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ABSTRACT

It is now viable to use coarse-grained molecular dynamics (CGMD) to model interacting clay particles in simulations of
soil mechanics element tests. In CGMD, particle interactions are described by the Gay-Berne (GB) potential, which can
approximate the potential energy between clay particles as a function of their separation and relative orientations;
however, a previous study identified a significant shortcoming of the GB potential, which is that it lacks a local maximum
called the “energy barrier” that the true interaction possesses at very close range. In this study, we propose a modified
GB potential which can capture the energy barrier at and we use this new potential function to simulate the clay mineral
kaolinite under isotropic compression. Our simulations show that the energy barrier is a crucial ingredient required to
reproduce the elastoplastic behaviour observed in laboratory tests upon unloading from an isotropic normally consolidated
state. Our data show that the difference in mechanical behaviour between normally consolidated clay and
overconsolidated clay can be explained by the fact that, during the initial loading, some pairs of interacting particles
surmount the energy barrier so that they then experience a large attractive force. Effectively, these particles become
bounded and do not separate when the stress applied to the sample is released. The response of overconsolidated clay to
applied stress is stiffer than that of normally consolidated clay because a larger proportion of the clay particle interactions
exist in this bonded state.

Keywords: coarse-grained molecular dynamics; kaolinite; isotropic compression; Gay-Berne potential.

discrete element method (DEM) is well-established as a
1. Introduction useful research tool, but it has mainly been applied to
particle-scale simulations of sand or gravel. There are
few examples of its use for particle-scale simulations of
clay.

The behaviour of clay is quite complex. When
compared to that of other types of soil, such as gravel,
sand and silt, its compressibility is high, its volumetric Recently, coarse-grained molecular  dynamics
change upon mef:hanical loading is signi.ﬁcant, and its (CGMD) has been applied in particle-scale simulations
shear str.ength is low. Clay. shows time-dependent of clay. The validity and the effectiveness of CGMD
deformation due to the slow dissipation of excess pore were firstly shown by Ebrahimi et al. (2014), who used
water pressures during consolidation, which leads to CGMD to simulate the behaviour of Na-montmorillonite

significant challenge.s in construction' prqjects. during isotropic compression. Later, Bandera et al.
Lambe and Whitman (1969) highlighted that the (2021) used CGMD to simulate kaolinite particles. In

mechanical behaviour of clay is highly affected by its both studies, clay particles were modelled as plate-like
microstructure. From a  geotechnical —engineering rigid ellipsoids. In CGMD, the interaction between two

perspective, the microstructure of clay is defined as the particles is described by an interparticle potential, which
combination of the interactions between particles and the is the potential energy of interaction between them, as a

microfabric (Mit,CheH and Soga, 2095 ) It is generally function of their separation (h). The earlier research
known that th_e microstructure of clay is influenced by the studies indicated that interactions between two clay
elec.tro—c.hemlcal characteristics of the surfaces of clay particles modelled by rigid ellipsoids can be reasonably
particles; however, because clay particles are very fine, it described by the Gay-Berne (GB) potential (Gay and
is difficult to investigate the behaviour of individual clay Berne, 1981), which is a variation of the Lennard-Jones
pa.rtlcles experimentally or to Smfiy how  the potential. Although it has been proposed that CGMD can
microstructure at the particle-scale influences the be used to simulate both Na-montmorillonite and
mechan} cal behav19ur at t.he engineering scalie. kaolinite, CGMD is fundamentally better suited to

Particle-scale simulations, in which detailed data on simulate kaolinite because kaolinite particles are
individual particles and particle interactions can be generally more rigid and have a flatter, more plate-like

obtained, are t.he most effective tqols to 1nyest1gate this morphology than montmorillonite particles (Bandera,
fundamental issue. In geotechnical engineering, the 2021)

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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The GB potential parameters do not have an obvious
physical meaning and must be calibrated by comparison
with existing data and/or theoretical models (Ebrahimi et
al., 2014). For example, Bandera et al. (2021) used
DLVO theory (Derjaguin and Landau, 1941; Verwey and
Overbeek, 1948), named after Derjaguin-Landau-
Verwey-Overbeek, to calibrate their GB model
parameters; DLVO theory was originally proposed to
describe interactions between colloidal particles in a
suspension. Ebrahimi et al. (2014) conducted fully
atomistic molecular dynamics simulations of Na-
montmorillonite particles, and calibrated their GB
potential parameters for use in CGMD simulations based
on the data from these atomistic simulations.

