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Abstract 

Mass movements in clay deposits result in damage to infrastructures and buildings with 

significant social, economic, and environmental consequences. These processes are 

characterised by strain localisation, a complex process to investigate experimentally and model. 

Strain localisation in clays is particularly worrisome and possess huge destructive capabilities 

because clay is characterised by low shear strength. Conventional laboratory tests are 

essentially a post-mortem destructive analysis of localised deformations, and do not account 

for the fundamental physics of soil behaviours. Hence the development of 4-dimensional (4-

D) non-destructive imaging approaches to study soil mechanical behaviour. However, due to 

the small size of clay particles compared to achievable X-ray computed tomography (X-ray 

CT) resolution, it has not been possible to directly evaluate particle scale clay micromechanics 

non-destructively using 4-D imaging techniques.  

This thesis presents a novel technique involving the use of plate-shaped (“platy”) 

muscovite mica marker for the evaluation of the initiation and propagation of strain localisation 

in kaolin. First, an investigation was carried out to understand the suitability of the use of mica 

particle markers for the study of clay by carrying out both chemical and mechanical 

characterization of mica. Subsequently, sample preparation techniques were experimented to 

understand the appropriate sampling approach with least microstructure disturbance. 

Furthermore, a novel miniature triaxial cell instrumented with a high capacity tensiometer and 

a novel platy particle matching algorithm were developed for the study of mica marker particle 

kinematics within kaolin. Kinematic analysis (displacement and rotation) of mica particle 

markers within the kaolin sample was then carried out. 

The results presented in this thesis demonstrated that (i) The particle configuration of 

silt sized muscovite samples consistently varied (dispersive and non-dispersive) with pore-

water chemistry, regardless of whether the samples being tested were suspension sediments or 
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compacted samples. (ii) By adding both silt sized muscovite or sand sized muscovite to kaolin 

for up to 30% sand sized muscovite or silt sized muscovite, the compressive behaviour is still 

clay-dominated. Similarly, the addition of mica (up to 30%) to kaolin does not significantly 

affect its hydraulic conductivity of kaolin. However, the shear strength characteristics of kaolin 

may significantly change by the addition of about 2.5-30% of silt sized muscovite or sand in 

the low normal stress (<100 kPa) but not at higher stress regime. (iii) PLATYMATCH 

(algorithm developed in this thesis) can effectively match platy particles in consecutive sample 

scans when adequately registered and the particles adequately segmented. (iv) A conceptual 

model of the initiation and propagation of strain localisation in kaolin was developed. 

The findings of this thesis implies that there is the potential to use platy mica particle 

marker images for early (pre-peak shear strength) detection of the initiation and propagation of 

strain localisation in kaolin and this may possibly be useful in enhancing available constitutive 

models such as the double scale constitutive model for improved clay behaviour prediction. 
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1. Introduction 

 

1.1. Background 

Soil deformation in the form of landslides alone is more widespread than any other 

geological event and can occur anywhere in the world (WHO, 2021). Landslides contribute to 

about 17% of the fatalities due to natural hazards (CRED, 2021). Between 1998-2017, 

landslides affected an estimated 4.8 million people and caused more than 18 000 deaths (WHO, 

2021).  The cost of losses from landslide is also enormous for example annual landslide costs 

are estimated as USD 1–5 billion in Italy, Austria, Switzerland and France; annual losses in the 

United States exceed USD 3.5 Billion(Schuster, R.L. and Highland, 2001).  The economic, 

environmental, and social impacts of landslide is worsened by climate change and rising 

temperature which are expected to trigger more landslides (WHO, 2021) as well as the 

increasing costs of development and investments in landslide-prone areas (Bandara, R.M.S., 

2013; Petley, D.N., Dunning, S.A. and Rosser, 2005). 

Deformation in geomaterials (soils, rocks, concrete, etc.) is often localized, i.e., 

occurring in the form of shear bands or fractures (Viggiani et al., 2013). Landslide is a strain 

localisation phenomenon which involve three-dimensional shear bands (Oka et al., 2005). 

Strain localisation can occur in all types of geomaterial. However, strain localisation in clays 

is particularly worrisome and possess huge destructive capabilities because clay is prone to 

failure and is characterised by low shear strength, often have high water content, and known to 

induce failure when present in other soils (Yalcin, 2007). Hence, there is the need to better 

understand and predict strain localisation phenomena in clay. Examples of clay failure systems 

include: the Blue clay slope Spineto landslide system in Italy (Di Maio, and Vassallo, 2011); 
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the Agulu-Nanka landslide in west Africa (Ibeh, 2020) ; Black Ven mudslide complex in 

Dorset, UK (Chandler and Brunsden, 1995); and mudslide in Southern California (Ren et al. 

2011). 

More recently. significant work has been done to understanding the contribution of 

particle scale mechanism to the macroscopic behaviour of geomaterials- thanks to X-ray 

Computed Tomography (X-ray CT) technique which enable 3D non-destructive imaging of 

representative sample of particles large enough to be imaged at reasonable resolution (Andò et 

al., 2012; Cheng & Wang, 2018a; Druckrey & Alshibli, 2014; Fu et al., 2008). Although many 

achievements have been reported with the use of X-ray CT in the study of strain localisation in 

geomaterials such as sand and gravel, the study of strain localisation in clay remains 

challenging (Birmpilis et al., 2017).  

Clay soils exhibit relatively more complex behaviour compared to sands and despite 

years of macroscale studies of clay behaviour, the underlying particle scale mechanisms have 

been largely unexplored. This is because clay particles are very small – with sizes in the order 

of microns/sub-microns and thickness in the order of tenths/hundredths of naometers, they are 

plate shaped, and they exhibit physico-chemical interactions in addition to mechanical 

interactions. However, considering that most of the rupture and deformation incidents in soil 

is widespread in clay soils, it is important to evaluate clay micromechanics to better understand 

localisation phenomenon in clay using 4-D X-ray imaging approach.  

1.2. Research Aim 

The overall aim of this PhD research was to investigate the initiation and propagation 

of strain localisation in kaolin clay, using mica marker and X-ray CT. It is hypothesized that if 

suitable sized plate shaped (mica) particle markers are used to study kaolin upon triaxial 

compression using an X-ray CT, the marker particle kinematics response will help elucidate 

the initiation and propagation of strain localisation in kaolin. Concepts and techniques from 
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kinematic analysis inspired in part by progress in the study of sand particle kinematics and 

localisation, obtained using X-ray CT, was employed. The central question we seek to answer 

in this study were: can we understand the mechanism of particle interaction in soft clay using 

mica markers? can measures of mica marker individual grain kinematics detect strain 

localisation in clay? If so, can such analysis provide early detection of failure and offer new 

and useful insights on clay micromechanics? 

 

1.3. Research Objectives 

The specific objectives of this research were:  

1) To characterize mica chemically (in terms of its particle interaction and erodibility in 

different pore-fluid pH and electrolyte concentration) and mechanically (in terms of 

compressibility, shear strength, and hydraulic conductivity). 

2) To determine the best approach for sampling miniature clay sample with minimum 

disturbance. 

3) To develop a miniature triaxial cell suitable for X-ray Computed Tomography (X-ray 

CT) imaging of clay with markers and with an inbuilt High-Capacity Tensiometer for 

hydro-mechanical measurement. 

4) To develop, implement and validate a particle matching algorithm to quantify particle 

kinematics -displacement and rotation- of plate-shaped particles using X-ray -CT data. 

5) To develop a conceptual understanding of the initiation and propagation of strain 

localisation in kaolin by using X-ray CT and mica markers. 

1.4. Structure of Thesis 

This thesis is made up of eight chapters. Chapter 2 presents a review of the literature 

relevant to strain localisation in soil, mica characterisation, miniature triaxial cell equipment 



4 

design, and algorithm development for particle kinematics analysis upon loading in soil. 

Chapters 3 to 6 each contain either manuscript accepted for publication or manuscript under 

review for publication. Chapter 3 presents investigation into the characterisation of mica 

particle erosivity in different chemical environment conducted using a Jet Erosion Test (JET) 

apparatus, this was in part to characterise the chemical behaviour of mica. Chapter 4 contain 

the mechanical characterisation of mica and mica kaolin composite, using oedometer and direct 

shear tests. Chapter 5 presents investigation into miniature clay sample preparation techniques 

using X-ray CT and mica markers. Chapter 6 presents details of the development and validation 

of a “platy” particle matching algorithm PLATYMATCH, implemented in MATLAB. Chapter 

7 is written in a journal article format to be submitted to Geotechnique but is still being worked 

on. The chapter presents details of the development of a miniature triaxial compression cell 

with an inbuilt high capacity tensiometer, designed for use within X-ray CT for undrained 

triaxial compression of clay. It also contains the evaluation of mica marker kinematics within 

kaolin for the evaluation of the initiation and propagation of strain localisation in kaolin, using 

the developed miniature triaxial compression cell, PLATYMATCH, and X-ray CT. Chapter 8 

presents the main conclusions of this research as well as the limitations of this study and some 

recommendations for future work with a list of specific topics suggested for future research.  

It is important to note that this research evolved through the PhD program and was impacted 

by restrictions due to Covid-19 in the following ways: 

-in chapter 3, it was not possible to obtain additional scans of the mica only particles to enable 

a closer observation of their roughness. 

- In chapter 4, due to time constraints, results of a previous shear test of the same kaolin was 

adapted for this study with a shear rate that was slightly different, but within the limit to avoid 

pore pressure build up during shear 
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- In chapter 4, additional X-ray CT scans of kaolin with relatively low concentration of 

muscovite were not obtainable due to covid-19 restrictions. 

-In chapter 7, it was not possible to design a smaller tensiometer to enable enhanced image 

resolution. It was also not possible to perform additional triaxial tests in chapter 7 to explore 

the conditions that affect localisation behaviour in clays. 

References cited are presented at the end of each chapter. 

1.5. Reference  

Andò, E., Hall, S.A., Viggiani, G., Desrues, J. and Bésuelle, P. (2012) ‘Grain-scale 

experimental investigation of localised deformation in sand: A discrete particle tracking 

approach’, Acta Geotechnica, 7(1), pp. 1–13. doi: 10.1007/s11440-011-0151-6. 

Bandara, R.M.S., and K. M. W. (2013) ‘Overview of landslide risk reduction studies in Sri 

Lanka.’, in C. Margottini, P. Canuti,  and K. S. (ed.) Landslide science and practice, ed. 

1st edn. Berlin, Heidelberg: Springer International Journal of Landslide Inventory and 

Susceptibility and Hazard Zoning, pp. 345–352. 

Birmpilis, G., Dijkstra, J., Tudisco, E. and Hall, S. (2017) ‘In-situ study of deformation 

mechanisms of soft clay using X-ray Computed Tomography and Digital Volumetric 

Correlation’, (June). 

Chandler, J.H. and Brunsden, D. (1995) ‘Steady state behaviour of the Black Ven mudslide: 

the application of archival analytical photogrammetry to studies of landform change.’, 

Earth Surface Processes and Landforms, 20(3), pp. 255–275. 

Cheng, Z. and Wang, J. (2018) ‘A particle-tracking method for experimental investigation of 

kinematics of sand particles under triaxial compression’, Powder Technology, 

328(September), pp. 436–451. doi: 10.1016/j.powtec.2017.12.071. 

CRED (2021) Natural disasters, Centre for Research on the Epidemiology of Disasters. 

Available at: http://www.cred.be/ (Accessed: 30 May 2021). 
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Druckrey, A. M. and Alshibli, K. A. (2014) ‘3D Behavior of Sand Particles Using X-Ray 

Synchrotron Micro-Tomography’, pp. 2814–2821. doi: 10.1061/9780784413272.272. 

Fu, Y., Wang, L., Tumay, M.T. and Li, Q. (2008) ‘Quantification and Simulation of Particle 

Kinematics and Local Strains in Granular Materials Using X-Ray Tomography Imaging 

and Discrete-Element Method’, Journal of Engineering Mechanics, 134(2), pp. 143–

154. doi: 10.1061/(asce)0733-9399(2008)134:2(143). 

Ibeh, C. U. (2020) ‘Effect of changing groundwater level on shallow landslide at the basin 
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2.  Geomaterial Instability 

Trends of climate change and global warming has increased landslide hazard over the last 

two decades. Mass movements in clay deposits result in damage to infrastructures and 

buildings (Figure 1) with significant social, economic, and environmental consequences 

(Yulong Chen et al., 2020; Huang & Dai, 2014; Liu et al., 2018; Pritchard et al., 2014) 

                  

        

Figure 1: a) Alta Landslide which occurred on the 3rd of June 2020 in a body of clay, destroys road in 

Northern Norway (adapted from www.lifeinnorway.net on the 30th of May 2021) b) Drone image 

showing the landslide site at Ask in Gjerdrum municipality, Norway after a deadly landslide on the 30th 

of December 2020 (adapted form www.world-today-news.com on the 30th of May 2021). 

A common denominator of geomaterial instability process is that they most often 

involve multi-physical and non-linear processes at several length scales, this makes it 

challenging to predict them accurately. In addition, these processes are often characterized by 

strain localization, a sudden nonhomogeneous deformation phenomenon (ALERT, 2016). 

Strain localization is a complex process to investigate experimentally and model.  

 

2.1. Strain localisation 

Strain localisation is ubiquitous in geo-materials and occur over a vast range of scales, 

from the microscale of grains to faults extending over kilometres. A common form is shear 

banding, which is a narrow zone of intense shear straining. Most geomaterial fail by the 

formation and propagation of zones of localised shear deformation. Its formation is usually 
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accompanied by a softening response resulting in progressive failure. Strain localisation may 

be accompanied by dilatancy (inelastic volume increase) and/or compression (inelastic volume 

decrease) as well as by chemical alteration. Thus, they may exist as compaction bands, shear 

bands or dilation bands (Figure 2). Relatively small-scale shear zones and fractures can 

significantly compromise foundations and underground structures of all types and, at a larger 

scale, control the propagation of earthquakes. On the other hand, compaction bands may 

control both the mechanical and hydraulic transport behaviour of geomaterials for example the 

formation of trap (impermeable barrier) for hydrocarbon reservoir or bounded aquifers.  

 

Figure 2: Localised deformation with compaction, shear and dilation band (modified from Du Bernard 

et al., 2002) 

Considering that strain localization is a precursor to failure in geomaterials, it is one of 

the most important and rich but complex issue in geomechanics (ALERT, 2016).  This has 

motivated numerous theoretical, experimental, and numerical works in geomechanics. 

However, numerous questions still exist about how strain localisation is initiated and 

propagated and how the formation and subsequent evolution of strain localisation are related 

to the hydraulic state, stress state including suction, deformation history, material properties, 

heat, and chemical alterations. The eventual precursors in the transition from homogeneous 

deformation to localised deformation is poorly understood. Therefore, it is important to clarify 
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the mechanism involved in their formation and propagation and enriching knowledge and 

understanding of strain localisation in clay geomaterials is key in the field of geomechanics. 

2.2. Continuum constitutive modelling 

Mechanical behavior of geomaterials is generally modelled within the framework of 

continuum mechanics and stress-strain constitutive models have been developed to represent 

different types of soil materials to aid the prediction of pre- and post-failure deformation of 

ground and embankment as well as displacement of structures which they interact with. A well-

known example of such constitutive models is the modified Cam Clay model (Schofield, and 

Wroth, 1968). However, a major drawback of these models is their implicit assumption of 

material continuum and as such, at strain localisation regime, we deal with mathematically ill-

posed governing equations (ALERT, 2016). Classical continuum models show significant 

limitation when trying to model strain localisation in geomaterials.  

According to Mallikarachchi & Soga (2020) this results from the fact that conventional 

constitutive models do not contain material parameters with dimension of length and as such 

features such as shear band thickness is undetermined. Continuum mechanics approaches rely 

on macroscopic empirical data to characterize the stress-strain response of a material. It 

generally relies on measuring soil properties on sample boundaries, as such, the fundamental 

material physics is not represented. The discrete nature of granular materials does not make it 

easy to define the notion from a phenomenological point of view. Essentially, localization of 

deformation reduces the scale of the problem and phenomena occurring at the grain or near-

grain scale cannot be left out in the modelling of the macroscopic behaviour of geomaterials. 

This was rightly put by Terzaghi when he stated that (Santamarina, 2001): 

“Coulomb purposely ignored the fact that sand consists of individual grains and dealt with 

sand as if it were a homogeneous mass with certain mechanical properties. [The] idea proved 

very useful… but it developed into an obstacle as soon as its hypothetical character came to 
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be forgotten. The way out of this difficulty lies in dropping the old fundamental principles and 

starting again from elementary fact that sand consists of individual grains”. 

An excellent understanding of the above concept led Sibille & Froiio, (2007)  to say 

that ’This has led to the paradox of micromechanics of granular materials as a science based 

almost entirely on “virtual evidence”. The importance and significance of micro-scale 

geomaterial study is well established in the literature (e.g.,  Andò et al., 2012; Druckrey & 

Alshibli, 2014; Hall et al., 2010; Hasan & Alshibli, 2012; Hill & Selvadurai, 2005; Iwashita 

K., Oda, 1998; Shire & O’Sullivan, 2013; Viggiani et al., 2013). As aptly stated by Viggiani et 

al., (2013), clay rocks, just as any other geomaterials, have a microstructure, although this is 

ignored in classical models. This has always come back to haunt us especially when 

deformation is localized in regions so small that the detail of the geomaterial structure cannot 

safely be ignored.  

Continuum models with adequate material microstructure parameters will be better at 

describing and better predicting localisation phenomena which are the precursors of failure in 

geomaterials. Thus, particle and near-particle-scale investigation could represent an effective 

approach to address such drawbacks. Overall, the recognition of the above concept has seen a 

move from conventional continuum mechanics to discrete or mixed discrete and continuum 

methods. 

2.3. Geomaterial modelling spectrum. 

A broad spectrum of geomaterial modelling approach has been developed (Figure 3), 

ranging from the continuum end (e.g., FEM) to the discrete end (e.g., Discrete Element 

Method- DEM), with mesh free hybrid methods such as Smoothing Particle Hydrodynamics 

(SPH) at the middle. These methods complement each other and have their associated 

advantages and disadvantages.  



12 

The analysis of geostructures in geomechanics is often made based on finite element 

method (Bui & Nguyen, 2017). This is done either through the onset of kinematically 

admissible sliding by evaluation as solution evolves at mesh nodes (Hicks & Spencer, 2010) 

or through the detection of failure as a loss of global equilibrium seen as a lack of convergence 

of the solution identified by the lack of convergence within a certain iteration number  (Griffiths 

& Lane, 1999; Taylor, and Zienkiewicz  2005). Unfortunately, FEM shows some limitations 

when dealing with localised deformation problems because due to their mesh size and the 

nature of constitutive models employed. While methods like FEM are suited for large scale 

geomaterial modelling, the mechanical constitutive models they are built upon may fail in 

capturing the effect of particle scale phenomena like strain localisation.  

Hybrid mesh free modelling approach such as SPH, in which element size are point 

based, although overall a continuum-based method, does not require any background mesh and 

solve the strong-form governing deferential equations, unlike FEM solving weak-form 

differential equations. Although mesh free, SPH requires large computational power and 

scaling this method to large scale geomechanically structures is non-trivial. Like FEM, they 

are also built on macroscopic constitutive models that may fail in capturing the effect of particle 

scale phenomena. 

Discrete element model (DEM) is a numerical method in which the finite displacement 

and rotation of discrete bodies are simulated (O’Sullivan, 2011; Shire & O’Sullivan, 2013). It 

has long been known that the particulate nature of soil underlies its response characteristics 

and DEM simulations can help the development of constitutive models in understanding the 

complex behaviour of soils (O’Sullivan, 2011). In a DEM model, particle move and rotate 

relative to each other and during the movement, contacts between particles are formed and 

broken based on a defined contact law. The contact forces resulting from the interaction of 

particles and the inertia of the body are generated from which acceleration is computed and the 
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resultant displacement over a small-time step increment is determined. With several time steps, 

the evolution of the system is simulated. The micro scale result of the simulation is often used 

to enhance our understanding of fundamental mechanisms and to inform continuum models for 

use in practice.  

The need to complement DEM simulations with experimental studies has been 

emphasised in the geotechnical literature. Although the development of discrete element model 

to capture the behaviour of clays have been attempted by several authors (Anandarajah & Yao, 

2002; Pagano et al., 2017), there is a lack of experimental data to validate or calibrate these 

models. In addition, the 3D geometry of clay particles, the number of particles required to 

capture a representative Element Volume - REV, and realistic particle size distribution are not 

properly captured.   

Other limitations include the complex geometry and contact law for clays requiring 

large computer memory and high processor speed. Real physical soils are 3D and to develop a 

DEM model that truly captures the 6 degrees of freedom and real geometry of soils 3D 

simulation is needed, but this comes with the challenge of large computational cost. High 

performance computers (HPC) associated with supercomputer are composed of multiple 

processors for higher performance than common personal computers and may help to solve 

this problem. While DEM is promising for evaluating strain localisation in soils as it involves 

particle scale modelling, it is limited in terms of parallelisation to tackle field-scale applications 

due to the enormous number of particles required to capture large scale features and the 

associated computational power required for such analysis.  
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Figure 3: Geomaterial numerical modelling spectrum (adapted from ALERT, 2020) 

 

2.4. Constitutive model enrichment 

There needs to be some form of enrichment of conventional constitutive models by 

adding soil “genome” (particle scale soil properties) for any reasonable progress to be made 

with predicting deformation and instabilities in geomaterials. A new development is the 

emergence of the double scale approach to the study of instabilities in geomaterial. The double 

scale modelling approach defines and solves two numerical problems which must be linked– 

one at the small scale and the other at the large (continuum) scale. Linking the two scales 

require an understanding of the physics at the appropriate scale and ideally this comes directly 

from experiment (Viggiani et al., 2013).  

In the double scale approach to modelling strain localisation, the structure of 

constitutive model is enriched to accommodate micro/meso-scale details of the localisation 

band, including its orientation, thickness, and behaviour. Recent developments of a double-

scale approach to tackle material instability issues related to softening and localization has seen 

its application in SPH modelling (Bui & Nguyen, 2017). In this approach, length scales are 
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incorporated in the structure of the constitutive model (e.g., an effective size of an SPH particle) 

and allows scaling of the constitutive behaviour of the SPH particle to correctly describe post-

localization stage of failure. As such, the behaviour of the volume element crossed by the 

localisation band is governed by behaviour of the localisation band, its orientation and size as 

well as the behaviour of the zone outside the band. A length scale related to the thickness of 

the localisation band is involved in the modelling of mechanical behaviour.  

Further, DEM approach is used to understand the particle-to-particle interactions and 

how such interactions take place in a force-displacement space. Experience from these studies 

is then used to enrich constitutive models such as the double scale constitutive model. The 

nascent state of these methods require that they need to be calibrated and validated with 

experimental data. Details of thickness and orientation of localisation band, initiation and 

deactivation of localisation band, evolution of localisation band thickness  need to be 

understood and validated with experimental results to enable proper enrichment of constitutive 

models for better prediction of geomaterial (Mallikarachchi & Soga, 2020). 

2.5. Full field imaging of soil 

Full-Field Imaging is any imaging technique in which all pixels of the image are 

collected at the same time. Full-field methods encompass several different techniques. Imaging 

has traditionally been conducted on post-mortem samples, which pose the challenge of 

alteration of soil microstructure associated with sample preparation technique. For example, 

the use of Cryo-SEM requires sample size less than 2-3 mm to avoid effects of non-uniform 

freezing and for Environmental SEM, and sample preparation process leads to remoulding and 

disturbance to original structures especially for sensitive clays  (Emdal et al., 2016).  

In a bid to study strain localization in soils, various micro-scale techniques involving 

imaging and distinct particle modelling have been employed. Many such techniques exist, 

including among others, image correlation, grid method, speckle interferometry and the Moiré 
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method (Vautrin et al., 2002). Through such study, particle kinematics is evaluated. Once 

particle displacement field is measured, the strain field can be deduced.  

 Lin, and Penumadu, (2006) recognized that the deformation and strain components at 

different positions of a deforming specimen are required to better address strain localization 

and its impact on the interpretation of test results. They studied strain localization using dots 

drawn on latex membrane covering Kaolin clay but only sample surface deformation 

information will not give comprehensive details of the internal soil behaviour.  

Until recently, various full field measurement has been used to study strain localization in 

coarse-grained geomaterials (e.g., sand and gravel). Clay geomaterials are more difficult to 

image due to the higher spatial resolution required to resolve the small particle size and 

localization thickness of available full field measuring techniques such as X-ray CT. However, 

this has started to change with developments of micro- X-ray CT (Lenoir et al., 2007).  

 

2.5.1. X-ray Computed Tomography 

On an X-ray CT system, X-Ray is produced through a source with the sample to be 

imaged placed at a distance from the source. As the X-ray radiation passes through the sample, 

the beam is progressively attenuated due to interactions with material constituent atoms. The 

attenuation may be primarily because of three mechanisms: photoelectric adsorption, Compton 

scattering and coherent scattering (Simons et al., 1997; Taina et al., 2008). Bear’s law describes 

the attenuation of a beam of monochromatic X-ray radiation: 

                                                           
𝐼

𝐼0
= exp(−𝜇ℎ)                                                                   [1] 

where 𝐼0 and I are the incident and attenuated X-ray, 𝜇 is the linear attenuation coefficient, and 

h is the thickness of the scanned object. The linear attenuation coefficient depends on the 
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material bulk density (𝜌), atomic number (Z) and energy (E) of the Xray beam  (Taina et al., 

2008) according to equation 2. 

                                                          𝜇 =  𝜌 (𝑎 +
𝑏𝑍3.8

𝐸3.8 
)                                                            [2] 

where a and b are energy-dependent coefficients.  

The acquired attenuation signatures are reconstructed through tomographic 

reconstruction which consist of linear integration of attenuation, using reconstruction 

techniques such as filtered back propagation (Singh et al., 2010). The images are then filtered 

to remove/supress noise (unwanted signal) prior to segmentation. Thereafter, elements of the 

X-ray CT image are differentiated through a technique known as segmentation. The segmented 

images are then used to analyse sample properties. 

 

2.5.2. Challenges to the use of X-ray CT for imaging clay 

Although with the advent of X-ray CT in geomechanics relative progress has been made 

to understanding the micromechanics of sand at the particle scale (Desrues & Viggiani, 2004; 

Druckrey & Alshibli, 2014; Karatza et al., 2019; Mallikarachchi & Soga, 2020; P. Wang et al., 

2019; P. Wang & Yin, 2020), such cannot be said for clays especially  clay due to small size 

of their particles which cannot be imaged with available X-ray CT resolution. This has 

hampered our understanding of particle-scale mechanisms underlying fundamental aspects of 

clay mechanical behaviour. For example, it is well known that the shearing of a loose soil 

sample results in no peak shear stress whereas shearing of a dense soil sample results in peak 

stress (Terzaghi, K., Peck, R.B. and Mesri, 1996); for a dense quartz sand sample, the peak 

stress is generally attributed to the interlocking of particles but for soil samples such as 

overconsolidated clay, it is not well understood how clay particles interact to give rise to peak 

shear stress (see Figure 4).  
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Figure 4: Sketch of the shear behaviour of dense sand compared to lose sand and the need to understand 

the difference between normally consolidated clay and overconsolidated clay. 

 

The major challenges to understanding clay microstructure using the imaging approach are:   

i. The lack of imaging technology with adequate resolution to enable visualization of 

the spatial arrangement of clay particles and its associated pores at a representative 

element volume; in a time resolved process.  Imaging a representative specimen 

from an X-ray CT is limited by resolution. Even with synchrotron Xray CT which 

can attain a resolution of 0.1 micrometer, difficulty persists in capturing a clear 

picture of the interfacial porosity that may encompass nano-pores (Cui et al. 2017).  

ii. Another challenge is how it might be possible to upscale imaging results to scales 

in space and time relevant in macroscopically observed soil properties. In addition, 

natural clays show structures such as bioturbation, sedimentary laminae diagenetic 

mineral growth and dissolution, but small samples may not capture such structure.  

Furthermore, image processing requires handling of large data volume and there is 
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a lack of standardized image processing protocol. Image processing like 

thresholding is essentially subjective. 

iii. Incorporating the physico-chemical microscopic interactions between particles 

(Pagano et al., 2017). Clay exhibit physico-chemical properties and capturing this 

through imaging is challenging. 

iv. The need to ensure that time dependent mechanical response, i.e., pore pressure 

dissipation and creep in clay sample does not affect image acquisition (Birmpilis et 

al., 2017). This may create additional challenges to obtaining accurate 

reconstructions from X-ray CT raw radiographs. Therefore, during clay sample 

image acquisition, the sample should ideally be kept stable without additional 

deformations or significant time dependent mechanical response. 

v. Adequately capturing the 3D platy shape of clay particles to effectively interpret 

soil microscopic behaviour for enriching discrete element models in non-trivial. 

vi. Evaluating particle kinematics using scans entail huge computational requirement 

for particle interactions between millions to billions of particles in a representative 

volume of clay sample. 

There is currently no imaging technology capable of providing 4D visualization of clay 

sample of representative element volume at resolution high enough to visualize clay particle 

interaction.  

