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A B S T R A C T   

The mechanical behaviour of sands and clays subject to “normal” (plastic) compression are very similar, albeit at 
different stress levels, despite the differences in inter-particle interactions (Hertzian normal contact forces or 
similar for sand) and electro-chemical forces for clays. However the hysteretic behaviour of clay is very different 
to sand with clays exhibiting “springy” hysteresis loops and ratchetting volumetric compaction. This paper aims 
to show that whereas the “plastic” compression arises from degradation of macro particles, the “quasi-elastic” 
unload-reload behaviour is consistent with an increase in the number of platelet edge contacts as clay “stacks” 
rearrange and compact.   

1. Introduction 

It is well-known that for normally consolidated clay, soils demon
strate hysteretic responses when unloaded and reloaded (e.g. Burland, 
1990; Wood, 1990). In this paper, a particle-scale model was used to 
simulate the isotropic normal compression and unloading-reloading on a 
numerical sample of kaolin clay. Although both clays and sands share 
similar behaviour within the critical state soil mechanics framework, 
clays are unique in demonstrating well defined hysteretic loops during 
cyclic compression, with paths that are non-linear when plotted on semi- 
logarithmic volume-stress charts (Cui et al., 2013). The state-of-the-art 
model used here successfully captured this aspect of clay behaviour, 
and was used to analyse the particle-scale mechanisms that occur during 
unloading and reloading. The model was able to reveal some particle 
scale insights into the hysteresis. 

2. Numerical model 

2.1. Background 

The particle-scale model is based on the discrete element method 
(DEM), and models kaolinite platelets using arrays of spheres. Much of 
this model is based on previous work by the authors (de Bono and 
McDowell, 2023a), and as such only key details will be repeated in this 
technical note. The platelets were constructed from two layers of 
spheres, as shown in Fig. 1(a). This is a convenient method of modelling 

the correct particle shape as well as achieving the desired surface in
teractions between the distinct faces of each platelet. 

Kaolinite platelets were modelled with two distinct surfaces: a silica 
tetrahedral face and an alumina octahedral face (Mitchell and Soga, 
2005). It was assumed that the silica face possesses a negative surface 
charge, and the alumina face a positive surface charge (Gupta and 
Miller, 2010; Liu et al., 2014b; Kumar et al., 2017). This corresponds to 
typical soil (and laboratory) conditions, with an acidic pH (≈5) and a 
moderate residual electrolyte content (Wang and Siu, 2006; Pedrotti and 
Tarantino, 2017). Earlier work by de Bono and McDowell (2022a, 
2023b) explored varying the pH by adjusting the platelet interactions, 
and showed that for alkaline conditions (where all contacts are pre
dominantly repulsive), denser samples were achieved, in agreement 
with experimental observations. Several attempts have been made in the 
past (e.g. Sjoblom, 2016; Pagano et al., 2020; Bandera et al., 2021) to 
perform particle-scale simulations of kaolin, and defining the in
teractions has remained an area of uncertainty. 

2.2. Methodology 

In this work, for simplicity it was assumed that opposite-charged 
kaolinite surfaces demonstrate long-range attraction, with stiff close- 
range repulsion; and that like-charged surfaces demonstrate mono
tonic repulsion. Although this is a simplification, it is advanced enough 
to capture all salient macroscopic features of clay behaviour (de Bono 
and McDowell, 2023a), and goes beyond previous studies which 
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typically did not differentiate between surfaces (e.g. Aminpour and 
Sjoblom, 2019) . In this model, the interactions (chiefly the pull-off 
forces) were estimated from various experimental surface force mea
surements. There are several Atomic Force Microscopy (AFM) studies 
probing the various kaolinite surfaces, and from these data it is possible 
to estimate equivalent interactions between flat surfaces using the 
Derjaguin approximation (Alcantar et al., 2003; Israelachvili, 2011). 
Based on AFM data (Veeramasuneni et al., 1996; Gupta and Miller, 
2010; Liu et al., 2014a; Kumar et al., 2017), it was assumed here that the 
maximum pull-off force between the silica and alumina kaolinite sur
faces is approximately 500 nN/μm2. It was assumed that all interactions 
between surfaces have a cut-off range of 10 nm; this means that particles 
closer than this could be considered ‘in contact’ with each other, see de 
Bono and McDowell (2023a) for further details and justification. The 
interactions modelled are shown in Fig. 1(b)—and these are the inter- 
platelet interactions per unit area. To achieve these interactions, it 

