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ABSTRACT

The investigators interested in electrical dispersion of
heterogeneous mixtures form two groups. The first group, which
started in the last few decades of 19th century, resorted to
microscopic models to depict the behaviour of mainly dilute
suspensions of colloidal matter., Building on the results of these
works, a second group of investigators started more recently using
macroscopic models applied to rather concentrated systems such as

consolidated soils.

A review of the literature on soil micro-structure and its
characterization by the electrical dispersion method suggests the
need for a reinterpretation of the associated electrical response data
in order to account for some important aspects such as the very
appreciable role of adsorbed water on clay., This requires the adoption
of a more comprehensive macroscopic model, the elements of which reflect

the properties of the microscopic components of the soil-water system.

While the researchers who used the electrical dispersion
technique for soil investigation have attributed the main cause of
electrical dispersion to one type or another of the relaxation
mechanisms, the author believes in the possibility of various types of
polarization and relaxation mechanisms taking place simultaneously
within the soil-water system. Consequently, a broad spectrum of

relaxation times should be expected.

Analysis of the available data suggests that at least one
component of the soil-water system exhibits a frequency-dependant
_relaxation. This indicated that the adsorbed water phase could very

well be the component responsible for such a phenomenon.



The experimental programme was designed to measure the
dielectric constant and conductivity dispersién of saturated fine
grained soils in the radio frequency range (10-£16.MH2). Most of
the compositional and mié¢ro-structural parameters of the soil-water-
electrolyte system were deliberately and systematically changed to study
their effects on the electrical responses of the system, and thus

establishing the correlation between the electrical response and the

soil micro-structure.

The electrical dispersion curves produced experimentally were
analysed and compared with theoretical curves computed for the model,

In most cases agreement was found to be more than satisfactory.

The present thesis is thus devoted to the development of an
elaborate electrical model depicting the macroscopic and microscopic
structures of the soil-water-electrolyte system, accounting for the
critical role of adsorbed water, recognizing the possibility of
simultaneous polarization contributions of various mechanisms, allowing for
a frequency-dependent component, and capable of predicting the
experimental observations. It is shown that the model is an efficient
means of investigating the engineering behaviour and micro-structure of
soil. This was achieved by deriving an expression relating the
experimentally measurable characteristic time of the soil system to
different micro-structural and compositional mrameters of soil through
a coefficient which the author calls "Micro-structure Electrical Modulus,
M.E.M.". It is found that this modulus may describe the soil micro-

_ structure in different directions in a numerical manner which permits
a quantitative investigation of soil micro-structure. It may also be
useful as a means of investigating the soil properties associated with

hydraulic flow and wave propagation in different directions.



SYMBOLS

In selecting the symbols used in this thesis, an attempt

was made to conform with the recommended symbols and nomenclature

for soil mechanics. However, in some cases symbols were adopted

to conform with usage in other disciplines or to avoid confusion.

Whenever the same symbol is used to represent more than one item,

the distinction should be clear from the text.

Symbols are normally defined where they first appear in

the thesis; those which occur several times, along with their most

commonly used dimensions, are listed below.

A

AC

abie

exp

area, used with subscripts 1 and s to denote pore fluid

and internal surface area of solid particles respectively,
shape factor.

alternating current.

three axes of the soil particle.

capacitance (farad), used with subscripts o and t to

denote empty capacitor and stray capacitance respectively.
concentration of electrolyte solutions (gram equiv./litre).
electric flux density (dielectric displacement).

direct current.

distance, equivalent height.,

electric field strength (volt/metre)

local electric field strength.

electronic charge. ‘

void ratio

used for base of natural logarithms.



F electric force (newton).

f frequency (Hz).

£o characteristic or critical frequency. :

f; subscript - denotes the strongly adsorbed layer.

fd subscript - denotes the strongly adsorbed layer parallel

to the particle surface,

()

specific gravity of solid particles.

1 current (ampere).

i unit imaginary (={:?“)

K . conductance (mho).

k specific conductivity (nho/cm}.

L inductance (henry ).

L,1 length (cm).

1 subscript - denotes pore fluid ph;se.

la subscript -~ denotes a part of the pore fluid structurally

associated with the solid and adsorbed phases.

M.E.M. (Mg) Micro-structure Electrical Modulus.

il total moisture content (free and adsorbed).

N number of elementary units per unit volume.

n concentration (ion/em3),

P polarization, used with subscripts e, a, d, i, and s to

denote electronic, atomic, dipolar, interfacial, and

static polarization respectively.

P porosity.
P volume fraction of suspeﬂded particles.
P linear porosity.
Q,q electric charge (coulomb).
‘R resistance (ohm).

r distance.



Uyl

wd

specific surface area of solid particles (mzjg).

tortuosity coefficient.

time (day, sec.).

thickness of siroﬁgly adsorbed layer.

thickness of weakly adsorbed layer.

mobility of charge carriers (+cations, —anions).
voltage (ﬁolt).

volume, used with subscripts f,1,la,w, and r to
denote volumes of strongly adsorbed, pore fluid, associated

pore fluid, weakly adsorbed, and solid phases respectively.
valence.
subscript - denotes weakly adsorbed layer.

subscript - denotes weakly adsorbed layer parallel to

the particle surface.
admittance. .
polarizability.
infinitesimal distance.
dielectric constant.

static g.

€ at very high frequencies.

complex g .
real part of g.

’

imaginary part of ¢.
dielectric constant of free space (0.0885 x 10712 farad/cm).
charge density.

relaxation time, characteristic time, or time constant.

angular frequency (rad./sec).



CHAPTER 1

INTRODUCTION

Soil micro-structure comprises interpﬁrlicle geometry
(fabric) and interparticle forces (intrafabric features). The work
of many investigators has lead to a better understanding of the effect
of the micro-structural and compositional factors on the engineering :
properties of soils. Great strides have been made in the study of
soil fabric using various direct methods such as the optical and
electron microscopy, x-ray diffraction and uitrasonic pulse technique
as well as in relating soil micro-structure to méchanical properties
such as shrinkage, permeability, effective stress, semsitivity, and
stress—strain behaviour; e.g., Bolt (1956) Foster (1972,1973), Lambe
(1958,1960), Low (1961), Martin (1962), Mitchell (1956), Rosenqvist
(1959,1968), Iida (1939), Nacci, et.al. (1967), and others.
Unfortunately, the direct methods for determination of soil fabric
are, except in special cases, difficult of quantitative expression,
time consuming, and destructive in nature. Moreover, little
information about the intrafabric features such as ion distribution,
ion to surface bonding, ion mobility, adsorbed water characteristics,
and rigid bonding which together with the fabric make up the total micro-
structure of soil, can be inferred from such measurements.

