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Abstract 

 

The response of clay to mechanical compression is highly dependent on its stress history. 

Generally, normally consolidated clays exhibit a relatively soft response, while over-

consolidated clays exhibit a much stiffer response upon reloading. In the literature this 

difference has been qualitatively attributed to differences in clay microstructure. This paper 

uses coarse-grained molecular dynamics simulations to propose that an additional 

contribution comes from the non-linear, non-monotonic relationship between the inter-

particle forces and the separation distances. At large separation distances, clay particles 

interact via repulsive non-contact forces when the particles initially become close enough 

to interact. The strength of the mutual repulsion increases with decreasing separation until 

a maximum repulsive interaction energy, termed an energy barrier, is reached. Once this 

energy barrier is overcome, the particle interactions become attractive so that the particles 

effectively become bonded to each other. This paper uses a new approach to interaction 

models for particle-scale simulation to show that the compressive forces experienced by 

particles under engineering stress levels are sufficient to push particle pairs into this 

attractive force regime; and that, upon subsequent unloading, these particles remain 

bonded to each other. The difference in macro-scale compressibility between normally 

consolidated and over-consolidated clays can be explained, at least in part, by this 

attraction and by particles irreversibly bonding together. 

 

Keywords chosen from ICE Publishing list 

Clays; Particle-scale behaviour; Compressibility; Computational geotechnics; Microstructure 
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Notation 

Roman symbols 

𝐴, 𝐵, 𝐶  energy scale parameters 

𝑎𝑖 , 𝑏i, 𝑐i  ellipsoid radii 

𝐀1, 𝐀2 , 𝐀𝑖 rotation matrices 

𝐴𝐸−𝐸  interaction area for two ellipsoids in the edge-edge configuration 

𝐴𝐹−𝐹  interaction area for two ellipsoids in the face-face configuration 

𝐁1, 𝐁2, 𝐁12 matrices which are defined in terms of the energy matrix and rotation matrix 

𝐶𝑐  compression index 

𝐶𝑠  swelling index 

𝐷  ellipsoid diameter  

𝑒  void ratio 

E  system energy 

𝐹  interaction force 

𝐆1, 𝐆2, 𝐆12 symmetric overlap matrices 

𝐻𝐴  Hamaker constant 

ℎ12  surface-to-surface distance 

ℎ𝑒𝑏  surface-to-surface distance at the energy barrier  

ℎ𝑒𝑤 surface-to-surface distance at the energy well 

𝑘, 𝑚, 𝑛  parameter to control potential energy 

𝑘𝐵  Boltzmann constant 

𝑀  mass of particle 

𝑁  total number of particles 

𝑁eb  number of interactions exceeding the energy barrier 

𝑁t  total number of interactions 

𝑃  system pressure  

𝑝′  mean effective stress 

𝑝𝑐
′   pre-consolidation stress 

𝑟12   centre-to-centre distance 

𝐫12  centre-to-centre vector 

𝐫̂12    unit vector related to the centre-to-centre vector 

𝑠1, 𝑠2, 𝑠𝑖  geometrical scaling constants 

𝐒1, 𝐒2, 𝐒𝑖  shape matrices  

𝑇  temperature of the system 

𝑈     potential energy of interaction 

𝑈eb
max    local maximum in the potential energy at the energy barrier 

𝑈𝑒𝑤
𝑚𝑖𝑛     local minimum in the potential energy at the energy well 

𝑈EB     energy barrier potential energy function 
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𝑈GB     Gay-Berne potential energy function 

𝑈PR     purely repulsive potential energy function 

𝑈̂Edl  double layer electrostatic energy per unit area 

𝑈̂𝑇  total energy per unit area  

𝑈̂vdW   van der Waals energy per unit area 

𝐔1, 𝐔2, 𝐔𝑖 energy matrices 

𝑉  system volume  

𝑣̅  average velocity of particles 

 

Greek symbols 

𝛾  shift parameter 

𝛿   thickness of the ellipsoids 

𝛿1, 𝛿2     thicknesses of the interacting particles 

∆𝑡  time step 

𝜀  energy scale parameter 

𝜀𝑟     relative permittivity 

𝜖0  permittivity of free space 

𝜖𝑖𝑎 , 𝜖𝑖𝑏 , 𝜖𝑖𝑐   relative well depths 

𝜂12   dimensionless quantity related particle shape anisotropy 

𝜅  reciprocal thickness of the double layer. 

𝜇, 𝜐   user-specified exponents 

𝜎     minimum effective radius (atomic interaction radius) 

𝜎12     parameter related to inter-particle separation distance 

𝜒12  dimensionless quantity related to the energy anisotropy 

𝜓1, 𝜓2  surface potentials of the interacting particles 

 

Acronyms 

AFM  atomic force microscopy 

CGMD   coarse-grained molecular dynamics  

CLAYFF force field for FAMD simulation of clay particles (Cyan et al., 2004) 

DEM  discrete element method 

DLVO   Derjaguin, Landau, Verwey, and Overbeek 

EB  energy barrier 

FAMD  fully atomistic molecular dynamics 

GB  Gay-Berne  

LJ  Lennard-Jones 

KDE                  kernel density estimation 

MD  molecular dynamics 
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NPT MD simulation configuration in which the number of particles, the system 

pressure and the system temperature are controlled. 

NVE MD simulation configuration in which the number of particles, the system 

volume and the system energy are controlled. 

NVT MD simulation configuration in which the number of particles, the system 

volume and the system temperature are controlled. 

PR  purely repulsive  

REV                   representative element volume 

S-EB  simulations using energy barrier potential 

S-PR  simulations using purely repulsive potential 

SEM  scanning electron microscope 
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Introduction 1 

The mechanical behaviour of clay is stress-history dependent. Analysis of scanning electron 2 

microscope (SEM) images over the past 10-15 years in particular have provided significant insight 3 

into the fundamental mechanisms at play from the perspectives of particle kinematics, electro-4 

chemical processes, and fabric evolution. SEM imaging can capture fabric evolution due to 5 

particle rearrangement, evolution of agglomerates (formation and breakdown), and changes in 6 

the equilibrium of electrostatic forces, electro-dynamic forces and chemical equilibria.  7 

Experimental studies using SEM imaging to study the clay fabric evolution in compression, 8 

including Hattab & Fleureau (2010), Zheng et al. (2022), and Guglielmi et al. (2024), have 9 

advanced understanding of the evolution of clay fabric, but they could not quantify any changes 10 

in the particle interactions. The influence of the particle interactions on the overall behaviour can 11 

be indirectly probed by modifying the pore-water chemistry, i.e. the pH or the electrolyte (salt) 12 

concentration of the pore-fluid. Pedrotti & Tarantino (2018) and Wang & Siu (2006a) varied the 13 

pore-fluid pH in oedometer tests and used SEM imaging to show that kaolinite samples with a 14 

dispersed microfabric exhibit a lower initial void ratio and compressibility than kaolinite samples 15 

with a flocculated microfabric. Interpretation of these studies has often involved hypothetical 16 

particle-scale schematics of clay particle interactions (e.g. Palomino & Santamarina, 2005; 17 

Pedrotti & Tarantino, 2018; Wang & Siu, 2006b). Gupta and colleague (Gupta, 2011; Gupta & 18 

Miller, 2010) used Atomic Force Microscopy (AFM) to show that particle interactions are highly 19 

influenced by the pH of the solution. This contribution complements these earlier studies by 20 

exploiting coarse-grained molecular dynamics (CGMD) to further advance understanding of links 21 

between the particle-scale interactions and the observed macro- and meso-scale responses. 22 

 23 

The specific feature of clay particle interactions considered here is outlined in Fig. 1, which 24 

assumes validity of the DLVO (Derjaguin & Landau, 1941; Verwey & Overbeek, 1948) interaction 25 

framework and that both interacting surfaces are negatively charged. Figure 1(a) shows the 26 

variation in the interaction energy (𝑈) with ℎ12, the particle surface-surface distance, while the 27 

variation in the interparticle force, 𝐹 with ℎ12, is illustrated in Fig. 1(b). 𝐹 and 𝑈 are related as 𝐹 =28 

−𝑑𝑈/𝑑ℎ12   and both 𝐹  and 𝑈 have a non-monotonic relationship with ℎ12 . Consider the case 29 

where two particles approach each other from a distance (i.e. a very large ℎ12 value) so that 𝑈 =30 
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0. Once the particles start to interact, there is a non-monotonic relationship between ℎ12 and 𝑈.  31 

𝑈 continues to increase with decreasing ℎ12 until 𝑈 attains a local maximum, 𝑈 = 𝑈eb
max at ℎ12 =32 

ℎeb, of the interaction energy termed an “energy barrier”, where the subscript eb denotes “energy 33 

barrier”. At ℎ12 = ℎeb the interaction force, 𝐹, changes from being repulsive to attractive. 𝑈 then 34 

decreases with decreasing ℎ12 until a local minimum, 𝑈 = 𝑈ew
min at ℎ12 = ℎew, is reached, where 35 

the subscript ew denotes “energy well”. When ℎew < ℎ12 < ℎeb  the two particles experience a 36 

strong mutual attraction and for ℎ12 < ℎew  there is a mechanical repulsive force, sometimes 37 

termed Born repulsion. Therefore, once the particles have been pushed close enough together to 38 

overcome the energy barrier at ℎ12 = ℎeb, the particles are held together firmly at a separation of 39 

ℎ12 ≈ ℎew. 40 

 41 

This contribution examines the possibility that the non-monotonic nature of the 𝑈 − ℎ12 and  𝐹 −42 

ℎ12 relationships illustrated in Fig. 1 can explain, at least in part, the differences in macro-scale 43 

stiffness between normally consolidated clay and over-consolidated clay. The key question is 44 

whether, for stress levels of geotechnical engineering interest, the forces that push pairs of clay 45 

particles together during normal consolidation are sufficient to overcome their strong mutual 46 

repulsion and overcome the energy barrier so that the particle interactions become attractive, and 47 

the particles effectively become bonded to each other within the energy well at ℎ12 ≈ ℎew. The 48 

term “bond” is used to describe the attraction between the particles because, once ℎ12 < ℎeb, the 49 

height, 𝑈eb
max − 𝑈ew

min , of the energy barrier that must be surmounted to separate them is 50 

significantly larger than the height 𝑈eb
max of the energy barrier that was surmounted to push them 51 

together. Therefore, unless the particles are pulled apart very strongly during unloading, they will 52 

be unable to leave the energy well at ℎ12 ≈ ℎew. Effectively, they will have formed a physical bond 53 

