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ABSTRACT
Electrical features of a humid kaolinite specimens was measured at various pressures and at
various frequencies . Surface impedance is supposed on kaolinite particle surfaces (from
humidity), chemical reaction and charge transport along surface hydroxyls of kaolinite edges
besides the permanent negative charges. Classic mixture laws do not support the interpreta-
tion of electrical properties, especially, at high pressures. Accordingly, interpretation was made
with percolation threshold theories. Pressure increase causes decrease in pore spaces and
accordingly increases possible connections of pore distances filled with humidity to total pore
spaces after applying pressure. With pressure increase, the pore voids between particles
decrease and water conducting paths increase. Also, dielectric constant and conductance
increase with increase of pressure. On the other hand, at a certain pressure, at low frequencies,
a noticeable increase of capacitance with pressure increase, that tends to reach constant value,
for relatively high pressures. The diffusion and interfacial mechanisms was suggested to
interpret samples with increase of pressure and frequency. The latter mechanism acts simulta-
neously with surface chemical reaction mechanism (Debye behavior) to give a depressed arc
(relaxation time distribution). Finally, the pressure and frequency are effective factors on
electrical properties.
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1. Introduction

Few studies show the effect of increasing pressure on
electrical features of rocks (Hussain 1981, 1997).
Kaolinite is a porous medium. Generally, it behaves
as a random two-phase system (double electrical layers
between particles or pore space and kaolinite particle
space) separated by random (and discrete) humid
interfaces. Pores in kaolinite particles give a degree
of interconnection, via what are called pore throats.
They may contain some free water and, if ions are
found in it, an electrolyte as well. Adsorbed discrete
water is, usually, found at the particle surface due to
humidity. Each of these phases contributes to the
electrical features (Hussain 1997; Gomaa 2008, 2009).

Schwarz (1962) studied the dielectric dispersion, for
relatively low frequencies, of colloidal particles, in liquid
solutions that contain ions. Schwarz (1962) suggested
the existence of diffusion-controlled polarisation
around the particles, which controls the dielectric dis-
persion at low frequencies. He suggested that an electric
field would result in a counteracting diffusion flux with
the flux induced by the impressed electric field
(Levitskaya 1984; Levitskaya and Sternberg 1996a,
1996b). He derived a relation between relaxation time,
the radius of the particle and mobility. Schwarz (1962)
suggested that at the surfaces of wet clay particles there
exists a tangential diffusion-controlled polarisation
around the surface resulting from the counter-ions,
which are strongly bound to the surface by electrostatic

attraction (Klein and Sill 1982; Garrouch and Sharma
1994). At moderate mobility of charges, the complex
surface conductivity λs was described by Debye beha-
viour (Ruffet et al. 1991), responsible for dispersion at
lower radio frequencies:

λS ¼ iWτ

1þ iWτ
λ0 (1)

w is angular frequency, λ0 is the DC surface conduc-
tivity and τ is the relaxation time constant.

At relatively high frequencies, surface conductivity
equals λs ¼ λ0 and,

λ0 ¼ e2nsdum (2)

where en is the electric charge, sd is the density of
surface charges (ions per unit area), which can move
only tangentially or horizontally over the surface, um is
the mechanical mobility (i.e. velocity per unit force),
and τ is the relaxation time;

τ ¼ R2

2umKT
(3)

where R is the radius of the particle, T is the tempera-
ture and K is the Boltzman constant.

Brace et al. (1965) measured the DC electrical resis-
tivity of eight igneous rocks and two crystalline lime-
stones at pressures up to 10Kb. The rocks were
saturated with drinking water or salt solution. The
porosity of some rocks was found to be less than
0.001. Resistivity increases with an increase in
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pressure. Resistivity changes were quick for the first
2 Kb and progressively decreased for high pressures.
The data suggest two kinds of conduction in these
rocks: (1) conduction along cracks (at a pressure of a
few kilobars) as in granite (Abou El-Anwar and
Gomaa 2013, 2016), and (2) volume and surface con-
duction along a network of pores that continue over
the whole pressure range (remaining open for rela-
tively higher pressure), as in sand. A rock saturated
with drinking water has a surface conduction 10 to 20
times greater than conduction mechanisms from pore
volumes (Gomaa et al. 2019, Khater et al. 2019a,
2019b; Melegy et al. 2019; Gomaa 2020; Gomaa and
Kenawy 2020). Rocks of minute porosity under low
pressure may show a transition behaviour from
a resistive condition to a conductive condition. But
if minute water films persist within interstices in spite
of fairly high pressure, the resistivity might be orders
of magnitude greater than the frequency under dry
conditions up to percolation pressures (high pres-
sures) (Jonscher 1973, 1975, 1977, 1999a, 1999b).

