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Abstract The macroscopic response of geomaterials is controlled by the processes oc-
curring at the microscale. Understanding these processes is key to interpret experimental
data, understand fundamental modes of stress-strain behaviour, inform ‘continuum’
macroscopic constitutive models, and develop quantitative predictive tools based on
Discrete Element Method (DEM) approaches. Unlike granular materials, mechanisms
at the particle scale controlling macro-mechanical behaviour of clays are still largely
ignored. This paper presents an analysis of elementary mechanisms of clay particle in-
teractions with the aim of gaining an insight into behaviour of clay and advance the
process of defining suitable contact laws to be implemented into DEM formulations.
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1 Introduction

The mechanical response of geomaterials is controlled by the interactions between par-
ticles. An understanding of such interactions is a critical step in soil mechanics as it
allows us to design experiments, interpret experimental data, and understand fundamen-
tal mechanisms of behaviour. It also allows us to inform ‘continuum’ constitutive mod-
els and a classic example is represented by the original Cam-Clay model (Roscoe, and
Schofield, 1963), the progenitor of the constitutive elasto-plastic models for clays. This
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is based on the assumption that the work input associated with plastic deformation is
dissipated entirely in friction according to the following equation

p'Se, + qbel = Mp'S¢el) (1

where p and ¢ are the isotropic and deviator stress respectively, 55 and 8,’; are the iso-
tropic and deviator plastic strain respectively, and M is the stress ratio at the critical
state. Critical. This model implicitly assumes that clay particles are in contact and slip
during shear distortion thus dissipating energy in friction. This mechanism is somehow
inconsistent with the idea that clay particle interactions are mainly governed double-
layer repulsion forces, i.e. clay particles ‘float’ in the pore-fluid similarly to point
charges of same sign floating in a dielectric medium.

Pedrotti & Tarantino (2018) presented experimental evidence that contact establishes
between the positively charged edge and the negatively charged face. Particles in edge-
to-face configuration are responsible for the open soil skeleton structure and the slippage
at the edge-to-face contact generates the mechanism of plastic deformation (Fig. 1).
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Fig. 1. Mechanisms of plastic and elastic deformation in clays according to Pedrotti & Tarantino (2018).
(a) Plastic deformation associated with slippage at the edge-to-face contact. (b) Elastic response asso-
ciated with compression of the double-layer in edge-to-face configuration. (c) Elastic response associ-
ated with compression of the double-layer in face-to-face configuration.

Based on this concept, Pagano et al. (2020) have presented a Discrete Element Method
(DEM) framework where contact laws were designed according to the conceptual model
developed by Pedrotti & Tarantino (2018). Contact laws were successfully tested against
their ability to reproduce qualitatively the compression behaviour of clay with pore-
water of varying pH and dielectric permittivity. The two-dimensional DEM framework
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was intentionally kept simple in order to demonstrate the robustness of the microme-
chanical concept underlying the proposed contact laws. DEM modelling should be fur-
ther advanced in the future to achieve to better satisfactory quantitative prediction of
clay behaviour (by considering three-dimensional formulation and refining contact
laws).

A DEM model represents potentially a powerful tool to address problems of ‘environ-
mental’ geotechnics. Thermal effects (e.g. energy geostructures) and pore-chemistry ef-
fects (e.g. leachate from landfill) are already embedded in the DEM formulation as elec-
trochemical inter-particle forces depend on temperature and dielectric
permittivity/electrolyte concentration of the pore-fluid. As an example, Casarella et al.
(2020) have explored conceptually the micromechanical response of clays subjected to
temperature changes to address the problem of the design of energy geostructures (Di
Donna and Laloui, 2013).

This paper presents an analysis of elementary mechanisms of clay particle interactions
with the aim of gaining an insight into of clay and advance the process of defining suit-
able contact laws to be implemented into DEM formulations. The discussion is limited
to non-active kaolinite clays (characterised by a 1:1 mineralogical structure) and re-
sponse of clays in compression.

2 Surface charges on kaolinite

2.1 Traditional model (Pedrotti’s model)

The negative charge of the particle face (surface charge on the basal planes) results from
isomorphic substitutions and is generally considered to be a permanently structural
charge (Van Olphen, 1977). The charge of the particle edge results from the protonation
or deprotonation of hydroxyl groups of edges and it is pH-dependent (the charge of the
edge is positive at low pH values and becomes negative at higher pH values (Fig. 2).
According to Schroth & Sposito (1997), two values of pH can be identified, the Point
of Zero Net Charge (PZNC) where the positive charge at the particle edge balances the
negative charge at the surface (PZNC=3-4 for kaolinite) and the Point of Zero Net Pro-
ton Charge (PZNPC) where the edge assumes zero charge (PZNPC=5-6 for kaolinite).
The Cation Exchange Capacity (CEC), the total capacity of a soil to hold exchangeable
cations, can be been used to measure the charge of kaolinite particles.