(Israelachvili, 2011). If this were to be the case, the particles would not separate during unloading, 54 

which would contribute to a lower void ratio and might help to explain the formation of flocculated 55 

clusters, domains, and stacks that have been reported in SEM studies. 56 

 57 

The hypothesis put forward here is explored using clay particle-scale CGMD simulations and 58 

interaction models specifically developed to look at the impact of the energy barrier. The clay 59 
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mineral considered is kaolinite. This paper firstly contextualizes the research by introducing prior 60 

discussions on fabric evolution during compression. Then kaolinite particle interactions within the 61 

DLVO framework are discussed, before the details of the numerical model are outlined and a new 62 

type of potential function that can be calibrated against DLVO-generated data and that can 63 

capture the energy barrier is described. The results of simulations of isotropic compression and 64 

unloading of assemblies of more than 100,000 kaolinite particles are then presented to show that 65 

a model that considers the non-monotonic nature of particle interactions can capture the 66 

irreversible response of clay in compression. 67 

 68 

Clay particle interactions 69 

Particle-scale simulations using either CGMD or the discrete element method (DEM) require an 70 

analytical or numerical model of how 𝐹 or 𝑈 varies with ℎ12 and with relative particle orientation. 71 

Two options are available to develop interaction models informed by the fundamental physics of 72 

the interactions: (i) models developed from fully atomistic molecular dynamics (FAMD) 73 

simulations, (ii) models based on Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory. Data 74 

from both types of models informed the current study. 75 

 76 

Fully atomistic molecular dynamics (FAMD) 77 

In FAMD, both the clay particles and the surrounding pore-fluid (or solution) are modelled at the 78 

atomic level (i.e. each atom and molecule in the clay platelets and solution are explicitly modelled 79 

individually). Examples of research that has used FAMD to study clay platelets and their 80 

interactions include Boulet et al. (2004), Ebrahimi et al. (2014), Honorio et al. (2017) and Zhu et 81 

al. (2022). These studies have mostly focused on small, active clay particles such as 82 

montmorillonite. The number of atoms that can be considered in FAMD simulations renders 83 

modelling a single kaolinite particle with 70–140 units layers of aluminosilicate challenging due to 84 

the high computational cost (Casarella et al., 2024). Some studies (e.g. Luo et al., 2022; Volkova 85 

et al., 2021; Zen et al., 2022) have modelled kaolinite particles in the FAMD framework, but they 86 

consider only a couple of layers of aluminosilicate units of kaolinite particles and the resultant 87 

data cannot be used in CGMD or DEM simulations. Authors including Güven (1992), Israelachvili 88 

(2011) and Mitchell & Soga (2005) have stated that FAMD is the most effective approach to 89 
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accurately define interactions between clay particles. However, results of systematic studies of 90 

pairwise force fields for oxides and water (e.g. Jing et al., 2019; Tangney & Scandolo, 2002; 91 

Wernersson & Jungwirth, 2010), like those used by Ebrahimi et al. (2014), have revealed 92 

inaccuracies so that it is more accurate to state that these models are qualitatively correct. These 93 

issues of computational cost and accuracy prompted use of DLVO theory in this research. 94 

However, the FAMD simulations in Ebrahimi et al. (2014), Zen et al. (2022) and Zhu et al. (2022) 95 

predicted relatively complex 𝑈 - ℎ12 relationships with multiple energy barriers and energy wells, 96 

leading to alternate attractive and repulsive forces between two particles as their separation, ℎ12, 97 

reduces. Observation of the FAMD data in Ebrahimi et al. (2014) was the initial catalyst for the 98 

exploration of the mechanical significance of the local minima described in the current study.   99 

 100 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory  101 

DLVO theory (Derjaguin & Landau, 1941; Verwey & Overbeek, 1948) was used to obtain the 102 

parameters in the clay particle interaction models used in the CGMD model presented below. 103 

DLVO theory was developed to explain the stability of colloidal suspensions and is often used to 104 

describe interactions between clay particles in geotechnical engineering (e.g. Mitchell & Soga, 105 

2005). As shown in Fig. 2, DLVO theory considers the interaction energy to have a contribution 106 

from the van der Waals forces and a contribution from the electrical double-layer. DLVO theory 107 

can provide an analytical expression describing the interaction energy (usually per unit area) 108 

between two particle surfaces assumed to be infinite parallel planes and provide the necessary 109 

information to develop particle-based models of clay. DLVO theory is based on several unrealistic 110 

assumptions such as low salt concentrations, low and uniform surface charges, and ignores ion 111 

size and particle shape effects (Mitchell & Soga, 2005; Ebrahimi et al., 2014; Carrier, 2013; 112 

Casarella et al., 2024). Some researchers (e.g. Carrier, 2013; Ebrahimi et al., 2014) contend that 113 

DLVO theory is inadequate in representing actual particle interactions at short separation 114 

distances (less than 1 nm). However, for clay particles sized in the micron range, such as kaolinite 115 

clay particles, the DLVO limitations are less significant than the case for smaller montmorillonite 116 

particles. In a more general discussion on CGMD, Angioletti-Uberti (2017) argued that all of the 117 

fine details of the energy-separation distance relation may not be needed for a correct prediction 118 

of meso-scale or integrated properties, as long as the gross features, such as the presence of 119 
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GEOT-2023-193R2Manu010825.docxMainDocument ICE Review Copy Only 12



5 
 

minima, or barriers, and their relative positions, are correctly captured. DLVO theory has been 120 

applied to develop the contact models used in many recent particle-scale simulations of clay 121 

which have demonstrated reasonable macro-scale behaviour (e.g. Aminpour & Sjoblom, 2019; 122 

Anandarajah, 2000a; Guo & Yu, 2023; Jaradat & Abdelaziz, 2019; Liu, 2015; Niu & Jiang, 2023; 123 

Sjoblom, 2016; Yao & Anandarajah, 2003). 124 

 125 

Published AFM data support the application of DLVO theory to kaolinite particles. AFM measures 126 

interaction forces between a nanoscopic tip and a clay particle surface (Ducker et al., 1991, 1992; 127 

Israelachvili, 2011) and so cannot be directly used to develop interaction models for use in CGMD. 128 

Previous AFM studies of kaolinite include Gupta (2011), Kumar (2017), and Liu (2015). Gupta 129 

(2011) and Kumar (2017) interpreted their data within a DLVO framework; so their research 130 

provides particle-scale empirical data in support of the application of DLVO theory to describe the 131 

overall interaction forces of clay various conditions (pH and salt concentration). Importantly the 132 

AFM data in Gupta (2011) and Kumar (2017) confirm the existence of a local maximum in 133 

repulsive force at ℎ12 ≈ 1 nm for pH values of 6 and 9. At smaller separation distances the 134 

interaction shows either a small repulsion or an attraction. This experimental evidence for this 135 

existence of an energy barrier motivated the hypothesis explored in this paper. Here material 136 

parameters derived from AFM studies were used in the DLVO model of the particle interactions 137 

used to calibrate the potential function that was implemented in the CGMD modelling framework.  138 

 139 

Linking overcoming the energy barrier to the irreversible behaviour of clay during 140 

consolidation 141 

Moving interactions into the energy well by lowering the energy barrier 142 

The idea of using salt to promote flocculation of colloidal particles is well known. The height of the 143 

energy barrier introduced in Fig. 1 is influenced by the pH and the salt concentration of the pore-144 

water surrounding the clay particles (Israelachvili, 2011; Butt, 2003). Researchers including 145 

Herrington et al. (1992), Braggs et al. (1994) and Gupta (2011) used the potentiometric titration 146 

technique to examine the salt concentration effect on the surface of kaolinite particles. They 147 

showed that the magnitude of the surface charge of kaolinite particles increases with an increase 148 

in salt concentration in alkaline pore-water. This is because, as salt concentration increases, the 149 
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thickness of the double layer decreases and more ions are adsorbed on the particle surfaces. 150 

Although the magnitude of the surface charge density increases, the repulsive forces between 151 

particles decrease due to the reduction of the thickness of the double layer, resulting in a decrease 152 

in the height of the energy barrier (Masliyah & Bhattacharjee, 2005; Trefalt, 2016; Trefalt et al., 153 

2020) (see Fig. 2). Several researchers (e.g. Palomino & Santamarina, 2005; Wang & Siu, 2006b; 154 

Won & Burns, 2023) showed that the salt concentration in suspensions of clay particles influences 155 

deposition behaviour of kaolinite particles. They indicated that a low energy barrier due to high 156 

salt concentration promotes the formation of aggregated and flocculated microfabrics. The 157 

aggregates can, however, be broken apart relatively easily as the attractive forces only exist  158 

within relatively low energy barriers. The sensitivity of kaolinite in compression to variations in the 159 

salt concentration was also shown in contributions including Ajmera & Tiwari (2014) and Wang & 160 

Siu (2006a). Looking beyond kaolinite, one example of pore chemistry influences on clay 161 

compression behaviour is the significant reduction in volume of saturated samples of Ponza 162 

bentonite in an oedometer upon exposure to NaCl, KCl and CaCl2 solutions detailed in Di Maio 163 

(1996) and cited in Gens (2010). One can hypothesize that the introduction of the electrolyte 164 

lowered the energy barriers in the particle interactions leading to a collapse in the clay fabric as 165 

particle interactions moved into the energy wells. 166 

 167 

Moving interactions into the energy well by mechanically overcoming the energy barrier 168 

From Fig. 1, the following mechanism for irreversible behaviour of clay during consolidation is 169 

explored: As a clay is consolidated along the initial compression line, and the interparticle 170 

separation distances reduce, the energy barrier is overcome for a significant number of interacting 171 

particle pairs. These pairs then continue to experience an attractive interaction (physical bond) 172 

that remains stable when the pressure is released, and the clay becomes over-consolidated. The 173 

higher stiffness of over-consolidated clays is due, at least in part, to some of the particles bonding 174 

physically and irreversibly to one another during the initial compression. In other words, the 175 

relatively stable clusters or clumps that have been observed in the SEM studies of clay cited 176 

above may be a consequence of (i) the position of the energy barrier, which depends on the clay 177 

mineralogy and the pore-fluid chemistry or (ii) interaction forces that are sufficiently large to 178 

overcome the maximum repulsive force indicated schematically in Fig. 1(b). Other authors have 179 