 

2.6. Particle Kinematic evaluation and strain quantification 

To better understand soil discrete mechanics, X-ray CT imaging technique are used to 

capture the particle scale features of granular soil subjected to some physical loading 

(mechanical, thermal, hydraulic etc.) over time. X-ray CT provides an effective approach for 

analysing microscopic deformation of geomaterials (Andò et al., 2012; Karatza et al., 2019; 
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Reijonen et al., 2020; Viggiani et al., 2013), because of the detailed and huge amount of 

information that can be obtained from acquired images. The analysis of such images usually 

requires particle matching algorithms for particle kinematic evaluation from one scan (before 

loading) to another scan (after loading). Although an approach called discrete digital image 

correlation -Discrete DIC (Andò et al., 2012; Hall et al., 2010) which recognises grains based 

on their image (numerous pixel grain scale information) can be used to produce full field strain 

measurement, the approach is computationally expensive (Andò et al., 2012). A more 

computationally simple approach to particle matching is the use of simple morphological 

particle attributes to match particle before and after loading, enabling the effective 

determination of sample kinematics.  

As presented in Table 1, (Fu et al., 2008) implemented a particle matching algorithm to 

match crushed limestone particles (average size of 127µm), using expected particle position 

reference and volume as matching parameters. Their algorithm searches for a particle in the 

initial sample scan with the closest location to where the particle should be in the second scan 

2 (after loading) and then used the particle volume as an additional parameter if there are more 

than one particle in that location. This search approach may however break-down when 

searching for particles in a shear band (where particles may move in an unpredictable  manner). 

(Andò et al., 2012) developed a particle matching algorithm -ID Track and used it to match 

carbonate and quartz sand (average size of 400 µm and imaged at 15 µm pixel size). ID Track 

searches for particles in two passes with the first pass using only volume difference and the 

second pass using both volume difference and difference of displacement of neighbouring 

particles. Particles with the closest feature as the one under consideration are matched. They 

pointed out their assumption that grains will tend to displace like their neighbours but also 

noted that this may cause problems when a neighbourhood overlaps a developed shear band. 

They used only one parameter with a wide enough distribution, i.e. volume, as the matching 
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parameter but this may be a challenge for particles with less-unique volume. (Cheng & Wang, 

2018b) also implemented a similar algorithm as ID-Track to match quartz sand with an average 

size of 500 µ and imaged at 6.5 µ pixel size, but rather than using volume as the matching 

parameter they also used surface area in place of volume obtaining similar result. Further, 

(Druckrey & Alshibli, 2014) implemented an algorithm (to match quartz sand particles with an 

average size of 700 µ and 10.85 µ pixel size) that searches particles from one scan to another 

using particle features parameter including volume, surface area, length, and width. The 

parameters were considered in series (sequentially), and as such a particle must be within a set 

tolerance for the first parameter to be considered for check using the second parameter, and 

same as the third and fourth. Table 1 presents details of the samples studied, the imaging 

condition, the algorithm implementation approach used by the studies described above. 
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Table 1:  available matching algorithm and their implementation  

 Author (Fu et al., 2008) (Andò et al., 

2012) 

(Druckrey & 

Alshibli, 2014) 

(Cheng & 

Wang, 

2018b) 

1 Material 

Tested and 

size 

 

Crushed 

Limestone 

Calcareous and 

quarzitic Sand 

Quarzitic sand Sand 

2 Sample size 

(Diameter X 

Height) 

103 mm X 100 

mm  

11 mm X 22 mm  9.5mm X 20.2 

mm  

8mm X 16 

mm  

3 Average 

Particle size 

 

127 µ 400 µ 700 µ 500 µ 

4 Pixel size 

 

- 15 µ 10.85 µ 6.5 µ 

5 Average 

ratio of 

particle 

major axis to 

pixel size 

 

 27 65 77 

6 Average 

ratio of 

particle 

minor axis to 

pixel size 

 

 27 65 77 

7 Particle 

segmentation 

approach 

 

Thresholding Watershed 

segmentation 

Thresholding - 

8 Search box 

used 

No  Yes Yes Yes  

9 Particle 

feature used 

for matching 

 

Particle proximity Particle position 

and particle 

volume  

Particle position 

with sequential 

filtering of 

particle features: 

Volume, Surface 

area; width and 

lengths 

Particle 

position 

and particle 

Area or 

Volume 

10 Matching 

criteria 

Direct 

comparison 

Iterative 

comparison 

Sequential 

comparison 

Iterative 

comparison 
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To our knowledge, there is currently no soil particle matching algorithm designed for 

platy particles and it is important to develop one for a robust matching of platy soil particle 

upon soil sample deformation.   

2.7. Use of clay markers. 

There is therefore the need to use alternative approach to image clays such as the use 

of marker which are large enough to be imaged with current technologies. (Fawad et al., 2010) 

have attempted to use silt sized quartz to quantify strain in clay during compression. Well 

graded quartz silt mixed with clay or gap graded soil may show transitional behaviour and 

equidimensional markers such as quarts silt may not reveal orientation and rotation 

information.  

Mica is a phyllosilicate (platy shape) and mineralogically a clay. Its rotation and 

displacement may be easily detectable since it is platy in shape. Hence silt sized mica particles 

may be used as markers to estimate the kinematics of clays upon strain localization, provided 

the mica does not significantly alter the physical and electrochemical behaviour of the clay 

being studied. Mica is further described below. 

Mica may occur as muscovite, lepidolite, phlogopite, biotite, and lepidomelane mineral 

forms (Hoseini et al., 2016). Muscovite mica is used in this study due to its ubiquitous nature. 

Mica is a phyllosilicate mineral, which may range in size from sand to silt and clay size platy 

particles, but it occurs mostly as a silt sized waste material in mine settings. It has the 

fundamental formula KAl2(AlSi3O10)(OH)2 and is a 2:1 clay mineral (Figure 5). The crystal 

structure is the one of active clays, it comprises a stack of unit layers of an Al–O–Al octahedral 

(O) layer sandwiched between two Si–O–Al tetrahedral (T) layers. Substitutions of lattice Si4+ 

by Al3+ in the tetrahedral layer and Fe3+ or Mg2+ and Ca2+ for Al3+ in the octahedral layer which 

invariably occur, result in a permanent net negative charge on the basal surfaces (Figure 1). 

The charge deficiency is compensated by interlayer cations such as K+ and Na+ adsorbed 
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between the T-O-T sheets, fitting closely into the hexagonal holes of the Si–O–Al sheet. The 

interlayer cations (e.g. K+) strengthen the bonding between basal planes of TOT sheets, which 

are normally held by attractive van der Waals forces, through the attractive electrostatic 

interactions (Nosrati et al., 2009).  

 

Figure 5: Muscovite mica structure  

 

2.7.1. Characterisation of mica 

For mica to be used as a clay marker, it needs to be characterised both in terms of its 

chemical behaviour and mechanical characteristics. This will give an understanding of mica 

characteristics, how mica markers interact with clay (for example kaolin) and what amount of 

mica marker could be used as clay markers without a significant compromise of the clay 

properties.   

Mica occurs in all types of rocks: sedimentary, metamorphic and igneous and it also 

exist as mining waste in the mining industry, where its management (mica mine waste) has 

generated significant attention due to the large volume generated.  About 10 million tonnes of 

mica waste is generated in a year and over 600 million tonnes of total industry stockpile is 

estimated to be available (Palumbo-Roe and Colman 2010). Mica waste is usually deposited in 
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large lagoons and abandoned in clay pits. It contains between 10% and 75% mica mineral and 

currently has seen very limited re-use; within flux for ceramic glazes and as a mild abrasive 

(Hojamberdiev, Eminov et al. 2011); (Zografou, Heath et al. 2014); Basak 2019). Such waste 

mica may be re-used in landscaping, low-volume paved roads and fill material for flood 

embankments or as potassium source in agricultural fields.  

Characterising mica erodibility as part of its chemo-mechanical characterisation will be 

of an added advantage, considering that many of the proposed uses of mica waste require some 

level of erosion resistance. The charge on clay particles is well documented to be pH dependent 

(van Olphen 1977; Gratchev & Towhata, 2013; Mitchell & Soga, 2005; Nishimura et al., 1992)  

and affects their erodibility (Gupta, V. and Ahmed, 2007; Man & Graham, 2010; Momeni et 

al., 2020). Hence, to characterise the erodibility of mica it is important to consider a wide range 

of pore-water chemistries. Therefore, it will be important to better understand mica erosion 

susceptibility as part of its characterization.  

2.8. Existing miniature cells for soil mechanical testing 

Triaxial tests have been widely used to determine the strength characteristics of both 

saturated and unsaturated soil. Although, various miniature triaxial deformation devices have 

been developed for the study of soil using X-ray CT such as devices developed by: Cheng et 

al., 2020; Hall et al., 2010; Higo et al., 2013; Otani et al., 2002. Available miniature triaxial 

cells have a limiting design which restrict achievable resolution when used in industrial X-ray 

CT cone beam systems. For the X-ray CT system, higher resolution is achieved by taking the 

sample being imaged as close as possible to the X-ray source; thus, a triaxial device with 

relatively large diameter will restrict the achievable resolution. To better understand clay 

hydromechanics, it is important to develop a miniature triaxial cell, instrumented with a 

tensiometer for pore pressure measurement enabling triaxial compression of relatively soft clay 

with total and effective stress path evaluation. As confining effective stress is provided by 



26 

suction, the triaxial cell does not require the use of an external fluid to impose a total radial 

stress. In this way, the overall radial dimension of the cell can be reduced significantly and 

allow for the X-ray source to be very close to the sample. None of the existing triaxial cell was 

designed for soft clay, none of them is instrumented to measure both positive and negative 

pressure and non is designed for the peculiar nature of the Nikon XT H 225 LC X-ray computed 

tomography laboratory system Laboratory available at Strathclyde, hence the need to develop 

a new miniature triaxial cell. The device also has to be small enough to shear miniature clay 

sample, transparent to X-ray and allow for comparison between conventional soil boundary 

measuring devices and micro scale details obtainable with X-ray. Table 2a contains technical 

details of existing miniature triaxial cell and Table 2b contain details of research and result of 

the tests conducted with the respective miniature triaxial cells. 

Table 2a: Technical details of existing miniature triaxial cells 

Author Image of device Equipment 

dimension and 

weight 

Pressure 

control / 

Negative pore 

pressure 

measurement 

X-ray 

Source 

designed for 

Limitation 

(Cheng et al., 

2020)  

 

 

-520 mm in height 

and 20 kg in 

weight.  

 

-The sample size 

required for 

the apparatus is 

8mm X 16mm 

(diameter X 

height). 

 

Have pressure 

control/Not 

instrumented 

for negative 

pore pressure 

measurement 

Laboratory - Not adapted for 

some -industrial X-

CT device due to 

restriction 

preventing how 

close samples can 

get to the x-ray 

source and hence 

reduced image 

resolution for 

conventional 

laboratory CT. 

-Designed for 

triaxial testing of 

sand. 

(Hall et al., 

2010)  

 
 

Details not 

provided by 

author. 

Have pressure 

control/Not 

instrumented 

for negative 

pore pressure 

measurement 

Synchrotron 

radiation 

-Designed for 

Synchrotron 

radiation source 

-Designed for 

triaxial testing of 

rock or sand 
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(Higo et al., 

2013)  

 
 

Details not 

provided by 

author. 

No pressure 

control/Not 

instrumented 

for negative 

pore pressure 

measurement 

 

 

 

Laboratory - Unable to measure 

Pore pressure or 

drain water during 

triaxial test 

-Designed for 

triaxial testing of 

sand 

(Otani et al., 

2002)  

 

 

Details not 

provided by 

author. 

 

 

Have pressure 

control/Not 

instrumented 

for negative 

pore pressure 

measurement 

Laboratory -Designed for 

triaxial testing of 

sand 

 

 

Table 2b: Research findings of tests conducted with existing miniature triaxial cells 

Author Image of device Type of soil 

studied 

What measured to 

visualise 

deformation 

Image 

resolution  

Result/Findings 

(Cheng et al., 

2020)  

 

 

Leighton 

Buzzard 

sand 

 

8 mm x 16 

mm 

Sand particles7 

directly observed 

6.5 μm The sample, with 

nearly homogenous 

initial local porosities, 

starts to exhibit 

obvious 

inhomogeneity of 

local porosities and 

localization of particle 

kinematics and 

volumetric strain 

around the peak of 

deviatoric stress.  

Post-peak shear 

strength stage, large 

local porosities and 

volumetric dilation 

mainly occur in a 

localized band. 

(Hall et al., 

2010)  

 
 

Callovo-

Oxfordian 

argillite 

(Argillaceou

s Rock) 

 

10mm 

*20mm 

 

Digital volume 

correlation using 

natural particle 

inclusion in the 

rock. 

14*14*14 μm3 -Using mass density 

changes to detect shear 

strain localisation is 

limited and most often 

not effective. 

-The thickness of 

shear bands as it 

appears in DIC-based 

shear strain fields is 

largely over-

evaluated, because it 
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cannot be smaller than 

the subset size. 

(Higo et al., 

2013)  

 
 

Tuyoura 

sand  

70mm * 35 

mm 

Sand particles 

were directly 

observed  

 

 

 

11*11*11 μm3 -Voids in the shear 

bands was found to be 

much larger than those 

at the initial state or 

outside of the shear 

bands.  

-The stress-strain 

relations for partially 

saturated sand exhibit 

stronger softening 

behaviour than those 

for the fully saturated 

or the air-dried sand. 

(Otani et al., 

2002)  

 

 

-Yamazuna 

Sand 

100mm*50

mm  

 

 

Sand particles 

directly observed  

 

73*73*30 μm3 -Shear band in the 

studied sand starts 

before the stress peak 

as a wide, diffuse 

zone, and then 

narrows into a 

concentrated shear 

zone after the peak 
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3. On the utilization of mica waste: the 

pore-fluid chemistry of mica soils and its 

implication for erosion susceptibility 

The same version of this chapter (with slight modification) has been published in: Ibeh C. U., 

Pedrotti M., Tarantino A., Lunn R. J. (2021) On the utilization of mica waste: the pore-fluid 

chemistry of mica soils and its implication for erosion susceptibility. Geoderma, 403, 115256. 

https://doi.org/10.1016/j.geoderma.2021.115256 

Abstract 

Soil is a vital resource which is limited in availability and must be adequately managed 

for sustainable development. Despite the importance of soil and its limited availability, a huge 

amount of soil is classified as waste. As one of the world’s largest soil waste generators, the 

mining industry must transition to a circular economy model to meet sustainability 

requirements. As a readily available, large-volume waste material (about 10 million tonnes 

each year), waste mica has been considered for re-use as an alternative soil potassium source 

for plants, as landscaping material etc. One of the problems with mica waste is its susceptibility 

to erosion. To use mica as an agricultural or landscaping material, it is therefore important to 

understand the erodibility of mica and how its erodibility can be reduced. This study presents 

an experimental campaign to characterize mica erosion susceptibility. Mica particle-to-particle 

interaction forces and their effect on the macroscopic material behaviour were systematically 

investigated by changing pore fluid pH and ionic concentration. Sedimentation and liquid limit 

tests were first carried out to inform a conceptual model of the mica fabric. Triplets of 12 mica 

samples, compacted at different water contents and with different pore chemistry, were tested 

for erosion susceptibility using a Jet Erosion Test (JET) apparatus. The particle configuration 

of mica samples consistently varied with the pore water chemistry, regardless of whether the 

https://doi.org/10.1016/j.geoderma.2021.115256
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samples being tested were suspension sediments or compacted samples.  For mica samples 

formed with neutral water at low ionic concentration, the particles are in a dispersed 

configuration. This implies a relatively high erosion susceptibility, as particles are eroded one 

by one. For porewater samples formed with an increased ionic strength or within the acidic pH 

range, particles tend to cluster together and organize in a non-dispersed configuration. This 

results in a relatively less erosion susceptibility, as group of particles must be eroded as 

opposed to individual ones. Similarly, the Jet erosion test results reinforced these observations 

showing that mica erodibility varies with porewater chemistry. Considering that mica 

erodibility varies with pore fluid chemistry and mica waste derived from mining operations are 

often slightly acidic, this paper paves the way for tailored assessments of individual mica waste 

materials to determine the appropriateness of their use. 

 

Key words: Muscovite-Mica, erosion, sedimentation, pore-fluid-chemistry, Jet erosion test, 

circular economy 

3.1.   Introduction 

Soil is a vital resource which connects essential spheres such as food security, 

biodiversity, climate change and public health, as well as other social, economic, and 

environmental aspects of life. It is however limited in quality and availability and needs to be 

responsibly managed to meet the sustainable development goal (Keesstra et al., 2016; H. Wang 

& Zhang, 2021). Despite the importance of soil and its limited availability, huge amounts of 

soil are classified as waste. It is estimated that approximately 15 Gt/yr of waste soil is generated 

by the mining industry globally (Lottermoser 2010). As one of the world’s largest waste 

generators, the mining industry must transition to a circular economy model to improve its 

sustainability.  
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Within the mining industry, the management of mica waste has generated significant 

attention due to the large volume generated. Mica waste originates from mining of relatively 

valuable materials such as gold, copper, uranium and platinum (Nosrati et al., 2009), from 

mining of coarse material such as granite (Hojamberdiev et al., 2011) from the mining of other 

phyllosilicates such as China clay (Zografou et al., 2014) and from the mining of mica itself  

(Basak, 2019). For instance, China clay extraction and processing involves the production of a 

very large quantity of mica waste, typically for every tonne of china clay, one tonne of residual 

mica is produced. About 10 million tonnes of mica waste is generated in a year and over 600 

million tonnes of total industry stockpile is estimated to be available  (Palumbo-Roe et al., 

2014). Mica waste is usually deposited in large lagoons and abandoned in clay pits. It contains 

between 10% and 75% mica and currently has seen very limited re-use; within flux for ceramic 

glazes and as a mild abrasive (Basak, 2019; Hojamberdiev et al., 2011; Zografou et al., 2014). 

As a readily available, large-volume material, waste mica has been considered for use as 

backfill material and a landscaping material (Dudeney et al., 2013; Karlsson et al., 2017). Mica 

has also been considered for re-use as a component of construction materials, such as bricks or 

cement (Cresswell and Sims 2007) and in the agricultural industry as a source of important soil 

nutrients such as potassium which plays an important role in several physiological processes 

in plant nutrition (Meena et al., 2015; Singh et al., 2010). 

A major problem with mica waste is that the material is susceptible to erosion as 

highlighted by Sinha et al. (2017). One of the key questions to be addressed in order to access 

the suitability of mica as an agricultural or backfill material is how erodible the mica is and 

how its susceptibility to erosion can be reduced. This issue is addressed by this paper. 

Mica is a class of clay mineral, with a layered or platy texture. The charge on mica particles is 

well documented to be pH dependent (van Olphin 1977, Nishimura et al., 1992; Mitchell and 

Soga, 2005; Gratchev and Towhata, 2013; Liu et al., 2018) and affects their erodibility (Man 
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and Graham, 2010; Momeni et al., 2020). Similarly, the use of mica waste for example, as an 

alternative source of potassium may require the addition of organic matter to promote the K 

mobilization to soil solution and its absorption by the plant (Bakken et al., 1997; Basak, 2019; 

Basak et al., 2017; A. Wang et al., 2015). This process gives rise to the production of organic 

acids (Biswas & Basak, 2014), which reduces the pH of the medium. Hence, to characterise 

the erodibility of mica waste it is important to consider a wide range of soil porewater 

chemistries. 

This paper presents an experimental campaign to characterize mica erosion 

susceptibility for a range of porewater chemistries. Triplets of 12 mica samples, compacted at 

different water contents and with different pore chemistries, are tested for erosion susceptibility 

using a Jet Erosion Test (JET) apparatus and erodibility is found to vary with porewater pH. 

Results from sedimentation tests and liquid limit tests are used to inform development a 

conceptual model of particle-to-particle interactions. This model is able to explain the observed 

variations in the erosion resistance of mica under varying pore-water chemical conditions.  

3.1.1. Mica 

Mica may occur as muscovite, lepidolite, phlogopite, biotite, and lepidomelane mineral 

form (Hoseini et al., 2016). Muscovite mica is used in this study due to its ubiquitous nature. 

Mica is a phyllosilicate mineral, which may range in size from sand to silt and clay size platy 

particles, but it occurs mostly as a silt sized waste material in mine settings. It has the 

fundamental formula KAl2(AlSi3O10)(OH)2 and is a 2:1 clay mineral (Figure 1). The crystal 

structure is the one of active clays, it comprises a stack of unit layers of an Al–O–Al octahedral 

(O) layer sandwiched between two Si–O–Al tetrahedral (T) layers. Substitutions of lattice Si4+ 

by Al3+ in the tetrahedral layer and Fe3+ or Mg2+ and Ca2+ for Al3+ in the octahedral layer which 

invariably occur, result in a permanent net negative charge on the basal clay mineral (Figure 

1). The charge deficiency is compensated by interlayer cations such as K+ and Na+ adsorbed 
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between the T-O-T sheets, fitting closely into the hexagonal holes of the Si–O–Al sheet. The 

interlayer cations (e.g. K+) strengthen the bonding between basal planes of TOT sheets, which 

are normally held by attractive van der Waals forces, through the attractive electrostatic 

interactions (Nosrati et al., 2009). 

 

 

Figure 1: Muscovite mica structure 

3.2. Materials and Methods 

 

Muscovite silt sized muscovite purchased from LKAB minerals LTD, UK was used for 

this study. Laser diffraction analysis (Figure 2) showed the muscovite silt to have an equivalent 

average grain size of about 30 µm. The muscovite specific gravity is 2.8 (given by LKAB). 
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Figure 2: Particle size distribution of muscovite mica 

To characterize the muscovite chemical composition, Micro-X-ray fluorescence (XRF) 

was performed at Bruker AXS, Germany using M4 Turnado Micro-XRF Spectrometer. The 

XRF analysis (Table 1) showed that the muscovite silt contains predominantly Al2O3 (32% 

wt.), SiO2 (43% wt.), K2O (13% wt.) Fe2O3 (8% wt.) and trace amounts of Na2O and other 

compounds. 

Table 1. Chemical composition of the muscovite silt used in this study. 

Element  
Atomic 

Number 
Compound  

Normalised 

Stoichiometric 

Composition 

(wt.%)  

Mg  12 MgO  0.557 

Al  13 Al2O3  32.706 

Si  14 SiO2  43.612 

K  19 K2O  13.01 

Ti  22 TiO2  1.103 

Mn  25 MnO  0.018 

Fe  26 Fe2O3  8.399 

Co  27   0.022 

Ni  28 NiO  0.002 

Zn  30 ZnO  0.007 

Ga  31   0.011 

Rb  37   0.06 

Sr  38 SrO  0.003 

Y  39 Y2O3  0 

Zr  40   0.051 

Nb  41   0.015 

Ba  56 BaO  0.082 

Rh  45   0 

 

3.2.1. Specimen Preparation 

Each sample of mica underwent a standard preparation procedure comprised of a 

washing stage and a pH correction stage. 

Washing stage: As shown by the XRF analysis (Table 1), the dominant ion binding the 

muscovite sheet is potassium ion. The muscovite was rendered mono-ionic by using KCl. A 
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procedure similar to the one outlined by van Olphen (1977), and Palomino and Santamarina, 

(2005) was adopted. The muscovite was mixed with a 2 mol/L KCl solution at -3 mL of solution 

per gram of Muscovite. The suspension was left for 48 h, during which the clay particles were 

allowed to settle. Subsequently, its supernatant was siphoned and replaced with 1mol/L KCl. 

After 24 hours the supernatant was siphoned again and replaced with a fresh 1mol/L KCl and 

left to equalize for 96 hours. Thereafter, the excess salt was removed through 10 washing cycles 

with deionized water. The muscovite was then oven dried and ground into powder using a 

mortar and pestle and was eventually passed through a 425-micron sieve. 

pH correction stage: when the muscovite is mixed with distilled water, the mixture 

result in a pH of ~8. Muscovite has the capacity to buffer the pH of acidic solutions. To have 

mica slurries or suspensions at a different pH, the pH needs to be corrected in the muscovite-

water mixture, to neutralize the buffering effect of the mica. Depending on the target pH, the 

muscovite batches were corrected by adding drops of diluted HCl acid or KOH base to 

respectively increase or decrease the pH of the mixture. In the case of bases, a KOH solution 

was preferred to a NaOH solution to preserve the nature of the cations (K+) dispersed in the 

mica mixture. In both cases (acidic or alkaline batch), the mixture was left to equilibrate for at 

least 24 hours and in case, the pH was corrected again. 

For the sedimentation tests, samples at 4 different pH (e.g., 3, 5, 7, 9) were respectively 

prepared at 4 different KCl concentrations: 0 mol/L, 0.003 mol/L, 0.1 mol/L and 1.8 mol/L. A 

2.54 cm diameter acrylic cylinder filled with the pore fluid and the Muscovite at a water content 

of ~1800 and total suspension volume of 78ml was used. The suspension was mixed and left 

to equilibrate overnight, after which it was remixed.  

For liquid limit tests, samples at two different pH (5 and 8) were tested. The pH 8 

sample was prepared using demineralized water and hence did not require any pH adjustment 
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since the muscovite mixed with demineralized water gave a pH of about 8. The sample at pH 

5 was instead prepared as described above. 

For the JET erosion test, two sets of samples, at pH 5 and pH 8, were prepared with 

different initial water contents (e.g., 0.2, 0.3 and 04) and statically compacted at 90 kPa in a 

cylindrical mould of 10cm in diameter by 10 cm in height. As compacted samples are partially 

saturated, adjusting the pH at low water content would result in improper mixing and 

heterogeneous areas within the sample. A different procedure than the one described above 

was implemented to reach the target pH for each sample. A slurry of mica (w=1.5) was initially 

prepared at either pH 5 or 8 following the same methodology described in the above paragraph 

pH correction stage. The pH-corrected slurry was then oven dried (24 hours at 105 °C) and 

then ground with a pestle and mortar. In this way, the dry clay was already in equilibrium, 

when exposed to water of the same pH, and the buffering effect of mica was neutralized. 

Therefore, the dry mica was mixed with a given amount of water at the target pH and then 

statically compacted. After compaction, each sample was subsequently kept in a sealed nylon 

bag for 48 hours to homogenize. Each sample was prepared in triplicate, resulting in a total of 

18 samples (3 water contents * 2 pH * triplicates). The aim was to create samples at the same 

density, because soil density affects its erodibility; denser samples are expected to be more 

erosion resistant. 

3.2.2. Experimental procedure 

 

3.2.2.1. Sedimentation test  

For the sedimentation tests, the following procedure was followed. First, the soil suspension 

with the target pH and electrolyte concentration was gently poured into the acrylic cylinder, 

and then it was covered, repeatedly inverted for 2 minutes, placed on a level surface and the 

time recorder simultaneously started. During the sedimentation test, the clear water-clay 
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suspension interface was recorded (ruler accuracy of 1mm), when visible, otherwise the 

sediment height was recorded instead. The height was recorded, starting from 2 seconds, and 

subsequently samples doubled the time, until there was no significantly measurable difference 

between three subsequent measurements. At the end of the test, the supernatant fluid was 

siphoned off, and the pH measured. As both the final volume of the sediment and the dry mass 

of the sample were recorded, the final void ratio of each sediment could be calculated. 

3.2.2.2.  Liquid Limit test  

The liquid limit test was conducted with a penetrometer in accordance with BS Code 

(1990). However, as described in the previous section, the samples were prepared with different 

pore fluid chemistries (pH 8 and pH 5, no electrolyte added). Penetration measurements were 

obtained for five moisture contents and the moisture content corresponding to 20mm 

penetration was recorded as the liquid limit.  

3.2.2.3. Jet Erosion Test  

A schematic of the JET erosion apparatus used is shown in Figure 3. The custom-made JET 

erosion apparatus (Beber et al., 2019) was recently created in the Geomechanics laboratories 

at the University of Strathclyde and was designed according to Hanson & Cook, (2004) to 

investigate the erodibility and strength of compacted muscovite at varying porewater pH (pH 

5 and pH 8) and moisture content (0.20, 0.30 and 0.40). The jet erosion test was performed 

using the following parameters: an initial nozzle height from the sample surface, JE, of 80 mm 

and a nozzle diameter (d0) of 6.4mm. 
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Figure 3: Schematic of jet erosion apparatus at the University of Strathclyde (modified from Hanson & 

Simon, (2001)). 

In Figure 4 the workflow of the erosion test experimental procedure is reported. 

 

Figure 4:  workflow showing the procedure for the conduct of the JET erosion test. 

Stage 1: Sample insertion 

The prepared cylindrical soil sample (labelled as soil sample mould in Figure 4) is 

tightly secured at the base of the tank onto a protruding ring. 
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Stage 2: Wetting  

Water is piped into the tank through the water inlet positioned at the bottom (Figure 3) until 

the sample is submerged (~ 1 minute). 

Stage3: Head building 

The water head inside the “jet tube” (Figure 3) is increasingly raised, until a constant hydraulic 

head of 130 mm is reached. 

Stage4: Jet Erosion 

Once the target water head was reached, the jet tube was opened via a deflector and the jet test 

started. The jet was kept on for 5 minutes at a constant hydraulic head, after which, the jet tube 

was closed again. 