Olhoeft (1977) measured the dielectric constant and
resistivity of natural clays specimens with an applied
uniaxial load up to 2 Kb. The frequency range used was
from 10Hz to 106 Hz. The resistivity decreased with
increasing pressure from 106 to 105Hz of frequency
range. Above105Hz the dependence on pressure disap-
peared completely. The dielectric constant increases
with increasing pressure. Olhoeft noticed
a mechanism, similar to that given by Maxwell–
Wagner, that has an effect that increases as pressure
increases. A model was assumed by Olhoeft (1977) for
relaxation time collections with several possible relaxa-
tion mechanisms. Each mechanism has a characteristic
relaxation time. These mechanisms, when acting simul-
taneously, may display relaxation time collections
(Bockris et al. 1966; Borner et al. 1993).

Hussain (1997) used a model to describe the elec-
trical effects of relative atmospheric humid kaolinite
(105Hz) based on mechanisms assumed to take place
on clay particle interfaces and trace water present in
the pore spaces surrounding such particles
(Arulanandan 1969). He tried to describe the electrical
effect of clay under pressure up to � 4:5Kb. He made
a representation of the Z-plane under various pres-
sures (Chew and Sen 1982; Shaltout et al. 2012). These
data showed a relaxation time collection due to appli-
cation of various pressures. Resistance decreases, and
capacitance increases, with increasing pressure. He
suggested that the chemical reaction impedance in
clay resulted from charge disconnection and the
charge transport process.

The difficulty in interpreting experimental data
from clay is expressed by considering interface effects
in non-metallic conducting solids and liquids
(Macdonald 1980). The following physical processes

are usually included and some or all of them may be
important in specific cases: (a) charge transport – con-
duction and diffusion; (b) generation/recombination
of charged species; (c) neutral species transport – dif-
fusion in material and/or electrodes; (d) adsorption/
desorption at the electrodes; and (e) charge transfer
(redox reactions) at the electrodes.

The first two effects (a and b) occur in material bulk
specimens, whereas (d) and (e) are the result of the
interface of the particles on the samples, and (c) occurs
in either the bulk or at an electrode (or possibly both).
A diagram showing the interaction of the processes
present in an electrode/material situation is presented
in Figure 1.

The intention is to try to interpret experimental
data for kaolinite samples under pressures of up to �
4:5Kb ( � 50% relative atmospheric humidity), at fre-
quencies 10 Hz to 10 Hz.

2. Methodology

A Hioki 3522–50 LCR Hitester Impedance Analyzer
was used to measure electrical characteristics (Gomaa
and Elsayed 2006). The geometry of the samples was
chosen to reduce errors due to stray capacitance.
Specimen edges were polished to make them parallel.
Electrical features were measured at frequencies from
10 Hz up to 104 Hz, using non-polarising (four) elec-
trodes (Cu/CuSO4) at an applied voltage of 1 volt
(Gomaa and Alikaj 2009).

Electrical features were measured (Hioki 3522–50
LCR) using either series or parallel configuration
(Figure 2). Parallel capacitance and conductance (104

and Gp) and series impedance (Z) at various frequen-
cies were measured (Gomaa and Elsayed 2009).
Complex permittivity was calculated from the
equation:

ε� ¼ ε0 � iε00 (4)

Figure 1. Schematic representation diagram showing some
bulk–interphase relations.

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS 177



ε0 ¼ Cpd=ε0A (5)

is real and imaginary permittivity

ε00 ¼ Gpd=ωε0A (6)

where A is the cross-sectional area of specimen, d is
the specimen thickness, ε0 ¼ 8:85� 10�12(F/m) is the
free space permittivity and ω is the angular frequency.
The real conductivity is:

σ0 ¼ Gpd=A ¼ ε00ωε0 (7)

Real impedance = Rs, imaginary impedance = 1=w� CS,
Rs and Cs are series resistance and capacitance,
respectively.

