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Abstract 14 

Coarse-grained molecular dynamics (CGMD) simulations can advance understanding of clay behaviour. In 15 

CGMD simulations the interactions between clay platelets are modelled and the data generated can be used to 16 

quantitatively link clay fabric to the overall material behaviour and examine its sensitivity to changes in the 17 

pore-fluid chemistry. A key element of a CGMD model is the potential function employed for particle 18 

interactions. One approach is to use Derjaguin-Landau-Verwey-Overbeek (DLVO) theory to calibrate the 19 

contact models; however, DLVO theory does not account for a frictional component in the interaction. This 20 

contribution shows that omitting a frictional force results in an unexpected overall system response. The 21 

conclusion is developed by considering CGMD data generated during one-dimensional compression tests of 22 

assemblies of 10,000 kaolinite particles modelled as flat ellipsoids. When the Gay-Berne potential function, 23 

calibrated against DLVO predictions, is used to simulate the interactions and inter-particle friction is not 24 

explicitly modelled, the resulting coefficient of earth pressure at rest 𝐾0 =
𝜎ℎ

′

𝜎𝑣
′⁄  is equal to 1. Furthermore, the 25 

packing density obtained in the CGMD is lower than that observed experimentally. Additional data generated 26 

using DEM simulations on assemblies of spherical particles demonstrate the sensitivity of 𝐾0 and packing 27 

density to the interparticle friction coefficient. Data presented here clearly support the need to explicitly 28 

consider a frictional-type component in particle interactions when simulating systems of clay platelets. 29 
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Introduction 32 

The engineering properties and rheological behaviour of clays are of great importance in geotechnical 33 

engineering. Particle-scale modelling techniques have recently been used to obtain insights into the response of 34 

clay minerals to external loads (e.g. Aminpour and Sjoblom, 2019; Bandera et al., 2021; de Bono and 35 

McDowell, 2023, 2022a, 2022b; Ebrahimi et al., 2014; Pagano et al., 2020; Sjoblom, 2016; Yao and 36 

Anandarajah, 2003). The interactions between clay particles are more complex than those between sand grains. 37 

The non-contact electrostatic and van der Waals forces are sufficiently large relative to the particle inertia that 38 

they control the particle interactions and hence the overall material behaviour. In particle-scale models of sand, 39 

which mainly use the discrete element method (DEM), the inter-particle coefficient of friction, 𝜇, is a key input 40 

parameter. However, in clay, where the non-contact interactions dominate, the relevance of explicitly 41 

accounting for friction in the contact model employed is not immediately or intuitively apparent. This 42 

contribution demonstrates that a particle-based model of clay, in which the particle units are clay platelets, and 43 

which does not include inter-particle frictional forces, predicts a non-physical response under stress controlled 44 

one-dimensional compression. Here we show that the model predicts a coefficient of lateral earth pressure of 45 

𝐾0 = 1.0. DEM simulations of assemblies of spherical particles are used here to support the argument in favour 46 

of including friction in this type of model. 47 

Background 48 

In soil mechanics research, particle-scale models of clay have been developed using both the discrete element 49 

method (DEM) and molecular dynamics (MD). The DEM algorithm as proposed by Cundall and Strack (1979) 50 

is now well established as a tool in geomechanics research. MD is a numerical modelling technique that is 51 

algorithmically very similar to DEM as detailed, for example, in Allen and Tildesley (2017) and Frenkel and 52 

Smit (2002). A key difference is that in MD the interactions are modelled using potential functions which 53 

describe the variation of the potential energy with separation distance, rather than the force-displacement models 54 

that are typically used in DEM. Arguably this difference is semantic as the force can be easily obtained as the 55 

derivative of the energy-separation relationship (e.g. Pagano et al., 2023). The use of MD to simulate the 56 

mechanical behaviour of assemblies of clay particles has been documented in Aminpour and Sjoblom (2019), 57 

Bandera et al. (2021), Ebrahimi et al. (2014), and Sjoblom (2016). In these contributions clay platelets are 58 

modelled either as three-dimensional ellipsoids interacting via the Gay-Berne (GB) potential (Gay and Berne, 59 

1981) as in Ebrahimi et al. (2014) and Bandera et al. (2021), or as assemblies of spheres whose interactions are 60 

modelled using the Lennard-Jones potential (Lennard-Jones, 1931) as in Sjoblom (2016) and Aminpour and 61 
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Sjoblom (2019). These MD models are termed “coarse-grained”, and denoted as CGMD, because the particles 62 

represent assemblies of molecules (in lieu of molecules or even atoms that might be considered in classical MD) 63 

and the potential functions describe the effective interactions between the particles rather than between the 64 

constitutent molecules.  65 

The GB potential, developed for ellipsoids, is a generalization of the Lennard-Jones potential. In both of these 66 

potentials the interaction energy is described in terms of the centre-to-centre distances between particles; the 67 