Auto-generated PDF by ReView Géotechnique
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noted that when interactions between individual colloids overcome the energy barrier, irreversible 180 

aggregation can occur (e.g. Goehring et al., 2010). However, no prior simulation study has linked 181 

the contact-level overcoming of the energy barrier with the response of clay to mechanical 182 

compression. 183 

 184 

Development and calibration of interaction model for coarse-grained molecular dynamics 185 

Available frameworks for particle-scale simulation of clay 186 

Particle-scale simulations are often used to generate the data needed to develop rational 187 

explanations for complex phenomena observed in laboratory tests, rather than to reproduce 188 

physical response (Potyondy & Cundall, 2004). DEM is well-established as a tool for exploring 189 

sand behaviour (O’Sullivan, 2011). In contrast to sand, the application of particle-scale simulation 190 

to study clay behaviour is still in the early stages due to the geometric complexity of clay particles 191 

and the challenges in characterizing their interactions. DEM models particle interactions through 192 

a force-separation relationship. While some researchers have utilized DEM to simulate clay 193 

behaviour, these efforts have been limited. For instance, 2-D models have employed line 194 

elements or small groups of connected disks (Anandarajah, 1994, 2000a, 2000b; Pagano et al., 195 

2020), offering conceptual insights. Yao and Anandarajah (Yao, 2001; Yao & Anandarajah, 2003) 196 

utilized 3-D cuboid particles to model kaolinite; however, the small number of particles considered 197 

(400 particles) is not representative of real-world scenarios. de Bono & McDowell (2022a, 2022b, 198 

2023a, 2023b) used composite particles that modelled a single clay particle as being composed 199 

of spherical sub-particles, each of which was itself a composite particle representing many atoms. 200 

The use of composite particles allows us to explicitly capture the physicochemical properties of 201 

each surface of a clay particle (i.e. in the case of a kaolinite particle, the alumina face, the silica 202 

face, and the edge surface) into a rigid body. However, this modelling method is computationally 203 

expensive: de Bono & McDowell (2023b) used over 1,200 sub-particles per single clay particle 204 

and in simulations with only 4,080 clay particles. Due to the high computational cost, it is difficult 205 

or impossible to simulate a large enough number of clay particles to yield a representative element 206 

volume (REV), which is the smallest volume that can be measured or simulated to produce results 207 

representative of the entire material. Bandera et al. (2021) indicated that, in the case of clay 208 

systems, the number of particles required to achieve a REV is on the order of 100,000 or higher. 209 
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The number of particles in a REV for clay is larger than in the case of granular materials including 210 

sand, as a consequence of the meso-scale stacks, domains, or aggregates of clay particles that 211 

form, as is well documented in the SEM studies above and in the seminal contribution by Collins 212 

& McGown (1974) and Sides & Barden (1971). 213 

 214 

CGMD is a type of molecular dynamics (MD) that uses larger particles (in comparison with FAMD) 215 

to model the groups of atoms and molecules that comprise clay particles. CGMD is algorithmically 216 

similar to DEM, but CGMD considers interactions in terms of the relationship between potential 217 

energy and separation using a potential function (potential function describes potential energy 218 

between two particles as a function of their separation distance).  Similar to the DEM simulations 219 

conducted by de Bono & McDowell (2022a, 2022b, 2023a, 2023b), Sjoblom (2016) used CGMD 220 

to simulate kaolinite, with each kaolinite particle modelled as a composite of spherical sub-221 

particles (the sub-particles are not atoms, and so this is a CGMD framework). Liu et al. (2015) 222 

also used composites of spherical sub-particles to simulate flocculation in suspensions. As is the 223 

case with DEM, due to the large number of sub-particles in these simulations, it is impossible to 224 

achieve a simulation with a sufficient number of particles to obtain a REV. However, the 225 

computational cost can be significantly reduced by modelling each clay particle as a single 226 

aspherical particle, rather than as a composite of many spherical sub-particles. Ebrahimi et al. 227 

(2014) approximated montmorillonite clay particles as rigid ellipsoids to examine particle 228 

behaviour under isotropic compression. Later, Bandera et al. (2021) applied the same modelling 229 

strategy (i.e. clay particles were modelled as rigid ellipsoids) to kaolinite particles to examine the 230 

particle-scale behaviour of kaolinite during compression tests. Bandera et al. (2021) showed that 231 

their CGMD simulations using ellipsoids can simulate systems with hundreds of thousands of 232 

particles a low enough computational cost to attain a REV. The current contribution develops 233 

upon the CGMD approaches documented in Ebrahimi et al. (2014) and Bandera et al. (2021). 234 

 235 

Assumed conditions 236 

This study considers kaolinite saturated in a pH=8 (alkaline) pore-water with a KCl (potassium 237 

chloride) salt concentration of 1 mM. This scenario was selected because the surface potential 238 

values required for DLVO theory can be obtained from the AFM data in Gupta et al. (2011), and 239 
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particle interactions are similar to the idealized particle interaction shown in Fig. 1, i.e. it can be 240 

assumed that the alumina face and silica face possess identical surface charges. Here one clay 241 

particle is taken to be a platelet comprising 70-140 aluminosilicate layers (as in Casarella et al., 242 

2024). 243 

 244 

DLVO expressions used to calibrate CGMD potential functions 245 

DLVO theory gives the interaction energy per unit area between two semi-infinite parallel plates 246 

as a function of their surface-to-surface distance ( ℎ12 ). While the Derjaguin approximation 247 

(Derjaguin, 1934; Israelachvili, 2011) enables the extension of the theory to finite-sized particles 248 

of arbitrary shape, the complexity of its implementation means that the interaction energy between 249 

clay particles is most often described as the energy per unit area of the particle surface without 250 

considering particle morphology.  251 

 252 

In DLVO theory, the total interaction energy per unit area, 𝑈̂𝑇 [J/nm2], is the sum of the van der 253 

Waals energy, 𝑈̂𝑣𝑑𝑊 [J/nm2], and the double layer electrostatic energy layer, 𝑈̂𝐸𝑑𝑙 [J/nm2], i.e.: 254 

𝑈̂𝑇 = 𝑈̂𝑣𝑑𝑊 + 𝑈̂𝐸𝑑𝑙 (1) 

Following Gupta (2011), 𝑈̂𝑣𝑑𝑊 can be expressed as: 255 

𝑈̂𝑣𝑑𝑊 = −
𝐻𝐴

12𝜋
[ℎ12

−2 + (ℎ12 + 𝛿1 + 𝛿2)−2 − (ℎ12 + 𝛿1)−2 − (ℎ12 + 𝛿2)−2 ] (2) 

where 𝛿1 [nm] and 𝛿2 [nm] are the thickness of the plates, and 𝐻𝐴 [J] is the Hamaker constant.   256 

 257 

Here, assuming that clay particles have constant and low surface potential, 𝑈̂𝐸𝑑𝑙 between two 258 

interacting plates with different surface potentials can be expressed by the Hogg–Healy–259 

Fuerstenau expression (Bandera, 2022; Gupta, 2011; Nguyen & Schulze, 2003): 260 

𝑈̂𝐸𝑑𝑙 = 𝜀𝑟𝜖0𝜅 [
2𝜓1𝜓2 exp(𝜅ℎ12) − 𝜓1

2 − 𝜓2
2

exp(2𝜅ℎ12) − 1
] 

(3) 

 

where 𝜓1 [mV] and 𝜓2 [mV] are the surface potentials of the two plates (surfaces), 𝜀𝑟 [-] is the 261 

relative permittivity, 𝜖0 [F/m] is the permittivity of the free space, and 𝜅 [nm-1] is the reciprocal 262 

thickness of the double layer. 263 

 264 
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Table 1, developed with reference to Gupta (2011), gives the DLVO parameters for kaolinite 265 

particles saturated by pore-water (potassium chloride solution) with pH = 8 and salt concentration 266 

of 1 mM for the silica face surface-to-alumina face surface (face-face) configuration and the edge 267 

surface-to-edge surface (edge-edge) configuration.    268 

 269 

The simulations presented here considered ellipsoidal particles 2,000 nm in diameter and 200 nm 270 

thick. Following Bandera et al. (2021), the DLVO energy (in J) for interaction between two 271 

ellipsoids was obtained by multiplying the DLVO energy per unit area by the interaction areas 272 

defined as 𝐴𝐹−𝐹 = 𝜋 × (𝐷/2)2 × 𝛿 and 𝐴𝐸−𝐸 = (𝜋 × 𝐷)/2 × 𝛿 for the face-face and the edge-edge 273 

configurations, respectively, where 𝐷 is the particle diameter and 𝛿 is the thickness. As the full 274 

thickness (𝛿) is used the ellipsoid tapering does not impact the edge-edge interactions, although 275 

the geometric idealization of a pseudo-hexagonal shape as an ellipsoid remains. The data 276 

denoted DLVO in Fig. 3 (also in Fig. 4) show the variation in the (total) DLVO interaction energy 277 

(in J) and the surface-to-surface distance for the face-face and edge-edge for the ellipsoids used 278 

in the simulations presented here. The DLVO generated data resemble the idealised interaction 279 

profile shown in Fig. 1(a), however, the DLVO does not consider the Born repulsion at very short 280 

range (see Figs 1(a) and (b)). The face-to-edge/edge-to-face interactions cannot directly be 281 

considered. The DLVO data were used to calibrate or tune simpler potential function expressions 282 

that could be used within a CGMD modelling framework. 283 

 284 

Using the surface potential data for the pore fluid conditions here, the DLVO framework predicts 285 

that both faces and the edges are negatively charges so that all interactions (face-face, face-edge 286 

and face-face) are repulsive. All kaolinite particles have a silica face and an alumina face, so 287 

including the edges, there are three surface types. Gupta (2011) and Gupta et al. (2011) showed 288 

that all three surfaces have different charges that depend on the pore-water chemistry (i.e. the 289 

pH and salt concentration), resulting in different interaction energy (𝑈) and particle separation 290 