Stage 5: Drainage 

Once the jet tube was closed, the cell was drained (~2 minutes) from the outlet valve positioned 

at the bottom of the cell (Figure 3), in order to allow removal of the sample. 

Stage 6: Laser scan 

To allow for accurate determination of the scour depth, a 2D/3D scan control 2700-

100/BL from Micro-Epsilon laser scanner was used. The scanner was mounted on a movable 

frame coupled with a software-timed motion controller OWIS PS-II.  The scanner reference 

resolution is 15 microns. After scanning the sample surface, the whole procedure from stage 1 

was then repeated, until a total elapsed erosion time of 30 minutes was reached. For each 5-

minute step, the maximum scour depth and the total eroded volume was recorded. The critical 

stress, 𝜏𝐶,, was then determined in accordance with Hanson & Cook, (2004). 
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3.3. Results and Discussion 

3.3.1. Sedimentation test 

To investigate the microstructural behaviour of muscovite at low density, muscovite 

suspensions with different pore chemistries were tested. Among the different samples two clear 

patterns could be distinguished depending on the pore chemistry. 

As illustrated in Figure 5, two types of behaviour were observed: one with a clear water- 

suspension interface (Figure 5a) and the other with a distinct sediment deposition height 

interface (Figure 5b). In the samples with clear water – suspension interface, once the 

sedimentation had started, the interface descends with time. Simultaneously, a sediment layer 

accumulates at the bottom of these samples, but the sediment interface height is not visible 

enough for measurement. These samples are said to be non-dispersive and only the visible clear 

water-suspension interface is measured and reported as shown in Figure 6 (the interface 

decreases with time). 

By contrast, for samples with clear sediment deposition height interface (dispersive 

samples), their water -suspension interface is not visible enough for measurement. Only the 

distinct sedimentation deposition height interface was measured and reported. This interface 

increased with time as shown in Figure 6. In Figure 5a and b, the sediment deposition height 

interface is highlighted in blue and the clear water – suspension interface is highlighted in 

orange. The two interfaces converge into a single interface at the end of the sedimentation. 
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5a)  

5b)  

Figure 5: Illustration of different sedimentation patterns: a) non-dispersed sedimentation pattern 

showing two distinct interfaces, supernatant-suspension interface, and suspension-sedimentation zone 

interface; b) dispersed sedimentation pattern showing only the sedimentation zone-suspension 

interface. 

In Figure 6, the data acquired from the sedimentation tests illustrated in Figure 5 (for 

pH 3, 5, 7 and 9 and KCl concentrations of 0 mol/l, 0.003 mol/l, 0.1 mol/l and 1.8 mol/l) are 

reported. Figure 6a shows two muscovite suspension sedimentation curves with no electrolyte 

concentration (0 mol/l KCl) at pH 3 and 9. The pH 3 sample showed a non-dispersed behaviour. 

The clear water – clay suspension interface was visible (Figure 6a) and decreased with time 

from 18cm to 3cm. A steep decline in the interface height is observed between 2 minutes and 

15 minutes after the start time. Beyond 15 minutes, the interface height was stable at about 3 

cm and did not change further (the final sedimentation height after 30 minutes is presented in 

Table 2 below). For the sample at pH 9, a dispersed behaviour was observed; there was no 

visible clear water - clay suspension interface. The sediment height interface increased from 

zero at the start, to about 2cm after 11 minutes after which it was relatively stable. At the end 

of the sedimentation, samples had final void ratios of 4.4 and 2.6, for pHs of 3 and 9 

respectively. 
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Table 2: Final sedimentation height after 30 minutes 

Final sedimentation height (cm) 

 

pH 9 pH 7 pH 5 pH 3 

1.8mol/l KCl 2.76 2.99 2.99 3.105 

0.1mol/l KCl 2.99 2.99 2.99 3.105 

0.003mol/l KCl 2.07 2.07 3.105 3.22 

0mol/l KCl 1.84 1.91 3.2 3.22 

 

Figure 6b shows the sedimentation curves of 4 samples with an electrolyte 

concentration of 0.003 mol/l KCl, but with different pH (3, 5, 7 and 9), the figure by the side 

of the plot describes the clear water-supernatant interface and the sediment deposit height. The 

pH 3 and pH 5 samples showed a non-dispersed behaviour (Figure 6b), with a similar trend to 

that of pH 3 with no electrolyte concentration (Figure 6a), while the pH 7 and pH 9 samples 

showed a dispersed behaviour (Figure 6b) similar to that of pH 9 with no electrolyte 

concentration (Figure 6a). Figure 6c shows the sedimentation curve for all four samples with 

an electrolyte concentration of 0.1 mol/l KCl and varying pH. In this case, regardless of pH, 

the behaviour is non-dispersed. Finally, Figure 6d shows the sedimentation curves for all 

samples with an electrolyte concentration of 1.8 mol/l KCl. Again, all samples show a non-

dispersed behaviour, regardless the pH.  

6a  
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b        c  

d  

Figure 6: Muscovite sedimentation trend for different pH and ionic concentration at a) 0 mol/l KCl b) 

0.003 mol/l KCl c) 0.1 mol/l KCl and d) 1.8 mol/l KCl 

Appendix I show a photograph (Figure S1 in Appendix I) at the end of the sedimentation test 

of two mica samples, (a) with 0.1M KCl and pH 9 solution and (b) with 0 M KCl and pH 9 

solution. Although the samples shown in the photograph are different from the ones presented 

in Fig. 5a (the initial concentration of the mica in the suspension and the cylinder size were 

different), the images clearly show the two modes of sedimentation observed in our tests, clear 

supernatant (convergence of sediment deposition height interface and clear water-suspension 

interface) and colloid-like supernatant. Supplementary information (S1) has been added which 

shows this photograph of the two-dominant sedimentation behaviour described in Figure 5. 

0.1 1 10 100 1000

0

5

10

15

20

 pH 9

 pH 7

 pH 5

 pH 3

C
le

a
r 

w
a

te
r-

 S
u

s
p
e

n
s
io

n
 i
n

te
rf

a
c
e

 (
c
m

)

Time (min)

0.1mol/L KCl

0.1 1 10 100 1000

0

5

10

15

20

 pH 9

 pH 7

 pH 5

 pH 3

C
le

a
r 

w
a

te
r 

- 
S

u
s
p
e

n
s
io

n
 i
n

te
rf

a
c
e

 (
c
m

)

Time (min)

1.8mol/L KCl



51 

3.3.2. Liquid Limit test 

To estimate the mechanical strength of the muscovite under different particle 

configurations (dispersed or non-dispersed), the liquid limit of the muscovite was determined 

at two different pH. In Figure 7 the two liquid limit tests are reported. Mica prepared at pH 8 

(dispersed particle configuration) had a liquid limit of 60% whereas the mica sample prepared 

at pH 5 had a liquid limit of 69%. 

It is worth noting that during the determination of the liquid limit for the alkaline 

sample, it was not possible to have a level surface, as the samples tended to form a convex 

surface (Figure 8). Figure 8a, shows the alkaline sample, where a clear bulge is visible, whereas 

in Figure 8b, the top surface of the acidic sample is almost perfectly flat (Figure 8b). This 

phenomenon was associated with a tendency to swell in the alkaline sample, caused by a higher 

level of particle alignment when compared with the acidic sample.  

 

Figure 7: Liquid Limit of fine muscovite at a) pH 8 and b) pH 5 
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a  

Figure 8: a) Convex muscovite silt surface (pH 8) in a penetrometer cup b) silt sized muscovite mixed 

with acidified water (pH 5) with flat surface in a penetrometer cup. 

3.3.3. Jet erosion test 

Two different sets of compacted mica samples prepared at differing pH (either pH 5 or 

8) were tested for erosion susceptibility by means of the jet erosion test. Each set of samples 

was compacted at a different moisture content (e.g., 0.2, 0.3, and 0.4), and each sample was 

reproduced in triplicate, resulting in a total of 9 tests at pH 5 and 9 tests at pH 8. 

 

 

 

 

a) pH 5 at 40% water 

content 

b) pH 8  at 40% water 

content 

 

 

5 minutes 

  b)     
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30 minutes 
Figure 9: Jet erosion test eroded surfaces. a) pH 5 at 40% water content, b) pH 8 at 40% water content 

In Figure 9 the scans of the eroded surface at the end of each jet time interval (5 minutes) 

are shown for two samples compacted at a moisture content of 0.40. Figure 9a shows results 

for the sample prepared at pH 5 and Figure 9b at pH 8. Each row in Figure 9 contains the scans 

of the eroded surfaces, for jet erosion times of 5, 10, 15, 20, 25 and 30 minutes. The colour 

bars are blue for the shallowest scour depths, with a progressive increase through green – 

yellow and then red as the depth of scour increase (reported in millimetres). 

For all the scans, the scour surface has a bell shape, that was centred under the nozzle 

of the jet. For both tests, as expected, the volume of scoured material increases, and the scour 

surface depth increases, with increasing time. For the same jet erosion time, the pH 5 sample 

(Figure 9a) has a consistently smaller scour depth than the pH 8 sample (Figure 9b). For 

example, after 5 minutes, the pH 5 sample has a maximum scour depth of 9 mm, whereas the 

pH 8 sample has a maximum scour depth of 16 mm. 

In Figure 10a, 10b and 10 c, the evolution of the maximum scour depth over time is 

reported for moisture contents of 0.2, 0.3 and 0.4, respectively. Each point corresponds to the 

median value of the triplicates and the error bars represent the range.  
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a)  

b)  
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c)  

Figure 10: Maximum scour depth. a) samples compacted at 20% moisture content, b) samples 

compacted at 30% moisture content and c) samples compacted at 40% moisture content  

Samples compacted with alkaline water content are persistently more erodible (higher 

maximum scour depth) than samples compacted with acidic water content (Figure 10). Further, 

the higher the compaction moisture content the greater the difference in median scour depth 

between the acidic and the alkaline samples. For example, after 30 minutes of jet erosion, the 

difference in maximum median depth for the samples compacted at 0.20 was 7 mm, for the 

samples compacted at 0.30 was 19 mm and for the samples compacted at 0.40 was 42 mm. 

The erosion data were elaborated by considering the model presented by Hanson & Cook, 

(2004), where the erosion rate 𝜀 [m/s] (equation 1) is assumed to be proportional to both the 

soil’s erodibility coefficient kD [m/s/Pa] and the excess of the applied shear stress 𝜏 at the 

surface at critical shear stress, 𝜏c [Pa] (Karamigolbaghi et al., 2017). 

                                                           𝜀 = 𝑘𝐷(𝜏 − 𝜏𝐶)                                                                         (1) 

For each test, the critical shear stress, 𝜏𝐶  (equation 2), was calculated according to the 

theory exposed by Blaisdell in 1981, originally proposed for the scour depth of the bridge piers 

(Karamigolbaghi et al., 2017). In equation 2, 𝜏0 is the maximum shear stress of the jet, JE is the 
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nozzle height from the scour surface and JP is the potential core length where the mean 

centerline velocity of the jet remains the same as that exiting from the nozzle (calculated 

considering a friction coefficient of 6.3 and an iterative process). According to the presented 

theory, the critical shear stress, 𝜏𝐶, is meant as the threshold shear stress at which the “first 

detachment” occurs, hence when erosion starts. In other words, below that threshold value, no 

erosion is occurring. 

                                                                                𝜏𝑐 = 𝜏0(
𝐽𝑃

𝐽𝐸
)2                                                                     (2)            

(Jp is the potential core length = Cd * d0, where Cd is the diffusion constant (6.3) and d0 is the 

nozzle diameter; Je is the equilibrium scour depth).                                                                                           

 

Figure 11. Critical shear stress 

In Figure 11 the average value of the critical shear stress, 𝜏𝐶, is plotted, as derived from 

the triplicate test, for each combination of pH and compaction moisture content. The critical 

shear stress of the alkaline samples decreases as the compaction moisture content increases. By 

contrast, the critical shear stress of the acidic samples increases as the compaction water content 

increases. At low values of the compaction moisture content, both the alkaline and the acidic 
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samples have a similar critical shear stress, of about 0.1 Pa. For the alkaline samples, this 

rapidly decreases to zero as the compaction moisture content increase. For the acidic samples, 

doubling the initial moisture content results in an increase in the critical shear stress of more 

than three times (from 0.11 Pa for a moisture content of 0.20 to 0.36 Pa for a moisture content 

of 0.40) 

3.3.4.  An electrochemical conceptual model for mica 

Sedimentation tests show that particle configuration and interaction can be modified by 

changing the pore water chemistry. When mixed with distilled water, muscovite has an alkaline 

pH with relatively low sedimentation height and no clear water- suspension interface. This is 

indicative of a dispersive particle arrangement. On adjusting the pore fluid to acidic conditions 

(at low ionic concentrations – less than 0.1mol/l) the particles show a clear water- suspension 

interface and the settling time reduces. This is indicative of a non-dispersive fabric (flocculated 

or aggregated). In addition, at a high ionic concentration, for all pHs considered non-dispersive 

behaviour was the dominant fabric mode.  

The dispersive nature of fine muscovite at alkaline pH and low ionic concentration was 

further confirmed by the difficulty observed (the convex bulging surface of muscovite slurry 

in a penetrometer cup) in the determination of the muscovite liquid limit at low ionic 

concentration and high pH. A flat surface of muscovite slurry was only obtained for a moisture 

content that was close to the liquid limit when acidic pore fluid was used to prepare the slurry 

(non-dispersed, aggregated/flocculated fabric).  

The aggregation of clay particles in colloidal suspension is generally controlled by the 

net balance between the mutual repulsion, due to the negative electrical charge of the surface, 

and the surface attraction due to the presence of surface forces such as Van der Waals forces. 

The repulsion between two charged surfaces is proportional to the electrical charge (or electric 
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potential) at the surface and inversely proportional to the dielectric constant of the medium 

between the surfaces.  

Mica particles, when in suspension in water, are generally considered to have a negative 

charge distributed on their surface. This negative charge generates an electrical repulsion which 

depends on the physical properties of the dispersing media. Simultaneously, when a small 

distance exists between two facing surfaces, a Van der Waals attraction is instead generated, 

by the electron interaction of the two surfaces (Hamaker, 1937; Casimir and Polder, 1948) In 

a clay suspension, the interaction force existing between two particles at a given distance is 

given by the net energy resulting from the balance between the electrical repulsion and the Van 

der Waals attraction. For clays in suspension in water, this is generally assumed to be negative 

(repulsive) unless the chemistry of the suspension is altered. The aggregation rate between 

negatively charged particles is controlled by the repulsive interaction force and the kinetic 

energy resulting from their Brownian motion. If the repulsive barrier existing between two 

particles is high enough not to be overcome by the Brownian motion, the two particles will 

remain in a dispersed state, and settle individually. On the other hand, if by altering the 

chemistry of the suspension, and hence the charge of the particle surface, the negative repulsive 

barrier is depleted, the particles in suspension will have enough kinetic energy to overcome 

such a barrier, and aggregate/flocculate. These particles will therefore tend to settle as a cluster 

of one or more particles. 

When dispersed in neutral water, mica tends to increase the pH of the solution toward 

a pH of around 8 or 9. It is reasonable to assume that this is the pH of pore water when in 

equilibrium with the mica, unless altered. In this condition, the surface of mica particles are 

highly negative: zeta (z) potential about -140 mV (Nishimura et al., 1992). When the pore water 

of mica is altered in order to decrease the pH below 5, the zeta potential decreases sharply. At 

pH 4 the z potential is about -70 mV (Nishimura et al., 1992). The change in the negative 
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potential at the particle surface and edge is directly proportional to the change in repulsion 

between two facing particles of mica. This change in the mica particle repulsion results in the 

observed change to the mica settling pattern when the pH drops from 9 to 5 (Figure 6a). It 

seems reasonable and consistent to assume that mica particles at pH 5 are settling in an 

aggregate/flocculated mode (non-dispersed). This hypothesis is strongly corroborated by the 

observations that: i) at pH 9 the water suspension never becomes clear, implying that smaller 

particles do not settle, and ii) the final volume of the sediment for the sample at pH 5 is higher 

than that at pH 9. 

In addition, research by Zhao et al., (2008) and Yan et al., (2011) using direct colloid 

probe force measurement and atomic force microscope measurement respectively suggest that 

the basal plane of muscovite mica carry a permanent negative charge while the edge charge is 

pH dependent (with positive edge charge at lower pH and negative edge charge at higher pH 

range). This further supports additional interaction and flocculation between particles in the 

acidic pH range and dispersion in the alkaline pH range. 

The energy barrier between particles can be also depleted by increasing the electrolyte 

concentration of the suspension. As explained by the well-known the DLVO theory (Guoy 

1910, Deraguin and Landau 1941, Verwey and Overbeek 1948), the cations dissolved in water 

are shielding the electrical charge of the particle surface and therefore reducing its negative 

repulsion. Consequently, when the electrolyte concentration is increased, the particle repulsion 

becomes smaller and therefore the probability that two particles will aggregate/flocculate 

increases. Figure 6c and d, showed that, at 0.1M and 1.8 M concentration of KCl, the 

sedimentation times are all very similar, regardless of the pH and the KCl concentration. It 

seems reasonable to assume that at this electrolyte concentration, the shielding effect of the 

cations present in the double layer is so high that the charge (or potential) at the surface no 
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longer matters and the negative repulsion is entirely depleted. Hence, the Van der Waals 

attraction dominates. 

Although distinguishing whether mica associates in flocs, or in aggregates made of 

parallel particles, is out of the scope of this research work it is worth noting that the 

sedimentation curves reported in Figure 6 for the non-dispersed samples are the same 

regardless of the way the suspension was destabilized (pH or ionic strength). This implies that 

the association mode is the same (i.e., either one or the other). Indeed, one might expect that 

aggregates and flocs with different sizes and densities would return a different final void ratio 

for the sediment and a different settlement velocity. The experimental evidence presented here 

is somehow in contrast with the common understanding that, for clay suspension, flocculation 

is generally attributed to acidic destabilization at low ionic strength, and aggregation to 

destabilization caused by high ionic strength. However, whatever the association process, the 

experimental evidence suggests that for the case of non-dispersed sedimentation, particles 

interaction is attractive. 

The strength of mica samples in a dispersed configuration (pH 9 and low ionic strength) 

and a non-dispersed configuration (either pH 5 or high ionic strength) was compared using the 

liquid limit test. The non-dispersed samples were stronger, with a higher liquid limit, than the 

dispersed ones. These findings are consistent with the experimental results reported by Pedrotti, 

(2016) for kaolin clay at different particle configurations, where the liquid limit was found to 

increase with the average floc size within the sample. Again, these results suggest that the unit 

elements within the acidic mica samples are not single particles, but groups of particles 

clustered together. 

In the 70s, Moore and Mitchell, (1974) first, and van Olphen (1977) after, showed that 

the shear strength of a clay sample is proportional to the net attraction existing between 

particles. Moore and Mitchell, (1974) proved it by measuring the undrained shear stress of clay 
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samples with differing van der Waals interaction, whereas van Olphen (1977) demonstrated it 

by measuring the Bingham stress of a suspension with different aggregate patterns. 

Accordingly, the results obtained here for the liquid limit (Figure 7), show that acidic samples, 

where particle interaction is attractive in nature, have a higher liquid limit than alkaline ones. 

3.3.5. An electrochemical conceptual model for the erosion of mica 

 

The increase in shear strength for the non-dispersed mica samples is also reflected in 

the erosion susceptibility tests. 

Shields in 1936 performed a set of experimental tests on coarse soil, which for the 

following century has been considered as the benchmark dataset to develop theories and to 

characterize soil erosion susceptibility. As the soil tested by Shield was coarse and non-

cohesive, the main assumption adopted in the many theories developed to interpolate his data, 

is that there is no electrochemical interaction forces between particles. When soil is eroded, 

single particles are detached from the soil mass by drag and lift forces, without creating any 

shear stress on the bed (Miedema, 2013). By contrast, a cohesive sediment, is subject to the 

phenomena where particles interact with each other. In Figure 12, the function developed by 

Soulsby and Whitehouse (1997), to interpolate Shields dataset for coarse material is shown 

(black solid line). The same curve has been extrapolated (black dashed line), using his equation 

in the range for smaller particle diameters (silt-size), in order to compare it with the 

experimental dataset presented in this research. In the same Figure, the function derived by 

Lick et al. (2004) is also reported for a reference compaction density of ~ 1.5 [g/cm3]. Licket 

al. (2004) developed this function (grey solid line in Figure 12) to account for the particle 

interaction that develops in finer materials. To allow a fit to the Shields dataset in the range of 

coarse material, a cohesive factor, inversely proportional with the particle size is introduced by 

Lick et al. (2004). Soulsby and Whitehouse (1997) curves provide a reference behaviour for 
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the erosion mechanisms of interacting and non-interacting particles i.e., for soils with cohesion 

and for cohesionless behavior, respectively. 

 

 

Figure 12: Shields’s curve  

In Figure 12, the two curves are plotted along with the six sets of erosion experimental 

data presented in Figure 10. It is interesting to note that at low compaction moisture contents, 

both the acidic and alkaline samples have a τc of about 0.1 Pa, and the two points lie quite close 

to Soulsby’s curve for cohesionless soils. As the compaction moisture content is increased both 

datasets (e.g., acidic, and alkaline sample) move away from Soulsby’s curve. As the alkaline 

water content at compaction is increased, the critical shear stress reduces, and the data points 

end up well below Soulsby’s curve for cohesionless soils. As the number of particles in contact 

with alkaline water increases, the more particles are interacting in a dispersive fashion, the 

particles are therefore becoming more prone to erosion, hence less force is required to lift them. 

As shown in Figure 13a, it is suggested that for dispersed samples, erosion occurs in a particle-



64 

by-particle fashion, as generally assumed for a cohesionless coarse material. By contrast, for 

the acidic samples, as the number of particles in contact with acidic water increases, the more 

particles are interacting in an attractive fashion, and the associated erosion critical shear stress 

moves towards and above Lick’s curve for cohesive soils. Once the particle attraction is 

activated, the elementary unit within the soil is no longer a single particle, but a cluster of them 

(erosion of non-dispersed particle configuration in Figure 13b). This results in a higher shear 

stress at the surface. It is interesting to note that the critical shear stress of a sample of mica 

particle, with an average diameter of 30 μm when compacted with acidic water to a moisture 

content of 0.40, corresponds to a critical shear stress of a coarse material having a grain size of 

about 0.7 mm (700 μm), see blue line on Figure 12. 

  

Figure 13: Conceptual model of mica particle erosion at a) dispersed particle configuration and b) 

non-dispersed particle configuration. 

Although, the test conducted here is a small-scale laboratory test which will require 

further refinement, the result suggest that it may be possible to enhance muscovite silt stability 

through adequate pore-water acidification. This may be particularly useful in relatively low 

stress applications such as the use of mica as an alternative source of potassium (which plays 

an important role in several physiological processes in plant nutrition) or as a fill material for 

embankment. 
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The general formula for minerals of the mica group is XY 2–3Z4O10(OH, F)2 with X = K, Na, 

Ba, Ca, Cs, (H3O), (NH4); Y = Al, Mg, Fe2+, Li, Cr, Mn, V, Zn; and Z = Si, Al, Fe3+, Be, Ti. 

The alkaline nature of muscovite when mixed with neutral water is attributed to the 

replacement of an alkali earth metal by a hydrogen ion (Bakken et al. 1997). This implies that 

other mica types (Biotite, Lepidolite, Phlogopite, Paragonite and Glauconite) are likely to 

exhibit similar behaviour to muscovite with respect to their porewater chemistry. This study 

evaluated pure muscovite. Considering that acidic samples are less erodible than alkali samples 

and that mining waste is likely to be polymineralic, (laden with sulphate and heavy metals) 

resulting in acid systems, mine wastes may be less erodible than the pure muscovite. Additional 

studies are required to understand the polymineralic nature of mine wastes, as well as the 

presence of other forms of mica.  

  

3.3.6. Environmental considerations about the use of mica for agricultural applications 

This work suggests that acidification of pore-water contributes to stabilising the mica-

based material against water-induced erosion. It is worth highlighting that the values of pH 

required to achieve stability falls within the range of pH values encountered in agricultural 

applications. Crop plants vary in their tolerance to acidity and plant nutrients have different 

optimal pH ranges (Goulding, 2016). For example, ericaceous (lime-hating) plants such as 

rhododendrons, camellias, heathers, azaleas, blueberries, white potatoes and conifer trees do 

well in acidic soil in the range of pH 5 to pH 6. Similarly, normal rain is usually slightly acidic, 

with a pH of between 5 and 5.6 (Goulding, 2016) due to the dissolution of carbon dioxide (CO2) 

and the dissociation of the resulting carbonic acid (H2CO3). Soil usually attains the same 

equilibrium pH as that of the rain to which it is exposed. Hence, natural soil conditions will 
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generally provide a good environment for mica-enhanced erosion resistance as well as 

providing a source of potassium for ericaceous plants. 

Considering mica as a source of potassium, there is a need to further evaluate the best 

possible environmental conditions for the release of potassium by mica.  However, studies by 

Biswas & Basak, (2014); Meena et al. (2015); Singh et al. (2010) showed that potassium can 

be released favourably under a wide range of non-stringent environmental conditions, for 

example variation in temperature and moisture content did not affect the rate of mobilisation 

of K. They demonstrated that the addition of potassium solubilising rhizobacteria to waste mica 

for k mobilisation significantly enhanced the release of K ions and resulted in the release of 

organic acid, stabilising the pH of the system to a pH of between about 5 and 7. This is 

consistent with the desired pH range for enhanced erosion resistance.  

3.4. Conclusion  

This paper presents an experimental campaign to characterize mica erosion 

susceptibility. Mica particle-to-particle interaction forces and their effect on the macroscopic 

behaviour were systematically investigated by changing the pore fluid pH and ionic 

concentration. Results from sedimentation tests and liquid limit tests have informed a 

conceptual model of the mica fabric that is able to explain the enhanced erosion resistance 

under acidic and/or high ionic concentration pore-water conditions. 

It is shown that the particle configuration of mica samples consistently varies with the 

pore water chemistry, regardless of whether the samples being tested were suspension 

sediments or compacted samples. For mica samples formed with neutral water at low ionic 

concentration, the particles are in a dispersed configuration. This implies relatively high 

erosion susceptibility, as particles are eroded one by one. When the mica pore chemistry is 

altered, however, either by acidification or by an increase in the ionic strength, particles tend 
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to cluster together and organize in a non-dispersed configuration. This results in a relatively 

less erosion susceptibility, as group of particles must be eroded as opposed to individual ones. 

Although the water chemistry has been shown to change the particle configuration, the 

experimental findings suggest this may only occur when the water chemistry is altered at 

sample formation. The water used in the jet for all erosion tests was neutral water, but it did 

not result in a change to sample behaviour over time. To confirm the effect of infiltration water 

chemistry, further investigation is needed. 

Considering that mica waste is derived from mining operations, which are often slightly 

acidic due to some metal content (e.g., iron sulphides which result in the leaching of sulphuric 

acid), the work presented in this paper paves the way for tailored assessments of individual 

mica waste materials to determine the appropriateness of their use.  
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Appendix I 

Supplementary material 

 

 

Figure S1: Photo of two columns at the end of the sedimentation test. Both samples were 

prepared with mica having average particle size of 37 µm, with an initial soil/water 

concentration of 90 g/L and were sedimented in a tube with a diameter of 29 mm (with a V 

base). The photo shows the 2 different sedimentation patterns: a) non-dispersed sedimentation 

(sample 0.1 mol/l KCl and pH 9) showing a supernatant-sediment zone interface and b) 

dispersed sedimentation (sample 0 mol/KCl and pH 9) showing a suspension-sediment zone 

interface. 
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4. An experimental investigation into the 

use of mica as a material for the 

stabilisation of marginal clays in 

construction 

The same version of this chapter (with slight modification) has been published in: The same 

version of this chapter (with slight modification) has been published in: Ibeh C. U., Tarantino 

A., Pedrotti M., Lunn R. J. (2021) An experimental investigation into the use of mica soil for 

stabilisation of marginal clays. Accepted for publication in Construction and building materials 

Journal 299, 123971. https://doi.org/10.1016/j.conbuildmat.2021.123971 

Abstract 

The scarcity and cost of high-quality construction materials have resulted in their use 

being reserved for the construction of structures that experience relatively high stress, such as 

roads with high traffic volumes. Consequently, mechanically improved abundant marginal 

materials are common in relatively low stress construction applications such as landscaping, 

low-volume paved roads and fill material for flood embankments. In clays, mechanical 

improvement is commonly achieved through the addition of chemical stabilizers such as lime, 

bitumen, cement, and fly ash. However, these chemical stabilizers are associated with high cost 

and a large carbon footprint. Here, we present the first research demonstrating that clays can 

be mechanically improved through the addition of mica. Mica wastes are generated in 

significant volume as a by-product from the mining of relatively valuable materials. This paper 

explores the use of mica to improve the ultimate limit state of marginal clays for use as 

construction material. Kaolin clay was prepared with muscovite sand and muscovite silt in 

variable fractions (0%, 2.5%, 10% and 30% muscovite fraction). The hydraulic and mechanical 

response of the composite materials were investigated through one-dimensional compression 

https://doi.org/10.1016/j.conbuildmat.2021.123971
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and direct shear testing. The most notable finding is that, at very low normal stresses (100 

kPa), a relatively small fraction of mica is sufficient to shift the angle of shearing resistance of 

the composite, from the value for pure clay (’17) towards the value for pure muscovite 

(’26). X-ray computed tomography scans of the consolidated and sheared samples show 

that the relatively high strength of the mica clay composite at low normal stress is due to a fold-

like mode of deformation observed in shearing. This mechanism appears to be suppressed at 

high stresses with the shear band likely developing through the clay matrix. As a result, the 

composite exhibits the same friction angle of the clay alone at high stresses. 