Gay-Berne potential also considers the particle orientation. However, neither potential function explicitly 68 

accounts for friction or a tangential interaction. Similarly,  DLVO theory (Derjaguin and Landau, 1941; Verwey 69 

and Overbeek, 1948), which was developed to describe the behaviour of colloidal systems and is now generally 70 

accepted in soil mechanics to describe the mechanical behaviour of clay, does not consider the contribution of 71 

any frictional component, as it only accounts for the van der Waals and electrostatic interactions. Previous MD 72 

studies on clay systems have not explicitly considered friction in their simulation. This can be seen in Table 1, 73 

which presents a summary of the contact models used in MD particle-scale simulations of clay. Tangential 74 

contact models employed and friction coefficient used in DEM clay studies are also included for completeness. 75 

Atomistic MD simulations have been used in fundamental studies of friction. For example Ringlein and Robbins 76 

(2004) investigated how the static friction develops from the potential energy of the atomic interactions using 77 

two-dimensional atomistic MD simulations by considering two walls of atoms interacting through a LJ 78 

potential. Rather than explicitly specifying a coefficient of friction, a frictional response emerged from these 79 

simulations. Ringlein and Robbins (2004) attributed static friction at the macroscopic scale to large 80 

rearrangements of atoms which force them into their energy minima and discussed various surface 81 

rearrangements to explain the available experimental evidence. They concluded that static friction depends on 82 

the surface geometry, the contact area, and on the rearrangement undergone by surface atoms; Göncü et al. 83 

(2009) indicated that sliding and rotation of particles play a role. Gao et al. (2004) documented 3D MD 84 

simulations that considered both solid surfaces and an inter surface lubricant; also in this research work the 85 

inter-molecule potentials they considered (documented in Gao et al. (1997)) do not include a friction parameter. 86 

Again, a frictional response emerged from these simulations and the data generated were used to conclude the 87 

validity of Amontons’ law (Amontons, 1699). Notably, none of these simulations consider coarse-grained 88 

particles but the molecular, atomistic nature of the system is explicitly described. 89 
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Experimental data to inform understanding of friction between clay platelets are lacking. It is challenging to 90 

accurately measure 𝜇 between two soil grains, which are characterised by small sizes. Contributions such as 91 

those by Mitchell and Soga (2005) highlighted the difficulty in defining the origin of friction between particles 92 

in fine-grained soils (i.e. clays), where inter-particle contacts are absent. Studies such as Gupta et al. (2011), 93 

Kumar et al. (2017) and Yesufu-Rufai et al. (2020) have demonstrated the potential to use AFM (atomic force 94 

microscopy) to study clay particle interactions, but we know of no AFM or SFA (surface force apparatus) data 95 

that can inform understanding of friction between clay particles. 96 

If friction is included in a DEM or MD model, the structure of the code used in the simulations becomes more 97 

complex as the tangential force has to be calculated by summing the tangential components of the incremental 98 

relative displacements in each time-increment following contact formation (e.g. Hanley et al., 2018; Keishing et 99 

al., 2020; O’Sullivan and Bray, 2004). This need for summation requires the history of the interaction to be 100 

stored, increasing the computational (memory) requirements to run a simulation and requiring modification of 101 

data structures. An important question is thus whether or not this frictional force is important for the correct 102 

macroscopic behaviour of the system to emerge. Intuitively, friction is a non-equilibium phenomenon and one 103 

can expect other non equilibrium quantities to be affected. However, it is not clear whether other mechanical 104 

equilibrium quantities will also be affected.  105 

Methodology and Results 106 

Coarse-grained molecular dynamics (CGMD) simulations 107 

The CGMD simulations discussed in this study followed the approach outlined in detail in Bandera et al. (2021). 108 

For completeness, key features are summarised here. Two virtual samples, Mono_1 and Poly_1, were 109 

considered. Mono_1 contains monodisperse ellipsoidal particles with an aspect ratio AR=10 and a major axis 110 

length (diameter) of 2 𝜇𝑚. Poly_1 contains a 1:1:1 (approximate) mixture of three particle types. The average 111 

diameter is the mean value in the range suggested by Santamarina et al. (2001); the two additional diameter 112 

values were taken as 20% above and 20 % below the average. Poly_1 contains particles with different 113 

dimensions but all having AR=10. As outlined in Bandera et al. (2021), the Gay-Berne model parameters were 114 

determined by calibration against the interaction energies predicted by the DLVO theory. Here we consider 115 

kaolinite saturated with a pore fluid having a pH=8 and a 1mM KCl concentration. In this scenario, only the 116 

long-range interactions were considered necessary for the calibration and a trial-and-error approach was used to 117 

select the parameters considering only the repulsive term of the Gay-Berne potential (Bandera et al., 2022, 118 

2021): 119 
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 120 

𝑈𝐺𝐵,𝑅𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒
𝑠𝑏 = 4𝜖 [(

𝜎

ℎ12 + 𝛾𝑠𝑏𝜎
)