2.1. Material used

Kaolin consists principally of the mineral kaolinite
(Al2Si2O5(OH)4.4H2O), and contains varying
amounts of other minerals such as muscovite, quartz,
feldspar and anatase Figure 3. Kaolin occurs as an
odourless white to yellowish or greyish powder
(Lockhart 1980; Leroy and Revil 2004; Cosenza et al.

2008; Jougnot et al. 2009; Leroy and Revil 2009).
Kaolin is insoluble in water but darkens and develops
an earthy odour when wet. It can be distinguished
from other industrial clays based on its fine particle
size and pure colouring. Its ability to disperse in water
makes it an ideal pigment. The white colour of the
mineral can be naturally occurring, or can result after
processing which removes minerals and other colour-
bearing compounds. The kaolinite used for the present
study is natural kaolin.

Kaolinite is formed by weathering or hydrothermal
alteration of alumino-silicate minerals. Granitic rocks
are a common source of kaolinite, because they are rich
in feldspar. Kaolinite, because it does not absorb water,
does not expand when it comes in contact with water.

Kaolinite consists of SiO2 (~55%) and Al2O3

(~45%) with a particle size on the order of ~ 2–10
microns. The pH is ~5.5–7.

4. Electrical features of kaolinite under
pressure

The kaolinite specimen studied here has a diameter of
Cs and a thickness of 4mm. Different pressure mea-
surements were done at (0� 4:5Kb) at a frequency of
0� 4:5Kb and at ( � 50%) atmospheric relative
humidity. The pressures applied are uniaxial loads
upon the specimen in a confining cell (20ton � 1Kbar
� 103bar; and 1bar ¼ 105N=m2 ¼ 10=9:8kg=cm2;

1bar � 105 Pascal).
Figures 4 and 5 show the effects of uniaxial pressure

on conductance and capacitance, respectively, at var-
ious frequencies. An increase of conductance is seen
with an increase in pressure (Figure 4) (Gomaa and
Abou El-Anwar 2015). The capacitance, however,
shows no dependence on pressure at relatively high
frequencies, because the capacitance at relatively high
frequencies has reached its minimum values (Gomaa
2013). At comparatively low frequencies, a noticeable
increase of capacitance occurs with increasing pres-
sure, that tends to reach a constant value at relatively
higher pressures.

The influences of frequency f on conductance
and capacitance with different pressures are pre-
sented in Figures 6 and 7. The variation of con-
ductance against frequency at different pressures is
shown in Figure 6. With an absence of pressure,
the conductance shows frequency-independent
values. Such phenomena are described in the fra-
mework of percolation threshold theories (Gomaa
et al. 2000). Percolation theory describes the beha-
viour of connected and disconnected clusters in
a random system.

Figure 7 shows the dependence of the specimen’s
capacitance on frequency at various pressures. At low

Figure 2. Schematic representation of the sample holder.

Figure 3. Active surface sites at the edge of the kaolinite.
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pressures, a great dependence is noticed. At higher
pressures, the specimen shows a lower dependence
on frequency. Such behaviour can be considered,
also, in the framework of percolation theory (Gomaa
and Kassab 2016, 2017; Gomaa and Abou El-Anwar
2017).

The dependence ofmeasured conductance and capa-
citance on applied pressure shows a great dependence
(steep sloped curve) on pressure in a low-pressure range
(up to nearly 1 Kb). At higher pressures a constant
conductance is obtained, whereas the capacitance
shows a tendency to decrease with increasing pressure.
This behaviour of conductance and capacitance at
higher pressures can be discussed in the framework of
percolation theory. At such relatively high pressure,
there is a possibility of an increase in the continuous
paths of the conductor (Gomaa 2006). The dependence
of conductance and capacitance on the applied fre-
quency was found to be similar to that obtained by
Olhoeft (1977). The interpretation for the samples
assumed the remaining surface impedance on the kao-
linite particle surface was due to remaining water
(humidity), the chemical reaction and charge transport
along the surface of the kaolinite particles. With
increasing pressure, the pore voids between particles
decrease and the conducting paths of water increase.