(ℎ12) relationships depending on relative particle configuration. In the case of pH=4 (acidic pore-291 

water) there is a surface charge anisotropy (i.e. the alumina face is positively charged, the silica 292 

face remains negatively charge and the edges are positively charged). Refer to Bandera et al. 293 

(2024) and Nakamichi et al. (2024) for a more detailed discussion on this point. 294 
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 295 

Mechanical or contact force 296 

As shown in Fig. 1(b), the mechanical (contact) force is a short-range repulsion that exists for 297 

ℎ12 < ℎew that rapidly increases with decreasing surface-to-surface distance to prevent particle 298 

penetration. This force is quantum-mechanical in nature, and it is often termed Born repulsion 299 

(Israelachvili, 2011). As outlined in Israelachvili (2011), there is no agreement on a specific 300 

analytical expression to describe Born repulsion. However, the exact form of the relationship 301 

between force and ℎ12 in this region is not crucial for the analyses presented here so long as the 302 

repulsion is strong enough to counterbalance the effects of van der Waals attraction at short 303 

distances. 304 

 305 

Framework used for CGMD potential functions 306 

Building upon Bandera et al. (2021) and Ebrahimi et al. (2014), in the CGMD simulations 307 

presented here, the clay particles are idealized to be flat ellipsoids (oblate spheroids), and the 308 

Gay-Berne (GB) potential function (Everaers & Ejtehadi, 2003; Gay & Berne, 1981) was adopted 309 

as a basis/framework to develop equations relating the interaction energy and the particle 310 

separations. Modified forms of the GB potential function were used in the CGMD model because 311 

the DLVO expressions given by Eqs (1)-(3) cannot be directly used to describe interaction energy 312 

between clay particles with finite shapes and arbitrary orientations in 3-D space. The GB potential 313 

function is an anisotropic form of the Lennard-Jones (LJ) potential function, a typical potential 314 

function used in MD simulations to describe interactions between atoms. The GB potential can 315 

account for the energy and shape anisotropy of an ellipsoid.  316 

 317 

In a CGMD framework where a clay particle is modelled using a flat ellipsoid, the GB potential 318 

energy (𝑈GB) is given by: 319 

𝑈GB = 4𝜀 [(
𝜎

ℎ12 + 𝛾𝜎
)

12

− (
𝜎

ℎ12 + 𝛾𝜎
)

6

] × 𝜂12 × 𝜒12 (4) 

where 𝜀 is the energy scale parameter, 𝜎 is the atomic interaction radius (minimum effective 320 

particle radius), 𝛾 is the shift of the potential minimum, and 𝜂12 and 𝜒12 are parameters related 321 

to the shape and energy anisotropy, respectively.  322 
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 323 

Equation (4) is similar in form to the LJ potential function. However, whereas the LJ potential 324 

function is a function of the centre-to-centre distance between two spheres, the GB potential 325 

function is a function of the surface-to-surface distance (closest distance) between two ellipsoids, 326 

which varies depending on their relative orientation. The details of the calculation of ℎ12,  𝜂12 and 327 

𝜒12 are included in an Appendix to this paper. 328 

 329 

Use of the GB potential function requires the ellipsoid semi-axis lengths (denoted by 𝑎𝑖 (= 𝑏𝑖), 330 

and 𝑐𝑖 ). There are additional five tuneable parameters, i.e. 𝜀 , 𝜎 , 𝛾 , 𝜖𝑖𝑎 (= 𝜖𝑖𝑏), 𝜖𝑖𝑐  that lack a 331 

precise physical interpretation and need to be calibrated. An underlying assumption of the GB 332 

potential function is that the potential energy in intermediate configurations (e.g. face-edge/edge-333 

face configurations when the particle long axes are mutually orthogonal) can be correctly 334 

extrapolated using the same tuned parameters providing the face-face and edge-edge 335 

configurations (Gay & Berne, 1981). As previously indicated in Bandera et al. (2021), the potential 336 

expression defined in Eq. (4) cannot reproduce the energy barrier. 337 

 338 

Purely repulsive (PR) potential function 339 

This study considers two potential functions, the first is a purely repulsive (PR) potential (𝑈𝑃𝑅) 340 

originally proposed in Bandera et al. (2021) who assumed that the interaction energy at short 341 

surface-to-surface distances does not highly affect mechanical response of clay. Bandera et al. 342 

(2021) implemented 𝑈𝑃𝑅  by removing the attractive term from the GB potential function so that: 343 

𝑈𝑃𝑅 = 4𝜀 (
𝜎

ℎ12 + 𝛾𝜎
)

12

× 𝜂12 × 𝜒12 (5) 

 344 

Bandera et al. (2021) calibrated the parameters required in 𝑈𝑃𝑅 against DLVO theory for ℎ12 >345 

ℎeb , i.e. they did not consider the energy barrier. They showed that the 𝑈𝑃𝑅  can capture the 346 

fundamental features of mechanical response that normally consolidated kaolinite exhibits during 347 

initial loading. However, they did not examine its ability to simulate unloading and reloading. 348 

Bandera et al. (2021) manually calibrated the 𝑈PR  parameters using trial and error; here the 349 

Levenberg–Marquardt (mini-max) algorithm (Levenberg, 1944; Marquardt, 1963) was 350 
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implemented to calibrate the 𝑈PR parameters using the DLVO-generated data. Both the face-face 351 

and the edge-edge configurations were considered. Table 2 shows the calibrated parameters for 352 

the current study, and Fig. 3 compares the calibrated 𝑈PR with the DLVO theory.  353 

 354 

Energy barrier (EB) potential function 355 

A new energy barrier (EB) potential function (𝑈EB) was developed by augmenting the GB potential 356 

function in Eq. (4) to capture the variation in interaction energy with separation distance shown in 357 

Fig. 1(a). 𝑈𝐸𝐵  is given by: 358 

𝐹𝑜𝑟 ℎ12 > ℎ𝑎:    𝑈EB = [𝐴 (
𝜎

ℎ12 + 𝛾𝜎
)

12

− 𝐵 (
𝜎

ℎ12 + 𝛾𝜎
)

6

+ 𝐶 (
𝜎

ℎ12 + 𝛾𝜎
)

3

] × 𝜂12 × 𝜒12 (6a) 

For ℎ12 < ℎ𝑎:     𝑈EB = (𝑘ℎ12
2 + 𝑚ℎ12 + 𝑛) × 𝜂12 × 𝜒12  (6b) 

where ℎ𝑎 is the position of the maximum attractive force (i.e. maximum gradient of the potential 359 

energy profile), 𝐴, 𝐵 and 𝐶 are new, tuneable, energy scale parameters introduced in place of 𝜀 360 

in the GB potential function (see Eq. (4)). 𝑘 , 𝑚  and 𝑛  are tuneable parameters that were 361 

calibrated so that the two expressions in Eqs (6a) and (6b) connect continuously and smoothly at 362 

ℎ12 = ℎ𝑎. 𝑈EB has 10 tuneable parameters requiring calibration (𝜖𝑖𝑎(= 𝜖𝑖𝑏), 𝜖𝑖𝑐 , 𝜎, 𝛾, 𝐴, 𝐵, 𝐶, 𝑘, 𝑚, 𝑛), 363 

while the 𝑈GB has 5 tunable parameters (𝜖𝑖𝑎(= 𝜖𝑖𝑏), 𝜖𝑖𝑐 , 𝜎, 𝜀, 𝛾).   364 

 365 

The first term in Eq. (6a) aims to reproduce the very short-range repulsion, i.e. Born repulsion, 366 

the second term aims to reproduce short-range attraction, and the third term aims to reproduce 367 

the medium- and long-range repulsion. Although the new parameters (𝐴, 𝐵 and 𝐶) are introduced, 368 

the substantial major change from 𝑈𝐺𝐵 (see Eq. (4)) is the introduction of the third term, i.e. the 369 

medium- and long-range repulsion. Introducing the third term allows 𝑈EB to have a local maximum 370 

as well as a local minimum, i.e. 𝑈EB can reproduce both the energy well and the energy barrier. 371 

However, the initial calibration results showed that while the EB potential given in Eq. (6a) 372 

captures the DLVO-generated data, the slope of the Born repulsion was quite steep. The time 373 

integration algorithm used requires a time increment that is inversely proportional to the square 374 

root of this stiffness, and the timestep required for integration using the calibrated EB potential 375 

function was prohibitively small to obtain results with a tractable computational cost. These 376 

considerations motivated the development of Eq. (6b). In the course of developing this potential 377 
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expression, alternative candidate expressions were explored, and Eqs (6a) and (6b) differ from 378 

the expression documented in Nakamichi et al. (2023). 379 

 380 

To constrain the calibration process, the tuneable parameters were determined to satisfy the 381 

following four conditions: 382 

i. To simplify the energy scale, 𝜖𝑖𝑐 = 1.0, A=2B=C, and 𝛾 = 1.0. 383 

ii. In the face-face configuration,  𝑈eb
max equals the DLVO theory prediction. 384 

iii. In the face-face configuration, ℎeb equals the DLVO theory prediction. 385 

iv. In the edge-edge configuration, the 𝑈eb
max equals the DLVO theory prediction (the position 386 

of the energy barrier does not equal the DLVO theory prediction, rather it equals the 387 

position for the face-face configuration). 388 

 389 

Figure 4 shows that when the 𝑈EB  is calibrated against DLVO theory using the Levenberg–390 

Marquardt algorithm (Levenberg, 1944; Marquardt, 1963) for the face-face and the edge-edge 391 

configurations, a good match is achieved (the calibrated parameters are shown in Table 2). In the 392 

edge-edge configuration, although the height of the energy barrier in the 𝑈EB and that in DLVO 393 

theory are the same, their positions are different. This is because, in the 𝑈EB, as was also the 394 

case in the original GB potential function, the positions of the energy barrier and the energy well 395 

are uniquely determined regardless of particle configuration. Accordingly, for any configuration, 396 

the energy barrier exists at ℎeb = 4.64 nm, and the energy well exists at ℎew = 0.0 nm. Both 397 

Bandera et al. (2024) and Nakamichi et al. (2024) present variants of this modelling framework 398 

that can capture the charge anisotropy associated with low pH (pH=4) environments.  399 

 400 

Isotropic compression simulation 401 

All simulations discussed in the following were performed using a modified version of the 402 

