
are material grading, coordination number, void ratio, shape, size and mineralogy of
particles and the contact force network, and these will be discussed here.

Studying particle breakage mechanisms can be done at different scales, either
studying individual particles under compression or particle assemblies under various
compression schemes. As described by Unland (2007), during a single particle com-
pression test, stresses and deformations are induced within the particle, from the contact
points between the particle and the loading apparatus. Initially, the particle rearranges
and asperities of the surface that is in contact with the loading platens are smoothed,
until a sufficiently large contact area is created, to keep the particle in place. Thereafter,
the particle undergoes volumetric deformation, until a certain limit is reached, where
cracks start to develop, accumulate and grow, until finally the particle breaks, followed
by an instant release (drop) of the contact forces. If the loading continues, then the
contact forces start to rise again; the particle characteristics and type of breakage thus far
will dictate whether the newly risen forces will be higher or not from the initial break-
age force, and whether they would cause additional breakage. During this phase the
fragments may or may not act as individual particles, however they will interact along
their contacts with other fragments, the remainder of the parent particle or the loading
apparatus, by friction and interlocking. This will continue until the total structure of
the grain (parent particle and fragments) is destroyed. The breakage point is defined
as the first peak of the force needed to separate the initial breakage phase from the
following multiple breakage phase. Figure 1.1 describes the various types of breakage
that have been identified in the literature. In this thesis, particle breakage will not refer
to a particular breakage mode unless otherwise specified.

A number of researchers have observed single particle crushing with various imaging
techniques and the common observation is that the particles fail between their contact
points. At the contacts, before major failure occurs, there is accumulation of small shear
fragments (e.g., Parab et al., 2014; Zhao et al., 2015). More specifically, Jaeger (1967)
found that when a spherical grain is loaded diametrically under a pair of forces (F), the
characteristic tensile stress (σ ) induced within the grain can be defined as:

σ =
F
d2 (1.1)

where d is the particle diameter. Many have based their research regarding particle
breakage on this equation, using the force needed to cause an axial split (e.g., McDowell
et al., 1996; Nakata et al., 2001b).

Particle assemblies of the same material will exhibit differences in the way the
particles break, depending on the initial grading. Nakata et al. (1999) statistically studied
individual particle crushing of marked particles inserted into a specimen undergoing
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Figure 1.1 Breakage types (Unland, 2007).

oedometric compression. They found significant differences in the way particles broke;
uniform gradings caused the investigated particles to experience mainly axial splitting,
whereas well-graded specimens exhibited more complex breaking modes, depending
on the size of the intact particles. Nakata et al. (2001b) later showed that the strength of
individual particles increases with decreasing particle size, as more flaws are expected
to appear into larger particles (also found by Billam, 1971; Lee, 1992).

McDowell and de Bono (2013) used the DEM to investigate particle crushing of
spherical particles under oedometric compression. They found that for samples initially
uniformly graded, the rate of onset of yield (related to particle breakage) is a function
of the distribution of individual particle strengths. In particular they found that the yield
stress is proportional to the average particle octahedral shear strength (with a certain
coefficient of variation based on Weibull statistics (Weibull, 1951)). They were the first
to imply that the slope of the normal compression line and the particle size distribution
are independent of the breakage mechanism or the distribution of strengths, and are
dependent on the size effect on average particle strength. In other words, the softening
after yielding is caused by consecutive particle breakage and the hardening later on is
caused from the increase of small fragments making the specimen become statistically
stronger.

The grading has also been incorporated into breakage models. One of the most
commonly used models is the one proposed by Hardin (1985). He developed the concept
of relative breakage (Br), which is the ratio of the total breakage in a specimen to the
potential for breakage of a particle of a certain diameter. To define these parameters,
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Hardin, utilised the shape of the initial and final grading curves, truncating them to a
pre-defined constant value of 0.0074mm. The relative breakage is independent of the
particle size distribution if it is the only variable. It will vary between zero and one and
for materials loaded at extremely high stresses Br will approach its highest limiting
value.

Einav (2007a,b) extended the concept of relative breakage and used it as an internal
variable in a continuum mechanics formulation of constitutive models. He utilised
the existence of an ultimate grain size distribution, in such that breakage measures
the relative proximity of the current grain size distribution to the initial and ultimate
distributions, which in this case are not limited at 0.0074mm. As a result, breakage
is confined to increase from zero to one with the increase in surface area, exactly as
damage is when applied in continuum damage mechanics. Based on Hardin’s definition
of breakage, Coop et al. (2004) measured breakage as a function of the applied shear
strain. In the beginning there is a vast increase of the relative breakage for relatively
small shear strains and it seems to reach a plateau for very large shear strains. In the
tests they performed they found that particle breakage is accompanied by volumetric
compression, and it was observed even for tests at modest confining stresses. At very
large strains a constant grading is reached, dependent on both the normal stress applied
and the uniformity and absolute particle size of the initial grading.

In the previously mentioned DEM investigation of particle crushing, McDowell
and de Bono (2013) also studied the evolution of fractal particle size distributions.
They suggested that the evolution of a fractal particle size distribution appears to be
triggered by the tendency of similar-sized neighbouring particles to fracture. The fractal
distribution of particle sizes that emerges has a fractal number of 2.5, a value that has
been used in constitutive modelling (e.g., Einav, 2007b) and has also been found to
apply to most cases of particle breakage in sands (e.g., Coop et al., 2004). Initially, the
idea of having fractal particle distributions during breakage came from Turcotte (1986).
He argued that "any initial distribution of particles will tend towards a self-similar
distribution. In particular, it has been found that the particle size distributions of broken
and crushed granular materials tend to be self-similar or fractal". Evidence of a fractal
distribution was also recorded by Sammis et al. (1987), by means of image analysis of
the gouge material. McDowell and Bolton (1998) stated that a fractal geometry evolves
with the successive fracture of the smallest grains, because their results suggested that
under increasing bulk stress, the smallest particles are in geometrically self-similar
configurations, with a constant probability of fracture.

Earlier, McDowell et al. (1996) modified the Weibull statistics of fracture (Weibull,
1951), relating the probability of a particle surviving fracture, incorporating Eq.(1.1), to
include in the survival probability the effect of the coordination number. They found
that when the effect of the number of contacts per particle dominates over the particle
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size in determining the probability of fracture for a particle, the resulting particle size
distributions are fractal. In addition, a fractal geometry gives a micro-mechanical basis
for the observation that the compression of a granular material is proportional to the
logarithm of the applied stress. Other parameters they found affected the response of
geomaterials is the particle material toughness, the variability in particle tensile strength
and the friction angle of the soil, yet their proposed model ignored the effect of void
ratio variations.

Muir Wood and Maeda (2007) also explained the importance of incorporating the
coordination number in constitutive breakage models. Commonly, constitutive models
incorporate some description of asymptotic volumetric states. However, relationships
between density or packing and stress are expected to be sensitive to changes in particle
sizes. Therefore, the ratio of the particle strength to the stress state within the particle
and the isotropic stress state within a particle with a high coordination number, will
reduce the probability of failure of that particle and so it should be considered in
constitutive models.

Apart from grading, other parameters affecting breakage in a uniformly graded
specimen, investigated by Nakata et al. (2001b), are the initial void ratio and particle
angularity. A higher void ratio decreases the coordination number, decreasing the tensile
strength of a particle, which was also concluded by Jaeger (1967) and Muir Wood and
Maeda (2007). Angular particles are known to arrange in closer packings (low void
ratio), due to the interlocking of the particles, possibly also increasing the tensile
strength. This is also the case when particles start to break, as fragments are expected to
be angular even if the intact particles are rounded. However, Hagerty et al. (1993) found
that more angular particles exhibit lower breakage strength when compared to rounded
particles of the same material. McDowell et al. (1996) explained further that the total
load applied on a particle with high coordination number is well distributed (isotropic
as described by Muir Wood and Maeda (2007)) and so the probability of fracture is
much lower. In addition, the particles are more likely to crush as the stress on a granular
assembly increases. Grains are taken to split probabilistically, the likelihood increasing
with applied (macroscopic) stress, but reducing with any increase in the co-ordination
number and with any reduction in particle size (McDowell et al., 1996).

The size of the particles also affects the process of breakage. In the fragmentation
process larger particles get cushioned by surrounding smaller particles, making them
more resistive to crushing, so that smaller particles are more likely to be crushed.
This cushioning effect was observed numerically and experimentally by Tsoungui
et al. (1999) and also described by Ben-Nun and Einav (2009). Although the smallest
particles are the strongest, they also have the fewest contacts. So between these two
opposing effects on particle survival, it is a matter of which dominates over the other
(McDowell and Bolton, 1998).
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Particle morphology will also affect the fracture patterns presented in a grain. The
irregular morphology of natural sand particles influences the stress distribution inside
the particle, local stress concentrations can occur at contact points with small radii
of curvature, leading to extensive fragmentation (Zhao et al., 2015). They performed
single particle compression tests with the application of x-ray computed tomography and
observed a much richer array of fracture patterns to particles with more complex external
morphologies (and internal microstructures), concluding that fracture behaviours do not
necessarily conform to the hypothesis of a simple vertical splitting along the loading
direction as usually suggested in the literature. Cho et al. (2006) performed experiments
on granular materials of various particle shapes and sizes, preventing strain localisation
and breakage, to investigate the effects of particle shape (measured both with 2D and
3D optical means) to the bulk response. As roundness and sphericity decreased, the
maximum and minimum void ratios, as well as their difference, will increase. Contacts
between particles of low roundness and sphericity are more deformable (Goddard, 1990),
in addition Cho et al. (2007) found that low roundness and sphericity of particles produce
a lower stiffness and higher sensitivity of stiffness to the state of stress. They also found
that increased particle irregularity leads to higher compression and decompression
indices in an oedometric compression cyclic test.

Little attention has been given to the influence of the strain rate to the mechanisms
of breakage. Deformation rate can influence the stress field within a particle and in
extent particle breakage, due to the effect of elastic waves (Tavares, 2007). This was
also discussed by Guillard et al. (2015), who measured differences in compaction band
formation in the same material, depending on the strain rate. Tavares (2007) also
discusses the effect of structural inhomogeneities within a particle, which can cause
stress concentrations that result in inelastic deformations and cracks. Basically, the
larger the flaw, the smaller the stress needed for crack release.

Material stiffness, friction angle and distribution of contact forces have also been
used to explain breakage, especially in DEM modelling. The dilatational component of
the internal angle of friction of a sand measured in a triaxial test is known to reduce
logarithmically with mean effective stress (Bolton, 1986), since at high stresses, crushing
eliminates the dilatancy. Cavarretta and O’Sullivan (2012) used a micro-mechanical
approach to describe the compression of individual particles and developed two simple
analytical models that incorporate frictional sliding, bulk particle compression and
fragmentation based on geometry and kinematic degradation of stiffness. Nakata et al.
(2001a) showed that crushing in a sand sample at a macroscopic stress level is much
smaller than that required to break individual grains, and attributed this to the unequal
distribution of internal contact forces within an assembly of grains. Cheng et al. (2001)
observed particle breakage through a glass platen when sands were compressed inside a
mini-oedometer. They suggested that the initial breakage under very small macroscopic
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stresses must have depended on the existence of chains of strong contact forces acting
on some individual grains in particular packing structures.

1.1 Motivation & objectives

Particle breakage has been studied both numerically and experimentally, as described
previously. Numerical models that simulate the interaction of individual particles,
such as the DEM, need experimental data regarding particle-scale deformation, for a
better and more precise description of the underlying mechanisms leading to particle
breakage. A fundamental limitation of these models is that the processes at action are
never directly observed. Conclusions therefore, on micro-scale processes are drawn
on the basis of indirect measurements or post-mortem assessments. More specifically
regarding particle breakage, only bulk data can usually be provided from either a
simple mechanical sieving, before and after a test is performed, or from the overall
loading/deformation response of the specimen and visual observations of the outside
surface of the tested specimen. Since the deformation process is not homogeneous,
gathering quantitative 3D information is of paramount significance and this has been
the main motivation of this doctoral work. The objectives of this work are listed below:

• Perform repeatable tests in which particle breakage occurs

• Visualise in 3D the specimens at significant points during loading and carry out
full field measurements

• Quantitatively describe the evolution of breakage by developing algorithms for
image processing

• Relate the breakage with continuum mechanics definitions of strain fields within
the specimen

• Understand the spatial distribution of breakage and contact network before break-
age

• Numerically simulate the tests, using the DEM

• Relate changes in packing and distribution of weak and strong contacts to break-
age, as it has been described by the experiments

• Validate the DEM bonded model to quantitative 3D data, other than the bulk
stress and strain response

- 7 -



Chapter 1 1.2 Outline of thesis

Specifically, in this thesis, particle breakage of two dry granular materials has been
studied, both experimentally and numerically. The response of the materials is inves-
tigated under different stress paths and in all the tests grain breakage occurred. High
resolution x-ray computed micro-tomography (XCT) is used to obtain 3D images of en-
tire specimens during high confinement triaxial compression tests and strain controlled
oedometric compression tests. The acquired images are processed and measurements
are made on the temporal and spatial evolution of breakage, local variations of porosity,
volumetric and shear strain and grading. The evolution and spatial distribution of
quantified breakage and the resulting particle size distribution for the whole specimen
and for specific areas, are presented here and are further on related to the localised shear
and volumetric strains.

In addition, the DEM is used to study the initiation and likelihood of particle
breakage, by simulating the oedometric compression test, during the early stages of
loading. Quantitative 3D information of the micro-scale, acquired from the XCT analy-
sis, provide a unique insight to the processes involved in the evolution of deformation
(kinematics and breakage) and fabric, and are used to inform and validate the DEM
model. For the DEM simulations, a Hertz-Mindlin contact model is used to simulate
grains as rigid spheres, to study the changes in the fabric of the specimen right before
the majority of breakage occurs. The material properties are calibrated against single
particle compression tests, however, no XCT is performed during these tests.

1.2 Outline of thesis

This thesis is divided into eight chapters, in addition to this introductory chapter. A
brief description of the contents of each chapter is outlined below:

• Chapter 2: Experimental campaign
The experimental campaign is presented here. All of the details about the materials
that were used, the tests (procedure and specimen preparation) and the apparatus
are described in this chapter. The macroscopic response is discussed here and
compared to similar studies found in the literature. The contents of this chapter
form the basis on which the DEM and the XCT analyses are built up.

• Chapter 3: X-ray Computed micro-tomography in geomechanics
This chapter is an introduction to XCT. A brief historical background is presented,
followed by a description of the image acquisition, reconstruction and analysis.
In addition, specific details are presented about the software used in this work
for the image processing, and the XCT scanner. As the work in this thesis is
somewhat divided into experimental and numerical work, the overall literature
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review regarding particle breakage has been deliberately split into the respective
sections. Therefore, in the end of this chapter a literature review is written about
the state of the art image processing measurements regarding particle micro-
mechanisms of deformation in geomechanics.

• Chapter 4: Developing techniques for image processing
Following the introductory chapter for the XCT is this section, where all of the
algorithms used for the image processing in this thesis are described. Details
are provided on the mathematical background of the algorithms, along with
justifications for their use. Schematic examples are also presented in this chapter.

• Chapter 5: Measurement uncertainty in image processing
The importance of understanding the limitations of image processing is discussed
here and recommendations are presented on how to establish measurement uncer-
tainty.

• Chapter 6: Results of image processing
In this chapter all of the results deriving from the XCT analysis are presented and
discussed in detail.

• Chapter 7: The Discrete Element Method in geomechanics
A brief introduction to the DEM modelling is presented here, along with the
literature review on various strategies to simulate breakage with the DEM. The
software used for post-processing the DEM results are also described here, in
addition to the presentation of the contact models used in the simulations.

• Chapter 8: Results of numerical modelling
In the first part of this chapter, the adopted strategy for each simulation is de-
scribed. Afterwards, all of the results deriving from the DEM modelling are
presented and discussed in detail, along with a partial parametrical analysis for
the justification of the selection of the simulation parameters.

• Chapter 9: Summary, conclusions and recommendations
Finally in this final chapter, the collective conclusions and key findings stressing
the novelty of this work are summarised. In addition, some perspectives for future
work are discussed.
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Experimental campaign

2.1 Chapter outline

In this chapter, the response of two materials is investigated under three different stress
paths. In all the tests grain breakage occurs, as it is the main focus of this doctoral
work. Initially, the materials are described and basic material properties are presented.
Then three sections follow, where each test procedure is described in details and the
bulk stress-strain results are presented and discussed. Details are also given about the
apparatus and some corrections applied to the bulk response. The main results are
summarised in the final section.

2.2 Materials

Two materials are used in this work, Caicos ooids and industrially manufactured zeolite
granules (Figure 2.1). The main reason these materials were chosen is due to their
isotropic nature and the fact that the shape of the intact particles is very rounded and of
high sphericity. This would allow us to study particle breakage mechanisms, without
taking into account the complications introduced by irregularity of particle shape and
variations between flat and point contacts between grains. In addition, it is well known
that a particle’s fracture probability is strongly dependent on the relative size of its
nearest neighbours, rather than the actual size of the particle; particles with neighbours
of the same size are most likely to fracture, while the relatively larger particles get
cushioned from the smallest neighbours as they continue to break (Sammis et al., 1987;
Tsoungui et al., 1999). Therefore, to ensure that the specimens tested in this work
would have the highest possible probability of fracturing, the specimens have a very
narrow particle size distribution.

Caicos ooids, provided by ExxonMobil to Laboratoire 3SR, is a sand with very
rounded particles (Figure 2.2) that grow from fragments of corals, coming from Am-
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Figure 2.1 Left: Zeolite; Right: Caicos ooids.

bergris Shoal in the Caicos platform, in the British West Indies. Ooids are ellipsoid
concretions of calcium carbonate and aragonite crystals, that form in marine envi-
ronments (rich in carbonate calcium), by gaining successive layers (smooth, uniform
carbonate coatings) around a nucleus; a process followed by a resting period before the
addition of each new layer (Lloyd et al., 1987). Depending on the successive growth
and resting periods, slight variations in the thickness of the coatings and the appearance
of the nuclei can be expected, altering the internal porosity of each grain and potentially
its strength and stiffness. Intact Caicos ooids are isotropic and rather homogeneous in
shape, however particle breakage can result in fragments with oriented coating layering,
depending on the geometry of the fragments.

(a)

 

(b)

Figure 2.2 a) SEM of the surface of a grain (courtesy of Anita Torabi, Uni. Bergen); b)
a vertical slice of the volume of a grain from nanoXCT (courtesy of Budi Zhao, City
University of Hong Kong). [Note that the two images have the same scale.]

The original ooids’ sample has a mean diameter (D50) of 320µm (medium fine).
To ensure that breakage and the associated plastic deformation can be discerned with
greater clarity, the sand was sieved (opening of 315µm). This resulted in the test
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material having a D50 of 380µm and being more uniformly graded, with a coefficient
of uniformity (Cu=D60/D10) equal to 1.19 and with minimum and maximum particle
sizes of 315µm and 652µm respectively. The sieving of the ooids was also dictated
by the resolution of the imaging technique. Typically, Caicos ooids have a density
depending on their mineral composition. In this case, the particle density is considered
to be 2.96g/cm3, which is the same as the density of aragonite, since this particular
sample is more than 95% aragonite.

Zeolites are widely used in industrial applications as adsorbents and catalysts, but
also as ion-exchange beds in domestic and commercial water purification and other
applications. The sample was provided to the University of Edinburgh by CWK,
Germany. The zeolite sample has a mean diameter (D50) of 1.36mm (medium-very
coarse), is rather uniform (Cu=1.07), with minimum and maximum particle sizes of
1.09mm and 1.50mm respectively. Each zeolite particle has a density of 2.18g/cm3

and an estimated crush strength of 15N (based on the manufacturer’s specifications).
The zeolite granules are produced from zeolite powder (2µm diameter) with a mineral
binder like clay (Figure 2.3). Henceforth, zeolite will refer to the granules and not the
powder. Zeolites are water-insoluble, isotropic and highly hygroscopic and hence very
sensitive to moisture and temperature changes.

Figure 2.3 SEM images of zeolite (Müller and Tomas, 2012).

2.3 Triaxial compression test

The type of triaxial test, most commonly used in research is the cylindrical triaxial
compression test, mainly to obtain the relationship between shear strength and effective
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normal stress (Bishop and Henkel, 1962). A confining pressure is applied circumferen-
tially, which corresponds to the minor and intermediate principal stresses (σ3 = σ2) and
then, with the application of a deviatoric axial load (q), the specimen is experiencing on
the horizontal plane, upon where q is applied, the major principal stress (σ1).

2.3.1 Apparatus & specimen preparation

The triaxial apparatus used in this work is described in Figures 2.4 and 2.5. The
cell is made from poly-methyl-methacrylate (PMMA), which has a low coefficient of
attenuation, allowing the x-ray beam to penetrate. It differs from a conventional system,
in the size and shape of the confining cell (Figure 2.4a). To enable the x-ray imaging,
the tensile reaction force is carried by the cell walls and not by tie bars. The axial load
is applied using a motor-driven screw actuator, placed below the cell (Figure 2.4b), and
so the loading is applied upwards (the specimen is loaded from the bottom loading
platen). The force actuator has a precision of 0.2% in the application of displacement,
a maximum application of load of 15kN and a maximum loading speed of 50µm/s.
The specimens are loaded with a displacement rate of 21µm/min (axial strain rate of
approximately 0.1%/min). The loading platens are ceramic (Figure 2.4e), chosen due to
their low density (3.85g/cm3), which help reduce cone beam errors (Davis and Elliott,
2006). Additionally, they have a really low coefficient of friction, avoiding having
a strong boundary effect to the response of the triaxial specimen. A linear variable
differential transformer (LVDT) is used to measure the displacement of the loading
platen, which has a measuring range of 10mm. The loading ram has a convex end,
creating a non-conforming contact (single point) with the flat loading platen. From
this type of contact, moments can be transferred along with forces and a high stress
concentration at the contact point, promoting a heterogeneous response to form, such as
a shear band.

The triaxial specimens have a target diameter of 11mm and height of 22mm (precise
measurements will be provided for each specimen further on). To create the specimens,
a mould was used (Figure 2.4f) with a diameter that corresponds to the desirable one
for the sample plus the thickness of the membrane surrounding the sample (11mm +
0.4mm). The membrane is placed inside the mould and sealed on one end with the
impermeable ceramic loading platen. This platen has a hole (Figure 2.4e-left) from
where a vacuum is applied to introduce some effective stress (temporary confinement)
to keep the sample standing, after removing it from the mould. This suction will help
minimize relative density non-uniformities

- 13 -



Chapter 2 2.3 Triaxial compression test

(a) (b) (c)

(d)

(e) (f)

Figure 2.4 a) Triaxial cell and loading ram; b) Loading system; c) Specimen holder;
d) Pump for application of confining pressure; e) Ceramic loading platens (diameter
12mm); f) Specimen mould (internal diameter and height for specimen preparation
11mm and 22mm respectively).
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Figure 2.5 Schematic of triaxial apparatus.

within the specimen, a technique first introduced by Ladd (1978). Additional suction is
applied from the side of the mould, to keep the membrane stretched to the walls of the
mould, before pouring in the sample. The pouring is performed from a varying height,
keeping constant the distance between the highest point in the specimen in the mould
and the opening of the pouring funnel. When the desirable specimen height is reached,
the specimen is sealed with the second impermeable ceramic loading platen. The suction
is kept constant until the specimen is placed into the triaxial cell and the confinement is
applied (Figure 2.4d). A gradual 1MPa isotropic consolidation is applied, until reaching
the final constant 7MPa confinement, after which the specimen is sheared. The triaxial
cell and the specimen preparation method used, are also described in Alikarami et al.
(2015) and Andò (2013).

It should be taken into consideration that strong heterogeneous responses could
be caused from inaccuracies during the triaxial test, especially in the case where the
specimen is of a very small size. As it has been effectively summarised by Colliat-
Dangus et al. (1988), in order for a triaxial test to be reliable the following must be
carefully considered; as done in this work:

• Controlled specimen preparation to ensure reproducible initial state.
This is done by using the mould to create the specimens and by having the same
maximum pouring height during the specimen creation.
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• Well centred axial load.
Radiographs are taken before the application of the axial load, to ensure the
loading ram is well centred (see Figure 1 in Appendix A).

• Negligible friction on the loading ram.
A polished steel platen is in contact with the loading ram, to minimise the friction.
Additionally, the loading ram is lubricated to reduce friction with the cylindrical
bore (i.e., sleeve).

• Appropriate specimen slenderness ratio.
As suggested in literature, a slenderness ratio of 2 is used here. However, with
the absence of any friction to the end restraints, the slenderness ratio should have
no impact on the test results.

• Well controlled cell and pore pressures.
There is one test where the cell pressure was not well controlled, which resulted
in a slight deviation of the bulk response from the rest of the tests. This will be
commented in the following.

• Accurate measurements of axial load, axial deformation and volumetric change.
A force meter of high precision is used and the axial and volumetric deformations
are directly measured from the images.

A heterogeneous response, such as a shear band, is mainly caused by the end restraint
(Bishop and Henkel, 1962) and intense non uniformities throughout the specimen were
firstly measured by Roscoe et al. (1958). The slenderness ratio should not have an effect
on the response of the specimen, yet Vardoulakis (1979) indicated that the bifurcation
of the stress generally increases by decreasing the slenderness ratio.

2.3.2 Correction for membrane resistance

During a dry triaxial test, inevitably the membrane surrounding the specimen will
provide resistance to the applied loads and it will contribute to the confining pressure
applied to the specimen. Therefore, it is necessary to correct the measured experimental
data for the contribution of the membrane. There are a few suggestions well established
in literature (e.g., Baldi and Nova, 1984; Bishop and Henkel, 1962; LaRochelle et al.,
1988, all reviewed by Raghunandan et al., 2015); however after consideration, the
method used here follows the suggestion of Bishop & Henkel’s work in 1957. Omar
et al. (2014), have reviewed all other corrections applied to the various types of triaxial
compression tests of sands.

Figure 2.6a, shows the device that was set up to perform an extension test on
the membrane. Two Neoprene membranes were tested with different thickness (see
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Figure 2.6 a) Experimental set up for membrane extension test; b) Side view sketch of
membrane (orange = mean length); c) Response of membrane.

Appendix A). The first membrane (Thin Membrane) has a thickness of 0.41mm and
the second (Thick Membrane) has a thickness of 0.71mm. A section of the cylindrical
membrane is cut (height of 24.5mm) and is extended towards a direction normal to the
height of the section. The extension of the membrane is measured and the axial strain
and stress are calculated (Figure 2.6c).

In Figure 2.6b, a side view of the membrane and the rods that were used to hang and
extend the membrane, can be seen. The orange section represents the mean length of
the membrane (see Appendix A for more details on stress and strain calculations). After
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performing the extension test, the extension modulus of the membrane (M) can be found
(Figure 2.6c). The modulus M is calculated from the slope of the load-displacement
curve in units of Force per Length. Thereafter, the contribution of the membrane to the
compression is calculated, based on the following equation:

σcontr =
πDMεa

a
=

πDMεa(1− εa)

a0
(2.1)

where D is the initial diameter of the specimen, M the extension modulus of the
membrane, εa the axial strain of the specimen, a the corrected cross-sectional area
of the specimen (where the axial load is applied) and a0 the initial cross sectional
area of the specimen. The σcontr is added to the confining pressure (σ3) and corrected
values of both the mean and the deviatoric stress are calculated. The contribution of the
membrane is found to be negligible, due to the high confinement that is applied; a few
graphs before and after the correction are presented in Figure 4 in Appendix A.

2.3.3 Results

An experimental campaign of several high confinement (7MPa) triaxial compression
tests was performed (details provided in Table 2). During XCT (details can be found in
the following chapter), the specimen must not be straining or changing in any way, and
therefore the loading is paused for the duration of the image acquisition (indicated by
the axial stress relaxations that can be observed in Figure 2.7a). Each pause is labelled
with a number to mark different loading stages (LSX). It should be mentioned that the
specimens of tests TCXL and TCR have a less uniform grading in comparison to the rest
and were created from the original Caicos sample with a D50 of 320µm. The minimum
and maximum void ratios have been experimentally determined (using a vibratory table:
ASTM, 2014) and can be found in Table 2.2. Using these values, the initial porosity and
relative density (Table 2) of the specimens are calculated (using the bulk density and the
grain density) and used to validate the measurements deriving from the XCT images.

The macroscopic responses are presented in Figure 2.7. The stress ratio (stress
deviator q = σ1 −σ3 over mean stress p = (σ1 +2σ3)/3) is plotted against the axial
strain (shortening); both these measurements came from direct recordings from the
load cell and a displacement gauge. The total volumetric strain (calculated from the
end of the isotropic compression, where q = 0MPa) is plotted against the axial strain;
the former is calculated from binary images and therefore there is no curve for the test
where no XCT was performed from the initial application of the deviatoric loading.

The experimental procedure is fairly repeatable, both in initial relative densities
and in macroscopic stress-strain responses. It is also clear that TCXL, which is tested
at 100kPa confinement, shows a higher peak of the stress ratio, and post-peak, all
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Table 2.1 Experimental programme of triaxial tests.

Test1
Confine-

ment
[MPa]

Height
[mm]

Diameter
[mm]

Initial
Relative
Density

[%]

Initial
Porosity

[%]

Voxel
Size
[µm]

Number
of Scans

TCXL2 0.1 24.2 10.7 46 35.2 15.57 18

TCR 7 22.3 10.1 47 35.0 N/A N/A

TCX1 7 23.5 9.4 58 38.3 15.57 7

TCX2 7 23.3 9.9 54 39.0 15.50 6

TCX3 7 23.4 9.3 57 38.4 8.82 2
1TC: Triaxial Compression; X: with XCT; L: Low confinement; R: Reference test.
2The results of test TCXL are presented in Andò et al. (2012a), where the test was

named COEA01.

Table 2.2 Data for determination of relative density.

Mean Diameter
[µm]

Coefficient of
Uniformity

Max Void Ratio Min Void Ratio

380 1.19 0.92 0.40

320 1.37 0.71 0.34

specimens reach a similar stress value (plateau) at the end of the test. Test TCX3 seems
to deviate from this plateau, but that is caused by to an unintentional increase to the
confining stress. As expected, with a higher confinement and additionally a looser initial
state of the specimen, an overall more ductile response of the material is observed. The
immediate effect of the initial relative densities and the applied confinement, can be seen
at the plot of volumetric against axial strain, where TCXL is the only highly dilatant
specimen with an expected slight initial contraction. Even though specimens TCXL
and TCR have similar initial grading and relative density, the much higher confinement
applied on TCR caused the grains to break (as seen from a sieving analysis at the end of
the test).

A triaxial compression test of the zeolite specimen was unable to be performed in
this doctoral work. The small number of particles per specimen radius resulted into the
membrane puncturing, despite the many efforts to use membranes of different thickness
and even overlapping more than one membranes. In addition, a number of different
confinements were used, in which case particle breakage did not occur. For this reason,
there will be no results regarding the triaxial response of zeolite granules in this thesis.
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Figure 2.7 Macroscopic response of Caicos ooids under triaxial compression; a) Stress-
strain response; b) Image based strain measurements.

2.4 Strain controlled oedometer test

Oedometric compression tests have been widely carried out to investigate the role of
particle breakage on the compression behaviour of sand (e.g., Bolton and Cheng, 2001;
Nakata et al., 2001a,b). The main idea is to apply a vertical axial load to a specimen
that can only deform along the axis of the applied load.
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2.4.1 Apparatus & specimen preparation

A special oedometer was built for the needs of this doctoral work. The material of the
cell is Poly Ether Ether Ketone (PEEK), which is an organic polymer. It has a density
of 1.320g/cm3, Young’s modulus of 3.6GPa and tensile strength of about 100MPa. It
is transparent to x-rays, stiff enough for the applied forces and will cause very little
wall friction during loading. Initially, the dimensions of the specimen were designed
so that the ratio between the diameter and the height is equal to three, as suggested by
the ASTM (2012) the minimum specimen diameter to height ratio for strain controlled
oedometric loading must be 2.5. The diameter to wall thickness ratio, is such that the
walls will stand the lateral stresses and they would attenuate the least of the x-ray beam.
The height of the oedometer was chosen according to the ASTM (2012) standards for
one-dimensional consolidation tests, where the minimum initial height of the specimen
should not be less than ten times the maximum particle diameter. An initial oedometer
(hereinafter big - B) was manufactured with 15mm height and 45mm width. The
the ASTM (2012) standards mention that the minimum specimen diameter has to be
50mm and the minimum height 20mm, however the specimen dimensions are also
controlled by the XCT resolution. The amount of breakage was extensive and therefore,
to increase the resolution of the XCT images and study furthermore the production
of fines, a smaller oedometer (hereinafter small - S) was built where the cylindrical
specimen was 15mm high and wide. The material was poured through a funnel and the
cell was tapped to increase the relative density of the specimen. The loading direction
is ascending and the quasi-static loading is performed with an axial loading rate of
50µm/min. Both the zeolite and the Caicos ooids are tested in this apparatus. Figure 2.8
shows basic elements of the apparatus, the same loading system was used as for the
triaxial test and so images of these are not presented here; more details can be found in
Appendix A.