Such deficienciés have led in many cases to the use of
empirical and phenomenalogical relationships as well as the application
of some fundamental theories to account for soil behaviour even beyond
the scope within which these theories have been established. For
instance, several attempts have been made to account for volume change
tendencies of clays by means of the Gouy-Chapman diffuse double layer
theory despite the fact that this theory was derived essentially for

the case of dilute colloid suspensions and that the interactions between



different phases of a close packing of soil systems would complicate
the problem and render the application of the Gouy-Chapman theory

unwarranted.

Bolt'(1956) uged the Gouy-Chapman diffuse double layer theory
to produce consolidation curves in fair agreement with experimental
curves only in the case of clays exhibiting very strong colloidal
properties. However, deviations from Bolt's results have been reported
by Mitchell (1960) and are ascribed mainly to particle orientation.

Quigley and Thompson (1966) have observed fabric changes in
natural marine clay during consolidation using x-ray diffraction
methods. Foster (1972,1973) and Smart (1967) investigated the behaviour
of kaolin fabric under shear stress ﬁsing optical and electron microscope
methods and demonstrated the usefulness of ultratomy technique as a means
of investigating fabric and fabric changes and their relationship to
engineering behaviour.

Laughton (1957) has attempted to treat the general case of
mineral particies in contact in a fluid of finite compressibility using
the ultrasonic technique. Laughton suggested a 'structure bulk modulus'
to account for the observed wave velocity changes. Morse (1952), has
studied the wave propagation through various packing of uniform spheres
and predicted that the sonic velocity should vary as the 1/3 power of
the confining pressure. Nacci, et al. (1967) investigated the influence
of consolidated kaolin fabric on the elastic wave velocities using the
ultrasonic puise technique and suggested that the soil fabric and rigid
bonding appear to be of primary importance in controlling the longitudinal
wave velocity. For one clay fabric the longitudinal wave velocity varies
linearly on a semi-logarithmic scale, with consolidation pressure, with

the dispersed clay consistently giving the highest values.



Iida (1939), has shown the intimate relation between the
propagation of elastic waves in soil and the soil system properties
such as; the water content, closeness of packing, -porosity, particle

size, and the rigid bonding.

Murphy, et al. (1957) have investigated the effect of;
porosity, amount of cementing material, type of cementing material,
and type of interstitial fluid, on the longitudinal wave velocity
through small synthetic cores. The wave velocity in liquid-filled
cores of 10 percent porosity was approximately twice the velocity for
cores of 20 percent porosity.

The studies of Roock, et al. (1967), Helmy (1972,1973), and
Abouleid and Helmy (1974), have helped to establish the relation
between the propagation velocity of mechanical waves through soil and
soil strength.

Lambe (1958,1960) endeavoured to correlate the strength and
sensitivity of clays with inter-particle forces and particle arrangements.
A flocculated structure renders the clay more rigid than is the case
with a dispersed one. Mitchell and Houston (1969), showed the importahce
of soil fabric and electrolyte concentration in influencing the
sensitivity of clays. Gibson(1953) pointed out that the greater the activi
of the clay mineral, the greater the contribution of cohesion to shear
strength relative to that of friction.

Olsen (1962) has investigated the effects of different
factors on hydraulic flow through saturated clays and concluded that
the deviation from Darcy's law and the Kozeny-Carman equation is mainly
due to different pore size distribution in the clay. Cluster structures
are assumed to form-and changes in permeability after consolidation are

explained in terms of inter—-cluster and intra-cluster void ratios.



Olsen derived an expression for the tortuosity of flow paths that
depends among other factors on the direction of .flow relative to that
of consolidatién pressure. Experimental results by Mitchell (1956)
demonstrated the effect of particle orientation on permeability.

De (1970) reviewed the works of several investigators on
the effect of soil micro-structure on the permeability, indicating
that the flow of water through soil is enhanced in the direction
of average particle alignment. Permeability decrease due to remoulding
wquld be expected on the basis of the fabric change. As a result of
remoulding, a more uniform pore distribution of particles results
relative to that of undisturbed matefial. The average pore space is
lower in the remoulded clay and thus the resistance to water permeation
is higher resulting in lower permeability values than those in the
undisturbed clays.

Many investigators have realised that the intrafabric
fe;tures are dominated by the adsorbed water phase characteristics.
Intensive studies have been devoted, therefore, to the adsorbed phase
as a profoundly important constituent of the soil-water systems.

Almost all the soil specialists agree that adsorbed water differs in
properties from the pore free water. It is also recognized that the
significance of the differences of the properties diminishes gradually
with distance from the particle surface and eventually vanishes when
the bulk water in pores is reached. Martin (1962), presented a
comprehensive review of the studies of the adsorbed water on clay, and
showed that two models have been suggested for the adsorbed water;
solid or ice-like and two-dimensional fluid. Martin pointed out that

dielectric measurements on clays could provide valuable data concerning

the adsorbed phase. Admitting that the nature of adsorbed water remains



unknown, nevertheless, Martin favoured the two—dimensional liquid
model.

Low (1961) presented a critical review of the literature on
clay-water interaction and tried to elucidate the adsorbed phase in
terms of a hypothetical molecular model. Low indicated that nowhere
is the water structure so rigid that ions cannot diffuse through it
and promote disorder; nor is it so rigid that it will not shear
under stress. Nevertheless, it has a yield point that depends upon
the proximity of adjacent mineral surfaces. Although the precise
molecular arrangement of the water cannot be specified, it is not
the same as that in ice.

