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Short Communication 

Simulating multifaceted interactions between kaolinite platelets 

John de Bono *, Glenn McDowell 
Nottingham Centre for Geomechanics, University of Nottingham, Nottingham, UK   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Using Discrete Element Method to 
model kaolinite platelets. 

• Each platelet has 3 distinct surfaces: 
silica face, alumina face, edge. 

• Different interactions used between 
different surfaces. 

• Using multifaceted interactions controls 
ability to aggregate/flocculate.  
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A B S T R A C T   

It is well known that kaolinite platelets readily aggregate into ‘stacks’, having face-to-face contact. The tradi-
tional view of kaolin has been that the platelet faces are negatively charged and the edges are positively charged 
in an acidic environment, but that some attraction between faces may exist at some close range of approach. 
Particle-scale simulations in this paper show that this is insufficient to explain aggregation during sedimentation. 
Recently it has been established that the silica and alumina faces of kaolinite platelets have opposite charges in 
acidic conditions, and taking these findings into account, discrete element simulations are presented which 
replicate and explain the face-to-face aggregation that occurs during sedimentation. The results demonstrate the 
importance of correctly modelling the interactions between the various surfaces of individual platelets in any 
particle-based model.   

1. Introduction 

Particle-scale numerical modelling is a useful tool for simulating and 
investigating the behaviour of particulate materials. This is especially 
true for coarse-grained materials such as sand, where the discrete 
element method (DEM) has been used to explain several well-known 
macroscopic phenomena. For finer-grained materials, such as clays, 
particle-scale simulations are more problematic—clay minerals typi-
cally possess shapes which are inefficient to model (i.e. platelets, as 

opposed to quasi-spherical sand grains), and exhibit complex in-
teractions, which continue to be a topic of research. 

Despite these difficulties, there have been several noteworthy at-
tempts to simulate clays at the particle scale, using either DEM or mo-
lecular dynamics (both of these approaches focus on computing the 
motion of a large number of interacting particles, although they differ 
slightly in terminology). As will be discussed however, these previous 
numerical models simulating kaolinite [1–9] have used simplified and 
potentially inaccurate particle interactions. Several of these past 
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attempts have compared well with specific experimental data, however 
none of them took into account the different interactions between the 
various surfaces of individual clay platelets. Nonetheless, these studies 
provide a solid foundation for the development of more advanced 
particle-scale simulations of clay. It is the aim of this paper to demon-
strate appropriate interactions required in any model to capture the 
correct platelet behaviour when compared with available evidence. 

1.1. Kaolinite 

This study focusses on and simulates interactions between kaolinite 
platelets. Kaolinite is a 1:1 layered mineral, consisting of alternating 
layers of silica tetrahedral and alumina octahedral sheets [10,11]. 
Kaolinite exists in the form of flat platelets, typically <1 μm wide and <
0.05 μm thick [10,11]. Thus a single kaolinite particle has 3 surfaces: a 
silica (tetrahedral) face, an alumina (octahedral) face, and an edge 
surface. The interactions between kaolinite particles at this scale are 
determined by the surface chemistry and environmental conditions, 
rather than by purely mechanical forces. This typically has required 
specialised interaction laws to be implemented to any numerical model, 
and involves a significant deal of uncertainty. 

Traditionally, it was accepted that the faces of kaolinite platelets 
possessed a permanent negative surface charge, whilst the edges 
possessed a pH-dependent surface charge, which could either be positive 
(low pH) or negative (high pH). This view led to the notion that acidic 
conditions contribute to a loose, flocculated arrangement of platelets, 
and alkaline conditions contribute to a dense, layered arrangement of 
platelets [10–12]. Considering the sedimentation of kaolinite in water 
for instance, as simplified in Fig. 1, if all platelet surfaces exhibit 
negative surface charges, and electrostatic repulsion prevents any 
coagulation, the suspended platelets are able to easily slide over one 
another and form a dense, layered sediment. If electrostatic attraction 
occurs between edges and faces, the platelets readily flocculate and form 
a very loose, open structure. This belief is consistent with experimental 
measurements of sediment volumes and settling rates of kaolinite sus-
pensions, measured at varying pHs [12–15]. 

Despite the above simplified notion of behaviour, a well-known 

phenomenon for kaolinite is the face-to-face ‘stacking’ or aggregation 
of platelets [e.g. 11,16,17]. An example SEM image showing aggrega-
tion in a kaolinite slurry is given in Fig. 2, further images including 
showing aggregation in suspensions and sediments can be found in 
[16–18]. Given the traditional view that the face surfaces of kaolinite 
platelets possess negative surface charges, which ordinarily would lead 
to face-to-face repulsion, any aggregation (i.e. face-to-face attraction) 
has generally been attributed to van der Waals forces [10], or alterna-
tively ion-correlation (where positively charged counter-ions act as 
‘glue’) [11,19]. Thus, it has usually been assumed that the interaction 
between two parallel, like-charged platelets is repulsive at large sepa-
rations with an attractive region at close range, as shown in Fig. 3 
[10,11]. This figure shows increasing repulsion as two particles 
approach one another from distance, with a small region of attraction at 
close-range. Beyond this, at closer separation, very stiff repulsion pre-
vents any physical penetration. 