12

] × 𝜂 × 𝜒 Eq. 1 

 121 

where 𝜖 [𝐽] is the energy scale, 𝜎 [𝑛𝑚] is the length scale, 𝛾𝑠𝑏[−] is a pair-wise dimensionless parameter used to 122 

shift the potential minimum and accounts for the particles’ finite radii, and ℎ12 [𝑛𝑚] is defined as the closest 123 

distance between the surfaces of two ellipsoidal particles. The dimensionless quantities 𝜂 and 𝜒 are the shape 124 

and energy anisotropies, respectively; they depend on the particle dimensions, on their relative orientation, and 125 

on the relative well-depth values, 𝜀𝑎, 𝜀𝑐, which are defined for face-face and edge-edge interactions for these 126 

monodisperse particles (for completeness, the equations employed to compute η and χ are given in Appendix A 127 

and described in more detail in Bandera (2022)). The DLVO prediction of the variation in potential energy with 128 

particle separation was obtained considering clay surface potential data from Gupta et al. (2011) and was 129 

visually compared with the GB prediction to select the optimal parameters listed in Table 2 and Table 3 for 130 

Mono_1 and Poly_1, respectively. The potential function detailed in Eq. 1 was implemented in a modified 131 

version of the open-source MD code LAMMPS (Bandera et al., 2022; Thompson et al., 2022). The systems of 132 

clay particles were assumed to be fully saturated and fully drained and the influence of pore water chemistry on 133 

interactions is accounted for via the potential function. Samples containing 10,000 kaolinite particles were 134 

created by placing randomly oriented ellipsoids on a simple cubic lattice; the centre-to-centre spacing between 135 

ellipsoids was larger than the particle diameter to avoid overlap. Periodic boundary conditions were used in all 136 

three directions. The initial generated sample had a cuboidal geometry with an aspect ratio of 4, so that 𝐿𝑥 =137 

𝐿𝑦 =
𝐿𝑧

4⁄  (Figure 1(a) shows Mono_1 at this point). Figure 1(b) shows the final specimen geometry (again for 138 

Mono_1); the particle arrangement is comparable with published SEM images for one-dimensionally 139 

compressed kaolinite samples saturated at high pH values (e.g. Pedrotti and Tarantino, 2018). 140 

Immediately after generation the specimens were almost gaseous, meaning that they had very low density, a 141 

very high void ratio (𝑒 ≈ 19.5) and there was little interaction amongst particles. The horizontal dimensions (𝑥 142 

and 𝑦 directions) of the simulation boxes remained fixed during the simulation. Quasi-static one-dimensional 143 

compression was simulated by linearly increasing the external pressure in the vertical (𝑧) direction to 100 𝑘𝑃𝑎 144 

in a NPT simulation where the kinetic temperature (𝑇) and the number of particles (𝑁) remained constant. The 145 

evolution of the sample geometry with increasing vertical pressure (i.e. vertical effective stress,𝜎𝑣
′) during 146 
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compression is illustrated in Figure 2 for the Mono_1 sample. Following Bandera et al. (2021), the simulations 147 

involved a series of equilibration stages prior to performing one-dimensional compression, as shown in Figure 3.  148 

For each sample, following generation, a NVE simulation, in which particles move and interact with each other 149 

while conserving energy (𝐸𝑀𝐷,𝑇𝑜𝑡) was performed. The initial configurations were artificial, and so, at the 150 

beginning of the NVE simulation, there were large forces between the particles. These resulting large 151 

accelerations and velocities meant that energy was not perfectly conserved for a  for a few time-steps at the 152 

beginning (Allen and Tildesley, 1987; Tuckerman, 2010). During this NVE simulation, the temperature (𝑇) 153 

calculated from the average of the particles’ kinetic energies increased to a high value, indicating that the system 154 

that had not yet reached thermal equilibrium. The sample in the non-equilibrated stage was then subjected to a 155 

NVT simulation in which its temperature was reduced to room temperature by applying a Nose’-Hoover 156 

thermostat (Shinoda et al., 2004) and the system was left to equilibrate until the temperature had stabilised.  157 

Both the kinetic temperature 𝑇 (which is linked to the kinetic energy of the particles) and the total energy 158 

(𝐸𝑇𝑜𝑡,𝑀𝐷) were monitored throughout the 1D compression as illustrated for the Mono_1 sample in Figure 4. 𝑇 159 

oscillated around the prescribed value of 300 K (Figure 4(a)) indicating that the simulation was stable, while, as 160 

expected, the energy increased with increasing pressure (Figure 4(b)). The observed variation in 𝑒 is plotted 161 

against log (𝜎𝑣
′) in Figure 5; the solid line indicates the Mono_1 sample, while the dashed line refers to the 162 

Poly_1 sample. At 100 kPa void ratio values for the Poly_1 sample are slightly smaller than those of the 163 

Mono_1 sample, as one would expect with increasing polydispersity (e.g. Youd (1973)). The small difference in 164 

void ratio values in comparison to what might be expected in comparing monodisperse and polydisperse 165 

packings can be attributed to the size-dependency of the potential-energy separation relationship (see data in 166 

Bandera et al. (2021)) and the very flat particle topology utilized. 167 

The average slope of the lines in Figure 5, gives a compression index (𝐶𝑐) computed as 𝐶𝑐 = ∆𝑒

log (
𝜎𝑣𝑓

′

𝜎𝑣0
′ )