Rosenqvist (1959) summarized the physico-chemical properties
of soil-water systems and speculated even further by suggesting that
a part of the water in a clay-water system should be considered as
belonging to the mineral phase. The minerals thus consist of a
central silicate skeleton with an outer part of aqueous composition.
The presénce of this outer part is the essential characteristic of
the mineral phase in a clay-water system. Rosenqvist discussed in
terms of this concept, some typical clay properties such as ‘cohesion
and plasticity.

Foster and Gazzard (1975) have investigated the effect on
shear strength, consolidation, and consistency of clays due to rigid
inter-particle bonding resulting from the introduction of different
polyme;ic Aluminium hydroxy cations in solution into suspensions of
kaolin prior to their laboratory sedimentation. Foster and Gazzard
suggested the existence of four phases; free pore water, adsorption
phase containing éxchangeable cations, amorphous growth, and quasi-
crystalline growth, and reported a significant increase in strength

with time and cation type.

10



The preceding review suggests that:

(n In principle, quantitative prediétions of the engineering
properties of a soil specimen should.bé possible if all
micro-structural and compositional factors can be
represented and evaluated humerically.

(2) The interparticle forces forming a component of the soil
micro-structure are dominated by the adsorbed water phase
characteristics. Any attempt to characterize soil-water
systems and evaluate their engineering properties, to be
successful, should represent the adsorbed water phase
reasonably.

(3) Present methods for the direct study of soil fabric such
as electron microscopy and x-ray diffraction, are
destructive in that samples must be cut up for examination.
Indirect methods for the study of soil{micro-structure
such as measurements of pore water pressure, comparison of
‘stress-strain characteristics, permeability measurement,

and sensitivity are either destructive or time consuming.

Confronted by such situation, few geologists, geophysicists,
and soil scientists, encouraged by the successful application of
electrical methods in many fields of scientific research, resorted to
such methods hoping to develop a new technique as an additional useful
tool for-the study of the soil micro-structure and the engineering
behéviour of soils.

However, the job of those pioneer scientists has been rather

difficult due to the fact that despite many attempts to relate the

electrical properties of a heterogeneous mixture to those of its



components, the general theory of dielectrics is not yet sufficiently
developed to explain the dielectric behaviour of such mixtures with
adequate accuracy.

In the mean time, methods of soil investigation by the use
of ultrasonic pulse technique are rapidly gaining ground, and due
to the close similarity between these methods and the electrical
dispersion technique methods, it is conceivable that by developing
the correlation between the two techniques, very important and
-useful results may be achieved. Prospecting for ground water by
induced electrical polarization (Vacquier, et al., 1957), propagation
of electric pulses through earth materials (Bhattacharyya, 1957), and
evaluating the electrical properties of soil in terms of the attenuation
constant of a radio wave travelling algng soil samples (Banerjee and
Joshi, 1938), are examples of the type of research that would help to

develop the correlation sought.

Clearly the correlation envisaged between electrical
dispersion and ultrasonic techniques is a major project beyond the
scope of the present investigation which is restricted to electrical

dispersion.

12



In choosing the frequency range for the electrical dispersion
investigation, the simplest type of electrical measurement would be
of direct current conductivity. Measurements of this type in clay-
water systems are éomﬁlicated, however, by the fact that the prolonged
application of a DC field across the soil causes electrokinetic coupling
phenomena such as electro-osmosis, which may create irreversible
changes in the system (Mitchell and Arulanandan, 1968). Use of
alternating current fields minimises problems of this type. In this
case, the measured responses depend on the frequency of the AC, and

throughout this thesis the electrical responses of soil samples are

measured in the radio frequency range; 10-110 Miz.

This thesis is devoted to the development of the dielectric
dispersion technique as an additional nondestructive method for the
study of the engineering behaviour of soils and the investigation of
soil micro-structure. Therefore,it has as its objectives:

(n " To present a critical review of the previous studies in order
to summarize the current status of knowledge and development
in this field.

(2) To perform an experimental programme for investigating the
effect of micro-structural and compositional factors on the
electrical response of soil in the radio frequency range
using specifically designed equipment to ensure the least
disturbance to soil Samples under test.

(3) To develop an electrical model, analogous to soil-water
systems, that meets the requirements stated earlier and

is capable of predicting the experimental observations.



(4) To derive a numerical micro-structure electrical modulus
based on both the experimental observation and the
thegretica} model, and thus can be used to correlate the
soil micro-structure with its experimentally measurable

electrical response.

The author, for this formidable task, was appreciative of
some recent work on the subject, especially by Arulanandan, Mitchell and

Smi th.

14



CHAPTER 2

THEORETICAL BACKGROUND

2.1 DEFINITIONS v

o | Electrical Forces

Coulomb's law may be stated as (Anderson, 1964):

= q.qg --
F o= A, {a‘?. . (a) newtons (2.1.1)

where F is defined as the force between the charges q and (a) is

3%
a unit vector pointing from one charge away from the other, r is the
distance between the charges and € is a property of the medium called
the dielectric constant by physicists and chemists and permittivity
by electrical engineers.

A is a constant whose value will depénd on the units used for charge,

distance,and force. In the rationalized m.k.s system, A has the value

1 /4w (Appendix I), then

Pim qlqz (a) newtons (2.1.2)
4nsr2

When A is made dimensionless, it necessarily implies units for

the dielectric constant g, i.e,

2
= (coulombs) ) (Coulombs)2 S
newtons (metres) Joules metres metres

2.1.2 Electric Field

A charge in the vicinity of a system of charges will, in
general, experience a force. The region of influence of the charge is
called an ;1ectric field, and its strength at a point is defined as the
force per unit charge on a positive test-charge placed at that point.

The electric intensity or "field strength" will, by definition, be a

vector defined by
F

R

8q
where F is the force acting on the infinitesimal test-charge &q.
Thus, the field arising from a point charge q in a homogenous medium

will be given by



E = q (a) volts/metres (2513)
2

4TET

2,1.3 Capacitors

An arrangement of two conductors (plates—electrodes) in
. close proximity, but insulated from one another, is called a capacitor.
If a voltage V is applied to a capacitor it holds a charge Q such that
(Daniel, 1967):
Q= Cv

where C is the capacitance in farads.,

The strength E of the electric field between the plates

is equal to the potential gradient across the gap, i.e.