CEC )

where CEC [meq/100g] is the cation exchange capacity, SSA[m2/g] is the specific sur-
face area [m2/g], Na is the Avogadro number (Na=6.022-10%), and e is the electron
charge (e=1.602-10"" C). Conceptually, the CEC depends on both the negative charge
of the face and the positive/negative charge of the edge. It can be used to measure the
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negative electrical charge of the surface only at the PZNPC. Values of surface charge
created by isomorphic substitutions, assumed to generate the negative charge at the sur-
face, have been determined for reference kaolinite clays and are in the range of 50-70
mC/m2 (Table 1).
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Fig. 2. Pedrotti’s model for surface charge on kaolinite particle. (a) acidic pore fluid (low pH). (b)
alkaline pore fluid (high pH).

Table 1 Surface charge created by isomorphic substitutions

Reference Name SSA CEC c
[m2/g] [mmol/100g] [mC/m2]
Schroth & Sposito 1997 KGa-1 8.8 0.63 69
Schroth & Sposito 1997 KGa-2 21.6 1.36 61
Khawmee et al 2013 KGa-2 21 1.02 47
Bolland et al 1976 API-9 20 1.5 72

2.2  Utah model

The surface charge of the kaolinite face and edges have been measured recently using
the Atomic Force Microscope (AFM). An entirely different picture emerged from these
measurements (Fig. 3). The alumina (tetrahedral) face is positively charged at low pH
values and negatively charged at high pH values and the silica (tetrahedral) face is al-
ways charged negatively, with values of density charge that become more negative as
pH values increase (Gupta & Miller, 2010; Kumar et al., 2017). On the other hand, the
particle edge is always negatively charged and its charge is nearly independent of pH
values (Cedge=-10 mC/m2) (Liu et al. 2014).
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Fig. 3. Utah model for surface charge on kaolinite particle. (a) acidic pore fluid (low pH). (b) alkaline
pore fluid (high pH).

A positively charged alumina face and a negatively charged silica face does not neces-
sarily mean that there in an attraction if two particles have the silica and alumina faces
opposite each other.
Values of the charge of the alumina and silica faces are shown in Fig. 4. At pH=5, which
is a typical value obtained when mixing Speswhite kaolin with standard deionised water,
the net charge is negative (De Carvalho Faria Lima Lopes et al., submitted). If one as-
sumes that the negative and positive charges of the silica and alumina faces respectively
are localized at the outer surface (Gsilice=-5 MC/m?, Gaumina= +3 mC/m? according to Fig.
4), the electrical potential generated by the two layers outside the particle (calculated
for the case of a disk uniformly charged as discussed later in the paper) would always
be negative, even in close proximity of the surface. As result, the electrical potential
would be negative all around the particle (both faces and edge) and it might be difficult
to justify flocculation observed experimentally for Spewshite kaolin at pH values of 5.
The Utah model in Fig. 3 requires to be corroborated by some further direct and indirect
experimental evidence and has been ‘parked’ at the moment (but it will be further ex-
plored in the future). This paper only explores the more traditional Pedrotti’s model.
Examples are developed by assuming that the negative charge at the surface is charac-
terised by a net value of Ghe=-2 mC/m? (which is associated with pH=5 according to
Fig. 4).
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Fig. 4. Measurement of surface density charge via Atomic Force Microscope (De Carvalho Faria Lima
Lopes et al., submitted).
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Fig. 5. Electrical potential generated by two adjacent discs of constant charge (R=0.5 mm, =0.1 mm,
Giilica=-5 MC/M?, Gatumina= +3 mC/m?).

3 Interaction of double-layers generated by two (infinite) plane
parallel sheets of constant charge

The interaction between particles is first addressed by considering the case of particles
in parallel configuration. This allows accounting for the effect of the pore-fluid electro-
lytes by considering the Gouy-Chapman theory for the diffuse double layer. This will
serve as a benchmark for the case where the electrolytes are neglected and interaction is
only analysed by considering the effect of charge of the particles. The case of ‘no elec-
trolyte’ is convenient when analysing the edge-to-face configuration, which would in-
deed be tricky if the electrolytes are included and double-layers effect considered.