⁄ . 168 

Considering the range of stresses between 𝜎𝑣0
′ = 10 𝑘𝑃𝑎 and 𝜎𝑣𝑓

′ = 100 𝑘𝑃𝑎  𝐶𝑐 ≈ 0.24 for Mono_1 and 𝐶𝑐 ≈169 

0.26 for Poly_1. These values are in reasonable agreement with the experimental data in Pedrotti and Tarantino 170 

(2018). In their experiments, Pedrotti and Tarantino considered kaolinite saturated with alkaline pore water with 171 

pH=9; their data give a 𝐶𝑐 ≈ 0.25 (computed from their published data over the same stress range considered 172 

here). The packing density of the virtual specimens, both at the beginning and at the end of 1D compression, is 173 

lower compared to that observed in experiments. Pedrotti and Tarantino reported void ratios of ~1.36 and 174 

~1.14 at 10 𝑘𝑃𝑎 and 100 𝑘𝑃𝑎 respectively. The void ratios are lower than those observed in Pedrotti and 175 
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Tarantino’s experiments. This may partly be due to differences in specimen generation, which are inevitable. 176 

However, the absence of friction likely contributes to the discrepancy. The data on Figure 9 clearly show that 177 

the void ratio increases as the coefficient of friction increases in the case of spherical particles. Furthermore de 178 

Bono and McDowell (2023) showed the dependency of inter-particle friction μ on the void ratio e of virtual 179 

kaolinite specimens generated using DEM. 180 

Figure 6 displays the rose diagrams of the initial and final particle orientations for Mono_1. As expected, the 181 

particle orientations are clearly aligned so that their minor semi-axis is in the direction of the deformation 182 

following one-dimensional compression; this is again in line with experimental observations of particle 183 

alignment in 1D compression tests using scanning electron microscopy (SEM) images (e.g. Pedrotti and 184 

Tarantino, 2018; Wang and Siu, 2006). The results presented in Figure 1 to Figure 6 indicate the model can 185 

describe reasonably well the behaviour of a kaolinite element tests subjected to 1D compression. However, 186 

when the (effective) stress tensor was computed, the following result was obtained: 187 

 188 

[

𝜎′𝑥𝑥 𝜎′𝑥𝑦 𝜎′𝑥𝑧

𝜎′𝑦𝑥 𝜎′𝑦𝑦 𝜎′𝑦𝑧

𝜎′𝑧𝑥 𝜎′𝑧𝑦 𝜎′𝑧𝑧

]=[
103,92 0.02 −0.13

0.02 104.4 0.07
−0.08 0.04 101,73

]  𝑘𝑃𝑎   Eq. 2 

 189 

These stress data emerged as an output from LAMMPS (which included both the virial and kinetic components) 190 

and were also confirmed in post processing that included an integration (summation) over each interaction such 191 

that 𝜎𝑖𝑗
′ =

1

𝑁
∑ 𝑓𝑖

𝑐𝑙𝑗
𝑐𝑁

𝑐=1  where 𝑁 is the total number of interactions, 𝑓𝑖
𝑐 is the force vector for interaction 𝑐, and 𝑙𝑗

𝑐 192 

is the branch vector connecting the centroids of the two ellipsoids that define interaction 𝑐 (see Bandera (2022)). 193 

The tensor in Eq. 2 clearly indicates that an almost isotropic stress state was obtained in the sample, in contrast 194 

to our expectations on soil behaviour. For example, Atkinson et al. (1987) give a value of 𝐾0 = 0.66 for 195 

normally consolidated kaolin. In fact, the stress indicated in Eq. 2 is very close to that which we would expect in 196 

a fluid where the pressure is the same in all directions irrespective of the orientation of the applied stress.  197 

Several studies performed in physics and material science have focussed on the behaviour of frictionless 198 

granular systems (i.e. Azéma et al., 2018; Ouaguenouni and Roux, 1997; Peyneau and Roux, 2008). Disordered 199 

assemblies of frictionless particles, i.e. without an ordered crystalline structures, can be seen as amorphous 200 

materials like suspensions or colloidal glasses (Azéma et al., 2018).  201 
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Figure 7 (a), (b) and (c) show 2D projections of the contacts on the 𝑥 − 𝑦 (a), 𝑥 − 𝑧 (b) and 𝑦 − 𝑧 (c) planes in 202 

the clay sample subjected to 1D compression at a stress level of 100 𝑘𝑃𝑎. Segments indicate the direction of the 203 

contacts, and their thickness is proportional to the force that develops. Figure 7 (d), (e) and (f) include rose 204 

diagrams showing the contact orientation at the end of the 1D compression. These rose diagrams are colour-205 

coded according to the magnitude of the force. As can be seen, and as it was expected, the force distribution is 206 

isotropic in the 𝑥 − 𝑦 plane, which is orthogonal to the load direction. On the other hand, Figure 7 (e) and (f) 207 

show that, while higher forces develop in the loading direction (i.e. vertical), a larger number of weaker contacts 208 

develop in the horizontal direction causing the isotropy of the stress tensor observed. In other words, since the 209 

box dimensions cannot change along the 𝑥 and 𝑦 directions, the particles rearrange themselves to increase the 210 