Bandera et al. (2021) identified some limitations of
using CGMD with the GB potential to simulate
assemblies of kaolinite particles. One important issue is
that the GB potential cannot reproduce the local
maximum called the “energy barrier” in the potential
energy that exists at a short separation (hep). It seems
plausible that this energy barrier may influence the
loading and unloading behaviours of clay during
consolidation. However, the influence of the energy
barrier on the mechanical behaviour of clay is not well
established.

This work explores how the energy barrier influences
the mechanical behaviour of kaolinite within CGMD
framework used by Bandera et al. (2021). We begin by
outlining how DLVO theory can be used to calibrate the
GB potential for describing the interaction between two
kaolinite particles. Then we propose a modified GB
potential, which possesses the energy barrier at short
particle-particle separations. We use the modified GB
potential in CGMD simulations of isotropic compression
of kaolinite to investigate how the response of kaolinite
is modified by the energy barrier.

1.1. Net force and potential energy between
particles

Fig. 1(a) and 1(b) illustrate how the net force between
two kaolinite particles and their potential energy of
interaction, respectively, depend on their surface-to-
surface distance (h). At long distances, the force is
repulsive, but at very short distances, it becomes
attractive. The energy barrier in Fig. 1(b) is located at
hep, this is a point where the force in Fig. 1(a) changes
from being repulsive to attractive as the particles
approach one another. At a shorter separation distance
(h = heyw), there is a local minimum in the interaction
potential energy at the bottom of a deep “energy well”.
There is also a much shallower local minimum at long
distances (h > hgp), but when we use the term “energy
well”, we are referring to the deeper energy well at
shorter separations.

As shown in Fig. 1(b), if a pair of particles are forced
together, such that their separation distance reduces from
h > hep, to h < hgy, they enter the energy well and their
interaction energy lowers dramatically. This means that
an even larger energy barrier, which is also at h,},, but
when approached from the other side, must be
surmounted to separate them again. In other words, when
two particles are bound together by pushing them

together, it requires more energy (a greater average force)
to pull them apart again.

The net force between particles can be divided into
two components, i.e. a mechanical (contact) force and an
electrical (non-contact) force (Mitchell and Soga, 2005).
The distinction between mechanical and electrical force
is somewhat arbitrary, as in essence they are both
manifestations of the electrostatic forces present between
electrons and nuclei. However, whereas the mechanical
force is quantum mechanical in nature, electrical force is
typically described within the realm of classical
electrostatics. More precisely, the mechanical (contact)
force is a very short-range repulsion that manifests itself
when the surface-to-surface distance is less than the
distance at which the minimum of the energy well exists
(h < hew ). This force finds its origins in Pauli’s
exclusion principle for electrons but is typically referred
to as Born’s repulsion. In essence, as two clay particles
get closer to each other, the outer electron shells of atoms
of the clay surface start to overlap. Pauli’s exclusion
principle dictates that this must lead to an increase in the
electron’s kinetic energy, and this increase in energy
manifests in an overall effective repulsion between
nuclei. Born’s repulsion increases steeply as the surface-
to-surface distance decreases and prevents excess particle
overlap and particle penetration.