Lt U
%23

where d is the distance between the plates,
The capacitance C 5 directly proporticnal to the area A

of the overlap of the plates and inversely proportional to d, i.e,

A Q_V
C“d and A“-CT

The quantity Q/A is the charge per unit area on each plate, and is

=0 (20104)

referred to as the surface density of charge on the plates, O,
It can be readily seen that
Cd
€ o farads/metres (2.1.5)
€ for a given medium must be found by experiment,
For the case of a vacuum between the plates, Eq.2.15
will give the value of dielectric constant for free space usually

denoted by €, Substitution of the appropriate values of units in

Eq.2.1.2 gives

€y = 1 = 0.0885 x 10 ' farads/cm
367 x 1011

16



Careful experimental measurements of Ev give the same value. The
capacitance Co of such an empty capacitor is determined by its
dimensions (A and d) and thus called the geometrical capacitance,

Co = ev A
s |

0.0885 x 10~ 12 A

5 farads. (2.1.6)

Any other insulating medium introduced into the capacitor

L]

will reduce the electric field compared with its value in a vacuum, due
to the neutralization of a part of the charges on the plates, and thus

increasing its storage capacity Fig. 2.1.1

+ + + + + 4+ 4+ + 4 +
i T 3 t
ES 4 - I
E E E - E & E +_E +
W T o
5 * X *
r Y 1 Gl SR - -+ 3 e
la) (bl
Fig, 2.1.1. Emnty and filled capacitors

17



The dielectric constant € of any insulating material, is
therefore, greater than €, and the capacitance C df a capacitor filled
with any insulating material is also greater than its geometrical

capacitance Co'

d = =

Y -% gf » and

C = E_ Co P ErCO (201.7)
€
v

where s known as the relative dielectric constant of the insulating
material, is a dimensionless pure number equals 1.0 for a vacuum. The
higher the value of € or £ for a given material, the higher its ability
to increase the capacitance of the capacitor. In engineering it is
common to describe a material by its relative dielectric constant, and

the word relative is often dropped and the symbol used is merely €,

2.1.4 Dielectrics

Although a steady current cannot pass through an insulator,
an electric field can; it is for this reason that an insulator is often
referred to as a dielectric (Bennet, 1974). By contrast, a piece of
metal acts as a screen to an electric field. In a metal some of the
charges (electrons) are completely free to move; under the action of an
electric field they will continue in motion until they have taken up
positions that reduce the field inside the metal every-where to zerﬁ.
Only while.a current is flowing is there any electric field inside a
coﬁductor.

Thus, the study of dielectric materials sprang from the
practical need for insulators which would not conduct the charge away.
Amber, bees-wax, ana glass were amongst the first practically-applied
insulating materials.

For a given material, the insulating properties can be
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described in terms of the dielectric strength expressed as the field
which, when applied to the material, causes an uncontrollable current
to flow through or across it. Also the ability‘of dielectric materials
to increase the charge-storage capacity of a capacitor is of great
‘importance, Like dielectric strength, this is a macroscopic

characteristic described in terms of dielectric constant.

The applications of high-frequency current electricity,
in connection with radio, increased the demands for capacitors of high
capacity, high breakdown strength, and small size. To meet these
requirements, many dielectric materials were examined and classified by
their dielectric strength and dielectric constant, with a view to their

use in this field.

2.1.5 Dielectric Polarization

In general, polarization includes all cases where, by the
influence of an electric field, the positive and negative charges in a
medium are slightly displaced (Bottcher, 1952).

The total polarization is the sum of contributions of
various types of polarization mechanisms; electronic polarization, atomic‘
polarization, orientation polarization, and interfacial polarization, as

will be explained below.

2.1.6 Dielectric Relaxation

Every type of polarization mechanism is normally accompanied
by losses i; the dielectric material. The occurrence of dielectric loss
can generally be understood as follows (van Beek,1965): at very low
frequencies the polarization easily follows the alternating field, thus
. its contribution to the dielectric constant (storage ability) is maximal,
and theoretically no loss occurs. At very high frequencies the field

alternates too fast for polarization to arise and there is no contribution
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to the dielectric constant and no energy is lost in the medium.
Between these two extremes the polarization begins té
lag behind the field, and energy is dissipated.- -
fhis lagging process is known as relaxation mechanism,
It characterizes the decay of polarization after the sudden removal of
a steady field and will also describe the building up of polarization -

towards its equilibrium value when a steady field is suddenly applied.

2.1.7 Dielectric Conductivity

It is sometimes convenient to use the concept of dielectric
conductivity. It represents the sum of all the loss mechanisms in the
material, and is a measure of the performance of a dielectric as an

insulator,

2.1.8 Electrical Dispersion

Dielectric relaxation is the cause of anomalous dispersion
in which the dielectric constant decreases and the conductivity increases
with increasing frequency within the range of frequencies where the
polarization process may operate, Fig. 2.1.2.

For a particular dielectric material several regions of
electrical dispersion may be observed over the frequency range from O to-
microwave range, Fig. 2.1.3. At the lower end of the frequency spectrum
there may be sufficient time between alternations of the electric field
for many polarization mechanisms to contribute to the dielectric constant.
However, as the frequency increases and the time between alternations
decreases it may become impossible for certain polarization mechanisms
to operate. This then leads to a decrease in the dielectric constant.
The fact that different relaxation mechanisms cease to operate at-

different frequencf ranges influences the form of the curve in Fig.2.1.3.
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2.2 "CHARACTERISTICS OF DIELECTRIC MATERIALS

2.2.1

Mechanisms of Polarization and Relaxation

2.2.1.1 Polarization

Matter, electrically speaking, consists of positive
atomic nuﬁlei surrounded by negative electron clouds,
Upon the application of an external electric field the
electrons are displaced slightly with respect to the
nuclei; induced dipole moments result and cause the

so—-called electronic polarization of materials (von

Hippel, 1954). This polarization is responsible for

the refractive index and responds to a changing field

in negligible time at all frequencies used for electrical
measurements (Daniel, 1967), and hence may be considered

as associated with elastic displacement of chdarges and

not exhibiting any relaxation. Maxwell (1892) suggested
that the electronic (or optical)dielectric constant is
equal to the square of the refractive index. The
electronic polarization is also called optical polarization
to indicate that the characteristic or critical frequencies

are usually in the optical region (Frohlish, 1949).