resulting stress in these directions. Similar results were also obtained for the Poly_1 sample and are summarised 211 

in Bandera (2022). 212 

Discrete Element Method (DEM) simulations of spherical particles 213 

Implementation of a GB-type potential that includes a frictional component is non-trivial because of the need to 214 

store the history of the interaction and this was beyond the scope of the current research. Therefore, to explore 215 

the hypothesis that a frictional component is needed to improve the model’s performance, we performed a series 216 

of DEM simulations of one-dimensional compression using samples containing approximately 5,000 spheres 217 

with a coefficient of uniformity 𝐶𝑢 = 1.2, and a mean particle diameter 𝐷50 = 1.2 𝑚𝑚 as shown in Figure 8. 218 

These simulations used a modified version of the Granular LAMMPS package; Huang (2014) and Otsubo 219 

(2016) documented validation of this code including its ability to capture the stress-dependent or frictional 220 

response of granular soils. 221 

As was the case in the CGMD simulations using the GB potential, periodic boundary conditions were employed 222 

in all three directions. A simplified Hertz-Mindlin contact model with a particle shear modulus 𝐺 = 29 𝐺𝑃𝑎 and 223 

a particle Poisson’s ratio of 𝜈 = 0.2 was employed. The DEM samples were prepared considering different 224 

friction coefficients ranging from 𝜇 = 1 × 10−3 to 𝜇 = 0.34  and were subjected to an isotropic compression to 225 

1 𝑘𝑃𝑎, followed by a quasi-static one-dimensional compression to 𝜎𝑣
′ = 100 𝑘𝑃𝑎. The initial sample aspect 226 

ratio was 1 and the final sample aspect ratio was close to 1. Figure 9 summarises the variation of the values of 227 

the parameter 𝐾0 with the friction coefficient 𝜇.  As can be seen, when 𝜇 is close to 0, the value of 𝐾0 is very 228 

close to 1, suggesting that the sample is almost isotropic. As 𝜇 increases to attain values that exceed the value of 229 

𝜇 =0.24 reported for static friction in the experiments by Senetakis et al. (2013), who considered Leighton 230 

Buzzard sand, the value of 𝐾0 reduces to 𝐾0  = 0.76 at 𝜇 = 0.34. Noting that the horizontal axis on Figure 9 231 
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uses a logarithmic scale, it is clear that 𝐾0 is very sensitive to changes in the friction coefficient employed in the 232 

simulation over the range ~0 ≤ 𝜇 ≤ 0.34.  The very low void ratio of the virtual specimens considered in the 233 

CGMD simulations in comparison to physical experimental data was noted above. Figure 9 also shows a clear 234 

dependence of 𝑒100𝐾𝑃𝑎 on the inter-particle friction. This result is again in line with the literature as it is known 235 

that the packing density of virtual specimens in DEM simulations is controlled by changing the inter-particle 236 

friction. The absence of these forces in the CGMD simulations of clay is likely one of the reasons of the 237 

differences between experimental and numerical results discussed above. 238 

Figure 10 and Figure 11 show the force networks and contact orientations in the DEM samples generated with 239 

𝜇 = 1 × 10−3 and 𝜇 = 0.34, respectively. Referring to Figure 10(a) and (b), when a very low friction value is 240 

considered, there is not a clear path for force transmission and there is a homogeneous distribution of forces in 241 

terms of both intensity and quantity. However, when 𝜇 = 0.34 is used, Figure 11(a) shows a clear network for 242 

force transmission; thicker segments can be clearly seen in the vertical direction (e.g. that of the applied load). 243 

These segments carry a greater force compared to those oriented perpendicularly. Similar conclusions can also 244 

be drawn by looking at Figure 11(b), where a difference between the intensity of the forces in the 𝑥 and 𝑦 245 

direction can be seen.  246 

Conclusions 247 

The use of particle-based modelling to simulate clay for geotechnical engineering applications is not well 248 

developed. In particular, CGMD simulations of clay are still limited, and a detailed understanding of their use is 249 

essential to study the engineering behaviour of clay. This contribution has addressed an ambiguity/inconsistency 250 

in current approaches to simulating the mechanical behaviour of clay at the particle scale; specifically, whether 251 

or not it is necessary for inter-particle frictional forces to be explicitly modelled when simulating the 252 

interactions between particles. We are not aware of any previous study on clay using CGMD which explicitly 253 

modelled the friction between particles. A tangential component in the contact model was included by Sjoblom 254 

(2016) and Aminpour and Sjoblom (2019); simulating friction would also require a tangential spring (coupled 255 

with a slider). For these simulations with a tangential force (tangential interaction), they obtained a coefficient 256 

of pressure at rest of K0~0.85 in their 1D consolidation tests. 257 

This contribution considered CGMD simulations of one-dimensional compression of a monodisperse and a 258 

polydisperse system of 10,000 ellipsoids with a large aspect ratio interacting via a modified GB potential using 259 