At separation distances that exceed the energy well
(h > heyw), the electrical (non-contact) force is dominant.
It is generally recognized that the electrical (non-contact)
force is the balance between the van der Waals attraction
and the double layer repulsion. As two clay particles get
closer to each other, both the van der Waals attraction and
the double layer repulsion increase. However, at short
surface-to-surface distances (over the interval between
the energy well and the energy barrier, i.e. hey, < h <
h.p,), the net force is attractive because the van der Waals
attraction is stronger than the double layer repulsion. On

(a) § e Electrical force
k2] (van der Waals attraction + double layer repulsion)
5‘ Mechanical (contact) force (Born’s repulsion)
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Figure 1. Schematic interaction between two kaolinite
particles (a) relationship between net force and surface-to-
surface distance (b) relationship between potential energy and
surface-to-surface distance adopted by Lu et al. (2008)
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the other hand, as the surface-to-surface distances
increase and beyond the energy barrier (h > hgp), the
opposite occurs and the net force becomes repulsive.

The energy barrier and the energy well define a range
of separation distances over which the interaction force
is attractive because the net force is the negative slope of
the potential energy - surface-to-surface distance
relationship. Hence, it can be speculated that the heights
and positions of the energy barrier and the energy well
have an impact on the mechanical behaviour of kaolinite.

The height and position of the energy barrier are
influenced by the salt concentration and the pH of the
liquid surrounding the particles. For example, Gupta
(2011) showed that the silica face-to-alumina face
interaction of kaolinite has a high energy barrier in an
alkaline solution (e.g. pH = 8) while it does not have any
energy barriers at all in an acidic solution (e.g. pH = 4).
Gupta (2011) also showed that the surface charge
decreases with an increasing salt concentration in an
alkaline (e.g. pH = 8) solution, which implies that the
energy barrier is lower at higher salt concentrations. This
effect should be expected as it is a simple manifestation
of screening effects due to mobile salt ions. It generally
decreases the strength of monopole-monopole
electrostatic interactions, decreasing the contribution of
the double-layer repulsion, and thus the height of the
energy barrier decreases.

1.2. DLVO theory

In geotechnical engineering, it is assumed that
interactions between clay particles can be calculated
based on DLVO theory. DLVO theory describes the
relationship between potential energy and separation
distance of two parallel semi-infinite plates. Although
DLVO theory can also predict the potential energy acting
on finite bodies (e.g. spheres and ellipsoids) by using the
Derjaguin approximation (Israelachvili, 2011), its
implementation is not trivial. Hence, this study assumes
two kaolinite particles in a face-to-face configuration
interact as two parallel semi-infinite plates, i.e. the shape
of the clay particle is not considered.

In DLVO theory, the potential energy is given by the
sum of the van der Waals energy and the double layer
energy via the following equation:

Er = Epqw + Erar €Y)

where E7 is the total energy of interaction per unit area,
E, 4w 1s van der Waals energy per unit area and Egy; is
the double layer energy per unit area.

The van der Waals energy per unit area, E,;,
[kcal/mol/A?], can be described by:

__A_H i 1 _ 1 _ 1
Evaw = 127r[h2 (h+81+62)2  (h+681)2 (h+62)2] @

where Ay [kecal/mol] is the Hamaker constant, h [A] is
the separation distance between the two surfaces, and 6,
[A] and &, [A] are the thicknesses of the two plates, and
A (angstrom) is the unit of length (1 A = 107" m).

The double layer energy per unit area, Egy;
[kcal/mol/A?], is given by:
Epa = & €0k [w] x 14393 x 10*  (3)

e2Kkh_q

where 1, [mV] and Y, [mV] are the surface potentials of
the two plates, €, [-] is the relative permittivity, €, [F/m]
is the permittivity of free space and x [A™'] is the
thickness of the double layer.

Mitchell and Soga (2005) detailed the fundamental
structure of a kaolinite particle. Fig. 2 gives the schematic
view of a structure of a kaolinite particle. A kaolinite
particle consists of a silica sheet, which has a tetrahedral
silicate unit structure, and an alumina sheet, which has an
octahedral alumina unit structure. Gupta (2011)
investigated the electrochemical characteristics of the
kaolinite particle surface and showed that the three faces
of a kaolinite particle, i.e. the silica face, the alumina
face, and the edge have different charges that depend
upon the pH and salt concentration of the electrolyte
solution surrounding the clay platelets. Gupta (2011)
calculated the DLVO parameters for the representative
particle configurations shown in Fig. 3, i.e. the face-to-
face configuration (silica face-to-alumina face
configuration) and the edge-to-edge configuration.