LAMMPS software (Thompson et al., 2022) in which 𝑈PR  and 𝑈EB  were implemented. The 403 

sensitivity of the predicted macro-scale response in compression to the choice of potential 404 

function was considered in isotropic compression and unloading simulations. The simulation using  405 

𝑈EB (see Eqs (6a) and (6b)) is denoted “S-EB”, and the simulation using 𝑈PR (see Eq. (5)) is 406 
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denoted “S-PR”. The potential function parameters are presented in Table 2 (i.e. for pore water 407 

with pH = 8 and salt concentration = 1 mM). 408 

 409 

Sample generation and initial pre-compression 410 

Mono-disperse assemblies of ellipsoids (2,000 nm in diameter and 200 nm in thickness) were 411 

considered. The randomly orientated particles were initially arranged in a cubic simulation box 412 

with 47 particles evenly spaced along each cartesian direction. The initial particle centre-to-centre 413 

distance of 2,050 nm was sufficiently large so that there were no mechanical contacts. The initial 414 

particle velocities were assigned to give a system temperature of 300 K, calculated from the 415 

relationship between kinetic energy and temperature, i.e. 
1

2
𝑀𝑣̅2 =

3

2
𝑘B𝑇, where 𝑀 is the mass, 𝑣̅ 416 

is the average velocity, 𝑘B is the Boltzmann constant, and 𝑇 is the temperature (here 𝑇=300 K). 417 

There were 103,823 particles in the simulation box (47×47×47); Bandera et al. (2021) showed 418 

that a system of 100,000 particles is sufficient to give an overall mechanical response which is 419 

not sensitive to the system size. The use of periodic boundary conditions imposed in all three 420 

Cartesian axis directions enabled the bulk material behaviour to be captured with a smaller 421 

sample size than would be the case with rigid boundaries (e.g. Frenkel et al., 1997; Huang et al., 422 

2014). (Periodic boundary conditions are conditions under which the structure of the simulation 423 

box repeats infinitely, which means that when a particle crosses the boundary of the simulation 424 

box, it reappears on the other side with the same velocity (O’Sullivan, 2011; Thornton, 2000)). 425 

The influence of gravity was ignored in the simulations. 426 

 427 

The isotropic compression simulations had three phases: sample equilibration, pre-compression, 428 

and compression; a simulation flow chart is given in Fig. 5. The sample equilibration phase 429 

included NVE and NVT stages (adopting terminology common in the MD community). In an NVE 430 

simulation, the number of particles (N), the volume of the virtual sample (V), and the total energy 431 

in the sample (E) are constants of the simulation; this simulation enabled a check on energy 432 

conservation. In the NVT simulation, N, V, and the kinetic temperature (T) of the virtual sample 433 

are preserved; this stage was performed at a kinetic temperature of 300 K. After the NVT, a 434 

second NVE was performed to confirm the energy equilibration of the virtual sample. Figures 6(a) 435 

and 6(b) show the virtual CGMD simulation samples after the sample equilibration phase used in 436 
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S-EB and S-PR, respectively. At this stage the particle assembly can be considered a virtual slurry 437 

or suspension (with a void ratio of 19.6).  438 

 439 

Compression was achieved via an NPT simulation in which N is constant and both the pressure 440 

(P) applied to the virtual sample and its temperature (T) are preserved/controlled. Bandera et al. 441 

(2021) discussed the need to consider strain rate in this type of simulation. Preliminary simulations 442 

showed that in the initial compression of the very low-density virtual samples, a very slow 443 

compression speed must be employed to maintain a constant temperature (here temperature is 444 

used to quantify the particles’ average kinetic energy). Through a trial-and-error process, it was 445 

established that the best way to avoid high kinetic energies was to include a pre-compression 446 

phase, in which the target isotropic compression stress was 𝑝′=0.1 kPa. 447 

 448 

During pre-compression, the samples changed from ideal slurry to a slightly consolidated state.  449 

Figure. 7 shows the variations of the void ratio (𝑒) with the simulation time during pre-compression. 450 

The void ratio of 𝑒 = 19.6 for both simulation samples (S-PR and S-EB) reflects the fact that the 451 

initial state was an ideal virtual suspension in which the particles were sufficiently disperse that 452 

they did not interact. The void ratios converged to the constant values of 𝑒 = 1.04 for S-PR and 453 

𝑒 = 1.21 for S-EB at the end of pre-compression. This difference in the 𝑒 values for the two 454 

samples reflects the difference in the particle interactions at large surface-to-surface distances. 455 

The gradient of the energy-separation (𝑈 − ℎ12) relationship at separation distances greater than 456 

ℎeb is steeper for 𝑈EB than for 𝑈PR; this gradient determines the interaction force (𝐹 = −𝜕𝑈/𝜕ℎ12 457 

as noted above) and so the larger repulsive forces in the S-EB simulations led to a higher void 458 

ratio. 459 

 460 

As shown in Figs 6(c) and 6(d), following pre-compression, both virtual samples had a microfabric 461 

in which face-face association dominated while there was not significant edge-face association. 462 

The colour of the particles in Fig. 6 indicates the rotation angle with respect to the x-z plane so 463 

that groups of particles with similar colours indicate domains. The simulations do not appear to 464 

exhibit the orthogonal particles or orthogonal domains of particles (these would manifest as a blue 465 

domain in close proximity to a red domain, for example) that would indicate an edge-face fabric. 466 
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Referring to Sides & Barden (1971), this observed microfabric can be classified to the turbostratic 467 

microfabric which is one of the dispersed microfabrics. This dispersed microfabric formation is 468 

consistent with the SEM images of kaolinite samples after sedimentation in alkaline water (Liu et 469 

al., 2015; Shabanian & Ouria, 2022; Wang & Siu, 2006a; Zhang et al., 2008).  Figures 6(c) and 470 

6(d) indicate that both domains (groups of particles which are approximately parallel) and stacks 471 

(groups of perfectly orientated platelets in face-face contact) form (using the terminology 472 

explained in Sides & Barden (1971) and Cotecchia & Chandler (1997)). Consequently, a 473 

heterogeneity in the microfabric has emerged from the simulations, even though the stress state 474 

is isotropic, and all particles have the same properties. However, a review of the surface-to-475 

surface distance data at the end of pre-compression showed that almost all interactions were 476 

outside the energy barrier and not bonded each other, i.e. stable aggregates did not form.  477 

 478 

Figure 8 shows that polar histograms of particle orientations in the x-z plane at the beginning (see 479 

Figs 8(a) and (b)) and the end (see Figs 8(c) and 8(d)) of pre-compression. Although particle 480 

orientations remain relatively isotropic during pre-compression, certain changes in particle 481 

orientations can be seen in both simulations (the polar histograms changed from a perfect semi-482 

circle to a slightly distorted semi-circle). This means that particle rotations and particle 483 

rearrangements occurred during this phase.  484 

 485 

Loading – Unloading – Reloading Simulations 486 

The main compression phase included loading, unloading and reloading simulations. In the 487 

loading simulations, the mean effective stress 𝑝′  increased from 0.1 kPa to 500 kPa. The 488 

unloading simulations started from five different 𝑝′ values (100, 200, 300, 400, and 500 kPa), 489 

reducing 𝑝′ to 10 kPa in each case. Hence, following the unloading simulations, each virtual 490 

sample had a different over-consolidation ratio. In the reloading simulation, 𝑝′ was increased from 491 

10 kPa to 500 kPa for the virtual sample in which previously 𝑝′ had been reduced from 200 kPa 492 

to 10 kPa, i.e. the pre-consolidation stress was 200 kPa.  493 

 494 

In the compression phase, a small timestep, Δt=1.0×10−10 s was used to meet the critical timestep 495 

condition (O’Sullivan, 2011) for numerical stability. Two compression speeds, 2.0 × 104 kPa/s for 496 
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the loading and reloading simulations and -2.0 × 105 kPa/s for the unloading simulation, were 497 

used following Bandera et al. (2021) to maintain a quasi-static condition. In all simulations, 498 

temperature and kinetic energy in the system remained constant, confirming that a quasi-static 499 

state was achieved. While fully saturated kaolinite was simulated, pore-water was not directly 500 

modelled and its flow was not considered, i.e. a fully drained compression is assumed. 501 

 502 

Figures 9(a) and 9(b) show the results of the loading and unloading simulations in 𝑒 −  𝑙𝑜𝑔 𝑝′ 503 

space for samples S-PR and S-EB respectively. Table 3 gives the compression indexes (𝐶c) and 504 

swelling indexes (𝐶s). The additional subscripts in Table 3 indicate the interval of mean effective 505 

stress over which they were calculated; for example, 𝐶c,10−500  was calculated by linearly 506 

interpolating between the data for  𝑝′ = 10 kPa and 𝑝′ = 500 kPa on the loading curve.    507 

 508 

In the S-PR simulations (see Fig. 9(a)), which capture neither the energy barrier nor the energy 509 

well in the potential function, the loading curve and the five unloading curves follow almost the 510 

same path. The 𝐶c and 𝐶s values given in Table 3 for S-PR are very similar. Hence, the observed 511 

response is almost completely elastic and reversible. It differs considerably from the physical 512 

behaviour of kaolinite. The emergent compressive response in Fig. 9(a) differs from the data 513 

presented in Bandera et al. (2021) because the Levenberg–Marquardt optimization approach 514 

used here to calibrate the potential function parameters differs from the trial-and-error calibration 515 

technique used in Bandera et al. 2021). In S-EB (see Fig. 9(b)), which considers both the energy 516 

barrier and the energy well, the loading curve and five unloading curves are distinct. The 𝐶s values 517 

for the S-EB in Table 3 are consistently smaller than the corresponding 𝐶c values, i.e. the stiffness 518 

during unloading exceeded that during loading. This material response agrees with the 519 

conventional understanding of the response of initially normally consolidated clay during loading 520 

and unloading. Taken together the simulation results in Figs 9(a) and 9(b) confirm that the non-521 

monotonic particle interaction characterized by the energy barrier and the energy well contributes 522 

to the irreversible behaviour of clay. 523 

 524 

Available experimental data indicate slightly higher 𝐶𝐶 values than obtained here, i.e. 𝐶𝐶=0.19-525 

0.30 (Hattab, 2011; Lambe & Whitman, 1969; Pedrotti & Tarantino, 2018; Wang & Siu, 2006a) 526 
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and similar 𝐶𝑠 values to those obtained here for S-PR, i.e. 𝐶𝑠 =0.03-0.08 (Hattab & Hicher, 2004; 527 