 

Keywords:  Mica, shear strength, hydraulic conductivity, marginal clay, kaolin, circular 

economy
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4.1.  Introduction 

In recent years, the scarcity and cost of high-quality construction materials have 

resulted in their use being reserved for the construction of structures that will experience 

relatively high stress, such as roads with high traffic volumes (Liebenberg & Visser, 2003). 

Consequently, abundant marginal materials are common in relatively low stress geotechnical 

applications such as landscaping, low-volume paved roads and fill material for flood 

embankments. Further, the use of local marginal materials can result in significant carbon 

savings (Ameri & Behnood, 2012; Choi et al., 2020; Cook & Gourley, 2002; Kalinowska-

Wichrowska et al., 2020; Liebenberg & Visser, 2003; Moreno et al., 2012) as well as enhancing 

the drive towards a circular economy  (Kibert, 2001; Liebenberg & Visser, 2003; 

Soleimanbeigi & Edil, 2015). 

Marginal materials are defined as materials that do not possess, in their present form, 

quality levels that meet current standards sufficient for their use as various structural 

components. Thus, their properties need to be mechanically improved. Chemical stabilizers 

such as lime, bitumen, cement, and fly ash have successfully been used in the past to improve 

the performance of some marginal clays (Coudert et al., 2019; Liebenberg & Visser, 2003; 

Obuzor et al., 2011; Phummiphan et al., 2016). However, these chemical stabilizers are 

associated with high cost and a large carbon footprint (Sargent et al., 2016). By-product mica 

could prove a valuable alternative to improve the mechanical performance of marginal clays. 

  A significant amount of mining by-product is mica generated both from the mining of 

relatively valuable materials such as gold, copper, uranium and platinum (Nosrati et al., 2009) 

and that of less valuable materials such as china clay (Zografou et al., 2014) and mica itself 

(Basak, 2019). About 10 million tons of mica waste is generated in a year and over 600 million 

tons of total industry stockpile are estimated to be available (Palumbo-Roe et al., 2014). Due 

to its abundance, researchers have begun to explore its use in construction. Mica has high 
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radiation resistance and good insulation properties (Shishelova & Zhitov, 2018) and has been 

shown to have good thermal and mechanical properties. For example, (Low, 1980; Mallik, 

2020) observed that the mechanical and thermal properties of glass-mica composites are 

superior to those of conventional building materials, such as concrete, masonry products and 

cement mortar. Similarly, (Pacheco-Torgal et al., 2009), demonstrated the possibility of using 

a tungsten mine waste, containing mica and quartz, to produce alkali activated binders using a 

calcination process. To-date, the proposed applications for mica in construction use processes 

that expend relatively large amounts of energy (calcination and glass manufacture). Whilst 

highly valuable, these high energy applications may not be desirable for the full 600 million 

ton stockpile of mica waste. There is, therefore, scope to investigate lower-energy applications 

of waste mica in construction.  

This paper explores the feasibility of using by-product mica for enhancing the 

mechanical properties of marginal clay for low stress applications in construction. The paper 

presents an evaluation of the shear strength, compressibility and hydraulic conductivity of 

muscovite and kaolin composites for geotechnical uses such as structural fills and landscaping.  

Speswhite kaolin clay was mixed with variable weight percentages of muscovite silt or sand, 

in the ratios 0%, 2.5%, 10% and 30% by weight of muscovite. The hydraulic and mechanical 

behaviour of these composite materials was then tested via one-dimensional compression and 

direct shear tests. Finally, sub-samples from the sheared specimens were imaged using X-ray 

computed tomography to enable an evaluation of the microscale mechanisms controlling the 

macroscopic behaviour of these composite materials. 
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4.2. Materials and specimen preparation  

 

Three different materials were used in this study: Kaolin, Muscovite silt and Muscovite sand 

(Figure 1). Composite specimens made up of muscovite silt or sand mixed with kaolin in the 

ratios 2.5:97.5, 10:90, and 30:70 by weight were prepared and tested.  

(a)  (b)  (c)  

Figure 1. Images of (from left to right) kaolin, muscovite silt and muscovite sand used in this study.  

Speswhite kaolin with a liquid limit wL= 0.64 and a plastic limit wP=0.32 was used in the 

experiments. The grain size distribution, obtained through Laser diffraction analysis, is 

characterised by 80% clay-fraction (fraction < 2 micrometer) and 20% silt-fraction (fraction 2-

63 micrometer). Muscovite silt used for this study was purchased from LKAB minerals Ltd. 

The muscovite silt has a median diameter d50 = 30 m, particle sizes in the range 1 - 87 m 

(obtained through Laser diffraction analysis) and a specific gravity of 2.8. Its chemical 

composition obtained with Micro- X-ray Fluorescent (Micro XRF) spectrometer performed at 

Bruker AXS is shown in Table 1.  Muscovite sand was purchased from Specialist Aggregates 

Ltd. The muscovite sand has a median diameter, d50 = 1.5 mm, particle sizes in the range 0.25—

2.8 mm, and a specific gravity of 2.8 (see Figure 1c). Its chemical composition obtained 

through Micro XRF is shown in Table 1. 

 

 

 

2 mm 
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Table 1. Chemical composition of muscovite silt, muscovite sand and kaolin used in this study. 

Element Atomic 

Number 

Compound Normalized Stoichiometric Composition (wt.%)  

Muscovite Silt Muscovite Sand Kaolin 

Al 13 Al2O3 32 30 – 36 38 

Si 14 SiO2 43 43 – 50 47 

K 19 K2O 13 <9 -12 

 
Ti 22 TiO2 1 1 

 
Fe 26 Fe2O3 8 1 – 5 - 

Loss on 

ignition 

  Max 5% Max 5% 

 

 

The kaolin and muscovite were supplied as dry powders/grains. We mixed the sample 

with a spatula until a homogeneous mixture was obtained, as determined by visual inspection 

since the colours of clay and mica particles are very different. To reconstitute kaolin clay and 

mica composite from slurry, distilled water was added to the dry powder up to a water content 

1.5 times the liquid limit of kaolin (wL=0.64) following the procedure suggested by (Burland, 

1990). The reconstituted slurry preparation was used to better understand the intrinsic 

properties (devoid of field depositional conditions, ageing, cementation, and leaching) of the 

natural clay which is a robust frame of reference against which to assess the in-situ state of the 

clays. Slurry samples were used for both oedometer and direct shear tests. Samples were 

reconstituted from slurries prepared at the same initial water content to ensure that the different 
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compression behaviour of the composites is only associated with its intrinsic properties (and 

not biased by differences in the initial conditions)  

4.3. Experimental procedure 

4.3.1. Direct Shear Tests 

Drained direct shear box tests were conducted using a digital direct shear apparatus 

(ELE International, Sheffield, UK) according to the BS1377 standard (1377-7 BS-CODE, 

1990), see Figure 2 for typical setup for a direct shear test.  The shear box has internal 

dimensions of 60 × 60 mm and accommodates specimens up to 20 mm height. The apparatus 

is equipped with a 5 kN capacity load cell and two displacement transducers to measure the 

shear force and both the vertical and shear (horizontal) displacements.  

From the specimen consolidation data, it was determined that a shearing rate of 0.01 

mm/min was sufficient to prevent pore water pressure build-up and thus maintain drained 

conditions during shearing. With the exception of the 100% kaolin sample, all specimens were 

sheared at this rate. For comparison with the composite materials, shear tests performed on the 

100% kaolin clay, reconstituted from slurry and consolidated to 50, 100, and 150, are reported 

here taken from (Wong et al., 2018), with a shearing rate of 0.02 mm/min, and for a specimen 

consolidated to 300 kPa from (Galvani, 2003), with a shearing rate of 0.005 mm/min. From the 

calculated rate of consolidation using the consolidation curve for pure kaolin, the shear rate of 

0.02 mm/min is within the limit to avoid pore pressure build up during shear. However, to be 

on the safe side, a shear rate of 0.01 mm/min was used. 
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Figure 2: Typical setup for a direct shear test  

4.3.2. One-dimensional (oedometer) compression tests 

One dimensional oedometer compression tests were performed in a front-loading 

oedometer cell -diameter 75 mm (Controls Testing Equipment Ltd) according to (1377-5 BS-

CODE, 1990), see Figure 3 for a typical setup of an oedometer cell. Prior to loading, all samples 

were submerged under water in the oedometer cell. Samples were compressed in incremental 

steps starting from 3kPa vertical stress and doubling the load up to 2230kPa vertical stress. 

Unloading was performed in five steps.  

For each loading and unloading step, samples were allowed to consolidate, i.e. the 

subsequent loading step was only applied when the secondary compression branch of the 

consolidation curve was clearly visible. The change in void ratio associated with a given 

loading step was computed by taking into account the change in the void ratio accumulated in 

the current loading step, due to primary consolidation, and the change in void ratio accumulated 

in the previous loading step, due to secondary consolidation (see Appendix I).  

For each loading step, the consolidation time t50 associated with 50% consolidation was 

calculated and this enabled estimation of the consolidation coefficient cv and, hence, the 

hydraulic conductivity k as detailed in Appendix II.  
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The void ratio associated with each imposed vertical stress was calculated backwards 

from the final specimen water content, the dry mass, and the specimen cross sectional area.   

 

 

Figure 3: Typical setup of an oedometer cell 

4.3.3. X-ray Computed Tomography 

X-ray tomographies of the sample were performed with a Nikon XT H 320, see Figure 

4 for details of the X-ray computed tomography setup.  The scan was performed using 3141 

projections during a single revolution at 125kV energy and 108 μA current. The samples 

scanned were cylindrical samples cut out of consolidated or consolidated and sheared 

specimens with ~ 20 mm in diameter and the full sample height (after consolidation). The voxel 

size was 14.19  14.19  14.19 μm. The samples were covered with Parafilm® to maintain a 

constant water content during the scan and the tomographies were reconstructed using Nikon 

metrology X-Tek software and visualised using Thermo Fisher Scientific Avizo software.   
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Figure 4: Typical X-ray computed tomography setup. 
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4.4. Results  

4.4.1. Shear strength behaviour of kaolin-mica composites  
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(a) (b)  
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 (c) (d)  

(e)    
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Figure 5 (a, b, c, d, e) shows the results of direct shear tests performed on 100% kaolin, 

10% muscovite sand/kaolin composite, 100% muscovite silt, 10% muscovite silt/kaolin 

composite and 100% muscovite sand, respectively. The kaolin, 10% muscovite sand/kaolin 

composite and muscovite silt and muscovite sand all exhibit a monotonic increase in shear 

stress up to the ultimate value and a contractile volumetric behaviour. This is the typical 

behaviour for the composite. It is worth noting that for both the kaolin and muscovite, the 

curves, in terms of the shear displacement versus the ratio between shear stress t and normal 

effective stress ’, overlap. This indicates that the failure envelopes in the Mohr-Coulomb 

plane '- t (Knappett.  and Craig, 2012) for both the muscovite and the clay are linear and pass 

through the origin as shown in Figure 6.  The experimental data for muscovite silt and 

muscovite sand lie almost perfectly along a linear failure envelope, with the exception of the 

data point associated with muscovite sand at 300 kPa vertical stress (see Figure 6). The angle 

of shearing resistance for both the muscovite silt and the muscovite sand was found to be 

’=25.8 while the angle of shearing resistance for kaolin was found to be ’=17.8.  
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Figure 5. Results of direct shear tests in terms of i) shear stress to normal stress ratio versus shear 

displacement and (plotted at the top of each Figure) ii) vertical displacement versus shear displacement 

(plotted at the bottom of each Figure). (a) 100% kaolin (b) 10% muscovite sand kaolin composite (c) 

100% muscovite silt (d) 10% muscovite silt kaolin composite (e) 100% muscovite sand 

 

Figure 6. Failure envelope in terms of ultimate shear strength versus normal effective stress of 

muscovite silt, muscovite sand, kaolin and muscovite/kaolin composite. 

To better appreciate the variations in shear strength with increasing normal effective 

stress, for the various muscovite/kaolin composites, Figure 7 shows the shear stress to normal 

effective stress ratio vs. the normal effective stress. As expected, the shear strength of the 

kaolin/ muscovite composites increases toward the value of the shear strength of the muscovite 

alone as the muscovite fraction increases. However, the most striking aspect of Figure 7 is that 

a relatively small fraction of muscovite (30%) is sufficient to shift the shear strength to the 

shear strength of the muscovite alone in the range of low effective normal stresses (’50-100 

kPa). Further, even for smaller muscovite fractions (2.5% and 10%) there is still a significant 

increase in shear strength at low effective normal stresses. This effect vanishes as the normal 

effective stress increases (’ = 200-300 kPa); at a normal effective stress of 300 kPa, the only 
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sample that still shows some increase in shear strength is the 30% fraction of sand sized 

muscovite (Figure 7b).  

 

   (a)      (b) 

Figure 7. Shear stress to normal effective stress ratio versus normal effective stress. (a) muscovite silt-

kaolin composite. (b) muscovite sand-kaolin composite 

4.4.2. 1-D compression behaviour of kaolin-mica composites  

Figure 8 shows the 1-D compression curves of the clay-muscovite-silt composites at 

varying proportions from 0% muscovite (100% kaolin) through 2.5%, 10, and 30% muscovite. 

The compression curves of the kaolin-muscovite silt composites essentially overlap with the 

compression curve of the kaolin alone, indicating that compression behaviour of the composites 

is dominated by the clay matrix regardless of the muscovite silt fraction (in the range 0-30%).  

The compression curve for the muscovite silt alone presents an inflection at around 20 kPa 

vertical stress before becoming linear beyond 200 kPa vertical stress. The normal compression 

line of the muscovite silt is clearly located above the normal compression line of the kaolinite, 

which further corroborates the finding that the compression behaviour of the kaolin-muscovite 

silt composites are dominated by the clay matrix.  
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Figure 8. Oedometer compression curve of muscovite silt and kaolin composites 

Figure 9 shows similar 1-D compression curves for the clay-muscovite-sand 

composites. Again, the compression curves of the kaolin-muscovite sand composites 

essentially overlap with the compression curve of the kaolin alone indicating that compression 

behaviour of the composites is dominated by the clay matrix.  

The compression curve for the muscovite sand alone presents an abnormal initial void 

ratio. It is not clear whether this is due to an error in the computation of the void ratio change 

upon the first loading steps due to ‘wall effects’ at the interface between the top surface of the 

specimen and the loading cap (void ratio change would have been overestimated), or as a result 

of swelling occurring upon flooding of the oedometer cell (the water content of the initial slurry 

was the same for all the specimens tested). Unfortunately, the compression test of the 

muscovite sand alone could not be repeated. Table 2 shows the secant compression index of 

silt sized muscovite and sand sized muscovite composite obtained for vertical stress values 

between 100 and 2000 kPa.  
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Figure 9. Oedometer compression curve of muscovite sand and kaolin mixture 

Table 2: Compression index for sand sized muscovite and silt sized muscovite  

  

Silt sized muscovite 

Compression index 

Sand sized muscovite 

Compression Index 

0% 

(Kaolin) 0.19 0.19 

2.50% 0.21 0.19 

10% 0.21 0.21 

30% 0.21 0.21 

100% 0.22 0.40 

 

It is worthy of note that in this study the Atterberg limits for kaolin alone and not the composite 

mixtures were measured. In addition, the pH of all composites, shear strength, and oedometer 
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compression were also measured. I was particularly interested in the shear strength, 

compressibility, and hydraulic conductivity of the samples in this chapter to enable me to 

understand the mechanical strength and hydraulic characteristics of the samples. The Atterberg 

limit is not an intrinsic property of the soil as it changes with the chemistry of the pore water 

Pedrotti (2016). The samples were prepared at the same moisture content i.e. at 1.5% liquid 

limit of kaolin and not at 1.5% liquid limit of the respective soil mixture. This was to avoid 

having different initial moisture contents and hence differences in the initial soil void ratio. In 

addition, the kaolin exerted significant control on the pH of the composites, as shown in Table 

3. 

Table 3: pH of kaolin and kaolin mica composites after mixture. 

Composite pH 

70% Kaolin/30% Sand sized Muscovite 4.5 

90% Kaolin/10% Sand sized Muscovite 4.4 

97.5 Kaolin/2.5% Sand sized Muscovite 4.2 

70% Kaolin/30% Silt sized Muscovite 4.6 

90% Kaolin/10% Silt sized Muscovite 4.5 

97.5 Kaolin/2.5% Silt sized Muscovite 4.3 

100% Kaolin 4.1 

 

There was no evidence of muscovite particle crushing in either the sand sized muscovite 

or silt sized muscovite; Figure 10 shows there was no change in the laser diffraction particle 

size analysis of the specimens before and after compression.  It is not surprising that there is 

no grain crushing after consolidating the mica sample up to 2200 kpa, this implies that the mica 

is a soil with relatively high elasticity. 
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Figure 10: Mica particle size distribution before and after compression 

4.4.3. Hydraulic conductivity of kaolin-muscovite composites   

The hydraulic conductivity of the kaolin-muscovite composites was derived from the 

consolidation response upon individual loading steps based on Terzaghi’s theory of one-

dimensional consolidation (Knappett and Craig, 2012) (Appendix II). As shown by (Martini et 

al., 2020), the values of hydraulic conductivity inferred from the consolidation data are 

consistent with the values measured experimentally via standard constant head/falling head 

hydraulic conductivity tests.  

Hydraulic conductivity is plotted against vertical stress for both the muscovite silt 

composites and the muscovite sand composites in Figure 11.  As expected, the hydraulic 

conductivity decreases as the vertical stress increases and, hence, the void ratio decreases 

(Figures 11a and 11b). The percentage of mica added (2.5% - 30%) does not significantly affect 

the hydraulic conductivity of the composite material compared to the clay. Therefore, up to 

30% mica, the hydraulic conductivity remains controlled by the finer fraction.          
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 (a) 

 

 (b) 

Figure 11. Hydraulic conductivity versus vertical stress. (a) kaolin-muscovite silt composites. (b) 

kaolin-muscovite sand composites. 

4.4.4. X-ray CT slices of consolidated and sheared samples 

Figures 12a, b show X-ray CT slices of two samples of the sand sized mica mixed with 

kaolin (30 percent sand sized muscovite) after consolidation to 50 kPa and 300 kPa vertical 

effective stress respectively. Sand sized muscovite particles appear to be randomly oriented in 
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both samples, which is a reflection of the process of hand mixing of the composite material in 

its slurry state.  

Figures 12c and d show the same specimens after shearing. The dashed line represents the 

position of the joint between the bottom and top halves of the shear box. Figure 12c (the sample 

sheared after compression to 50 kPa) shows preferential orientation of mica particles in the 

shearing zone whereas Figure 12d (the sample sheared after consolidation to 300 kPa) shows 

that mica particles remained randomly oriented in the shearing zone.  

 

 

Figure 12: X-ray CT slices of (a) sand sized muscovite (30%) and kaolin (70%) consolidated to 50 kPa 

(b) sand sized muscovite (30%) and kaolin (70%) consolidated to 300 kPa (c) mica (30%) sand and 

kaolin (70%) consolidated to 50 kPa and shared (d) sand sized muscovite and kaolin consolidated to 

300 kPa and sheared. The black grains are sand sized muscovite, and the orange grains are kaolin, 

while the white section is water. 

4.5. Discussion  

The results from the oedometer tests, in terms of compressibility and hydraulic 

conductivity of the muscovite/kaolin composites show that behaviour in compression remains 

dominated by the clay matrix. It was not unexpected that a muscovite fraction up to 30% is not 

large enough to modify the compressional behaviour, which remains dominated by the clay 



99 

matrix. Similarly, for the hydraulic conductivity behaviour, mica particles ‘float’ within the 

clay matrix and this results in no significant hydraulic conductivity change of the composites 

(for up to 30% mica) compared to the value for mica alone. 

By contrast, the shear strength data are not intuitive and, at the same time, have 

significant practical relevance. The range of low normal effective stresses where a relatively 

small fraction of muscovite generates a significant increase in shear strength (’50-100 kPa) 

are representative of the range of stresses developing in earth structures such as flood and 

roadway embankments and in the backfill of retaining structures. As a result, the addition of 

only 10-30% of muscovite silt or sand to the clay, can significantly enhance the mechanical 

response of such geostructures.  

At a more fundamental level, it is surprising that a relatively small fraction of muscovite 

can shift the shear strength of kaolin-muscovite mixtures to values close to the ones of the 

muscovite alone at low normal effective stress. As the compression behaviour of the composite 

is dominated by the clay matrix, regardless of the muscovite fraction (in the range 0-30%), one 

would have expected the shear strength to be also dominated by the clay matrix. This is the 

case at relatively high normal effective stresses (’>100 kPa) but not at low stresses (’50-

100 kPa).  

The kaolinite and the silt/sand mica alone exhibit ultimate shear strength that does not 

depend on the normal effective stress ’ (Fig. 7a and b). At ultimate (critical) state, it can be 

assumed that particles in the shearing zone are subjected to ‘turbulent’ mixing (Wood, 2014) 

and that the ‘macroscopic’ angle of shearing resistance depends on the degree of interlocking 

that is resisting the sliding and rolling over of particles.  

For the case of sand sized muscovite and silt, the interlocking would be greater due to 

the angularity of mica particles and the nature of the inter-particle contacts. As shown by the 

X-CT scan in Figure 13, mica particles have a rough surface. This increases the degree of 
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interlocking at the critical state and, hence, increases the ‘macroscopic’ angle of shearing 

resistance. This is consistent with the findings of (Cho et al., 2006) who have shown that 

particle angularity plays a key role in determining the critical state angle of shearing resistance. 

Experimental data have shown that the angle of shearing resistance of uniform sand can span 

over a very wide range depending on particle angularity, from 40 in the case of very angular 

sand particles to 20 for perfectly rounded particles (glass beads) (Alshibli & Cil, 2018). At the 

same time, the frictional resistance at the inter-particle contact is relatively high being 

controlled by mechanical interactions (Figure 14a).  

 

Figure 13 – X-CT image of sand sized muscovite  

For the case of kaolinite, it may be that the particles are less angular and, most 

importantly, the normal stress at the inter-particle contact is diminished by the Coulombian 

repulsion occurring between the negatively charged particles. This would decrease the inter-

particle frictional resistance facilitating particle sliding and rolling eventually leading to a 

lower macroscopic angle of shearing resistance (Figure 14b).  

For the composite material, it is instructive to observe the orientation of the sand mica 

particles in the shearing zone. At low stress, mica particles highlight a pattern that resembles 
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ductile shearing in geologically stratified layers, which are first folded and then broken by 

tectonic forces (Fig. 15a, c). The mica particles contribute to form ‘reinforced’ layers and the 

shearing process involves a fold-like mechanism rather than a particle-to-particle rolling and 

sliding. This could explain why the measured friction angle in sand sized muscovite composite 

at low stresses was observed to be even higher than sand sized muscovite alone (Fig. 7b). It is 

worth noting that the folding mechanism is a reinforcement mechanism and not a peak strength 

mechanism since it does not continue at high strain. 

At high vertical stress, the mica particles appear to preserve the same random 

orientation observed after compression (Fig. 15b). It can be speculated that the high vertical 

stress promotes the development of force chains mainly in the clay matrix and, hence, 

composite layers do not form upon macroscopic shearing. In this case, the shear band likely 

forms in the clay matrix (Fig. 15d) and this explains why the measured friction angle at high 

stresses in the sand sized muscovite composite is observed to be close to the value measured 

in the kaolinite alone (Fig. 7b).  

 

 

(a) 
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(b) 

Figure 14. Conceptual model for response in shear of (a) sand/siltd sized muscovite; (b) kaolinite  

 

 



103 

Figure 15. Response in shear of sand sized muscovite/silt and kaolinite composites. (a) preferential 

orientation of sand sized muscovite particles in the shearing zone at 50 kPa vertical stress. (b) random 

orientation of sand sized muscovite particles in the shearing zone at 300 kPa vertical stress. (c) 

Conceptual model for response in shear at low vertical stress. (d) Conceptual model for response in 

shear at high vertical stress  

4.6. 4.6. Conclusions  

This paper has evaluated the compressibility, hydraulic conductivity, and shear strength 

characteristics of muscovite and kaolin composites for their use in low stress geotechnical 

regimes such as structural fills. Muscovite-kaolin composites were prepared with muscovite 

contents of 0, 2.5, 10, and 30 wt. %. It was observed that:  

i) by adding both muscovite silt or muscovite sand to kaolin for all the weight percent of 

muscovite kaolin mixtures tested, compressibility does not change. Up to 30% 

muscovite sand or muscovite silt, the compressive behaviour is still clay-dominated. 

ii) The addition of muscovite mica (up to 30%) to kaolin does not significantly affect its 

hydraulic conductivity. Hence a gain in shear strength does not compromise the 

hydraulic conductivity or compressibility of clay.  

iii) The shear strength characteristics of kaolin are significantly enhanced by the addition 

of only 2.5-30% of muscovite silt or sand in the low stress regime typical of earth 

structures such as flood and roadway embankments and retaining structure backfill. 

Hence, whilst adding up to 30% mica to clay makes no significant difference to the 

hydraulic conductivity, it does improve the shear strength at low normal stresses. 

These findings show that by-product mica could significantly enhance the mechanical 

properties of marginal clays in low-stress, large-volume building applications such as structural 

fill. Considering the high cost and carbon footprint (Sargent et al., 2016) of current systems, 

such as lime, bitumen, cement and fly ash (Coudert et al., 2019; Liebenberg & Visser, 2003; 

Obuzor et al., 2011; Phummiphan et al., 2016), the addition of by-product mica as an alternative 

material for mechanical property enhancement in clays could reduce both the cost and 
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environmental impacts of such applications. Mica-enhanced clay fills could also provide a low-

cost, low-energy solution for the bulk of mica-based mine wastes, removing the current 

requirement for their active management and reducing their impact on the surrounding 

environment.  
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4.8. Appendix I – Determination of void ratio change in oedometer compression.  

 

Upon each loading and unloading step, specimens are allowed to complete primary 

consolidation. The completion of primary consolidation can be detected only when the 

secondary consolidation branch of the settlement versus time curve becomes clearly visible. 

As a result, the change in void ratio accumulated upon a loading or unloading step includes 

these two components. As shown in Figure 16, the primary consolidation is associated with an 

increase in effective stress whereas the secondary consolidation occurs at constant effective 

stress. The secondary consolidation at constant effective stress represents a change in void ratio 

that should have occurred in the subsequent loading step and should therefore be attributed to 

the subsequent loading step as shown in Fig. 16.  

In other words, the change in void ratio ei upon the i-th step associated with an increase 

in the effective stress i, is given by  

∆𝑒𝑖 = ∆𝑒𝑖,𝑝𝑟𝑖𝑚𝑎𝑟𝑦 + ∆𝑒𝑖−1,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 [1] 

where ∆𝑒𝑖,𝑝𝑟𝑖𝑚𝑎𝑟𝑦 is the void ratio change associated with the primary consolidation of the step 

i and ∆𝑒𝑖−1,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 is the void ratio change associated with the secondary consolidation of 

the previous step i-1.  
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Figure 16. Computation of void ratio change e upon associated with an increment in effective stress 
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4.9. Appendix II – Determination of hydraulic conductivity from oedometer 

consolidation test 

The hydraulic conductivity was determined as follows: The consolidation curve of each 

loading step was plotted, and the primary and secondary consolidation settlements were 

identified as shown in Fig. 17. The time t50 corresponding to 50% primary consolidation was 

then identified as shown in Figure 17 and the consolidation coefficient 𝐶𝑣 computes as follows: 

𝐶𝑣 =
 0.197  ℎ2 

𝑡50
 

[2] 

where 0.197 is the theoretical time factor corresponding to 50% consolidation and h is the 

drainage length (a standard oedometer consolidating test has double drainage and, as such, the 

specimen height is equal to 2h).  

The 1-D secant modulus E1D was the calculated as 

𝐸1𝐷 =  
𝛥б𝑖 

𝜀𝑖
 

[3] 

where i is the strain accumulated in the i-th loading step in turn given by:  

𝜀𝑖 =  
𝛥𝑒𝑖  

1 + 𝑒0,i
 

[4] 

where ei and e0i are the change in void ratio and the initial void ratio respectively in the i-th 

step. Finally, the hydraulic conductivity k was calculated as follows:  

𝑘 =  
𝐶𝑣ɣ𝑤  

𝐸1𝐷
   

[5] 

where ɣ𝑤 is the unit weight of water.  
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Figure 17. A typical consolidation curve for 2.5% muscovite and 97.5% kaolin at 3kPa loading step 

showing consolidation phases and analysis of log-time/settlement. 
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5.  An X-ray CT study of miniature clay 

sample preparation techniques 

The same version of this chapter (with slight modification) has been published in: Ibeh C. U., 

Pedrotti M., Tarantino A., Lunn R. J. (2019) An X-ray CT study of miniature clay sample 

preparation techniques. E3S Web of Conferences, 92. 01004. ISSN 2267-1242. 

https://doi.org/10.1051/e3sconf/20199201004 

Abstract. 