Figures 8–16 show data representation in the
Z-plane. Figure 8 shows a kaolinite specimen mea-
sured without any external pressure and at normal
atmospheric conditions of temperature ( � 200C)
and a relative atmospheric humidity of � 200C. In
Figure 8, the interface impedance between grains (Zi)
is defined as (Zi ¼ Ri þ 1=jwcið Þ), with the capacitive
part Zi ¼ Ri þ 1=jwcið Þ>> (Ri) (the real part).

For Figures 9–16, values of ReZ and ImZ are nearly
the same (within a single decade), i.e. the pressure in
this range has relatively little effect compared with the
differences shown in Figure 8, with no pressure. As the
uniaxial pressure is applied, the diffusion impedance
(Warburg impedance) increases until it becomes
dominant. The pressure increase may thus be postu-
lated as equivalent to rising water content or an
increase in conductor concentration (Gomaa et al.
2015a, 2015b). Increasing pressure causes a decrease
in pore spaces, and accordingly increases the segment
ratios of pore distances filled with water to total pore
spaces after applying pressure.

The curves shown in Figures 9–16 can be separated
into two parts, the low-frequency section (lower than
about 400 Hz) and the relatively high frequency sec-
tion (higher than about 400 Hz). The low-frequency
section shows linear behaviour between the real and
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Figure 4. The influence of uniaxial pressure on conductance (S) at various frequencies.
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imaginary section of resistance. Such a straight line
makes an angle of nearly 45°, with a positive orienta-
tion of ImZ. The relatively high frequency part can be
approximated to a semicircular arc. The two regions
can be postulated to be due to two distinct mechan-
isms whose dominant frequency ranges are far from
each other. The two-region impedances are added in
series (Macdonald 1974). As water content increases,
or alternatively the external uniaxial pressure
increases, then the contribution of each of these two
mechanisms varies. The first mechanism, acting in the
relatively higher frequencies, is represented by a nearly
semicircular arc, whereas the one acting at the rela-
tively lower frequencies is described by a nearly
straight line of slope of 45° (Sen 1981a, 1981b, 1984).
Hussain (1981) correlated this behaviour with that
given for a measured heterogeneous chemical reaction
(Vetter 1967, p. 348) plus a diffusion process
(Warburg impedance), respectively, for the resulting
charge carriers. He claimed that ion exchange on the
surface of clay particles leads to the semicircular arc at
the impedance plane of specimen as in the corre-
sponding heterogeneous chemical reaction at an elec-
trode (Vetter 1967, p. 259; Olhoeft 1976, 1980, 1985).
The straight line of 45° inclination corresponds to

diffusion of the resulting charges with water content
(Vetter 1967, p. 200). As pressure is applied
(0.375 Kb), the diffusion impedance (Warburg impe-
dance) appears and dominates, giving rise to the extre-
mely large dielectric constant (Minaw et al. 1972;
Alvarez 1973). Pressure increase may be postulated
as equivalent to a rise in water content. Increasing
pressure causes a decrease in pore spaces and accord-
ingly increases the ratio of pore distances filled with
water to total pore spaces after applying pressure
(Wilkinson et al. 1983; Roberts and Lin 1997).

In Figures 9–16, uniaxial loads are applied to the
specimen in a confining cell, and an arc can be noticed
in contact with straight-line behaviour at a low fre-
quency range. This straight line is ascribed to
a diffusion effect which comes from the uniaxial
applied pressure. The uniaxial pressure also controls
the semicircular arc (Song et al. 1986). It is more
depressed at higher pressures. Consequently, the uni-
axial pressure can act via two mechanisms, the diffu-
sion impedance (line) at a relatively low frequency
range and an arc in the relatively higher frequency
range.