Pedrotti & Tarantino, 2018). Additional simulations in Nakamichi (2025) gave 𝐶𝐶  similar values in 528 

1-D compression. The DLVO parameters used were not tuned by a macro-scale calibration, and 529 

so the differences must be a consequence of the inherent model simplifications (all particles have 530 

the same surface energy and the same size). The 𝐶c  and 𝐶s  values reduced with increasing 531 

consolidation stress, i.e. the slope of the 𝑒 − log 𝑝′ curve reduces with increasing pressure and 532 

the compression curve has a slight upward concavity. While Di Maio et al. (2004) and Chong & 533 

Santamarina (2016) reported this phenomenon for some clay mineralogies, it is not apparent in 534 

the kaolinite data in Di Maio et al. (2004).  The data in Pedrotti & Tarantino (2018) indicate a 535 

reducing 𝐶c only when the pore fluid is acidic (i.e. pH=4); for their alkaline samples the 𝑒 − log 𝜎𝑣
′ 536 

curve is almost linear. Simulations in Nakamichi (2025) showed that this response geometry is 537 

insensitive to inter-particle friction or the assumed pH. It is known that the slope of the 𝑒 − log 𝑝’ 538 

relationship in sand increases when there is sand particle crushing (e.g. Cheng et al., 2003), and 539 

so it may be that a more advanced model capable of capturing particle crushing or domain 540 

crushing/compression is required to get a compression curve with a more realistic shape. What 541 

is noteworthy in the simulations is not the quantitative comparison with experimental data, but the 542 

ability of the materials to undergo irreversible volumetric compression and reproduce a situation 543 

where 𝐶𝑠< 𝐶𝐶.   544 

 545 

Figure 10 presents histograms of the surface-to-surface distances between interacting particle 546 

pairs and their fitting curves obtained using the kernel density estimation (KDE) for S-PR. In the 547 

loading simulation (see Fig. 10(a)), the number of interactions that exist at around ℎ12 = 0 548 

increases as 𝑝′ increases. Correspondingly, the maximum value of the KDE curve approaches 549 

ℎ12 = 0 as 𝑝′ increases. The distributions of the surface-to-surface distances are similar following 550 

all the simulations of unloading (see Fig. 10(b)). In each case, despite the different pre-551 

consolidation stresses, the KDE curve attains a maximum value at ℎ12 ≈  49  nm. This can be 552 

explained by the monotonic shape of the PR potential.  553 

 554 

For the S-EB potential, Fig. 11(a) indicates that as 𝑝′ increases during the loading simulation, the 555 

number of interactions with ℎ12 < ℎeb, i.e. the number of interactions that are inside the energy 556 
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barrier, increases. At the end of the unloading simulations (see Fig. 11(b)), while the maximum 557 

value of the KDE curve shift occurs at a larger ℎ12 value than was the case before unloading, the 558 

number of interactions that have exceeded the energy barrier does not significantly change. The 559 

particle pairs that overcame the energy barrier during the loading simulation were effectively 560 

physically bonded or trapped in an attractive interaction that persisted during unloading. These 561 

interactions remain stuck in the energy well throughout unloading as the energy barrier cannot be 562 

overcome. This particle-scale response explains the irreversible mechanical response between 563 

during the loading and unloading simulations. 564 

 565 

Figures 5(c) to 5(f) and Figs. 8(c) to 8(f) show for both S-PR and S-EB that particle orientations 566 

did not change significantly during initial loading. This is consistent with the experimental 567 

observations of kaolinite sample prepared with alkaline pore water (Pedrotti & Tarantino, 2018; 568 

Wang & Siu, 2006a). 569 

 570 

As detailed above, evidence gained via SEM imaging indicates that formation of stacks of 571 

platelets is important for the mechanical behaviour of clay during consolidation. A stack is defined 572 

as a band of groups of particles at face-face contact, hence, it is important to identify face-face 573 

contacts. Referring to Ebrahimi et al. (2014) and Bandera et al. (2021), face-face contact was 574 

defined here using the following two geometrical criteria (i) the surface-to-surface distance is less 575 

than the energy barrier position (i.e. ℎ12 < ℎ𝑒𝑏) and (ii) the absolute value of dot product of the 576 

normal vectors of the two particles is greater than 0.95. These criteria were applied to S-EB and 577 

S-PR assuming that the energy barrier position was the same although the PR potential does not 578 

have the energy barrier (i.e. ℎ𝑒𝑏 = 4.61 nm was used for both S-PR and S-EB). Figure 12 gives 579 

the face-face contact coordination number which is the total number of face-face contacts divided 580 

by twice the number of particles in the simulation box. During initial loading, both simulations show 581 

the same trend: as the mean effective stress increases, the face-face coordination number 582 

increases. This means that many particles form new stacks or join existing stacks as the external 583 

pressure increases. During unloading in S-PR the face-face coordination number decreases 584 

through the same pathway as the initial loading when the mean effective stress is released. In 585 

other words, the stack is not maintained and falls apart again during unloading. On the other hand, 586 
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in S-EB, the face-face coordination number does not decrease during unloading although the 587 

mean effective stress decreases, which means that stacks are maintained. One might expect 588 

more stacks to form in 1-D compression rather than in the isotropic compression scenario 589 

considered here. 590 

 591 

Reloading simulation 592 

As expected, preliminary reloading for S-PR simulations showed almost the same response as 593 

that of its loading simulation. Hence, only the reloading simulation results for the S-EB simulations 594 

are presented in Fig. 13; these data are for the S-EB virtual sample that had previously been 595 

unloaded from 200 kPa to 10 kPa. During reloading, the sample was isotropically loaded from 10 596 

kPa to 500 kPa so that at the start of loading, its pre-consolidation pressure, 𝑝c
′  was 200 kPa. 597 

Data for the loading simulation (from 0.1 kPa to 500 kPa) and the unloading simulation (from 200 598 

kPa to 10 kPa) are also presented on Fig. 13. As long as 𝑝′ remained smaller than the pre-599 

consolidation stress (i.e. 𝑝′  < 𝑝c
′ ), the reloading and unloading simulation curves completely 600 

overlapped, indicating an elastic and reversible mechanical response. In physical clay samples 601 

hysteresis may be evident (e.g. Burland, 1990); the lack of hysteresis here is likely a consequence 602 

of the sample homogeneity and the absence of a dissipating parameter such a friction. However, 603 

once  𝑝′ > 𝑝c
′ , the reloading simulation curve follows the same path as the loading simulation 604 

curve. This mechanical response of the virtual sample upon the reloading simulation is very 605 

similar to the consolidation behaviour that an over-consolidated clay sample exhibits before and 606 

after pre-consolidation stress in a laboratory consolidation test. This difference in the observed 607 

mechanical response during loading and reloading indicates a stress-history dependence that is 608 

a key feature of clay behaviour. Data on Fig. 14 show that the number of interactions exceeding 609 

the energy barrier, 𝑁eb (see Fig. 14(a)), and the proportion of interactions, 𝑁eb/𝑁𝑡 (see Fig. 14(b)) 610 

(𝑁𝑡 is the total number of interactions) increases with increasing 𝑝′ during loading, while, during 611 

unloading, 𝑁eb  remains almost constant, reflecting the interactions that became stuck in the 612 

energy well, as explained above. During reloading, while 𝑝′ < 𝑝c
′  (i.e. so long as the sample 613 

remains over-consolidated), 𝑁eb  remains almost constant, which indicates that the energy 614 

provided by the applied stress is insufficient to generate new interactions that overcome the 615 

energy barrier. However, once 𝑝′ > 𝑝c
′  (i.e. the sample can be considered normally consolidated), 616 

Auto-generated PDF by ReView Géotechnique
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𝑁eb increases with increasing 𝑝′ as the applied stress to the virtual sample is sufficient to generate 617 

new interactions/transform existing interactions to overcome the energy barrier. 618 

 619 

Influence of height of energy barrier 620 

Based upon the data presented above, it can be expected that a kaolinite sample with particle 621 

interactions that have a lower energy barrier height (𝑈eb
max) will exhibit more distinct behaviours in 622 

loading and unloading as more particles will cross the energy barrier. It is also important to include 623 

a parametric study on energy barrier height given the known limitations of the DLVO framework 624 

adopted here. To explore the sensitivity to the energy barrier height, isotropic compression 625 

simulations were performed using the EB potential functions with 𝑈eb
max values that were 50% and 626 

25% of the 𝑈eb
max predicted from DLVO theory, as shown in Fig. 15. The depths of the energy wells 627 

(𝑈ew
min) also differed from the original EB potential function. These simulations are parametric 628 

studies to examine the influence of the height of the energy barrier, hence, no specific salt 629 

concentration was assumed although pH=8 was assumed. However, in a physical experiment, 630 

lower energy barriers could be achieved by reducing the electrostatic repulsive force by increasing 631 

salt concentration (see Fig. 2) (Masliyah & Bhattacharjee, 2005). Here the 𝑈eb
max  values were 632 

adjusted by changing the energy scale parameters, 𝐴, 𝐵 and 𝐶 that were 50%, and 25% of the 633 

original values shown in Table 2. The remaining parameters adopted are given in Table 2. These 634 

simulations were conducted by following the loading and unloading protocol for S-EB simulations 635 

with a maximum 𝑝′ of 100 kPa in loading simulation and subsequent unloading 100 kPa to 10 kPa.  636 

 637 

Figure 16 shows the 𝑒 −  𝑙𝑜𝑔 𝑝′  relationship for virtual samples with different energy barrier 638 

heights, and Table 4 shows the compression and swelling Indexes (i.e. 𝐶c and 𝐶s) calculated by 639 

linear interpolation between  𝑝′ = 10 kPa and 𝑝′ =100 kPa. During loading, a higher 𝑈eb
max gives a 640 

larger 𝐶c. This may be explained by the fact that the initial 𝑒 increases with increasing 𝑈eb
max (see 641 

Fig. 16). The virtual sample with a higher 𝑈eb
max also has a larger 𝐶s, which means that the virtual 642 

sample with a higher 𝑈eb
max shows a larger volumetric change (rebound behaviour) upon unloading. 643 