When atoms of different types form molecules, they will
normally not share their electrons symmetrically, as the
electron clouds will be displaced eccentrically towards

the stronger atoms.

Thus atoms acquire charges of opposite polarity, and an
external field acting on these net charges will tend to
change the equilibrium positions of the atoms themselves.

By this displacement (also assumed of elastic nature) of
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charged atoms or groups of atoms with respect to

each other, a second type of induced dipole is created;

it represents the atomic polarization of the dielectric.

The characteristic frequencies of the atomic polarization

are usually in the infra-red region.

The asymetric charge distribution between the unlike
partners of a molecule gives rise, in addition, to
permanent dipole moments which exist also in the absence
of an external field. Such moments experience a torque
in an applied field that tends to orient them in the field

direction. Consequently, an orientation polarization

(Debye, 1929) can arise,

These three mechanisms of polarization are due to charges
that are locally bound in atoms, in molecules, or in the
structure of solids and liquids, In addition, carriers
that can migrate for some distance through the dielectric

usually exist. When such carriers are impeded intheir

motion, either because they become trapped in the
material or on interfaces, or because they cannot be
freely discharged or replaced at the electrodes, space
charges and a macroscopic field distortion result. Such
a distortion appears to an outside observer as an increase
in the capacitance of the sample, and is known as space

charge polarization.

However, since such mechanism is promoted at electrodes
or more generally at interfaces of mediums of different

dielectric properties it could be termed interfacial
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polarization (or Maxwell-Wagner polarization).

Fig. 2.2.1 illustrates schematically the four polarization

mechanisms.

The author believes that the total polarization of a
sample could be the sum of contributions of more than
one type of polarization mechanisms as long as these
mechanisms can be induced in the frequency range applied.
A successful model should allow, therefore, for the

representation of every applicable polarization mechanism.

2.2.1.2 Relaxation

Several attempts have been made to represent and classify
analytically the various types of relaxation mechanisms.
Unfortunately none has beén successful, and the most
generally accepted description is by relating the
relaxation to the associated polarization mechanism. It

has been, therefore, justified to assume that the same
function that describes the decay of polarization upon the
removal of the steady field will also describe the building
up of polarization towards its equilibrium value when a

steady field is suddenly applied.

The simplest assumption in defining this function
is to take the speed of approach to equilibrium as being
proportional to the distance from equilibrium (Daniel,1967),

or in other words the decay is exponential with time.

It may also be summarized as being related to the time
constant of polarization of a dielectric (Anderson, 1964),

The reason of relating the relaxation mechanism to a time



constant is that at some critical (characteristic)
frequency, fc(Fig.2.2.2), the effect of the alternafing
field will cause the maximum loss,e", in the dielectric
medium., Since this time constant is a measure of the

time laé, it is called the relaxation time. The time
constant is thus equal to the reciprocal of this critical
frequency and is a characteristic of the dielectric
maﬁerial. If the exponential decay function of polarization
is valid, the relaxation time T may be defined as the time

in which this polarization reduces to 1/e times its original

value, e being the natural logarithmic base, Fig.2.2.3.

Theoretically, the time to complete decay would be infinity.

However, there is practically no dielectric material that
has a simple absolute relaxation time, This is due to the
inhomogeneity of the dielectric micro-structures in general,
the nature of polarization mechanisms, and the fact that
more than one mechanism contribute to the total polarization
simultaneously. It should then be expected that the
relaxation will be distributed over a spectrum of times and.
the dielectric loss curve will be rather flatter. This is
most significantly exhibited in case of heterogenous
dielectric mediums, The dielectric materials that show

a spectrum of relaxation times may alternatively be described
as exhibiting a frequency-dpendent dielectric loss. The
complicated and varied frequency dependence of the observed
dielgctric loss was historically an obstacle to the

understanding of dielectric relaxation,
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©2.2.2 Dielectrics with Single Relaxation Time

Debze

4ccording to Eq. 2.1.4, the charge density on the plates
of a capacitor is given by 0 = Q/A.
- Elementary electrostatics show (Daniel, 1967) that the field and charge
density are connected by

E = 4m0, (2.2.1)
where 0, is the charge density for the capacitor in vacuo. The factor
47 is due to the use of the m.k.s. system (Appendix I). If a
dielectric is introduced into the capacitor, then

0 =€0, . (2.2.2)
where ¢ is the dielectric constant, representing equilibrium after

infinite time, of the dielectric material introduced.

In dielectric theory it is usual to introduce a field D
as the electric flux density or dielectric displacement

D = 470 IS (2 23T)
where o is the total charge density which is held on the plates by

the combined action of the external field and polarization.

The polarization P is thus defined by

Op +P =0 : (2.2.4)
as the charge density held on the plates by the internal displacement
of charges. It is readily seen that

* E +41P =D A (2.2.5)

lEq.2.2.2 leads to

D = €E (2.2.6)
Combining the last two equations gives a definition for the dielectric
cénstant in terms of polarization, i.e.

(e~ 1) E=4TP (2.257)
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The polarization P implies a dipole moment, M, of the dielectric in
the whole of the capacitor

M = PAd (2.2.8)
so that P can also be.defined as a dipole moment per unit volume,
This interpretation of P provides an entrance from the macroscopic

into the molecular structure (Anderson, 1964).

This dipole moment per unit volume may be thought of as
resulting from the additive action of N elementary dipoles per unit
volume, each of average moment ﬁ (von Hippel, 1954), therefore

P = Nj (2.2.9)

Furthermore, }i may be assﬁmed as proportional to a local electric field
strength E' that acts on the particle

U= oF' (2.2.10)
where « is called the polarizability, measuring the ease of displacement
of the charges, and is proportional to what might be called a mean
binding force acting upon the charges (Anderson, 1964). Thus « is the
average dipole moment per unit field strength.