Figures 2.9a→d presents a schematic description of the specimen preparation
method and Figure 2.9e names the various parts comprising the oedometer appara-
tus. Initially (Figure 2.9a) the oedometer cell is placed upside down into the cylindric
compartment used to adjust the height for the XCT acquisition and the specimen is
poured into the cell. Following (Figures 2.9b,c) the loading platen is placed on the
specimen and the cylinder for the height adjustment is pulled into place. To tem-
porarily secure it any object with the appropriate height can be used. In the next step
(Figure 2.9d), a cylinder is placed to secure the oedometer will not slide downwards
when the apparatus is turned upside down. Finally, the apparatus is mounted onto the
rotational stage, after placing the loading ram (Figure 2.9e).
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(a) (b)

(c) (d)

(e) (f)

Figure 2.8 a) Cell holder in order to get the desirable height for the XCT; b) Adjustment
for cell holder of small oedometer cell; c) Big oedometer cell; d) Small oedometer cell;
e) Loading platen for big oedometer cell; f) Loading platen for small oedometer cell.
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Figure 2.9 Specimen preparation method schematic for the big oedometer.
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2.4.2 Strain correction

The original oedometer cell (big) was designed for zeolite to be tested, based on the
stress - strain response of the same material tested with a conventional oedometer cell.
To increase the resolution and test a sample of the Caicos ooids, a smaller oedometer
cell was built, the wall thickness of which was dictated by the desirable resolution (i.e.,
how close the cell would be to the XCT source). Caicos ooids have a stiffer loading
response than zeolite and so for the same amount of axial strain the axial load was
significantly higher and the oedometer cell was not stiff enough to withstand this load.
Therefore, the LVDT measurement included both the displacement of the specimen and
the cell. The oedometer cell extended vertically, however laterally the cell walls are
thick enough to prevent significant lateral deformation of the specimen throughout the
test.
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Figure 2.10 Corrections made to the axial strain of Caicos ooids.

The actual axial strains of the specimens are measured from the 3D images and
are used to correct the bulk oedometric response accordingly. Specifically, in each
3D volume the position of the centre of symmetry of the oedometer cell is identified
and through this point 10 vertical sections were made. Then for each vertical section,
three specimen height measurements are taken (two at the edges of the cell and one at
the centre). The height of the specimen at each loading stage was calculated from the
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average of these 30 values and in addition the axial strain is calculated, since the initial
height of the specimens is known. By interpolating between these measurement points,
based on the continuous curve of the LDVT measurements, a new curve is created
which represents the actual response of the specimens (Figure 2.10). For the zeolite the
correction is negligible and therefore it is not presented here.

2.4.3 Results

Table 2.3 shows the specimen dimensions along with the scanning parameters. Fig-
ure 2.11 presents the response of all the oedometer tests. The test is repeatable with a
well-defined yielding.

Table 2.3 Experimental programme of oedometer tests.

Test1
Height
[mm]

Diameter
[mm]

Initial
Porosity

[%]

Voxel
Size [µm]

Number
of Scans

Zeolite

OCB1 15.00 45 47.2 N/A N/A

OCB2 15.05 45 45.8 24.89 5

OCB3 14.72 45 43.0 24.89 4

OCB4 14.55 45 38.3 24.89 7

OCS1 12.17 15 40.5 12.25 11

OCS2 10.72 15 45.6 10.00 6

Caicos Ooids

OCS1-CO 16.41 15 36.8 12.25 7

OCS2-CO 15.10 15 35.9 12.14 12

OCS3-CO 16.50 15 38.5 12.13 4

OCS4-CO 15.95 15 36.6 12.13 4
1OC: Oedometer Compression; B: Big cell; S: Small cell; CO: Caicos Ooids.

The specimen slenderness ratio does not seem to affect the macroscopic response
of zeolite, where both the big and the small cell were used. Cil and Alshibli (2014)
showed that the slenderness ratio will affect quantitatively the onset of breakage (smaller
slenderness ratio will shift the compression curve to the left), however qualitatively
the initial stiffness and the well-defined yielding match, regardless of the specimen
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dimensions. In the tests presented here, the slenderness ratios do not differ as much
as the specimens tested by Cil and Alshibli (2014), which explains why there are not
any significant differences in the compression curves. The deviation of the height of
the specimens presented in Table 2.3, especially in the small oedometer, is due to the
difficulty in controlling the height for such a small apparatus. However, the initial
porosity of the specimens is reproducible.
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Figure 2.11 Macroscopic response of a) zeolite and b) Caicos ooids under oedometric
compression.
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2.5 Single-particle compression test

A single-particle crushing test is a compression of a particle between two rigid, flat
platens, by placing a particle on the lower platen and moving the upper one against the
other, at a constant displacement rate. This test has been performed on a wide range of
granular materials, especially sands and glass beads (e.g., Nakata et al., 1999; McDowell,
2002; Cavarretta et al., 2010) and it has been used to calibrate DEM breakage models
(e.g., Cil and Alshibli, 2012) and to study the failure mechanisms of particles (e.g.,
Jaeger, 1967; Voo, 2000; McDowell, 2002). Sahoo (2006), reviewed single particle
breakage tests, classifying them into three types:

• Single impact which occurs in free fall or drop tests

• Double impact exhibited in drop weight and pendulum tests

• Slow compression breakage occurring in uniaxial compression tests

In this work only uniaxial compression tests were performed and will be analysed
in the following.

2.5.1 Apparatus description

A floor-standing, 100kN maximum load capacity test frame is used (Instron 4505).
For the experiments that are performed for this work a 10N load cell is used with a
sensitivity of 0.2mN. The displacement is applied with a rate of 50µm/min, with a drive
resolution of 0.04µm. An extensiometer is used to measure displacement and a calliper
with a resolution of 0.01mm, to measure the intact particle diameters. Figure 2.12
shows fragments of a zeolite particle between the two loading platens.

Figure 2.12 Loading platens after compressing a zeolite particle.
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2.5.2 Results

Table 2.4 summarises the particle properties for the single-particle compression experi-
mental campaign. The particles used for this study have a mean diameter of 1.331mm
with a standard deviation of 0.052mm. In addition, the mean for the particles break at, is
5.87N, with a standard deviation of 1.11N and an average stiffness of 87.79N/mm, with
a standard deviation of 8.16N/mm. Antonyuk et al. (2010, 2006) found the breakage
force to be between 6.6-8.8N for zeolite granules of a slightly wider range of diame-
ters, Young’s modulus between 2.2-2.3GPa and stiffness between 223 and 256N/mm.
The stiffness is significantly higher, however specific data of the test procedure or
force-displacement curves are not provided in their work, which could explain the
difference in stiffness. The unloading stiffness has an average of 60.55N/mm, which
is substantially higher from the loading response. Typically in plastic models there is
an increase in stiffness during unloading (Figure 2.14b) and there is also experimental
evidence of stiffness dependency to the applied load (Cavarretta, 2009).
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Figure 2.13 Schematic with explanation of stages of loading during single-particle
compression.

The response of the tests is presented in the Figure 2.14 and Figure 2.13 presents
an explanation of the various loading stages. As described in the Introduction, in the
beginning of loading the particles might experience some local fracturing of surface
asperities close to the loading platen (increase of load), then the particle rearrange until
the maximum contact area has been established between the particle and the loading
platen (stable load) and then the rest of the particle is loaded (increase of load) until a
major fracture would occur (sudden drop of load).
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Table 2.4 Experimental programme of single-particle compression tests.

Test1
Diameter
[mm]2

St. Deviation of
Diameter [mm]

Breaking
Force
[N]

Stiffness
[N/mm]3

SPC1 1.308 0.011 4.91 75.26

SPC2 1.350 0.091 5.51 92.08

SPC3 1.364 0.038 5.11 99.61

SPC4 1.330 0.051 7.55 70.76

SPC5 1.420 0.064 4.52 78.36

SPC6 1.344 0.052 4.23 78.36

SPC7 1.378 0.046 6.45 83.38

SPC8 1.270 0.042 5.16 92.80

SPC9 1.334 0.022 6.19 85.52

SPC10 1.420 0.072 5.57 90.35

SPC11 1.222 0.037 5.24 89.33

SPC12 1.358 0.034 7.91 98.27

SPC13 1.246 0.023 5.73 85.43

SPC14 1.312 0.028 6.50 92.21

SPC15 1.312 0.023 7.42 94.27

SPCU1 1.352 0.022 N/A 65.54 / 145.05

SPCU2 1.282 0.018 N/A 40.24 / 133.57

SPCU3 1.334 0.051 N/A 57.02 / 125.53

SPCU4 1.350 0.039 N/A 45.14 / 113.86
1SPC: Single Particle Compression; U: with Unloading data.
2Average of five measurements taken at random orientations.

3For the tests with unloading data, the second value corresponds to the unloading
stiffness.

There is no apparent relation between breaking force, particle diameter and particle
stiffness in the results of this study. It is expected that the breaking force will decrease
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Figure 2.14 Zeolite response under single-particle compression; a) until particle break-
age; b) with unloading response.

with increasing particle diameter. McDowell and Bolton (1998) found that the effects
of particle size on particle strength could be explained by Weibull statistics of brittle
fracture; the smaller pieces of material are stronger since they contain fewer and smaller
flaws. In addition, from the XCT images, significant voids (flaws) are identified within
the particles. These voids reduce the force (and hence the average stress) needed for the
development of a fracture, which also affects particle strength (McDowell and Bolton,
1998; Nakata et al., 1999; Zhao et al., 2015).
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By simply observing the fragments, three different breakage types are identified:
1) particles splitting in three or four major fragments (e.g., SPC3, SPC7, SPC11), 2)
particles experiencing some surface breakage (chipping) and so after an initial drop
of the load the main particle kept loading until it completely broke (e.g., SPC5, SPC6,
SPC9, SPC10, SPC13) and 3) particles undergoing sudden crushing, where the parent
particle would break into a number of small fragments (e.g., SPC8, SPC12, SPC14).
The first breakage type was also observed by Zhao et al. (2015) where the particles
separated into two planes, nearly perpendicular to each other, as a result of tensile stress
acting on those planes. In all three cases it seemed that the fragmentation initiates close
to the loading areas. In addition, Antonyuk et al. (2006) observed particles breaking
radially, leaving an internal intact nucleus (Figure 2.15). This observation was made
during impact loading, however there are cases in this work where similar observations
were made, both in the oedometric compression (Figure 2.16) and the single-particle
compression tests (Figure 2.17).

Figure 2.15 SEM and schematic of granule fragment after impact loading (Antonyuk
et al., 2006).

Contact curvature plays an important role in the determination of Young’s modulus
and the mechanical response of a particle (Misra and Huang, 2012; Zhao et al., 2015).
Clayton and Heymann (2001) showed that the particle shape can have a significant
impact on the stiffness. This could well explain the high deviation of the stiffness of
the particles, even though they did not differ significantly in size (Cavarretta et al.,
2009). Zhao et al. (2015) found that a small radius of curvature, would lead to a high
stress concentration close to the contact point of the particle and the loading platen,
causing extensive fragmentation, due to the high elastic energy stored by the stress
concentration. This amount of localised micro-crushing will increase the contact area
(and the radius of curvature) and reduced the stress concentration at the surface of the
particle. They also observed tensile fracture planes, parallel to the loading direction,
very similar to how the particles broke in this work. A particle’s Young’s modulus is
typically determined by using the Hertz equation, in which the averaging method of
the principal curvature is adopted, regardless of the true profile of the particle. Wang
(2016) estimated the curvature of zeolite particles from 3D images with the use of XCT,
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Figure 2.16 XCT images of zeolite particles in oedometer, appearing to have/be broken
around a nucleus. [Note that in some of the particles, the nuclei are denser than the rest
of the particle.]
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Figure 2.17 Group of particles that exhibited two main fractures of the parent particle.

using two fitting methods, highlighting the necessity of a robust criterion to measure
the representative Young’s modulus of a particle.

2.6 Summary of results

An experimental campaign of high confinement triaxial compression tests, strain con-
trolled oedometric tests and single-particle uniaxial compression tests are carried out
and the main findings are summarised in the following. There are no significant findings
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in this section, yet these results are carefully considered and discussed against the
full-field measurements presented in the following section. In addition they are used to
validate and calibrate the numerical modelling, so it is essential that the reader has a
thorough description and a reference section of the bulk behaviour of the materials used
here. Some of the main findings are summarised here:

• The triaxial and oedometric test procedures are fairly repeatable, both in initial
porosity of the specimens and in the stress-strain response.

• The variation of surface curvature and internal porosity of the zeolite particles,
results in a slight variation of the measured values of initial stiffness, particle
strength and breakage type when particles are loaded under single-particle uniax-
ial compression.

• During the triaxial test all the specimens exhibit localisation, with the formation
of a shear band, and all specimens reach a similar stress value at the end of the
test. In the looser specimens a more ductile response is observed.

• The triaxial specimens tested in high confinement exhibit an overall compactive
volumetric response, which agrees with the expectations based on their initial
relative density.

• The oedometer specimens’ slenderness ratio does not affect their stress-strain
response and all the specimens exhibit a well defined yielding.

• Finally, during the single-particle compression test, the specimens show a mono-
tonic load-displacement relationship with a clearly identifiable failure.
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X-ray Computed micro-Tomography
in geomechanics

3.1 Chapter outline

This section presents the background of x-ray computed tomography (XCT). In the
beginning a brief history is presented regarding the discovery of x-rays and their first
application to medicine. A distinction is made between x-ray radiography and x-ray
tomography and details are presented on how to successfully reconstruct a 3D image
from x-ray computed tomography. In the end a literature review is presented on how
researchers have used 3D images in geomechanics to study deformation and kinematics
of granular systems and/or individual grains.

3.2 Brief history of x-rays

In the evening of November 8th, 1895, Wilhelm Conrad Röntgen (Figure 3.1a) was the
first person to find that electrons interact with matter, discovering a form of electromag-
netic radiation, which we today identify as x-rays. They were later on officially named
after him, though in most languages the term x-ray is commonly used. Before Röntgen
understood the importance of his discovery, he temporarily termed the beam of rays as
x−rays, using the mathematical designation x for something that is unknown (Nitske
and Robert, 1971). Nearly two weeks after his discovery, he took the very first image
using x-rays (i.e., a radiograph), of his wife Anna Bertha’s hand (Figure 3.1b). When
she saw her skeleton, she exclaimed "I have seen my death!" (Landwehr, 1997). In the
same year, Röntgen published his discovery in a preliminary notification with the title
"Über eine neue Art von Strahlen" (i.e. A new kind of rays - Figure 3.1c). A year later
he presented his discovery, for which he was later on awarded with the first Physics
Nobel Prize, in 1901.
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(a) (b) (c)

Figure 3.1 a) Wilhelm Conrad Röntgen; b) The first radiograph; c) First published work
on x-rays.

Röntgen’s discovery soon became an important diagnostic tool in medicine, allowing
doctors to visualise the inner structure of the human body for the first time without
surgery. By 1896 an x-ray department had been set up at the Glasgow Royal Infirmary,
one of the first radiology departments in the world (The Sientist). The head of the
department, Dr John Macintyre, produced a number of remarkable x-ray radiographs:
the first radiograph of a kidney stone and another showing a penny in the throat of a
child. In the same year, Dr Hall-Edwards became one of the first people to use x-rays
to make a diagnosis; he discovered a needle embedded in a woman’s hand. In 1897,
x-rays were first used on a military battlefield, during the Balkan War, to find bullets
and broken bones inside patients. In the following twenty years, x-rays were more
commonly used to treat soldiers fighting in the Boer war and in WWI (The British
Library Board).

Initially, scientists had not comprehended the harmful effects of radiation, consid-
ering x-rays to be as harmless as light. However, researchers began to report cases of
burns and skin damage after long exposure to x-rays, and in 1904, Thomas Edison’s
assistant, Clarence Dally, who had worked extensively with x-rays, died of skin cancer,
which urged some scientists to begin taking the risks of radiation poisoning more seri-
ously. During the 1930s and onwards, many American shoe stores featured shoe-fitting
fluoroscopes to enable customers to see the bones in their feet; it was not until the 1950s
that a law was passed to ban the practice.
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3.3 Radiography vs. computed tomography

As previously described, with the discovery of x-rays, a radiograph can be acquired.
A radiograph is a 2D projection of the x-ray attenuation of the matter of a scanned
object. In other words it is a 2D measurement of the amount of x-ray photons arriving
at each point on a detector (photographic plate) during a given exposure time. Two
radiographs are shown in Figure 3.2, from specimens scanned during this PhD. The
regions that appear darker mean that fewer x-ray photons interact with the detector
because an amount of photos has been absorbed by the scanned objects (the images
here are in reversed colours from the modern medical radiographs one might have seen
before).

Oedometer

cell

Zeolite

Loading

platen

(a)

Loading cap

Glass beads

Membrane

Loading cap

(b)

Figure 3.2 Examples of radiographs acquired for this doctoral work; a) Zeolite particles
in oedometer; b) Glass beads specimen for triaxial test.

X-ray computed tomography was developed in the 1960s as a tool to visualise the
3D structure of a scanned object. Tomography is a method for reconstructing a 3D
field of x-ray attenuation coefficients from a series of different radiographs. The series
of radiographs are acquired by a relative rotation of the scanned object placed on a
rotation stage between an x-ray source and a detector. More details can be found in
Hsieh (2009).

The procedure for the acquisition of x-ray tomography is described in the following.
An object is placed between an x-ray source and a detector. The x-ray source emits a
polychromatic beam (i.e., photons with a broad spectrum of energies), which interacts
with the object that is being scanned (usually apparatus and specimen). The photons
that cross the material (i.e., not absorbed by the material) are recorded by a detector as a
2D projection, called a radiograph, of the x-ray attenuation of the whole scanned object,
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at a certain orientation. Each material that is being scanned has an x-ray attenuation
coefficient (µ), related to its density, as will be explained in the following (Eq. 3.2). The
attenuation coefficient practically shows how easily a beam of x-rays with a specific
radiation intensity (I0) can penetrate the scanned object. After the beam penetrates the
material, it will have a reduced intensity (I), as a result of the absorption of photons of
the beam by the scanned object. The thickness (x) of the material that is being scanned
is also important, as to whether a beam of x-rays will be attenuated or not. The above
are described by the Beer-Lambert law:

I = I0e

N
∑

i=1
−µx

(3.1)

where N is the number of different materials comprising the scanned object.
Als-Nielsen and McMorrow (2011) showed that the photoelectric absorption cross-

section (σpe), is related to the attenuation coefficient according to the following equa-
tion:

µ =
(

ρmNA

M

)
σpe (3.2)

where ρm is the mass density, NA is Avogadro’s number and M is the molar mass. In
addition, the photoelectric absorption cross-section varies with the atomic number of
the absorbing material and this variation gives the contrast between elements.

It should be mentioned that, Eq. (3.1) returns the value of the attenuated intensity (I),
if the incident beam has a specific (I0) radiation intensity (i.e., monochromatic beam).
However, beams currently used in XCT are polychromatic and this will result in having
a beam hardening effect. X-rays, depending on their wavelength, can be categorised
as hard (<0.2nm) or soft (>0.2nm). The hard x-rays have a higher penetrating ability
in comparison to the soft. In a polychromatic beam there is a range of x-rays and as
they interact with the scanned material, the softer ones will be attenuated resulting in
the x-ray beam to become gradually harder. Since the resultant intensity depends on
the thickness of the scanned object (Eq. 3.1) as well as the attenuation coefficient, at
the thicker parts of the object the softer x-rays will be attenuated more easily. This
will cause the thinnest part to have a pseudo-higher intensity, appearing brighter in
the reconstructed images and this is known as the beam hardening effect. Figure 3.3
shows two images of a grain (left with beam hardening and right without), where along
an axis (green line) the profile of the grey scale has been plotted (red line), clearly
demonstrating how the grey scale will be higher at the edges of the grain (brighter area)
for the case with the beam hardening and how it is going to be constant throughout the
profile for the case without beam hardening. The ways to avoid it and/or correct it are
presented in Chapter 5.
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Figure 3.3 Example demonstrating beam hardening on reconstructed slices (left with
beam hardening, right without). The circular object represents a particle and the red
curve is the intensity profile of the particle along the green line.

For an object to be scanned it must not move for the duration of the scan, therefore
scans must be performed while loading is paused. This allows the acquisition of 3D
images at different time increments during a single test. This provides the advantage of
being able to visualise a entire specimen while being loaded, in order to gain information
about the particle scale and particularly the meso-scale. To enable the imaging of the
specimen, all of the unimportant to imaging, yet necessary to the test, objects such as
the apparatus, should be have a coefficient of attenuation such that enough photons will
not be attenuated and the imaging of the specimen will be possible. Additionally, they
have to be small enough to fit in the x-ray cabin (Figure 3.4) and on the rotation stage,
and to achieve the necessary zoom in order to visualise the smallest desired object (e.g.,
grain, void, cement) with enough detail. Should one want to visualise and distinguish
two or more materials (e.g., water, solid and voids), then the materials would need to
have substantially different densities (e.g, Higo et al., 2016). Figure 3.4 shows the x-ray
scanner that was used in this work, which is in Laboratoire 3SR (Grenoble) and was
supplied by RX-Solutions (Annecy).

To reconstruct a 3D image of the scanned object, multiple radiographs at different
orientations are acquired, by rotating the object a few tenths of a degree after the acqui-
sition of each radiograph. If the beam has a cone shape then the object needs to perform
a full 360◦ rotation (e.g., Feldkamp et al., 1984; Hsieh et al., 2013), whereas if the beam
is parallel, a 180◦ rotation is sufficient (e.g., Cierniak, 2006, 2011; Herman and Lung,
1980). However, with a cone beam, if enough radiographs have been acquired, then even
with a 180◦ rotation a reconstruction can be performed (Figure 3.5). The number of
radiographs defines the quality of the reconstructed 3D image and it is a function of the
number of pixels that are reconstructed horizontally; here more than 1000 radiographs
are acquired for each scan. After the acquisition of the radiographs, an inversion process
is performed to obtain a 3D image, which uses the filtered back-projection algorithm
(Feldkamp et al., 1984). In this work, the radiographs are reconstructed into a 32-bit
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Figure 3.4 The x-ray scanner that was used in Laboratoire 3SR (Grenoble), with labels
of different parts (Andò, 2013).

(a) (b)

Figure 3.5 a) Reconstructed slice from scan with 360◦ rotation; b) Reconstructed slice
from scan with 180◦ rotation.

raw grey scale 3D image (Figure 3.6). Wildenschild and Sheppard (2013a) describe in
more details the image acquisition process of typical tomography set-ups with various
beam-lines.
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Figure 3.6 Reconstructed 3D image of zeolite specimen.

z

y

x

Figure 3.7 Schematic description of 3D volume reslicing, using as an example the
oedometer test.

The 3D image (or 3D volume) is recontructed as a series of slices, which can be
stacked into a 3D picture that can be sliced in any orientation (Figure 3.7). The size of
the images may limit the image processing, as algorithms performed on a whole stack
can be computationally intensive and time consuming, in addition to the RAM needed
just to visualise the stack. Some software commonly used to visualise and process
3D images, are Image-J or Fiji (open source), Visilog and Avizo Fire (commercial)
and in addition, measurements are typically carried out either using Matlab or Python,
all of which have been used in this work. If a grey scale threshold is applied, then
the image is separated into two phases. Furthermore, each phase can be separated
into its constituents (e.g., separate contacting grains). Both transformations are called
segmentations and will be discussed in the following chapters; to avoid confusion in this
thesis a separated image will be referred to as a segmented image and when a simple
threshold is applied as a binary or thresholded image. Figure 3.8 describes schematically
the whole XCT procedure, from acquisition to reconstruction and the typical image
processing strategies, which will be discussed in more details in the following chapters.
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3. Image Processing

1000-1400

radiographs

Figure 3.8 Schematic description of image acquisition and processing.

3.4 Full-field measurements in geomechanics

The use of XCT along with other 3D imaging techniques, has improved the way
researchers study micro-mechanics, simply due to the fact that 3D processes can be
visualised and 3D full-field measurements can be carried out. The references presented
in this section highlight the full potential of the application of image processing in
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geomechanics. During the 1960s, Roscoe (1970) and Vardoulakis and Graf (1985)
used images from radiographs to measure planar strain fields in sand by tracing density
changes within the specimen. Thereafter, XCT was used to investigate strain localisation
(e.g., Colliat-Dangus et al., 1988; Desrues et al., 1996). Otani and Obara (2004), Desrues
and Viggiani (2004), Desrues et al. (2010), Desrues (2004) and Alshibli and Reed (2010)
have reviewed the advances on use of XCT on geomaterials.

More recently, Zhao et al. (2015) investigated the single particle fracture behaviour
(shape evolution and breakage energy) of two different types of natural sand and ac-
quired images with a resolution of a few micrometers (nanoXCT). They showed a
connection of the initial heterogeneity of the microstructure of the particles (e.g., voids)
with the type of fracture and the shape and size of fragments. Such detailed study is
nearly impossible to be performed on a full specimen, because there are significant
limitations in image resolution as well as the computational time needed to perform
measurements on each particle. Fonseca et al. (2012) discussed the importance of using
3D images to describe particle morphology, by comparing 2D and 3D measurements
which produced important differences in various particle shape parameters. Cil and Al-
shibli (2014) studied the evolution of sand fracture under 1D (oedometric) compression.
They studied the effect of the slenderness ratio of a loose sand assembly with uniform
grading, used images from synchrotron to visualise the grains (number, position and
deformation) and then made a qualitative comparison of the deformation process with a
discrete element method (DEM) model. They found in addition that particles were more
likely to fracture if their neighbours had not already broken. This has been reported in
other studies as the cushioning effect (e.g., Einav, 2007a). Their observations from the
images are very useful and qualitatively validate the DEM, however, no quantitative
measurements have been made from image processing. Furthermore, the relatively
small number of particles in the oedometer is such that posed a serious question on
whether this is a representative specimen or just an assembly of a few grains. Oda et al.
(2004) observed changes in the microstructure of a shear band from thin sections post-
mortem and supplemented the experimental observations by using XCT. Plane strain
tests, with constant minor principal stress, were performed on a dense, well-graded
sand and they observed a dilatant shear band, but could not make any observations on
particle orientations or produce any quantitative data.

Fonseca et al. (2013a,b) published a study regarding the quantification of soil fabric
using both directional and scalar parameters, coming from high resolution XCT and
scanning electron microscopy (SEM) images of reconstituted sub-samples, taken from a
specimen under conventional triaxial testing. They showed the importance and relevance
of soil fabric to the mechanical response of a sand under triaxial loading. To achieve
the high resolution required, different specimens and sub-samples had to be used for
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each loading stage, so some kind of reconciliation of the differences between different
samples had to be performed to interpret the results.

It is naturally advantageous to be able to study the evolution of fabric in one speci-
men. Gkiousas-Kapnisis et al. (2015) used XCT images of well-graded Hostun sand
under triaxial loading (described in Alikarami et al., 2015), to study the evolution of
grading. The angularity of the grains and the grading of the sand created important
challenges during image processing, especially regarding the segmentation of the parti-
cles and the definition of a size descriptor to obtain the mean diameter of the particles.
Andò et al. (2013) describe the challenges needed to overcome, regarding granular
mechanics and image processing. They attempted to improve on previous work with
image correlation and tracking of individual intact grains and an approach to identify
and characterise contacts. Regarding the identification of contacts, improvements can be
made, due to possible inaccuracies resulting from the resolution of the images and the
segmentation algorithm. Hall et al. (2010) presented a methodology (algorithm) to track
displacements and rotations of individual particles in consecutive loading increments,
using XCT images of sand specimens. Andò et al. (2012a,b) developed further this
approach and compared the kinematics of two types of sand at the particle scale during
triaxial compression. Similarly, Hasan and Alshibli (2012) and Druckrey and Alshibli
(2016) studied particle kinematics stressing the different scale of particle rotations
within and outside of the shear band during a triaxial compression test.
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Developing techniques for image
processing

4.1 Chapter outline

To carry out full field measurements it is necessary for the 3D images to be processed.
In this chapter, the tools used for image processing are described in detail and examples
of their application on tests described in Chapter 2 are provided. In the following, a
description on how to perform bulk measurements from the images is presented. This
stage is important because it helps validate the local image-based measurements, as
these can be compared to bulk measurements acquired from standard experimental
means. Finally, a description of the full-field measurements performed in this work are
described in detail.

4.2 Tools for image processing

A 2D image is comprised of a number of pixels, whereas a 3D image of voxels (i.e.,
3D pixel). A 3D digital image is a matrix of values, described in a discrete function
f (x,y,z), where x, y, z are the spatial coordinates of the image (i.e., the position of each
voxel) and the function will return the grey scale value (i.e., intensity) of each voxel.
The value of the grey scale voxel is conventionally an integer and the range of possible
values in an image depends on the number of bits of the image. Here, 8-bit, 16-bit
unsigned integer and 32-bit floating point images are treated.

4.2.1 Linear contrast stretch

A 3D reconstruction gives full information as a 32-bit floating point format. Sometimes
images from the same sample can have different reconstructed grey values, one reason
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would be a variation in the intensity of the source for example. In order to save space
and have some inherent normalisation between the scans, the data is degraded to a
16-bit integer format, which offers a 216 dynamic range, which is more than the noise
of reconstruction. For the transformation of a 32-bit floating point format to a 16-bit
unsigned integer format, the image is truncated and normalised, so the lower limit of the
16-bit image will always be 0 and the higher 65535 (= 216 −1), as shown in Figure 4.1.

Lower: -2; Upper: +5 Lower: 0; Upper: +4 Lower: +1; Upper: +3

Figure 4.1 Example of adjusting the brightness and contrast of a 32-bit image, to convert
it into a 16-bit integer format. [Note that the truncation limits appear on the bottom of
each image.]

Specifically, every grey scale 3D image has a range of grey scale voxel values, that
can be summarised in a grey scale histogram plot (Figure 4.2a). The upper and lower
limits of the display range can be adjusted by truncating the minimum and maximum
values of the histogram. Every voxel with a grey value below or above the truncation
limits, will automatically be converted to a grey value that corresponds to the closest
limit. This can be done for various reasons, one of which would be to match peaks
of the grey scale histograms of two or more images (see Figure 4.2a left and result in
Figure 4.2a right and an example in Figure 4.2b), to have same objects appear with
the same grey scale value. Another application of the normalisation (here performed
automatically in Fiji) is when importing a 32-bit image, truncating the histogram
(i.e., adjusting the brightness and contrast) and converting the image into 16-bit (see
Figure 4.1). This procedure would stretch the minimum truncation limit to be equal to 0
and the maximum equal to 65535. This normalisation is also known as a linear contrast
stretch (details can be found in Davies, 2005a; Jain, 1989). It is an image enhancement
technique that attempts to improve the contrast in an image by stretching the range of
intensity values an image contains, to span a desired range of values. Because with this
method only a linear scaling function is applied to the values of each pixel, it is less
harsh in comparison to other histogram equalisation techniques.

For most of the cases, the definition of the truncation limits (to convert a 32-bit
image to 16-bit) is pretty straight-forward because the limits coincide. However, the
3D images of the oedometer test need a special treatment, because it is the only case
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Before linear stretch After linear stretch
(a) Grey scale histograms before and after the linear contrast stretch is applied for all the images
of test OCS1.

Before linear stretch After linear stretch
(b) Before and after the application of a linear contrast stretch; the images appear with he same
grey scale limits.

Figure 4.2 Example of a linear contrast stretch applied on test OCS1.

where the histograms of the same specimen at different loading stages have significantly
different grey scale limits. Figure 4.2 shows an example before and after the linear
stretch and the grey scale histograms of all the 32-bit images of test OCS1. Matlab is
used for this procedure and the following function is used for the normalisation:

Pfi = (P0i − c)
(b−a

d − c

)
+a (4.1)

where Pfi is the final value of each pixel, P0i the initial value of each pixel, a and b are
the imposed lowest and higher limits of the linear stretch and c and d are the equivalent
current lower and higher pixel values. Here, three Gaussian curves are fitted on each
histogram, using Matlab’s fit function, with the gauss3 term (Figure 4.3). The three
histograms correspond to the voids, the cell and the solid particles. Value c is taken
as the mean minus three standard deviations of the first peak and d to the mean plus
three standard deviations of the last peak. The reason why three standard deviations are
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used is so that the grains would be described in as much detail as possible. If a value
closer to the mean was used, then the truncation would cause loss of particle texture,
which is needed in order to distinguish between grains and perform some full-field
measurements. The 3D image of the initial loading stage is the reference image, from
where values a and b are defined (so a = c and b = d in the reference image).
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Figure 4.3 Grey scale histogram of LS1 of test OCS1, with explanation of which matter
corresponds to each peak.

4.2.2 Binary classification: thresholding

In image processing, some measurements can be performed on a binary image, where
the image has been separated into two phases, typically in geomechanics into grains
and voids. A thresholding algorithm returns (classifies) elements into two groups, based
on a cut-off value (threshold). The threshold value is decided based on a criterion
(examples provided in the following) and an algorithm will automatically return the
value of the threshold. In this work, when an image has been thresholded, the result
is an 8-bit binary image (following the common convention in Fiji), where the grey
scale voxels with a value lower than the threshold have a value of 0 in the binary image
and the rest 255 (= 28 −1). The main difficulty during thresholding, is the selection
of a threshold and/or the performance of the algorithm that automatically selects the
threshold. The difficulty can arise from the partial volume effect (PVE), noise, dense
inclusions in the particles etc., these are discussed in the following chapter (more details
can be found in Davies, 2005b).

Figure 4.4 demonstrates the thresholding process and Figure 4.5 shows the evolution
of the volume of the solid for each loading stage, for all the tests where XCT was
performed. Theoretically, by using the same algorithm for the same test, the thresholding
results should produce the exact same volume of the grains. However, phenomena such
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Figure 4.5 Evolution of the volume of the solid for each loading stage, for all the 3D
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as the partial volume effect (discussed in detail in the following chapter) will affect
the thresholding result uniquely for each image and in addition, as breakage evolves
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and the size of the particles fall below the resolution of the XCT image acquisition,
the thresholding algorithm produces less accurate results. Additionally, a de-featuring
stage (described in the following section) has preceded the final thresholding and so
a certain amount of solid volume will be lost or gained, adding up to the error in the
bulk volume of the particles. The overall volume differences are in the majority below
2%, which is acceptable and so the thresholding algorithm and, as it will be described
in the following, the de-featuring process is deemed valid. Test OCS1 after LS6 has a
bigger change in the overall volume, this will be explained later on and for those loading
stages, the binary images are not used for the analysis of the results. In this work, two
algorithms are initially used for each test and after the evaluation of the thresholding
results, one is selected for each test for further image processing.