Table 1 shows the DLVO parameters for a particle
saturated in an electrolyte with a 1 mM salt concentration
and a pH of 8, calculated by Gupta (2011). Fig. 4 shows
the relationships between the potential energy and the
surface-to-surface  distance for the face-to-face
configuration and the edge-to-edge configuration
calculated using these parameters. As shown in Fig. 4, as
the two particles approach each other at very short
separation distances, the potential energy decreases
because Born’s repulsion is not considered in DLVO
theory.

Silica sheet

Alumina sheet
/ Alumina face

Octahedral alumina unit structure

O : Silicon O : Oxygen O : Aluminum O : Hydrogen

Figure 2. Schematic diagrams of structure of kaolinite
particle

Edge-to-Edge

i \ -—
i Edge

Alumina sheet
/ Alumina face

e

Silica sheet

Figure 3. Representative particle configurations: Face-to-
Face and Edge-to-Edee



E3S Web of Conferences 544, 07006 (2024)
1S-Porto 2023

https://doi.org/10.1051/e3scont/202454407006

Table 1. DLVO parameters of kaolinite saturated in an
electrolyte solution in salt concentration 1mM at pH 8

DLVO parameter Face-to-Face Edge-to-Edge
Ay [kcal/mol] 2.994 3411
81 = 6, [A] 2,000.0 20,000.0
& [ 78.0 78.0
€ [F/m] 8.854x1012 8.854x10712
1/k [A] 96.0 96.0
P, [mV] -67.05 -219.97
P, [mV] -55.27 -219.97

3040
= : Face-to-Face :
\E i (Silica face-to-Alumina face) |
s L Edge-to-Edge J
=<
=20F —
o L |
<a ]
e | ]
210t :
E L 4
2 L _
Q—< - -

0.0

0 100 200 300 400 500 600 700 800
Surface-to-surface distance: / [A]

Figure 4. Relationship between potential energy and surface-
to-surface distance calculated by DLVO theory

1.3. Gay-Berne potential

The GB potential is an anisotropic potential function
developed from the Lennard-Jones potential explicitly
for ellipsoidal particles. The GB potential is given by the
following equation:

6312—6 = 4e [(hlzﬂla)lz - (hl;—ya)ﬁ] xnXx (4)

where & [kcal/mol] is the energy scale, o [A] is the
atomic interaction radius, hy, [A] is the closest distance
between particles which is related to particle size and
orientation, and y [-] is the shift of the potential
minimum. The dimensionless quantities, 7 [-] and y [-]
are the shape anisotropy and the energy anisotropy,
respectively. y is calculated considering the three energy
anisotropic parameters, £,[-], €, [-] and &, [-].

Amongst these parameters, only h;, and 1 can be
explicitly determined from particle shape, position, and
orientation. The other GB potential parameters do not
have clear physical meanings, and cannot be directly
determined from the properties of kaolinite particles;
these are tunable parameters that must be calibrated.
Bandera et al. (2021) calibrated the tunable GB potential
parameters to fit the relationships between the potential
energy and separation distance for the face-to-face and
the edge-to-edge configurations calculated by using
DLVO theory. This is based on the fact that, at least
qualitatively, if the face-to-face and edge-to-edge
configurations can be calibrated correctly, the GB
functional form can correctly extrapolate the value of the

(@) (b) (©)

X D =20,000 [A] 3=2,000 [A]

Figure 5. Rigid Ellipsoidal model of kaolinite (a) overhead
view (b) plane view (diameter) (c) side view (thickness)
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Figure 6. Calibration results of the Gay-Berne potential
against DLVO theory

potential energy for intermediate orientations, at least for
particles of ellipsoidal symmetry (Gay and Berne, 1981).