CGMD. From those simulations we were able to conclude that: 260 
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a. The compression curve 𝑒 − log (𝜎𝑣
′), the compression index 𝐶𝑐, and the rose diagram at the end of the 261 

compression phase, showing particles orientating with their minor semi-axis along the direction of 262 

compression, are in line with the expected behaviour for a sample of clay, saturated at high pH, and 263 

subjected to 1D consolidation.  264 

b. The stress tensor computed showed an isotropic response to an anisotropic load scenario predicting a 265 

value of 𝐾0~1. This result is not physical and conflicts with the known behaviour of soil. Rose 266 

diagrams of the forces developed within the specimen at the end of compression show that forces 267 

transmitting interparticle interactions in the vertical direction are fewer than those transmitting 268 

interparticle interactions in the horizontal direction but have greater magnitude. 269 

c. DEM simulations of assemblies of spherical particles where the coefficient of friction was explicitly 270 

simulated and systematically varied showed that, as the friction coefficient 𝜇 approaches the value 𝜇 →271 

0 (frictionless material), 𝐾0 ≈1, just as was obtained in our CGMD simulations. As 𝜇 was 272 

systematically increased, 𝐾0 reduced. This observation aligns with other research studies considering 273 

frictionless spheres. 274 

d. We showed that the packing density of the virtual specimens of spheres at the end of 1D compression 275 

(𝑒100𝑘𝑃𝑎) is strongly influenced by the inter-particle friction coefficient. This provides a plausible 276 

explanation for the lower void ratio observed in our CGMD clay simulations in comparison with 277 

published experimental data. 278 

Our CGMD data, interpreted with reference to the available DEM simulation datasets, indicate that at the 279 

scale we consider in CGMD, where each simulated particle represents a clay platelet, we must explicitly 280 

consider friction to capture a physically meaningful overall response. Reference to the literature shows that 281 

in the case of MD simulations that explicitly consider atoms and molecules friction is not explicitly 282 

modelled, rather in simulations considering interfaces friction emerges from the simulation data. Further 283 

studies need to be developed to explicitly account for friction in CGMD simulations of clay, as it is already 284 

done in DEM. This is not trivial as it would have implications on the memory needed to store the 285 

information on the history of contacts. Furthermore, it is not clear at what point (i.e. at which separation 286 

distance) a frictional force should be activated when non-contacting particles are simulated. In this 287 

contribution we considered a purely repulsive potential which is an idealisation of the DLVO theory, and it 288 

may be that friction should only be activated when the separation distance is within a certain limit. A more 289 

sophisticated interaction potential capable of describing the non-monotonic nature of the dependency of 290 
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energy on separation distance as predicted by DLVO theory may be required. If this potential was 291 

implemented we might consider friction to be activated at particle separations smaller that the separation 292 

distance associated with the energy barrier, that is outlined in, for example, Israelachvili (2011).  293 
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Appendix A: Calculation of shape and energy anisotropy (𝜼 and 𝝌) 304 

The parameters η and χ are defined as (Everaers and Ejtehadi, 2003): 305 

𝜂 = [
2𝑠1𝑠2

det(𝑮𝟏𝟐)
]

𝜐

2
 and 𝜒 = (2𝒓̂𝟏𝟐

𝑻 𝑩𝟏𝟐
−𝟏𝒓̂𝟏𝟐)

𝜇
 Eq. A1 

 306 

𝑮𝟏𝟐 is computed as: 307 

𝑮𝟏𝟐 = 𝑹𝟏
𝑻𝑺𝟏

𝟐𝑹𝟏 + 𝑹𝟐
𝑻𝑺𝟐

𝟐𝑹𝟐 Eq. A2 

 308 

where 𝑺𝒊 = 𝑑𝑖𝑎𝑔(𝑎𝑖, 𝑏𝑖, 𝑐𝑖) is the shape matrix for particle 𝑖. This matrix depends on the three 309 

principal radii of the particle 𝑎𝑖, 𝑏𝑖 and 𝑐𝑖; 𝑹𝑖 is the rotation matrix describing the orientation of the 310 

local particle frame relative to the system global frame and is derived from the quaternions describing 311 

particles orientation in MD. In our case 𝑎𝑖 = 𝑏𝑖 = 𝐷
2⁄  and 𝑐𝑖 = 𝛿

2⁄ , where D is the diameter of the 312 

particle and 𝛿 its thickness. 313 

𝑠1 and 𝑠2 are scalar values functions of the semi-axes lengths of the particles considered and are 314 

computed as: 315 

𝑠𝑖 = [𝑎𝑖𝑏𝑖 + 𝑐𝑖𝑐𝑖][𝑎𝑖𝑏𝑖]
1
2 Eq. A3 

 316 

The exponent for the orientation-dependent shape function 𝜂 is 𝜈. As explained by Brown et al. 317 

(2009), this parameter is empirically determined and usually a value of 1 is suggested. 318 

𝒓̂𝟏𝟐 is the normalised distance computed as: 319 

𝒓̂𝟏𝟐 =
𝒓𝟏𝟐

|𝒓𝟏𝟐|
 Eq. A4 

 320 

where |𝒓𝟏𝟐| [𝑛𝑚] is the norm of the centre-to-centre distance between the two particles. 321 