3.1 Single flat double layer

3.1.1  Solution of governing equation

The equation of the diffuse-double layers under the assumptions highlighted in Mitchell
and Soga (2005) is given by:

d*¥  2ngve (ve‘P) 3)
= sin
dx? E0€r kT

where Y is the electrical potential, x the distance from the surface, n [1/mol] the con-
centration of electrolytes at zero potential (i.e. at x=0), v is the valence, e is the electron
charge, g is the dielectric permittivity in vacuum, & is the relative dielectric permittiv-
ity, k is the Boltzmann constant, and 7 is the absolute temperature. Values of the param-
eters in Eq. (3) are given in Table 2.

This equation is solved here for a given surface charge o, i.e. for the following boundary
conditions:
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where Wy is the potential at the surface, Eq. (3) can be written in non-dimensional form

dZ

d_f}; = sinhy (6)
The solution of the single double-layer equation in non-dimensional form can be derived
as follows (van Olphen,1977):

z z
y exp (7) +1+ [exp (7) - 1] exp(—¢) %)
€xp (E) = Z Z

exp (7) +1- [exp (7) - 1] exp(—¢)

This solution is based on the value of the non-dimensional potential at the surface z,
which then needs to be expressed as a function of the surface charge c.

Since

d¥ kT dy kT z (8)
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The potential at the surface Wy can be therefore derived from the surface charge ¢ using
Eq. (9). In turn, this allows for the computation of z from Eq. (5), which is the boundary
condition required to derive the potential in non-dimensional form via Eq. (7).

Table 2. Diffuse-double layer parameters

k[JK] e[C] Naf[mol']  &[C?I'm']  v[]
1.38:102 16021019 6.022:10  8.8542.10°'2 1




8
3.1.2  Effect of pore-chemistry and temperature

The distributions of the electrical potential for a kaolinite particle with surface charges
of 6=2mC/m? and 6=60 mC/m? are shown in Fig. 6. A concentration of C¢=2-10° M
was assumed in the calculations according to the value estimated by Pedrotti & Tar-
antino (2018) for Spewshite kaolin mixed with deionised water (710=103xNaxCo).

N — = 2 MC/m2

\ == 5=60mC/m2

Electrical potential ‘¥ [V]

150 200
Distance from surface [nm]

Fig. 6. Electrical potential generated by single flat double layer. (¢ =2 mC/m? or 6 =60 mC/m?, T=293K,
Co=2-10"M, &=80).

The electrical potential decreases from the surface and the extension of the double-layer
can be measured by its thickness, 1/K (Mitchell and Soga, 2005)

(10)

which is equal to 68 nm in this case. The effect of dielectric permittivity, concentration,
and temperature on the thickness of the double layer is shown in Fig. 7. The qualitative
trend for & and Cy can be derived straightforwardly from Eq. (10). The effect of tem-
perature is less intuitive because one would expect the thickness 1/K to increase with T
according to Eq. (10). However, the dielectric permittivity also decreases with temper-
ature and these two effects nearly balance each other.

40

1/K [nm]
1/K [nm]
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20 40 60 20 100 1E07 1.E05 1.E03 1.E01 [¢] 20 40 60 30

& Cy [M] T[C]
Fig. 7. Effect of temperature (a), dielectric permittivity (b), and ion concentration (c) on the ‘thickness’
of the double-layer (reference values 6 =2 mC/m?, 7=293 K, Co=2-10"M, &=80).
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It is interesting to separate these two effects on the entire electrical potential distribution
as shown in Fig. 8 (the dielectric permittivity at T=20°C and T=80°C are &=80 and
&=61 respectively). The dashed curve represents the combined effect of temperature
increase and dielectric permittivity decrease and shows that the electrical potential in-
creases overall, at least for the surface charge and electrolyte concentration considered
in this example.

The resulting electrical potential distribution combines the direct effect of temperature
(causing an increase in electrical potential as shown by the dotted line) and the effect of
dielectric permittivity (causing a decrease increase in electrical potential far from the
surface as shown by the thin continuous line).

Distance from surface [nm]

Fig. 8. Combined effect of temperature and dielectric permittivity on electrical potential (¢ =2 mC/m?,
T=293K or T=353K, Co=2-10"M, &=80).