Eqs.2.2.7, 9 and 10 give the two alternative expressions
for the polarization, i.e.

4P = (e~1)E

P = «NE' (2.2.11)

linking the macroscopically measured dielectric constant to three
molecular parameters, viz.; the‘number N of contributing elementary
particles per unit volume, their polarizability «, and the locally
ﬁcting electric field E' which will normally differ from the applied

field E owing to the polarization of the surrounding dielectric medium.
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Assuming that the four polarization mechanisms take
place simultaneously, we may write both the total polarizability «

and the total polarization P of a dielectric material as the sum of

four terms, i.e.

o

ce + ®a + «d + «j
} (2:.2.12)
Pe + Pa + Pd + Pi

P
where the suffices e, a, d, and i denote the electronic, atomic,
orientation (or dipole) and space charge (or interfacial) respectively.
Introducing complex quantities (Appendix II) into Eq.2.2.11:

4P = (e* =1) E = «x N E' (2+2.13)

where asterisk denotes complex quantities.

It is sometimes more convenient to regroup the polarization
mechanisms according to the conditions under which they may occur.
Thus, assuming that infinite time is allowed for the charging of a
dielectric in a capacitor while the external voltage is kept constant,
the final charge density will be

game ¢ (2.2.14)
whereib is the static dielectric constant. In this case the static
polarization, Ps, will be given according to Eq. (2.2.7) by

(g, ~DE = 4mPg O (2.2.15)
1f, however, E changes with time, then P at a given instant will
generally differ from Pg(E). A trend towards equilibrium implies that
P will app}oach Ps and an assumption about the rate of change of P as a

function of time will give a differential equation for P(t), i.e.

dP(t)
dt

where T is a constant having the dimension of a time. Since T is a

3

. Py ~ Bt (2.2.16)

measure of the time lag it is called the relaxation time (Bottcher,

1952) .
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-Knowing that both the electronic polarization Pe and the
atomic polarization Pa respond to a changing field in negligible
time at all frequencies used for electrical measurements, Eq.2.2.15
may be rewritt;n

(EO-])E = 4w (AP + ) (2.2.17)
where P —the contribution to Ps due to elastic displacements
= e + Pa
AP - the contribution due to all other displacements
= Pd + Pi
Accordingly, an elastic dielectric constant €, may be defined by
(ES% 1) E'= 4nP, . (2.2.18)
and Eq. 2.2.16 is then written
E(t
4

where the right-hand side of the equation is the equilibrium value of

)

T &5 (o) = (g -€) (2.2.19)

AP corresponding to E(t), i.e. that value of AP which would be reached

if the instantaneous value E(t) of the field were applied for an

infinite time.

For a periodic field of angular frequency w,

Ex(t) = E e

the general solution of Eq.2.2.19 is
€=~¢€

ﬂP*(t) PR, 0 b EO eiwt (2.2.20)

1 + iwt 47

It follows "that at any frequency w, a dielectric constant e£*(W) may be
defined by:

e*(w) ~€, = 47 AP*(uw,t)
rt - E*(UJ,I:)
thus
e*(w) - Eno = Eo- em
1 + 1wt
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Separating €*(w) or more generally €* to a real part € and an imaginary

part €":
€% =€7 {eN R
we have
Pt
€ = £y + —am (2.2.22)
I+yT
g¥m . (e, ~Ex)
i (2.2.23)

Eqs.2,2,22 & 23 are usually called Debye equations. They were
derived assuming that one single relaxation time was valid. The
functions represented by these equations are illustrated in Fig.2.2.4,

= 8 and g, = 2.

plotted against loglom, for specific values €o

Experimentally, one measures usually the quantities g¢” and the
loss tangent:

CRR g =_€Ef, (2.2.24)
g™ is sometimes called the dielectric loss factor because it describes

the rate at which electrical energy is converted into heat in the medium.

The electrical behaviour of a material may also be expressed in
terms of the admittance Y (Grant, 1941). The complex dielectric

constant and complex conductivity are defined by the following equations:

Y =iwe* = iw(e” - ie") (252.25)

Y =k* =k + ik" (2.2.26)
where k is the conductivity, then

K@)

k" (w)

ws" 1 £2.2.273

we” (2.2.28)

-

Eq. 2,2,27 defines the dielectric conductivity k” as a function of the
- angular frequency w. -
If, however, the material has a static or direct current

conductivity k'o, Eq.2.2.27 may be written in a more general form:
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k> = k +we" (2.2.29)

According to Eqs. 2.2.22, 23 and 29 we have:.

A 1 e (202930)
= 0 = _-———2
=R 1 +w2y
€ L (2.2:31)
€0 ~Ex 1 +Ld2T2
According to Debye's assumption of a single relaxation time:
e it P e (2.2.32)
Em -ko
where ke is the conductivity at very high frequencies, then
k” - k 22
0 &1 (2:2533)

keo = Ko ] 4272
Plotting the left-hand sides of Eqs. 2.2.30, 31 and 33 against loguw

we obtain symmetrical curves as those_of Fig. 2.2.4. The maximum
of the loss curve is reached for logwr = O. Thus the angular frequency
w, corresponding to the maximum dielectric absorption is:
wc =1 ‘ (2.2.34)
T

The corresponding values e;, ézﬂ and k; of ¢”, €™, and k” respectively

are obtained by substituting wt = | in equations 2.2.30, 31 and 33:
2
e m Eo =~ €
S (2.2.36)
.kf * kO & km
c 9 (2.2.37)

The frequency fc =@c/27, corresponding to the angular frequency ()c i

generally called the critical frequency. The corresponding wave length

in vacuo is called the critical wave length Ac. It is given by

AR c/fc = 24€/92 = 2q,1.¢ (2,2.38)

where ¢ is the velocity of light in vacuo (3 x 10'0 cm/sec) .
The logarithmic frequency scale has the advantage that the curves

in Fig, 2.2.4 are symmetrical. This figure demonstrates the characteristics

of the electrical dispersion. As frequency increases, the dielectric

83



(%
8 | ———v
6r'
I'_p

K. (pe)
2} €.+

2
% 1 A

3 X

0.0l

0l 0 0 i

Fig. 2.2.4 Dielectriecs with a single relaxation time



constant decreases from its highest value €, at zero frequency (DC) to
its lowest value € at very high frequencies or theoretically at

infinite frequency. The conductivity follows a reversed trend.