𝑩𝟏𝟐 is given by the following equation: 322 

𝑩𝟏𝟐 = 𝑹𝟏
𝑻𝑬𝟏𝑹𝟏 + 𝑹𝟐

𝑻𝑬𝟐𝑹𝟐 Eq. A5 

 323 

where 𝑬𝑖 = 𝑑𝑖𝑎𝑔 (𝜀
𝑖𝑎

−1
𝜇⁄

, 𝜀
𝑖𝑏

−1
𝜇⁄

, 𝜀
𝑖𝑐

−1
𝜇⁄

) represents the energy matrix for particle 𝑖; 𝜀𝑖𝑎 , 𝜀𝑖𝑏 and 𝜀𝑖𝑐 are 324 

the relative well depths defined for face-to-face, side-to-side and edge-to-edge interactions, 325 

respectively, while 𝜇 is an empirically determined exponent and was taken equal to 2 in this research, 326 

as suggested by Brown et al. (2009).  327 

 328 
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Notation 

𝐶𝑐[−] Compression index 

𝐷50 [𝑚𝑚] Mean particle diameter 

𝑒 [−] Void ratio 

𝑒100𝑘𝑃𝑎 Void ratio at the end of 1D compression (i.e. 𝜎𝑣0
′ = 100 𝑘𝑃𝑎) 

𝐺 [𝑃𝑎] Shear modulus 

ℎ12 [𝑛𝑚] Closest distance between particle surfaces used in repulsive GB potential function 

𝐾0 =
𝜎ℎ

′

𝜎𝑣
′
 [−] Coefficient of lateral earth pressure at rest 

𝐿𝑥, 𝐿𝑦 , 𝐿𝑧 [𝑛𝑚] Specimen dimensions along Cartesian axes 

𝑈𝐺B,Repulsive
𝑠𝑏  

Repulsive component of the pair-wise Gay-Berne potential energy computed 

using 𝛾𝑠𝑏 

𝛾𝑠𝑏[−] Pair-wise shift of the potential minimum used in repulsive GB potential function 

𝜖 [𝐽] Energy scale used in repulsive GB potential function 

𝜀𝑎 [−] Relative well depth value for face-face interaction 

𝜀𝑐 [−] Relative well depth value for edge-edge interaction 

𝜂 [−] Shape anisotropy used in repulsive GB potential function 

𝜇 [−] Friction coefficient 

𝜈 [−] Poisson’s ratio 

𝜎 [𝑛𝑚] Length scale used in repulsive GB potential function 

𝜎′ℎ  [𝑘𝑃𝑎] Horizontal normal stress 

𝜎′𝑣 [𝑘𝑃𝑎] Vertical normal stress. 

𝜎𝑖𝑗  [𝑘𝑃𝑎] Component of stress tensor in Cartesian coordinate system, e.g. 𝜎𝑥𝑥, 𝜎𝑥𝑦, etc. 

𝜎𝑣0
′  

Initial vertical effective stress considered for the evaluation of the compression 

index 𝐶𝑐 

𝜎𝑣𝑓
′  

Final vertical effective stress considered for the evaluation of the compression 

index 𝐶𝑐 

𝜒 [−] Energy anisotropy used in repulsive GB potential function 
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Tables and Figures  

Table 1. Information on particle-scale DEM/MD studies on clay. 

Reference 
Anandarajah 

(2000) 
Pagano et al. (2020) 

Yao (2001); Yao 

and Anandarajah 

(2003) 

Jaradat and 

Abdelaziz (2019) 

Guo and Yu, 

(2019) 

de Bono and 

McDowell (2023, 

2022a, 2022b) 

Ebrahimi et al. 

(2014) 

Liu et al. 

(2015) 
Sjoblom (2016) 

Aminpour and 

Sjoblom (2019) 

Numerical 

technique 
DEM DEM DEM DEM DEM DEM MD MD MD MD 

2D/3D 2D 2D 3D 3D 3D 3D 3D 3D 3D 3D 

Material 

modelled 
Kaolinite Kaolinite Kaolinite Kaolinite Kaolinite Kaolinite Montmorillonite Kaolinite Kaolinite Kaolinite 