A moments preserving algorithm (Tsai, 1995) and Otsu’s method (Otsu, 1979) are
used and the solid volume is used to evaluate the algorithms. The procedure is done
automatically in Fiji on the 3D images with a global threshold for the whole image.
Otsu’s thresholding algorithm can be summarised in the following steps: initially the
histogram of the grey level of the image is calculated, which is normalised and regarded
as a probability distribution function. Then the zeroth (total probability) and first (mean)
cumulative moments of the distribution are calculated for all possible values of the
threshold. From these, the between-class variance is calculated, for each case and
through a simple optimisation procedure, the value of the threshold that maximises the
between-class variance is selected as the one with the best separability. The algorithm
proposed by Tsai, is very similar and therefore in many cases both algorithms select the
same threshold. With this algorithm a grey scale image is considered to be the blurred
version (many values of grey) of a perfect image, where all the pixels (or voxels in a 3D
case) would only have one of two values. If the blurred image is thresholded, then the
first three moments are preserved in the resulting bi-level image.

4.2.3 Object removal: de-featuring

In many cases there are objects such as apparatus, membranes, loading platens etc., that
are unavoidably present in a 3D image, but are not of interest to the mechanical response
measured during image processing. Most frequently, these objects are removed before
starting the (micro-) mechanical analysis of the images; this stage will be referred to as
the de-featuring stage. In the 3D images of the triaxial tests, the membrane surrounding
the specimen and the ceramic loading platens are removed. In the 3D images of the
oedometer tests, the cell and the loading platen are removed. The errors that can occur
from this process are discussed in the following chapter, here only the methodology is
presented.
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Figure 4.6 Schematic description of membrane removal of test TCX1.

Figure 4.6 describes schematically the procedure followed for the removal of the
membrane. The same procedure is followed for the removal of the loading platens of
the triaxial and the oedometric tests. For the removal of the membrane, because the
average grey value of the membrane is significantly different from that of the particles,
by selecting an appropriate threshold, the resulting binary image is almost membrane
free. From the binary image, a mask needs to be created of the space representing the
specimen (particles and inter-particle voids). To do so the inter-particle voids need to
be filled with black (here) voxels. The fill holes macro, only fills enclosed pores and
if there are voids connected to the surrounding void space, then the whole image will
be filled with black voxels. To avoid this the binary image is dilated, so that the solid
voxels in contact with the void space will expand by a voxel. This increases the bulk
volume of the solid, so once the mask is created the image has to be eroded, the same
amount of times that it was dilated. To avoid dilating multiple times, which would
irreversibly distort the shape of the boundary of the specimen, here the image was only
dilated three times and then a macro was used to fill the holes (pores) in 3D, to obtain
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the bulk volume of the specimen. The loading platens though have a lesser difference of
their grey value in comparison to the solid particles. Therefore, after thresholding the
image, a median filter is applied, which replaces each pixel with the median value in its
3x3x3 voxels neighbourhood. The filter is necessary because a lot of noise is created,
due to the threshold being very close to the area of both grey values, which means that
it would include voxels from both the grains and the loading platen. For the removal
of the loading platen at the oedometer tests, the same procedure is used. The cell was
easily cut from the image, as the boundaries are very well defined and perfectly circular,
with a known diameter. The procedures are done in Fiji automatically, other methods
for de-featuring (not used in this work) are presented and compared in Karatza (2013).

4.2.4 Particle separation: segmentation

In order to perform measurements on individual grains (tracking kinematics and de-
formation, particle size and shape), the grains need to be separated from each other;
the image needs to be segmented (Figure 4.7). Intra-granular porosity can lead to
over-segmented grains, and so careful binarisation is a key feature for further segmenta-
tion. Flat, extensive contacts can lead to under-segmented grains. The most common
method for segmentation is to use a watershed analysis, first proposed by Beucher and
Lantuéjoul (1979) (see more recent application in Beucher and Meyer, 1993), which is
what is used here. A commercial software (Visilog) is used for all the segmentations in
this work.

Figure 4.8 shows an example of the steps used during a watershed process. Initially
the grey scale image has to be thresholded. The binary image, which is separated into a
number of continuous (interconnected) phases, is transformed into a Euclidean distance
map. This means that every voxel representing a grain (here: black) is transformed
into a value corresponding to the distance, in voxels, between that voxel and the closest
voxel of a different phase. From this procedure a number of markers can be defined,
each one positioned at the peaks of the distance map. The peaks represent the locally
highest in value voxels and this local maxima means that this voxel has the longest
distance from the neighbouring phase, considering then that it is in the centre of each
future particle. There is also a merge-maxima step to avoid over-segmentation. The
reason why the word, "future" is used, is because at this point the particles are not
segmented. Indeed, if the particles in the binary image are counted manually, they
are equal to the number of markers placed from the distance map. As soon as the
markers have been placed an inverse of the Euclidean distance map is performed in
order to identify the contacts between the particles. During this stage, the image of the
distance map, which in 3D resembles mountains and valleys, is flooded. The flooding
starts from the lowest valley and the markers are placed into valleys. Every time the
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1. Binarise

2. Segment

Figure 4.7 Description of how after a segmentation process is applied, individual particle
deformation and kinematics can be acquired.

flooding of a single marked valley, meets the flooding of another marked valley, that
point will correspond to a contact (inter-particle contact). These contacts are stored
and are represented by a number of voxels, which are later on deleted from the binary
image, resulting into another binary image, where each particle is separated from its
neighbours. The deletion of the contact voxels means that the solid volume is slightly
reduced, so for any process performed on a segmented image, the bulk or solid volume
cannot be used for validation purposes. Bernard et al. (2011) present a clear explanation
of the watershed process. After the particles have been segmented, each particle is given
a unique label. In essence, all of the voxels that are connected to each other will belong
to a single particle, since the contacts have been deleted. These voxels are all given a
different integer each (instead of the value of 255 they previously had) and the particles
now have increasing unique labels. This procedure enables the discrete analysis of
particle deformation and kinematics and allows measurements of grain properties to be
performed.

This example is performed on a 2D section of an image and some of the particles
here are under-segmented (not separated). Even though this can occur in a 3D image,
it is more likely to happen in 2D images. From a visual inspection of the images, the
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Grey scale Binary Distance map

Segmented Markers

Figure 4.8 Example of procedure of watershed segmentation.

segmentation has worked reasonably well (Figure 4.9). In the images of the zeolite
particles, before the watershed process, some particle intra-porosity is filtered out, to
avoid over-segmentation (intact particles split into more particles); this is described in
the following.

4.2.5 Contact detection

The measurement of contact and particle orientations has been common in numerical
simulations, where the exact particle positions are defined. 3D imaging has enabled the
measurement of the fabric of a material, however a trade-off between the resolution and
the size of the specimen has to be made, questioning the accuracy of contact detection
algorithms. Commonly, the image is binarised and segmented and by subtracting the
two, the result is a number of voxels, representing the contact area between neighbouring
particles. Limitations can arise from the resolution of the images, the noise, the partial
volume effect and the choice of the thresholding and segmentation algorithms. Due to
these limitations, some problems in the detection of contacts and the determination of
their orientation arise by over-detecting contacts or having an unrealistic orientation
(Jaquet et al., 2013; Wiebicke et al., 2017).

A recent approach looking to overcome some of the limitations mentioned previ-
ously, is the one proposed by Wiebicke et al. (2015). Briefly, with this approach a local
threshold (higher than the global) is applied on every potential contact, after which if
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Grey scale image Binary image

Segmented image Labelled image

Figure 4.9 Demonstration of the segmentation results. [Note that the markers are
exaggerated for visualisation purposes.]

the corresponding particles do not appear to be in contact, the contact is deleted from
the connectivity matrix. The orientation of the contacts (normal to the contact plane),
is then assessed using the random walker, an advanced watershed algorithm (Grady,
2006).

Here a different approach is suggested and compared to the most common way of
identifying contacts from the segmented image (Figure 4.10 and 4.11). Initially, the
3D image is converted into a continuous function ( f (x,y,z)) and the magnitude of the
gradient of the continuous image (φ(x,y,z)) is computed, as follows:

φ(x,y,z) =

√(
∂ f (x,y,z)

∂x

)2

+

(
∂ f (x,y,z)

∂y

)2

+

(
∂ f (x,y,z)

∂ z

)2

(4.2)
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Figure 4.10 Contact detection methodologies; the bottom branch is the one followed in
this doctoral work.

where x, y and z are the coordinates of each voxel. Then the gradient is thresholded, so
that the areas with a high gradient are separated from the rest of the image. the areas
with a high gradient mean that there such a difference in the grey scale, indicating a
transition from a void to a particle. Particles in contact will have very slight change
in grey scale and so locally the gradient will be almost zero. Therefore, for positions
where potential contacts could form, the gradient verifies whether there is an actual
area of contact between two particles. The thresholded image of the gradient is then
subtracted from thresholded image of the grey scale and the resulting pixels correspond
to the contact area.

In Figure 4.11 a section of high resolution (higher that what is typically presented
in the literature for assemblies of grains) grey scale image is presented along with a
representation of the contacts from both the aforementioned algorithms. The contacting
particles that are studied here are numbered in Figure 4.10. It should be mentioned that
the contacts appear with dark lines.

Figure 4.11 shows magnified sections of the contacts. By observing the grey scale
images, one could conclude that there is no contact between particles 1 and 3, potentially
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Contact 1 → 3 Contact 1 → 4 Contact 1 → 5

Grey scale image

Image of gradient

Contacts (black) from gradient

Contacts (black) from segmentation

Figure 4.11 Investigation of the performance of the contact detection algorithms on
contacts between particles, as defined in Figure 4.10.

there is a very small contact area (asperities in contact) between particles 1 and 5 and
there is a definite contact between particles 1 and 4. The images are binarised carefully
and the results are highly accurate, as is the segmentation process. However, in all
three cases, a significant contact area is detected. Not only the area of the contact is
over-estimated but also the orientation of the contact is altered. For the contact between
particles 1 and 4, it is clear how the orientations are different. From the gradient of the
grey scale though it is clear that the initial guess of which particles are in contact is
verified, giving very precise results regarding contact detection. The parts of the image
where the perimeter (here it is a 2D example, in 3D it would be the surface area) of a
particle appears in the image mean that there is no contact at that part. In this doctoral
work, the contact detection is applied to the images of zeolite where the resolution is a
lot higher than for the images of Caicos.
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4.3 Bulk measurements on 3D images

4.3.1 Specimen height, radius and volume

The advantage of having 3D images, apart from being able to make local measurements
of deformations and kinematics, is also that one is able to measure the exact specimen
dimensions during loading, to calculate bulk axial and radial strains, as a means to
validate measurements deriving from strain gauges or LVDTs and full-field image
measurements. In this work the images are used to measure the exact heights and radii
of the specimens to get the bulk volume and by using the assumed particle density,
the weighed mass and the number of solid voxels, the solid volume is also calculated.
Since the particle density has not been accurately measured, using the images provides
a better estimate of the initial conditions of the specimen. These measurements also
helps validate later on, the rest of the measurements performed on the images.

Both measurements of the height and radius of the specimen are performed in the
same way. On each image the vertical direction of the specimen corresponding to the
height is on the z-axis and the radii along the x-y plane. The x and y coordinates of the
centre of mass are estimated initially on each horizontal slice, by manually drawing a
circle defined by the specimen boundaries (the centre of the circle roughly corresponds
to the centre of mass). Then these points are averaged, to get an approximation of
the position of the axis of the specimen. Vertical slices are made for every 45◦, that
pass from the previously defined x and y coordinates. For each vertical slice the height
of the specimen is measured three times, by drawing vertical lines between the two
loading platens, at the edges of the specimen and at its centre. These measurements
are then averaged and the number of voxels are converted into mm, according to the
pixel size of the image. Among all measurements, the highest standard deviation was 3
voxels (approximately 0.072mm for that case), which can also be attributed to the tilt
of the loading platen. From the same vertical slices, the diameter of the specimen is
measured at five evenly spaced heights and again these are averaged, divided by two and
transformed into mm, to get the radii of all the specimens. For the oedometer tests, the
radii always correspond to the radius of the cell. The radius was measured throughout
the test and it is verified that cell does not undergo any radial deformation. For the
triaxial test, because the specimens are not perfectly cylindrical, the standard deviation
among all measurements is consistently a particle diameter. The specimen dimensions
previously presented in Tables 2 and 2.3 have derived from this process.

In addition to the two ways mentioned earlier for the measurement of the volume of
the specimen (using the radius and height or the mass and the volume of the specimen),
it can also directly be measured from the images. Once the image has been defeatured
and thresholded, both the volume of the solids and the bulk volume of the specimen
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can be calculated. From the binary image, the number of voxels of the solid phase are
counted and converted into mm3 based on the pixel size of the image, to get the volume
of the particles. This measurement confirms the accuracy of the thresholding algorithm,
as it is compared to the measurement of the volume of the solid taken before the XCT.
The mask used to remove the boundaries during the defeaturing stage, is also used here
to get a measure of the global volume of the specimen. The mask (see Figure 4.6) in this
case, consists of white voxels, defining the whole specimen and black voxels for the rest
of the boundaries, so the white voxels are counted to get the bulk volume. Once again,
the previous ways of calculating the volume are used to validate this measurement.
From these two volumes, the porosity, void ratio and volumetric strain are calculated.
The following equations are used to convert voxel measurements to mm and mm3 and
to calculate volumetric strains, porosity and void ratio.

H[mm] = H[px]Res[mm] (4.3)

V[mm3] =V[px]Res3
[mm] (4.4)

n = 100
Vtot −Vs

Vtot
(4.5)

e =
n

1−n
(4.6)

εvol =
∆Vtot

Vtot0
(4.7)

where H[mm] is the height in mm, H[px] the height in pixels, Res[mm] the resolution in mm,
V[mm3] the volume (bulk or solid) in mm3, V[px] the respective volume in pixels, n the
porosity, Vtot the total volume, Vs the solid volume, e the void ratio, εvol the volumetric
strain and Vtot0 the initial total volume of the specimen.

4.3.2 Particle shape and size properties

As mentioned previously, after segmenting an image it is possible to measure various
particle shape properties along with the exact position of each particle. The commercial
software Visilog was used to measure in 3D the particle volume, surface area, barycentre,
orientation, bounding box in an xyz Cartesian system and Ferret diameters, however,
knowing the measurement principle it is rather simple to implement these measurements
in any algorithm. In Table 4.1 an explanation of the calculation is presented in simple
terms for each property.
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Table 4.1 Particle shape and size properties.

Property Description

Volume The sum of all the voxels in a particle

Area
The sum of all the voxels in contact with the surrounding

void space

Barycentre First order moment of inertia

Orientation
The direction ([0,+90◦]) of particle’s major inertial axis,
which is the eigenvector of the lowest eigenvalue of the

inertial matrix

Bounding box
Defined by the maximum and minimum voxel positions

along x, y, z

Ferret diameter
The maximum and minimum length of a certain number

of orientations of the particle

4.4 Full-field measurements on images

Experiments are conducted to extract information to explain phenomena observed
in nature that their occurrence is not rather evident. However, with conventional
experiments one can assess the average response of a material, which is globally
characterised. Even if local changes in the specimen are obvious to the naked eye,
they can not always be accurately measured by conventional experimental means. It
is impossible for any information to be gained between measurement points, unless
the deformation process is perfectly homogeneous, in which case the material itself
would have to be perfectly homogeneous. However, in nature the materials are quite
heterogeneous and produce responses that are described largely by localisation.

Over the past few years full-field measurements have been rapidly growing in
popularity and use. They are referred to as non-contact measurements of a field of
data (e.g., kinematics) over the entirety of a specimen, that help characterise local
variations in the response of a specimen. Such measurements can contribute to a proper
interpretation and understanding of experimental results, especially when dealing with
heterogeneous and/or multi-scale materials (e.g., sandstone, clay) (Viggiani and Hall,
2012). To overcome some of the previous limitations, full-field measurements can be
introduced with which high resolution displacement and strain maps can be created,
fully describing the deformation process. Full-field measurements also allow to track
the evolution of deformation and of heterogeneity itself. They actually allow effects of
pre-existing defects, inhomogeneities and imperfections to be identified and accounted
for during the interpretation of experimental results. These measurements can be
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either direct regarding kinematics or indirect, quantifying density, porosity and other
properties’ variations in space and time.

Node

Node spacing

(a) (b) (c)

Figure 4.12 2D example of definitions used for full-field measurements.

Figure 4.12a, shows a section of an image (the canvas represents the pixels of an im-
age), where nodes have been defined with a specified node spacing. Each measurement
is performed in an inspection cube (which sometimes is an REV). The inspection cube
is centred around each node and as soon as a measurement is performed and stored,
the cube moves along to the next node (Figure 4.12b). Depending on what each user
wants to measure, the node spacing can be smaller, equal or larger than the size of the
inspection cube. The measurements among many can be the average of the grey scale
or the number of black voxels in a binary image.

In an incremental analysis, such as the DIC that will be described in this section,
two images are correlated based on a criterion. The first image will be referred to as
the initial state (or image) and the one it will be correlated with, the deformed state
(or image). One measurement is taken from the inspection cube on the initial image
and the same measurement is taken on the deformed image from an inspection cube
positioned around a node with the same coordinates as in the initial image. Usually, a
search range is defined in the deformed image (grey area in Figure 4.12c), that does not
have to be symmetrical with respect to the node or the size of the inspection cube. This
voxel range defines the area of measurement sampling for each inspection cube. These
measurements are correlated with the original measurement carried out on the initial
state, by computing the normalised correlation coefficient. The node around which
the cube has the best correlation (red node in Figure 4.12c) shows the displacement
of the node in the initial state. Between these nodes a displacement vector is defined.
In discrete cases the inspection cube can be replaced with a particle and the nodes are
defined in the centroids of the particles. The rest of the procedure follows the same
lines.

The selection of a representative elementary volume (REV) or an inspection cube,
has been extensively studied, especially in transport phenomena in porous media (e.g.,
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Figure 4.13 Determination of REV size for porosity full-field measurement.

Bear and Bachmat, 1990; Bruchon et al., 2013; Kanit et al., 2003) and in other appli-
cations such as post processing of discrete element simulation data (e.g., Goldhirsch,
2010). The research concerns typically the size of a cube in relation to a specific
property that is being investigated, such as porosity or packing density and strain or
stress distribution. Usually, the shape of the REV is taken for granted and it is a cube,
though there have been studies using other shapes, such as a sphere (e.g., Al-Raoush
and Papadopoulos, 2010). However, no studies could be found where the results of the
use of different shapes are being compared to each other.

The selection of an REV is dependent on the homogeneity of the image and the
measuring property. While the specimens are loaded and localised breakage occurs,
the specimens can become less homogeneous if breakage occurs and so the size of
the REV will be a lot more sensitive to slight changes in size. Typically the REV size
varies between 2-5D50, (Al-Raoush, 2007; Andò, 2013; Bruchon et al., 2013; Khaddour,
2015) however for certain properties, such as the calculation of local grading curves,
more than just a few particles are needed to make a meaningful measurement. So, in
this work for every parameter and image the following procedure is followed to decide
the size of the REV. The precise REV dimensions for each measurement are mentioned
in Chapter .

For a selection of nodes, the average grey value is calculated in gradually increasing
inspection cubes. The size of the cube starts from as little as 10 voxels and increases
to a size 1/4 of the width of the image. This procedure generates for each node an
array of cube dimensions and their corresponding mean grey value. A graph is then
produced for a number of nodes (Figure 4.13) were the evolution of the mean grey value
is plotted against the respective increase of the cubic sub-volume size. From this graph
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the size of the REV can be chosen intelligently. Figure 4.13 shows an example of such
a graph used for test TCX1 for porosity measurements. A cube size smaller than 30
pixels has high sensitivity to where the node is positioned. Furthermore, if a cube with
a side larger than 100 pixels was to be chosen, then the mean grey value of each REV
would resemble the global mean grey value, missing important information about local
variations. Thus, a REV of size between 40px and 80px should be chosen and for all
increments of a test to be comparable, the REV size will have the same size (if possible)
throughout a test.

4.4.1 Evolution of grading

In this work two materials are studied, Caicos ooids and almost spherical zeolite
particles. Caicos particles are ellipsoids and as Syvitski (1991) found for ellipsoids,
the medium principal diameter Dmed mainly influences whether or not the particle will
pass from a specific sieve opening. Therefore, a size descriptor had to be defined in this
work to describe the particles’ size and to relate the 3D measurements to conventional
sieve analysis. Fonseca et al. (2014), showed the importance of using one descriptor for
particle size, how various measures correlate with the sieve curve and that it is common
to use the true nominal diameter (diameter of sphere with same volume as the particle’s)
to describe the size of a particle. In this work each particle’s diameter is initially defined
based on the true nominal diameter and this is related to the medium diameter of an
ellipsoid of the same volume, that is prescribed to each particle (Figure 4.14). After the
length of the three principal diameters of the ellipsoid are defined, these are compared
to the nominal diameter, taking into account the probability of the particular ellipsoid to
pass through a sieve opening, depending on whether it is oblate or prolate (Eq. 4.8):

Dparticle = Dnominal
3

√
1

FR2AR
= Dnominal

3

√
D2

med
DminDmax

(4.8)

where the aspect ratio (AR = Dmax/Dmin) and the flatness ratio (FR = Dmin/Dmed) are
defined for the ellipsoid. It should be mentioned that during the binarisation and
segmentation of the images, the amount of the fines that were not successfully binarised
is calibrated with the mass of the specimen and fines are added accordingly to the
grading curves. Figure 4.14 shows descriptively the idea of the transformation and
Figure 4.15 shows the results of test TCX1.

This transformation (Eq. 4.8) shifts the grading curve produced by image processing
towards the sieve curve (Figure 4.15) and proves the importance of having a better size
description for particle size. It will help compare results coming from image processing
to more conventional experimental measurements and to previously published work (e.g.,
Nakata et al., 2001a,b). It should be mentioned that the transformation is performed on
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Figure 4.14 Schemtaic of transformation of particle diameter.
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Figure 4.15 Transformation of XCT grading curve of test TXC1 for loading stage LS7.

- 63 -



Chapter 4 4.4 Full-field measurements on images

all the specimens, producing consistently good results. Additionally, the XCT curves
have an accuracy down to the voxel size (scanning parameters) and along with some
expected noise from the images, the fines could be overestimated. The accuracy of
the sieve curve would correspond to a 0.001g mass measurement, underestimating
the fines of lesser mass. It should also be noted than in the case of Caicos ooids, the
grading curve is calculated based on the number of particles passing the sieve and it
is later on calibrated to get a mass equivalent. This is used because while segmenting
the particles, a number of voxels had to be removed, which altered the volume of
the particles and for fine particles (fragments) even a few voxels would cause a high
deviation in the calculation of the grading curve. This transformation is also performed
on zeolite particles, however due to their almost spherical shape, the transformation of
the intact particles has almost negligible effect. For the zeolite particles, the volume of
the particles is calculated from the images and used to get the grading curve, because of
the much higher resolution of the images, even the size of very small fragments is such
that the resolution is sufficient to make accurate volume measurements.

4.4.2 Porosity distribution

It is of fundamental importance in geophysics and geomechanics to understand the
interplay between phenomena at the micro-scale, such as deformation, and soil prop-
erties at the macro-scale, such as porosity. Shear bands, which are zones of localised
intense damage, appear as weaker than the surrounding soil. Depending on the initial
porosity of the soil and on the stress level and boundary conditions, compaction and
strain hardening or, on the contrary, dilation and strain softening may occur. Local
changes in the micro-structure of a soil, involving grain crushing and local porosity
changes have an important influence on the permeability of the material and on the
behaviour of the zone of localised failure. To understand how permeability evolves
during the course of soil deformation, it is thus important to take into account how the
geometry of the pore space is modified during the deformation process.

To create the porosity maps, a code was developed in Matlab (modified from
a code developed in Andò, 2013), where the average 3D grey scale values of each
inspection cube are used to calculate the porosity distribution of the specimens at every
loading stage. The images did not undergo a binary classification between the solid
and pore phase at this stage, to avoid misinterpreting thresholding errors into a porosity
calculation. In the original work of Andò (2013) a threshold needs to be imposed to
distinguish between phases; to avoid thresholding errors, the algorithm was modified to
use a normalised function to calibrate the average grey value of each REV into a porosity
equivalent, using the bulk porosity of the specimen that is presented in Tables 2 and 2.3.
Due to slight variations of the grey scale of even the same object in different loading
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stages (as described in the section of the linear stretch), initially the average grey scale
value of the whole specimen is calculated and that value is assigned to the bulk porosity.
Then a quadratic interpolation is performed between the peaks of the histogram and this
average value, to assign porosity equivalents to each possible grey scale value. Values
higher than the second peak will correspond to 0% porosity (definitely grain) and values
smaller than the first peak will correspond to 100% porosity (definitely void). Porosity
maps are also created using the binary images. The average results are very precise and
accurate when compared to the porosity measurement described in previous sections,
as will be presented in Chapter 6. The main difference between the porosity maps
created from a grey scale and binary image is that the evolution of the porosity between
measurement points is a lot smoother in the first case.

4.4.3 Particle tracking

The ability to discretely analyse grain kinematics is of high importance as, it is known
that phenomena, such as strain localisation, occur in the micro-scale and studies by
Roscoe (1970) and Sulem and Vardoulakis (2004) among others have suggested that
this scale can be described with as little as a few particles. Especially in this work, the
characterisation of the deformation of individual grains and the tracking throughout
loading of the intact particles to characterise the fabric of the specimens and its evolution,
is the main purpose. In the past, Andò et al. (2012b) published the ID-Track code, for
the tracking of individual grains, between loading stages, from segmented images. This
idea had been discussed previously by Hall et al. (2010) and it has also been realised
by Smit (2010). Similar techniques have been published in the literature, known as
Particle Tracking Velocimetry and Particle Image Velocimetry, mainly dealing with
particle kinematics in fluids, the difference between the two being whether the approach
is Lagrangian or Eulerian. Here, an approach inspired by ID-Track is used, accordingly
updated to track particles with similar shape and volume and breakage.

Figure 4.16 shows a description of the particle tracking algorithm. Initially the
images are segmented and the particles are individually labelled and the aforementioned
measurements are performed on each particle and stored in an array. The particle
diameters are defined as described previously, and therefore each particle has a size
descriptor. This is done for each loading stage and then an incremental particle tracking
is performed. To do so, the following equation is minimized in order to identify the
identical particles between two loading stages:

F(i, j) = aP[P(i)−P( j)]2 +aV

[V (i)−V ( j)
V (i)

]2
+aDp

[Dp(i)−Dp( j)
Dp(i)

]2
(4.9)
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Figure 4.16 Schematic describing the particle tracking algorithm.

where aP,aV and aDp are weighting factors, defining the importance of each parameter
in the tracking procedure, i is each particle in one loading stage and j on the next
loading stage, P(i) is the position, V (i) the volume and Dp the assigned diameter of
each particle.

If a particle from loading stage A is matched to more than one particles of loading
stage B an inverse of the tracking function is run for those particles only to match them
to one particle only. In the end the particles are put into 3 different categories a) Intact
parent particle, b) Identified fragment (that has broken at a previous loading stage) and
c) Unidentified fragment, allowing the visualisation and inspection of the particles at
each category at any time.

If the segmented images are converted into a grey scale image (by multiplying the
masks of the labelled particles with the original grey scale image), then an additional
factor can be added to Eq. 4.9, in order to use the texture of each particle (grey intensity)
to identify particles. The texture can help improve the tracking efficiency, especially in
cases where the particles have very similar shape and/or volume (like the intact particles
in this work). The tracking function would then become:
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F2(i, j) = F(i, j)+aGS

[G(i)−G( j)
G(i)

]2
(4.10)

where aGS is the weighting factor of the grey scale and G(i) is the average grey value of
each particle.

4.4.4 Digital Image Correlation

Digital Image Correlation (DIC) is an image analysis method, applied to non-contact full-
field kinematics measurements of planar or non-planar surfaces undergoing deformation
(e.g., Hild and Roux, 2006). 2D DIC was pioneered in the ’80s (e.g., Chu et al., 1985;
Sutton et al., 1983), where similarities between two digital images were recognised
in order to determine surface displacements and strains in two dimensions using a
single camera. It was extended into a 3D surface DIC with the use of two cameras (i.e.,
stereo-vision and stereo-correlation), where out-of-plane surface displacements were
measured (e.g., Orteu, 2009). With the use of XCT, where a 3D image can be acquired,
3D volumetric DIC was employed (e.g., Bay et al., 1999; Bornert et al., 2004; Lenoir
et al., 2007; Verhulp et al., 2004). DIC is therefore a mathematical tool for assessing the
spatial transformation (warping) between two digital images, so it is a way to measure
deformation.

Regular sub-volume

Here, a 3D volumetric DIC is performed incrementally, between sequential loading
stages. The higher the deformation between the two images, the harder it is for the
algorithm to find a highly correlated equivalent in the deformed image, this is why here
the DIC is performed between sequential images. As explained in the introduction of
this section, for each pair of images, the initial image is segmented into cubic REVs
(correlation windows) and each of them is correlated with cubic regions of the same
size within a predefined region (search window) in the deformed image. The correlation
window with the highest normalised cross correlation of the mean grey scale of each
correlation window within the search region, represents the new state of the cube under
investigation and based on their spatial coordinates, displacement vectors are defined
(e.g., Hall, 2006). The normalised cross-correlation used here, is presented in the
following equation:

NCC(u,v,w) =
1
n ∑

x,y,z

(I1(x,y,z)−µI1)(I2(x+u,y+ v,z+w)−µI2)

σI1σI2

(4.11)
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where I1(x,y,z) is the grey scale voxels in an inspection cube at the initial image and
I2(x,y,z) is the grey scale voxels in the same inspection cube at the deformed image.
The u,v,w are added if a search window is defined and each of these values represent the
number of voxels the inspection cube will be displaced in each direction (see Figure 4.12
for a reminder). µI1 and µI2 are the mean values of the grey scale of each cube and σI1

and σI2 the standard deviations respectively and n defines the number of voxels in both
inspection cubes.

The normalised cross-correlation was developed specifically for image comparison,
to account for the fact that one image (or a section of an image) can be stronger
due to changes in lighting. With XCT images, these slight changes can be due to
systematic and random noise, causing a slight change in the intensity of the voxels and
the normalisation improves the performance of the image correlation. With this method
and since the image is a matrix of discrete numbers, the displacement of the correlation
window and its size can only be in integer numbers. So the DIC has a limitation
in measuring sub-pixel correlations and/or rotations. However, by interpolating the
normalised correlation coefficient, the displacements can be defined with sub-pixel
accuracy. This approach has been used in this work, to produce results with a higher
precision. The code TomoWarp2 (Tudisco et al., 2015) is used in this doctoral work.

After getting the DIC displacement fields (u = (u,v,w)), by making a continuum
hypothesis based on the finite strain formulation (as explained in Roux and Hild, 2008;
Roux et al., 2008), the Green strain tensor is computed from the 3D displacement vectors
(Eq. 4.12 and 4.13), by calculating the gradient of the displacement. DIC belongs to
the 3D continuum measurements and will give information about the incremental
volumetric strain and the incremental maximum shear strain of the specimens (Eq. 4.14
and 4.15 respectively), as follows:

Fi j = δi j +ui, j (4.12)

Ei j =
1
2
(FkiFk j −δi j) (4.13)

dεvol = dε1 +dε2 +dε3 (4.14)

dεsmax =

√
2

3

√
(dε1 −dε2)2 +(dε1 −dε3)2 +(dε2 −dε3)2 (4.15)

The strains of Eq. 4.14 and 4.15, are calculated in terms of the principal values of
the strain tensor and it should be mentioned that positive volumetric strains correspond
to compaction.
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Discrete

The discrete DIC (dDIC) used in this work is described first by Hall et al. (2010). The
dDIC is employed, to identify intact and broken grains and simultaneously get results
about the strain field within the specimen and the kinematics (translation and rotation)
of individual grains. The tracking of the particles is not incremental, consistently using
as a reference 3D image the one of the initial loading stage. The advantage of this
algorithm is that the tracking of the intact particles does not require the segmentation
of the images, apart from the initial one, where the segmentation is performed very
accurately. It is based on the code TomoWarp2, described in Tudisco et al. (2015), and
the method is the same as the one presented in Hall et al. (2010). Figure 4.17 shows an
example of a correlation result from the dDIC.

Initial state Deformed state

Result of correlation

Grains that have not been correlated = BROKEN

Grains that have been correlated = INTACT

1. Segment and label

each grain

2. Define correlation window

adapted to each grain shape

3. Search for each grain 

in deformed state

Figure 4.17 Schematic description of the dDIC algorithm.