was necessary to calibrate the sphere-to-sphere interactions, a simple 
and common procedure, outlined in de Bono and McDowell (2022b). 
The sphere-to-sphere interactions were very similar to the platelet in
teractions, but they are calibrated to ensure repeatability. For tangential 
interactions between platelets, a simple linear tangential stiffness 
(stiffness being the gradient of the force-displacement curve) with a 
limiting coefficient of friction was used. Like the normal interactions, 
choosing suitable tangential interactions involves a great deal of un
certainty; no direct measurements of forces have been made between 
kaolinite surfaces. In this work a coefficient of friction of 0.5 was applied 
for adhesive contacts, and a value of 0.05 was used for purely repulsive 
contacts; these values were chosen for simplicity, and based on relevant 
data available in the literature: friction coefficients of between 0.25 and 
0.50 have been reported for sliding between adhesive mica or silica 
surfaces (Homola et al., 1989; Vigil et al., 1994; Kawai et al., 2015); and 
values of 0.02–0.05 for sliding between repulsive mica surfaces in 

Fig. 1. (a) Platelets and (b) surface interactions.  
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aqueous solutions (Homola et al., 1990). De Bono and McDowell 
(2023a) found that universally low friction gives good normal 
compression behaviour but very low shear resistance. Universally high 
friction gives quasi-recoverable compression behaviour, which is not 
observed experimentally. By having high friction for attractive contacts 
and low friction for repulsive ones, much of the mechanical behaviour of 
kaolin can be reproduced. In summary, the interactions used in this 
model are shown in Fig. 1(b) and given in Table 1. 

To create the initial sample, the platelets were created in ‘stacks’ (i.e 
aggregates of platelets). These stacks, shown in Fig. 2(a), can be 
considered as ‘macro’ particles, held together by the attraction between 
the opposite-charged kaolinite surfaces. Such stacks are invariably 
observed in SEM images of kaolinite slurries (e.g. Wang and Siu, 2006; 
Gupta et al., 2011; Pedrotti and Tarantino, 2017). Their use here not 
only resulted in realistic porosities following sedimentation of the 
sample, but also meant it was possible to fully explore the evolution of 
the macroparticle population as the stress was increased to levels seen in 

soils mechanics and foundation engineering. Although the sample 
simulated here assumed acidic conditions (pH ≈ 5), the observation of 
stacks from SEM also extends to alkaline conditions (where interactions 
are often assumed to be repulsive). It remains unclear whether stacks are 
formed/exist before or after sample preparation, but it is beyond doubt 
that they are always present in freshly prepared clay slurries. Although it 
is beyond the scope of this technical note, this is an active area of 
research, and the authors anticipate that to capture (or justify) the for
mation (or existence) of stacks in alkaline conditions, either an oscilla
tory interaction law or some heterogeneity in surface charges would be 
needed. 

For simplicity, only a single stack arrangement was used, which was 
replicated several hundred times within a cylinder to create the whole 
sample. This sample was then compacted by applying a vertical stress of 
100 kPa, to create a sample representative of a lightly consolidated clay 
slurry—shown in Fig. 2(b). This sample was the starting point for the 
compression simulation, which applied a (cyclic) isotropic stress. The 
initial sample contained 3234 platelets, in 462 stacks. The cylindrical 
boundary was modelled using a flexible faceted membrane, capable of 
applying a uniform pressure (de Bono and McDowell, 2023a). Each stack 
contained platelets with diameters of 1.5, 1.0 and 0.75 μm. 

3. Results 

The isotropic normal compression results are shown in Fig. 3, which 
includes three unload-reload loops. Although only a modest number of 
platelets were used, this simulation took several months to run, and 
involved computing the interactions between millions of spheres and 
applying small isotropic stress increments (10 kPa). It is clear that the 
behaviour is hysteretic, where permanent volumetric strain accrued 
with each cycle. The unloading and reloading lines are non linear when 
plotted on semi-logarithmic axes, which is in contrast to sands—both 
experimentally (e.g. Wood, 1990) and using DEM simulations (e.g. de 

Table 1 
Summary details of interactions between platelet surfaces.  

Interacting Surfaces Type Pull-off 
Force 
(nN/ 
μm2) 

Interaction 
Range (nm) 

Friction 
Coefficient, μ 

silica 
face 

alumina 
face 

attractive 500 10 0.50 

silica 
face 

silica face repulsive 0 10 0.05 

alumina 
face 

alumina 
face 

repulsive 0 10 0.05 

silica 
face 

boundary repulsive 0 10 0.0 

alumina 
face 

boundary attractive 500 10 0.0  

Fig. 2. Stacks of platelets (a), initial sample (b).  
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Bono and McDowell, 2017). This behaviour occurred without any 
viscous damping imposed between the platelets, and resulted only from 
the platelets and their interactions. The key mechanisms during the 
“normal” (plastic) compression is the destruction/deformation of the 
aggregated particles (i.e. the stacks). This is demonstrated in Fig. 4(a), 
which shows the distribution of particle sizes at the start of the test 
(Point A), before and after reloading cycles (Points B, E), and after ul
timate compression to 1000 kPa (Point G). Whilst significant changes 
occurred with increasing stress on the normal compression line from A 
to B to F, the unload-reload cycles had relatively little impact. 