3.2 Interacting flat double layers (at constant charge)

3.2.1  Solution of governing equation

For the case of interacting double layers, i.e. two flat particles opposite each other at a
half-distance d, Eq. (3) is solved for the following boundary conditions:

3 J‘d dr = ddZ‘Pd 3 (d‘P)
o= Opx—ezodx2 x—edxo

(le) _ o
dx/x=qa B

Again the problem is solved here for constant surface charge. According to van Olphen
(1977), Eq. (3) cannot be solved analytically. For the numerical solution, the midway
non-dimensional potential u at the half-distance d is first determined numerically from
the following equality (van Olphen, 1977)

(In
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to account for the condition that the potential at the surface is controlled by the charge.
The unknown u appears in both the integrand function and the integral bound and is
determined numerically.
The relationship between u and Kxd is shown in Fig. 9a for different values of surface
density charge. These relationships differ from Table IX in Verwey & Overbeek (1948)
because the latter is derived for given potential (and not for given constant charge).
Once the midway non-dimensional potential u is determined, the non-dimensional
potential y at and distance x can be extracted by the following equality:

y
| @ — —Kx ()
z \/2 coshy — 2coshu

An example of the distribution of the electrical potential is shown Fig. 9b for d=100nm
and 6c=2mC/m>.

& ——— 5=0.002 ¢/m2
= — — s=0.005C/m2
70 = \ cevesse 5= 0:01C/m2
=+ =5=0.02¢/m2

50 100 150 200

Kd Distance from surface [nm]

Fig. 9. (a) Relationship between non-dimensional mid-plane electrical potential # and non-dimensional
half-distance Kd at different values of constant surface density charge. (b) Interacting double layers
(reference values ¢ =2 mC/m?, T=293 K, Co=2-10"M, &=80).

3.2.2 Interaction pressure

Traditionally, the interaction pressure between two flat double layers is derived directly
from the ionic concentration midway between the plates, which is determined by the
value of u. The repulsive force is calculated from the osmotic pressure midway between
the plates with respect to that of the equilibrium solution. Since these osmotic pressures
are determined by the ion concentration, the force is found directly from the excess con-
centration midway between the plates (van Olphen, 1977).

This approach is questioned here. Eq. (3) is written for the case of infinite sheet and the
concentration of the equilibrium solution does not exist in the mathematical model.
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Strictly speaking, the concentration no does not represent the concentration at infinite
distance but just the concentration that would occur at zero potential V.

The interaction pressure was calculated here using the classic principle of virtual work
used in electrostatics, i.e. the interaction force is derived by differentiating the electro-
static energy (with respect to half-distance d). Once the distribution of the electrical
potential ¥ was derived numerically, the electrostatic energy per unit area U was com-
puted as follows:

U_21 dlpd 1'~p
=23 [ pvar+ g%, (@)

where p is the volume density charge. This can be expressed as a function of the elec-
trical potential ¥ by considering the Poisson’s equation for electrostatics:

v=2[L [ (~err 3 ) wax + Lo (@0)
T2, \ T gz ) T TR
The interaction pressure p is then derived by considering
dUu
P=4d @)

The interaction pressure is shown in Fig. 10 for three different values of reference con-
centration Co. It appears that the interaction pressure is bounded by the same value re-
gardless of the concentration. This is not surprising if one considers the case of charged
disks with no electrolytes (discussed in the next section). In th9is case, the interaction
pressure depends on the size of the disk but the curves all converge to the value of the
plane infinite sheet:

02

Pps ((%2))

2€p&,

In other words, there is a finite value of pressure that double layers (plane sheet in pres-
ence of electrolytes) or the plane sheets alone (in absence of electrolytes) can sustain.

30

Pressure [kPa]
G

0.0

Half-distance, d [nm] L
Fig. 10. Interaction pressure versus half-distance between two flat double layers for Co=1073, 104 10°M

(reference values 6 =2 mC/m?, T=293 K, &=80) and comparison with disks and plane sheet with no
electrolytes.
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Fig. 11 shows the effect of the surface density charge on the interaction pressure. As for
the plane sheet in the absence of electrolytes, the interaction pressure for the double
layers increase with the square of the charge. Finally, the effect of temperature is shown
in Fig. 12. It can be noticed that the increase in interaction pressure is consistent with
the increase in electric potential observed in the single double layer in Fig. 8.

100

Plane sheet - s=0.006C/m3
= === C0=2x10-5 M - 5= 0.006 C/m3
@ Plane sheet - 5=0.002 C/m2
@= = (C0=2x10-5 M - s=0.002 C/m3

Pressure [kPa]
'
'

Half-distance, d [nm]

Fig. 11. Effect of surface charge on interaction pressure of double-layers and plane sheets. (reference
values ¢ =2 or 6 mC/m?, T=293 K, Co=2-10"M, &=80).
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10
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Fig. 12. Effect of temperature and dielectric permittivity on interaction pressure of double-layers (ref-
erence values 6 =2 mC/m?, T=293 K, Co=2-10"M, £=380).