More specifically, in the very first image, particles are binarised and labelled,
allowing them to be counted and individually identified. Furthermore, the walls of the
oedometer are identified and saved as a mask for each state. The resulting labels define
the extents of each particle in the first image. With the dDIC correlation windows are
individually adapted to each particle and only the greyscale voxels (i.e., the grain’s
"image") corresponding to the particle’s label are used in the correlation. Each particle’s
movement is therefore individually measured from the first to the second 3D image
using a pixel search followed by sub-pixel refinement by image interpolation allowing
3D displacements and rotations to be measured. Following the results of the registration
of each particle in the next image, any grain whose sub-pixel normalised correlation
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coefficient is lower than a given threshold is taken as being broken. Retaining only the
unbroken particles, the measured displacement and rotation is applied to each label,
effectively marking areas in the deformed configuration where unbroken grains reside.
When the mask for the walls of the cell is added, the remaining unmarked space is
essentially the pores inside which the fragments of grains could be. Despite the fact that
particles below the correlation threshold are considered as broken, the strong texture
within each one means that (at least in the case where an original particle is breaking
for the first time) the estimation of the mean displacement of the broken particle is
acceptable.

Grey Scale Binary Filtered Binary Segmented

Figure 4.18 Detail of binarisation and segmentation processes for LS5 of test OCS2.

To perform measurements on individual particles, the initial image has to be bi-
narised and then segmented, as described previously. After the dDIC is performed,
a particle tracking algorithm is employed on the segmented images to re-label the
grains, using the dDIC highly accurate results, to identify all of the intact particles. The
dDIC was performed on the zeolite specimens only. Due to the fact that the particles
have significant intra-particle porosity, given the strong internal texture, this caused
the segmentation algorithm to over segment more than 10% of the particles, producing
inaccurate results regarding the evolution of breakage. Therefore, after the binarisation
all of the pores within each particle were identified, using as a criterion their size and
highly spherical shape, in comparison to the pores between the particles that were
consistently larger and of a more angular shape (Fig 4.18). As soon as there is extensive
breakage and a high number of fines, this filtering process can no longer be applied, as
it is highly sensitive to the shape/size of pores. Consequently, the tracking of individual
particles from segmented images can be carried out until a certain amount of breakage
is reached. If only a particle tracking algorithm was used, the tracking of the intact
particles would be performed with lower confidence as the majority of the particles
have the same size and shape. Therefore, using the internal texture (grey scale) of the
particles to confidently get the particle displacements, provides and extra measure to
the particle tracking algorithm.
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4.4.5 Evolution and distribution of breakage

Being able to relate the localisation of strains to individual particle deformation (break-
age and kinematics), brings us a step closer to linking the micro to the macro scale.
A grading analysis provides information about the development of particle breakage
during loading until failure. Several authors have used the shape of the grading curve to
create Continuum Breakage Mechanics (e.g., Einav, 2007a; Hardin, 1985; Sun et al.,
2015) models, to investigate compressibility and critical states. Even though these
models consider the evolution of the grading curve, the experimental data on which
they are built and/or calibrated are taken only before and after the test. In addition to
the grading curve of the whole specimen, in this work, the local evolution of grading
is possible to be investigated from the XCT images. Instead of plotting the grading
curve of various regions, a 3D description of breakage is used; Einav (2007a) defines
the breakage quantities as:

Br =
Bt

Bp
(4.16)

Bp =
∫ dmax

dmin

(Fu(d)−F0(d))d(logd) (4.17)

Bt =
∫ dmax

dmin

(F(d)−F0(d))d(logd) (4.18)

where dmax and dmin are the minimum and maximum particle diameters in the specimen
after breakage has occurred, F0(d) is the initial grading curve, F(d) the current and
Fu(d) the assumed ultimate, with respect to the diameter d of the particles (sieve
opening). Br denotes the relative breakage, Bp the potential and Bt the total. Einav
(2007a) proposed the following relationship for the ultimate grading curve:

Fu(d) =
( d

dmax

)0.4
(4.19)

For d close to dmax, however, the curve (Eq. 4.19) lies below the experimentally
measured grading curves. This is non-physical, as it indicates that breakage will lead to
the creation of larger particles, therefore the following expression is used here, for the
ultimate grading curve:

Fu(d) = min
{( d

d95

)0.4
,1} (4.20)

where d95 is the diameter corresponding to 95% passing material. It should be mentioned
that originally the value 0.4 appearing in Eq. 4.19 and 4.20 is equal to 3-α , based on the
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fractal dimension of the grading curves. Here α is taken as 2.6, based on the findings of
Coop et al. (2004), which is within the theoretical estimate of Sammis et al. (1987).
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Measurement uncertainty in image
processing

5.1 Chapter outline

The recent increase in imaging techniques used in geomechanics, has lead to an urgent
need in understanding the limitations of image processing and where would the most
common errors arise from. Whether researchers are using data from images to validate
and calibrate numerical models or are processing images to get quantitative information
regarding various micro-mechanical properties, it is important that they provide the
necessary clarity about the acquisition and processing of their results. The quality of
the 3D images and the increase in resolution has made it possible to study grain scale
deformation processes, leading to many excellent examples of high quality research
in the literature. In this chapter, an overview is presented regarding the most common
sources of errors and how they can be corrected and/or avoided, using as an example
images of sands acquired by XCT. This section presents some common sources of
errors along with suggestions for how to correct and/or avoid them. Additionally, some
metrological definitions are presented and a description on how to use them in image
processing.

5.2 Metrological definitions

To establish measurement uncertainty, it is necessary to define certain metrology terms
that can be defined to statistically classify errors deriving from a process or a mea-
surement. The terms that are presented here are general terms used to classify errors
and specific examples on how to use them for XCT will be presented in the following
sections. The metrological terms that will be used in this paper are (based on the
definitions of BIPM:VIM3: International Vocabulary of Metrology):
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• Accuracy: closeness of agreement between a measured value and the true value
(or a pre-defined reference value) of a measured quantity. The concept is not a
quantity itself and is not to be given a numerical value; so phrases such as "this
measurement is 90% accurate" are incorrect. Typically, a measurement is said to
be more accurate when it offers a smaller measurement error (difference between
a reference or true value and the measured value) (e.g., comparing the bulk solid
volume of the images to the actual one of the specimen) .

• Precision: closeness of agreement among a number of measured values, which
are obtained by replicate measurements on the same or similar objects under spec-
ified conditions. It is usually expressed numerically by measures of imprecision,
such as standard deviation, variance, or coefficient of variation under the specified
conditions of measurement (e.g., using more than one algorithm to measure the
bulk solid volume, or measuring the diameter of each particle of a mono-disperse
specimen to evaluate the thresholding algorithm).

• Trueness: closeness of agreement between the average of a large number of
replicate values of a measured quantity and the true value (or a pre-defined
reference value) of a measured quantity. Basically, a measurement is said to be
true when it is both highly accurate and precise. Measurement trueness is not
a quantity and thus cannot be expressed numerically. However, measures for
trueness are given in ISO 5725.

• Resolution: the smallest change in a quantity being measured that causes a
perceptible change in the corresponding quantity value. Resolution can depend
on noise and it may also depend on the quantity value being measured (e.g., the
change in the threshold that would cause an important change to the bulk solid
volume).

• Sensitivity: the ratio of a change in a quantity being measured to the corre-
sponding change in the measured value. It can depend on the quantity being
measured (e.g., changing the threshold and measuring how much it will change
the thresholding results).

• Specificity (or selectivity): is a property of a measuring system, used with
a specified measurement procedure/algorithm, whereby it provides measured
values for measured quantities, such that the values of each measured quantity
are independent of other measured values (e.g., using an algorithm to decide the
REV size for different properties for the same set of images).
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• Reproducibility: when a measurement is made, using the same instruments,
under the same conditions, operated by the same person, after a short time and it
is both accurate and precise, when compared to previous measurements.

• Repeatability: when a measurement is made, using different instruments, under
different conditions, operated by a different person, after a long time and it is
both accurate and precise compared to previous measurements.

Details on the definitions appear in Appendix B.

5.3 Measurement uncertainty and common sources of
errors

5.3.1 Image acquisition

The energy, the current and the focal spot size of the source, as well as the number of
radiographs and projections acquired per scan, can significantly impact the quality of
the 3D reconstructed image. The source used in this work can apply between 40 and
150kV to the x-ray tube and can supply currents between 0 and 500µA, operating in
three different focal spot size modes (small, medium and large). In this work, for Caicos
ooids 100kV (with 100µA) and for zeolite 80kV (with 100µA) are selected, in order to
have the best contrast between the pore and grain phase when imaging the specimens.
The current is selected based on the highest possible value for the applied energy in
order to have a small focal spot size (7µm). The detector elements size and the x-ray
focal spot size are the main factors, which determine the spatial resolution of any x-ray
imaging system; the first will not be discussed here (more details on the detector can be
found in Andò, 2013). The imaging resolution due to the x-ray focal spot size is defined
by the following equation (Arabi et al., 2010):

R =
M

A(M−1)
(5.1)

where R is the spatial resolution, A the focal spot size and M the system magnification
(translation of the specimen closer to the source for higher magnification). Therefore,
for smaller spot sizes a higher imaging resolution can be achieved.

For each tomographic scan a number of radiographs is acquired as described in the
previous section. In addition, for each angular position a number of the same radiograph
are acquired and averaged to result into a single projection. In this work 10 projections
are acquired for each radiograph, to increase the precision of the scanning procedure.

As explained previously, the detector has a specific size and so the resolution of
the images depends on the focal spot size and the magnification. The magnification is
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limited by two factors: a) The size of the apparatus, which may not allow the specimen
to translate closer to the source and b) the size of the specimen if the intention is to
image the whole specimen in a single projection (Figure 5.1).

Top view

Side view

A
B

A B

C

C

Distance between source (A) and detector (C)

Figure 5.1 Schematic of how to position the big oedometer cell, to image it whole in
one projection; A) Focal spot size (source); B) Oedometer cell; C) Detector. [Note that
it is drawn to scale.]
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Figure 5.2 Pixel size and imaging resolution, measured in pixels per mean diameter of
each specimen for the tests performed in this doctoral work.

In this work the size of the particles that are studied is approximately known a-priori
and considering that particle breakage occurs, the magnification needs to be such that
both intact particles and fragments are highly resolved in the 3D images. For the
fragments, this is not always possible, however as shown in Figure 5.2, the resolution is
reasonable to attain high quality results from the image processing.
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5.3.2 Reconstruction

During reconstruction the two main sources of errors are the alignment (or tilt) of the
rotation stage and the beam hardening. Other artefacts, such as the ring artefact, can
also reduce the quality of an image; this will not be discussed here, but information
about removing it can be found in Schluter et al. (2014). A summary of other artefacts
can also be found in Boas and Fleischmann (2012).
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Figure 5.3 Schematic of misalignment error and a possible solution.

One of the most common problems during XCT is the misalignment of the rotation
stage, causing the reconstructed images to be blurred. The misalignment is present to
almost every acquisition and it is not possible to directly measure it, however the method
used to correct it is not necessarily presented in publications, especially if the publica-
tions are focused on the results of image processing and not the image processing itself.
Changes in the temperature in the x-ray cabin are responsible for real displacements
of the system, due to geometry or different coefficients of thermal expansion of the
objects used for the acquisition system (e.g., rotation stage). Andò (2013), studied the
effect of temperature changes by scanning different materials simultaneously mounted
on the source, the rotation stage and the floor, for long periods of time to investigate
how would temperature affect the different compartments of the scanner. In addition,
potential instabilities of the position “spot” of the detector (temporal fluctuations), cause
the radiographs to only appear as if they were displaced.
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Figure 5.3 describes how the misalignment (d) of the rotation stage will reduce
the quality of the reconstructed volume and presents a potential solution. Here, the
solution presented is based on the autofocus process commonly used in digital cameras
(e.g., Chiu and Fuh, 2010). The principle is to assign a range of possible misalignment
distance dn, starting from dn = 0, which means that the rotation stage is in alignment to
the source and detector. Then, reconstruct using each one and deciding which dn value
produces a reconstructed image with the least blur.

Initially, the gradient of the image is calculated as described in Eq. 4.2. Then, the
histogram of φ(x,y,z) is plotted for each reconstructed image and the sharpest image is
the one with the highest peak of the histogram; here it is the first frame in Figure 5.3.
Because the reconstruction of a volume can take time, this process can be performed on
a sub-volume of a few slices. To avoid reconstructing a large number of sub-volumes,
corresponding to a large number of possible dn values, an initial guess of a few dn

values (d1 << dn, n < 10, n: evenly spaced) is acceptable. Once a dopt1 is defined, an
optimisation is performed by repeating the process for a narrower range of new dm

values (d1 < dm, m < 10, m: evenly spaced, dm −dm−1 << dn −dn−1), centred around
the previously found dopt1 . This process will determine a new dopt2 value and it should
be repeated until there is no difference between the dopti and dopti+1 (with i > 2). The
software used in this work to reconstruct images is digiXCT (Digisens), where it is
possible to manually assign values to correct the misalignment of the rotation stage,
which might not be the case for every reconstruction software available. The gradient
correction allows the selection of a maximum below what is easily detectable by eye,
so it is a very precise method with low sensitivity.

This time consuming process is necessary, since not getting the best possible recon-
struction will create a systematic error, interfering with the results of image processing.
By looking at the five frames on the right of Figure 5.3, it is clear that the frames
are progressively getting worse, with the last two being of the lowest resolution. An
experienced user of XCT, would understand that the third frame is not particularly good,
yet it is very hard to confidently distinguish by eye which of the first two reconstructions
is the best. However, these particular images produce slightly different results during
binarisation for example. Using the same algorithm, the resulting binary images will
have a 0.56% difference in solid mass. Additionally, other measurements are influenced
by such errors in reconstruction, for instance the first two frames have a bulk porosity of
34.1% and 34.5% respectively. These might seem reasonably small differences, since
differences less than 1% are acceptable, however there will be other errors accounted
for, later in image processing, in addition to these. So, the final image analysis error in
the sum of two or more algorithms, is going to be the sum of the errors in each of those
algorithms, which will end up being higher than 1% and consequently unacceptable.
Apart from the misalignment of the rotation stage, there is the problem of the tilt of the
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rotation stage. The same approach can be adapted, only instead of finding the optimum
distance dopti , the optimum degrees of tilt are investigated.

X-rays, depending on their wavelength, can be categorised as hard (<0.2nm) or
soft (>0.2nm). The hard x-rays have a higher penetrating ability in comparison to
the soft, because x-ray attenuation coefficients depend on energy and within some
limits, attenuation coefficients are generally lower for higher energy. In a polychromatic
beam there is a range of x-rays and as they interact with the scanned material, the
softer ones will be attenuated, resulting in the x-ray beam becoming gradually harder.
Specifically, the detector used is not an energy-resolved detector, so photons of all
energies are scintillated and detected (hence the polychromatic beam). An energy-
averaged intensity is recorded, which in turns limits the reconstruction process to having
an energy-averaged attenuation coefficient, which will show a false dependence on
cross-section. In simpler words, the resultant intensity depends on the thickness of the
scanned object (Eq. 3.1) as well as the attenuation coefficient, at the thicker parts of the
object the softer x-rays will be attenuated more easily. This will cause the thinnest part
to have a pseudo-higher intensity, making the specimens appear brighter at the edges in
the reconstructed images. This is known as the beam hardening effect.

The correction of the beam hardening effect has been extensively presented in
literature (e.g., Brooks and Chiro, 1976; Hsieh et al., 2000; Ramakrishna et al., 2006)
and so the correction will only briefly be mentioned here. One typical way of reducing
it, is to uniformly harden the beam at the cost of flux, by placing a metal sheet of even
thickness right in front of the source that would filter out the softer x-rays, because most
metals have a high attenuation coefficient. This will contribute greatly in acquiring
higher quality images and avoiding having to use multiple filters to correct the images,
which may influence a lot the image processing measurements.

Strategies to correct the beam hardening are based on numerical radial corrections,
or corrections to the Beer-lambert law. Even though the algorithms used to correct
beam hardening effects are well described in literature, there is a downside to some of
these corrections, depending on the parameters used for the correction. Over-correction
can lead to the brighter boundaries becoming darker and the darker interior brighter,
reducing the contrast between the different phases, which makes the binarisation of the
images harder. This is particularly important when the effect of the beam hardening
is strong, and therefore a lot of attention is required when applying filters to correct it.
It is advised that the results be tested against various thresholding algorithms, before
deciding which filter is the most appropriate to correct the beam hardening.
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5.3.3 De-featuring and pre-processing

In many cases, as described in Chapter 3, there are objects such as apparatus, membranes,
loading platens etc., that are unavoidably present in a 3D image, but are not of interest
to the mechanical response measured during image processing. Most frequently, these
objects are removed before starting the (micro-)mechanical analysis of the images;
this stage will be referred to as the de-featuring stage. Whatever errors occur during
this stage, will be carried out throughout the whole image analysis, so they should be
carefully addressed and evaluated. Figure 5.4, shows three examples of different ways
of de-featuring; some already presented in literature.
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Figure 5.4 De-featuring examples; a) Druckrey and Alshibli (2016); b) Created by the
author; c) Alikarami et al. (2015).

In all the examples in Figure 5.4, a different method has been used to remove the
boundaries of the specimen. Overall, these methods have been proven to be quite
effective and are most commonly used. One should not consistently use a particular
method, because they are not always applicable; this highly depends on the specificity
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of the removal algorithm. For example, in Figure 5.4b, if the membrane did not have a
substantially different grey scale value in comparison with the grains, then the binary
image would include the membrane and this method would not identify the boundary
between grains and membrane. If more than one methods can be applied, then it is
advisable that more than one methods are used and the results are compared against
their trueness.

The stage of de-featuring mainly affects the boundaries of the specimen, especially
the shape and size of the grains at the boundaries if the specimen is an assembly of
grains, and the overall volume of the solid phase. It is possible to have remnants of
the object that is being removed, which would increase the overall volume and result
into a higher packing density at the boundaries. On the other hand, particles could be
removed (in whole or partly), ending up having a lower solid volume and inaccuracies
in the grading curve (Figure 5.5).

Figure 5.5 Example of two de-featuring algorithms performed on a specimen, one with
membrane remnants (bottom binary) and the other with missing grains (top binary).

Typically, the percentage of either remnants or cut particles would not be higher
than 1-2% of the solid of the boundaries. One solution is to segment the specimen
and remove all of the particles appearing at the boundaries. This would not allow the
volume to be used for validation purposes at further image processing, but it would give
highly accurate quantitative data about the particles size and shape and the distribution
of porosity and strains within the specimen. Unless the number of particles is small, it
is impossible to manually check each individual grain of the boundaries. However, if
the image is segmented then conditionally the cut grains or object remnants could be
identified. The conditions would very much be related to each case, and would involve
identifying boundary grains with average grey scale significantly different from the
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internal grains. Other conditions would regard the shape or size of the grains, especially
if the specimen is uniformly graded or the shape of the particles is well defined. Such
measurements would help increase the precision of the following image processing.

Noise is most likely to be present in a 3D image and it can present a difficulty
when binarising an image. Schluter et al. (2014) presented an overview of the most
common methods used for de-noising, image binarisation and segmentation and show
results after using the proposed methods on a synthetic image. The most common filters
currently used in literature for geomechanics are the median, bilateral, morphological,
anisotropic diffusion, total variation minimisation, gaussian blur and unsharp mask
(Iassonov et al., 2009; Pratt, 2007; Schluter et al., 2014). In addition, it has to be stressed
that the same methods do not produce consistently precise results. The application of
such filters/algorithms are highly sensitive to 2D and 3D applications, which means
that they produce significantly different results on the same stack of images if they
are applied on each individual 2D slice or the 3D volume as a whole, as Iassonov and
Tuller (2010) have shown. As a result, the de-noising is case sensitive and researchers
could present the raw and treated images and describe or at least mention what filters
have been applied (if any) and which algorithms were used. Carlos Santamarina said
however that the "Best kind of de-noising is none".

5.3.4 Binary classification and segmentation

As described in the previous chapter, in image processing for some measurements
the 3D image has to be binarised. An appropriate thresholding algorithm has to be
chosen, depending on the nature of the image and the type of measurement that will
be performed. The main problem during thresholding, is the selection of a threshold
and/or the performance of the algorithm that automatically selects the threshold. The
difficulty can arise from the partial volume effect, noise, dense inclusions in the particles
etc. Noise can be filtered-out, as well as dense inclusions, because they can easily be
identified, so in this section the partial volume effect will be used as an example to
demonstrate limitations and errors of the binary classification.

Table 5.1 demonstrates what is the partial volume effect and how the magnification
of the XCT would exaggerate it. Apart from the reason demonstrated in the table, the
partial volume effect can come from blur from mechanical inaccuracies in the system,
which are manifested as the point spread function of the system. As an example a
synthetic image of a single grain is used, assuming that for a resolution of 202 pixels
(px) per diameter, an image with no partial volume effect is created. The partial volume
effect occurs when a pixel is occupied by two (or more) phases and so the grey value of
that pixel is a weighted average of the phases included in the pixel. Tengattini and Andò
(2015) developed an analytical tool to recreate the partial volume effect of a sphere (two
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phase partial volume effect), to evaluate the uncertainty arising from the partial volume
effect. Especially in medical science (e.g., Quarantelli et al., 2004; Thomas et al.,
2016) various methods of correcting the partial volume effect have been developed and
reviewed, but a computationally reasonable and robust method has not been presented
in geomechanics, to the authors knowledge. Additionally, in all of these methods an
assumption is made that the partial volume effect is a result of two phases only being
occupied in a pixel, which is not necessarily the case.

Table 5.1 Demonstration of partial volume effect and potential errors.

px/diameter 202 51 25 13

Original Image

Percentage of
solid px (not

white)
20.2% 22.2% 24.6% 29.4%

Percentage of
PVE (grey) to

overall solid (not
white)

0% 17.8% 33.7% 57.1%

Detail of
Thresholding

Binary Image

Percentage of
solid px (not

white) in binary
image

20.2% 20.2% 20.3% 20.6%

As it can be seen in Table 5.1, the overall volume of the particle (represented by
the % of solid pixels) has a high variation among the four particles. Additionally, a
massive 19.2% of the particle in the last case, is involved in the partial volume effect.
Of course in a grey scale image (such as the particles presented in the second row), it is
not clear which pixels are solid, void or both, so the percentages here are calculated as
all of the pixels that are not white. By binarising the image (here Otsu’s method is used;
Otsu, 1979), the difference of the solid mass is reduced, to an acceptable value (<1%).
This means that the thresholding algorithm has worked well in identifying which pixels
actually belong to the particle and so, if the volume of the particle is used to validate
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the thresholding process, then only a small error would be calculated, classifying the
algorithm as highly accurate. However, the resulting binary particle’s shape for the
lower resolution (13 px/diameter) has a lower sphericity than the rest, which means that
the algorithm is accurate for volume calculations but not for shape determination (i.e.,
high specificity). Additionally, the boundaries are very pixelated, which will end up
creating longer contacts with potential neighbouring particles (as shown in the previous
chapter), even though in reality the two spheres would have a single contact point. So, a
question arises as to which properties can be measured from XCT images, what spatial
resolution is sufficient for capturing particle scale mechanisms and whether the grey
scale image or the binary should be used for each measurement.

Grey scale Image Algorithm A Algorithm B

Grey Value

N
u
m

b
e
r 

o
f 

P
ix

e
ls

N
u
m

b
e
r 

o
f 

P
ix

e
ls

Grey Value

Threshold A

Threshold A

Threshold B

Threshold B

Figure 5.6 Comparison of two thresholding algorithms applied on two different images.

Various algorithms exist in literature for automatic thresholding (e.g., Otsu, 1979;
Tsai, 1995). Schluter et al. (2014) and Glasbey (1993) have presented the most common
among them and Iassonov and Tuller (2010) demonstrated how the same algorithm
would produce significantly different results on the same stack of images if performed
on each individual 2D slice or on the whole 3D volume. In addition, as shown on
Figure 5.6, on the top image two algorithms return different values of the threshold,
whereas on the bottom image the same two algorithms return the same threshold. This
is a simple proof that algorithms cannot be classified based on their performance on one
set of images and that the decision of which algorithm to use is highly dependent on
the nature of the image. Therefore, one should not consistently use the same algorithm,
unless proven that it is the appropriate one. It should be noted that in the example of
Figure 5.6, in case A moments preserving algorithm has been used (Tsai, 1995) and in
case B, Otsu’s method (Otsu, 1979).

To evaluate the thresholding algorithm, it is necessary to pre-define the true value,
if it is measurable (e.g. the actual volume of grains) or to define a reference value
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(e.g. estimation of the size/shape or volume of grains). This section considers the
appropriateness of an algorithm for a specific case. The most common reference
value used in geomechanics is the mass of the solid phase. This means that the mass
of the sample has been measured before the XCT and from the XCT images the
volume of grains is converted into a mass by multiplying it with a constant particle
density. Mistakenly, some researchers might refer to it as the true value, not taking
into consideration errors such as the ones mentioned in previous sections in this paper
(e.g., de-featuring, partial volume effect), or inaccuracies of the balance and/or the
constant particle density. The strategy suggested here will not necessarily eliminate the
errors, but it will definitely define them more carefully. Such a strategy is adopted here
and could be adopted by other users of XCT doing image processing, to increase the
robustness of image processing.

Initially a reference value is defined in order to compare with the number of positive
voxels. If the mass is used, then the accuracy of the balance should be mentioned,
especially since in XCT the specimens are quite small (typically less than 4g) and so
even a few tenths of a gram would create a significant deviation in the mass and will
create an uncertainty in the thresholding results. If the image has been de-featured, even
a careful observation of the image can give an estimate of the number of voxels that have
been cut or wrongly left in the image. A thresholding algorithm is chosen and when the
image is binarised, the accuracy of the algorithm will be defined from the comparison
of the number of positive voxels multiplied with the particle density (even though
assuming a known and constant particle density will introduce an error, which could
be quite significant) divided by the resolution (Mimage =Vpx ∗ρparticle/resol3), with the
reference mass (reference mass: measured mass with all necessary considerations). By
using the same algorithm on other increments of the same test, the precision and trueness
of the use of the algorithm, on this particular test, can be defined. On one or more
increments, a manual change to the cut-off value (by both increasing and decreasing
it gradually) will provide information about the resolution and the sensitivity of the
algorithm. Finally, the method can be repeated using a different algorithm on the same
image and this whole procedure will provide a clearer idea on which algorithm is the
most appropriate for a certain set of data, which would be the most true (accurate and
precise) and least sensitive algorithm. This can be done automatically and depending
on the size of each 3D image and the computer specifications, this could take from as
little as a few minutes.

There are many cases where water is present in a 3D image as a third phase. In
these cases a trinarisation needs to be performed before segmenting the image. Hashemi
et al. (2014) reviewed the most common methods used in geomechanics and Higo et al.
(2016) and Wildenschild and Sheppard (2013b) describe in details the trinarisation
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process. The same sources of errors will affect the result of image processing, regardless
on whether the image has to be binarised or trinarised.

To perform measurements on individual grains (tracking kinematics and deforma-
tion, particle size and shape), the grains need to be separated from each other; the image
needs to be segmented. Intra-granular porosity can lead to over-segmented grains, and
so careful binarisation is a key feature for further segmentation. Flat, extensive contacts
can lead to under-segmented grains; the partial volume effect greatly contributes to
such issues. The most common method for segmentation is to use a watershed analysis
(Beucher and Meyer, 1993). Zheng and Hryciw (2016) present a solution to under- and
over-segmentation of grains, which can be time consuming. Small objects are signif-
icantly harder to segment; Malcolm et al. (2007) developed an additional step (edge
linking algorithm) to the watershed transform to segment more accurately small features
of the image. However, this was performed on a 2D image and so the performance
of this algorithm on a 3D image is unknown to the authors. Other methods used for
segmentation are the edge detection (Canny, 1986), stochastic watershed (Angulo and
Jeulin, 2007), level set (Sethian, 1999) and region growing (Phamy et al., 1998); Phamy
et al. (1998) have reviewed most of the aforementioned segmentation strategies.

5.3.5 Representative Elementary Volume

In this section the most common way (see Figure 5.7) for finding the REV is used as
a reference, to comment on the metrology of the results. The transition between the
microscopic to the REV domain (as defined in Figure 5.7) is usually quite prominent,
but the same can not be said for the transition between the REV and the field variability
domains, especially if the specimen is quite homogeneous, where the curve will not start
deviating upwards. Additionally, there is no way of determining the most appropriate
size of the REV, among the different values in the REV domain. A common mistake is
to determine the value for the REV based on one curve from one scan (typically the
initial one) and keep the REV size constant for all the increments. If heterogeneity
is introduced during a test (e.g., comminution), the size of the REV should be re-
investigated. Also, different properties would require a different REV size, so the size
of the REV is not inherent to a material, but dependent on the measurable property.
Finally, more than one curve should be computed, when investigating the REV size, at
multiple positions within the image.

A methodology is presented here to investigate the metrology of selecting an ap-
propriate REV. For an image of a specimen with a rather homogeneous distribution
of particle size and porosity, the placement of an REV of a specific size, would help
assess the precision of the particular REV size for a certain measured property. Should
the precision be high and the average of all the measurements be close to the bulk
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Figure 5.7 Schematic of typical plot for REV determination.

property, then the REV size can be characterised as being both accurate and precise.
To investigate the resolution of the REV selection, at pre-defined nodes positioned
throughout the whole image, the REV size should gradually be increased (yet within the
REV domain, as defined in Figure 5.7) and the average of all REV measurements should
be compared to the bulk. The sensitivity of a single REV size can be investigated, if its
position changes within the imaged specimen. A given REV size in the same image,
but for varying measured properties, would give a clear indication of the specificity
of the REV. Finally, more than one possible methods of detecting the REV size could
be used (e.g., Bruchon et al., 2013) presented an alternative method to investigate the
repeatability of the definition of the REV size for a certain measured property on one
image. Like the suggestion that was presented for the thresholding algorithm, this
procedure can be done automatically and it would not take more than a couple of hours
to be completed. It would however, increase the confidence in the selection of the REV.

5.3.6 Post-processing: Spatial and temporal measurements

Various measurements can be performed before a test is initiated, such as mass and
relative density, and during the test, such as strain measurements (from LVDT, strain
gauges, etc.). These bulk measurements can be used to validate spatial and temporal
image processing measurements. The advantage of XCT is that 3D maps can be created
to investigate locally phenomena, that cannot be directly measured. This means that no
direct comparison can be made with the aforementioned measured properties. To create
a 3D map of, say, porosity variations within a specimen, the image has to be separated
into smaller regions (REV), where locally an algorithm performs a measurement. These
measurements are collected and presented as a 3D map of information. Should a
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pseudo-REV have the size of the whole specimen, then a bulk measurement can be
taken and that could be used to validate the effectiveness of the algorithm. Additionally,
there are certain properties easily measured in images both grey scale and binary (axial
displacement if there is loading, porosity, mass, grain size distribution etc.), which
should always be measured in order to get an initial idea of bulk measurable quantities,
even if these are not in the scope of the study.

Specific suggestions for operations that would increase the quality of image pro-
cessing are presented here. The mass should be confirmed from a binary image as
aforementioned. Porosity (or alternatively relative or packing density) can be calculated
from both binary and grey scale images and the results from each image could be com-
pared quantitatively, if the overall porosity is calculated, or qualitatively if porosity maps
have been created. Additionally, the average porosity from the maps could be compared
to the initial bulk porosity measured (not from images) before the test. The samples
should be sieved before and after the test. This can directly confirm the segmentation
and indirectly the binarisation. If a sieve curve has been created from image processing
particle size measurements, the curve could be compared to the one derived from a
mechanical sieving. If the curves have the same shape but shifted, then the binarisation
should be checked again. If the curve has a correct D50 but more or less fines, that could
be a result of a poor segmentation. If the curve is slightly different in shape and with a
slighlty different D50 then the method used to determine the particle diameter should be
investigated, if the binarisation and segmentation have been performed confidently (high
trueness). Moreover, if the whole specimen is visualised then the axial displacement
can be measured from the images quite easily (especially if the loading platens are also
imaged) and compared to the bulk curve measured by any instrument (e.g., LVDT).
This will help validate algorithms such as the digital image correlation (DIC or PIV) in
its bulk. However, total trust should not always be given to conventional measurements,
as for example the LVDT measures a faire amount of non-sample displacement, as
explained in the previous Chapter, and so the axial displacement is measured from the
images. If changes in volume are recorded, this can also be used to validate binarisation,
as well as DIC measurements of volumetric strain. If contacts have been identified,
the actual shape of the particles (as it has been determined by an SEM or other high
resolution imaging of a single particle) can indicate whether the size of the contacts is
realistic and number of voxels representing contact areas can also be used to validate
the binarisation, if compared to the overall volume of the particles. The contacts will be
affected by the resolution of the images and especially the PVE, as explained previously.
Algorithms performed on a 3D image are more precise than 2D analyses and should be
preferred even though computationally they are more expensive.

In all the previous cases, errors in local measurements (e.g., measurement in a single
REV) may occur, which are very difficult to evaluate, especially if the average of all
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measurements has been validated. One important problem is that, when a specimen is
being loaded it can become less homogeneous (e.g., dilation, shear banding, comminu-
tion). This loss of homogeneity will affect the results and make their evaluation harder,
especially since there are no instruments for direct measurement of such properties to
be used to validate the image processing.

5.4 Conclusions

The main intention of this chapter is to discuss the establishment of measurement uncer-
tainty in image processing and not to criticise published work. Some of the suggestions
here could be adopted by other researchers and possible improvements on popular
algorithms can be made and published. There are plenty of papers regarding image
processing in medical science, which could inspire the geomechanics community. Nev-
ertheless, the benefits of using XCT to study the meso- and micro-scale are undeniable
and image processing of XCT images of experimental tests on granular media is an
emerging tool, allowing us to enhance our understanding of 3D grain scale mechanics.