Particle shape Rod-like Rod-like Cuboid Clump of spheres 
Clump of 

spheres 
Clump of spheres Ellipsoids 

Clump of 

spheres 

Clump of 

spheres 

Clump of 

spheres 

Tangential 

force 

Mohr-Coulomb-

type tangential 

force  

Mohr-Coulomb-type 

tangential force 

Mohr-Coulomb-type 

tangential force 

Mohr-Coulomb-type 

tangential force 
/ 

Mohr-Coulomb-

type tangential 

force 

/ / 

Hookean 

friction 

considered but 

as short-

distance 

repulsion 

Hookean friction 

considered but 

as short-distance 

repulsion 

Friction 

parameters 

considered 

𝜑𝑠 = 20° 

𝑘𝑠 = 233 𝑁/𝑚 

𝜇 = 0.3 

𝑘𝑠 = 285.6 𝑁/𝑚 

𝜑𝑠 = 10° 

𝑘𝑠 = 1500 𝑁/𝑚 

𝜑𝑠 = 10° 

𝑘𝑠 = 1500 𝑁/𝑚 

𝜇 = 0.3 

𝑘𝑠 = 1.0 𝑁/𝑚 

No friction 

coefficient 

included directly 

in simulations 

/ / 𝑘𝑠~14.3 𝑁/𝑚 𝑘𝑠~14.3 𝑁/𝑚 

Analyses 

performed 

1D loading/ 

unloading 

1D loading/ 

unloading 

1D loading/ 

unloading 

1D loading/ 

unloading 

Suspensions, 

centrifuge tests 

Sedimentation and 

1D compression 

tests 

Isotropic 

compression 
Suspension 

1D loading/ 

unloading 

Triaxial 

compression and 

extension 
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Table 2. Parameters used with repulsive GB potential for Mono_1 sample calibration. 

Parameter Value 

𝛾𝑠𝑏 [−] 0.37 

𝜖 [𝐽] 2.36 × 10−24 

𝜎 [𝑛𝑚] 230 

𝜀𝑎 [−] 850 

𝜀𝑐 [−] 250 
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Table 3. Parameters used with repulsive GB potential for Poly_1 sample calibration. 

GB 

parameter 

Type 1 – 

Type 1 

Type 1 – 

Type 2 

Type 1 – 

Type 3 

Type 2 – 

Type 2 

Type 2 – 

Type 3 

Type 3 – Type 

3 

𝛾𝑠𝑏 [−] 0.35 0.32 0.32 0.305 0.305 0.39 

𝜖 [𝐽] 1.4 × 10−25 6.95 × 10−26 6.95 × 10−26 6.95 × 10−26 6.95 × 10−26 1.74 × 10−24 

𝜎 [𝑛𝑚] 370 370 390 340 350 350 

𝜀1𝑎  [−] 1100 1100 1100 1050 1050 1050 

𝜀1𝑏  [−] 1100 1100 1100 1050 1050 1050 

𝜀1𝑐  [−] 600 600 600 470 470 300 

𝜀2𝑎 [−] 1100 1050 1050 1050 1050 1050 

𝜀2𝑏 [−] 1100 1050 1050 1050 1050 1050 

𝜀2𝑐 [−] 600 470 300 470 300 300 
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Figure 1. Snapshots of the particle arrangements within the Mono_1 specimen at the beginning (a) and at the 

end (b) of the one-dimensional compression test (Colour coded according to the particle type (Figure 1(a) and 

Figure 1(b) are not in scale). 
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Figure 2. Deformation of the simulation box in x, y and z directions with pressure during a one-dimensional 

compression simulation for Mono_1 sample containing 10,000 particles and having an initial box aspect ratio 

of ~4. 
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Figure 3. Workflow employed to perform molecular dynamics simulations of kaolinite considering alkaline pH 

conditions. 𝑇 is the temperature of the system and 𝐸𝑀𝐷,𝑇𝑜𝑡 and 𝐾𝑀𝐷,𝑇𝑜𝑡 are the total energy and the kinetic 

energy of the system from the MD simulations, respectively (Bandera et al., 2021). 
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(a) (b) 

 

Figure 4. (a) Kinetic temperature and (b) total energy against applied vertical pressure profiles for the Mono_1 

sample containing 10,000 particles. 
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Figure 5. Void ratio-vertical effective stress 𝜎𝑣
′  (e-log(𝜎𝑣

′)) profile for monodisperse (Mono_1) and slightly 

polydisperse (Poly_1) kaolinite samples saturated at alkaline pH and containing 10,000 particles.  
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Figure 6. Rose diagrams showing the distribution of the particle orientations within the Mono_1 specimen; (a) 

at the beginning and (b) at the end of the one-dimensional compression. 
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(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

 
 

Figure 7. Force distribution within the one-dimensionally compressed Mono_1 sample considering (a) x-y, (b) 

x-z and (c) y-z planes and rose diagrams showing the orientation of contacts within the specimen in the (d) x-y, 

(e) x-z and (f) y-z planes. Results are coloured by average force, expressed in N; the stress level was 100 𝑘𝑃𝑎. 
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Figure 8. Snapshot of the DEM sample employed to perform one-dimensional compression tests. 
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Figure 9. Summary of the values reached at the end of 1D compression at 100 kPa by the coefficient of earth 

pressure at rest 𝐾0 and for the void ratio 𝑒100𝑘𝑃𝑎 obtained using DEM considering different friction coefficient 

values. 
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(a) (b) 

 

Figure 10. (a) Two-dimensional projection of the contact network and (b) Rose diagram of the force distribution 

on the 𝑦 − 𝑧 plane within the one-dimensionally compressed sample considering μ=1e-3. Results are coloured 

by average force, expressed in N. 
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(a) (b) 

 

Figure 11. (a) Two-dimensional projection of the contact network and (b) Rose diagram of the force distribution 

on the 𝑦 − 𝑧 plane within the one-dimensionally compressed sample considering μ=0.34. Results are coloured 

by average force, expressed in N.  

 

 

 

 