 The quality and reliability of cohesive soil laboratory test data can be significantly 

affected by sample disturbance during sampling or sample preparation. Sample disturbance 

may affect key design and modelling parameters such as stiffness, preconsolidation stress, 

compressibility, and undrained shear strength, and ultimately determine particle mobilization 

and shear plane development. The use of X-ray computed tomography (X-ray CT) in the study 

of soil is restricted by the inverse relationship of specimen size and obtainable image resolution. 

This has led to the testing of miniature specimen sizes which are far less than conventional 

laboratory sample size in a bid to obtain high resolution images and detailed particle-scale soil 

properties; however, these miniature soil specimen are more prone to sample disturbance.  In 

this work 2% muscovite was mixed with speswhite kaolin clay as a strain marker for use in X-

CT. The clay soil sample was prepared from slurry and either consolidated using an oedometer 

or a gypsum mould. Specimens obtained from a 7 mm tube sampler were compared to lathe 

trimmed specimens with a diameter (Ø) of 7 mm. Results from X-ray CT imaging were used 

to study the influence of sampler type on specimen disturbance, by analyzing the muscovite 

particle orientation of the obtained 3D images. The results show that; for samples subjected to 

large consolidation stress (>200kpa) lathe trimmed specimens may be subject to lesser 

disturbance compared to tube sampled specimens. 

https://doi.org/10.1051/e3sconf/20199201004
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5.1.  Introduction 

Laboratory specimen quality is important to obtain reliable and representative soil 

parameters, however, a great deal of disturbance to the soil specimen may occur during 

sampling. If the soil specimen loses its original structure, the test-derived soil parameters may 

be unrepresentative and lead to overly conservative designs (Emdal et al., 2016). Similarly, soil 

modelling requires input parameters to be as close as possible to the actual experiment data, 

hence significant sample disturbance should be avoided.  

      With the proliferation of X-ray Computed Tomography (X-ray CT) in soil mechanics, there 

is currently no standard guide for the preparation of miniature soil specimen for X-ray CT and 

there are no specifications for approaches to the preparation of these miniature specimens. 

Miniature specimens are obtained from large-scale samples prepared with conventional 

methods, -for example, from a conventional triaxial sample that is 38mm by 72mm-. The 

deformation of a soil is affected by its initial state, and if a specimen has undergone significant 

deformation ab initio, this may well determine how the sample further deforms. Currently, the 

testing of miniature soil specimen under the X-ray CT has focused on observing phenomena 

without really considering the effects of sample preparation and the degree of specimen 

disturbance. These latter considerations raise a number of questions such as: Is the specimen 

being tested representative of the original sample? Does the sample preparation approach lead 

to significant initial sample deformation that affects how particles ultimately behave? How 

much specimen disturbance does the sampling approach, such as tube sampling or lathe-

trimmed block sampling cause to miniature specimens and are these disturbances within 

acceptable limits for a representative soil?  

     Traditionally, it is considered adequate to take samples which have a minimum dimension 

of the order of 5-10 times the maximum particle size of the soil BS-5930 (1981) suggests that 
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sample sizes should be determined on the basis both of the soil type and the purpose for which 

the sample is needed. Additional research has shown that sample disturbance may affect 

estimates of shear strength on soft clays and soil may be so disturbed as to contain zones of 

potential weakness along which slippage may occur during strength testing, hence the level of 

disturbance to which the soil is subjected should be acceptable (Lunne et al., 2006).  

5.1.1. Miniature soil sample preparation techniques  

 

In the laboratory, remolded miniature specimens can be produced by cutting blocks of 

soil and then trimming it to the desired shape using a soil lathe, by pushing or driving tubes 

into a larger sample (see Figure 1a below) or by preparing a soil specimen just to size either 

using a gypsum mould (see Figure 1b below) or a miniature oedometer. Each of these specimen 

preparation approaches may impose a certain degree of disturbance on the resulting soil 

specimen.  

      Trimmed block sampling is recommended, as it is considered of a better-quality over 

piston/tube derived samples in conventional geomechanics soil sampling (DeGroot et al. 2005; 

Emdal et al., 2016). What constitutes an “undisturbed sample” is unknown, as no definitive 

method exists to obtain a “perfect sample” let alone “a perfect unconventional miniature soil 

specimen”. Therefore, there is the need to assign a confidence level to sample quality 

assessment (Amundsen et al. 2015). 
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Fig. 1a: Tube sampling configuration (not to scale); b) large Cylindrical hollow gypsum mould for 

consolidating clay sample.  

      The aim of this study is to determine and compare the degree of miniature specimen 

disturbance imposed by different sampling approaches. We used mica particles (fine silt to 

sand sized) as remolded clay specimen strain markers. This is because X-ray CT resolution is 

in the order of a few microns, but clay particles are less than 2 microns in size. Particle 

orientation analysis using stereographic projections and Fisher statistics were used to determine 

the amount of specimen disturbance.  A specially prepared gypsum mould and a conventional 

oedometer were used to prepare samples with different particle configuration; these were then 

subsampled using a tube and a lathe.  

5.2. Material 

 

Slurries were prepared using speswhite kaolin purchased from IMERYS Minerals 

Limited (with a liquid limit of 63 and a particle size range of 0.3 micron to 6 micron and an 
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average particle size of 0.7 microns) and sand muscovite mica from LKAB minerals LTD (the 

mica was crushed to a range of particle size between 10 micron and 200 micron and an average 

size of 90 micron). A firm plastic tube sampler with an inner diameter of 7mm, a metal soil 

lathe and a specially produced hollow cylindrical gypsum mould were used to prepare the 

specimens. A mould with inner and outer diameters of 38mm 120 mm was used. The gypsum 

mould was prepared using conventional ceramic gypsum mould preparation approach. 

 

5.3. Sample Preparation 

 

Two different consolidation methods were adopted: suction induced consolidation 

using a large gypsum mould, and conventional oedometer consolidation. For the mould sample, 

after mixing the appropriate amount of kaolin and mica (2% wt mica) with de-aired distilled 

water (using 4 times the liquid limit of kaolin -252%), a shear- mixer was used to homogenize 

the slurry for 30 mins. Thereafter, the slurry is consolidated with either of the larger sized or 

the smaller sized gypsum mould, by pouring the slurry into the mould at intervals (ensuring no 

space in the mould as it consolidated) until a firm sample is cast (total of about 2hrs for the 

38mm sample and about 20minutes for the 7mm sample). After consolidation (to 100kpa), the 

mould is then lifted leaving behind the sample. The oedometer sample was prepared using 1.5 

times the liquid limit of kaolin (96%), consolidated to 2200kpa, unloaded to 200kpa and 

quickly drained (overconsolidated specimen).   

 

      Specimens were either sampled using a miniature tube sampler or, a soil lathe. A total of 

four specimen types were studied (see Table 1 below):  
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i) a vertical tube specimen derived by inserting the tube sampler vertically through the sample 

consolidated in the large cylindrical gypsum mould (LM-VT),  

ii) a horizontally tube specimen derived by inserting the tube sampler horizontally across the 

sample consolidated in the large cylindrical gypsum mould (LM-HT),  

iii)  a vertical tube specimen derived by inserting the tube sampler vertically through the 

overconsolidated oedometer sample (OED-VT), and  

iv) a lathe trimmed vertical specimen derived from the oedometer consolidated sample (OED-

VL) and  

 

      After preparing the lathe trimmed and mould specimens, the specimens were covered with 

liquid latex to prevent moisture loss during imaging. The tube derived specimens were imaged 

without extrusion from the tubes so as to have the least possible tube disturbance; the top and 

bottom of the tubes were sealed with liquid latex before imaging. 

5.4.  Methodology 

In this study, because of the miniature specimen size, we have restricted the evaluation 

approach to non-destructive testing, specifically the use of X-ray CT (with mica as a strain 

marker). Particle orientation at the specimen’s outer surface (outer- surface thickness defined 

as 2 times the average marker particle length) was compared to the internal (inner) particle 

orientation of the specimen, see Figure 2 below. 

 

Fig. 2: Typical specimen sections analyzed for disturbance (not to scale) 
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5.4.1. X-CT imaging  

X-ray CT imaging of the samples were performed by means of a Nikon XT H 320 X-

Ray CT scanner (at the University of Strathclyde, Advanced Materials Research laboratory). 

In the present work, the voxel resolution was approximately 5 m and the scanner settings were 

energy 150 kV and current 38 A.   

Table 1: description and schematic of specimens studied. 

Sample 

consolidation 

method 

Lathe 

trimmed 

block sample 

Vertical 

Tube 

sample 

Horizontal 

Tube 

sample 

Specimen 

prepared to 

size 

Oedometer 

Consolidated 
√ 

√ 

 

-  - 

Large gypsum 

mould suction 

induced 

consolidation 

sample 

- 

√ 

 

√  

- 

 

     The reconstruction was carried out using CT Pro and CT Agent software (Nikon189 

Metrology). The visualization and analysis of the CT data was performed with AVIZO 9.0 

software. Avizo border kill tool was used to remove all particles touching the sampler border 

and the particle long-axis orientations were exported to the Stereonet software (Allmendinger 

et al., 2011; Cardozo & Allmendinger, 2013) for particle distribution and orientation analysis.  

5.4.2. Stereographic projection 

 

Contoured stereoplots were used for the presentation and analysis of the mica particle 

orientations, enabling 3-dimensional data to be plotted in two dimensions. The stereonets were 
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plotted using the Stereonet software with the orientation of the mica particles plotted as poles 

to the mica plates. 

5.4.3. Spatial statistical analysis (Fisher Spherical distribution. 

 

The Fisher distribution is the basic model for directions distributed unimodally with 

rotational symmetry and it is the direct generalization for a sphere of the von Misses 

distribution on the circle (Fisher, 1993). According to (Cardozo & Allmendinger, 2013) the 

distribution is the standard mean vector calculation such that the direction cosines of all the 

individual unit vectors are simply added up; the mean length is the length of the resultant vector 

divided by the number of vectors summed and the reported trend is derived from the resultant 

vector normalized to a unit vector.  

The shape parameter k (or kappa) also known as the dispersion or the concentration factor, is 

estimated from equation (1): 

𝑘 ≈ (N − 1)/(N − R)  for N ≥ 16; [1] 

 

the uncertainty intervals are calculated from the equation (2) below: 

𝑐𝑜𝑠𝛿𝛼 = 1 − (
𝑁 − 𝑅

𝑅
) [(

1

1 − 𝑃
)

1
𝑁−1

− 1] 

[2] 

 

Where N is the number of observations, P is the probability, and R is the resultant vector length. 

The larger the value of k, the more the distribution is concentrated towards the equivalent 

direction cosines. A high k differential means more disturbance: an undisturbed sample will 

result in the same (or very close) k values for both the inner and the outer sections of the sample.   
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      The hypothesis tested is that the inner specimen particles are distributed more directionally 

to the mean whole sample direction than the outer specimen particles, that is, that the absolute 

difference of the k between the specimen outer section and the inner section is smaller for a 

less disturbed specimen than for a more disturbed specimen. This is expected to be the case if 

the outer part of the specimen is significantly disturbed in a direction away from the mean 

specimen direction.  

 

With ∆k = absolute difference between the inner and outer section k values 

   

H0: (|∆k|less disturbed specimen) > (|∆k|more disturbed specimen) 

 

H1: (|∆k|less disturbed specimen) < (|∆k |more disturbed specimen) 

 

      For each of the specimens, 1000 of the larger mica particles in the inner specimen section 

and 1000 mica particles in the outer specimen section (also the larger particles) were each 

analyzed for the section’s concertation factor k. This was done using an equal area 

stereographic projection and the Fisher statistics distribution. The larger mica particles were 

used because of the limitations imposed by the X-CT resolution.    

5.5. Results and Discussion 

5.5.1. Tube and lathe derived Oedometer overconsolidated specimens 

 

Results of the Fisher spherical distribution analysis of the stereoplots for all of the 

specimen types tested are presented in Figure 3 below. For the OED -VT, the inner section 



121 | P a g e  

 

 

particles are aligned more closely to the horizontal, as compared to the particles at the outer 

section which are oriented vertically (due to the tube sampler effect – see Figure 5c below) and 

horizontally. In the case of, - the, OED -VL, there are also more vertically oriented particles in 

the outer section, but the effect is not as in the OED-VT.  

 

Fig. 3: concentration parameter of mica particle orientation distribution (N-1000; 95% significance) 

      The k-values for the vertical tube sampled oedometer overconsolidated specimen are 2.1 

(outermost section) and 7.1 (inner section) and the difference is 5.0 all at 95% confidence level, 

while for the lathe trimmed oedometer overconsolidated specimen, the k value for the outer 

section is 3.6, as compared to 5.9 for the inner section and a difference of 2.3. The k value 

difference for the vertical tube sampled oedometer overconsolidated specimen (5.0) is higher 

than the k difference for the lathe trimmed oedometer overconsolidated specimen (2.3). This 

implies that the vertical tube sampled oedometer overconsolidated specimen experienced 

significantly more disturbance than the lathe trimmed oedometer overconsolidated specimen. 

This is despite the sample not being extruded from the tube (which may impose some additional 

disturbance) and the particles touching the border being removed (using the border kill tool, in 

Avizo)- from the analysis. The stereoplot for the inner and outer sections of the lathe-trimmed 

oedometer specimens are shown in Figures 4a and b below.       
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Fig. 4a: Lathe-trimmed oedometer specimen inner section particle pole to mica particles long axes 

(N=1000)  

 

 

Fig. 4b: Lathe-trimmed oedometer specimen outer section particle pole to  mica particles long axes 

(N=1000)  

Figures 5a and b below show a top view of the X-ray CT images of a typical oedometer 

consolidated specimen cored with a tube sampler, with the edges showing re-oriented mica 

particles. Figure 5b shows the innermost part of the same cored specimen, with the outermost 

cylindrical section cut off. The outermost part of the original image shows particle alignment 

(away from the original specimen) to the walls of the tube sampler. The difference is also 

visible in Figures 5c and d (side view of same specimen). 
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Fig. 5: a) Top view of an oedometer consolidated specimen cored with a tube sampler with the outer 

surface intact and b) with the outer surface cut off; c) side view of an oedometer consolidated specimen 

cored with a tube sampler with the outer surface intact and d) with the outer surface cut off. 

5.5.2. Mould consolidated specimens (to lower stress) 

 

The vertical and horizontal tube specimen cored from the middle of a cylindrical 

gypsum mould sample, have k difference values: 0.2 and 2.4 respectively (Figure 4):  

(|kinner - kouter| horizontal tube mould specimen) > (|kinner - kouter| vertical tube derived mould specimen) 

This implies significantly more disturbance when the specimen was sampled 

horizontally compared to the specimen sampled vertically. This is actually to be expected, 

because both the vertical tube sampler and the gypsum mould itself during consolidation, act 

to orient the particles in alignment with the sides of the mould i.e. vertically. Hence, any 

sampling disturbance is minimized in the mould prepared sample.  

The stereonet representations for the horizontal sampling, which did show significant 

disturbance, with the gypsum mould are shown in Figures 6a and b below:  
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Fig. 6a: Horizontal tube specimen inner section particle pole to planes of the mica particles 

long axes (N=1000)  

 

Fig. 6b: Horizontal tube specimen outer section particle pole to planes of the mica particles long axes 

(N = 1000) 

Significant difference in particle orientation are observed. In the inner section, the 

undisturbed particles tend to be vertically oriented and there is a significant concentration of 

particles oriebnted NW-SE on Figure 6a, which is perpendicular to te radial direction in which 

the horizontal sample was taken. This is because during preparation of the sample, the radial 

suction forces tend to orient the particles parallel to the face through which drainage is 

occuring. Figure 6b shows the orientation of particles within the outer section of the horizontal 

tube sample. Particles here are now almost entirely randomly oriented and hence are clearly 

disturbed by the sampling process.  
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5.6.       Conclusion 

Soil sampling imposes some level of disturbance on soil microstructure, and this may 

affect soil mechanics test results. Miniature cylindrical remoulded kaolin specimen (containing 

2% silt-sand sized mica markers) produced by tube sampling and lathe trimmed sampling were 

analyzed for sample disturbance. Fisher distribution analysis of the mica particle strain 

markers, represented as poles to planes plotted on stereonets, showed that lathe trimmed 

vertical specimens may be subject to lesser disturbance when compared to vertical tube 

sampled specimenns for overconsolidated specimens prepared in an oedometer (possibly 

because tube sampling in addition to the limitations of a block trimmed sample is also affected 

by shear distortion). In the case of gypsum mould prepared samples, the radial suction force 

results in the particles being preferentially radially oriented and parallel to the drainage surface. 

Consequently, vertical tube sampling produced almost no disturbance. We conclude that mica 

particles can give valuable information on miniature sample disturbance, which can then be 

mitigated by design of improved sampling methods.   

This research is supported by a University of Strathclyde funded PhD Studentship. 
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6. PLATYMATCH- A particle-matching 

algorithm for the analysis of platy particle 

kinematics using X-ray Computed 

Tomography 

The same version of this chapter (with slight modification) has been published in: Ibeh, C.U., 

Pedrotti, M., Tarantino, A. and Lunn, R.J., 2021. PLATYMATCH–A particle-matching 

algorithm for the analysis of platy particle kinematics using X-ray Computed 

Tomography. Computers and Geotechnics, 138, p.104367. 

 

Abstract  

Particle scale mechanisms influence the mechanical behaviour of geomaterials. A better 

understanding of soil micromechanics will help develop more accurate constitutive models 

and, by extension, safer and more economic geotechnical design. Sand-grained soils have been 

widely studied at the particle scale using X-ray Computed tomography and this has revealed 

important micromechanical behaviour of sands. Clays are least understood and studied at the 

particle scale. As technology rapidly progresses, to understand clay kinematics, a particle 

kinematic algorithm to match plate shaped (platy) particles will be required. Current algorithms 

developed for the matching of quartz and carbonate sand particles may not be suitable, since 

particle attributes that are strong discriminators of round particles may be less unique on platy 

particles, due to their extremely small c-axis and the reduced image resolution associated with 

their smaller size. This study presents particle tracking of kaolin sample using mica markers 

and provides a platy soil particle matching algorithm for evaluating platy particle kinematics. 

After testing a range of alternative particle attributes, it was observed that a combination of 
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particle major axis length, intermediate axis length, and perimeter was a good discriminant of 

the platy mica particles studied. On this basis, we developed PLATYMATCH, an optimised 

platy particle matching algorithm that considers a minimised combined normalised error of 

unique particle attributes within a defined search volume space. The algorithm was 

implemented such that particle attributes were compared in parallel, rather than sequentially, 

to avoid filtering out a potential particle match based on a single non-unique attribute. 

PLATYMATCH was then successfully validated using a compressed mica soil sample. 

 

 

Keywords: PLATYMATCH, X-ray Computer tomography (X-CT), mica, clay, particle 

matching, algorithm 
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6.1. Introduction 

An increasing body of research shows that the particle scale properties of soil 

importantly influence the mechanical behaviour of granular materials. Unlike clays, sand-

grained soils have been widely studied at the particle scale and this has revealed important 

micromechanical behaviours including the change of sand grain morphology due to fracture 

mechanisms (Zhao et al., 2015),  the decrease of dilatant behaviour with the suppression of 

peak shear strength in sand mixed with tyre chips (Chevalier et al. 2019), and the observation 

of pre-peak initiation of strain localisation in sand  using X-ray computer tomography (X-ray 

CT), (Andò et al., 2012). Despite clay soils exhibiting relatively more complex behaviour 

compared to sands, clays are less understood and studied at the particle scale. This is because 

clay particles are very small – with size in the order of microns/sub-microns and thickness in 

the order of tenths/hundredths of nanometres, they are platy in shape, and they exhibit physico-

chemical interactions in addition to mechanical interactions. An improved understanding of 

clay micromechanics could inform macroscopic constitutive models (Alonso et al., 2010; Cetin 

& Gökoǧlu, 2013; Hattab et al., 2014; C. Ibeh et al., 2019; Lin et al., 2021; Pedrotti & 

Tarantino, 2018, 2019; Sridharan et al., 1974) enabling greater accuracy of predictions and, by 

extension, safer and more economic geotechnical design. 

To better understand soil discrete mechanics, X-ray CT imaging techniques have been 

used to capture the particle scale attributes of soils subjected to different types of loading over 

time (mechanical, thermal, hydraulic, etc.). The X-ray CT data provides detailed 3D images of 

microscopically deformed geomaterials (Yuan Chen et al., 2021; Haldrup et al., 2008; Karatza 

et al., 2019; Nielsen et al., 2003; Reijonen et al., 2020; Takemura, 2004; Taylor et al., 2015; 

Viggiani et al., 2004). This technique could provide localized strain measurements. To 

determine particle motion, the analysis of such images usually requires particle matching 

between pre- and post-deformation scans, i.e. before and after loading. Two approaches are 
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commonly used for this analysis. Discrete digital image correlation - Discrete DIC (Andò et 

al., 2012; Hall et al., 2010) recognises grains based on their image (numerous voxel grey-scale 

information) which can be further analysed using full field strain measurement with the main 

limitation of being computationally expensive (Andò et al., 2012). Alternatively, particle 

before and after loading are matched using simple morphological particle attributes. Even if 

only a fraction of particles is matched, this approach enables the effective determination of 

sample kinematics with the advantage of being less computationally expensive (Andò et al., 

2012).  

A summary of key particle matching approaches to-date for granular materials is 

presented in Table 1. (Fu et al., 2008) implemented a particle matching algorithm to match 

crushed limestone particles (average size of 127µm), using expected particle position reference 

and volume as matching parameters. They assumed that the sample deformed as a continuum 

and hence the algorithm searches for a particle in the initial sample scan with the closest 

location to where the particle should be in the second scan 2 (after loading). They then used 

the particle volume as an additional parameter if there was more than one particle in that 

location. This search approach may, however, break-down when searching for particles in a 

shear band (where particles could move in an unpredictable manner). Andò et al., (2012) 

developed a particle matching algorithm -ID Track and used it to match carbonate and quartz 

sand (average size of 400 µm and imaged at 15 µm voxel size). ID Track searches for particles 

in two passes with the first pass using only volume difference and the second pass using both 

volume difference and difference of displacement of neighbouring particles. Particles with the 

closest attribute to the one under consideration are matched. Their assumption is that grains 

will tend to displace like their neighbours but also noted that this may cause problems when a 

neighbourhood overlaps a developed shear band. They used only one particle attribute as a 

matching parameter, i.e. volume, which would clearly present a challenge for particles where 
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the volume may be poorly variable. Cheng and Wang, (2018) also implemented an algorithm 

similar to ID-Track to match quartz sand with an average size of 500 µm and imaged at 6.5 µm 

voxel size, but rather than using volume as the matching parameter, they used surface area 

instead producing similar results. Druckrey and Alshibli, (2014)  implemented an algorithm to 

match quartz sand particles with an average size of 700 µm and 10.85 µm voxel size that 

compared particles between scans using multiple particle attributes: Volume (number of voxels 

included in the particle), Area (Area of the object boundary), Feret length (the distance between 

two parallel planes tangent to the particle on the maximum extent direction - maximum Feret 

diameter), and Feret width (the distance between two parallel planes tangent to the particle on 

the minimum extent direction -minimum Feret diameter). These attributes were considered in 

series (sequentially), and as such, a particle must be within a set tolerance for the first attribute 

to be considered using the second, then similarly for the third and fourth. Table 1 presents 

details of the samples studied, the imaging condition and the algorithm implementation 

approach used. The Table also contains details of the sample studied and the particle matching 

algorithm implemented. 
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Table 1:  available matching algorithm and their implementation  

 Author  (Fu et al., 2008) (Andò et al., 2012)  (Druckrey & Alshibli, 

2014)  

 (Cheng & Wang, 

2018a)  

This Study 

1 Material Tested and size 

 

Crushed Limestone Calcareous and quarzitic 

Sand 

Quarzitic sand Sand Mica 

2 Sample-size (Diameter 

X Height) 

 

103 mm X 100 mm  11mm X 22 mm  19.5mm X 20.2mm 8mm X 16 mm  10mm X 

20mm 

3 Average Particle size 

 

127 µm 400 µm 700 µm 500 µm 70 µm 

4 Voxel size 

 

- 15 µm 10.85 µm 6.5 µm 10 µm 

5 Average ratio of particle 

major axis to voxel size 

 

 27 65 77 7 

6 Average ratio of particle 

minor axis to voxel size 

 

 27 65 77 1 

7 Particle segmentation 

approach 

 

- Watershed segmentation Watershed segmentation - Machine 

learning 

trainable Weka 

8 Search box used No  Yes Yes Yes  Yes 

9 Particle attribute used 

for matching. 

 

Particle proximity Particle position and particle 

volume  

Particle position with 

sequential filtering of 

particle attributes: 

Volume, Surface area; 

Feret width and Feret 

lengths 

Particle position and 

particle Area or 

Volume 

Particle 

position with 

normalised 

parallel 

filtering of 

particle 

attributes: 

Major and 

intermediate 



133 | P a g e  

 

 

axis length and 

perimeter. 

10 Matching criteria Direct comparison Iterative comparison Sequential comparison Iterative comparison Parallel 

comparison 
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The aim of the research presented here is to understand how to match relatively small 

platy particles (silt sized muscovite) as a guide to better understanding clay particle kinematics. 

We studied this by first using the available matching algorithm by Druckrey and Alshibli, 

(2014) which was originally developed for matching round sand particles. Applying the 

algorithm, we observed some challenges due to the platy shape, lesser image resolution (as a 

result of the smaller particle size) and associated geometry peculiarities. We then developed 

and validated PLATYMATCH (available at https://github.com/Christopher-

Ibeh/PLATYMATCH), an optimised platy particle matching algorithm, taking into 

consideration the lessons learnt from implementing the code (Druckrey & Alshibli, 2014). In 

the future, PLATYMATCH can be used to further the understanding of the kinematics of plate 

shaped particles. For the example presented here of tracking platy mica particles, embedded in 

clay, it could provide new information on the evolution of strain localisation, since unlike 

tracking round particles, tracking plate-shaped particles provides information on particle 

rotation, as well as particle displacement.  

6.2. Material and sample preparation  

We tested soil samples (silt sized muscovite) with a significantly smaller particle size 

to voxel size ratio compared to the samples tested by the works listed in Table 1. The number 

of mica particles per unit volume was decreased by embedding the silt sized muscovite (1.5% 

by weight) in kaolin (98.5% by weight) to reduce any particle segmentation error that may 

emanate from particles sticking face-to-face.  

Ground muscovite mica passing through sieve size 400-micron and Speswhite kaolin 

with a liquid limit (LL) of 0.64 and a plastic limit (PL) of 0.32, were used for the tests. The 

grain size distribution of the Kaolin shows it is composed of 80% clay-sized particles and 20% 

https://github.com/Christopher-Ibeh/PLATYMATCH
https://github.com/Christopher-Ibeh/PLATYMATCH
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silt-sized particles. After mixing the appropriate amount of mica (1.5% by weight) and kaolin 

(98.5% by weight) with de-aired distilled water using 1.5 times the liquid limit of kaolin (96%), 

the resultant slurry was consolidated in a modified oedometer cell (40mm ring height see 

Figure 1a) to 2200kpa, then unloaded under drained conditions to 200kpa and finally quickly 

unloaded (quasi-undrained unloading). This procedure was adopted to create overconsolidated 

samples (OCR=11). When unloading the sample, the last 200 kPa were unloaded under 

undrained conditions to generate suction and hence some apparent cohesion and facilitate the 

trimming of the specimen. Samples were trimmed to 20mm height and 10mm diameter using 

a miniature soil lathe (see Figure 1b). After preparing the lathe-trimmed specimen, the 

specimen was covered with a cling film to minimise moisture loss during imaging.  

 

(a)                                                                                             (b) 

Figure 1:  a) Modified oedometer cell b) Lathe used to trim soil samples. 

 

6.3. Experimental Procedure 

Three tests were performed using the lathe trimmed oedometer consolidated sample: a 

rotation test, a replacement test, and a compression test. For the rotation test, the sample was 

scanned and a section (2.9mm x 10mm) was digitally extracted from the scanned sample and 
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artificially rotated by 5 degrees (see Figure 3a and c). The original extracted section (without 

rotation) and the rotated image were then segmented and analysed. For the replacement test, 

the first scanned sample was re-scanned (i.e. the sample scanned, removed from the imaging 

stage, placed back on the imaging stage, and then rescanned), segmented, and the particle 

kinematics evaluated. Finally, the re-scanned sample was subjected to 8% uniaxial 

compression (using a plastic plunger loaded from bottom up) and the compressed sample 

scanned. By way of example, details of the third test are presented in Figure 2 and Table 2. 