To summarize the aforementioned, a generalised strategy is proposed that can be
easily adapted for any measurement of image processing, yet it can be time consuming,
summarised in Figure 5.8. Such a strategy can be used to validate basic processes (such
as reconstruction, thresholding, bulk measurements) by using appropriate and common
metrology terms. This will allow researchers to communicate their results more easily,
without necessarily having to define each term. It is not always easy to analyse the
whole image processing and describe every step of it at each paper, but appropriately
mentioning the metrology of the used algorithms and their results, would reduce the
uncertainty of the image processing.

Typically, each algorithm in image processing is used to measure a specific property
(e.g., porosity, displacements) or it is performed as a preparation stage (e.g., threshold-
ing), before measuring a specific property. In both cases an algorithm (Case A) is chosen
with a number of certain parameters (Set A). The first thing to investigate is whether
the algorithm is of high trueness, and so its accuracy and precision will be studied. The
algorithm (Case A - Set A) will be very accurate, if the results have a difference of less
than 1% when compared to the bulk results measured before XCT, and it will be precise
if the standard deviation of all the measurements is rather low. The second step would
be to investigate the resolution and sensitivity of the algorithm. While slightly varying
the parameters (Case A - Set B), the comparison of Set A and Set B that produces a
less than 1% change in the results, will define the resolution, and it will be high if the
difference between Set A and Set B is small. By varying more the parameters (Case
A - Set C) to a difference between Set A and Set C higher than that for the resolution,
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if the results compare well to the results of Case A- Set B, then the algorithm has low
sensitivity. The next step would be to evaluate the reproducibility of the algorithm.
To do so, the same algorithm with the set of parameters that produce a result of high
trueness, should be tested on other images, of the same (or similar) specimen. If the
results are of high trueness again, then the process is highly reproducible. At this point,
if all of the results are satisfactory, it can be said that the algorithm of Case A with the
parameters Set A, is a good choice for the analysis of a specific property performed
on a specific set of increments. The next step would be to check the specificity of the
algorithm. If the algorithm produces equally high trueness results, when used for other
images, which are not as similar to the ones of the previous scenario, then the algorithm
is of low specificity and so it can be used globally for a study of a certain parameter.
Finally, it might be worth checking whether a different algorithm can produce equally
as good results to study a parameter. If that is the case then the measurement of that
parameter has a high repeatability. The tolerance of how accurate an algorithm can
be and how low would the acceptable standard deviation be to be named a precise
measurement etc., is debatable and researchers can define their own standards. However,
if the proposed strategy is adopted, researchers will have a higher confidence in the
performance of an algorithm.
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Figure 5.8 Strategy to establish measurement uncertainty.
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Results of image processing

6.1 Chapter outline

Following the discussion about the bulk experimental results, in this section the results
from the full-field measurements are presented. A number of scans are performed
on Caicos ooids during triaxial compression and oedometric compression to investi-
gate particle-scale deformation mechanisms. The acquired images are processed and
measurements are made on breakage, local variations of porosity, volumetric strain,
maximum shear strain and grading. The evolution and spatial distribution of quantified
breakage and the resulting particle size distribution for the whole specimen and for
specific areas, are presented and are further on related to the localised shear and volu-
metric strains. Moreover, scans are performed on zeolite specimens under oedometric
compression. In addition to the previously mentioned full-field measurements, a discrete
DIC enables the intact particles to be tracked and therefore breakage to be quantified
with respect to the number of particles. A summary of the most important conclusions
follows at the end of this chapter.

6.2 Caicos ooids and breakage

Caicos ooids are tested both under triaxial and oedometric compression. During triaxial
compression the specimen is isotropically loaded until 7MPa and is scanned in 1MPa
intervals, confirming that the grains do not break before the application of the deviatoric
load. Figure 6.1 shows a representative example of the observed distribution of breakage
in the specimens as seen in a horizontal section (middle) and a vertical section (right)
during oedometric and triaxial loading (top and bottom respectively). The black dashed
lines show the position of the cross-section, the red colour indicates the position where
more grains have broken and its intensity relates to a higher percentage in breakage.
The selection of the "red portions" is only based on visual, yet accurate, inspection. It
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appears that during the triaxial loading more localised damage occurred, which forms
a shear band and also moving away from the shear band the damage becomes less
prominent, creating different damage zones of breakage and/or reorientation and/or
simple compaction (Gabrielsen and Aarland, 1990; Lothe et al., 2002). In addition to
the damage being less intense, there is no evidence of spacial organisation (patterning)
at the oedometer test. In both cases however, there seems to be more breakage on
the lower part of the specimens (where the loading is applied) than in the upper part,
attributed to the friction at the loading platen. This gives a clear indication of the effect
of the moving boundary. Nevertheless, the rest of the boundaries seem not to have an
important effect on the breakage, since hardly any broken grains are identified close to
them. Figures 6.2 and 6.3 (spread on multiple pages each) show vertical slices of test
TCX1 and OCS2-CO for each scan.

TCX1

OCS1-CO

Figure 6.1 Observed breakage patterns on oedometer (top) and triaxial (bottom) Caicos
specimens. [Note that the red areas indicate breakage and the zones of high intensity of
the red signifies more breakage.]
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6.2.1 Porosity distribution

3D porosity maps are created based on the density distribution of the grey scale images,
as described in Chapter 4. The images do not undergo a binary classification between
the solid and pore phase at this stage, to avoid misinterpreting thresholding errors into
porosity calculation.

REV = 1.6D50 REV = 2.0D50 REV = 2.5D50

REV = 2.9D50 REV = 3.3D50 REV = 6.1D50

Figure 6.4 Porosity maps using different REV size for test TCX1.

Briefly the procedure is described in the following. An inspection cube is defined,
then nodes are positioned throughout the image and the cubes are centred around each
node. The average of the grey scale of each cube is measured, from which the porosity
of each cube is calculated. To chose the size of the sub-volume, at different positions
in the specimen the mean value of the grey scale is calculated for increasing cubic
sub-volume. The reason why the mean value of the grey scale of each sub-volume is
used here to determine the size of the sub-volume, is because this is the parameter used
to determine the porosity. Similarly the same sub-volume size can be used for the DIC,
as again the mean grey scale is used and its standard deviation for the cross correlation.
For the calculation of the porosity of Caicos ooids, the cube has a size of 2.9 D50 (70px
cube size), which is consistent with the literature for spherical/sub-spherical uniform
assemblies (e.g., Razavi et al., 2006). It should be mentioned, that the limited amount
of breakage did not cause the D50 to change (as it can be seen in the following sections),
and so for Caicos ooids D50 will refer to both initial and final mean particle size. In
addition, the selection of the inspection cube was based on measurements performed on
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both the initial and final loading stages. The same size was determined for both loading
stages, suggesting that the inspection cube is an REV.

Figure 6.4 shows vertical slices of the same orientation and image, of test TCX1,
where the porosity map is calculated with inspection cubes of varying sizes. LS7
is presented here because it is the least homogeneous state of the specimen, so it is
important to see whether the inhomogeneities can be depicted for varying cube sizes.
For the largest cube the result is less precise, having a high standard deviation among
the measurements. On the other end, for a very small REV, the results are very sensitive
to the position of the nodes and in most cases the image resembles the actual image of
the specimen, as most of the REVs contain only grains or voids, resulting into a 0% or
100% porosity respectively. It should be noted that the colour scale is the same for all
vertical slices and coincides with the one presented in Figure 6.5.

In Figure 6.5 cross sections of the same orientation are presented for every loading
stage of test TCX1 (top) and TCX2 (bottom). The bulk porosity is noted below each
map as it has been evaluated from the porosity maps and from an initial measurement of
the bulk porosity from binary images. This comparison shows a reasonable difference
between the two measurements of the porosity. These differences can be attributed
to a constant inclusion of some of the void surrounding the specimen at the REVs, at
the boundaries of the specimen, which would result to a higher mean porosity than
the actual. Also depending on the threshold applied to the image, the "in between"
voxels (partial volume effect) will either be considered as a grain or void. In this case,
the partial volume effect for the grey scale porosity calculation has been considered as
a porosity equivalent, decreasing the overall porosity, in comparison with the binary
bulk porosity calculation. From the comparison of the bulk porosity measured from the
maps, the accuracy of the procedure lies between 3% and 7% (in the majority of the
measurements being closer to 3%). In addition, during the initial loading stage where
the specimens are quite homogeneous, the porosity measurements showed a standard
deviation ranging between 1.1% to 2.1% in porosity measurements, indicating a high
precision, deeming the process to be of high trueness.

The specimens exhibit the same behaviour until peak stress. During isotropic
compression they are rather homogeneous (LS1), showing a decreased porosity close to
the boundaries, an effect that could have been caused by the ineffective removal, from
the images, of the membrane at some areas. As the deviatoric loading progresses, there
is an overall reduction of the porosity, especially at the bottom half of the specimen. At
the final two loading stages of TCX1, a band with increased porosity starts to appear
(49% porosity). This indicates that some dilative volumetric strains will appear in
the band. At the lower right part of this band, a local reduction of the porosity can
be noticed (35% porosity), indicating some compaction. On the contrary, there is no
indication of dilation in TCX2. As seen in Figure 6.5, specimen TCX1 (41% porosity)
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was initially looser than TCX2 (37% porosity) and even though they both exhibit an
overall reduction of porosity, the distribution of the porosity in the final loading stages
is rather different. At the final loading stages, TCX2 (LS6 - εa = 22%) exhibits a band
with lower porosity (25%) compared to the bulk indicating compaction in the band, as
opposed to TCX1 (LS7 - εa = 17%) which indicates dilation in the band.

At the same axial strain however (εa = 17%), which corresponds to LS7 and LS5
of TCX1 and TCX2 respectively, both specimens exhibit an overall compaction, with
TXC1 showing some dilation in the shear band. As it will also be shown later on,
particles of test TCX1 will break more than those of TCX2; the generation of fragments
(smaller particles), along with the fact that they will be more angular in comparison to
the intact particles, could justify the dilative volumetric behaviour along the band where
most of the breakage concentrates. Visual observations of the x-ray images, show that
most comminution takes place along the band (Figure 6.1). Finally, the trend of the
volumetric curve, as plotted in Figure 2.7, is in accordance with the initial reduction and
later on increase of the bulk porosity, as it has been measured from the binary images.

Reynolds (1886) was the first to describe scientifically dilatancy; dense sands
expand (dilate) at failure, whereas loose sands contract. Later, Taylor (1948) considered
the shearing strength of sands to consist of two components, the internal frictional
resistance and particle interlocking. The frictional resistance comes from the overall
effect of rolling and sliding friction between contacting particles, and interlocking of
particles occurs in dense sands and causes volumetric expansion in shear. To provide
further insights into the evolution of the shear band and the breakage of grains and on
how these relate to the volumetric and maximum shear strains digital image correlation
is performed, as described in the following section.
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6.2.2 Digital image correlation

Digital Image Correlation (DIC) belongs to the incremental full-field measurements and
is described in Chapter 4. It should be reminded that the strains of Eq. 4.14 and 4.15, are
calculated in terms of the principal values of the strain tensor and positive volumetric
strains correspond to compaction. The strains calculated from the DIC performed in this
work are between sequential images (see Appendix C for details on set-up parameters).
Due to grain breakage and extensive displacement along the shear band, the accuracy of
the DIC would be compromised if the reference image was always the initial state (LS1).
From all of the DICs performed for the triaxial tests, the mean values of the correlation
of each increment are over 95%, which defines the accuracy of the measurements and
since the standard deviation is small, there is a closeness of agreement among the whole
set of measurements, proving that these measurements are sufficiently precise. It is
clear that while straining the specimen, it becomes less homogeneous and therefore the
accuracy of the correlation reduces. However, when the shear band forms (after peak),
the specimen does not undergo significant deformation outside the shear band and
therefore the accuracy and precision of the measurements increase again. Additional
confidence in the image analysis is given by the comparison of the measurement of total
bulk volumetric strain (as it has been measured from the binary images, see Figure 2.7b),
with the average result from the DIC analysis, converted from an incremental to a total
volumetric strain (Figure 6.6). The results are almost identical, before localisation
occurred and slightly deviated thereafter. This deviation is caused by potential errors
during both the de-featuring and the thresholding of the image, as the increased amount
of fines jeopardises the resolution of the images and increases the sensitivity of both the
aforementioned algorithms. Therefore, the results from the DIC are considered more
true with respect to the results from the binary images.
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Figure 6.6 DIC validation from bulk image based strain measurements.
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Figure 6.7 DIC results of TCX1; top: shear strain, bottom: volumetric strain. [Note that
the results are presented at different colour scales.]
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Figure 6.7 shows the evolution of incremental maximum shear and volumetric
strains obtained from DIC analysis for test TCX1; the colour scales are different among
the results, to highlight spatial variations at each increment. At the first increment, there
is no significant increase in the maximum shear strain or the volumetric behaviour of
the specimen; there is a region at the bottom of the specimen with higher shear strains
accompanied by a slight compaction. The results suggest that the shear band initiates at
that point, despite the low stresses that are applied at this loading increment. The shear
strain increases at the bottom boundary (Increment 2-3) and begins to propagate with
an additional increase oppositely, at the top boundary (Increment 3-4). The increase of
shear strains is associated with a corresponding increase in compaction, as expected
for a medium-dense specimen for high stresses. Until increment 3-4 there has been no
record of any dilation throughout the whole specimen. As the maximum shear strain
grows to a significant region of the specimen (Increment 4-Peak), the specimen starts
to dilate inside a region of localised strain. The acceleration in dilation in this region
occurs mainly post peak and finally accumulates within a band just 1mm (2 to 3D50)
thick. The region that is being sheared starts to narrow as soon as a significant number
of grains were observed to break (Increment Peak-6); here the maximum shear strains
reach values of slightly over 45%. This shear band with very high shear strains is
associated with very high localised dilation, whilst the rest of the specimen compacts
by up to 4%. Finally (Increment 6-7), maximum shear strains of up to 25% localise into
a narrower shear band 1.7mm (4 to 5D50 thick and apart from within the shear band, the
specimen does not undergo any significant volumetric change. It should be mentioned
that the amount of breakage is such that the D50 of the material before and after the test
has remained the same.

From a visual comparison of the XCT images and the DIC results, it seems that
in the centre of the shear band there is a zone of high comminution (see Figure 6.8)
related to the highest maximum shear strain and some dilation. Towards the outer
region of the shear band, where the maximum shear strains reduce by 20% and there
are no volumetric changes, there is a presence of both intact grains and fragments of
bigger size. The inclination of the shear band appears to slightly change at the final
two increments from 48◦ to 53◦ (with respect to the horizontal plane). Similar results
are found for TCX2, where the maximum shear strains also start to accumulate from
the initial increment, forming a shear band of the same inclination and width. The
inclination of the shear band indicates an angle of internal friction of approximately
10◦. This is an unreasonably low value, even for rounded uniform loose sand which
exhibit low values of the friction angle (≃27◦). At this point it should be reminded that
the loading platen is free to rotate in order to encourage the formation of a shear band,
to study localisation of strains and breakage, which would be the main cause of such an
inclination of the shear band.
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Figure 6.8 Detail of comminution in shear band of test TCX1 (LS6 and LS7) and
resulting strain map.

Comparing the 7 MPa high confinement tests discussed so far, to the 100kPa low
confinement test (TCXL), which produces a peak behaviour with strong dilation, a shear
band of similar inclination and thickness of 6 to 8D50 is formed (Andò, 2013; Andò
et al., 2012a). There is no breakage present in TCXL, due to the low confining stress.
Alshibli and Sture (2000) showed that the shear band thickness (measured with respect
to the D50) is not constant as suggested by many researchers; instead, it decreases as the
D50 increases. They measured a thickness of the shear band between 10 and 14D50 for
sands tested under plane strain conditions at confining stresses of 15kPa and 100kPa.
Tatsuoka et al. (1986) showed that "the average width of a shear band was smaller at a
larger confining stress". Taking into account that the sand in this work is tested at high
confining stress (7MPa) and based on its D50, it is reasonable that the thickness of the
shear band varies between 4 and 5D50.

Muir Wood and Maeda (2007) performed triaxial tests on sand at high pressure
and found that the proportion of fine particles in the soil increases both as a result
of isotropic compression and subsequent shearing. In the following the evolution of
breakage is investigated to see how shearing will cause breakage at different loading
stages. As the DIC belongs to the methods calculating the displacement fields from a
sub-volume, the next reasonable step is to take advantage of the high resolution of the
images and track kinematics and deformation of individual particles. The next sections,
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therefore, are focusing on full-field measurements performed on individual particles
and fragments.

6.2.3 Particle tracking

Three different algorithms are used and compared to each other (Figure 6.9). The code
ID-track is used (described in Andò et al., 2012b) (in two applications) and a code
developed for this work, described in Chapter 4.
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Figure 6.9 Comparison of results of different tracking methods.

To track particles, a search range needs to be defined for the displacement and the
volume of the particles. These values are defined as a number and are applied to the
whole search in each increment. This means that if the particle displacement field is
not uniform, using a single value as a tolerance to the displacement could lead to a
number of inaccuracies. For this reason, for both the ID-track and the code developed
here, the DIC displacement field is imported to the algorithm to define the search region
(Figure 6.10). The difference between ID-track and the code developed for this work is
how the they treat particles that have been matched to more than one particles; ID-track
recalculates the displacement and volume differences of the particle that has been
tracked more than twice and assigns the one with the smallest difference in both volume
and displacement. The other code uses a weighting parameter to calculate the minimum
difference of the parameters used for the tracking and also uses and additional shape
parameter to better track the particles (the particles’ equivalent diameter). The tracking
is performed between sequential images, in order to make use of the DIC displacement
fields, but in Figure 6.11 the cumulative results are presented. The tracking results of
each code are presented in Figure 6.9.
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-11 0 -25 0 -53 0

-62 0 -97 0 -36 0

Figure 6.10 DIC results of vertical displacement for test TCX1. [Note that the displace-
ments are in pixels and negative values mean upward displacement.]

For the first three loading increments, where the displacement field is rather ho-
mogeneous, all three codes return similar results, with less than 2% differences in the
tracking of the particles. However, for the final three increments, ID-track with the
homogeneous search range tracks more particles than the other two algorithms. Even
though this might seem as a better result, it is confirmed that a number of particles
have been inaccurately tracked. In cases where there is no breakage the more particles
are tracked, the better the algorithm results are. However, in cases with breakage this
is not necessarily the case. Evidently, using the DIC results improves the tracking
results, especially in this case where the specimens are uniformly graded (i.e, similar
volume of particles) and the intact particles have a very similar shape. The differences
between the two codes employing the DIC results are such, that none of the codes is
conclusively preferential. To draw better conclusions regarding breakage, the shape
of the grading curve of sub-volumes of particles are used; results are presented in the
following section.

Figure 6.11 shows the results of the particle tracking performed on TCX1. The
particles that fail to be tracked are imaged, the reason they fail is either them being
broken or due to errors during segmentation and de-featuring. Since the de-featuring
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LS2 LS3 LS4

LS5 LS6 LS7

Figure 6.11 Vertical section of particles that are not tracked in test TCX1, using the
tracking function.

stage and the segmentation are both considered accurate, the majority of the grains
appearing in Figure 6.11 are particles that have broken during loading. It is obvious
that the majority of particles that break are in the shear band and at the bottom half of
the specimen, where loading is applied.

6.2.4 Grading analysis and evolution of breakage

In this research, the contribution of the XCT images and the image analysis, give
access to the study of the evolution of the grading at different loading stages during an
experiment and at different regions of the specimen.

Figure 6.12 shows the evolution of grading in test TCX1, along with the relative
breakage (Br) and total breakage (Bt) of the specimen and the shear band exclusively
(Figure 6.13).

Significant changes in the grading curves can be seen in the final three loading
stages, indicating most breakage occurs post-peak (Figure 6.12a); even though from the
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Figure 6.12 Information on the evolution of breakage for test TCX1 from discrete image
processing. a) Grain size distribution evolution; b) Histogram of evolution of volume of
grains.

DIC results more breakage was anticipated due to the intense increase of shear strains
from at least two loading stages before peak (see Figure 6.7). It is also interesting
to observe that most breakage occurs between peak and immediately after (from Bt

= 1.7% to Bt = 3.4% - Fig 6.12a), whereas in the last two loading stages (residual
strength), the change in the grading curve is less prominent (from Bt = 3.4% to Bt =
4.9% - Figure 6.12a). It should be mentioned that additional breakage of particles into
fragments smaller than 15µm (especially in the shear band) could have occurred, that
cannot be captured due to the limitations of the resolution of the images.

From the particle distribution function as shown in figure 6.12b, it is clear that
the biggest grains inside the specimen did not break, which can be attributed to the
larger number of contacts of these grains. The grains that correspond to the peak of the
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Figure 6.13 a) Determination of total breakage of the whole specimen and the shear
band and b) 3D image of the grains in the shear band of test TXC1.

histogram are those that mainly decrease in number, indicating breakage. It should be
mentioned that these are the grains with a diameter close to and represent the majority
of the grains. There is a clear increase in the number of fines produced, however the
amount of fines (smaller than 150µm) which broke into smaller fragments cannot be
evaluated from this plot.

Figure 6.13a shows the gradings of the initial and final loading stages which are
compared to the grading curves within the shear band (Figure 6.13a) for the final
loading stage and the theoretical ultimate Fu(d), in order to get Br. In the shear band,
Br is evaluated at 0.3 (16.4% total breakage); this clearly indicates that the majority
of breakage is concentrated in the shear band, when compared to the overall relative
breakage that is 0.09 (4.9% total breakage). Similar trends are observed in specimen
TCX2, with a smaller overall percentage of total breakage (2%), even though it was
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axially strained significantly more than TCX1. Both specimens exhibited the same
theoretical breakage potential. There was no additional breakage between the last two
loading stages at specimen TCX2, which indicates that the fully formed shear band
would allow the two halves of the specimen to translate relative to each other instead
of causing more breakage and would cause the specimen within the shear band to
compact (Figure 6.5). These observations are in agreement with the DIC results, and
the lower amount of breakage of TXC2 in comparison to TXC1, can be explained by
the difference in post peak volumetric behaviour (compaction vs dilation, Figure 6.5).

LS1 LS2 LS3 LS4

Peak LS6 LS7 Br Bt

0.5

0.2

0.0

0.27

0.14

0.0

Figure 6.14 Distribution of total breakage (Bt) and relative breakage (Br) for test TCX1.

Fig 6.14 shows the distribution of Br and Bt in test TCX1. It should be mentioned
that the elementary volume used in this algorithm was twice as big as the REV used
for the porosity maps and the DIC, in order to include more grains and to result in a
more detailed grain size distribution for each elementary volume. Even though it is not
a representative elementary volume (REV), for brevity it will be referred to as an REV
in this section. After careful inspection, it was found that the grain size distribution for
each REV in the initial loading stage has the same shape to the distribution curve of the
whole specimen. This confirms the homogeneity of the specimen and so for the creation
of the breakage maps of Figure 6.14, the grading curve of the whole initial specimen is
used as the F0. Consequently, Bp is constant throughout the whole specimen Eq. 4.17)
and so Bt is always proportional to Br (Eq. 4.16), allowing the same colour maps to be
used for both relative and total breakage. These images enable the comparison of the
continuum image processing with the discrete and provide information about the spatial

- 112 -



Chapter 6 6.2 Caicos ooids and breakage

distribution of breakage and deformation. A link thus can be made between strains and
breakage, based on experimental measurements, which has not been presented before
and could facilitate a direct comparison between experimental data and constitutive
modelling.

It is clear from Figure 6.14 that breakage occurs throughout the whole specimen
starting from peak (LS5) onwards, with a higher percentage within and around the shear
band. Before peak stress (LS5), there is very little non-localised breakage, accompanied
by a slight increase in shear strain and only compaction. At peak, there is an important
increase of the relative breakage, however it does not seem to localise yet even though
the DIC analysis shows clear localised dilative and maximum shear strains. From the
comparison of the porosity distribution between the initial loading stage and peak, there
is an overall reduction of porosity. Significant breakage is measured post peak, along
the shear band and there seems to be an area affected by breakage at the bottom of the
specimen, which is where the loading was applied. It should be mentioned that at the
boundaries it is expected that some breakage might have occurred (especially at the
ends of the shear band), that could not be measured using this algorithm, due to the
small number of grains present in the REVs.

6.2.5 Comparison of deformation of Caicos ooids at different stress
paths

Figure 6.15 shows the porosity distribution and volumetric DIC results on vertical
slices of test OCS2-CO. The porosity is quite homogeneous in both the initial and
final loading stage and the whole specimen has 7% reduction of porosity, without
exhibiting any localisation. This is also confirmed from the incremental volumetric
result of the DIC of the final two loading stages, where it can be seen that the material
has slightly compacted and there is a zone of higher compaction close to the moving
boundary, which is also where the majority of breakage is, as seen from the visual
inspections (Figure 6.1). Due to limitations of the maximum force that could be applied,
the specimens are not strained a lot further than the yield, so the amount of breakage is
rather limited with respect to the amount of breakage measured during triaxial loading
(Figure 6.16). To better study particle breakage of a granular material under oedometric
compression, a different material is tested (zeolite), which is softer and so the limit of
the force is enough to strain the material a lot after over-consolidation. The results are
presented in the following section.
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Figure 6.15 Porosity distribution and volumetric DIC results for test OCS2-CO.
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Figure 6.16 Comparison of sieve curves of initial and final loading stages for tests TCX1
and OCS2-CO.
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6.3 Zeolite and breakage

The zeolite sample is tested in two oedometer cells (namely big and small), as described
in Chapter 2. Figure 6.17 shows two vertical slices of the zeolite in the big (a) and
small (b) cell, at the same strain level. From an inspection of all the images at same
strain levels, zeolite exhibits the same amount and type of breakage regardless the
size of the cell. In addition, the bulk stress-strain response is similar in all tests and
therefore, hereafter only results of test OCS1 will be presented, as it is the test with the
most scans and the highest resolution of the images. From the evolution of the grading
(Figure 6.18), it can be seen that the extensive amount of breakage is anticipated, even
though only the initial stages of loading are studied here.

(a)

(b)

Figure 6.17 Vertical slices of tests a) OCB and b) OCS2 at same strain levels.

6.3.1 Qualitative description of particle breakage

The zeolite specimens break extensively and because of the small pixel size with respect
to the diameter of the intact particles and fragment size during the initial stages of
breakage, particle crushing is described with great detail. Figure 6.19 shows actual
photos of zeolite particles after the test is performed. In addition, Fig 6.20, shows

- 115 -



Chapter 6 6.3 Zeolite and breakage

0.03 0.05 0.1 0.3 0.5
0

20

40

60

80

100

P
a
s
s
in

g
 [
%

 M
a
s
s
]

Equivalent Diameter [mm]

LS1

LS5

Fu

Figure 6.18 Grain size evolution of test OCS2 with information about the potential
breakage.

incremental vertical slices from the middle of the oedometer of test OCS1, along with a
detail of the same grains, for a clearer observation of breakage.

Figure 6.19 Photos taken during the removal of the broken specimen from the oedometer
cell of test OCB4.

Visual inspection of the images shows that before yielding (LS1 and LS2) there
is no breakage. At yielding (LS3) very few particles break and all of the breakage is
concentrated within 2-3D50 of the bottom boundary (moving boundary). Right after
(LS4) the number of particles breaking close to the moving boundary increases and
some breakage occurs to the rest of the specimen. In addition, until LS4 breakage
seems to occur only to intact particles, whereas right after fragments also break into
(secondary) smaller fragments. Until LS7 (inflection point), there is hardly any powder
(i.e. fragments smaller than the resolution) and the porosity remains quite high. Cheng
et al. (2001) observed particle breakage of a sand under oedometric compression
through a glass platen and concluded that the initial breakage under very small bulk
stress must have depended on the existence of chains of strong contact forces acting on
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Figure 6.20 Vertical slices and detail of increments of test OCS1.

some individual grains in particular packing structures. They also observed two phases
of breakage, as it is found in the work done for this thesis; an initial phase governing the
onset of breakage of individual grains and a second phase in which broken fragments
continued to break. After LS7, there is a fast reduction of the porosity and an increase of
the amount of breakage of both intact particles and their fragments. After LS9, mainly
fragments continue to break and most of the intact particles identified in LS10 are also
identified intact in LS11. The specimen has gained cohesion as it was very hard to
remove the specimen from the oedometric cell after the end of the test (Figure 6.19). To
get a better understanding of the evolution of breakage, a discrete DIC is employed (as
described in Chapter 4) and the results are presented in the following section.

6.3.2 Discrete DIC

To study the evolution of breakage, the intact particles are identified and removed from
the images, leaving only fragments to be investigated. From the dDIC and particle
tracking used to relabel the intact particles, the study of both the spatial and temporal
distribution of breakage is enabled. The correlation is performed between two 3D
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images, the reference and deformed images, where the reference image is consistently
the unloaded initial configuration of the specimen. The advantage of this algorithm is
that the tracking of the intact particles does not require the segmentation of the images,
apart from the initial one, where the segmentation is performed with an accuracy of
99.8%. Each particle in the reference image is then assigned a value of the correlation
coefficient based on the dDIC results. A high correlation (particles with CC >94%)
means that the particle has been successfully correlated with another particle in the
deformed image, indicating it remains intact. Consequently, the remaining particles are
considered to have broken (red particles in Figure 6.21). However, a particle tracking
must be performed to relate the label of the particles with a high correlation in the
reference image, to the same particles in the deformed images.

The algorithm used here is based on the code TomoWarp2, described in Tudisco
et al. (2017) and the method presented in Hall et al. (2010). The difference being
that here the correlation window is adapted to each particle and only the grey scale
voxels corresponding to each particle’s label are used in the correlation procedure. Each
particle’s movement is therefore individually measured from the first to the following 3D
image, using a pixel search followed by a sub-pixel refinement by image interpolation,
allowing 3D displacements and rotations of each tracked grain to be measured.

Figure 6.21 shows horizontal slices of LS3 of test OCS1, where the particles have
been relabelled; the particles appearing in red are those with a coefficient of correlation
lower than 94%. As it can be seen all of the broken particles have been correctly
identified and those appearing to be intact are actually broken, but not where the slice
has been taken from. For reasons mentioned earlier, the images of LS5 onwards could
not be accurately segmented and therefore the dDIC results will not be shown for these
increments; hereafter the analysis of breakage is focused on all loading increments until
LS5.

Figure 6.22 shows 3D images of only broken grains in the specimen for the loading
stages that could be accurately segmented. From the dDIC results, it is verified that
hardly any particles break until LS2. Only two particles are identified as being broken in
LS2 (0.002%), one of them having an irregular shape, highly deviating from sphericity
and the second one being in direct contact with this particle, considering them as a
non representative sample of initiation of breakage. Moreover, 7% of particles break
at LS3 and 30% at LS4 and 70% at LS5. Specifically, breakage initiates between LS2
and LS3 and in LS3 more than 90% of all breakage is concentrated in an area with
height 3.8Dintact

50 (measured from the moving boundary) and radially more than 70%
of the breakage is concentrated in a maximum distance of 3Dintact

50 from the cylindrical
boundary, both indicating a strong boundary effect.

Figure 6.23 shows horizontal sections taken at different heights, from LS4 of test
OCS1, along with a schematic showing the location of the slice. The first image shows
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Figure 6.21 CC values from dDIC of LS3 of test OCS1, with threshold applied at
CC=94% (red particles have a CC<94%).

particles in contact with the top boundary and the last with the loading platen. It
is clear that the closer the particles are to the moving boundary, the more breakage
occurs, even though it was not very clear at Figure 6.22. It is also clear here that the
particles exhibit different breakage patterns. It is commonly thought that the number of
force transmitting contacts is responsible for the way a particle will break and so the
coordination number of the particles is investigated.

6.3.3 Evolution of particle shape and contact number during break-
age

From the distribution of breakage, three areas can be identified in the oedometer: Area
1: 2Dintact

50 from top boundary, Area 3: 2Dintact
50 from bottom boundary and Area 2: the

rest (middle), which changes in height as loading progresses. The majority of breakage
occurs in Area 3, as described previously indicating a strong boundary effect, caused by
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Figure 6.22 3D images of broken grains for LS2-LS5 of test OCS1.

the friction at the loading platen. From each area a number of statistically significant
intact and broken particles is investigated and related to the coordination number the
particles as it has been measured from the previous loading stage, where the particles
that have broken would still be intact. The method described in Chapter 4 is used
here to find the coordination number of each particle, however the particle selection
is performed manually in a random manner. Additionally, the coordination of the
particles pre-breakage is also related to the breakage mode. Overall, it is found that the
particles that break have an average coordination number of 4.7 at the previous loading
stage (before breakage), whereas particles that do not break have a higher average
coordination number of 5.3; confirming the cushioning effect previously described.
Since the scans are taken at discrete increments, there is a questionable aspect as
to how the number of contacts could have progressed between two scans. However,
as the specimen is dense and highly uniform in grading, the coordination number is
not expected to vary between increments during the initial stages of breakage, where
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Figure 6.23 Horizontal slices at different heights showing the extent of breakage in
test OCS1. [Note that below each image a sketch is shown defining the position of
horizontal slice.]

the majority of contacts form between intact particles. From this investigation the
coordination number and the breakage mode is summarised in Table 6.1.

The particles broke either with a small chipping close to a contact or with an axial
splitting or even showed more complicates breakage patterns (multiple splitting). As it
can be seen in Table 6.1 the particles with the least amount of of contacts exhibit the
most intricate breakage patterns. However, the correlation between number of contacts
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Table 6.1 Investigation of breakage mode with respect to coordination number.

Breakage mode
Average

coordination
number

2D slice 3D image

Surface chipping 6.6

Axial splitting 4.9

Multiple splitting 4.7

and breakage mode is not very strong, which indicates that breakage will be affected
by the contact forces rather than the number of contacts. This means that a number of
contacts will be passive, carrying weak forces, and it is the contacts carrying strong
forces which determine the strength of the material contributing mainly to the bulk
response (Minh et al., 2014).