4 Interaction of square particles in absence of electrolytes

4.1 Face-to-face interaction

The interaction pressure was analysed for square particles of side L in parallel configu-
ration without considering the presence of electrolytes. he electrostatic energy was cal-
culated as
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1
U=2 [E fﬂ U‘Pdﬂ] (29)

where W is the electric potential generated on one particle by the adjacent one. The
interaction force was then calculated by differentiating the electrostatic energy with re-
spect to the inter-particle spacing as per Eq. (23).

For the case of face to face interaction, the electrical potential was calculated only on
the particle axis and assumed to be uniform across the square particle (the error is neg-
ligible for inter-particle distances smaller than the size of the square). According to Fig.
13, the potential is given by

1 oz
¥= ﬂ av = ﬂ dxd
a o Ameosr [x2+y2 + 22 y (9)

For comparison, the interaction pressure was also calculated for the inscribed and cir-
cumscribed disk. The electrical potential of a disk on its axis of symmetry is given by:

(Va? + R ~a) (&30)

where R is the particle radius and « is the inter-particle distance. This leads to the fol-
lowing equation for the interaction pressure according to Eq. (27)

2€4&,

2

o [ 2a 1]
b= -
2608, l2vaZ + R2

For R—o, the equation for the plane sheet shown in Eq. (25) is recovered. The interac-
tion pressure between square particles is compared with the inscribed and circumscribed
paticles in Fig. 14. When the spacing tends to zero, the pressures converge to the value
of the plane sheet.

It is worth noticing that a charge of 6=2mC/m? and a dielectric permittivity of &=80
(water) returns a maximum pressure of about 3kPa, i.e. it would be sufficient to apply a
pressure greater than just 3 kPa to cause the particles to stuck together.

If the charge was 6=60mC/m? (30 times higher), the limiting repulsive pressure would
be 900 times higher since the limiting pressure is proportional to the square of the sur-
face density. As a result, an external pressure of 2700 kPa would be required to cause
the particles to stuck together.

(83)
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Fig. 14. Interaction pressure in face-to-face configuration (Gc=-2mC/m?, &=80, L=1um)

4.2 Edge-to-face interaction

The calculation of the electrical potential for square particle in edge-to-face configura-
tion requires four integrations. As shown in Fig. 15, the electrical potential on a point P
located on the vertical square requires an integration along x and y on the horizontal
square. To derive the electrical potential on the vertical square, the electrical potential
on the point P should be integrated along y and z on the vertical square.

Once the potential generated by a square uniformly charged is computed, the case of
square particles with different charges on the face and the edge can be analysed via
superposition as shown in Fig. 16.
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Fig. 16. Superposition to simulate positively charged edge and negatively charged face.

Fig. 17 shows the interaction pressure for the case of i) particles with negative charge
on face and edge (high pH), ii) particles with negative charge on the face and positive
charge on the edge (low pH) witt c.=-cy, ii) particles with negative charge on the face
and positive charge on the edge (low pH) with c.=-50¢ As the charge at the edge in-
creases from negative to positive, the repulsion pressure decreases but always remains
positive. In other words, the positive charge at the edge does not create an attraction,
just depletes the repulsion and depletes the maximum repulsion force that that the edge-

to-face contact can sustain.
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Fig. 17. Edge-to-face interaction compared with face-to-face interaction (Gfce=-2mC/m?, &=80)
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5 Discussion

5.1 Face-to-face interaction

The repulsion pressure between two particles in parallel configuration appears to be a
finite value (Fig. 10 and Fig. 14). This would imply that particles will get in contact as
long as the external pressure exceeds the maximum repulsion pressure that can be de-
ployed by the overlapping electrical fields.

As a result, there is no need to invoke Van der Waals short-range attraction to justify
the contact between two particles facing each other. The van der Waals forces are not
necessarily responsible for the particles to get in contact, it is sufficient that the external
pressure overcomes the limiting one. However, van der Waals forces would prevent the
particles to detach once the external pressure is relieved.