Images from the tests were processed as follows. First, we tried to match the mica 

particles in the compressed sample (compression test) using the matching code by Druckrey 

and Alshibli, (2014) to evaluate the particle kinematics. The Druckrey and Alshibli, (2014) 

approach was not originally designed for platy particles. We then adapted their approach by 

taking into consideration, the peculiar nature of platy particles as part of the image processing 

and particle matching workflow.  

Secondly, we used the new PLATYMATCH approach. PLATYMATCH was initially 

applied to the rotation test to understand the effect of image remeshing due to rotation on 

particle attributes and for the evaluation of the best particle attribute for matching platy 

particles. It was then applied to the replacement test to evaluate the error associated with 

rescanning and image processing and finally applied to the compression test analysis (same test 

sample previously processed using the code by Druckrey and Alshibli, (2014). 
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(a)                                                    (b)                                            (c) 

Figure 2: The samples scanned and analysed: a) sub-section of a digitally extracted section of a main 

scan, artificially rotated by 5 degrees; b) The main sample scanned, removed from the imaging stage, 

replace and rescanned c) The rescanned sample subjected to 8% axial strain and scanned. 

 

Table 2: Description of the samples for the three tests conducted. 

S/N Image size Sample size Test 

I Sub-section of a digitally 

extracted section of a main 

scan, artificially rotated by 5 

degrees 

2.9mm height by 10 

mm diameter 

To understand of the effect 

of image remeshing due to 

rotation on particle 

attributes and evaluation of 

the best particle attribute 

for matching platy 

particles  

II Sample scanned, removed 

from the imaging stage, placed 

back on the imaging stage, and 

then rescanned 

20mm height by 10 

mm diameter 

Evaluation of the error 

associated with rescanning 

and image processing.  
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III Sample scanned, subjected to 

8% axial strain and re-scanned 

20mm height by 10 

mm diameter 

Validation of the matching 

code for a deformed 

sample 

 

 

Figure 3: 3D renderings of the tomography a) sample before compression b) Sample after compression 

c) Artificially extracted sub section of the main sample d) segmented sample before compression e) 

segmented sample after compression. 
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6.3.1.  Image Acquisition and processing 

The scans were acquired in-situ in the XTH320 NICON X-ray scanner at the University 

of Strathclyde, which allows for 360-degree rotation of the sample. The voxel size of the 3D 

tomographic image is 10 µm × 10 µm × 10 µm.  X-ray energy of 160 kV and power 9.8 W and 

exposure time of 1 second were used to image the samples. Each scan was reconstructed using 

X-TEC commercial software and then processed using ImageJ software (https://imagej.net) 

and Avizo-9 software (https://www.fei.com/software/amira-avizo/). To allow for later 

registration, a metallic spherical ball (500 µm) was placed on the bottom side of the sample 

during scanning and used as a sample reference marker. In the compression test, the sample 

was imaged with the compressed end down and the stationary end up. 

6.3.2.  Thresholding and Image classification 

The scans were first filtered using a non-local means filter (Kumar, 2013) because it 

preserved the mica particle edges, smoothed out the kaolin matrix to one constituent and 

enhanced the contrasts between the mica and kaolin.  Following a conventional image 

processing approach, the image components were classified using absolute thresholding of the 

greyscale histogram after greyscale normalisation. See Figure 20 in the Appendix for the grey 

scale histogram of the imaged sample. Each mica particle was then labelled using the 

interactive thresholding and label analysis tools in Avizo. The kaolin particles and mica 

particles have specific gravity that are very close (~2.7 and 2.8 respectively), there is no clearly 

defined bimodal distribution in the greyscale histogram. 

6.3.3. Particle Property Measurement 

Particle properties required for implementing the matching algorithm by Druckrey and 

Alshibli, (2014) were extracted. These properties included: position (x, y and z coordinates of 
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the barycentre respectively), orientation (angles   and  for the minor and major axes of the 

particle, see Figure 4) and specific attributes: area, volume, Feret length and width (the distance 

between two parallel tangents of the particle on the maximum and minimum extent direction 

respectively). The attributes are those considered for particle matching, while the position and 

orientation data are used for particle kinematics (translation and rotation) and particle search 

regions. Additional geometry attributes derivable using Avizo were also extracted, they include 

particle perimeter (sum of particle edge length), major, intermediate, and minor axis lengths 

(these are derived as ExtentMax1, ExtentMax2 and ExtentMax3 in Avizo and correspond to 

particle extents calculated in the direction of the smallest, intermediate and largest eigenvectors 

of the moment of inertia covariance matrix respectively). 

The major [minor] axis is defined as the extent of the data in the direction of the smallest 

[largest] eigenvector of the covariance matrix (of the moments of inertia). It indicates the extent 

of the bounding box of the shape oriented along the corresponding eigenvector, with respect to 

the barycentre. The axis orientation in the x-y plane, θ, ranges between -180 and +180. The 

φ angle formed by the particle axis with the z-axis (as shown in Figure 4) ranges between 0 

and 90.  
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Figure 4: Orientation   and  of particle major and minor axes 

6.4. Implementation of matching algorithm by Druckrey and Alshibli, (2014) 

 

The algorithm proceeds by first isolating a sub-section around each of the particle 

centroids in the first image (a cube centred on the particle centroid). The particle under 

consideration (in scan 1) is then searched for within the defined cubic sub-section in the second 

scan using a first particle morphology attribute (within a percentage error tolerance). A particle 

is not analysed if no particles were found in the following image within the defined sub-section. 

The sub-volume was then searched for particles within 5% the volume of the particle in the 

first image, and these particles are searched for particles within 5% surface area, followed by 

5% length and finally 5% width of the particle in the first image. If more than one particle in 

the second image matches the search criteria for all attributes examined in series, the particle 

with the lowest error in the first attribute is matched. Thereafter the particle kinematics 

(displacement and rotation) are computed. The parameters used by this matching algorithm 

include: the size of the cubic search box centred on the particle centroid (chosen as a factor of 

the maximum imposed displacement. For example, 1.1 times the maximum macroscopic 

Barycentre

y

z

 



Major axis

Minor axis
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displacement observed, equal to 1.4 x 1.1 mm = 1.54 mm in the test discussed in the paper,), 

the matching attributes (volume, surface area, Feret length and width) and the matching 

attribute tolerance (5% according to Druckrey and Alshibli, (2014)). 

 

6.4.1. Initial Results for the compression test using algorithm by Druckrey and Alshibli, 

(2014) 

 

The matching was performed using the algorithm by Druckrey and Alshibli, (2014) and 

resulted in only four particle matches despite increasing the percentage of acceptable attribute 

error to 50%. To understand the problem, we first evaluated the effectiveness of the particle 

segmentation by conventional thresholding. Since the pre- and post-scans contain the same 

particles (if the particles do not significantly bend), we expect the statistical distributions of the 

various attributes to be the same for both scans. Figure 5 shows a comparison of the particle 

attribute distributions for particle volume and major axis length, with the distribution of scan 2 

(compressed sample) superimposed on scan 1 (sample before compression). A comparison of 

particle attributes between the initial and final scans shows a different number of particles. 

Nowhere near as many particles are identified, presumably because they are poorly segmented. 

These observations indicate that the scans are poorly classified using a conventional 

thresholding approach.   
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                                       (a)                                                                                    (b)      

Figure 5: Conventional thresholding segmentation result particle attribute histogram distribution for 

scan 1 and scan 2 a) Volume, b) Major axis length.  

Platy particles have a large specific surface area (ratio of external surface area to 

volume) and are highly non-spherical. Their small size and high specific surface area imply 

that, they contain far fewer voxels in comparison to round sand particles represented by the 

same voxel size and, hence, are liable to incur a larger particle segmentation error. For example, 

the tiny C-axis associated with the platy shape may give rise to artificial splitting of particles 

upon rotation. This is demonstrated in Figures 6 a, b and c; if the threshold for considering a 

voxel as belonging to a particle is 50% then upon rotation of the particle (represented by dark 

grey voxels) the particle will artificially split. Figures 6d and 6e show two images, before 

rotation and after rotation, of voxels from the same particle, selected from the scan in Figure 

3. The circle highlights where the particle has split into three after rotation (shown by the 

change in voxel colour from blue to yellow/green, as each segmented particle is plotted in a 

distinct colour). 
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(c) 

 

(d) 

 

(e) 

Figure 6 (a) Platy particle (b) horizontal platy particle represented as voxels with the top view, sliice-

x1 and slice-y1 (c) same platy particle is slightly rotated and becomes artificially split into 2 because 

the 2nd voxel is below the 50% threshold for considering voxels as part of the particle, with the top view, 

slice x1 and slice y1 (d) intact particle before rotation (e) particle split after rotation (see the 

circular section with broken lines). 

   

As shown in Table 1, while the average number of voxels representing particle length 

of previous studies is at least 27 voxels, for a silt sized muscovite, it can be as small as 4 voxels. 

This is even worse for the platy silt sized muscovite particle C-axis, which may be as low as 

just 1 or 2 voxels. By comparison, in round sand particles there is only a slight reduction in the 

number of voxels representing the minor axis dimension compared to the major axis dimension. 

The limited achievable resolution and the small size of the platy particle C-axis dimension 

result in a large margin of error in the image segmentation. For a given particle, slight 

segmentation errors may result in a large difference in particles attributes between an initial 
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scan and subsequent scans thus giving rise to erroneous match. There is therefore the need for 

a better segmentation approach for the platy particles. 

 

To improve particle segmentation, we used the Trainable WEKA machine learning 

segmentation (TWS) tool (Arganda-Carreras et al., 2017), a machine learning segmentation 

tool that has been applied successfully by researchers to discriminate other thin objects such as 

fibres (Karamov et al., 2020; Madra et al., 2014) TWS is open source code that combines the 

advantages of human knowledge, intensity and the spatial relationship of voxels with machine 

learning for an improved accuracy of the labelled region. It leverages a limited number of 

manual annotations to train a classifier and segment the remaining data automatically 

(Arganda-Carreras et al., 2017). To give an objective classification of each scan, the TWS 

model was trained using a combination of the sub- sections of the two scans to be compared. 

The process proceeded as follows: First, the images to be classified were filtered (in this case, 

using a non-local means filter). Then, a section of each filtered image was cut and imported 

into TWS and combined. The pixels were classified as either being kaolin, mica or the 

background – see Figure 18, Appendix 1. This set of labelled input pixels were then used as a 

training set for the classifier and the trained model was used to classify the whole sample image. 

Figure 19 (Appendix 1) shows the distribution of the mica particles intermediate length after 

TWS was used, which was consistent with the image resolution.   

Figure 7 below shows the difference between a mica particle segmented using the 

conventional segmentation technique (thresholding) and using the TWS. It is clear that due to 

the thin nature of the platy particles, the conventional technique has a tendency to split the 

particles into multiple smaller plates whereas this problem was minimised using the TWS 

technique. 
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(a) (b) 

 

                         (c)                                                (d) 

 

Figure 7: Image segmentation performed on sub-sample image volume using (a) absolute thresholding 

(b) TWS (c) 2D images of a sample classified using absolute thresholding (d) 2D images of a sample 

classified using TWS,  

 

Figure 8 shows the pre- and post-deformation scan distributions for the same particle 

attributes as in Figure 5 (Volume and Major axis length) but using the TWS technique. The 

results are considerably improved, with very similar total particle numbers and attribute 

distributions between the two scans.  
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                                       (a)                                                                                    (b) 

Figure 8: TWS segmentation result for Particle attribute histogram distribution for scan 1 and scan 2 

a) Volume, b) Major axis length. 

Using the TWS particle segmentation method, particles of the initial sample scan and 

the loaded sample scan were then re-matched using the algorithm of Druckrey and Alshibli, 

(2014). Again, the parameters used by this matching algorithm include: the search box centred 

on the particle centroid (different search box sizes were run to get the best search box size), the 

matching particle attributes volume, surface area, feret length, and feret width. Various 

scenarios considering different search box sizes and particle attribute error tolerance were run 

to achieve the best possible appropriately matched particles. Matching attribute tolerance errors 

of 2%, 5%, 7% and 10% respectively were considered. 

 

With a 2% attribute error tolerance, no particle was matched. Figures 9 a, b and c show 

plots of particle y-zposition against particle z-displacement, for attribute error tolerances of 

5%, 7% and 10% respectively. It can be observed that with increasing error tolerance, more 

particles are matched, but as expected this also results in increasing numbers of wrongly 

matched particles. An increase in attribute error tolerance to 20% resulted in numerous 

erroneous matches. Although the match gives an overview of the sense of movement of the 
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particles (which is from bottom up, as the sample was scanned with the stationary end at the 

top), the number of particles matched in the test with 10% error tolerance was 95, which 

represents 4% of the total number of particles segmented. 

 

       

                                                                  (a)                                                                                                              

        

                                                                    (b)                                                                                          
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(c)                                                                                         

Figure 9: Result of particle matching using the algorithm by Druckrey and Alshibli, (2014) a) Particle 

z-axis displacement with a 5% error tolerance, b) Particle z-axis displacement with a 7% error 

tolerance c) Particle z-axis displacement with a 10% error tolerance.  

Figure 9 highlights the need to determine and evaluate unique platy particle attributes 

that can adequately match a larger number of particles with a low error tolerance. To investigate 

which particle attributes might be the most effective, the statistics of each attribute were 

compared between scans. Since both scans contain the same particles, the standard deviations 

of each particle attribute should be the same. Table 3 shows the normalised difference of the 

standard deviations (as a percentage) for each particle attribute. The Minor axis length gives 

the largest normalised difference, followed by Volume, Feret Width, Area, Intermediate axis 

length, Perimeter, Feret Length and the Major axis length. Although Feret length gives a low 

normalised difference, it is not a robust attribute for platy particles, since under some loading 

conditions platy particles may flex, hence this parameter was not examined further.  

  

(
𝑆𝑑1−𝑆𝑑2

𝑆𝑑2
) × 100                                                                                                                     [1] 

Where Sd1 is the scan 1 standard deviation of the attribute under consideration and Sd2 is its 

scan 2 standard deviation. 
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Table 3: Percentage normalised difference of standard deviation of particle attributes before and after 

sample compression. 

ATTRIBUTE 

% Normalised 

difference 

Minor axis Length 8.7719 

Volume 6.7568 

Feret Width 5.8236 

Area 3.4331 

Intermediate axis Length 1.7595 

Perimeter 1.1205 

Feret Length 0.1954 

Major axis Length 0.0963 

 

6.5. PLATYMATCH Framework 

 

The approach of Druckrey and Alshibli, (2014) was adapted to match plate-shaped 

particles. To minimise the issues associated with any remaining segmentation errors, the 

particle match was optimised based on the calculation of a combined ‘attribute error statistics’, 

as opposed to the approach based on the assessment of each attribute error in a sequential 

fashion, which can lead to potential particle matches to be overlooked (particles that do not 

match the first attribute of the sequence are discarded and not considered anymore when the 

second attribute is examined and so on). Second, the process was optimised by determining the 

combination of particle attributes that best discriminates individual particles and hence 

maximises the number of particles matches that can be reliably obtained. 

Figure 10 shows the workflow for PLATYMATCH. The code implements a least 

square error optimization workflow in MATLAB to match particles from one scan to another 

with a given error tolerance. The PLATYMATCH workflow is adaptable to different particle 

geometries, but the relevant attributes will differ for different particle geometries, for example, 
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in the case of ‘needle-like’ fibres, the fibre diameter and fibre length may prove discriminatory 

particle attributes. The workflow proceeds as follows.  

 

Figure 10: PLATYMATCH workflow 

First, we define xik as the value of the kth attribute for particle number i in scan 1, where 

k=1,…,q and q is the total number of attributes. So for example, if we used volume, area and 

perimeter, q=3 and xi1, xi2 and xi3 would be the values of volume, area and perimeter 

respectively for particle i scan 1. 

 

Particles are then matched as follows. For each particle i in scan 1, where i=1,…,n and 

n is the total number of particles in scan 1, a search cylinder is defined in scan 2, the centre of 

which is the coordinate of the barycentre of particle i  in scan 1. If each cylinder in scan 2 

contains m particles, then in order to find the best particle match for particle i, PLATYMATCH 

calculates the sum of the normalised square differences in the particle attribute values, Λ𝑖𝑗, for 

each possible matching particle j = 1,…,mi in the search cylinder in scan 2: 

 



153 | P a g e  

 

 

Λ𝑖𝑗 = ∑ [
√(𝑥𝑖𝑘

2 −𝑥𝑗𝑘
2 )

𝑥𝑖𝑘
]𝑞

𝑘=1                                                                                                          [2] 

 

Then, particle jmatch is the matched particle if 

 

Λ𝑖𝑗𝑚𝑎𝑡𝑐ℎ
= min

𝑗=1,…,𝑚𝑖

{Λ𝑖𝑗}                                                                                                        [3] 

and Λ𝑖𝑗𝑚𝑎𝑡𝑐ℎ
< user defined error threshold. If Λ𝑖𝑗𝑚𝑎𝑡𝑐ℎ

> the error threshold then the 

particle match is discarded and no match for particle i is achieved. 

Particle displacement is calculated as the Euclidian distance between particle initial and final 

position.  

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 = √(𝑋1  − 𝑋2 )2 + (𝑌1  − 𝑌2 )2 + (𝑍1  − 𝑍2 )2                                              [4]  

6.6. PLATYMATCH Implementations 

 

PLATYMATCH was evaluated using three tests. The first ‘Rotation’ test was 

conducted to understand which particle attribute produced the largest number of adequately 

matched particles, whilst maintaining a satisfactorily low error tolerance. The second 

‘Replacement’ test was conducted to evaluate the effect of sample image processing on particle 

matches. Finally, the code was used to match the particles and analyse the particle kinematics 

of the Compression test presented earlier. 

6.6.1. Evaluation of particle matching attributes using the artificially rotated sample 

(Rotation Test) – Attribute Analysis. 
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In this test, the sample was reconstructed, processed to identify the particles, and the 

particles attributes extracted for ‘scan 1’. The scan was then artificially rotated by 5 degrees 

along the y-z- plane (within Avizo), then re-processed and the new particle attributes obtained 

for ‘scan 2’. Figure 11 shows the segmented sample before and after rotation.   

The uniqueness of the attributes with respect to the platy nature of mica particles were 

evaluated to determine which attribute or attributes may be more suited for matching the platy 

particles considering the platy nature of the particles and their relatively small c-axis compared 

to the resolution of the X-CT. The use of derived attributes (attributes resulting from 

mathematical combination of basic morphological attributes- primary attributes) instead of 

primary attributes may present some challenges due to larger error and uncertainty in their 

values. Hence it is proposed that using primary attributes that are not functions of the minor 

axis (c-axis) length and do not change significantly with sample deformation will be a more 

unique identifiers, enabling effective platy particle matching across scans.  

 

(a)                                                              

  

 (b) 
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(c) 

Figure 11: a) sample after image processing and segmentation but before rotation b) sample after5 

degrees rotation along the y-z plane c) sample sense of rotation, the orange line indicates the initial 

sample boundary and the grey line indicate the sample boundary after the 5 percent rotation. 

To understand the particle attribute or attribute combination that give the best match, 

each attribute was used individually in turn to match the particles between the two scans. 

Particle attributes used were volume, perimeter, area, major axis length, and intermediate axis 

length, minor axis length, Feret length and Feret width. Attributes that appeared to give an 

accurate match were then tested in combination to find the optimum combination of attributes 

for accurately matching of platy particles.  

Results are given in Figure 12 and are expressed as the standard error in the z-coordinate 

displacement values, which are imposed by the 5 rotation and therefore known. No single 

attribute gave a z-displacement error of less than 1% between scans. The least error was 

achieved using an attribute combination of the Major axis length, the Intermediate axis length, 

and the Perimeter.  

Detailed results from combining these three attributes are shown Figure 13a to c. Figure 

13a compares the imposed and computed z-displacements showing a satisfactory agreement. 

Figure 13b clearly shows the rotational trajectory of each matched particle (the view is taken 
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along the axis of rotation). Figure 13c shows the statistical distribution of the z-displacement 

error (difference between imposed and computed displacement) in terms of empirical 

cumulative distribution. This is characterised by a mean of 0.3 m and a standard deviation 

=3.0 m. The Figures also show the normal cumulative and frequency distributions associated 

with these values of mean and standard deviation, which shows that the error is essentially 

normally distributed. Errors are likely to be a result of small changes in the voxels used to 

describe a particle between scans that result in slight changes to the particle segmentation. This 

can cause the centre of inertia of a particle to be located in a slightly different position within 

the particle between scans, thus resulting in a small displacement error. 

 

Figure 12: Standard error of Z-coordinate displacement using matched particles for all attribute and 

attribute combinations, with a combination of major axis length and perimeter giving the least standard 

error of the estimate  
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(c) 

Figure 13: Sample artificially rotated 5 in the y-z plane and unregistered matched to the original 

sample (without rotation) using Major axis length, and Perimeter as PLATYMATCH search attributes. 

a) particle y position against z- coordinate displacement; b) displacement vectors; c) Cumulative and 

frequency distribution of the z-coordinate displacement (mean=0.3 m and standard deviation=3.0 

m) 

6.6.2. Evaluation of particle matching accuracy, using a sample that was scanned, removed, 

and replaced and re-scanned (Replacement Test). 

 

In the Replacement Test, particles have not been displaced (there is no rotation or 

translation of the image so they should remain virtually in the same location between the two 

scans). The differences between the two scans should only depend on the ability to align the 

two scans (i.e., to accurately co-locate the ‘marker’ steel spheres that were inserted into the 

sample). The two scans were processed, registered and then the particles matched using 

PLATYMATCH. The matching was performed using Major axis length, Intermediate axis 

length and Perimeter as PLATYMATCH search attributes and a 5% error tolerance.  

Figure 14 shows the statistical distribution of the z-displacements in terms of empirical 

cumulative distribution. This is characterised by a mean of 3.4 m and a standard deviation 

=5.1 m. The Figures also show the normal cumulative and frequency distributions associated 

with these values of mean and standard deviation, which shows that the error is essentially 

normally distributed. The result is consistent with an expected displacement of zero; the scan 

resolution was at 10 micrometres, hence a z-coordinate displacement cumulative and frequency 

distribution with a mean of 3.4 m and standard deviation of 5.1m is within the resolution of 

the scan. 
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Figure 14: Cumulative and frequency distribution of the z-coordinate displacement (mean=3.4 m and 

standard deviation=5.1 m)  .                                               

6.6.3. Particle tracking after unconfined uniaxial compression (Compression Test) 

 

To validate the matching code on a genuine tracking problem, the sample subjected to 

8% uniaxial strain, was analysed for particle kinematics. The sample was scanned with the 

fixed end at the top and the compressed end at the bottom and thus was expected to show higher 

axial deformation at the bottom compared to the top where motion is restricted. The axial 

deformation recorded at the bottom by the XCT scan is also expected to be less than the 

imposed deformation, since the sample experienced some rebound when it was unloaded and 

removed from the loading frame, prior to the second scan. Since the sample was laterally 

confined by a rubber membrane, radial deformation was expected to occur with higher values 

at the bottom (which was being compressed) compared to the top (which is fixed). The sample 

profile in the x-z and y-z planes before and after compression are shown in Figure 15 and 

confirms that the sample was deforming in both axial and radial directions.  
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Figure 15: Kinematic analysis of clay sample subjected to 8% axial compression a) particle 

displacement map along the z-y plane b) Particle displacement vector map in the x-z plane.        

 

Mica particles before and after uniaxial compression were matched to evaluate particle 

kinematics. As in the previous analysis, Major axis length, Intermediate axis length and 

Perimeter were used to match the particles with PLATYMATCH. The number of particles 

matched in the test was 1035, which represents 40% of the total number of particles segmented. 

The slightly low percentage of particles matched may be due to the relatively large (8%) 

displacement step applied in the uniaxial compression test, however, as discussed below they 

are sufficient to accurately capture the sample displacement.  

Figures 16 show results of the particle displacements for the sample subjected to an 8% 

axial strain, with Figure 16a showing the displacement map along the z-y plane and Figure 16b 

showing the particle displacement vectors in the x-z plane. As expected, the particle trajectory 

distances reduce from a maximum 1.4 mm at the bottom of the image to zero at the top.   

Interestingly, the result in Figure 16b show that the sample does not deform in a 

homogeneous manner. The displacement vectors are not all parallel to the z-axis, i.e., the 
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displacement vectors have a horizontal component. This is consistent with the profiles shown 

in Fig. 15. To explore the displacements in the x-y plane, three slices were considered as shown 

in Fig. 15. The horizontal component of the displacement of the mica particles contained within 

these three slices are shown in Fig. 17. The sample is subjected to a slight torsional 

deformation.  When this torsional deformation is discounted, the remaining displacement is 

radial, which is consistent with the sample profiles shown in Fig. 15.   

In the interpretation of the tracking results presented here for uniaxial compression, 

particle kinematics were only analysed in terms of displacements of their barycentre. However, 

because particles are platy, analysis of particle orientation may give interesting insights into 

shear strains, as compared to spherical particles. This may allow a greater understanding of 

concepts such as initiation and propagation of strain localisation and dilation. 

a)                           b)               

Figure 16: Kinematic analysis of clay sample subjected to 8% axial compression a) particle 

displacement map along the z-y plane b) Particle displacement vector map in the x-z plane.        
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                                                         (a) 

 

                                                    (b) 

 

                                                   (c)                                                      

Figure 17: Horizontal slice of displacement vectors of compressed sample at the a) top section b) middle 

section and c) bottom section. (Note that the scale of the displacement vector – arrows, is magnified by 

a factor of 4). 
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6.7. Conclusion 

 

This study evaluates, for the first time, kinematic analysis of platy soil particles through 

individual particle matching. Particles were first matched using an existing algorithm 

successfully developed for matching round sand particles. Some challenges were observed due 

to the small size and platy nature of mica. Attributes such as: Feret width, Feret length, minor 

axis length, which may be unique for round sand particles were observed to be significantly 

less unique to the platy particles studied. This was due to their tiny c-axis and smaller overall 

size, which resulted in a poorer image resolution and segmentation errors.   

We adapted the matching code by Druckrey and Alshibli, (2014) (which was originally 

designed for matching sand particles) by incorporating attributes and workflows that are best 

suited for platy particles to form a matching algorithm – PLATYMATCH. We evaluated platy 

silt sized muscovite particle attributes to identify unique attributes successful at matching platy 

particles. PLATYMATCH considers a minimised combined normalised error of parameters of 

particles within a defined search volume space. Parameters of the algorithm are: location and 

size of the search volume space, the selected combination of particle geometric attributes and 

the error tolerance.  

The code was tested using a clay sample with mica particle markers subjected to 

uniaxial compression. The following conclusions were drawn: 

i) Correctly implemented, a voxel training machine learning algorithm gave optimal 

segmentation results compared to threshold segmentation and hence enhanced particle 

matching. For objective comparison using the machine learning segmentation, it was important 

to train the machine learning algorithm using both ‘before’ and ‘after’ scans. 

ii) A combination of particle attributes: major and intermediate axis length and perimeter gave 

the best particle match, when compared to other particle attributes. Due to the larger errors in 
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segmentation found on platy particles, the particle attributes should be compared in parallel, 

rather than sequentially, which avoided filtering out good particle matches based on a single 

attribute and resulted in a greater number of correctly matched particles. 

iii) PLATYMATCH can effectively match platy particles when consecutive scans are 

adequately registered and particles within scans are adequately segmented.   
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6.11. Appendix 1 

Trainable WEKA Segmentation approach 

 

Figure 18 a) Stacks of CT images used for pixel training, b) pixel training of the stacked image c) the 

stacked CT image classified using TWS d) Mica particles (white section), e) Kaolin (white section). 
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Figure 19: Mica particle cumulative particle intermediate axis length distribution plot. 

 

 

Figure 20: sample grey scale histogram of the imaged sample.  
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7.  Investigating strain localisation in clay 

using “platy” mica particles and X-ray 

Computed tomography  

 

Abstract 

Mass movements in clay deposits result in damage to infrastructures and buildings with 

significant social, economic, and environmental consequences. These processes are 

characterised by strain localisation, a complex process to investigate experimentally and model.  

Most strain localisation studies of soft clay rely on either the tracking of patterns drawn on clay 

surface or using natural inclusions to generate adequate texture and enable Digital Volume 

Correlation of X-Ray Computed Tomography 3D images. This chapter presents a novel 

versatile approach for 3D detection of shear strain localisation in clay based on the use of platy 

mica particles embedded in the clay matrix. Mica particles can serve the same purpose as the 

natural inclusions to produce the texture required for DVC. At the same time, mica particles 

offer the chance of investigating strain localisation via a number of complementary approaches 

(displacement and rotation field and orientation map). A miniature triaxial cell, instrumented 

with a tensiometer to enable us understand pore pressure regimes as the clay sample is sheared 

was built and validated.  An analysis and evaluation of mica marker particle kinematics 

(displacement and rotation) was carried out for additional insight on the initiation and 

propagation of strain localisation in kaolin.  To the authors’ knowledge, this is the first study 

of soft clay to show 4-D clay particle (mica in this case) rotation within a shear band. The study 

reveals that we can detect strain localisation in kaolin using mica markers and X-CT prior to 

the peak shear strength. 
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Key words: Strain Localisation, X-ray Computed Tomography, Miniature triaxial cell, Mica 

markers, Kaolin. 