Another method-of checking Debye equations (2.2.22 and 23),
proposed by Cole and Cole (1941), is to construct an Agrand diagram
or complex plane locus in which the imaginary part €" of the complex
dielectric constant is plotted against the real part €°, each point

corresponding to one frequency, Fig. 2.2.5. From Debye equations we

have :
(€" - €5 + e)? & (€M% = (¢ -en?
7 —"-—2-— (2.2.39)

Thus by plotting €" versus €” a semi-circle of radius (Eo =€Ew)/2 is

obtained, its centre being on the abscissa at a distance (Ep ~Ew)/2

from the origin. The intersection points with the abscissa are
characterized by €”= g and 7= gq.

An interesting point is that for given values of €5 and €w
the Cole~ Cole aiagram is completely defined, provided Debye equations
are valid, whereas the frequency range in which the dispersion occurs
has no influence on the curve. Thus the €"/e” curve is independent of

the value of the relaxation time (Bottcher, 1952).
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Fig. 2.2.5 Cole - Cole diagram (single Y )

2,2,3 Dielectrics with a Distribution of Relaxation Times

Cole and Cole

It has been mentioned already in 2,2,1.2 that there is
practicall; no dielectric material that has a single relaxation time,
In other words, the behaviour of a dielectric cannot be described by
one relaxation time only. For this reason, the experimentale” k”, and

e" versus log @ curves only in exceptional cases conform with the Dehye

equations which were derived on the basis of one single relaxation tiwe.
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Generally the experimental curves (Fig.2.2.6) deviate considerably
from the curves predicted by Debye equations. QSqﬁlly the dispersion
curve £”/log w is flatter and extends over a wider frequency range,
while the dielectric loss curve €”/logw is broader and its maximum

e" value is lower than the value e} given by Eq. 2.2.36. It is also .
seen from Fig. 2.2.6 that the critical frequency of dielectric
conductivity differs from that of the dielectric constant. The former
being of higher value (lower relaxation time). However, the curves
are still symmetrical.

Accordingly, it should be expected that the ¢'"/e” curve
will deviate from the semi-circle diagram of Fig.2.2.5. However, Cole
and Cole (1941) have shown that generally the experimental curve is still
a circular arc but with its centre below the abscissa,

The analytical expression for the circular arc locus is
easily deduced by consideration of Fig.2.2.7. From simple geometry the
angle (1-«)7/2 between the vectors u and v in the complex plane is
independeﬁt of the frequency and equal to half the central angle
subtended by the arc. 1t therefore follows that

e AT

uf1 + £(9 7 9/2; (2.2.40)
where f(w) is a (real) undetermined function of the frequency and other

parameters.

i1 m/2 _ . (1-%)

From the relation e the last equation can be written

€k = g = £o & (2.2.41)
0+ i

as the complex quéntity u is simply e* -¢_.
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The dependence of the function f(W) on the frequency is
undetermined by this geometrical argument. From general consideration
one can expect that this dependence will be qfthe-formqn]_m, as the
complex form of €% results from the initial hypothesis of an applied
field E = Eoeiuﬁ. Any theory in which () appears as the result of
linear operations on the complex exponential must lead to the same
functional dependence on  as on the unit imaginary i so that

ExX - Em = E0 = Emo
B

(2.2.42)

where the parameter To is left undetermined.

The real and imaginary parts g”, ¢" of the complex dielectric

constant as a function of frequency are given by

sinh x(1-=)

cosh Ax(l-cr) +Sin(“'ﬂ/2)] (2,2.43)

€ em b (e ) [1 -

" = J(eg~Ew) COS (=1/2) ]
cosh x (1-=)+sin(=mw/2)

(2.2,44)
where x = In(wrgy)

It is easily seen that Eqs. 2.2.43 and 44 reduce to the Debye
equations (Eqs. 2,2.22 and 2.2.23) for « = 0, For values of « greater
than zero the dispersion region is broader and the maximum value of &"

for w = 1/17, decreases.

If data are available only for e£”or €" alone as a function of
frequency, the applicability of Eq.2.2.42 can be determined by some
standard curves given by Eqs. 2.2.43 and 44. It should be noted that &£~
and €" are uniquely determined if either of them is known over the entire

frequency range for which dispersipn and absorption occur.

It has been found that the circular are locus together with

the equivalent analytic representation of Eq. 2.2.42 provide an excellent
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description of the dispersion in a large number of dielectrics. This
description requires the introduction of the single parameter « in addition
to the constants %ﬂ €599 and Ty The experimentai ;esults are thus
completely described by ‘these four quantities and the values found for

a number of examples are listed in Appendix III (Cole and Cole, 1941).
Nevertheless, some investigators (Arulanandan and Mitchell, 1968; Smith,
1971) while admitting the existence of a distribution of relaxation

times, used the concept of 'a mean relaxation time" in interpreting the
experimental observations. This can be justified only at frequencies

far remote from the region of relaxation frequency. At these frequencies,
analysis based on a single relaxation time is usally adequate (Anderson,

1964) .

_

rig. 2.2.7 Cole - Cole diagram (distributed " )
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2.3 HETEROGENOUS DIELECTRICS

The response of heterogenous dielectrics to a changing field
is complicated by effects which would not occur in a homogenous material.
In many cases these effects are negligible. In others they are important
but cannot be treated theoretically because the systems in question
contain too many unknown parameters. However, some of these cases have

been extensively'investigated, especially where the theoretical treatment

of the complicating effects are relatively straightforward.

Dielectrics may consist of conglomerates of microscopic volume
elements with different dielectric constants and conductivities. Such
conglomerates may in practice be ver§ complicated since dielectric
constants as well as conductivities may be anisotropic, and conductivities
need not be linear. If the wavelength of the alternating field is large
compared with the dimensions of conducting bodies and if the cenductivity
of the inclusions is ohmic, the dielectric response of the heterogenous
dielectric can, in principle, be derived in terms of the properties of

the individual phases and the geometry of the system (Daniel, 1967).