Experimental findings in the last few years however have since 
clarified that the two basal surfaces of kaolinite platelets possess sepa-
rate and opposite charges [20,21]. It has been shown that the alumina 
face possesses a positive surface charge at low pH (< 7) and a negative 
surface charge at higher pH; while the silica face as well as the edge 
surface both possess negative charges across all pH values of interest (>
4). It is worth noting that in these experiments, for repulsive long-range 
interactions, no significant attraction was observed at close-range 
[20,21]. 

This newer understanding provides a better explanation as to why 
kaolinite platelets aggregate so readily, and is entirely consistent with 
previous observations, as well as SEM images of kaolinite sediments and 
suspensions [7–9], in which platelet aggregation is easily visible despite 
the platelets not being subjected to any significant perturbation (e.g. 
compression). 

1.2. Numerical modelling of platelet interactions 

In the geotechnical numerical modelling community, previous at-
tempts to simulate particle-scale behaviour of kaolinite have typically 
used the outdated understanding of platelet interactions (where all faces 
are considered to possess identical (negative) surface charges, and only 
the edges might be considered to have a variable charge). Of those past 
attempts [1–8], the majority considered different surface charges on the 
edges and faces, however none distinguished between the two distinct 
faces of the platelets. In those studies which could simulate any face-to- 
face aggregation, this was typically done by implementing an 

Fig. 1. Schematic showing the assumed settling mode for kaolinite platelets 
with and without edge-to-face attraction. 

Fig. 2. SEM image of a kaolinite slurry, prepared at a moisture content 
of 125%. 
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interaction law between platelets of the form shown in Fig. 3, i.e. long- 
range repulsion combined with close-range attraction. This was either 
applied to all types of platelet interactions, or used in conjunction with a 
separate edge-to-face attraction. 

It should also be noted that even in those past simulations which did 
not allow for any aggregation [3,9]—i.e. the interactions between the 
faces of platelets were purely repulsive—after subjecting these numer-
ical samples to external load, the forced rearrangement and packing of 
the platelets still gives the appearance of aggregation. To demonstrate 
the actual effects of implementing the correct, multifaceted interactions 
that exist between real kaolinite platelets, some brief sedimentation 
simulations will be demonstrated in this paper. These will show how the 
platelet interactions affect the abilities of the platelets to naturally 
flocculate and/or aggregate, without subjecting the sample to any 
external loading. 

The brief simulations presented here all use 500 platelets, with di-
ameters of 0.75, 1.0 and 1.5 μm in equal proportions. The platelets have 
thicknesses of 0.055 μm, and consist of a rigid arrangements of spheres 
(shown in Fig. 4). This is the same approach used by many others to 
simulate platelets, and is explained and justified more fully in [6,22]. In 

summary, this approach of constructing platelets from spheres allows 
categorically different interactions to occur between different parts of 
the platelets, and inherently accounts for arbitrary orientations between 
platelets. To implement separate interactions between the various sur-
faces (including the two distinct faces), the platelets are constructed 
from two layers of spheres, with an additional set of spheres around the 
edges (different coloured spheres in Fig. 4). These allow for separate 
interactions to be implemented between any pair of spheres from 
amongst these three groups. Thus, the net interaction between two 
platelets is the cumulative sum of all interactions between constituent 
spheres. 

To achieve the desired platelet interactions, custom interactions laws 
between the spheres were implemented. These interaction laws calcu-
late the normal force acting between a pair of spheres as a function of 
separation, and dictate the shape of the force-separation curves. In these 
simulations, interactions laws of the form F~r− α − r− β are used (F is 
force, r is separation, α, β are constants). Further details can be found in 
[6], however, any interaction law may be used which achieves the 
desired force-separation curve, for example see [2,23]. 

Results from four simulations will now be shown, each using a 
different interaction regime. For further information on the platelets, 
and how the interactions outlined below are calibrated, see [22]. Each 
simulation starts with the platelets randomly created in an enclosed 10 
× 10 μm cylinder. They are then allowed to settle under gravity, 
assuming a particle density of 2700 kg/m3. 

The interaction regimes compared are summarised in Fig. 5. Each 
subplot in this corresponds to a single simulation, and shows the normal 
interactions between the different platelet surfaces. The tangential 
platelet interactions are not varied across the simulations, and in all 
cases a linear tangential stiffness with a coefficient of friction of 0.05 is 
used. Due to the (even greater) uncertainty over tangential platelet 
behaviour, this coefficient was chosen somewhat arbitrarily bearing in 
mind the smooth nature of the platelets (however, in the absence of 
significant external forces, varying the friction coefficient has no effect 
on the settling behaviour). 