The current study calibrated the GB parameters by
using DLVO theory, following Bandera et al. (2021). Fig.
5 shows the rigid ellipsoid model of the kaolinite particle
used in the calibration of the GB'>*® potential (Eq. (4)).
The size of this rigid ellipsoid model was determined by
referring to Bandera et al. (2021). Fig. 6 shows the results
of the calibration for the face-to-face and the edge-to-
edge configurations, respectively. Although the GB!?
potential accurately captures DLVO theory from medium
separation distances to long separation distances, it
cannot reproduce the reduction of the potential energy at
short separation distances. In other words, this potential
function cannot reproduce the energy barrier and the
energy well.

2. Modified Gay-Berne potential

As outlined in the previous section, the most critical
limitation of the GB'*® potential is that it cannot
reproduce the energy barrier and the energy well that
exist at short separation distances. Hence, the influence
of the energy barrier and of the energy well on the
mechanical behaviour of kaolinite cannot be addressed
using particle-scale simulations with this description. In
this study, to model the energy barrier and the energy
well, a new potential function was developed by
modifying the GB'?® potential. The modified GB
potential function is given by:
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aGB1?72% = 4¢ [( z )12 - ( Z )24 +

hi2+yo hi,+yo

Ce‘h“/ao] XN Xy (5)

where C [-] and g, [-] are the new fitting parameters. The
aGB'?24 potential has two repulsive components and one
attractive component, specifically, the first term:
(6/(hyy +y0))*? and the third term: Ce"2/% are
repulsive, while the second term: (¢/(hy, + y0))?* is
attractive.

The exponent of the attractive term in the aGB'>-%*
potential is 24 while it is 6 in the GB'?* potential. The
exponent of the repulsive term is 12 in both the GB'?-¢
potential and the aGB'>?>* potential. The main reason
why 24 and 12 were used as exponents for the attractive
term and repulsive term respectively in the aGB'>?*
potential is that mathematically the exponent of the
attractive term needs to be larger than the repulsive term
to reproduce the local maximum (the energy barrier). The
value of 24 has no specific physical meaning; rather, 24
was chosen for the exponent of the attractive term in the
aGB'>?* potential because it is twice the value of the
exponent of the repulsive term.

The second repulsive term: Ce™™2/% is used to
model the mechanical (contact) force, which is shown in
Fig 1 (a) and (b). The purpose of this repulsive term is to
avoid excessive overlapping of particles and particle
interpenetration. It is necessary to calibrate the newly
introduced fitting parameters, C and g, so that when the
separation distance between two particles approaches
zero, it rapidly produces a large repulsive force, which at
the same time makes the energy well.

Fig. 7 compares the shapes of the GB'?® and the
aGB'?24 potential functions. As shown in Fig. 7(a), in the
GB'*® potential, where the exponent of the attractive
term is smaller than that of the repulsive term, only a
local minimum develops at short separation distances. On
the other hand, as shown in Fig. 7(b), in the aGB'*?*
potential, where the exponent of the attractive term is
larger than that of the repulsive term and the term
modelling mechanical (contact) force is added, both the
local maximum (energy barrier) and the local minimum
(energy well) at short separation distances are captured.

The GB'? potential is then only suitable to describe
the interactions at separation distances greater than the
separation distance at which the energy barrier exists, i.e.
h > hep. A modification of the GB'>° potential was
suggested by Bandera et al. (2021), as shown in Eq. (6).
This modified potential considered only the repulsive
term of the GB'?% potential with the aim of reproducing
the purely repulsive energy-separation distance profile at
h > hg, as predicted by DLVO theory for kaolinite
saturated at an alkaline pH.

— g 12
GB'?™ = 4¢ [(h12+ya) ] XN Xy (6)

Bandera et al. (2021) indicated that applying Eq. (6)
does not present a problem during a loading simulation
of kaolinite. However, the applicability of the GB'?> to an
unloading simulation has not yet been investigated. Here,
we hypothesise that when the target loading pressure is
above a critical threshold, the particle separation distance

will fall below hg}, (see Fig. 1) and particles will be
attracted to each other, which we expect to change their
behaviour during unloading.