So far, it has been impossible to measure forces directly from images, however
they might be inferred from strains (e.g., Hall et al., 2011; Saadatfar et al., 2012). In
this thesis, the effect of strong contact forces on the initiation of breakage has been
investigated using the Discrete Element Method and is presented in Chapter 8.

In Figure 6.24 two of the examples presented in the previous table are investigated
further. For the particle with the multiple splitting, two of the four contacts (one of
which is not visible in the 2D slice) are exactly where the fracture occurred, whereas the
other two seem to be shearing the particle on opposite directions. This statement is also
supported by the displacement vectors of the particles, conclusively the shearing action
might be responsible for the main split. The particle that is being axially split, has all
three contacts (one of which is not visible in the 2D slice) at the positions where the split
occurred. As it can be seen, some smaller fragments appear close to one of the contacts.
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This has been observed by other researchers (e.g., Zhao et al., 2015) and it is caused by
frictional forces, shearing the particles at the contact. In addition, Todisco et al. (2017)
performed single particle compression tests, altering the coordination number to see
its effect on breakage. They observed that when the coordination number was four
then failure occurred by splitting, fragmenting or chipping, but for higher coordination
numbers, generally only splitting occurred, maintaining the products of the crushing in
place.

New Contact
Contacts

Contacts Movement

Figure 6.24 Representative results of breakage patterns; 2D slices showing position of
contacts relative to breakage.

An important parameter in the evolution of the fabric while breakage progresses,
is the evolution of the shape of the fragments. Here, Figure 6.25 shows the evolution
of the shape of the particles during breakage, as it has been investigated from the
3D images. Each particle has been fitted to an ellipsoid with the same volume. The
ellipse is described by 3 dimensions (Dmin, Dmax, Dmed), from which the flatness ratio
(FR = Dmin/Dmed) and the aspect ratio (AR = Dmax/Dmin) are defined. A sphere would
have both AR and FR equal to 1 and as it can be seen in Fig 6.25, in the beginning
the particles are almost spherical, since more than 95% of the particles have AR=1 and
FR >0.8. While breakage progresses, the AR values start to increase as the fragments
start to deviate from sphericity, but do not reach values over 5. This change in shape
can be described by a gamma distribution with a constant θ value of 0.3 (i.e., scale of
the curve) and a k value varying from 1 to 3 (i.e., shape of curve). Additionally, the
mean FR is initially close to 1 and it reaches a mean value of 0.6, suggesting that the
fragments tend to have a more oblate shape. Before loading is applied a single Gaussian
distribution can be fitted to describe the shape of the particles, as does for LS5, due
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to the extensive breakage. However, in between, two distributions with mean values
close to the initial 0.9 and final 0.6 can be identified, showing the fast evolution in the
fabric of the specimen. It can also be noticed from the FR histogram that there are
hardly any particles at LS5 with high values of FR, as the majority of the particles
(70%) are broken. A similar investigation is presented in the literature by Altuhafi and
Coop (2011), however the shape parameters have been evaluated from 2D projections,
at which the shape and size of the particles can significantly vary when the particles
deviate from sphericity with respect to the orientation of the particle.
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Figure 6.25 Grain shape evolution of test OCS2; a) aspect ratio (AR) and b) flatness
ratio (FR).
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6.3.4 Conclusions

In this section, x-ray computed micro-tomography is used, to visualise entire specimens
of Caicos ooids under triaxial and oedometric compression tests and zeolite specimens
under oedometric compression. The acquired images were processed and measurements
were made on breakage, local variations of porosity, volumetric strain, maximum shear
strain, grading and relative breakage. The main conclusions are summarised here:

• The investigation of the distribution of porosity showed that the Caicos specimens
are rather homogeneous prior to shearing and as the deviatoric loading increases,
there is an overall reduction of the porosity, with a concentration at the bottom
half of the specimen. At the final two loading stages (post-peak), a band with
increased porosity appears in test TCX1, indicating some dilation and this area
coincides with where breakage mainly concentrates, whereas test TCX2 is mainly
exhibiting a constant decrease of porosity.

• The DIC analysis of the triaxial tests shows that the shear band initiates at the
initial increment from a single point at the bottom edge of the specimen and
propagates to the top opposite edge, until finally it develops into a full shear band
post peak. Before peak the small amount of breakage is attributed to the high
compaction of the specimens. Post-peak, there is significant shearing, localised
along a single band of 4 to 5 D50 in the centre of which some dilative strains are
concentrated, whereas the rest of the specimen slightly compacts and develops
low maximum shear strains.

• Particles start to break as soon as the deviatoric load is applied, which indicates
that the high stresses caused the material to compact and to strongly shear. How-
ever, significant breakage occurs post-peak. As soon as the particles start to
break and both breakage and strains localise (peak and post-peak) the specimen
starts to dilate in the shear band, allowing the development of higher maximum
shear strains and more breakage. Interestingly, the two mechanisms of particle
rearrangement and particle breakage coexist within the shear band.

• The overall breakage of the specimens under triaxial compression is close to
5%, which is rather low and so the D50 remains constant, but the images enable
the investigation of breakage of specific regions, where in some cases it reached
locally more than 30%. Most of the breakage concentrates along the shear band
and at the bottom half of the specimen, indicating a boundary effect, due to the
application of loading. A boundary effect is also observed in the oedometer
test, as there is significantly more breakage concentrated at the loading boundary
(bottom) and radially close to the oedometer cell.
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• The high resolution of the oedometric compression testing of zeolite, enables the
investigation of inter-particle contacts and the evolution of particle shape when
breakage occurs.

• Three main breakage patterns are identified when intact particles break (surface
chipping and spauling, single splitting and multiple splitting), to which the
coordination number is related. It is found that the particles that failed in the
more complicated mode, have the fewer contacts. The particles that broke have
an average coordination number of 4.7 at the previous loading stage (before
breakage), whereas particles that do not break have an average coordination
number of 5.3, presenting another verification of the cushioning effect.

• The aspect and flatness ratios are investigated and clear relations are found in
the way they evolve. Gaussian distributions with a changing mean and gamma
distributions with evolving shape parameters describe the evolution of particle
shape due to breakage. Such information can be included into constitutive
breakage models to account for changes in fabric while loading progresses.

• The majority of fragments during the initial stages of breakage, deviate from
sphericity and have a rather elongated and flat shape. As breakage progresses
and fragments also start to break, this causes the material’s fabric to evolve
further, creating fragments that are of high flatness ratio again. In the beginning,
most of the contacts are point contacts due to the almost spherical shape of
the particles, allowing them to rotate when the forces are mobilised instead of
breaking. Thereafter changes will create in the specimen more flat contacts
inducing more breakage and dramatically changing the contact network and
propagation of forces, leading to more breakage.
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The Discrete Element Method in
geomechanics

7.1 Chapter outline

The Discrete Element Method (DEM) has been extensively used to investigate the
behaviour of granular systems in various applications of geotechnical engineering and
industrial solid processes. In this chapter an introduction to basic DEM principles is
made, stressing both the main assumptions and limitations of the method and why the
DEM is a powerful research tool for studying particle mechanics problems. Following,
there is a brief presentation of the DEM software and toolboxes used in this work,
along with the contact models used for the simulations. Finally, a review is presented
regarding the main methods researchers have adopted to simulate breakage.

7.2 Basic principles of DEM

The Discrete (or distinct) Element Method (DEM) is a numerical model to simulate and
investigate interactions of particulate systems, providing information about the micro-
structure, inter-particle forces, particle kinematics etc., and relating the bulk mechanical
response of an assembly to individual particle properties. It is computationally intensive,
using an explicit, central-difference type time integration scheme, extensively used in
geomechanics to give insights to particle-scale mechanisms. The original code BALL
(Cundall, 1978) simulated a 2D bed of circular particles and qualitatively validated
the force network with photoelastic results of the experimental work of de Josselin de
Jong and Verruijt (1969). The code BALL was modified to model a 3D system and
its name was changed to TRUBAL (meaning "true ball"), to produce more realistic
results for the mechanisms of force propagation and mechanical resistance (Cundall and
Strack, 1979). The code was further developed (Thornton, 1991; Thornton and Randall,
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1988; Thornton and Yin, 1991), incorporating non-linearity to the contact deformations,
adhesion, friction and energy dissipation (Ghadiri et al., 2007).

During a DEM simulation, particles are created (typically spheres) within a specified
geometry, loads and/or deformations can be applied and particles come into and lose
contact with each other. The simplified particle shapes in addition with a basic contact
model (e.g., non-linear Hertz-Mindlin) reduces the computational cost of the simulation,
allowing the analysis of systems involving relatively large numbers of particles, while
still capturing the response of the simulated granular assembly (O’Sullivan, 2011).
There are two different approaches, namely the soft and the hard model, based on
whether the particles can or cannot overlap respectively. The soft model is used in this
work and will be discussed in this chapter. In this approach, friction and restitution
come into effect only when spheres overlap. In the beginning of a simulation the
geometry, boundary conditions, particle and contact properties and contact model
are defined. In discrete time increments (i.e., time steps, ∆t), which are defined by
the user, the equations governing the linear and angular dynamic equilibrium of the
contacting particles are solved. Specifically, first the contacting particles are identified
and the positions of their centroids and the contacting forces (normal and tangential)
are calculated. The normal forces are calculated considering the particle overlap at
the contact point. The tangential forces are calculated from the cumulative relative
displacement at the contact points, in a direction normal to the normal force acting
on the same contact. Then the resultant force acting on each particle is calculated,
considering the contact forces, gravity (if it has been assigned) and any external forces
that have been imposed. Following, the moment or torque acting on each particle can
be determined. At the same time the particle accelerations are calculated (knowing the
particles’ inertia) and integrated to determine the velocity of each particle. Finally, the
particle rotations and displacements are calculated, in order to update the positions of
the particle centroids and progress to the next time increment.

Some key assumptions made in DEM simulations, defined by Kishino (1999) and
Potyondy and Cundall (2004) are (as presented by O’Sullivan (2011)):

1. The non-bonded particles are rigid with a finite inertia and they can be analytically
described.

2. The particles can translate and rotate independently of other particles.

3. New contacts between particles are identified at each time increment.

4. Each contact occurs over an infinitesimal area and involves only two particles.
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5. The particles may slightly overlap when in contact. This overlap represents the
deformation of real particles and is used to calculate the compressive inter-particle
forces.

6. Contacting particles may transmit tensile (if they are moving away from contact)
and compressive (if they are moving towards the contact) forces in the contact
normal direction, as well as a tangential forces orthogonal to the normal contact
force.

7. At each contact there are two orthogonal springs acting normal and tangential to
the contact.

8. A contact is deleted when the tensile force exceeds a maximum value.

9. The chosen time increment should be small enough that the motion of a parti-
cle over a given time step is sufficiently small to only influence its immediate
neighbouring particles.

7.3 DEM software, contact models and post-processing

In this work three software were used for the DEM simulations and the post-processing
of the results. For the DEM simulations, EDEM was used, a commercial DEM software
created by DEM Solutions Ltd., to simulate and analyse the behaviour of granular
materials during a range of process conditions through a GUI. With EDEM, the user can
create particle assemblies with specified particle shapes and distribution and can create
simple geometries or import 3D CAD files for more complex geometries. In addition,
while a simulation is running, the user can visualise at the same time the evolution of
the process. After the end of a simulation, the user can export results regarding the
particles, geometries, contacts and collisions, for further processing. Graphs can also
be plotted directly on EDEM and results can be visualised directly upon the particles
or the contacts. Another capability of EDEM is to use the API, to customise or create
new contact models. In this work, two contact models are used and will be described
in the following section. For the post-processing of the results, MATLAB was used to
investigate the bulk response of the simulated materials. Additionally, the P4 toolbox,
created by Particle Analytics, was used for the spatial and temporal averaging of the
DEM results, to investigate the stress distribution within the specimens. The P4 toolbox
provides both a coarse graining method for projecting the results onto a continuum field,
and a binning method.
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7.3.1 DEM formulation

As previously described, during a DEM simulation with a soft sphere approach, when a
contact between two particles is created, the particles are allowed to overlap (Figure 7.1).
The distance between the contacting particles is calculated, related to the inter-particle
forces, from where the resultant force (contact force) and the moment or torque acting
on each particle are derived from. The last two terms will define the translational and
rotational motion of the particles. The contact force is calculated according to a contact
model, as will be described in the following sections.

Contact normal orientation

Contact orthogonal orientation

Overlap

Contact position

Sphere i

Sphere j

Branch

Vector

ri

rj

Figure 7.1 Schematic of basic DEM definitions. [Note that the overlap is exaggerated
for readability.]

By integrating Newton’s equations of motion, the changes in the positions of the
particles due to contact and gravitational forces can be calculated. The translational and
rotational equations of motion for particle i, are given by:

mi
d2

dt2 xi = fi +mig (7.1)

Ii
d
dt

ωi = Ti (7.2)

where mi is the mass of the particle, xi the position, fi the resultant force, Ii the moment
of inertia, ωi the angular velocity and Ti the total torque acting on the particle.

Contact detection is one of the most time consuming part of a DEM simulation. In
EDEM for the detection scheme, the user defines a grid (typically 2 to 3 times the radius
of the smallest particle in the assembly), to divide the simulation domain into cubic cells.
Each particle is indexed with respect to the grid point it belongs to and a neighbour list
is created. Then each contact is detected between particles whose centroids are within

- 130 -



Chapter 7 7.3 DEM software, contact models and post-processing

the same cell (i.e., neighbours), significantly reducing the simulation time by not having
to check potential contact between a particle and every other particle in the assembly.

Another important parameter in a DEM simulation is the selection of an appropriate
timestep. Cundall and Strack (1979) stated that the timestep chosen has to be sufficiently
small, such that during a single timestep disturbances from an individual particle cannot
propagate further than their immediate neighbours, to reduce instabilities in the system.
For quasi-static simulations, Thornton (2000) selects the timestep by considering the
minimum particle radius and time needed for a shear wave to propagate through the
solid. The Rayleigh timestep is calculated as follows (e.g., Sheng et al., 2004; Thornton
and Randall, 1988):

TR =
(

πrmin

0.1631v+0.8766

)√
ρ

G
(7.3)

where rmin is the radius of the smallest particle, v the shear wave velocity, ρ the particle
density and G the shear modulus of the particle.

A detailed study was conducted by O’Sullivan and Bray (2004) (also presented
in detail in O’Sullivan (2011)), stating that for a linear stability analysis, the critical
timestep required for stable analyses is a function of the eigenvalues of the stiffness
matrix (Belytschko, 1983; Hughes, 1983) and is given by:

∆tcrit =
T
π
= 2

√
m

Ke f f
(7.4)

where T is the period of free vibration of the degree of freedom, m is the particle mass,
and Ke f f is the effective stiffness governing the particle motion.

7.3.2 The Hertz-Mindlin contact model

A contact model defines the material behaviour and is used to calculate the contact
forces. The Hertzian theory relates the circular contact area of a sphere in contact
with a planar half-space (or between two contacting spheres) with the elastic properties
of the contacting materials, returning a non-linear elastic relation between force and
displacement. This is the basis on which many contact models in DEM calculate the
contact forces. In combination with the work of Mindlin and Deresiewicz (1953),
who developed an incremental tangential force-displacement model for elastic spheres
under a frictional contact, the Hertz-Mindlin contact model is the most commonly used
non-linear elastic model in DEM. Each contact is represented by two orthogonal springs
to simulate the normal and shear stiffness of the contact and two dasphots used for
damping. Figure 7.2 shows a simplified schematic of the Hertz-Mindlin contact model.

The normal force, normal stiffness, damping component of the normal force, the
tangential force, tangential stiffness and the damping component of the tangential force

- 131 -



Chapter 7 7.3 DEM software, contact models and post-processing

kt

kn

cn

ct

Particle iParticle j

zj xj

yj

zi

xi

yi

Fn

Ft

Figure 7.2 Schematic of the Hertz-Mindlin contact model, where kn and kt are the
normal and tangential stiffness of the spring, cn and ct the damping, µ the friction
coefficient and Fn and Ft the normal and tangential components of the contact force.

are defined respectively in the following (adapted for the case of a polydisperse system,
where all particles are of the same material). The normal component of the force
(without damping) is defined as:

Fn =
4
3

G
(1− v)

√( 1
ri
+

1
r j

)−1
δ

3
2

n (7.5)

where G is the shear modulus, v Poisson’s ratio, r(i, j) the contacting particles’ radii
and δn the normal displacement. The normal component of the contact force can be
either compressive (particles overlap) or zero (particles separate) and might generate
moments. By differentiating Eq.(7.5), we get the normal stiffness:

kn =
dFn

dδn
= 2

G
(1− v)

√( 1
ri
+

1
r j

)−1
δ

1
2

n (7.6)

A damping can be introduced, with a normal damping force as follows:

Fd
n =−2

√
5
6

β

√
kn

( 1
mi

+
1

m j

)
v ¯rel

n (7.7)

where e is the coefficient of restitution, m(i, j) are the masses of the contacting particles
and v ¯rel

n the normal component of the particles’ relative velocity and β the damping
ratio, which is defined by:

lne√
ln2e+π2

(7.8)

The tangential force (without damping) is defined by:
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Ft =−4G

√( 1
ri
+

1
r j

)−1
δ

1
2

n δt (7.9)

where δt is the tangential displacement. The shear (or tangential) component of the
contact force, is calculated from the cumulative relative displacement at the contact,
orthogonal to the contact normal direction. The shear component generates rotational
moments.

The tangential stiffness is related to the normal stiffness as follows:

kt =−(1− v)
2

kn (7.10)

The tangential component of the damping is defined by:

Fd
t =−2

√
5
6

β

√
kt

( 1
mi

+
1

m j

)
v ¯rel

t (7.11)

where v ¯rel
t the tangential component of the particles’ relative velocity.

Sliding occurs below the friction limit, defined by the Coulomb theory:

|Ft |= µsFn (7.12)

where µs is the coefficient of sliding friction.
In EDEM a rolling friction model is applied including a torque to incorporate

resistance to rolling, as spherical particles are especially susceptible to rolling. The
following equation is adopted:

τ =−µrFnRiωi (7.13)

where µr is the coefficient of rolling friction, Ri the distance of the particle’s centroid
and the contact point, see Figure 7.1) and ωi the particle’s angular velocity.

7.3.3 The Timoshenko beam bond model

Recently, Brown et al. (2014) proposed a new bonded contact model based on Tim-
oshenko beam theory (Timoshenko, 1922) which considers axial, shear and bending
behaviour of the bond. The Timoshenko beam bond model (TBB) has been imple-
mented in 3D in EDEM [DEM.Solutions: EDEM 2.3 (2010)] through the API and has
been used in this work. Other bonded contact models that have been introduced in the
literature are the spring model (Ergenzinger et al., 2011), which connects the centres
of the particles in contact and can resist the relative displacement of bonded particles
only in compression and tension. Potyondy and Cundall (2004) developed the parallel
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bond model where the particles are connected by "a set of elastic springs uniformly
distributed over the cross section with a constant normal and shear bond stiffness lying
on the contact plane and centred at the contact point" (Cho et al., 2007) and is able to
transmit moments.

x

y

z

Sphere i

Sphere j

Lb

ri

rj

rb

rb

z x

y

Figure 7.3 Representation of the Timoshenko beam bond model (adapted from Brown
et al., 2014).

In EDEM, after a particle assembly is created, the particles that are in contact can be
bonded, using the TBB model. Figure 7.3 shows an schematic of two bonded particles,
as they are represented in the TBB model. The non-bonded interactions are described
using the Hertz–Mindlin contact law, that was discussed in the previous section. Each
bond is represented by a rigid cylindrical Timoshenko beam element and can resist
compressive, shear and tensile forces, as well as bending and twisting moments. The
beam has a linear elastic and brittle response and breakage can be therefore simulated
through the breakage of bonds. The beam connects to the centres of the particles in
contact, "so that each end of the bond shares the same six degrees of freedom as the
particle" (Brown et al., 2014). The bonds have no mass and can be subjected to internal
forces caused by relative displacements and rotations of the particles they connect.
From the Timoshenko beam theory the incremental internal forces and moments are
calculated from the incremental displacements and rotations respectively multiplied by
the stiffness matrix. More information on the formulation of the stiffness matrix can be
found in Brown et al. (2014).

Each bond has a compressive, tensile and shear strength and a bond fails if one of the
maximum stresses exerted on either end of the bond (α or β ) exceeds the corresponding
strength. The stresses are defined in the following equations:

σci =
(Fβx

Ab
−

rb

√
M2

iy +M2
iz

Ib

)
, i = α,β (7.14)
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σti =
(Fβx

Ab
+

rb

√
M2

iy +M2
iz

Ib

)
, i = α,β (7.15)

τmax =
|Mαx|rb

2Ib
+

4
3

√
F2

αy +F2
αz

Ab
(7.16)

where σc is the compressive stress, σt the tensile stress and τmax the shear stress. In
addition (see Figure 7.3 for orientations), Fi, j are the constituents of the contact force
(i: end of beam, j: local coordinate system) and Mi, j the respective moments, Ab is
the circular area of the bond, rb the bond radius and Ib the second moment of area of
the beam (r4

bπ/4). It should be mentioned that the bond radius (rb) is defined as the
minimum of the two bonded particle radii multiplied by a radius multiplier (λ ).

These stresses will define whether a bond will fail and it should be noted that the
compressive forces are negative and therefore the absolute maximum is considered here.
If a bond fails it is removed and it can not be reintroduced, if it does not fail, then a set
of forces equal but opposite to the total bond end forces and moments are applied to
the respective particles. The TBB model incorporates a stochastic variation of the bond
strength and it is defined by the user. The strengths of the bonds are each assumed to
follow a Gaussian distribution defined by a mean and a coefficient of variation and are
limited to within a range between zero and twice the mean bond strength, as shown in
the following:

σc = Sc(CoVcN +1) (7.17)

σt = St(CoVtN +1) (7.18)

τ = Sτ(CoVτN +1) (7.19)

where σc, σt and τ are the compressive, tensile and shear strengths of the bonds
respectively, Sc, St and Sτ are the mean values of the respective bond strengths, CoVc,
CoVt and CoVτ the coefficients of variation for each strength and N a random number
normally distributed.

As mentioned previously, the choice of an appropriate time-step is critical to the
simulation. Here, in a system where both bonded and un-bonded particles coexist, the
critical time-step is determined as the minimum between the one calculated for the TBB
model and the HM model, to ensure a stable explicit integration. For the TBB model,
the critical time-step is adopted from O’Sullivan (2011) as follows:

∆t = ξ min{∆tbcrit ,∆tHMcrit} (7.20)
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tbcrit = 2
√

mpmin

Kbmax
(7.21)

where the critical time step is determined for each bonded contact using the smallest
particle mass mpmin and the largest bond stiffness component Kbmax for that contact.
Here, ξ is a factor in the range of 0–1, with values used in this study between 0.1–0.2
as recommended by O’Sullivan (2011).

7.3.4 About coarse graining

Coarse graining is a way to produce continuum quantities from particle-scale processes,
essentially bridging the micro to the macro. Typically a set of continuum fields (i.e.,
nodes) are defined in space, in such a way that the stress and strain fields of an assembly
of grains will be a continuous function of space. This means that the fields should not
be defined based on the position of individual grains. The second step involves the
definition of a spatial scale or additionally a temporal scale. The scale can be considered
equivalent to a REV and the size of the scale defines whether proper continuum descrip-
tors may be obtained. The scale depends on the magnitude of the particle displacement
gradients, the size of the particles and the density of the particle assembly. According to
Goldhirsch (2010), the scale can be larger in cases where the strains are relatively small.
In this work, both spatial and temporal coarse graining is adopted, as described in the
work of Weinhart et al. (2016). The P4 toolbox, created by Particle Analytics is used in
this doctoral work, where the stress tensor is calculated as shown in Equation (7.22):

σαβ =
1
2 ∑

i, j
fi jαri jβ

∫ 1

0
dsφ(r− ri + sri j)−∑

i
miv′iαv′iβ φ(r− ri) (7.22)

where fi jα is the resultant contact force between two particles (accounting for both
normal and tangential forces), ri jβ is the branch vector (vector defined by the centroids
of the two contacting particles), s is the integral of the branch vector, r is a point in
space (node) where the values are going to be evaluated, ri is the vector of the centres
of mass of the particles, mi is the mass of the particle, v′i is the fluctuating velocity of
the particle (Eq. 7.25) and φ is the coarse graining function of space. Latin indices
represent each particle, Greek indices are for vectorial or tensorial components and
the formulation is Eulerian. The coarse grained momentum density, velocity field and
fluctuating velocity are defined in the following set of equations respectively:

p(r, t)≡ ∑
i

miviφ(r− ri(t)) (7.23)
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V(r, t)≡ p(r, t)/ρ(r, t) (7.24)

v′i(r, t)≡ vi(t)−V(r, t) (7.25)

The coarse graining function, has a predetermined width (i.e., scale or REV) and
its integral over time is unity. In this work, the coarse graining function is a Gaussian
function, however, plenty of other functions appear in the literature (see Cambou et al.,
1995; Goddard, 2008; Lätzel et al., 2001, for reviews). Goldhirsch (2010) states that
the choice of the coarse graining function is less important, unless it is not singular or
is highly anisotropic; the most important parameter is the choice of the REV. Labra
et al. (2013) studied the effect of the temporal and spatial averaging on a fluidised bed,
using the P4 toolbox. They evaluated the coarse graining width in both a quasi-static
and a dynamic process. In a quasi-static case the REV will be a function of the size
of the particles (about two to three particle radii) and in a dynamic, of the particle
size, the particle velocity and also the DEM sampling rate. It should be mentioned
that they studied a loose, mono-disperse sample of spherical particles. The dynamic
case will not be discussed any further, as the tests performed in this work are all
quasi-static. Weinhart et al. (2012) derived an expression for the stress tensor near an
external boundary, where boundary effects need to be addressed. More details on the
implementation of the coarse graining and binning methods can be found in Weinhart
et al. (2013, 2016).

7.4 Grain breakage simulated with the DEM

Simulating grain breakage of cohesionless, frictional granular assemblies with the
DEM has been a recent challenge leading researchers to incorporate various crushing
models into simulations of granular materials. The most commonly used methods are
to simulate each particle as an agglomerate of bonded particles with a finite strength,
which break when the strength is exceeded (e.g, Cil and Alshibli, 2012; Wang and Yan,
2013), or to simulate breakage of spherical particles by either removing them from
the simulation (e.g, Marketos and Bolton, 2007) and/or replacing them with smaller
particles to indicate fragments (e.g, Lobo-Guerrero and Vallejo, 2007; McDowell and
de Bono, 2013). The key features during a simulation are the decision of the failure
criterion, the termination of the simulation and the validation of the DEM results, all of
which are discussed briefly in the following.

To simulate each grain as an agglomerate (clump), each grain (parent particle) is
created by joining rigid particles (daughter particles) with bonds of finite strength. The

- 137 -



Chapter 7 7.4 Grain breakage simulated with the DEM

Bonded Particle Model (BPM) is usually employed, as described by Potyondy and
Cundall (2004). In these models, breakage occurs when a bond fails. However, there
are cases in literature where the failure of an agglomerate is due to crack propagation
instead (e.g, Alonso et al., 2012), but this will not be discussed here. The clumps will
break based on a failure criterion and various failure criteria appear in literature, that
can either be force based (e.g, Bolton et al., 2008) or stress based (e.g, Brown et al.,
2014; Laufer, 2015). In both cases, the strength of each bond is pre-defined. The
most robust method of calibrating these simulations is to get experimental data from
a single-particle compression test. Commonly, the same bond strength is assigned to
all bonds (e.g, Bolton et al., 2008; Cheng et al., 2003). However, Cil and Alshibli
(2012) imposed a variation to the bond strength, based on the probability of survival
of each bond and Brown et al. (2014) imposed the strength variation by assigning a
random strength multiplier. Usually, for the calibration it is necessary to reproduce
the force-displacement response of the particle, obtained by the experimental data,
after which the clump can be used to simulate assemblies of particles under uniaxial,
oedometric or triaxial compression. The main disadvantage of this method is when
simulating specimens with a large number of clumps. The simulation can become
impractical computationally, even though it can allow a precise description of grain
shape and variability and fragmentation (e.g., Alonso et al., 2012; Bolton et al., 2008;
Brown et al., 2014; Cheng et al., 2003; Cil and Alshibli, 2012).

Another method of simulating breakage is the particle replacement method. Each
grain is simulated as one fundamental particle (unbreakable), which is assigned a certain
strength. The particles that are generated are unbonded, so contact forces here play
an important role in the simulation. A particle is considered to be broken when its
strength or crushing force is reached. Most commonly when a particle "breaks" it is
deleted from the simulation and it is replaced by other smaller particles. These newly
generated particles are called daughter particles and a new strength/crushing force is
allocated to them. However, there are cases when the newly generated particles are
made unbreakable and so a particle can only break once. In other cases, when a particle
"breaks", instead of being replaced by other particles, its diameter is reduced until it
loses all contacts with neighbouring particles (i.e., floating particle), yet its centroid
remains unchanged. Then a new strength/crushing force is allocated to each broken
particle and once again in certain cases they can be made unbreakable. There are plenty
of 2D examples implementing this approach (e.g., Ben-Nun and Einav, 2009; Ben-
Nun et al., 2010; Lobo-Guerrero and Vallejo, 2005; Tsoungui et al., 1999) and more
recently it has been also developed in 3D (e.g., Marketos and Bolton, 2009; McDowell
and de Bono, 2013). In this approach there are two important criteria; the particle
failure criterion and the particle spawning procedure (i.e., the relationship between the
disappearing broken particle and the new generated smaller particles that replace it).
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Many methods appear in the literature, regarding the failure criterion. Åström and
Herrmann (1998); Marketos and Bolton (2009) set a limit on the maximum contact
force acting on the particle, whereas Lobo-Guerrero and Vallejo (2005) postulated a
limit tensile strength related to forces acting on discs, relating it to a Brazilian test,
interpreted by a uniform stress model. Ben-Nun and Einav (2009) extended this idea,
using correction factors to account for the effects of coordination number and contact
curvature. Tsoungui et al. (1999) use a 2D equivalent of the Drucker–Prager criterion
and McDowell and de Bono (2013) used a Von Mises criterion, utilising the average
particle stress tensor as a limit condition to the failure of a particle.

The main problem regarding the spawning criterion is mass conservation between
generations. The problem arises when a new generation of spherical particles does not
fit into the volume of the lost particle. Typical strategies to avoid this can be filling
of nearby voids (e.g., Ciantia et al., 2015), forced daughter particle overlapping, time-
dependent particle volume increases (scaling) (e.g., Ciantia et al., 2015). Some (e.g.,
Ben-Nun et al., 2010; McDowell and de Bono, 2013) apply strict mass conservation
conditions, while others allow partial (e.g., Lobo-Guerrero and Vallejo, 2005) or total
(e.g., Marketos and Bolton, 2009) mass loss when a particle breaks. Usually, a simula-
tion ends when a comminution limit has been reached. This will highly depend on the
simulation timestep, the computational cost and the initial number of particles that were
generated, as more particles would lead to a larger number of contacts.
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Results of numerical modelling

8.1 Chapter outline

The limitation of experimental techniques to investigate force distributions has encour-
aged many researchers to use numerical models to simulate particle breakage and study
the underlying mechanisms, which explains why the discrete element method (DEM)
has been widely used to simulate grain breakage. In this chapter, the methodology and
the results of the DEM simulations are presented. Initially, a single sphere is simulated
under single-particle compression, which is used to determine the appropriate DEM
model parameters by calibrating against corresponding single particle compression
experiments. Thereafter, the single particle under compression is simulated using the
Timoshenko beam bond (TBB) model to create multi-sphere particles and study break-
age. This simulation is also calibrated by the experimental results. These simulations
provide a systematic calibration to determine the DEM simulation parameters for the
bonded clumps. Finally, using the model parameters calibrated from the single particle
compression, an oedometer test on an assembly of single-sphere particles is simulated
to investigate the initiation of breakage.

8.2 DEM modelling of single-particle compression of
zeolite

The primary focus of this model is to produce the force-displacement loading response
of zeolite particles under single-particle compression. The calibrated model parame-
ters allow the conduction of the oedometer simulation using unbreakable spheres to
investigate the initiation of breakage. In addition, clumps are simulated using a small
number of constituent particles to investigate breakage qualitatively. Since the number
of inter-particle contacts controls the simulation time, the calibration of the model pa-
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rameters to quantitatively reproduce the force-displacement response and qualitatively
capture breakage of a single-particle compression simulation of a clump with a small
number of constituent particles, will enable the simulation, in a reasonable time, of
the oedometeric compression test using the same multi-sphere particles. Therefore,
in this section a single-particle compression test is simulated on both an unbreakable
sphere and breakable clumps, for which the model parameters are calibrated from
the experimental results of single-particle compression conducted on zeolite granules
presented in Chapter 2.

8.2.1 Simulation of unbreakable zeolite spheres

For the simulation of a single-particle compression test, a particle is generated using the
D50 of zeolite and two cylindrical plates are added close to the particle boundaries, as
shown in Figure 8.1. Then a gravitational force is added and the particle is left to settle
onto the bottom platen until the particle velocity settles. The application of gravity
has no effect in the overall response of the material, as the same test was carried-out
without gravity acting on the particle and the same results were obtained. The final step
is to introduce a constant rate of vertical displacement to the top platen to simulate the
loading in the experiment. The simulation parameters are summarised in Table 8.1.

Table 8.1 Simulation parameters for single particle compression test of a sphere.