Simulation I corresponds to the conventional approach commonly 
used in particle-scale simulations: the platelets exhibit face-to-face 
repulsion, and edge-to-face attraction, shown in Fig. 5(a). To allow the 
possibility of aggregation, face-to-face interactions include close-range 
attraction (which has often been attributed to van der Waals forces). 
Allowing the platelets to settle freely with minimal damping results in 
the very loose, open structure shown in Fig. 6(a). At the final steady 
state, all ‘contacts’ are edge-to-face, with no face-to-face aggregation. 
The magnitude of the interactions shown in Fig. 5 are chosen arbitrarily, 
however, regardless of the forces, so long as there is long-range edge-to- 
face attraction, and long-range face-to-face repulsion, the resulting 
sediment structure is the same. Simulating Brownian motion, by giving 
the platelets random velocities and rotations also leads to the same 
result. 

Simulation II features long-range repulsion between all particle 
surfaces (Fig. 5(b)). As shown in Fig. 6(b), this regime results in a dense, 
layered sediment with much smaller volume. Simulations I and II 
together correspond very well to the simplified regimes depicted in 
Fig. 1. 

Simulation III distinguishes between the two faces of each platelet 
(the silica and alumina faces), therefore requiring additional types of 
interactions to be implemented. The interactions are shown in Fig. 5(c), 
and feature attraction between different faces (with opposite charges), 
and repulsion between like faces. The platelet edges exhibit attraction 
with the alumina faces and repulsion with the silica faces. In this case, no 
close-range attraction is included in the interactions between like- 
charged surfaces. The edges and the silica faces are assumed to have 
the same surface charge density, so the interactions are identical when 
normalised by surface area in contact in Fig. 5(c). The resulting sediment 
is shown in Fig. 6(c), which demonstrates a similar open and disordered 
flocculated structure to that shown in Simulation I. 

Fig. 3. Idealised force versus separation interaction curve between two parallel 
kaolinite platelets. 

Fig. 4. Numerical kaolinite platelet used in this study. Platelet shown has a 
diameter of 1.5 μm and a thickness of 0.055 μm. 
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Lastly, Simulation IV uses a similar regime but assumes a weaker 
surface charge density on the edges, shown in Fig. 5(d). Given that the 
edges themselves consist of alternating layers of silica and alumina 
sheets, it follows that the net surface charge would be smaller than that 
of the negative silica face, and therefore the interaction forces would be 
smaller. The resulting sediment is shown in Fig. 6(d), which displays 
unique behaviour compared to the other cases, with a higher prevalence 
of large, flake-like structures, and visible aggregation. This displays a 
greater likeness to real images of kaolinite, despite the highly simplified 
platelets used in these simulations. Further reducing the interaction 
forces for edge-to-face interactions does not lead to any significant dif-
ferences, suggesting the influence of edge-to-face interactions in previ-
ous numerical models may have been overestimated. 

The difference between the sediments is also reflected in quantitative 
measurements. Given that each sphere represents a finite area of platelet 
surface, the ‘contact’ area between two interacting platelets can be 

assessed by summing the number of interacting spheres. Simulation IV 
exhibits the greatest ‘contact area’ (65 μm2) between all platelets, due to 
the prevalence of face-to-face aggregation. Simulations I and III both 
demonstrate no aggregation, and the resulting contact area is much 
lower (both ~15 μm2). Simulation II, despite forming the densest sedi-
ment, with platelets largely aligned with each other, has the smallest 
contact area (0.5 μm2) due to the platelets only interacting or ‘touching’ 
minimally, at the fewest number of points due to the overall repulsion. It 
is also possible to estimate the voids ratios of the four sediments. This is 
done considering only the lowest parts of each sample, without 
considering the sediment height (which is not well-defined in most 
cases). The loose and flocculated sediments from Simulations I and III 
possess voids ratios of approximately 18–19. The dense sediment from 
Simulation II gives a voids ratio of 2.75, while Simulation IV gives a 
voids ratio of approximately 9. These compare to voids ratios measured 
experimentally of around 8–9 for acidic samples of kaolinite [12,15], 

Fig. 5. Four different interactions regimes simulated.  
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which further supports the approach used in Simulation IV. 

1.3. Concluding remarks 

Following on from relatively recent experiment findings, these sim-
ple simulations have explored the effects of implementing multifaceted 
interactions between the various surfaces of kaolinite particles within 
the field of particle-scale modelling. Simple sedimentation simulations 
appear to show that not only is modelling long-range repulsion between 
all faces of kaolinite platelets incorrect, but that the role of edge-to-face 
interactions may have been overestimated. To achieve a sediment with a 
structure that corresponds satisfactorily to real kaolinite observed via 
SEM, it is important to model some form of attraction between oppo-
sitely charged faces of the platelets, and to moderate the influence of 
edge-to-face interactions. 
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