In this study, parameters for both the aGB!?>?* and
GB!? potentials were calibrated against DLVO theory,
following Bandera et al. (2021). The calibrations were

(a) (b)

Potential energy Potential energy

| Repulsion

Wion distance /

Figure 7. Shape of Gay-Berne potential (a) GB!>% potential
(b) aGB!*2* potential
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Figure 8. Calibration result of aGB'>?* potential
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Figure 9. Calibration result of GB!? potential

Table 2. Gay-Berne potential parameters for aGB!>2*
potential and GB'?* potential

GB parameter aGB!'** potential GB'* potential

Y [ 1.01 0.57
& [kcal/mol] 67.2 0.43
o [A] 923.7 1996.0
&al-l = &[] 636.8 63.5
g |-l 235.0 237
CIl] 8.0 —

oy [-] 4.0 —
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conducted using the DLVO parameters shown in Table
1. In both cases, the kaolinite particles were modelled as
the rigid ellipsoids shown in Fig. 5. Fig. 8 and 9 show the
calibration results for the aGB'?** potential and the GB'*
potential, respectively, and Table 2 shows their calibrated
GB parameters. In the calibration of the aGB'*?*
potential, as DLVO theory cannot describe the
mechanical (contact) force, the parameters of the
repulsion term newly introduced to model the mechanical
(contact) force were determined so that the energy well
appears at zero separation distance (h = 0). The GB'*
potential was calibrated against DLVO theory for the
separation distances longer than the separation distance
at which the energy barrier appears (h > hgy).

3. Isotropic compression simulation

3.1. Simulation conditions

In this study, isotropic compression simulations using
CGMD framework were carried out using the MD code
LAMMPS (Plimpton, 1995) to investigate the influence
of the energy barrier and the energy well on the isotropic
compression behaviour of kaolinite. Two scenarios were
considered: in the first one, both the energy barrier and
the energy well were considered (aGB'*?* potential),
while in the second one, the energy barrier and the energy
well were not considered (GB'> potential). The
parameters for the calibrated potential functions used in
these simulations are presented in Table 2.

The virtual CGMD simulation sample used for the
isotropic compression simulation is shown in Fig. 10(a)
and comprises 1,000 particles. Bandera et al (2021)
outlined that a system with only 1,000 particles is too
small to generate meaningful data for fabric analysis,
however, this sample size is sufficient for the current
proof-of-concept study. All 1,000 particles in the
simulation sample had the same size (diameter: 20,000
A, thickness: 2,000 A, aspect ratio: 10), in other words,
we study a mono-disperse sample. As an initial
arrangement of particles, 10 particles were placed equally
spaced along the x, y and z axes, and each particle was
given a random orientation. The initial spacing between
the centres of the particles was 20,500 A, which is larger
than the particle diameter (20,000 A), to avoid initial
overlapping of the particles. The velocity of each particle
was assigned based on the gaussian distribution of kinetic
energies with temperature at 300 K. As shown in Fig.
10(b), periodic boundary conditions were imposed to
reproduce a bulk material behaviour using a small sample
size. For simplicity, the effects of gravity and other
external forces imparted during soil deposition process
were ignored. The particle surfaces were assumed to be
sufficiently smooth, i.e. contact friction between particles
was not considered in the simulations. The pore fluid is
implicit, in other words, the water chemistry is accounted
for in the DLVO expressions, and it is assumed that the
compression is so slow that no excess pore water pressure
is generated, i.e. it is a fully drained simulation.

Fig. 11 shows the simulation workflow adopted from
Bandera et al (2021). Before performing the isotropic
compression simulations, a sample equilibration phase

was conducted to equilibrate the system. In the sample
equilibration phase, a NVE simulation was first
performed to check the energy conservation of the system
and to find a suitable simulation time-step. In the NVE
simulation, the number of particles (N), volume (V) and
energy (E) of the system remain constant. As a second
step in the sample equilibration phase, a NVT simulation,
was performed. In the NVT simulation, the number of
particles and the volume are kept constant during the
simulation, and the temperature (T) of the system can be
controlled to simulate thermal equilibrium. In this study,
the NVT simulation was performed at 300 K. After the
NVT simulation, a NVE simulation was performed again
to check the equilibration state and the energy
conservation.