The data on Table 4 show that 𝐶s/𝐶c increases with increasing 𝑈eb
max ; a lower 𝐶s/𝐶c  means a 644 

larger difference in the mechanical response considering loading and unloading.  645 
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 646 

The histograms of ℎ12 at 𝑝′ = 100 kPa (end of loading) presented in Fig. 17 show that the number 647 

of interactions exceeding the energy barrier increases with reducing 𝑈eb
max ; because as 𝑈eb

max ;   648 

reduces, the energy barrier can be exceeded with less energy/less applied compressive stress. 649 

As explained before, the number of the particle interactions that overcome the energy barrier is 650 

directly related to the mechanical response of clay. Hence, the different mechanical responses 651 

exhibited by the virtual samples with energy barrier heights were likely caused by different 652 

numbers of interactions overcoming the energy barrier. 653 

 654 

Conclusions 655 

This contribution has used coarse-grained molecular dynamics (CGMD) of systems of more than 656 

100,000 particles to explore the relationship between the particle interactions and the overall 657 

mechanical response of kaolinite. The simulations assumed a specific pore water condition with 658 

pH=8 (alkaline) and a salt (KCl) concentration=1 mM and that DLVO theory can give a reasonable 659 

model of kaolinite particle interactions.   660 

 661 

The following conclusions can be drawn from the study: 662 

1. The Gay-Berne potential function can be taken as a basis to develop potential functions 663 

to simulate kaolinite particles in CGMD simulations. Addition or removal of terms allows 664 

features including the energy barrier, the energy well and Born repulsion to be simulated 665 

as well as an exploration of the sensitivity of the macro-scale response to assumptions 666 

about the clay particle interactions. Invoking the Levenberg–Marquardt (mini-max) 667 

algorithm can enable calibration of the potential functions to obtain a reasonably close 668 

match to interactions predicted using the DLVO theory. This modelling approach can be 669 

further extended to consider more complex scenarios (e.g. multiple energy 670 

barriers/energy wells). 671 

2. As clay particles approach each other, the potential energy of their interaction increases, 672 

creating a repulsive force between them until they reach an energy barrier. Simulations 673 

that captured both the energy barrier and energy well indicated that for stress levels of 674 

interest in geotechnical engineering the applied pressure can generate enough 675 
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interparticle energy/force at the particle scale to overcome this energy barrier, the 676 

interaction becomes strongly attractive and clay particles are physically bonded together. 677 

Therefore, they remain bonded when the compressive pressure is reduced, although a 678 

loading scenario that generates inter-particle tensile or shear forces may disaggregate 679 

them. The presence of these bonded particles contributes to the dramatic and irreversible 680 

changes in the mechanical response of a clay sample, resulting in the experimentally 681 

observed differences in stiffness between normally- and over-consolidated clays. 682 

3. While the model developed here is linked to DLVO theory and only one clay mineral was 683 

considered, numerous other data available in the literature also indicate a non-monotonic 684 

energy-separation relationship with sometimes with multiple energy barriers and energy 685 

wells. Consequently, despite the ideal nature of the model presented here and 686 

consideration of only one mineralogy, the findings and research approach are likely to be 687 

transferrable to other clay mineralogies and other pore water chemistries.    688 

 689 

Limitations of this study contribution which may provide ideas for future research include the 690 

following: 691 

1. While the influence of the height of the energy barrier was considered here, the study did 692 

not fully explore the sensitivity of microfabric formation or macroscale mechanical 693 

behaviour to pore water chemistry.  It is possible to have clay particle interactions without 694 

an energy barrier, the energy well can be a weak repulsion rather than an attraction, or 695 

the presence of an energy barrier may depend on the orientation of the particles. If the 696 

energy barrier disappears completely, the hypothesis put forward here is not applicable. 697 

In these cases, the mechanisms of particle rotation and particle rearrangement revealed 698 

in the SEM images are likely the key contributors to the irreversible compressive 699 

behaviour of clay. 700 

2. The current model presented here has looked only at isotropic compression. Additional 701 

simulations and analyses are required to examine the possibility for the bonds formed to 702 

be broken in shear deformation as might be applied in a mechanical remoulding.   703 

3. The current model has a number of idealizations (e.g. uniform surface properties, mono-704 

disperse particle sizes, geometrical idealization, and a relatively simple interaction model).  705 
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Further development of the model is needed to give more realistic 𝐶c  values that 706 

increases with increasing pressure, hysteresis in unloading/reloading, etc. However, 707 

despite the simplicity of the model the data presented here provide some novel insight 708 

that should ultimately lead to models of clay macro-behaviour that are informed by micro-709 

mechanics. 710 
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Appendix 977 

 978 

This appendix details the calculation of ℎ12, 𝜒12 and 𝜂12. 979 

ℎ12 = 𝑟12 − 𝜎12 (A.1) 

And 980 

𝜎12 = [
1

2
𝐫̂12

𝑇 𝐆12
𝑇 𝐫̂12]

−1/2

 (A.2) 

where ℎ12 is the surface-to-surface distance between two ellipsoids, 𝑟12 is the centre-to-centre 981 

distance between two ellipsoids and 𝐫̂12 is the unit vector of 𝐫12 which is the centre-to-centre 982 

vector between two ellipsoids. 𝐆12 is expressed using the transformation matrix from simulation 983 

box frame to body frame, 𝐀𝑖 and the shape matrices, 𝐒𝑖, given by each radius of the ellipsoid i, 984 

i.e. 𝐒𝑖 = 𝑑𝑖𝑎𝑔(𝑎𝑖 , 𝑏𝑖 , 𝑐𝑖). 985 

𝐆12 = 𝐀1
𝑇𝐒1𝐀1 + 𝐀2

𝑇𝑺2𝐀2 = 𝐆2 + 𝐆1 (A.3) 

𝜂12 in Eq. (4) is a parameter related to shape anisotropy that depends on the relative orientation 986 

of the two ellipsoids and given by: 987 

𝜂12 = [
2𝑠1𝑠2

det(𝐆12)
]

𝜐/2

 (A.4) 

And 988 

𝑠𝑖 = [𝑎𝑖𝑏𝑖 + 𝑐𝑖𝑐𝑖  ][𝑎𝑖𝑏𝑖]1/2 (A.5) 

where 𝜐 is a user-specified parameter, usually 𝜐 =1. 989 

 990 

𝜒12 is a parameter related to energy anisotropy based on the depth of the energy well and is 991 

given by: 992 

𝜒12 = [2𝐫̂12
𝑇 𝐁12

−1𝐫̂12]𝜇 (A.6) 

And 993 

𝐁12 = 𝐀1
𝑇𝐔1𝐀1 + 𝐀2

𝑇𝐔2𝐀2 = 𝐁2 + 𝐁1 (A.7) 

 994 

where 𝐔𝑖 = 𝑑𝑖𝑎𝑔(𝜖𝑖𝑎 , 𝜖𝑖𝑏 , 𝜖𝑖𝑐)  is the energy matrix which is defined by determining 𝜖𝑖𝑎, 𝜖𝑖𝑏 , 𝜖𝑖𝑐 995 

based on the depth of the energy well in the face-face and edge-edge configurations. 𝜇 is the 996 

user-specified parameter, usually 𝜇 =2.  997 
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Figure captions  998 

 999 

Figure 1. Idealised interaction between two kaolinite particles (a) interaction energy and (b) 1000 

interaction force adopted by Lu et al. (2008). 1001 

Figure 2. Schematic diagram of interaction energy-separation distance profile for double-layer 1002 

repulsion, van der Waals attraction, and net DLVO energy (modified from Israelachvili, 2011; 1003 

Masliyah & Bhattacharjee, 2005). 1004 

Figure 3. Calibrated PR (purely repulsive) potential (𝑈PR) compared with DLVO-generated data 1005 

for face-face and edge-edge configurations for ellipsoids 2,000 nm in diameter and 200 nm thick. 1006 

Figure 4. Calibrated EB (energy barrier) potential (𝑈EB) compared with DLVO-generated data for 1007 

face-face and edge-edge configurations for ellipsoids 2,000 nm in diameter and 200 nm thick. 1008 

Figure 5. Workflow of isotropic compression simulation. 1009 

Figure 6. Illustrations of virtual samples (103,823 particles). Left hand column gives images from 1010 

simulations using the purely repulsive potential function, 𝑈PR, while the right hand column gives 1011 

images simulations using the energy barrier potential function, 𝑈EB: (a) and (b) illustrate the initial 1012 

configuration before the pre-compression phase (𝑝′ = 0.1 kPa), (c) and (d) illustrate the virtual 1013 

samples after the pre-compression phase, and (e) and (f) illustrate the samples after compression 1014 

to 𝑝′ = 500 kPa . The colour scaling indicates the orientation of the vectors normal to the particle 1015 

principal planes in the x-z plane. These orientations are determined by projecting the vectors onto 1016 

the x-z plane. 1017 

Figure 7. Variation in void ratio with simulation time during pre-compression from an initial 1018 

disperse cloud of non-contacting particles to a pressure of 𝑝′ =  0.1 kPa. 1019 

Figure 8. Polar histogram of the orientation of the vectors normal to the particle principal planes 1020 

in the x-z plane. These orientations are determined by projecting the vectors onto the x-z plane: 1021 

(a) and (b) before pre-compression phase, (c) and (d) after pre-compression phase, and (e) and 1022 

(f) after initial compression. 1023 

Figure 9. Results of simulations of initial loading and unloading using (a) the purely repulsive 1024 

potential function (𝑈PR), i.e. S-PR; (b) the energy barrier potential (𝑈EB), i.e. S-EB. 1025 

Figure 10. Histograms of surface-to-surface distance in S-PR during (a) loading simulation; (b) 1026 

unloading simulations. 1027 
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Figure 11. Histograms of surface-to-surface distance in S-EB during (a) loading simulation; (b) 1028 

unloading simulations (note change in limit on vertical axis). 1029 

Figure 12. Variation in the face-to-face contact coordination number for (a) S-PR and (b) S-EB. 1030 

Figure 13. Numerical results of simulations during reloading simulation. 1031 

Figure 14. (a) Relationship between number of interactions exceeding the energy barrier and 1032 

mean effective stress; (b) its proportion of interactions. 1033 

Figure 15. Comparison of potential functions with different energy barrier heights. 1034 

Figure 16. Numerical results for virtual samples with different energy barrier heights during loading 1035 

and unloading. 1036 

Figure 17. Histograms of surface-to-surface distance at 100 kPa (end of initial loading) for (a) 1037 