The equivalent circuit of impedance is presented in
Figure 17, representing the attitude of specimens
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Figure 5. The influence of uniaxial pressure on capacitance Faradð Þ at various frequencies.
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(Macdonald 1974; Kassab et al. 2017). Here, Cg and
R1 represent the bulk features of the bulk material
(arc 3 in the impedance plane Figure 15(b)), i.e. the
specimen resistance and capacitance at higher fre-
quencies (radio frequencies), where the response of
water vapour (humidity) is neglected (Leroy et al.
2008). Arc 3 does not appear at the applied frequency
range given here. Arc 2 represents a chemical reaction,
R1, which occurs at frequencies relatively lower than
radio frequency (lower than arc 3). Arc two can be
observed in Figures 8–16. Arc 1 represents diffusion
impedance or Warburg impedance Zw (Gomaa et al.
2009, 2018). It is represented by a straight line making
an angle of 45° with positive orientation of real ðZÞ.
This impedance can be seen in Figures 8–16. It occurs
at frequencies relatively lower than the frequencies of
arc 2 (Last and Thouless 1971; Hill and Jonscher
1983).

For experimental data, corresponding to the rela-
tively high-frequency semicircular arc (400 Hz <f
< 10 KHz), for a humid kaolinite specimen under
pressure, a circuit is suggested to represent the pre-
sence of a thin film of water on the surface of the
humid kaolinite particles and the presence of air gaps
between particles. Surface impedance on the humid

kaolinite particle surfaces represents the charge trans-
port along particle surfaces resulting from the chemi-
cal reaction due to the presence of water. The humid
kaolinite particles are connected or isolated by pore
spaces or by the humidity of water layers. The
response to pressure is to reduce the pore voids
between particles (Knight and Nur 1987; Knight and
Abad 1995).

The impedance plane representation of the spe-
cimen under various pressures shows a relaxation
time distribution (distribution of semicircles),
which may be due to the presence of particles of
different sizes and different charge mobilities
(Figures 8–16).

Such charge carriers form an atmosphere of ions,
which forms a diffuse double layer. The diffused dou-
ble layer charge carriers are separated from the kaoli-
nite particles by the well-known stern (solid) double
layer (Grant 1958; Schurr 1964). The ions of the dif-
fused double layer are weakly attached to the kaolinite
particle surface (Gomaa et al. 2019, Khater et al. 2019a,
2019b; Melegy et al. 2019; Gomaa 2020; Gomaa and
Kenawy 2020). These diffuse double layer ions can
move in the water film (humidity) surrounding the
particles.
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Figure 6. The influence of frequency on conductance at various pressures.
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Figure 7. The influence of frequency on capacitance at different pressures.
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Figure 8. Complex impedance plane plot without any external pressure (experimental).
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Figure 9. Experimental values of impedance (Z) for the measured kaolinite specimen with an external pressure of Z.
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Figure 10. Experimental values of impedance (Z) for the measured kaolinite specimen at a pressure of 0:75Kb:
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Figure 11. Experimental values of impedance (0:75Kb:) for the measured kaolinite specimen at a pressure of 1:125Kb:
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Figure 12. Experimental values of impedance (Z) for the measured kaolinite specimen at a pressure of 1:5Kb:
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Figure 13. Experimental values of impedance (Z) for the measured kaolinite specimen at a pressure of Z.
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Figure 14. Experimental values of impedance (2:25Kb:) for the measured kaolinite specimen at a pressure of 3Kb:
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Figure 15. Experimental values of impedance (Z) for the measured kaolinite specimen at a pressure of 3:75Kb:
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Figure 16. Experimental values of impedance (Z) for the measured kaolinite specimen at a pressure of 4:5Kb:
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5. Conclusion

Electrical features of a kaolinite sample, with relative
atmospheric humidity of ðZÞ, were measured with pres-
sure (up to � 4:5Kb) at a frequency of 10� 104 Hz. The
intention was to try to interpret experimental data for
a kaolinite specimen under various pressures. Without
pressure, the AC conductivity dominates in the specimen
(Conductance ∝ f) . If external uniaxial pressure is
applied, the dominance of the AC conductivity decreases
while percolation threshold effects increase. The effect of
specimen capacitance on the frequency at discrete pres-
sures can also be described in the framework of percola-
tion threshold theory. From the impedance plane
representation of data, two mechanisms arise due to the
application of external uniaxial pressure: the diffusion
impedance mechanism and the interfacial impedance
mechanism. The latter mechanism acts simultaneously
with the surface chemical reaction mechanism (Debye
behaviour) to give a depressed arc. This depressed arc
means a relaxation of the time distribution. Further work
along these lines may help in creating a model for these
data.
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