Table 3 summarises the isotropic compression
simulation conditions. The same simulation conditions
were used for both scenarios: when modelling the energy
barrier and the energy well (aGB'>?* potential), and
when omitting the energy barrier and the energy well
(GB'* potential). A small time-step was used to meet the
critical time-step requirement for numerical stability. The
loading speed was determined with reference to Bandera
et al (2021) so that the deformation of the simulation
sample was quasi-static. Initial loading and unloading
simulations were conducted to study the behaviour of the
simulation sample. The unloading simulation was

(@) Pressure

Figure 10. Simulation sample (a) overhead view of simulation
sample (b) image of periodic boundary condition

Generate a sample with random
non-contacting particles

Check on Eyp 1o
choice of timestep

— =

[ NVT simulation ]—P[ Minimisation T/K yp 1o ]
. . ilibrati heck
NVE simulation (2) Equilibration and ¢ ec
on Eyp 1 CONservation

Loading to 100 kPa
Unloading to 0 kPa

NVE simulation (1)

NPT simulation

| Run | | Sample equilibration |

Figure 11. Workflow of isotropic compression simulation

Table 3. Isotropic compression simulation conditions

Number of particles 1000 [-]

Time-step 1.0x10 [s]

Total simulation time 1.0x1072 [s]

Loading speed 2.0x10* [kPa/s]
Pressure 0.0—100.0—0.0 [kPa]
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performed immediately after completing the initial
loading simulation. The maximum isotropic pressure was
set to be 100 kPa. The isotropic pressure was linearly
increased from 0 kPa to 100 kPa in the initial loading
phase and was linearly decreased from 100 kPa to 0 kPa
in the unloading phase.

3.2. Results

Fig. 12 shows the relationship between the void ratio
and the isotropic pressure for both scenarios. When the
GB!* potential is used (the energy barrier and the energy
well are not modelled), the response of the simulation
sample during the unloading phase is overall stiffer than
the response observed during the initial loading phase.
This response is similar to that observed in laboratory
tests for normally consolidated and overconsolidated
kaolinite specimens. Hence, these data suggest that this
potential function at least partially captures the
fundamental elastoplastic behaviour of kaolinite.
However, if we go more into detail, the initial loading
curve and the unloading curve follow the same path in
the pressure interval P = 45-100 kPa. This suggests that
the simulation sample exhibits reversible and elastic
behaviour at this pressure level (P=45-100 kPa). This
response does not reflect the physical reality, where a
stiffer response is expected from the onset of unloading.

On the other hand, when the aGB'>?* potential is used
(the energy barrier and the energy well are modelled,
unlike the GB!? potential we just discussed), the initial
loading curve and the unloading curve are not collinear
at any pressure level. These data indicate that the
simulation sample exhibits irreversible behaviour even in
the pressure interval P =45-100 kPa.

The only difference between the two scenarios is the
type of potential function employed. Therefore, we
deduce that modelling the energy barrier and the energy
well is essential to simulate the irreversible behaviour of
kaolinite under isotropic compression at all pressures,
with particular reference to the differences in stiffness
during normal consolidation and unloading.

To further understand the origin of the different
behaviours observed, we study the configuration of the
particles obtained during the simulations. Fig. 13 shows
the relationship between face-to-face coordination
number and isotropic pressure for both scenarios. The
face-to-face coordination number indicates how many
particle pairs are in face-to-face contact, normalized by
the total number of particles. The face-to-face
coordination number was calculated from the particle
positions and orientations following the protocol
described by Ebrahimi et al. (2014).