To investigate what occurred during compression and during the 
unload-reload loops, it was possible to analyse the type of interactions 
(or ‘contacts’) between the platelets. All interactions between platelets 

could be categorised as either ‘Face-to-Face’ or an ‘Edge Contact’. Face- 
to-face contacts were those interactions between (approximately) par
allel platelets. These interactions include platelets which are adhered 
together within a stack, as well as between platelets which are repelling 
each other and not part of a stack. Edge contacts refer to all contacts 
where at least one platelet was predominantly interacting with another 
via an edge. This includes pairs of platelets which were almost parallel, 
perpendicular, or in an ‘edge-to-edge’ arrangement. Fig. 4(b) plots the 
evolution of these contacts with the applied stress, and shows that there 
was a decrease in face-to-face interactions during compression, and an 
increase in all other contacts. The reduction in face-to-face contacts was 
largely caused by the degradation of the stacked, parallel platelets. It is 
interesting to observe that the number of face-to-face interactions 
demonstrated a closed loop during unload-reloading, whilst the number 
of other contacts demonstrated an increase. This both confirms the 
degradation of aggregated ‘macro’ particles, and also reveals that a key 
feature (or outcome) of permanent volume reduction was the creation of 
more contacts as the platelets are forced into a tighter pack
ing—occurring both during normal compression and during the 
reloading when the sample compresses further. 

Compared to bulky materials, such as sand, the non-linear shape of 
the unloading line for clay appears a result of the complex network of 
contacts. This network, resulting from both platelet shape and the in
teractions, consists of a range of contacts with varying mechanisms. 
Parallel platelets, when loaded axially are very stable, stiff and elastic; 
however they can be sheared apart. Other types of contacts, between 
non-parallel platelets can also experience frictional sliding but can also 
demonstrate elastic behaviour or collapse. 

It is the change in the physical packing which leads to a permanent 
volume decrease during the unload-reload loops, and this can be 
observed via particle displacements shown in Fig. 5. Fig. 5(a) shows the 
in-plane platelet displacements, on a vertical plane through the centre of 
the sample, between points B and C (the first unloading). It is clear that 
the predominant direction of motion for platelets in this plot is upwards, 
although there was much less displacement of the platelets at the bottom 
of the sample (the sample is top driven and fixed at the base so dis
placements on average will be proportional to distance from the base). 
Fig. 5(b) shows the displacements on the same plane during reloading, 
and it reveals slightly more displacement in the inwards-horizontal di
rection. This is consistent with Fig. 5(c), which plots the platelet 

Fig. 3. Normal compression results including unload reload cycles.  

Fig. 4. (a) Size distribution of particles, and (b) evolution of different types of contacts.  
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displacements accrued during all unload-reload loops (point B to F). This 
plot shows that platelets have migrated mainly horizontally. 

This finding is also confirmed in Fig. 6, which shows the various 
components of strain plotted during compression. During normal 
compression, the axial strain accrued more rapidly than the radial strain, 
meaning a resultant shear strain is applied (proportional to the differ
ence), despite being loaded istropically, in a quasi-static manner. 
Interestingly, during cyclic loading, there is almost no overall change in 
axial strain, and the volumetric strain appears entirely attributable to 
the radial strain. There was very little ‘rebound’ in radial strain during 
unloading, and then permanent radial strain during reloading, which 
has the effect of ‘undoing’ some of the macroscopic shear strain. 

4. Conclusions 

The mechanical behaviour of sands and clays subject to normal 
(plastic) compression are very similar, albeit at different stress levels, 
despite the differences in inter-particle interactions (Hertzian normal 

contact forces or similar for sand) and electro-chemical forces for clays. 
Discrete element modelling (DEM) shows that the normal compression is 
related to “degradation” in some way in both cases. However, the 
unload-reload behaviour of sand and clay are not similar and clay ex
hibits hysteresis whereas sand does not. The purpose of this short paper 
has therefore been to shed light on the hysteretic clay behaviour at a 
particle scale. This paper has shown that the hysteresis is due to new 
edge contacts forming as radial strain “ratchets” under increasing cycles 
of load and this explains the volumetric compaction under cyclic loading 
in the absence of any well-defined “fracture” of stacks. 
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