Particle Parameters

Poisson’s
ratio

Density
[kg/mm3]

Shear
modulus

[GPa]

0.25 2180 0.15

Boundary Parameters

Poisson’s
ratio

Density
[kg/mm3]

Shear
modulus

[GPa]

Coef. of
restitution

Coef. of
sliding
friction

Coef. of
rolling
friction

0.28 7850 7.81 0.001 0.3 0.001

The choice of the parameters presented in Table 8.1 are discussed here. Figure 8.2
shows the calibration of the DEM simulation on one example, however the same proce-
dure is followed on all single-particle compression tests. The slope of the experimental
curve during loading is used to calibrate the stiffness of the simulated zeolite particle
also during loading (curve: Hertzian - L). Thus the Young’s modulus of the particle
is defined (and in extent the shear modulus - G = E/2(1+ν)), which is used for the
simulations presented here, from Eq. 7.5 presented in the previous chapter. Antonyuk
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(a) Beginning of loading (b) εa = 1.16% (c) εa = 6.57%

Figure 8.1 Single particle compression simulation snapshots at different values of axial
deformation.
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Figure 8.2 Calibration of DEM parameters, using both the loading and unloading
experimental data.

et al. (2010, 2006) found for zeolite granules of a slightly wider range of diameters the
Young’s modulus to be between 2.2-2.3GPa, whereas in this work from the experimental
results presented in Chapter 2 the Young’s modulus is found to be between 0.12 and
0.47GPa (average of 0.37GPa) for the loading and between 0.90 and 1.13GPa (average
of 1.07GPa) for the unloading (more discussion on the unloading stiffness is presented
in Chapter 2). The same authors do not specify however whether the Young’s modulus is
calculated from loading or unloading data. In any case, the results found in this doctoral
work are smaller by two to six times. No other research has been found in the literature
for cemented zeolite particles to compare these results with. A possible explanation
for the deviation could be due to the particles moisture content. As zeolite particles
are highly hygroscopic, slight increase in moisture content is very likely to happen
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without the experimentalist noticing it, which would cause a reduction to the modulus
of elasticity. It should be mentioned that the single-particle compression tests were
performed in the laboratory of the University of Edinburgh, where there is no control of
the moisture and temperature of the room and the oedometer tests were performed in
Laboratoire 3SR in Grenoble, in the tomograph, where the room conditions are perfectly
controlled. For this reason the calculated Young’s modulus is used here for the single
particle compression tests, for the calibration of the rest of the simulation parameters
and the Young’s modulus found in the literature is used for the oedometer tests.

The Poisson’s ratio for the zeolite is taken from the manufacturer’s data-sheet, as is
the density of the particles. The coefficients of restitution, sliding and rolling friction
represent the interaction between the particle and the boundaries. The loading platens
are made out of stainless steel and so the sliding friction is taken as per suggestions
in the literature for stainless steel. The density, Poisson’s ratio and shear modulus of
the boundary are also defined from published data for stainless steel. The coefficient
of restitution introduces damping in the system, however the tests performed here are
quasi-static with a very low loading rate and it is found that it has a negligible impact to
the simulation. Since the actual zeolite particles are not perfectly spherical, as it will
be described in the following, there is going to be a slight resistance to rolling caused
from surface roughness and the deviation from sphericity of the particle shape. For this
reason a low value for the rolling friction is set.

8.2.2 Creation of the zeolite breakable clump

A clump is appropriate for simulating breakage, as from the breakage of the bonds
the micro-mechanisms that lead to particle breakage can be investigated. A clump
is an assembly of bonded particles (daughter particles), representing a grain (parent
particle), with hardly any overlap among the daughter particles. For the creation of the
clumps the P4 toolbox is used, using a collective rearrangement technique with random
particle generation, developed by Fruitos et al. (2010). Initially, a spherical geometry is
created with a diameter equal to the D50 of the zeolite sample, which is then populated
with smaller spheres with a specified particle size distribution (details can be found in
Table 8.2). Figures 8.3→8.5 present the different stages of the creation of a clump and
are discussed in the following. The spherical geometry is created with three different
meshes (Figure 8.3) from which 12 different clumps are created (Figure 8.4).

Any of the three meshes can be used to create almost identical clumps, if the particles
have a small deviation between the largest and smallest particle. However, the finer mesh
enables the creation of a parent particle with a higher sphericity, when very fine daughter
particles are used. The combination of different meshes and particle distributions is
examined to ensure the creation of a clump with the most particles and the lowest intra
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(a) Coarse mesh (b) Medium mesh (c) Fine mesh

Figure 8.3 Meshes used for the spherical geometry of the clump.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 8.4 Different types of clumps used in this work.

porosity. In addition, clumps with a few rather small particles are created to investigate
the clumps’ behaviour during breakage (i.e, producing smaller fragments). To decide
on the daughter particle sizes and distribution, a number of Gaussian distributions are
created with a constant mean size of 0.13mm, which corresponds to the mean radius
chosen for the daughter particles and a varying standard deviation (σ ), as shown in
Figure 8.5. The lower standard deviation will create clumps with daughter particles
of a more uniform particle size distribution. The mean particle size of the daughter
particles is chosen based on an initial estimation of the total number of particles that
would create a clump (around 50-70), having as a constraint the computational time
in an oedometer simulation of 850 clumps. In addition, the Gaussian distributions are
truncated in order to define the minimum and maximum daughter particle sizes, since
the bond size between the daughter particles depends on the smallest particle radii and
the size of the bond defines the critical timestep to have a stable simulation.
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Table 8.2 Parameters used for the creation of the clumps.

Clump
(see

Fig 8.4)

Mesh
Type
(see

Fig 8.3)

Number
of Parti-

cles

Void
Ratio

Mean
Diame-

ter
[mm]

St. Dev
Min Di-
ameter
[mm]

Max Di-
ameter
[mm]

Cl_a b 54 0.53 0.13 0.04 0.01 0.25

Cl_b b 57 0.50 0.13 0.04 0.05 0.21

Cl_c b 68 0.48 0.13 0.015 0.085 0.175

Cl_d a 57 0.49 0.13 0.04 0.01 0.25

Cl_e a 58 0.485 0.13 0.04 0.05 0.21

Cl_f a 64 0.49 0.13 0.015 0.085 0.175

Cl_g c 69 0.49 0.13 0.04 0.01 0.25

Cl_h c 66 0.49 0.13 0.04 0.05 0.21

Cl_i c 69 0.47 0.13 0.015 0.085 0.175

Cl_j c 66 0.50 0.13 0.015 0.01 0.16

Cl_k b 66 0.49 0.13 0.015 0.01 0.16
Cl_l a 63 0.49 0.13 0.015 0.01 0.16
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Figure 8.5 Gaussian distributions for the determination of daughter particle size distri-
bution.

Figure 8.6 presents the steps that are followed to create a clump in EDEM. Initially,
the boundaries are placed in the simulation domain and a spherical particle is generated
(Figure 8.6a). Then the particle is replaced with the daughter particles (Figure 8.6b),
their size and position are relative to the parent particle’s centroid, input from the
GiD multi-particle creation. At this stage the daughter particles are just in contact,
their velocities are capped to avoid slightly overlapping particles exploding and there
is no gravity acting upon the particles yet (Figure 8.6b). Finally the TBB model is
implemented and the particles are bonded with all neighbouring particles within a
pre-defined contact radius (Figure 8.6c). The contact radius is set equal to 1.5Ddaughter

50 ,
which ensures that only neighbouring particles can be bonded.

(a) (b) (c)

Figure 8.6 Steps during the creation of a clump in EDEM, the bonds are coloured in
red.
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8.2.3 TBB model simulation parameters

The TBB model as described in Chapter 7 is used to bond the particles together in a
clump. The simulation parameters are summarised in Table 8.3. The bond stiffness is
calculated as follows:

Kb =
Ebπrp

2
minλ

Lbmin
(8.1)

where Kb is the bond’s stiffness, Eb the bond’s Young’s modulus, rpmin the radius of the
smallest daughter particle in the clump (see Table 8.2), λ is the bond radius multiplier
(presented in Table 8.3) and Lbmin the length of the shortest bond. As described in
Brown et al. (2014) by having a bond radius multiplier, flexibility is introduced into the
way the bond radius is determined. The radius of the bond (rb) connecting particles A
and B, with radii rA and rB respectively, is determined in the following:

rb = λmin{rA,rB} (8.2)

The bond’s stiffness is used to get the critical timestep for the simulation as per
Eq. 7.21. This will then be multiplied by a safety factor of 0.2 as suggested by O’Sullivan
(2011), which gives a timestep of the order of magnitude of 10−7s. For larger timesteps
the system was unstable resulting in bonds failing and particles exploding.

Table 8.3 summarises the parameter used for the simulations, the boundary pa-
rameters are the same as presented in the previous section. It should be mentioned
that a coefficient of variation is applied to the three bond strength parameters (see
Eq. 7.17, 7.18, 7.19), equal to 0.8, as suggested by Brown (2013).

8.2.4 Results

In this section the results of the single particle compression of a clump are presented
and discussed. The primary focus is to produce the force-displacement loading response
of zeolite particles and discuss the use of these clumps in an oedometer simulation
to investigate breakage. To further on quantitatively describe breakage by predicting
the fragment sizes, a numerical strategy and scaling laws for the daughter particle
representation have to be applied. Figure 8.7 shows the force-displacement responses for
six simulations with varying the bond Young’s modulus and particle strength (Table 8.3),
using clump Cl_f (see Figure 8.4). The same clump is used to investigate the effect of
the bond parameters to the response, without taking into account the different clump
geometries. The results show a monotonic load-displacement relationship with a clearly
identifiable failure in three cases (Cl_f-A, Cl_f-C and Cl_f-D). On the plot, small drops
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Table 8.3 Simulation parameters for single particle compression test of a clump.

Particle Parameters

Poisson’s
ratio

Density
[kg/mm3]

Shear
modulus

[GPa]

Coef. of
restitution

Coef. of
sliding
friction

Coef. of
rolling
friction

0.25 2180 1.80 0.01 0.2 0.05

Bond Parameters

Poisson’s
ratio

Young’s
modulus

[GPa]

Mean com-
pressive
strength
[MPa]

Mean
tensile

strength
[MPa]

Mean
shear

strength
[MPa]

Bond
radius

multiplier

A 0.25 0.30 500 50 50 0.7

B 0.25 0.26 500 50 50 0.7

C 0.25 0.29 500 50 50 0.7

D 0.25 0.24 500 50 50 0.7

E 0.25 0.22 500 50 50 0.7

F 0.25 0.30 900 90 90 0.7

in the force appear, which correspond to individual bond failures. The stiffness of the
clumps varies within the expected range defined from the experiments.

To investigate the response of different clump geometries, the same bond parameters
are used (here: A) on three different clumps (here: Cl_f, Cl_g and Cl_h). The force-
displacement results are shown on Figure 8.8. These three clumps are chosen because
they have the same intra-porosity and among all clumps, they have the smallest and
largest daughter particles. Clump Cl_f has the most uniform distribution of daughter
particles and the majority of particles of clump Cl_h are smaller than the mean size.
The simulations compare reasonably well to the same order of scatter observed in
the experiments and so hereafter only results of clump Cl_f will be discussed. The
comparison can be expected to improve by increasing the number of bonded particles
to represent a real zeolite particle.

Figure 8.9 shows snapshots of three stages in the simulation: the first being of
the bonded unloaded clump, the second at a displacement of 0.1mm (see Figure 8.7)
and the third at the end of the simulation. To get a clearer view on the evolution of
bond breakages Figure 8.10 is presented, where only the bonds are visible. As soon as
loading is applied, a number of bonds fail especially close to the moving boundary (top)
and shortly after, much like in the experiment (as indicated by the response reported
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Figure 8.7 DEM results of single particle compression test of clump f with varying bond
parameters. [Note that the light coloured curves are the experimental results, that have
been zeroed at the point where the main particle is loaded, for an easier comparison with
the DEM results. Cl_f denotes the clump that is used for this simulation (see Table 8.2)
and A→F denotes the bond parametres (see Table 8.3).]
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Figure 8.8 DEM results of single particle compression test of different clumps with
same bond parameters.

in Chapter 2), the particle slightly rotates (rearranges) without any additional bonds
failing (Figure 8.10b,c). Until this point in the experiment no breakage is reported,
however asperity breakage is expected at the contact area with the moving loading
platen. Afterwards, there is a constant progression in the number of bonds that fail,
with a clear concentration close to the top loading platen (Figure 8.10d→g). In the end
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(a) Unloaded particle (b) 0.1mm displacement (c) End of loading

Figure 8.9 Snapshots of single-particle compression of test Cl_f-C. [Note that the broken
bonds are coloured in red.]

the particle is compressed, it rotates and starts to slide on the apparatus platens without
any additional bonds breaking (Figure 8.10h,i). The final sliding of the particle is not
observed in the experiment, however to get a more accurate and quantitative description
of breakage, a clump should be created with a large number of daughter particles.

Figure 8.11 shows the evolution of bond breakages. In all three cases, in the
beginning of loading there is a gradual increase of the broken bonds. The rate of
breakage increases after 0.05mm of displacement, as expected from observing the
sudden drops in the applied force (Figure 8.8). At that point Cl_h-A has reached its
maximum force and breakage of bonds continue to grow until the end. Whereas in
the other two cases, close to 0.09mm of displacement there is a sudden increase of the
number of bonds breaking, corresponding to the sudden and significant drop of the
force. At the end of the test nearly 30% of the bonds fail and in the following, the
mechanisms of failure are investigated.

Cil and Alshibli (2012) investigated single-particle breakage using clumps of the
same parent particle shape, where the daughter particles varied in scale. They found
that boundary conditions and particle interactions have a significant effect on particle
fracture and that at larger scales the clumps do not reproduce the force–displacement
behaviour, because of the variation in real particle geometry, particle interactions,
boundary conditions. Additionally, Cil and Alshibli (2015) investigated the influence of
daughter particle packing and size distribution in a clump on the fracture behaviour of
agglomerates. The size distribution of spherical sub-particles defines the total number of
particles within each clump, which influences the shape of the parent particle. This will
affect the surface of contact between the loading platen and the clump greatly, affecting
the load corresponding to failure, as would the numbers of particles constituting a
clump.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 8.10 Snapshots of single-particle compression of test Cl_f-C, showing only the
evolution of bond breakage. [Note that the broken bonds are coloured in red.]

Table 8.4 shows the evolution of the bond stresses within the particle on loading to
failure. It can be seen that all of the bonds have broken under tension. This could be the
case as the compressive strength of the bonds is 10 times higher than the tensile and
shear strength of the bonds, but the values of the tensile and shear strength are set to
be equal. This was set to represent a realistic particle failure because in the literature

- 151 -



Chapter 8 8.2 DEM modelling of single-particle compression of zeolite

0 0.02 0.04 0.06 0.08 0.1
160

180

200

220

240

260

280

N
u
m

b
e
r 

o
f 
b
o
n
d
s

Displacement [mm]

Cl_f-A

Cl_g-A

Cl_h-A

(a)

0 0.02 0.04 0.06 0.08 0.1
0

5

10

15

20

25

30

B
ro

k
e
n
 b

o
n
d
s
 [
%

]

Displacement [mm]

Cl_f-A

Cl_g-A

Cl_h-A

(b)

Figure 8.11 Evolution of bond breakage; a) Reduction in number of bonds; b) Percentage
of broken bonds.

particles under single-particle compression tend to fail in tension (e.g., Jaeger, 1967).
As Brown (2013) stated the bonds represent the interaction between portions of the
bulk material and therefore the bonds do not directly represent the material. Therefore,
physical properties should not necessarily be used as a basis for the bond properties. So,
here the values for the bond strengths have been decided based on value that reproduce
the breaking force found from the experimental analysis, keeping the same tensile and
shear strength, to enable equally normal and shear bond failure. Similarly, Cil and
Alshibli (2012) simulated sand particles under single-particle compression. The sand
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Table 8.4 Distribution of local bond stresses in clump Cl_f-A and evolution of bond
breakage. [The values below each clump correspond to the scale (dark red refers to the
maximum value), in units as given in the first column.]

Displace
ment
[mm]

0 0.00003 0.038 0.058 0.079 0.179

Compre
ssion
[MPa] 0→0.006 0→120 0→120 0→180 0→180 0→180

Tension
[MPa]

0→0.0047 0→79 0→79 0→79 0→90 0→90

Shear
[MPa]

0→0.001 0→20 0→35 0→35 0→35 0→35

Broken
bonds

particles were represented by a clump of non-uniform-sized spherical sub-particles.
They selected a mean normal bond strength directly proportional to the characteristic
tensile stress corresponding to a 37% survival probability (Weibull, 1951). They found
that the shear bond strength has a negligible effect on the material behaviour and both
normal and shear strengths were assumed equal (with a standard deviation applied to
each particles’ bonds) to enable normal and shear bond failure. They also found that
tensile cracks are the dominant type of cracks, when compared with shear cracks.
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8.3 DEM modelling of oedometric compression of zeo-
lite

The main focus of this study is to model the physical system of zeolite granules under
oedometric compression, to study the initiation of breakage and together with the
information gained from the XCT, to relate the micro-mechanisms of particle breakage
to the bulk response of the material.

Sphericity (ψ) of a particle is defined in the following equation:

ψ =
π

1
3 (6V )

2
3

A
(8.3)

where V is the volume of the particle and A the surface area and a sphere would have ψ

equal to one.
From the XCT images, information regarding the volume and surface area of the

particles is gathered and presented in the following plot (Figure 8.12). As it can be
seen all of the particles have a sphericity value over 0.9, which means that the particles
are highly spherical with a mean value of 0.9734 and a standard deviation of 0.00061.
Taking this into consideration, it is proposed that the zeolite particles are represented
with spherical polydisperse particles in the DEM simulation, matching the grading
of the zeolite specimen. In the following section the generation of the assembly, the
simulation parameters and the simulation results are presented.
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Figure 8.12 Histogram of sphericity of zeolite particles.
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8.3.1 Generation of particle assembly

To model the initial filled state of the specimen in the oedometer cell, the geometry of
the small oedometer is created (height 12mm and diameter 15mm) and particles are
generated to match the initial porosity as measured in the experiment (≃40%). The
particles are randomly generated simultaneously, within a predefined space during a
specific time, as shown in Figure 8.13, and then the particles are left to settle. The
number of particles and the grading distribution are defined in the model, in order to
match the values measured experimentally.

Figure 8.13 Generation of particle assembly.

The particles are created in a space a lot larger than the oedometer cell (in height but
not in diameter), which allows the particles to be created once, without overlapping and
therefore the grading is exactly as defined. Figure 8.14 shows a comparison between the
grading of the particles of test OCS1 and the DEM simulation. The slight differences in
the two grading curve are well within the expected limits of a random specimen creation,
both in DEM and the experimental procedure. When the particles are left to settle, if
the assembly is looser than the desirable one, then the inter-particle friction is altered,
to allow the specimen to settle more and densify. However, before the simulation of
the loading, the inter-particle friction is set back to the calibrated values, presented in
Table 8.5 in the following section.
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Figure 8.14 Comparison of particle grading in DEM and actual experimental packing.

8.3.2 Simulation parameters and parametric study

Table 8.5 shows the final simulation parameters, for which results will be presented in
the following section. A limited parametric analysis is carried out to investigate how
the input parameters affect the simulation results. Figure 8.15 shows the results of the
parametric analysis with respect to the stress-strain response of the specimen, where
it should be mentioned that the initial filled configuration is the same for every case
(as defined in Table 8.5). The same initial state is created because the packing of the
assembly is a major control parameter of the mechanical response of a granular material
(Schofield and Wroth, 1968) and so the conclusions of the parametric analysis would
highly depend on the initial packing and grading of the assembly.

Table 8.5 Simulation parameters for oedometer test with spheres.

Particle Parameters

Poisson’s
ratio

Density
[kg/mm3]

Shear
modulus

[GPa]

Coef. of
restitution

Coef. of
sliding
friction

Coef. of
rolling
friction

0.25 2180 1.80 0.01 0.2 0.05

Boundary Parameters

Poisson’s
ratio

Density
[kg/mm3]

Shear
modulus

[GPa]

Coef. of
restitution

Coef. of
sliding
friction

Coef. of
rolling
friction

0.25 1320 1.36 0.001 0.15 0.001
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Figure 8.15 Evaluation of variation in simulation parameters during oedometric com-
pression of spheres.

From the material stress-strain response seen in Chapter 2, it is noted that the loading
response is initially stiff before reaching a turning point, where there is a rapid increase
in deformation under further loading. Figure 8.15a shows the influence of Poisson’s
ratio on the loading response, which is not significant and especially for a Poisson’s ratio
between 0.2 and 0.3 the effect is negligible. This means that v has a small contribution
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to the material’s overall stiffness, as is expected from evaluating Eq. 7.6. In addition, as
the contacts’ modulus of elasticity increases, the initial stiffness of the assembly also
increases (Figure 8.15b); however after the turning point with increased deformation,
the curves are parallel to each other indicating that further increase in deformation under
loading beyond the turning point is no longer sensitive to the contact stiffness. This
suggests that during the initial stages of loading E has a greater affect to the response,
whereas after the turning point it is the rearrangement of the particles that governs the
material stiffness.

Energy is dissipated with frictional sliding and artificially introduced damping.
In EDEM, the artificially introduced damping is done by specifying a coefficient of
restitution (e). The coefficient of restitution can vary between zero and one, one being
that the material is purely elastic and no dissipation is expected. In Eq.(7.11) and (7.7),
β is the damping ratio, which is a function of e (Eq. 7.8). When β is equal to one,
the system is critically damped and the response will decay towards zero at the fastest
rate. The damping ratio here varies from 0.91 to 0.59, for increasing coefficients of
restitution, shown in Figure 8.15c. In the first four cases (e ≤ 0.01) the damping ratio
β is very close to one. For the rest of the cases (e ≥ 0.03) the damping ratio β is
significantly lower. The increase of the damping ratio β will cause a softening to the
overall response, as it deviates from an elastic response. However, the damping ratio
seems to not affect the beginning of loading, indicating that it takes effect only after the
turning point of the stress-strain response.

Figure 8.15d shows the influence of sliding friction on the loading response. The
coefficient of sliding friction is related to the state of compression, where in some
areas particles will be normally compressed, and in other regions particles will start to
slide. During initial loading, increasing sliding friction increases the overall stiffness.
The main influence of this parameter, can be seen right after the turning point, where
there is a stress plateau for increasing strain, before the stress also starts to increase.
In Appendix D Figure 6 presents the same graph in a linear scale, as the plateau is
more evident. During this plateau, particles are able to rearrange resulting in an overall
reduction of volume without a corresponding increase to the applied force.

Figure 8.15e shows the influence of rolling friction on the loading response. A
rolling friction will be introduced to account for surface asperities for particles deviating
from absolute sphericity, which is why it is investigated here. The increasing coefficient
of rolling friction (µr) increases the resistance to rolling. It seems that this coefficient
has a great influence right before and after the turning point of the bulk response,
whereas a point can be identified, after which the material presents the same behaviour,
regardless of the value of µr. It can be observed that for higher values of rolling friction,
where the rolling of the particles is restricted, the strain starts to increase faster for
increasing stress.
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8.3.3 Results

In this section the main results of the DEM simulation of the oedometric compression
are presented, using the simulation parameters presented in Table 8.5. Figure 8.16 shows
a comparison of the stress-strain response of the experimental and DEM results. There is
a good agreement between the DEM and experimental material response up to an axial
stress of 2MPa, slightly after the stress turning point. Thereafter, the DEM prediction
starts to deviate from the experiment, as increasing breakage starts to propagate in the
experiments, resulting in a significantly softer response. Since breakage is not modelled
in this DEM simulation, this deviation is as expected. Therefore, the DEM parameters
are calibrated based on the early material response and until ∆t3 in Figure 8.16 the
results presented hereafter are a validated truth. After that point breakage will indeed
change the fabric, so the conclusions are focused on identifying trends in the material
response and changes in fabric.

In addition, in Figure 8.16 four vertical dashed black lines define the points of
interest based on observations of the bulk behaviour, which appear on all the figures
following this; from left to right: the first corresponds to the first x-ray scan confirming
no particle breakage, the second timestep to the second x-ray scan, the third timestep is
at the third x-ray scan, where also the DEM curve deviates from the experimental curve
and the last is taken slightly after.

Figure 8.17 shows the evolution of the coordination number in the assembly. As the
compression progresses and the particles are in a confined space, the number of contacts
increase as expected. The coordination number is reasonable for a dense uniformly
graded assembly (e.g., Muir Wood and Maeda, 2007) and there are no floating particles
(coordination number smaller than 2) in the assembly. The range of coordination
numbers (4.5-6.5) agrees with what has been found in the XCT images of the same test.
Though the coordination number does not provide ample information, it does raise a
question on whether a number of the contacts are passive and will not carry significant
forces.

Contacts can be divided into weak and strong when normalised with the mean force
carried by all the contacts in a granular assembly, the weak being the contacts where
the average resultant contact force (accounting for both normal and tangential forces at
the contact) is lower than the average force of the assembly (Radjai et al., 1996). It has
been found (e.g., Radjai et al., 1998) that energy dissipation by friction mainly occurs
to contacts with weak forces, because the contact normal force and the associated shear
resistance are low, therefore particle sliding is easy to occur. Figure 8.18 shows that
during the simulation the majority of contacts are transmitting weak forces, indicating
that the majority of contacts have a great potential to slide, associated with shear failure.
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Figure 8.16 Comparison of the bulk response of the experimental and DEM results of
oedometric compression.
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Figure 8.17 Evolution of coordination number during loading.

The mobilised friction can vary between zero and µs; before reaching limiting
friction, tangential movement is limited to elastic displacement, which is very small.
Only when the frictional force is therefore fully mobilised (µcontact

s =µs), will sliding
occur. Figure 8.19, shows the evolution of contacts and the amount of contacts reaching
the limiting friction (µcontact

s ≥ 90%µs), or in other words, the number of contacts that
could potentially slip. In all three cases there is a similar trend, initially the number
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Figure 8.18 Classification of contacts into weak and strong during loading.
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Figure 8.19 Number of contacts reaching the mobilised friction limit during loading.

of contacts reaching a limiting state decrease and at different points during loading
they start to steadily increase. As soon as loading is imposed the normal forces start
to increase, explaining why the mobilised friction decreases. As soon as the turning
point of the axial stress is reached, the normal forces start to increase in a slower rate
and shearing of the particles takes place, leading to an increase of the particles reaching
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Figure 8.20 Average mobilised friction ratio during loading.

limiting friction. Overall, more weak contacts are mobilised indicating a shear failure
and shortly after the turning point, hardly any strong contacts are mobilised.

Figure 8.20 shows the average values of the mobilised friction ratio in the sample
during loading. A different trend is observed for the strong contacts compared to the
weak and the overall behaviour, regarding the mobilised friction ratio. Even though
more weak contacts are reaching limiting state, the average behaviour shows that
the strong contacts have higher values of the mobilised friction. Since initiation of
breakage is associated with the turning point, as seen from the x-ray images, it is
interesting to see that the mobilisation of the strong forces also occurs at the turning
point. Consequently the tendency of the strong contacts to reach limiting state is
considered a micro-mechanism leading to breakage.

For the particles to break the total force exerted on each particle has to exceed the
particle strength, suggesting that the strong forces will cause the particles to break.
To investigate this a simple criterion is used, where a breakage force is defined, as
the average breaking force from the single-particle compression experimental results.
Figure 8.21 shows the results of this criterion during loading and compares the DEM
results to the experimental findings from the XCT images. It is interesting that as soon
as breakage is identified in the actual experiment this is also when breakage initiates in
the DEM simulation. In addition, the number of particles that exceed the breaking force
seems to have a reasonable agreement with the XCT findings. This means that a strength
criterion is suitable to investigate breakage with the DEM. It should be mentioned that
the number of particles is calculated from the total number of contacts with resultant
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contact force exceeding the breaking force, divided by the average coordination number.
This explains the fluctuation of the results, especially close to ∆t2 and ∆t3, where it
seems that the number of particles that break drops, indicating particle re-generation.
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Figure 8.21 Estimate of number of particles experiencing a contact force higher than
the single-particle average breakage force and comparison with the amount of breakage
identified from the XCT results.

On of the key observations from the XCT images is that the specimen has a heteroge-
neous breakage response (starting from the bottom and side), which is why investigating
the coefficient of earth pressures (K = σh

σv
) as a global parameter affecting breakage

is of interest. Figure 8.22 shows the evolution of K throughout loading. There are
three distinct phases: a) 0→0.5% axial strain, where there is a drop of the bulk K,
b) 0.5→3%, where there is a gradual decrease of the bulk K and c) 3→9%, where
there is an accelerated increase of the bulk K. The additional vertical curves (orange
dash-dotted) are placed right before and after these major changes and are named (from
left to right) ∆ta, ∆tb, ∆tc, ∆td (see Appendix D for details about the strain and average
contact forces for all the investigated timesteps). Because the system is rather small (850
particles) there is an acceptable random fluctuation, which will not be discussed any
further. In the beginning it is expected that the material will be at isotropic conditions
(K = 1), however the gravitational forces are responsible for this deviation. As soon
as the loading starts, primarily there is an increase of the vertical stress, allowing the
particles to rearrange (especially since the initial porosity is close to 40%) and that
results into a drop of K approaching a K0 (K=0.5) condition. As the stress propagates
in the specimen and the number of contacts starts to increase, the horizontal stresses
will also start to increase faster than the vertical stress. Before the turning point, the
rate of increase is lower than what appears afterwards. This is attributed to the contact
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orientation, which is investigated at the following. It is interesting that K constantly
increases towards an isotropic state, and therefore away from failure, which is initially
counter intuitive as while loading progresses in the actual experiment, the material fails.
A single particle would be loaded under isotropic conditions if it had a high coordination
number, which is why particles with a lot of contacts tend to stay intact in a system
under load (cushioning effect). Similarly, the more the coordination number increases
in a specimen in a confined space under compression, the more isotropic the loading
conditions would be. This is true for the DEM simulation where there is no breakage. In
a real system, particle breakage will have a dramatic effect on the fabric of the material.
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Figure 8.22 Evolution of coefficient of earth pressure.

To investigate how the contact orientations are distributed and explain the results
presented previously, the elevation angle is calculated. For the calculation of the
elevation angle (Figure 8.23a, angle θ ), the contact vectors are converted into unit
vectors and then the following equation is used:

θ = |sin−1
( CVz

∥CV∥

)
| (8.4)

where θ is the elevation angle, CVz the z component of the contact vector and ∥CV∥ the
norm of the contact vector. The absolute value is calculated because for every contact
two vectors can be defined of equal magnitude and opposite direction, therefore the
vectors’ elevation is symmetrical between -90◦ and 90◦.

To evaluate whether there is a preferential direction in the elevation, the results are
compared to a uniform distribution of points on the surface of a sphere. To plot the
histogram therefore, the binning has to be such that the area of the surface of the sphere
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Figure 8.23 Schematic of definition of (a) elevation angle θ and (b) binning area.

contained in all bins is be equal, rather than the width of each bin, as it is usually taken
for Cartesian histograms. This way an equal amount of sampling points are acquired
within each bins and the bin widths are continuously larger while reaching the poles. In
order to decide on the bin width (in degrees) of each bin, the following equation is used,
which is schematically described in Figure 8.23b:

∫
ωmax

ωmin

∫
φi+1

φi

r2sin(90−φ)dωdφ =
2π

nb
(8.5)

where ωmin = 0, ωmax = 2π , 0 < φ < π

2 and φ1 = 0, r is equal to one, as we are
dealing with unit vectors, nb is the number of bins and i = 1 : nb (see Figure 8.23b for
definitions).

60
o

0
o

Figure 8.24 Schematic explanation of hexagonal packing elevation angle of contact
orientations.

Regarding the total contact force orientations (Figure 8.25), two main orientations
are dominant in all investigated timesteps, 0◦ and 60◦. This means that the packing has
a constant tendency to be hexagonal. In Figure 8.24 a hexagonal packing is presented,
where it is clear that the elevation angles of all contacts are either 0◦ or 60◦. The total
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amount of contacts is increasing, however the tendency remains towards a hexagonal
packing, until the final three timesteps where the amount of horizontally aligned contacts
slightly increases with the corresponding increase in K.

Figure 8.26 and 8.27 show the contact orientations of the weak and strong contacts.
Interestingly the majority of strong contacts, are oriented at 60◦ to 90◦ and only start to
considerably contribute to the radial stresses towards the end of the loading. this also
agrees with observations made by Minh et al. (2014), Thornton (2000) and Yang and
Cheng (2015). At this point, there is an equal amount of the strong contacts oriented at
60◦ and 0◦. The increase in the amount of strong contacts oriented between 60◦ to 90◦

in the first two timesteps, explains the drop of K. Then K remains roughly constant, as
the strong contacts do too (both in amount and orientation) and in the end the sudden
increase of strong contacts horizontally oriented explains the fast increase of K. The
weak contact network is constantly mainly oriented horizontally, however the small
amount of weak contacts and the small forces they are carrying, means they do not
contribute greatly to the overall bulk response of K.