100 % of height of original energy barrier, (b) 50 % of height of original energy barrier and (c) 1038 

25 % of height of original energy barrier. 1039 

 1040 

Table 1. DLVO parameters (see Eqs (2) and (3)) for the kaolinite particle saturated by the pore 1041 

water with pH = 8 and salt concentration = 1 mM (developed with reference to Gupta (2011)). 1042 

Table 2. Calibrated parameters for 𝑈𝑃𝑅 and 𝑈𝐸𝐵. 1043 

Table 3. Compression and swelling indexes (Cc and Cs) in loading and unloading simulations. 1044 

Table 4. Compression and swelling indexes for EB potentials with different heights of energy 1045 

barrier. 1046 

1047 
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Table 1. DLVO parameters (see Eqs (2) and (3)) for the kaolinite particle saturated by the pore 1048 

water with pH = 8 and salt concentration = 1 mM (developed with reference to Gupta (2011)). 1049 

DLVO parameter 
face-face 

configuration 
edge-edge 

configuration 

𝐴𝐻 J 2.08×10-20 2.37×10-20 

𝛿1 =  𝛿2 nm 200 2000 

𝜀𝑟  78 78 

𝜖0 F/m 8.854×10-12 8.854×10-12 

1/𝜅 nm 9.6 9.6 

𝜓1 mV -67.05 -219.97 

𝜓2 mV -55.27 -219.97 

 1050 

  1051 
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Table 2. Calibrated parameters for 𝑈𝑃𝑅 and 𝑈𝐸𝐵. 1052 

𝑈𝐺𝐵 𝑈𝑃𝑅 𝑈𝐸𝐵 

𝛾  0.572 1.0 

𝜀 J 2.98×10-21 － 

𝜎 nm 199.6 846.8 

𝜖𝑖𝑎 = 𝜖𝑖𝑏  63.45 3.45 

𝜖𝑖𝑐  23.74 1.0 

𝑎𝑖 = 𝑏𝑖 nm 1000 1000 

𝑐𝑖 nm 100 100 

𝐴 J － 8.25×10-16 

𝐵 J － 1.65×10-15 

𝐶 J － 8.25×10-16 

𝑘 J/nm2 － 3.13×10-21 

𝑚 J/nm － 0.0 

𝑛 J － -6.17×10-17 

  1053 
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Table 3. Compression and swelling indexes (Cc and Cs) in loading and unloading simulations. 1054 

 
Compression Index: Cc 

Cc, 10-100 Cc, 10-200 Cc, 10-300 Cc, 10-400 Cc, 10-500 

S-EB 0.0964 0.0915 0.0894 0.0877 0.0859 

S-PR 0.1066 0.1041 0.1029 0.1020 0.1011 

 

 Swelling Index: Cs 

Cs, 10-100 Cs, 10-200 Cs, 10-300 Cs, 10-400 Cs, 10-500 

S-EB 0.0736 0.0558 0.0414 0.0305 0.0201 

S-PR 0.0986 0.0965 0.0952 0.0946 0.0941 

  1055 
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Table 4. Compression and swelling indexes for EB potentials with different heights of energy 1056 

barrier. 1057 

Case ID 
Compression Index: Cc Swelling Index: Cs 

𝐶s/𝐶c 
Cc, 10-100 Cs, 10-100 

100% 0.0964 0.0736 0.763  

50% 0.0848 0.0503 0.593  

25% 0.0789 0.0218 0.276  

 1058 

  1059 
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 1060 

Fig. 1. Idealised interaction between two kaolinite particles (a) interaction energy and (b) 1061 

interaction force adopted by Lu et al. (2008).  1062 
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GEOT-2023-193R2Manu010825.docxMainDocument ICE Review Copy Only 50



43 
 

 1063 

Fig. 2 Schematic diagram of interaction energy-separation distance profile for double-layer 1064 

repulsion, van der Waals attraction, and net DLVO energy (modified from Israelachvili, 2011; 1065 

Masliyah & Bhattacharjee, 2005). 1066 

  1067 
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 1068 

Fig. 3. Calibrated PR (purely repulsive) potential (𝑈PR) compared with DLVO-generated data for 1069 

face-face and edge-edge configurations for ellipsoids 2,000 nm in diameter and 200 nm thick.  1070 
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 1071 

Fig. 4. Calibrated EB (energy barrier) potential (𝑈EB) compared with DLVO-generated data for 1072 

face-face and edge-edge configurations for ellipsoids 2,000 nm in diameter and 200 nm thick.  1073 
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 1074 

Fig. 5. Workflow of isotropic compression simulation   1075 
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 1076 

Fig. 6. Illustrations of virtual samples (103,823 particles). Left hand column gives images from 1077 

simulations using the purely repulsive potential function, 𝑈PR, while the right hand column gives 1078 

images simulations using the energy barrier potential function, 𝑈EB: (a) and (b) illustrate the initial 1079 

configuration before the pre-compression phase (𝑝′ = 0.1 kPa), (c) and (d) illustrate the virtual 1080 

samples after the pre-compression phase, and (e) and (f) illustrate the samples after compression 1081 

to 𝑝′ = 500 kPa . The colour scaling indicates the orientation of the vectors normal to the particle 1082 

principal planes in the x-z plane. These orientations are determined by projecting the vectors onto 1083 

the x-z plane.  1084 
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 1085 

Fig. 7. Variation in void ratio with simulation time during pre-compression from an initial disperse 1086 

cloud of non-contacting particles to a pressure of 𝑝′ =  0.1 kPa. 1087 

  1088 
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 1089 

 1090 

Fig. 8. Polar histogram of the orientation of the vectors normal to the particle principal planes in 1091 

the x-z plane. These orientations are determined by projecting the vectors onto the x-z plane: (a) 1092 

and (b) before pre-compression phase, (c) and (d) after pre-compression phase, and (e) and (f) 1093 

after initial compression. 1094 

  1095 
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 1096 

Fig. 9. Results of simulations of initial loading and unloading using (a) the purely repulsive 1097 

potential function (𝑈PR), i.e. S-PR; (b) the energy barrier potential (𝑈EB), i.e. S-EB.  1098 
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 1099 

Fig. 10. Histograms of surface-to-surface distance in S-PR during (a) loading simulation; (b) 1100 

unloading simulations.  1101 
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 1102 

Fig. 11. Histograms of surface-to-surface distance in S-EB during (a) loading simulation; (b) 1103 

unloading simulations (note change in limit on vertical axis).  1104 

Auto-generated PDF by ReView Géotechnique
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 1105 

Fig. 12. Variation in the face-to-face contact coordination number for (a) S-PR and (b) S-EB.  1106 
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 1107 

Fig. 13. Numerical results of simulations during reloading simulation. 1108 

  1109 
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 1110 

Fig. 14. (a) Relationship between number of interactions exceeding the energy barrier and 1111 

mean effective stress; (b) its proportion of interactions.   1112 
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 1113 

Fig. 15. Comparison of potential functions with different energy barrier heights.   1114 
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 1115 

Fig. 16. Numerical results for virtual samples with different energy barrier heights during loading 1116 

and unloading. 1117 

  1118 
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 1119 

Fig. 17. Histograms of surface-to-surface distance at 100 kPa (end of initial loading) for (a) 100 % 1120 

of height of original energy barrier, (b) 50 % of height of original energy barrier and (c) 25 % of 1121 

height of original energy barrier. 1122 

 1123 
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Table 1. DLVO parameters (see Eqs (2) and (3)) for the kaolinite particle saturated by the pore 1 

water with pH = 8 and salt concentration = 1 mM (developed with reference to Gupta (2011)). 2 

DLVO parameter 
face-face 

configuration 
edge-edge 

configuration 

𝐴𝐻 J 2.08×10-20 2.37×10-20 

𝛿1 =  𝛿2 nm 200 2000 

𝜀𝑟  78 78 

𝜖0 F/m 8.854×10-12 8.854×10-12 

1/𝜅 nm 9.6 9.6 

𝜓1 mV -67.05 -219.97 

𝜓2 mV -55.27 -219.97 

  3 
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Table 2. Calibrated parameters for 𝑈𝑃𝑅 and 𝑈𝐸𝐵 4 

𝑈𝐺𝐵 𝑈𝑃𝑅 𝑈𝐸𝐵 

𝛾  0.572 1.0 

𝜀 J 2.98×10-21 － 

𝜎 nm 199.6 846.8 

𝜖𝑖𝑎 = 𝜖𝑖𝑏  63.45 3.45 

𝜖𝑖𝑐  23.74 1.0 

𝑎𝑖 = 𝑏𝑖 nm 1000 1000 

𝑐𝑖 nm 100 100 

𝐴 J － 8.25×10-16 

𝐵 J － 1.65×10-15 

𝐶 J － 8.25×10-16 

𝑘 J/nm2 － 3.13×10-21 

𝑚 J/nm － 0.0 

𝑛 J － -6.17×10-17 

  5 
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Table 3. Compression and swelling indexes (Cc and Cs) in loading and unloading simulations 6 

 
Compression Index: Cc 

Cc, 10-100 Cc, 10-200 Cc, 10-300 Cc, 10-400 Cc, 10-500 

S-EB 0.0964 0.0915 0.0894 0.0877 0.0859 

S-PR 0.1066 0.1041 0.1029 0.1020 0.1011 

 

 Swelling Index: Cs 

Cs, 10-100 Cs, 10-200 Cs, 10-300 Cs, 10-400 Cs, 10-500 

S-EB 0.0736 0.0558 0.0414 0.0305 0.0201 

S-PR 0.0986 0.0965 0.0952 0.0946 0.0941 

  7 
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Table 4. Compression and swelling indexes for EB potentials with different heights of energy 8 

barrier 9 

Case ID 
Compression Index: Cc Swelling Index: Cs 

𝐶s/𝐶c 
Cc, 10-100 Cs, 10-100 

100% 0.0964 0.0736 0.763  

50% 0.0848 0.0503 0.593  

25% 0.0789 0.0218 0.276  

 10 
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Fig3.tif Figure ICE Review Copy Only 74



Auto-generated PDF by ReView Géotechnique
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Fig8.tif Figure ICE Review Copy Only 79



Auto-generated PDF by ReView Géotechnique
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