 

7.1. Introduction 

Mass movements in clay deposits result in damage to infrastructures and buildings with 

significant social, economic, and environmental consequences  (Yulong Chen et al., 2020; 

Huang & Dai, 2014; Liu et al., 2018; Pritchard et al., 2014). A common feature of geomaterial 

instability process is that they most often involve multi-physical and non-linear processes at 

several length scales, this makes it challenging to predict them accurately. In addition, these 

processes are often characterized by strain localization, a sudden nonhomogeneous 

deformation phenomenon (ALERT, 2016). Strain localization is a complex process to 

investigate experimentally and to model.  

Strain localisation can occur in all types of geomaterial (soils, rocks, concrete, etc.) but 

strain localisation in clays is particularly worrisome because clay is characterised by low shear 

strength. This makes it important to better understand and better predict strain localisation 

phenomena in clay. Examples of failures in clay include: the Blue clay slope Spineto landslide 

system in Italy (Di Maio, C. and Vassallo, 2011); the Agulu-Nanka landslide in west Africa 

(Ibeh, 2020); Black Ven mudslide complex in Dorset, UK (Chandler, J.H. and Brunsden, 

1995); and mudslide in Southern California (Ren et al. 2011). Shear bands may form as a 

symmetric conjugate bands, asymmetric conjugate bands or a single band. The formation of 

either of these may be attributed to conditions such as sample layering, uneven loading, and 

sample morphology (height to diameter ratio). A special type of shear band is known as a kink 

band. Kink bands are formed by strain localisation and have the following characteristics: i) 

the deformation band is misoriented form the rest of the sample ii) there is approximately 
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uniform misorientation across the width of the band and iii) the relationship between the 

boundary of the deformation band (β) and the rotation of the materials within the deformation 

band (ϕ) is about  ϕ= 2β (Nizolek et al. 2017).    

Shear strain localisation has been investigated by drawing a mesh on the sample surface 

and tracking the displacement of the mesh nodes. The strain field was then derived from the 

gradients of the displacement field assumed to be continuous (Sachan & Penumadu, 2007). The 

resolution of the strain field depends on the spacing of the mesh nodes and shear bands with 

thickness smaller than the node spacing might be difficult to capture.  

Digital Image Correlation (DIC) has also been used to map the shear strain field. 

Sample surface is stained to produce an artificial texture and the surface is subdivided in pixel 

subsets. Each pixel subset is cross-correlated in the images before and after deformation to 

derive the displacement field of the centres of the pixel subsets. The displacement field is then 

interpolated to generate the strain field (Zhang et al. 2005; Kim et al 2017; Thakur et al. 2018; 

Kwak et al., 2020). The main limitation of this approach is that soil defomation is only observed 

at the sample boundary.  

An extension of the DIC is the Digital Volume Correlation (DVC) based on 3D images 

acquired via X-ray Computed Tomography. The applications presented by Viggiani et al. 

(2013) and Birmpilis et al. (2017) have relied on natural inclusions (calcite inclusions or quartz 

silt particles respectively) to generate the speckle pattern required for the DVC. This approach 

has allowed detection of strain localisation patterns forming and evolving through loading.  

This chapter presents a novel versatile approach for 3D detection of shear strain 

localisation in clay based on the use of mica particles embedded in the clay matrix. Mica 

particles can serve the same purpose as the natural inclusions to produce the texture required 

for DVC. At the same time, mica particles offer the chance of investigating strain localisation 

via a number of complementary approaches that can effectively complement the DVC method. 
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A displacement field can be derived by tracking the displacement of individual mica particles, 

which can be potentially compared to the displacement field inferred from the DVC. In 

addition, the platy shape of the mica particles allows enriching the dataset with information 

associated with the orientation and rotation of the particles possibly revealing mechanisms that 

the displacement field (inferred from either DVC or particle tracking) cannot highlight.  

For this purpose, a miniature triaxial cell was built and instrumented with a high 

capacity tensiometer, to allow for measurement of the clay pore-water pressure during 

undrained shear test. Several samples of Speswhite kaolin having different mica particle 

alignment were first sheared and then scanned post-mortem with X-ray CT. Finally, an analysis 

of the kinematics (displacement, rotation, and orientation) of mica markers within the kaolin 

samples is presented to show the potential of this approach of investigating mechanisms of 

strain localisation in clay.  

7.2. X-ray Computed Tomography 

On an X-ray CT system, X-ray are produced through a source with the sample to be imaged 

placed at a distance from the source. In carrying out X-ray imaging, X-ray radiographic 

projections of the sample are first recorded at several angular points through the X-ray CT stage 

rotation. The acquired attenuation signatures are reconstructed through tomographic 

reconstruction which consists of linear integration of attenuation, using reconstruction 

techniques such as filtered back propagation (Singh et al., 2010). The images are then filtered 

to remove/supress noise (unwanted signal) prior to segmentation. Thereafter, elements of the 

X-ray CT image are differentiated through a technique known as segmentation (which divides 

an image into regions or categories, which correspond to different objects or parts of objects). 

The segmented images are then used to analyse sample properties. In this study, sample to be 
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imaged is placed in a miniature triaxial cell (described below) which sits on the X-ray CT 

rotating stage.  

7.3. Miniature Triaxial cell apparatus 

7.3.1. Schematic of triaxial apparatus 

A miniature triaxial cell (Figure 1) was designed such that its radial effective stress is generated 

by suction in the clay sample and as such there is no need for a confining fluid around the 

sample as in conventional triaxial cell design. Different confining pressure can be tested by 

preparing samples at different initial suctions. With this design, the sample being imaged can 

be brought closer to the X-ray source for resolution as high as 3 m, however for this study, 

we used a sample size with a dimeter the size of a High-Capacity Tensiometer (HCT) 

(Tarantino & Mongiovì, 2001) and with this set-up we achieved a resolution of 10 m.  

The cell is composed of six elements arranged in series: an actuator, a button load cell, 

a ball bearing, a steel rod, the sample, and a HCT (see Figure 1a for the equipment set-up and 

Figure 1b for the triaxial cell description). A displacement transducer is used to monitor the 

vertical displacement of the specimen. An upward vertical displacement is imposed on the 

sample from the bottom through a precision actuator (see part labelled 9 in Figure 1a). The 

actuator is housed within the cell frame and is controlled using an X-MCB1 Zabber controller 

and Zabber open-source software (see appendix 1) through which the rate of displacement is 

modulated. The vertical load is measured by a button compression load sensor (Omega LC302 

– 100 N sensor) with a capacity of 100 N and 19 mm diameter (see part 7 of Figure 1). The 

button load sensor is housed within a metallic hollow cylinder in series with the actuator and 

the sample. To avoid bending moment, the load cell button is in contact with a smooth steel 

ball that maintains point contact with the mounting base directly on top. The steel ball, load 
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cell housing and the soil mounting base are all temporarily enclosed within a specially designed 

split mould which is removed just before the start of sample compression test.  Above the ball 

bearing is a steel rod upon which the sample to be tested sits. The rod also acts as a base for 

latex membrane covering the sample and for the O-ring holding the latex membrane is place, 

ensuring that the sample is air and watertight. The high capacity tensiometer is in contact with 

the top of the sample and seats in a ball bearing housing at the top and it enables suction 

measurement up to 1500 kPa and serve as a base upon which the top part of the latex membrane 

sits as well as the base for the top O-ring, latches. A dedicated frame was built to load the cell 

as shown in Figure 1b.  Additional details of the miniature triaxial cell apparatus and the test 

procedures are given in the appendix 1.  

Figure 1a: Miniature Triaxial cell set-up schematic. 
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Figure 1b: Miniature triaxial cell 

Table 1 presents the apparatus sensor’s full-scale range and resolution. Table 1 presents 

details of the sensors in the miniature triaxial cell. The linear actuator (NA14B16-T4-MC04 

purchased from Zaber Technologies Inc) has 16 mm travel, 180 N maximum continuous thrust, 

0.09525 µm resolution and 0.000058 mm/s minimum speed.  

Table 1: Description of equipment sensor full scale range and resolution 

Features Full scale range Resolution/Accuracy 

Tensiometer Up to -1500kPa 
1.5 kPa (0.5% full scale output 

FSO) 

Displacement Transducer 0 - 10cm 0.001 μm 

Loadcell  0 to 100N ±0.5% FSO linearity, 

Actuator resolution  Up to 16mm 0.09525 μm 

 

The miniature triaxial cell is limited in the following ways: 

i) the equipment is not instrumented with controls for cell and back pressure, and the 

equipment is currently not suitable for conducting either a drained triaxial test or a flow test. 

Modification of the test cell would be possible if these tests were required in the future. 
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ii) The equipment is currently designed to allow for stepwise X-ray CT scan at increasing 

strain levels. However, due to creep in the clay, obtaining effective scans of the sample under 

load would require a redesign of the loading frame. 

iii) The instrumented high capacity tensiometer measures bulk sample pore-pressure 

distribution and not local pore pressure distribution. At present, no triaxial cell (conventional 

or miniature) is currently able to provide a spatial distribution of the pore pressure within clay 

samples. As part of future research, the author is working on the development of techniques 

for evaluating the spatial distribution of suction within clay samples. 

7.4. Miniature Triaxial Test 

7.4.1.  Materials and sample preparation:  

As shown in Table 2, six samples were sheared with the miniature triaxial cell. The first two 

samples were prepared with 100% Speswhite kaolin and the other 4 samples contained 98.5% 

kaolin and 1.5% mica by weight. The mica has an equivalent average grain size of about 30 

µm determined through laser diffraction analysis and the kaolin is characterised by an 80% 

clay-fraction (fraction < 2 micrometer) and a 20% silt-fraction. The samples were reconstituted 

from slurry (1.5 the liquid limit of Speswhite kaolin) and consolidated in an oedometer cell. To 

allow for a final sample height of 30 mm, the height of the oedometer cell was increased to 40 

mm as described in chapter 6. Samples were first consolidated to 2200kPa and then unloaded 

under drained conditions to 200kPa in the oedometer. From 200kPa the samples were unloaded 

under quasi-undrained conditions. For this last step, in order to minimise sample’s rebound, 

the oedometer reservoir was emptied prior and then unloaded as fast as possible. Soil specimen 

were then trimmed using a miniature lathe machine as described by Ibeh et al., (2019).  
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All trimmed samples were cylindrically shaped with size of 20 mm height and 10 mm diameter 

and covered with cling film and sealed in a plastic bag to ensure that the water content did not 

change.  One sample (0H) was trimmed so that the cylinder long axis was aligned with the 

loading direction in the oedometer (see Figure 2). The other samples were trimmed in the 

direction orthogonal to the loading direction (see Table 2). The rationale behind the different 

trimming orientation is that samples trimmed in a direction parallel to the oedometer loading 

direction are expected to have mainly horizontal mica particles, whereas sample trimmed in 

the orthogonal to the loading direction are expected to have vertical mica particles (Figure 2). 

 

Table 2: Description of samples tested. 

S/N ID (H represent 

horizontal particle 

and V, vertical 

particles) 

Kaolin 

weight 

% 

Mica 

weight 

% 

Vertical 

stress/strain 

Sample trimming 

direction with 

respect to 

oedometer loading 

direction 

X-ray 

Image 

1 0H 100 0  Parallel No 

2 0V 100 0  Perpendicular No 

3 1MV 98.5 1.5  Orthogonal Yes 

4 2MV 98.5 1.5  Orthogonal Yes 

5 3MV 98.5 1.5  Orthogonal Yes 

6 4MV 98.5 1.5  Orthogonal Yes 

 

7.4.2. Testing procedure:  

The triaxial compression tests on the over-consolidated samples were performed with the 

miniature cell described above. For all samples, shear was performed at a compression rate of 

0.5µm/s (2.16%/day). During the shear, axial deformation and negative pore-water pressure 

were continuously measured. Samples “0” (OH and OV) were sheared up to failure to produce 

a ‘baseline’ stress-strain curve. Samples 1MV, 2MV, 3MV and 4MV were sheared to 4.5% 

strain, to 5.5% strain, to 6% strain and to 10% strain level respectively (see Figure 3). 
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Figure 2: Mica particle orientation within kaolin a) Sampled perpendicular to the oedometer loading 

direction (particles vertically aligned) and b) Sampled parallel to the oedometer loading direction 

(particles horizontally aligned).  

 

 

Figure 3: Scan steps for the four samples imaged. Blue curve is associated with sample ‘0’.  
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Samples “0” were not imaged. Sample 1MV, 2MV, 3MV and 4MV were imaged using 

X-ray CT at the University of Strathclyde with NIKON XTH transmission source, focal Spot 

Size of 1micron, detector size of 2000 x 2000 and detector Pixel size of 200 μm. A voxel size 

of 10 μm was used to image the samples, with X-ray energy of 160 kV, power - 9.8 W and 

exposure time of 1 second. A scan of each sample took about 50 min. The samples were 

scanned before and after compression (under unloaded conditions). It is worthy of note that the 

4 experiments are stopped at different points along the curve, as shown in Figure 3. The 

variations in the angle of failure, especially for sample 4, is a consequence of difference in the 

initial conditions of the samples and is discussed in the following sections (in sample 4, the 

mica fabric within the clay material is slightly curved). 

7.4.3. Particle Matching 

PLATYMATCH, a ‘platy’ particle matching algorithm developed by (Ibeh et al. 2021c) was 

used for the mica particle matching. The X-CT images were first reconstructed to obtain a 3D 

grey-scale image, processed using non-local means filter to enhance mica and kaolin 

discrimination. The image was segmented in Image J using WEKA machine learning 

algorithm: and the mica particles identified. Mica particle attributes were then calculated in 

AVIZO. Same particles in the initial scan and the subsequent scan after compression were then 

matched using the PLATYMATCH code. The code implements a least square error 

optimization workflow in MATLAB to match particles from one scan to another with a given 

error tolerance. The parameters used for the matching included i) the particle matching 

attributes (major axis length, intermediate axis length and Perimeter and the particle x, y, z 

coordinates), ii) the search cylinder (diameter and height), and iii) an error tolerance (5%).   
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The algorithm outputs matched particles with their corresponding attributes and the 

three displacement coordinates. The orientation is then characterised as shown below for 

further analysis. 

7.4.4.  Particle orientation 

The particle orientation was characterised in terms of dip and strike (Figure 4c) which were 

derived as follows. For each segmented particle, AVIZO returned the orientation of the major 

and intermediate axes (denoted with 1 and 2) in terms of angles ϕ and θ (Figure 4a). The normal 

to the plane characterised by the angles ϕ3 and θ3 (Figure 4b) was calculated as:  

𝑐𝑜𝑠 ( 𝜙3) = 𝑠𝑖𝑛 ( 𝜙1) ∗ 𝑠𝑖𝑛 ( 𝜙2) ∗ sin( 𝜃2 −  𝜃1)    [1] 

𝑡𝑎𝑛 𝜃3 =
𝑐𝑜𝑠 𝜙1 𝑠𝑖𝑛 𝜙2 𝑐𝑜𝑠 𝜃2 − 𝑐𝑜𝑠𝜙2 𝑠𝑖𝑛 𝜙1 𝑐𝑜𝑠 𝜃1 

𝑠𝑖𝑛 𝜙1 𝑠𝑖𝑛 𝜃1 𝑐𝑜𝑠 𝜙2 − 𝑠𝑖𝑛𝜙2 𝑐𝑜𝑠 𝜙1 𝑠𝑖𝑛 𝜃2 
      

[2] 

These two equations were derived by first calculating the unit vectors in the direction of major 

and intermediate axes (1 and 2) and then considering the dot product between these vectors. 

Finally, the dip to the plane was calculated by subtracting 𝜙3 from 90 and the strike by adding 

90 to 𝜃3 (dip ranges from -90 to a +90).  

 (a)         (b)      
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(c)  

Figure 4:a) Angles formed by the major and intermedia axes. b) Angles 𝜙3 and 𝜃3 formed by the 

normnal to the plane c) particle strike and dip ) Pole to plane angles   

 

The particle rotation was calculated as the difference in the particle initial and final 

orientation (change in dip). A rotation convention such that clockwise rotation is negative and 

anti-clockwise rotation is positive was used. Plots of particle initial and final orientation (in 

terms of dip and strike) particle rotation as well as particle displacement were analysed in 

conjunction with the segmented X-ray CT image.  The particle kinematics was then used to 

evaluate the initiation and propagation of strain localisation in the clay samples. 

 

7.5. Test result and discussion 

7.5.1.  Triaxial test on kaolin samples  

Figure 5 shows the axial stress (Figure 5b) and the pore-water pressure (Figure 5b) against 

axial strain for samples 0H and 0V. Both samples show a ‘dilatant’ behaviour as the suction is 

first decreasing up to an axial strain of about 2% and 3% for samples OV and OH respectively 

and then increasing again. Test results for sample 0H shows an increase in axial stress up to 

peak followed by a reduction as expected for an over-consolidated sample. The peak stress is 

barely noticeable for sample OV. 
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Figure 5: Plot of axial stress (A) and pore pressure (B) against axial strain. Sample 0H – major 

principal stress direction in triaxial test parallel to major principal stress direction during 

consolidation (horizontal mica particles). Sample 0V – major principal stress direction in triaxial test 

orthogonal to major principal stress direction during consolidation (vertical mica particles) 

In Figure 6, the stress path (deviatoric stress q vs isotropic effective stress p’) is reported 

for the two samples. The Critical State Line (CLS) obtained by Murray & Tarantino (2019) 

from conventional CU triaxial tests on the same speswhite kaolin clay is also shown in the 

Figure. The stress path of sample OH, despite not reaching an ultimate state as shown in Figure 

5a, appears to converge towards the critical state line suggesting that the mini-triaxial cell 

produced satisfactory triaxial measurements.  
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Figure 6:  Stress paths and for sample 0V and 0H.  

7.5.2. Triaxial test on kaolin with mica markers 

Results of triaxial compression of the four kaolin samples with 1.5% wt mica sheared to 

different stages are shown in Figure 7a and b. It can be observed that the four samples follow 

the same shear stress path. Similarly, the p’ – q plot shows that the samples align to the same 

strength envelope (Figure 7c). 
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C)           

Figure 7: a) plot of axial stress against axial strain for the 4 sheared samples and b) plot of pore water 

pressure and axial strain for the four samples c) p’- q plots of kaolin samples with mica and sheared to 

different strain levels with the critical state line for kaolin from Murray and Tarantino (2019). 

It is worthy of note that the addition of silt sized muscovite particle markers to kaolin 

may jeopardise the response of the clay. Ibeh et al., (2021b) showed that, depending on water 

chemistry,  silt sized muscovite may exhibit dispersive or non-dispersive behaviour, and this is 

similar to the behaviour of kaolin (Pedrotti & Tarantino, 2018). It is therefore important to 

check that the mica is not altering the behaviour of the kaolin. Direct shear test and oedometer 

tests by Ibeh et al. (2021b) showed that the addition of up to 30% muscovite sand sized 

muscovite or silt does not affect the hydraulic conductivity or compressibility of kaolin. 

However, the shear strength was affected in the low stress (<100 kPa normal stress) but not at 

relatively high normal stresses. It was therefore assumed that the 2.5% fraction of mica would 

have not affected the triaxial response in the range of isotropic effective stresses greater than 

100 kPa.  
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The triaxial test in Figure 7 showed that the kaolin without mica and the kaolin with 

1.5% mica returned similar peak and end-of-test deviator stress confirming that the mica 

marker content under the shearing conditions explored in Figure 7 did not affect the behaviour 

of the kaolin. Hence, we can evaluate kaolin behaviour using the adequate amount of mica 

marker and at the shear condition without compromising the kaolin behaviour.  

7.6.  Particle kinematic analysis 

Results of the particle matching and kinematic analysis using PLATYMATCH on four samples 

of kaolin with mica markers, sheared to four different strain levels with the miniature triaxial 

cell, are presented below.  

7.6.1. Particle Displacement 

In Figure 8 the displacement of the matched particles is shown for each sample. In Figure 8a, 

b, c and d, the segmented images of each sample before shearing are shown. For ease of 

visualization, only the segmented mica particles images are presented. In Figure 8e, f, g and h 

the direction of the particle displacement for sample 1MV, 2MV, 3MV and 4MV are shown 

respectively. To aid visualization of the different directions, the arrows were represented with 

two different colours depending on their x direction. In Figure 8 i, j, k and l the magnitudes of 

the particle displacement are shown.  

It is worthy of mention that samples were compressed from the bottom upwards such 

that axial displacement is least at the top of the sample and highest at the bottom of the sample. 

For sample 1MV the displacement magnitude map (8i) shows that the particle displacement at 

the upper and lower boundary are consistent with the physical boundaries imposed during the 

test. At the upper boundary, the average displacement was zero and at the lower boundary the 

average displacement was about 1.5 mm. Similarly, at this initial compression stage, the 
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displacement appears to be distributed in a continuous way, all vectors point upward. The 

displacement magnitude map (Figure 8i) also shows a similar trend. The empty sections in the 

displacement vector correspond to sections of the sample with fewer mica particles as can be 

observed in the segmented particles image. However, the displacement direction plot (Figure 

8e) shows two rigid blocks, one in red and the other in blue. Divergent particle motion is 

initiated in the clay sample already at this early stage, when axial strain is still small. A similar 

particle translation behaviour as that described above is seen to occur for sample 2MV 

subjected to 5.5% strain which is also before the peak shear strength. The particle displacement 

vector field shows a similar trend to 1MV: the particle displacement is from bottom up as 

expected, the displacement direction shows two particle blocks moving in two general 

directions as shown by the blue lines and the red arrows in Figure 8f. Sample 3MV was sheared 

close to the peak (6% strain). It can be observed again that while the displacement magnitude 

map (8g) shows progressive increase in displacement from the bottom to the top of the sample, 

the displacement direction is such that there is a trend of difference in the displacement 

direction across the sample. Sample 4MV (compressed beyond the peak shear strength to 10% 

shear strain) shows some additional unique features. It can be observed that the mica samples 

show two discontinuities in the displacement field suggesting localised deformation. Figure 8h 

and i show the particle displacement direction and magnitude respectively and both clearly 

capture the zone of discontinuity.  It is good to note that the displacement map shows that the 

top right section of the kink (localised deformation) is a block, holding against an upwards 

moving bottom block, and motion resulting in a local re-orientation of particles. More so, a 

section at the bottom of the displacement direction map (Figure 8h) shows a displacement sense 

that is in a direction, conjugate to the deformation band. It will be expected that if shearing had 

continued the zone will probably have also shown intense particle rotation.  
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From the displacement calculated with the matched particle, a continuum mechanics 

analysis could be carried out to map the volumetric and deviatoric strain of the sample. A 

summary of the deviatoric strain for samples 3MV and 4MV are reported in Appendix II.  
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Figure 8: Step 1 a) Segmented sample image before shear showing mica particles for a) sample 1,b)  

sample  2 c) sample 3 d) sample 4. Partilce displacement direction for e) sample 1, f)  sample  2 g) 

sample 3 h) sample 4 and Particle displacement magnitude for j) sample 1,j)  sample  2 k) sample 3 

and  l) sample 4 

7.6.2. Particle Rotation 

Figures 9a, b, c and d show the segmented images of mica particles after compression for 

samples 1MV, 2MV, 3MV and 4MV respectively. Figure 9d uniquely show a zone of localised 

deformation. Figure 9e is the change in dip amount between successive scans of sample 1MV 

before and after compression. It shows a relatively uniform particle rotation. In the same 

manner, sample 2MV (Figure 9f) shows the change in particle dip amount with a faint 

alignment of particles in a trend similar to that observed in the displacement direction plot. 

Figure 9g shows the change in dip amount of sample 3MV, it shows a zone of relatively higher 

rotation. The zone of relatively higher rotation evidences an area of localised rotation pattern 

possibly associated with the thickness of the shear band. Figure 9h shows the rotation map for 

sample 4MV with a larger zone of relatively higher zone of intense rotation compared to that 

of sample 3MV. 
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Figure 9: Step 1 a) Segmented sample image after shear showing mica particles  for a) sample 1 b) 

sample 2 c) sample 3 d) sample 4 and particle change in dip amount for e) sample 1, f)  sample  2 g) 

sample 3 h) sample 4. Note: all change in dip amount is zoomed to +/- 10 degrees for better 

visualisation. 

7.6.3. Particle Orientation 

The particle orientation map for sample 4MV before and after compression are shown in 

Figures 10c and d respectively with their corresponding images in Figures 10a and b 

respectively. The analysis on the particle orientation does not need any particle matching and 

this is only possible because of the platy nature of the particles used. The particle orientation 

before compression (Figure 10c) and after compression (Figure 10d) clearly show some 

difference, while the particle before compression is generally vertically oriented, the particles 

after shearing show a zone of particle orientation deviating from the general vertical orientation 

of other part of the sample. The particle orientation after compression (Figure 10d) show a zone 

of localised orientation which is consistent with the zone of intense deformation in the scan 

image (Figure 10d). Similarly, figure 10e shows histogram of muscovite particles absolute dip 

amount before and after shear and figure 10f shows histogram of muscovite particles absolute 

dip amount before and after shear but with the after-shear histogram containing mica particles 

within 1 mm of the shear band axis. It can be observed that most of the particles within the 

localised zone are dipping ~45 degrees compared to areas outside the shear zone which are 

mainly vertical. 
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Step 4 -X-Ray CT scan of sample before shear Step 4 - Initial particle orientation(degree)-  

All segmented mica particles. 

                              

Step 4 -X-Ray CT scan of sample after shear. Step 4 - Final particle orientation(degree)-  

All segmented mica particles.  

                

               

                

 

  

 

Figure 10: Step 4  a) image of segmented sample image before shear showing mica particles b) image 

of segmented sample image after shear showing mica particles c) map of particle orientation before 

compression  d) map of particle orientation after compression e) histogram of muscovite particle 

absolute dip amount before and after compression f) histogram of muscovite particle absolute dip 

a c 

d b 

e f 
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amount before compression and after compression (containing only particles within 1mm to the 

localised section) 

According to limit analysis, if the friction angle of the clay is 23°, the failure should 

occur along a plane having an inclination of about 56° (45 +
𝜑′

2
) with respect to the horizontal. 

The shear band individuated both by the analysis of the particle displacement direction (Figure 

8g), and by the analysis of the deviatoric strain (Figure 7c) returns an inclination value of about 

58°. In addition, a closer observation of the displacement and rotation map at the peak, shows 

that shear band at the peak concentrated into about 6 mica particles thickness as can be seen in 

the rotation map in step 3 (Figure 9g). Post peak, the shear band also show a thickness of about 

8 mica particles. Figure 11a and b show sections of sample 4MV before and after compression 

respectively, with the after-scan image showing a section of localised deformation (highlighted 

with a red rectangle with broken lines if Figure 11b). The use of platy particles clearly shows 

particle rotation due to their angular nature which allows for orientation to be more easily 

measured. It is worth noting that the thickness of the shear bands in these strain volumes may 

be exaggerated with respect to real size. This is due to the lower limit to resolvable thickness 

dictated by the dimensions of mica (d50 of 30 μm), whereas clay particle matrix in the sample 

have size in the order of 2 μm. However, this discrete observation supports the theoretical 

idealisation of a shear band as a region of localised deformation bounded by weak 

discontinuities. Figure 11c show the full sample image containing the shear band. 
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Figure 11: Shear band formation: mica marker configuration, a) before shear b) after shear c) image 

of sample 4MV after scan 

Sample 4MV failed with a localisation plane inclination of ~35 degree to the horizontal, this is 

shallower than the expected angle based on the limit state. The shape of the shear-band in 4MV 

is like a classical kink band. There are several theoretical reasons why this may have formed: 

i) the rapid sample shear rate, ii) the sample morphology – sample height >> sample diameter, 

iii) the presence of anisotropy or layering within the sample (Biot et al. 1961), iv) causing 

uneven sample loading, v) an indentation on one side of the sample or a high sample body 

roughness, vi) a curved structure within the materials within the sample, and vii) the un-

lubricated top and bottom for the triaxial cell sample holder. Rapid shearing or anisotropy 

within the sample seems unlikely, because a similarly prepared sample with mica markers 

sheared at a faster rate (Ibeh et al 2021c) did not show kink-like banding. Similarly, sample 

morphology, indentation on the side of the sample and uneven sample loading, are also not 

likely to be the reason because the sample was prepared with a diameter two times the sample 

height, without visible indentation on the side of the sample and was loaded evenly using a 

steel sphere ball to avoid the application of a bending moment. The un-lubricated sample holder 

at the top and bottom may also not be the reason for the kink-like band considering that sample 



197 | P a g e  

 

 

3MV, which was sheared with the same cell, did not show a band with shallow angle to the 

horizontal as occurs in a kink band. The most likely cause of the kink-like band formation is 

the pre-existing curved structure of the materials within the sample, which is visible in the 

initial sample 4MV scan prior to shearing. This finding emphasises the dependence of shear 

band morphology on the initial condition of the clay sample.   