The conclusions drawn from the contact orientations, lead towards a discussion of
anisotropy. It has been found that the most common cause of anisotropy is the method
of preparation of the sample (e.g., Li and Dafalias, 2002; Luding, 2005; Oda, 1972;
Oda et al., 1998). Preferential directions can appear due to the depositional process
of particles into a confined geometry (i.e, inherent anisotropy) or can be induced by
the strain (i.e, induced anisotropy). Inherent anisotropy is usually associated with the
contact orientation (Oda et al., 1998) and so in the case studied here, this is exactly
the case. There are two strongly preferential directions, which point out to potential
localisation as well. For this reason, the coarse grained distribution of stresses and the
3D distribution of forces is studied in the following.
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In Figures 8.29 to 8.30 the normal and tangential force networks are shown in
horizintal and vertical projections. The maximum values of the scale bars correspond
to four times the average force at each timestep (see Appendix D for specifics). It is
clear that the major normal forces localise at the periphery of the specimen, yet this is
clearer from the radial distribution of tangential forces. In both cases the localisation
is stronger after 3.15s but not at the final timestep. This is also when the number of
contacts reaching the limiting friction start to increase, when according to K and contact
orientations, the radial stress increases and there are more contacts horizontally oriented
and right where the turning point can be identified in Figure 8.16. This indicates that
there is a boundary effect from the cell and that possibly that is also where breakage
would localise. This is confirmed from the XCT images as well, proving that boundary
conditions can have an important influence at the material response and should be
properly considered in DEM modelling. From the horizontal projections, chains of
strong forces are observed, initiating from very high forces at the boundary and growing
across to the opposite boundary. These chains are not persistent, yet a few are always
identifiable at each timestep. This observation agrees with how breakage is identified in
the oedometer test from the XCT images. Force chains are also evident in the vertical
projections, more so at the normal forces.

The results presented in Figure 8.32, 8.33 and 8.34 are sections passing from the
centre of the specimen, after a spatial and temporal coarse graining procedure. The
coarse graining contains 15 timesteps for the temporal averaging and 2.9D50/2 for
the spatial averaging. These values are chosen based on suggestion in the literature
(see Chapter 7). Clearly there is a boundary effect from the loading platen (bottom),
as the vertical stresses seem to propagate from bottom upward, with a concentration
of the larger values close to the moving boundary. After yielding, the large vertical
stresses are located at the central vertical axis of the specimen. Evidently, there is also
a band of localised high vertical stresses on the top half of the specimen, indicating a
compaction band (also observed by Marketos and Bolton, 2009). Significant horizontal
stress concentration appears close to the cylindrical boundaries, leading towards a more
uniform distribution of stresses horizontally way after yielding occurs. By observing
the maximum values of the stresses, they appear to agree with the evolution of the
bulk K. the distribution of K, shows that the majority of the specimen is under K0

conditions, with regions undergoing isotropic loading. The distribution of K within the
specimen, proves the hypothesis made previously about fabric anisotropy, whereas after
yielding the distribution is more uniform and the bulk value tends to perfectly isotropic
conditions.
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8.4 Summary of conclusions

In this chapter, single-particle compression and oedometric compression tests are simu-
lated with the DEM. The single-particle compression tests are simulated to calibrate
the model parameters used in the oedometer test simulation, to study the initiation of
breakage. In both cases a Hertz-Mindlin contact model is used to simulate interactions
between contacting particles and particles in contact with boundaries, as exact geome-
tries are created to represent the actual experimental tests. The main conclusions are
summarised here.

• A single sphere under single-particle compression is simulated to investigate the
simulation parameters based on the Hertzian theory. Possible variations in the
moisture content of the particles during the actual experiment produced results
for the material modulus of elasticity that does not match the ones presented in
the literature.

• A number of different clumps are tested under single-particle compression to
investigate various bond parameters and daughter particle configurations. The
different clump shapes produced results within the limits of the experimental
variation. Qualitatively the breakage was very similar, localised to the loading
platen. The particles that were tested did not split into fragments as in the
experiment, but this is due to the rather large size of the daughter particles and
the small number of bonds connecting them. The loading rate did not influence
the simulation results.

• The clumps fail in tension and nearly 30% of the bonds failed. In addition, bond
breakages mainly occurred close to where loading is applied.

• An oedometer test is simulated with spheres representing each particle, to inves-
tigate the initiation and likelihood of breakage. The stress distributions show a
clear localisation of breakage close to the moving boundary (vertical stress) and
the oedometer cylindrical cell (horizontal stress). In addition, as loading increases
a horizontal compaction band appears, where the vertical stress is higher than
the average. This localisation of stresses can be interpreted as localisation of
breakage, stressing the importance of simulating the correct boundaries. From
the XCT images, breakage is also localised close to the moving boundary and the
cell, which proves that breakage must be regarded as a boundary effect.

• The results also showed that the contacts are mainly oriented at 0◦ and 60◦,
with zero being the horizontal direction. This resembles a hexagonal packing
which is common in dense packings. The strong contact forces tend to force
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chains between the more vertically oriented contacts and the weak with the more
horizontal. This agrees with the coarse grained results, showing that while a load
is imposed the vertical contacts are going to transmit the strong forces to the top
(opposite) end, which will result in intensely compressing the grains along the
vertical direction.

• The filling process is another parameter influencing the material response. It
is shown that the filling process along with the gravitational forces will have
a significant impact in the response of K, in the beginning of loading. The
orientation of the contacts bearing strong forces is responsible for the respective
changes of K. Towards the end of the test, the specimen tends to be under
isotropic loading conditions (away from failure), which is attributed to the high
coordination number. The coordination number will be uniform in the sample,
as the specimen geometry is axisymmetric, the size of the particles is uniformly
graded and the shape is spherical. In a real case, as soon as particles start to break
and the uniformity of the grading and particle shape changes, this will also cause
the number of contacts to be proportional to breakage and higher where breakage
localises. This will noticeably change the fabric of the specimen, leading to stress
anisotropy and therefore K might not be equal or close to one.

• The specimen undergoes plastic deformation after the turning point of the stress-
strain response, which is responsible for failure. This is seen from the investiga-
tion of the mobilised friction. In the literature breakage is attributed to tensile
forces. While this might be true for particles under single-particle compression,
where there are two diametrical contacts from where the particle is compressed
and tends to split, this might not be the case in a system where particles for a
number of contacts, distributed around them. A hypothesis is made that breakage
is mainly attributed to shearing of the particles in an oedometric compression.
In the beginning of loading the particles are mainly compressed with increasing
bulk stress and gradually decreasing volume. There is a point where the tangen-
tial forces start to rapidly increase, leading to a lot of contacts being mobilised
(reaching limiting friction). That is when particle start to slide and therefore shear
at their contacts. The shearing will cause the particles to break, which will cause
significant decrease in the volume without increasing the stress.
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Summary, conclusions and
recommendations

9.1 Summary of doctoral work

This doctoral work has investigated the particle scale mechanisms leading to particle
breakage experimentally and the initiation of breakage numerically. Two materials
are tested (Caicos ooids and zeolite granules), the first under high confinement triax-
ial and oedometric compression and the latter under oedometric and single-particle
compression. Both the materials have a rounded, sub-spherical particle shape (average
sphericity of 0.9734) and are sieved to create a uniform grain size distribution (Cu=1.19
and 1.07 for Caicos ooids and zeolite respectively), to ensure the early onset of particle
breakage. With the use of x-ray computed micro-tomography, several 3D images of the
specimens are obtained at different levels of loading during the tests to investigate the
micro-scale mechanisms of deformation and further on relate it to the bulk response
of the tested materials. In this work (Chapter 2), the bulk response is evaluated and
conclusions regarding breakage are drawn from the observation and sieving of the
specimens. In Chapter 4, image processing techniques are presented of previous and
newly developed algorithms and used in order to extract information from the high
resolution 3D images regarding the kinematics and spatial and temporal evolution of
breakage, from sub-volumes (DIC and maps of Br) or individual grains (dDIC). To
complement the full-field measurements presented in Chapter 6, the DEM is used to
investigate the transmission of contact forces within the granular assembly, presented in
Chapter 8. The single-particle compression test is simulated using a clump (i.e., non-
overlapping bonded particles), to investigate the fracture propagation and qualitatively
discuss breakage. In addition, the oedometric compression test of zeolite is simulated
using rigid particles with the same initial grading and packing, to study the likelihood
and initiation of breakage during the initial stages of loading and after the turning point,
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where an acceleration of deformation occurs. A summary of the main results along with
some recommendations for future work are presented in the following.

9.2 Conclusions from experimental work and image pro-
cessing

In this PhD work the response of Caicos ooids is investigated under high confinement
triaxial and strain controlled oedometric compression and zeolite granules under strain
controlled oedometric compression. A number of bespoke algorithms have been used
and developed during this doctoral work, to quantitatively describe particle breakage in
the micro-scale. In addition, the uncertainty of the algorithms used in image processing
is investigated and a methodology is proposed to evaluate the metrology of a number of
different measurements preformed on images.

In the beginning the response of Caicos ooids is studied. Porosity maps are obtained,
by further developing an algorithm by Dr Andò, to calculate the porosity from the
density distribution of the grey scale images. This addition to the algorithm makes it
less sensitive to any inaccuracies caused by incorrectly binarising the grey scale images.
The results showed that the specimens prior to shearing are rather homogeneous and
as the deviatoric loading increases, there is an overall reduction of the porosity, with
a concentration at the bottom half of the specimen. Post-peak, a band with increased
porosity appears in one of the triaxial compression tests, indicating some dilation, yet
on the other tests compaction is the governing mechanism. This difference is attributed
to difference in the initial relative density, which lead to slight, non-reproducible
inhomogeneities during the specimen preparation and to the fact that the region of
compression appears at larger strains. The band where the porosity increased post-peak
for one of the tests, coincides with the region where breakage mainly concentrates in
the specimen.

Incremental strain measurements were performed with a DIC analysis, which
showed that the shear band initiates at the initial increment from a single point at
the bottom edge of the specimen and propagates to the top opposite edge, until finally it
develops post-peak into a full shear band. This was a common measurement among
all tests, reflecting some inhomogeneity in the specimen. In addition, the deliberate
rotation of the loading platen allows the development of the shear band. Before peak
there is no evidence of dilation, confirming that the small amount of breakage is a result
of the high compactive strains developed in the specimens. The majority of breakage
occurs post-peak and is a result of large shear strains under relatively high confining
stresses. In addition, post peak, there is significant shearing, localised along a single
band of 4 to 5D50 wide in the centre of which dilation concentrates within a narrower
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band of 2 to 3D50. Since the majority of breakage localises within the shear band,
the high resolution of the 3D images lead to the confirmation that the slight dilation
is caused from the rearrangement of very angular fragments of particles, while the
specimen continued to be sheared. Right after peak, the rest of the specimen is slightly
compacting and develops lower shear strains, whereas at the final increment all of the
strains develop only within the shear band. When there is no additional breakage and
the specimen has already undergone sufficient dilation, the specimen starts to compact
again within the shear band.

A novel approach is proposed to enable the comparison of standard grading curves
with 3D particle size measurements deriving from image processing, where a unique
particle size descriptor is introduced for each particle based on the medium diameter of
a prescribed ellipsoid to each particle. This technique is especially useful the more the
particles deviate from sphericity, where assigning a nominal diameter (i.e., diameter of
sphere of equal volume) can significantly deviate from the actual size of the particle
as evaluated from a sieving process. From the spatial and temporal analysis of the
evolution of grading, the amount of total and relative breakage are investigated. The
overall breakage of the specimens is close to 5%, which is rather low and explains why
the D50 remains constant, but the images enable the investigation of breakage of specific
regions, where in some cases it locally reached more than 30%. Most of the breakage
concentrates along the shear band and at the bottom half of the specimen, indicating a
boundary effect, due to the application of loading on the free surface of the specimen
(after pouring). Particles start to break as soon as the deviatoric load is applied, which
indicates that the high stresses caused the material to compact and to shear, leading
to breakage. As soon as the particles start to break and both breakage and strains
localise (peak and post-peak) the specimen starts to dilate in the shear band, allowing
the development of higher maximum shear strains and more breakage. Interestingly,
two independent mechanisms were observed in coexistence, leading to areas within the
specimen where both volumetric dilation and compaction were present. Such results
have not been presented before to the research community, allowing locally a direct link
between breakage and strains. Further investigation of these highly important results
will bring us a step closed to linking the micro to the macro.

Due to limitations on the application of force, the amount of breakage of Caicos
ooids in the 1D compression is such, that zeolite granules are tested instead to investigate
breakage. Both materials however, showed an increased compaction close to the moving
boundary, which is also where the majority of breakage occurred. The richness of
information in the images of the zeolite assembly, due to the high resolution of the
images (≤12µm) and the high number of 3D images acquired for each test (especially
test OCS1), along with the sophisticated algorithms developed for this work, allowed
a more precise description of particle breakage. The information might not have
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been fully exploited, because of limitations during the image processing, yet a robust
methodology to extract the most out of it has been proposed here. Zeolite particles
start to break at very low stresses towards the end of the initial stiff phase. Thereafter,
there is a transitional phase after which there is an acceleration of deformation for small
changes in the applied stress (i.e., stress softening). During this phase, intact particles
increasingly break and right after the beginning of the stress softening, a secondary
breakage phase occurred, where the majority of breakage is happening on fragments
rather than the intact particles. At the end of the test, even though zeolite has undergone
extensive breakage, intact particles are still identified in the specimen, caused by a
phenomenon known as "cushioning", where relatively larger particles get cushioned
from the smallest neighbours making them apparently stronger. These conclusions are
drawn from the use of the novel dDIC and particle tracking algorithms, both of which
were developed for this doctoral work (the dDIC was done in collaboration with Dr
Andò and Mr Okubadejo, from Laboratoire 3SR, Grenoble, France).

From a careful segmentation of the images and a removal of the intact particles, three
main breakage patterns are identified when intact particles break: surface chipping and
spauling, single splitting and multiple splitting. An innovative algorithm is developed to
identify inter-particle contact areas with high trueness, using the gradient of the images.
The coordination number is then related to breakage and it is found that the particles that
failed in the more complicated mode, have the fewer contacts. It is found that overall
the particles that broke have an average coordination number of 4.7 at the previous
loading stage (before breakage), whereas particles that do not break have an average
coordination number of 5.3, presenting another verification of the cushioning effect.
Because the range of the coordination number for the different types of breakage is quite
narrow, an important question arises as to whether it is the contact forces responsible
for breakage instead, which is why the DEM is used to study the propensity of breakage
and to investigate how the contact forces will affect breakage.

The changes in the fabric of the loaded specimen are further investigated, by
examining the evolution of the shape of the particles. This would not be possible if
the particles had not been segmented properly and identified throughout the loading.
The aspect and flatness ratios are investigated and clear relations are found in the way
they evolve. Gaussian with a changing mean and gamma distributions with evolving
shape parameters describe the evolution of particle shape due to breakage. The majority
of fragments during the initial stages of breakage, deviate from sphericity and have
a rather elongated and flat shape. As breakage progresses and fragments also start to
break, this causes the material’s fabric to evolve further, creating fragments that are of
high flatness ratio again. In the beginning, most of the contacts are point contacts due to
the almost spherical shape of the particles, allowing them to rotate when the forces are
mobilised instead of breaking. Thereafter changes will create in the specimen more flat
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contacts inducing more breakage and dramatically changing the contact network and
propagation of forces, leading to more breakage. As the micro-mechanisms of particle
deformation and kinematics are highly dependent on the particle shape, whether or not
breakage occurs, constitutive models should take into account the shape of the particles,
or the evolution of the shape while breakage occurs.

9.3 Conclusions of numerical modelling with the DEM

The DEM is used to complement the results from the image processing. The simulation
parameters are carefully calibrated against actual experimental results and information
coming from the images clearly enhances the validation of both the bulk and particle
scale response. The contribution of quantitative information from the experimental
work described earlier, increases the confidence in the DEM analysis.

A single sphere under single-particle compression is simulated, to produce the force-
displacement loading response of zeolite particles under single-particle compression,
to allow the conduction of the oedometer simulation using unbreakable spheres for
the investigation of the initiation of breakage. In addition, clumps are simulated using
a small number of constituent particles to investigate breakage qualitatively. Since
the number of inter-particle contacts controls the simulation time, the calibration of
the model parameters to quantitatively reproduce the force-displacement response and
qualitatively capture breakage of a single-particle compression simulation of a clump
with a small number of constituent particles, will enable the simulation, in a reasonable
time, of the oedometeric compression test using the same multi-sphere particles. From
the single-particle compression simulations the model parameters are calibrated from
the experimental results of single-particle compression conducted on zeolite granules
presented in Chapter 2. The Hertzian contact theory is used to find the materials Young’s
modulus and both the boundary and particle parameters (Poisson’s ratio and density)
are used from the manufacturers’ specifications. The Young’s modulus found in the
literature slightly deviates from the one found here, attributed to the poor humidity
control at the end.

A number of different clumps are tested under single-particle compression to find
suitable bond parameters to produce the force-displacement response and the the break-
age force. Additionally, different daughter particle configurations, to test their influence
on the bulk response. The different clump shapes produced results within the limits of
the experimental variation. Qualitatively the breakage is localised to the loading platen,
as expected from what is observed in the experiments. The particles that sre tested did
not split into fragments as in the experiment, but this is due to the rather large size of
the daughter particles and the small number of bonds connecting them. The loading rate
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did not influence the simulation results. The clumps failed in tension and a maximum
of 20% of the bonds failed.

An oedometric test is simulated with spheres representing each particle, to inves-
tigate the initiation and likelihood of breakage. The plethora of quantitative particle
scale measurements acquired from the 3D images, makes this DEM work special,
contributing to a deeper understanding of the micro-mechanisms leading to particle
breakage. The stress distributions show a clear localisation of breakage close to the
moving boundary (vertical stress) and the oedometer cylindrical cell (horizontal stress).
In addition, as loading increases, a horizontal compaction band appears, where the
vertical stress is higher than the average. This localisation of forces can be interpreted as
localisation of breakage, stressing the importance of simulating the correct boundaries.
From the XCT images, breakage is also localised close to the moving boundary and the
cell, which proves that simulating appropriate boundaries and filling procedure is an
important modelling parameter.

The results also show that the inter-particle contacts are mainly oriented at 0◦ and
slightly under 60◦ from the horizontal plane. This resembles a hexagonal packing which
is common in dense packings. The strong contact forces are vertically oriented and the
weak horizontally. This agrees with the coarse grained results, showing that while a
load is imposed, the vertical contacts are going to transmit the strong forces to the top
(opposite) end, which will result in intensely compressing the grains along the vertical
direction.

The filling process is another parameter influencing the material response. It is
shown that the filling process along with the gravitational forces will have a significant
impact in the response of the coefficient of earth pressures (K - horizontal to vertical
stress ratio), in the beginning of loading, deviating from purely isotropic conditions.
The orientation of the contacts bearing strong forces is responsible for the respective
changes of K. Towards the end of the test, the specimen tends to be under isotropic
loading conditions (far from failure), which is attributed to the uniformly distributed
high coordination number. The coordination number will be uniform in the sample, as
the specimen geometry is axisymmetric, the size of the particles is uniformly graded
and the shape is spherical. In a real case, as soon as particles start to break and the
uniformity of the grading and particle shape changes, this will also cause the number of
contacts to be proportional to breakage and higher where breakage localises. This will
noticeably change the fabric of the specimen, leading to stress anisotropy and therefore
K might not be equal or close to one.

The specimen undergoes plastic deformation after the stress turning point, which
is responsible for failure. This is seen from the investigation of the mobilised friction.
In the literature breakage is attributed to tensile forces. While this might be true for
particles under single-particle compression, where there are two diametrical contacts
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from where the particle is compressed and tends to split, this might not be the case
in a system where particles form a number of contacts, distributed around them. A
hypothesis is made that breakage is mainly attributed to shearing of the particles in
an oedometric compression. In the beginning of loading the particles are mainly
compressed with increasing bulk stress and gradually decreasing volume (initial stiff
response). There is a point where the tangential forces start to rapidly increase, leading
to the strong contacts being mobilised (reaching limiting friction). That is when particles
start to slide and potentially shear at their contacts (turning point with accelerated strain).
The shearing will cause the particles to break, which will cause significant decrease in
the volume without increasing the stress (softening of the response).

9.4 Summary of novelty and key findings

This doctoral work has investigated the particle scale mechanisms leading to particle
breakage experimentally and the initiation of breakage numerically. The key findings
are summarised here.

• A number of bespoke algorithms have been used and developed during this
doctoral work, to quantitatively describe particle breakage in the micro-scale
from 3D XCT incremental images.

• In the triaxial tests it is found that the shear band initiates as soon as the deviatoric
load is applied, indicating a strong boundary effect. It starts from a single point at
the bottom edge of the specimen and propagates to the top opposite edge, until
finally it develops into a full shear band post peak.

• With the application of the deviatoric load, the high stresses cause the material
to compact and to strongly shear, leading to breakage. However, significant
breakage occurs post-peak. Both porosity measurements and the DIC results
show that as soon as strains localise (peak and post-peak) the specimen starts
to dilate in the shear band, allowing the development of higher maximum shear
strains and more breakage.

• Interestingly, the two mechanisms of particle rearrangement and particle breakage
coexist within the shear band. The effect of rolling and sliding friction mobilised
between contacting particles (internal frictional resistance) and particle interlock-
ing in dense sands, causes the volumetric expansion in shear. Both effects are
stronger when particle breakage occurs.
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• The majority of breakage localises within the shear band and the high resolution of
the 3D images confirms that the slight dilation is caused from the rearrangement of
very angular fragments of particles, while the specimen continued to be sheared.

• A novel approach is proposed to enable the comparison of standard grading curves
with 3D particle size measurements deriving from image processing. This allowed
the creation of spatial maps of local grading to quantify locally the amount of
breakage. these maps are related to the DIC results, showing promising results
regarding the correlation of strains and breakage.

• The high resolution of the zeolite images (≤12µm), along with the algorithms
developed for this work, allowed a more precise quantitative description of particle
breakage.

• Three main breakage patterns are identified when intact particles break (surface
chipping, single splitting and multiple splitting), to which the coordination number
is related, as it has been measured from the images using a newly developed
algorithm. It is found that the particles that failed in the more complicated mode,
have the fewer contacts and intact particles have more contacts, verifying the
effect of cushioning on the relatively larger particles.

• The evolution of the aspect and flatness ratios is investigated, giving rise to im-
portant information about the evolution of fabric during breakage. Gaussian and
gamma distributions with evolving shape parameters describe the evolution of par-
ticle shape due to breakage, information which can be included into constitutive
breakage models to account for changes in fabric while loading progresses.

• The DEM is used to investigate further the micro-mechanisms of particle breakage,
especially when it comes to contact forces that cannot yet be measured from the
XCT images. The simulation parameters are carefully calibrated against actual
experimental results and information coming from the images clearly enhances
the validation of both the bulk and particle scale response.

• The DEM modelling of single-particle compression tests, produces a response
close to the experimental and verifies that the breakage of the single particle
originates at the contacts with the loading platens, more so the moving (top)
boundary. As predicted from theoretical models, the particles break mainly in
tension.

• The simulation of the oedometric compression test showed that the particles are
constantly in a hexagonal packing, commonly found in dense packings.

- 187 -



Chapter 9 9.5 Future work and perspectives

• The filling process along with the gravitational forces will have a significant
impact in the response of of the material in the beginning of loading. The
orientation of the contacts bearing strong forces is responsible for the respective
changes of of the horizontal to vertical stress ratio (K). Towards the end of
the test, the specimen tends to be under isotropic loading conditions, which is
attributed to the high coordination number. The coordination number will be
uniform in the sample, as the specimen geometry is axisymmetric, the size of the
particles is uniformly graded and the shape is spherical. However, if breakage
was present in the model, as soon as particles start to break and the uniformity
of the grading and particle shape changes, this will also cause the number of
contacts to be proportional to breakage and higher where breakage localises. This
will noticeably change the fabric of the specimen, leading to stress anisotropy.

• Similarly to the triaxial test, that breakage is mainly attributed to shearing of the
particles in an oedometric compression. In the beginning of loading the particles
are mainly compressed with increasing bulk stress and gradually decreasing
volume. There is a point where the tangential forces start to rapidly increase,
leading to a lot of contacts being mobilised (reaching limiting friction). If the
forces are not fully mobilised and considering that the particles in the oedometer
cell are restricted in a dense packing, shearing will occur at their contacts. The
shearing will cause the particles to break, which will cause significant decrease in
the volume without increasing the stress, explaining the turning point of the bulk
stress-strain response, causing a stress softening after the initial stiff phase.

9.5 Future work and perspectives

In this doctoral work grain breakage has been investigated to an extent constrained by the
time frame of the thesis and the available tools (developed previously by E. Andò from
Laboratoire 3SR, Grenoble, N. Brown from the Uni. of Edinburgh, standard libraries
in Python/Matlab and Fiji macros or developed by myself for this work). However,
there are still improvements that can be made to the measurement techniques used in
this thesis. What is essentially missing from this work is an accurate experimental
description of the contact network, the correlation of fragments to intact particles and
the quantification of contact forces. Numerically, the study of breakage during an
oedometric compression test after the stress softening and the simulation of the triaxial
compression test will be investigated further in the future.

Some limitations and/or difficulties faced during this work are listed here. The
acquired images have a high resolution, however as seen here, when particles start to
break it is the smaller fragments that continue to break, which results in a number of
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them falling below the imaging resolution (i.e., particle size smaller than pixel size).
This means that even though the data produced here is of high quality and resolution,
breakage can only be studied to a certain extent. In addition, the scans are taken at
discrete loading stages and there is no knowledge of how the fabric evolves between
each step. When it comes to image processing the two main algorithms that enable the
study of individual particles and fragments are the binarisation and segmentation. Both
of these lead to small inaccuracies, as described in Chapter 5. Overall having a rich
set of grey scale data, yet resulting into a rather "crude" way of image analysis might
seem questionable, as we result in a loss of important information about internal particle
texture and particle shapes that can be over-pixelated. However, the majority of the
tools used in the literature do not allow the analysis of individual grains from the grey
scale images and the main problem is when there are particles of a very small size with
respect to the pixel size of the images. An important question arises as to whether we
can only use the grey scale images for particle-scale analysis in the future? In this work
some steps have been taken towards this, employing the dDIC, the grey scale porosity
and the identification of contacts from the gradient of the grey scale images.

The ongoing doctoral work of Olumide Okubadejo (Univ. Grenoble, Laboratoire
3SR, France), focuses on improving the dDIC in order to track intact particles more
accurately and match the fragments to the parent particles. From this collaborative work
an abstract was submitted for the International Conference on Tomography of Materials
and Structures in Lund, Sweden (Okubadejo et al., 2017). With these improvements
a more detailed analysis of the evolution of fabric will be possible and it will be the
first time that an exact description of breakage of individual particles in a specimen
will be presented. Moreover, in the ongoing doctoral work of Max Wiebicke (Uni. of
Dresden and Uni. of Grenoble), focusing only on the measurement of granular fabric, a
very precise and sophisticated method of determining contact orientation is developed,
improving on existing methods and addressing segmentation errors (Wiebicke et al.,
2017, 2015). Furthermore, in this work only sub-spherical particles were studied in very
narrow gradings, however the angularity and different gradings will have a different
response to breakage and so should be studied further. Also, having performed triaxial
tests on zeolite (since it underwent substantial breakage) would have complemented
this work perfectly, but the size of the triaxial apparatus with respect to the zeolite
particle size did not allow triaxial tests to be performed on mechanically representative
specimens.

In this thesis, the DEM was employed to study the initiation of breakage of zeolite
under oedometric compression, using a Hertz-Mindlin contact model. It would be
very interesting to create a model to account for shape and grading evolution. The
use of clumps was discussed, to study breakage qualitatively and was used to simulate
single-particle crushing producing realistic results. The DEM gave an insight to the
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force networks and the force mobilisation. However, would a simulation with clumps
produce equally as good results when simulating the oedometer test after the normal
compression? The time consuming modelling of the clumps was the inhibiting factor
in this research. As part of the ongoing doctoral work of Ádám Kovács (Uni. of
Budapest, in collaboration with the Uni. of Edinburgh) is to make the TBB model more
efficient, allowing clumps with a higher number of particles to be modelled, to study
breakage in more detail. Other emerging techniques studying breakage, as the ones
recently presented by Neveu et al. (2017) and Delaney (2017) are promising. Finally,
simulating the triaxial test has also been a challenge among researchers and a lot of
ways have been proposed to simulate the surrounding membrane and the application of
the confining pressure. At the Univ. of Edinburgh, Dr John P. Morrissey (post-doctoral
researcher) and Stefan Pantaleev (PhD student) are working on the aforementioned
implementations, without simulating breakable particles however the particle shape is
modelled with non-spherical and spherical particles.

The improvements, additions and extensions mentioned earlier are a direct continu-
ation of the work performed in this thesis. However, there are still questions regarding
particle breakage that cannot be answered solemnly with the tools used here. One of the
main influences of particle breakage in the macroscopic behaviour of granular materials
is the change in permeability. In addition, studies regarding the effect of liquid water
on the breakage show the importance of understanding particle scale-mechanisms and
linking them to the macroscopic response of a material (Alonso et al., 1990; Dano
and Hicher, 2003; Tailliez, 2004; Yerro et al., 2016). Neutron and x-ray tomography
have been used recently to register information about particle-scale deformation (e.g.,
Lewis et al., 2017) as well as x-ray alone (e.g., Higo et al., 2016; Khaddour, 2015).
Additionally, as explained in Viggiani and Hall (2012), the use of multiple full-field
measurements to study one phenomenon can enrich the understanding of the micro-
scale and create a stronger link to the macro-scale. Especially for particle breakage,
the use of acoustic emission and ultrasonic tomography allows the measurement of
things that cannot be seen in tomographic images, such as the noise associated with
damage formation (e.g., fracturing). Finally, by using synchrotron radiation, the higher
energy, than the one conventionally used with x-rays and the photon flux of synchrotron
radiation allow for a higher imaging resolution and a faster imaging acquisition, which
allows more scans to be performed in a given time.
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A: Experimental campaign

Triaxial test

Figure 1 Radiograph acquired to determine position of loading ram.

Correction for membrane resistance

Mean Length = 2Lorange +2Lblue (1)

Lblue =
2π(d/2+ t)

2
(2)

Lorange = l − t − d
2
− t − d

2
= l −2t −d (3)

Lmean = 2π(d + t)+2(l −2t −d) = π(d + t)+2(l −2t −d) (4)

εa =
∆Lmean

Lmean0

(5)

σ =
F

tL2
(6)

F =Wappliedg (7)
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Lt

Side View

R

Figure 2 Definition of lengths and side view sketch of membrane (orange + blue = mean
length).

Figure 3 Images of Neoprene membrane.
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Figure 4 Bulk triaxial response before and after the correction for the membrane
resistance is applied.
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B: Measurement Uncertainty

Table 1 Metrology terms

Generic Case Binary Classification1

Some definitions:

True Image Binary Image
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Accuracy

N
u
m

b
e
r 
o
f

m
e
a
s
u
re

m
e
n
ts

a
 s

in
g
le

v
a
lu

e

tr
u
e
 v

a
lu

e

Accuracy

T P+T N
T P+FN +T N +FP

Precision

N
u
m

b
e
r 
o
f

m
e
a
s
u
re

m
e
n
ts

tr
u
e
 v

a
lu

e

Precision

T P
T P+FP

Continues at the next page...

- 211 -



Trueness

Values of each

measurement

N
u
m

b
e
r 
o
f

m
e
a
s
u
re

m
e
n
ts

m
e
a
n

tr
u
e
 v

a
lu

e

Trueness

Accurate & Precise

Sensitivity &
Resolution

Parameter

M
e
a
s
u
re

m
e
n
t

Slight

Change

Large

Change

Lo
w

 R
e
so

lu
ti
o
n

H
ig

h
 S

e
n
si

ti
v
it
y

Lo
w R

eso
lu

tio
n

Lo
w S

ensit
ivity

High Resolution

Low Sensitiv
ity

T P
T P+FN

Specificity
T N

T N +FP

1 TP: True Positive; FP: False Positive; TN: True Negative; FN: False Negative

- 212 -



C: Digital Image Correlation

Table 2 DIC set-up parameters for test TCX1.

Loading
increment

Node
spacing [x y

z] / [px]

Correlation
window [x y z]

/ [px]

Search window [xmin
xmax] [ymin ymax] [zmin

zmax] / [px]

1-2 [30 30 30] [35 35 35] [-2 6][-6 6][-12 2]

2-3 [30 30 30] [35 35 35] [-2 7][-7 5][-27 2]

3-4 [30 30 30] [35 35 35] [-15 35][-35 15][-55 2]

4-Peak [30 30 30] [35 35 35] [-10 45][-45 10][-65 2]

Peak-6 [30 30 30] [35 35 35] [-12 45][-85 10][-100 2]

6-7 [30 30 30] [35 35 35]
[-5 60][-100 100][-150

2]

where for the search window, the sign follows the convention of Fiji (z positive points
downwards).
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D: DEM modelling

Parametric analysis

0 2 4 6 8 10
0

1

2

3

4

5

6

7

Strain [%]

S
tr

e
s
s
 [

M
P

a
]

µ
s

= 0.05

µ
s

= 0.1

µ
s

= 0.2

µ
s

= 0.3

µ
s

= 0.4

µ
s

= 0.5

µ
s

= 0.6

µ
s

= 0.01

2 3 4 5 6 7 8
1

2

3

4

5

6

Figure 6 Analysis of varying the coefficient of sliding friction (with detail).
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Details about contact forces
Table 3 Details about contact forces of the oedometer simulation.

Timestep Time [s] εa [%]
Average normal

force [N]

Average
tangential force

[N]

∆t0 2.519 0 0.0509 0.0067

∆ta 2.579 0.4 0.1504 0.0195

∆tb 2.663 0.9 0.3986 0.0528

∆t1 2.759 1.5 0.8072 0.1049

∆tc 2.876 2.2 1.4338 0.1751

∆td 2.933 2.5 1.7930 0.2090

∆t2 3.209 4.2 2.9874 0.2891

∆t3 3.659 6.9 4.3563 0.4296

∆t4 3.749 7.4 4.9414 0.4984
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