In the sample simulated with the GB'> potential, thus
omitting the energy barrier and the energy well, as shown
in Fig. 13(a), the face-to-face coordination number and
the isotropic pressure are in a one-to-one relationship;
during the initial loading phase, as the pressure increases,
the particle contacts increase, whereas during the
unloading phase, the particles move away from each
other as the pressure decreases. When the energy barrier
and the energy well are modelled using the aGB!*?*
potential, the situation is radically different, as shown in
Fig. 13(b). Whereas the behaviour during the loading

phase is similar to that with the GB'?> potential, upon
unloading the face-to-face coordination number does not
decrease at all and remains constant. This suggests that
the particles that came together during initial loading do
not separate from each other and maintain contact during
the unloading phase. This behaviour occurs because
many interparticle interactions are pushed into the energy
well during the initial loading phase and remain stuck
there even during unloading because the energy barrier is
too large to overcome, generating an irreversible
behaviour. Capturing the energy barrier in the use of the
aGB'?2* potential function results in a collective particle
behaviour that exhibits irreversible volume change. Thus,
we conclude that the energy barrier is a key feature of
particle interactions that contributes to the difference
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between normally consolidated and overconsolidated
kaolinite behaviours.

4. Conclusions

We have proposed a new potential function, aGB'>24,
developed to simulate the interaction of kaolinite
particles in coarse-grained molecular dynamics (CGMD)
simulations. This new potential function is a modified
version of the Gay-Berne (GB) potential that can
reproduce the energy barrier and the energy well existing
at short separation distances in the potential energy-
separation distance profiles, describing the interaction
between two kaolinite particles. Isotropic compression
simulations of kaolinite were performed using two
modified GB potentials (the aGB!?>?* potential and the
GB'* potential) to investigate the effects of the non-
monotonic nature of the potential function relating to the
interaction energy and the particle separation on the
mechanical behavior of kaolinite.

The GB'* potential does not model the energy barrier
nor the energy well that exists in the relationship between
the potential energy and separation distance between
particles. In the new aGB'??* potential formulation, the
energy barrier was modelled by making the exponent of
the attraction term larger than the exponent of the
repulsion term. The energy well was modelled in this
study by introducing a strongly repulsive mechanical
contact force, which exists at a short separation distance.

The results from isotropic compression simulations
using the aGB!>*?* potential and the GB'>* potential
showed that the energy barrier and energy well play an
important role in the mechanical behaviour of clay. In the
scenario omitting the energy barrier and energy well
(GB'* potential), our simulations showed a reversible
and elastic behaviour in the pressure interval 45-100 kPa,
while in the scenario modelling the energy barrier and
energy well (modelled using the aGB'?2* potential), the
system showed the typical irreversibility observed in real
kaolinite samples. From these results, it was confirmed
that the presence of the energy barrier and energy well
contribute to the difference in mechanical response
between normally and overconsolidated clays.

While in the scenario omitting the energy barrier and
energy well (GB!'* potential), the face-to-face
coordination number decreased with decreasing pressure
during the unloading phase, in the scenario modelling the
energy barrier and the energy well (aGB'*?* potential),
the face-to-face coordination in the unloading phase did
not decrease from the initial loading phase even though
the pressure applied on the simulation sample decreased.
In other words, the difference in mechanical response
between normally- and over- consolidated clays is caused
by the fact that many interparticle interactions are pushed
out into the energy well during the initial loading, but
during unloading, the interparticle interactions cannot
overcome the energy barrier and are confined in the
energy well.

For reasons of computational efficiency, this study
used the small sample size (1,000 particles) for the
isotropic compression simulations. However, the sample
size used in this study is not sufficient to generate
meaningful data for fabric analysis (Bandera et al., 2021).

Hence, these data are preliminary in nature, and we need
to use a larger sample size (e.g. 10,000 particles) to
develop more definitive conclusions.

We must acknowledge also that the model considered
here includes significant simplifications. The limitations
of DLVO theory, on which the interaction model is based
are outlined in Mitchell and Soga (2005). The way the
samples are made differs from the sedimentation of in
situ clay deposits. The uniform particle sizes, uniformity
of the assumed surface charge, are additional limitations
of the model.
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