7.7. Inferring mechanisms of initiation and propagation of strain localisation 

In Figure 12a and b, the evolution of the strain localisation is shown. While Figure 12a show 

the clay sample strain localisation conceptual model along a compression curve, Figure 12b 

show a more detailed description of the conceptual model.  At the pre peak initial compression 

stages, the samples showed some shear deformation as can be seen in Figures 12a and b (I and 

II). Divergent particle motion is initiated in the clay sample already prior to the deviatoric stress 

peak. The particle motion is a divergent motion of two blocks of particles, and the intersection 

between the blocks is the most likely zone of first rupture if the samples were sheared to failure.  

Strain localisation was visible for stress state corresponding to the occurrence of peak 

shear strength (III in Figure 12b). This was captured as preferential increase in rotation of 

particles along a zone. The visible localised rotation at the peak shows that strain localisation 

is accompanied by mica particle rotation. Beyond the peak, the zone of localised strain 

increases in size and the localisation is much more visible. Apart from the main zone of 

localisation towards the to of the sample at stage IV (beyond the peak) there is also a developing 

localisation band at the bottom of the sample having a different orientation to the one formed 

at the top of the sample.   

The width of the zone of particle rotation both at the peak and post peak shear strength 

seems to suggest that the size of the microstructure of strain localization in soft clay is larger 

than the size of a clay particle. However, this might be due to the size of the marker itself, and 
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further analyses are needed to better evaluate this. This also further shows that it will take 

shearing to relatively larger displacement after the peak to get a perfect alignment of particles 

to the localised zone direction (see Figure 12 showing the conceptual model of clay particle 

configuration). To the authors knowledge, this is the first study of soft clay to show 4-D clay 

particle (mica in this case) rotation within a shear band. It has been shown here that particle 

displacement magnitude may not reveal strain localisation early enough, but particle 

displacement direction reveals failure surface even before the peak shear strength. 

The kinematics analysis shows some insight into the initiation and propagation of strain 

localisation in kaolin: prior to the stress peak, the shear strain appears to start localising with 

some mild particle divergent motion leading to the formation of two rigid blocks. At the peak, 

there appears a thick shear band with an area of relatively intense particle rotation and divergent 

particle displacement and post peak, the shear band is essentially thicker. The development of 

shear bands initiates during the pre-peak regime in triaxial experiments, as detected through 

particle displacement direction and rotation. Platy clay particles (mica in this case) within 

overconsolidated clay samples undergo translation and rotation and there is the potential to 

capture the growth of a shear band from pre peak shear, through the peak and post peak shear 

strength.   
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(A)  

(B)  

Figure 12: Conceptual model of strain localisation evolution a) along a clay sample compression curve 

b) from sample I (1MV) through to sample iv (4MV). 

 

Overall, analysis of the direction of particle motion is more indicative of localisation 

than the magnitude of particle displacement. The displacement direction also reveals a similar 

pattern of localisation emergence as indicated by the rotation map. A major observation is that 

while the displacement direction map shows the trend of localisation early enough, it does not 

however give a clear indication of the thickness of the shear band. The particle rotation gives 
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an indication of the shear band thickness at the peak shear strength. The localisation zone for 

the 3MV sample was with an angle of 42-58 ° to the horizontal. 

This application of particle tracking to the x-ray CT images of kaolin clay with platy 

particle marker (mica) demonstrates that platy silt sized particles, provides a means to 

effectively detect (within a given accuracy) localized deformation in clays. The result of this 

experimental approach provides insight into progressive structural changes of soft soil 

deformation mechanisms at different loading steps. This also shows that platy particle 

kinematic analysis of 3D images from x-ray tomography can reveal patterns of deformation 

that could not be observed using only the grey scale images (especially when samples do not 

involve significant volume change and as such deformation is hidden). This is a valuable 

approach in strengthening and improving the existing constitutive models for clays, which 

currently are only based on boundary measurements.  

7.8.  Conclusion 

This study presented an evaluation of the evolution of strain localization in clay upon CU 

triaxial test. Mica particles were used as markers for X-ray CT to analyse the localisation of 

strain upon shearing. First, the design and specifications for a new miniature triaxial 

compression apparatus and procedures for its use were presented. Subsequently, the miniature 

triaxial cell was adequately validated by comparing triaxial compression of speswhite kaolin 

clay using the new apparatus to similar test performed with conventional triaxial cell. Further, 

evaluation of the shear strength of kaolin compared to kaolin/mica mixture was carried out. It 

was observed that there was no significant difference in shear strength between the two samples 

and as such the small mica fraction did not appear to affect kaolin behaviour.  

Finally, an exploration of the kinematics of the mica particle markers within kaolin sample 

was evaluated for an insight into the initiation and localisation of strain in kaolin. The samples 
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were subjected to triaxial compression with X-ray imaging carried out before and after 

compression at four different strain levels. The tests were conducted using different samples 

for each strain level. The following were observed: 

i) At the start of compression (axial strain before peak strength) platy particles move 

in blocks of distinct opposing direction shown by the mica particle displacement 

direction map. This divergent displacement is in response to accommodate imposed 

loading and gives an indication of the initiation of strain localisation. 

 

ii) Platy mica markers in kaolin samples undergo translation and rotation at the peak 

strength within a localised zone. The mica marker particles capture kaolin clay 

sample kinematics from pre peak up to the peak and post peak shear strength.  

 

iii) Analysis of the direction of mica marker particle motion is more indicative of 

localisation in clay, at a much earlier stage than the peak strength and particle 

rotation is more indicative of localisation zone thickness, and this is more visible 

from the peak strength.  

 

iv) For an over-consolidated kaolin sheared to the peak stress, the zone of localisation 

is much larger than clay size and there is the potential to capture the growth of a 

shear band in kaolin using mica markers. 
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7.10.   Appendix 1 

Main Features of the miniature triaxial cell 

7.10.1. Pore -water pressure measurement device (Tensiometer)  

The tensiometer component of the cell is used in undrained compression test to provide 

reliable and continuous pore pressure measurement of the soil sample. Figure 13 below shows 

a sketch of the tensiometer adapted from Ridley and Burland, 1993. Customized 4.9 cm 

diameter stainless steel inserts were designed and fabricated to house the tensiometer and a ball 

bearing that enable the cell rotation.  The tensiometer is designed inhouse (see (Tarantino & 

Mongiovì, 2001) and it is composed of a water reservoir, a high air entry ceramic disk (1.5MPa) 

and an integral strain gauge diaphragm. The ball bearing has deep groove with sealed ends.  It 

has a 20 mm inner diameter and 47 mm outer diameter. The tensiometer is inserted into the 

ball bearing middle opening, where it sits securely, and the ball bearing in turn sits securely in 

the steel insert as shown in Figure 1 in the main text.  

 

 

 

 

Figure 13: Sketch of high capacity tensiometer for pore pressure measurement  (Ridley and Burland 

1993) and image of the tensiometer  

 

7.10.1.1.  Tensiometer Calibration 

Dead weight calibration device was used to calibrate the tensiometers by applying known 

pressure with the tensiometers positioned in a saturation chamber. The tensiometer calibration 

data was derived for positive pressures and calibration consisted of two pressure increase and 
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decrease cycles between 0 and 3000 kPa in steps of 50 or 100 kPa similar to the calibration 

approach applied by Tarantino & Mongiovì (2001). Negative pore water pressures were 

determined by extrapolating the calibration curve to the negative range, assuming a symmetric 

response of the measurement diaphragm. The predicted error standard deviation using the 

tensiometer calibration curve is 0.4 kPa. Other sensor components of the apparatus were 

calibrated and accordingly. Figure 14 show images of the calibration device set up. 

Figure 14: Tensiometer calibration device set up. 

 

7.10.1.2. Tensiometer calibration check 

Tensiometers are prone to cavitation and insufficiently saturated porous ceramic is believed 

to produce anomalous tensiometer response and as such there is the need to ensure adequate 

tensiometer saturation and measurement reliability (Tarantino & Mongiovì, 2001). This is 

especially important because the miniature triaxial cell design only allow for one tensiometer, 

as such the tensiometer to be used in the miniature device must be efficiently prepared to record 
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adequate readings. According to Tarantino & Mongiovì (2001) the following are adequate 

indicators of tensiometer porous ceramic saturation: consistent change in calibration 

parameters, the time required for equalisation after removal from saturation chamber and 

response of the tensiometer upon rapid drop in pressure. If any of these indicators were 

inconsistent, the tensiometer must be re-saturated after triggering cavitation. To ensure that the 

porous ceramic was adequately saturated and that the available tensiometers were responding 

appropriately and suitable for measurement, three tensiometer checks were carried out: i) check 

on possible change in the slope of the calibration line; ii) response of tensiometer upon rapid 

drop in pressure (in two cycles) to about -800 to -1000 kPa and iii) response of tensiometer to 

cavitation and constant tensiometer reading over time. 

Possible change in the slope of calibration line were first checked before using the 

tensiometer for measurement. The best way to check the change in calibration line slope is to 

repeatedly calibrate it and compare the slope but considering that a new calibration would be 

unpractical because the calibration process lasts for several hours there has to be an alternative 

approach. Hence an indirect and swift approach is used as suggested by (Tarantino & 

Mongiovì, 2001), by modifying the pressure using a screw piston in the saturation chamber, 

housing all the tensiometer being tested and then comparing the change in pressure recorded 

by the tensiometers, which is expected to be the same if the calibration curve did not change, 

otherwise the tensiometer is re-calibrated.  

To ensure that the tensiometer is measuring the right values, after equilibrating on free 

water, the tensiometer porous stone was wiped and allowed to dry out until a water pressure of 

about -800 to -1000 was reached and immediately replaced in free water, with the pressure 

before and after drying out recorded. This cycle is repeated (second rebound) and the pressure 

after placing back the tensiometer in free water is compared to the tensiometer reading before 

drying to check if the water pressure regained the same initial value. Good saturation is 
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indicated by a return to zero kPa (0 to -10kPa acceptable for the first cycle) when put back into 

free water, when cavitation has not occurred and provided that the difference between the 

second cycle rebound and the first rebound is negligible. Figure 15a, b & d show three 

tensiometer response check, tensiometer A (Ta), tensiometer B (Tb) and tensiometer C (Tc), 

the responses were within 0 and 10kPa. 

Saturation of the porous ceramic was also checked by ensuring that the pressure reading 

returned to about – 100 kPa upon cavitation. Figure 15b, c & e show that the three tensiometers 

checked returned to about -100kPa upon cavitation. The tensiometer was also checked 

throughout the experimental procedure and especially before measurement.  
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a  b  

b  c  

d  e  

Figure 15: a) tensiometer 1 response check calibration b) tensimeter 1 cavitation check, c) tensiometer 

2 response check calibration d) tensimeter 2 cavitation check, e) tensiometer 3 response check 

calibration f) tensimeter 3 cavitation check  

7.10.2.  Latex Membrane 

The latex membrane enclosing soil sample provides restraining effect. It protects soil 

sample from evaporating or drying out. O rings were used to hold the latex to the top and 

bottom of the cell sample pedestal. Latex membrane in conventional triaxial cell is known to 
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contribute to the soil resistance offered against compression. This resistance must be corrected 

for by subtracting it from the measured stress at failure. The nature of deformation (plastic or 

brittle) determines the correction to be applied. For plastic deformation (typified by soil 

barrelling) the membrane correction (CM) is given by:  

CM = 
  0.4𝑀𝜀(100−𝜀)

𝐷
 𝐾𝑁/𝑚2 

where ε = specimen axial strain; M= the compression modulus of the membrane material in 

N/mm width (which is equal to the extension modulus) and D is the initial Diameter in mm. 

For brittle failure, the sample fail along a slip surface and the membrane distorts in a different 

way from plastic deformation. For stiff clay, membrane correction is negligible.  

7.10.3.  External Stress Application/Control System (Actuator and controller)  

External compression force was applied and controlled using the Zabber NA series 

electronic linear actuator -NA14B16-T4, NEMA size 14, 16 mm travel, and 180 N maximum 

continuous thrust (Figure 16a). The actuator was controlled with an X-MCB1 series stepper 

motor controller (Figure 16b). 

 

 

Figure 16: a) Actuator and b) controller for soil compression within the miniature triaxial cell 
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7.10.4.  Load cell and displacement transducer 

The miniature triaxial cell (Figure 17a and b) consists of a button load cell for 

compression load measurement with a measuring load range of 0 to 100N, an accuracy of 0.5% 

and a resolution of 6.36 kPa. Figure 3b below show the displacement transducer in the cell; it 

has a travel length of 2 cm and a micro step size of 0.047625 µm.  

 

Figure 17: a) load cell and b) displacement transducer 

7.10.5.  Data acquisition/Process Control System 

Figure 18 shows a schematic diagram of the data acquisition system used for the 

miniature triaxial-cell. Data logging is done automatically using personal computer and this 

require the instrumentation to provide electrical signals from each component of the triaxial set 

up. All sensors of the miniature triaxial cell except the linear actuator are connected to National 

Instrument (NI) data acquisition system; the linear actuator is separately connected to a 

controller which runs with an open-source software from Zaber technologies. The sensors are 

connected to the appropriate NI C-series I/O sensor type module which provide the required 

excitation voltage, signal processing and signal measurement. The modules are embedded in a 

6-slot chasses which is connected to a PC. The computer program that controls the miniature 

triaxial cell is a custom written MATLAB code with graphic user interface (GUI) enabling data 

logging and test control. 
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Figure 18: schematic diagram of the data acquisition system used for the miniature triaxial-cell. M1 to 

M6 indicates NI C-series module 1 to 6, housed within a chasse. 

7.10.6.  Test Apparatus use procedure  

The miniature device allows for undrained compression strength measurement of over 

consolidated clay sample. The cell may be adapted in the future to allow for testing of soil of 

larger or smaller sample size with minimal modification. The cell operation procedure are as 

follows: 

Step 1: Soil sample mounting  

In preparation for the test, the cell acquisition system is connected and switched on and 

the tensiometer is removed from its saturation chamber and put in free de-aired water. The 

loadcell, smooth steel ball and sample mounting base split housing are installed and the sample 

to be tested is put inside a latex membrane using a 1mm plastic miniature membrane stretcher, 

designed specifically for this test (Figure 19). The membrane stretcher is designed similar to 

conventional membrane stretches such that, with the latex membrane stretched, the top and 

bottom end of the latex is rolled inside-out, and O-rings are rolled on to the ends of the stretcher. 

An air orifice on the body of the membrane stretcher is used to suck air out of the interface 

between the latex membrane and the membrane stretcher, ensuring that the latex membrane is 
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adequately stretched to accommodate the soil sample to be tested. With the latex membrane 

wide open within the membrane stretcher, the soil sample is placed inside the latex membrane. 

The sample is then placed on top of the miniature triaxial cell pedestal and the excess latex 

membrane rolled down to the bottom cylindrical pedestal, held in place with the bottom O-

ring.  

 

Figure 19: Latex membrane stretcher. 

Step 2: Tensiometer deployment 

The tensiometer is then put into the ball bearing ring housing and an earlier prepared 

pea sized kaolin paste with the consistency of a slurry is put on the tensiometer face to allow 

for hydraulic connection to the sample. The tensiometer is then put on the sample with the top 

excess latex membrane on the membrane stretcher rolled up to the tensiometer and the O-ring 

also rolled up to secure the membrane in place and ensure air and water tight sample. The 

tensiometer reading is then allowed to equilibrate before loading starts. 

Step 3: Compression test and X-ray CT scan 

The plastic split mould (housing the loadcell, smooth steel ball and sample mounting 

base) is removed and with the sample adequately in place, the actuator is put on with a specified 

displacement velocity. As the test proceeds, all the sensor measurement (displacement 

transducer, tensiometer and loadcell) are monitored through the acquisition graphic user 

interface. Progressively, the sample may be compressed to pre-defined levels.  
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Step 4: Moisture content measurement and Data Interpretation 

At the end of the compression test and possible X-ray CT scan, the tensiometer is 

removed from the sample top and put back to free de-aired water for onward cleaning and re-

saturation. This is then followed by test data interpretation.  
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7.11. Appendix II 

Strain plots of samples 3MV and 4MV show zones of localised deformation as evidenced by 

the distinct bright colour concentration in both sample Figures 20a and b. 

 

Figure 20a  strain plot of sample compressed to the peak strength. The shear strain plot shows that 

there is a concentration of strain diagonally across the sample, this is consitent with the particle 

displacement direction plot  and the rotation map. 

 
Figure 20b  strain plot of sample compressed to the peak strength. The shear strain plot shows that 

there is a concentration of strain diagonally across the sample, this is consitent with the particle 

displacement direction plot  and the rotation map 
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8. Conclusion and Recommendation 

8.1.  Introduction 

As a first step in a larger systematic research campaign investigating the potential use of mica 

markers for understanding the initiation and propagation of strain localisation in kaolin, this 

thesis has focussed on gaining an in-depth understanding of the chemical and mechanical 

characteristics of mica and the strain localisation upon shear using mica markers and X-ray 

computed tomography. The specific objectives of this research were:  

1) To characterize mica chemically (in terms of its particle interaction and erodibility in 

different pore-fluid pH and electrolyte concentration) and mechanically (in terms of 

compressibility, shear strength, and hydraulic conductivity). 

2) To determine the best approach for sampling miniature clay sample with minimum 

disturbance. 

3) To develop a miniature triaxial cell suitable for X-ray Computed Tomography (X-ray 

CT) imaging of clay with markers and with an inbuilt High-Capacity Tensiometer for 

hydro-mechanical measurement. 

4) To develop, implement and validate a particle matching algorithm to quantify particle 

kinematics -displacement and rotation- of plate-shaped particles using X-ray -CT data. 

5) To develop a conceptual understanding of the initiation and propagation of strain 

localisation in kaolin by using X-ray CT and mica markers. 

 

The key findings related to each of the objectives listed above are presented in each section 

below and the contributions to existing knowledge are briefly highlighted. The final section of 

this chapter concludes with a list of proposed areas for future research towards the development 

of a more effective constitutive model for clays. 
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8.1.1. Chemical and mechanical characterisation of mica  

This is the first study to investigate the mechanical and chemical behaviour of mica/kaolin 

mixture. Moreover, it is the first study to evaluate the erodibility of mica in different pore-

water chemistry environment. The investigation was done to characterise mica compressibility, 

shear strength, hydraulic conductivity, particle interaction and erodibility in different pore fluid 

pH and electrolyte concentration, for an understanding on the effect of mica on the chemistry 

and mechanical behaviour of kaolin. The results from Chapter 3 showed that the particle 

configuration of mica particles consistently varies with the pore water chemistry (dispersive to 

non - dispersive configuration), regardless of whether the samples being tested were sediments 

in suspension or compacted samples. This is a similar behaviour obtainable with kaolin. Results 

from chapter 4 showed that by adding both muscovite silt or muscovite sand to kaolin for all 

the weight percent of muscovite/kaolin mixtures tested (muscovite contents of 0, 2.5, 10, and 

30 % by weight), the compressibility does not change and for up to 30% muscovite sand or 

muscovite silt, the compressive behaviour is still kaolin-dominated. Similarly, oedometer tests 

showed that the addition of up to 30% muscovite sand sized muscovite or silt does not affect 

the hydraulic conductivity or compressibility of kaolin however direct shear test showed that 

the shear strength was affected at low normal stresses (≤100 kPa) but not at relatively higher 

normal stresses. Provided the macroscopic response of kaolin compared to the kaolin and mica 

mixture are the same, we can assume that the behaviour of kaolin is not affected. This was 

further investigated in chapter 7 by comparing triaxial test result of kaolin sample with 1.5% 

by wt of mica to that of kaolin alone both sheared to failure. Prior to this, we investigated the 

approaches to prepare miniature clay soil sample with the least possible disturbance.  
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8.1.2.  Influence of sampling method on disturbance of kaolin microstructure 

The influence of soil sampling method on the level of disturbance on soil microstructure was 

investigated as part of evaluating the best approach to prepare miniature clay soil sample with 

the least possible disturbance. Miniature cylindrical remoulded kaolin specimens (containing 

2% silt-sand sized mica markers) produced by tube sampling and lathe trimmed sampling were 

analysed for sample disturbance.  

Fisher distribution analysis of the mica particle strain markers, represented as poles to 

planes plotted on stereonets, showed that lathe trimmed vertical specimens may be subject to 

lesser disturbance when compared to vertical tube sampled specimens for overconsolidated 

specimens prepared in an oedometer. This is possibly because tube sampling generates shear 

distortion. Chapter 5 results further showed that for samples prepared with gypsum mould, 

radial suction force (generated by the gypsum mould) resulted in the particles being 

preferentially radially oriented and parallel to the mould drainage surface.  

This is the first research to use X-ray computed tomography and mica particle marker 

to show the effect of miniature clay sampling disturbance and this provided insight for 

improved sampling methods (how to better prepare clay samples for minimal disturbance).  

This was taken further by developing an algorithm for plate shaped particle matching upon 

compression. 

8.1.3. Platy particle matching Code 

The possibility of matching silt sized plate shaped (platy) particles was investigated using 

matching code that have successfully been used for sand. Some challenges were observed with 

using the code for platy particles as it was not originally designed for platy particles. The 

matching code by Druckery and Alshibli 2014 was adapted for platy particle matching to create 

a new platy particle matching algorithm - PLATYMATCH.  
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After X-ray CT imaging and image processing, platy silt sized muscovite particle 

attributes were evaluated to identify unique attributes that may be useful for matching platy 

particles. PLATYMATCH considers a minimised combined normalised error of parameters of 

particles within a defined search volume space. Parameters of the algorithm are location and 

size of the search volume space, the selected combination of particle geometric attributes and 

the error tolerance. Attributes such as: Feret width, Feret length, minor axis length, which may 

be unique for rotund sand particles were observed to be significantly less unique to the platy 

particles studied. This was due to their tiny c-axis and smaller overall size, which resulted in a 

poorer image resolution and segmentation errors. A combination of particle attributes: major 

and minor axis length and perimeter gave the best particle match, when compared to other 

particle attributes.   

This research presented for the first time, kinematic analysis of platy soil particles 

through individual particle matching. PLATYMATCH can effectively match plate shaped 

particles when consecutive scans are adequately registered and particles within scans are 

adequately segmented. Furthermore, miniature triaxial test were carried out on kaolin with 

mica markers using a newly designed miniature triaxial device (described in the next chapter) 

and PLATYMATCH to evaluate the marker particle kinematics.    

 

8.1.4.  Miniature trixial cell with an in-built High Capacity Tensiometer 

A novel miniature triaxial cell instrumented with a High-Capacity Tensiometer was developed 

for pore-water pressure (positive and negative) measurement enabling triaxial compression of 

relatively soft clay with total and effective stress path evaluation. The miniature cell is designed 

such that it does not require a confining cell which may limit resolution achievable in X-ray 

CT.  
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The new miniature triaxial cell was adequately validated separately prior to use with an 

X-ray scanner system by comparing triaxial compression of speswhite kaolin clay using the 

new apparatus to similar test performed with conventional triaxial cell. The result showed good 

agreement with similar test using the same speswhite kaolin. The equipment was further used 

to conduct triaxial compression test of kaolin clay within laboratory X-ray computed 

tomography machine.    

8.1.5.  Strain localisation investigated using mica markers and X-ray CT 

It is worthy of note that the addition of silt sized muscovite particle markers to kaolin may 

jeopardise clay behaviour. Provided the macroscopic response of kaolin alone compared to 

kaolin and mica remains the same, we can assume that the behaviour of kaolin is not affected. 

Four samples of kaolin with 1.5% by wt of mica were sheared to different axial strain levels, 

two before the peak shear strength, one close to peak shear strength and one beyond the peak 

shear strength. The behaviour of the kaolin with mica marker sample sheared to failure was 

compared to that of kaolin sample without mica sheared to failure. The triaxial test showed that 

the kaolin without mica and the kaolin with 1.5% mica give the same peak and end-of-test 

shear strength, thus there is no significant difference between the shear strength behaviour of 

the kaolin and the kaolin/mica mixture which suggests that the mica marker content at the shear 

conditions tested did not affect the behaviour of the kaolin. Hence, we could evaluate kaolin 

behaviour using tested the mica marker and at the shear condition without compromising the 

kaolin behaviour. 

The initiation and propagation of strain localisation in kaolin was studied using mica 

marker and X-ray CT. Kinematic analysis of mica particle markers within the kaolin sample 

with vertical particle configuration was carried out. The four kaolin samples with mica markers 

were subjected to triaxial compression with X-ray scans done before and after compression. 
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The result showed that platy clay particles markers (mica in this case) in kaolin samples 

undergo translation and rotation of particles at the peak strength within a localised zone. The 

mica marker particles capture kaolin clay sample localised deformation from pre peak up to 

the peak and post peak shear strength. At the start of compression (axial strain before peak 

strength) platy particles move in blocks of distinct opposing direction shown by the mica 

particle displacement direction map. This divergent displacement is in response to 

accommodate imposed loading and gives an indication of the initiation of strain localisation. 

Analysis of the direction of mica marker particle motion is more indicative of 

localisation in clay, at a much earlier stage than the peak strength and particle rotation is more 

indicative of localisation zone thickness, and this is more visible from the peak strength. For 

an over-consolidated kaolin sheared to the peak stress, the zone of localisation is much larger 

than clay size and there is the potential to capture the growth of a shear band in kaolin using 

mica markers. A conceptual model of the initiation and propagation of strain localisation in 

kaolin was also presented.  

8.2. Proposed Future areas 

This thesis has opened diverse future research areas in the geotechnics community, 

particularly in the study of clay micromechanics. The findings of this research work on 

understanding the micromechanics of clay for enhanced clay constitutive models for better 

prediction and improvement of soft clay. It thus presents diverse questions which require in 

depth investigation. Below is a list of suggested topics, based on lessons learnt from this 

research, for future extension of this work:   

1. These experimental results can be extended to modelling the failure behaviour of clayey 

soil using numerical simulations for validation purpose, for example using Discrete 

element modelling (DEM). It will be interesting to use output form this research for 
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discrete element modelling of clay micromechanical behaviour. This could involve 

importing the acquired images in this study into a DEM platform and carrying out 

similar tests conducted in this study to compare results from DEM with same acquired 

image and test conditions to the results obtained in this study.  

2. Further development of PLATYMATCH using machine learning deep learning 

methods such as neural networks to improve the matching of particles especially in 

strain localised zones.  

3. Although, this study included a macroscopic evaluation of the effect of mica addition 

to kaolin strength characteristics and the similarity of mica pore fluid chemistry effect 

and that of kaolin, the contribution of the mica particles in the initiation of shear 

localisation - in kaolin is not fully understood. Differential local stiffness in the 

direction of loading, as well as longer flow paths around the mica particles could trigger 

shear distortions and localisation pattern which may not perfectly represent the smaller 

clay particle behaviour. As part of future studies, there is therefore the need to develop 

approaches that may be used the visualize and characterise clay sized clay, without 

inclusions to enable a comparison of the result obtained in this study.  

4. This study used one type of clay (Speswhite kaolinite) that has both low plasticity and 

low compressibility. Caution should be exercised when predicting the failure behaviour 

in different soil (e.g., highly compressible, or collapsible soil), whose shearing 

characteristics may be considerably different from those of the tested soil. As part of 

future studies, it will be interesting to evaluate how platy particles translate and rotate 

as well as how pore pressure is distributed in other clay types such as bentonitic clays 

and collapsible soils. The applicability of the results of this study should, thus, be 

verified for other types of clayey soil that exhibit significantly different plasticity or 

compressibility. 
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5. In terms of the miniature triaxial cell equipment, considering the observed 

heterogeneous pore pressure distribution within the clay sample as it undergoes 

shearing, future equipment design should consider an approach to determining pore 

pressure distribution in clay as a single tensiometer does not capture the spatial pore 

pressure distribution within the clay sample as it is compressed. In addition, because 

the time dependent mechanical response (i.e., pore pressure dissipation and creep 

preventing instant deformation) in the clay sample, it was challenging to obtain accurate 

reconstructions from raw X-ray CT radiographs, when the miniature triaxial cell top 

restraining frame is in place. There is the need to modify the miniature triaxial cell such 

that no top restraining frame will be required such that during X-CT acquisition, the 

sample will ideally be kept stable without the slightest of additional deformations. This 

with undrained condition (preventing water outflow from the sample) and the use of 

sufficiently short acquisition time as used in this study would help ensure that 

continuous loading of the same sample without unloading is tested.  

 

6. Considering that particle configuration within the shear zone, just beyond peak shear 

strength, is an opposing preferentially alignment, such as to counteract the imposed 

shear force. Additional test involving relatively larger displacement to understand clay 

particle configuration at ultimate shear strength will be interesting to better understand 

particle configuration at ultimate shear strength.  

 

7. There is also the scope for developing soil sample X-ray CT image bank with the 

condition with which they were imaged. Such image bank can be normalised and 

trained using machine learning approaches for incremental understanding of soil micro 

mechanics.  
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8. The result from this research and the above-described further research will be 

invaluable for enriching double scale constitutive models which takes into 

consideration, both micro scale physics and macro scale simplified physics. In turn, 

such constitutive model can be used to better predict failure behaviour and guide 

reinforcement at actual sites with soft clay ground.  
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“The larger the island of knowledge, the longer the shoreline of wonder.” 

― Ralph W. Sockman (1889 – 1970) 

 

 

 

“If I have seen further than others, it is by standing upon the shoulders of 

giants”. 

―Isaac Newton (1643 – 1727) 

 