This is an irreversible mechanism that can explain some of the irreversible deformation
observed in clays as discussed by De Carvalho Faria Lima Lopes et al. (submitted).
Pedrotti and Tarantino (2018) made the case that irreversible deformation in compres-
sion is associated with the (Fig. 1). However, significant plastic deformation was also
observed on clay samples prepared at high pH values, which generate particles nega-
tively charged all around with no edge-to-face contacts that can establish. This plastic
deformation cannot therefore be associated with the disengagement of the edge-to-face
inter-particle contact.

The order of magnitude of the maximum repulsion pressure is represented by the pres-
sure between two (infinite) plane sheets, and this is proportional to the square of the
surface charge density and inversely proportional to the dielectric permittivity.

When moving from water to air, the dielectric permittivity decreases by 80 times and
the maximum sustainable external pressure would then increase by 80 times. It is then
much more difficult to ‘attach’ particles when compressing dry kaolinite powder than
kaolinite prepared from slurry. As a result, the component of irreversible compression
due to particles getting in contact and then ‘bonded’ by the van der Waals forced should
be more pronounced as the dielectric permittivity increases.

The electrolyte concentration affects the double layer interaction but not the limiting
repulsion pressure as shown in Fig. 10. This can partly explain why Wang & Siu (2006)
and Wahid et al. (2011) found that compression behaviour of kaolinite is not affected by pore
fluid electrolyte concentration and why Chen et al. (2000) noted that the change in compress-
ibility due to electrolyte adjunction was noticeable only for overburden stress lower than 300
kPa (consistently with the double layer interaction).
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5.2 Edge-to-face interaction

The positively charged edge of a particle is not necessarily attracted by the negatively
charged face to create an edge-to-face contact. As shown in Fig. 17, the interaction be-
tween two orthogonal particles is dominated by the net negative charge and the overall
interaction remains repulsive even if the edge is positively charged. In other words, the
particles will not get in contact if there is not an external force pushing them against
each other.

However, the positive charge of the edge depletes the force required to establish contact
making it very small. Brownian motions might therefore be sufficient to generate edge-
to-face attraction for the case where the edge is positive. The edge-to-face contacts are
generated more easily than face-to-face contact because the force required to achieve
contact is smaller as shown in Fig. 17. If an external force is required to cause edge-to-
face contact, flocculation observed in clay samples prepared from slurry should there-
fore be controlled by the process of mixing.

Once in contact, the edge-to-face is ‘soldered’ by the van der Waals attraction. However,
the interaction at the edge-to-face still remains controlled by the negative charge of the
faces of the two particles.

If temperature increases, the double layer repulsion between the two orthogonal parti-
cles increases (Fig. 14) and this weakens the contact in the sense that the net attraction
decreases. In turn, this makes the contact more prone to collapse.

As discussed by Casarella et al. (2020), this can explain micromechanically the plastic
volumetric collapse of normally consolidated clays upon heating. Normally consoli-
dated clays are characterised by a significant amount of edge-to-face contacts (Pedrotti
and Tarantino 2018). An increase in temperature increase the repulsion forces signifi-
cantly (30% for the case examined in Fig. 12) and this weakens the net attraction pre-
disposing the edge-to-face contact to disengage with consequent plastic deformation.

6 Conclusions

The paper has presented an analysis of elementary mechanisms of clay particle interac-
tions with the aim of gaining an insight into the behaviour of clay and advance the pro-
cess of defining suitable contact laws to be implemented into DEM formulations. Two
elementary schemes were analysed theoretically, particles in parallel (face-to-face) con-
figuration and particles in orthogonal (edge-to-face) configuration respectively.

The case of particles in parallel configuration was analysed by considering the cases
‘with electrolytes’ and ‘without’ electrolytes. To account for the presence of electro-
lytes, the Gouy-Champan equations for the diffuse double layers were solved for the
case of constant surface density charge. This allowed deriving the interaction pressure
using basic concepts of electrostatics.

The response with or without electrolytes appears to be similar qualitatively in the sense
that the repulsion interaction pressure tends to a finite value as the inter-particle distance
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approaches zero. This implies that face-to-face contact can be achieved as soon as the
external pressure exceeds the maximum repulsion pressure that can be deployed by the
particles. Van der Waals forces do not need to be invoked to justify face-to-face contact
but play a role in the compression mechanisms as they prevent the particles to detach
once the external pressure is relieved.

When particles are in orthogonal configuration, the interaction force remains repulsive
even if the edge is charged positively and points to the surface charged negatively. An
external force (e.g. Brownian motion) is still required to generate an edge-to-face con-
tact. However, the more positive is the charge of the edge, the higher is the depletion of
the repulsion, which facilitates the establishment of the edge-to-face contact.
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