2.3.1 Heterogeneity Solution
Interfacial, Space-charge polarization: Maxwell-Wagner

The fact that ions can move does not by itself guarantee a
steady current flow. The ions have to migrate through the volume, to be
discharged without the creation of disturbing deposits, and to be replaced
without delay. These very striggent conditions are fulfilled only in rare
cases. The accumulation of ions produces space charges and field
distortions. If we add that the original ion type that moves through the
'iattice is, in general, not replaceable from the electrode and that
chemical reactions ;nd deposits alter the interfaces, a time—and-frequency

dependence of the conduction should be the general rule.
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On these bases, Maxwell (1892) considered the simplest
geometrical case of a plate capacitor filled with n dielectrics of
different conductivity to dielectric constant rat;os arranged in
layers parallel to the capacitor plates. Maxwell derived the
differential equation for the field between the electrodes as a
function of the current through the stratified dielectric. Maxwell

investigated a microscopic model of a dilute suspension of spherical

particles as well,

W

Fig. 2.3.1 Two-Layer Capacitor (Maxwell, 1892)




The most simple heterogenous system is the two-layer dielectric.
Fig. 2.3.1 shows the two layerg characterized by the dielectric constants

of the compounds € andEé, conductivities k, and kz, and thicknesses d

1 1

and d.,. The two—layer system consists of two admittances Y1 and Y, in

2 2
series (Whitehead, 1927). Thus the total admittance Y
v 302
(Zeant)
(Yl + Yz)
Y = k.S 5 S
€]E
I Wl s 55 (2.3.2)
d d
1 1
k.S
- i €
Y2 2 + 1m(f“3_2 vS)
d2 dy

where S is the surface area of the sample Eqs.2.3.1 & 2 give

% 2
y _ kkytive (e kyte k) = ge0e0 (2.3.3)

(k]d2+k2dl)+1ug (E +52dl)

The admittance of the whole sample is related to its composite parameters
k,d, and €% by

Y = kS

i %
3 + IUEVE }ST
T kS ! » s §
T + 1u€v(8 i€ )d . (2.3.4)

Eqs. 2.3.3 and 4 lead to

S d(dye kg + dyegkf) (2.3.5)
(o]
2
. (dzkl + d]kz)
Al (2.3.6)
(d € +d 1€ )
o Gldz *e,d, (2:3.10)
dyk + d k2
k = Gdkiko (2.3.8)
dok+ djkg
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The limiting dielectric constants are functions of
the conductivities, dielectric constants, and thicknesses of the
component layers as expected. The dielectric constant and loss factor

are given by:

€'=€O+Eo—-£ (2.:3.9)
1+w? 12
. leg-edwr  k (2.3.10)
I+u?TZ B

These are exactly Debye equations (2.2.22 and 23) except that
the loss factor Eq. 2.3.10 contains an additional term, dominant at low

frequencies, owing to the conductivity of the sample k.

The two-layer model can be altered into n-layer model of two
media or into a dispersion of particles of medium 1, distributed in a
matrix of medium 2. As long as the relative amounts of media 1 and 2
remain the same, the complex dielectric constant stays unaltered.
However, depending on its geometrical distribution in form of spheres,
ellipsoids, bridging dendrites, or sheets extending perpendicularly to
the field, the same amount of material causes very different relaxation
spectra and a wide variation of relaxation times, Fig.2.3.2. (von Hippel,

1959).

From the molecular point of view, the part (€,-€.) of the dielectric
constant can be explained by assuming that the two media contain mobile
charge caf}iers of the densities N; and Ny per unit volume, transporting

charges ej and e with mobilities Uj and Uy, then the two conductivities

are given by

k1= Rjejt; - (2.3.11)

Ky = NgepUp
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Charges pile up at the interface between media (1) and (2) until
constant current transfer is established and the static conductivity

results as given by Eq. 2.3.8,

As frequency increases, this space charge (or interfacial)
polarization begins to lag. Since the polarization P of the two-layer
system is proportional to the applied field according to Eq. 2,2.11, it

is possible to define the interfacial polarizability % by

4nPi = aiN E° = (e* =€ )E (2:3.12)
hence
= = - ,
i [—80—5% -‘1] e i (2.3.13)

1+ ipy 1w
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Wagner (1914) developed Maxwell's treatment by calculating
the complex dielectric constant of the dilute suspension of spherical
particles in a# alternating field. The suspension was dilute enough
to make electrostatic interaction negligible, and the spheres were
assumed to be conductive (Ez,kz) dispersed in a material of comparatiﬁely
low dielectric loss (Ei'kl)' After this work, the dielectric loss due

to interfacial polarization has been referred to as "Maxwell-Wagner",

Expressions for €,? Ewko,kyy and T of the model with p fractional

volume of the suspended spheres, were derived as:

€, =gt 9p _(E2k1 - €1kp)? 3 (2.3.14)
(52+2£l)(k2+2k])
€ =€ (1+3p Ez-el ) ' (2.3.15)
2+2€
k_ =k (143p €2 €D+ gl(sz‘:]—kl €9 ) (2.3.16)
€, *2g (e, + 2¢ )2
2 1
& k. -k
k.—2k _
g}
WLRY s (2.3.18)
k2 + 2kl
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2,3.2 Discrete Phases Solution

(Adsorbed phase polarization: Murphy-Lowry)

In recent years many facts have been discovered which
indicate that in most sélid dielectrics direct-current conduction
does not take place uniformly through the material as a whole but
along paths of higher conductivity than the main part of dielectric.
Since these paths are of sub-microscopic dimensions, the interfacial
area of their boundaries should be large in comparison with their
volume, and it would consequently be expected that the ions adsorbed
b& the interface between the conducting medium and the insulating
medium may have important effects on the electrical properties of

dielectrics (Murphy and Lowry, 1930).

Studies concerned with the polarization of the adsorbed
phase usually refer to this phase in many names such as electrie

double layer, diffuse double layer, and ionic atmosphere.

Murphy and Lowry (1930) suggested that the essential form
of the internal structures in the dielectric may be schematically
illustrated as in Fig. 2.3.3 , where the adsorbed water is regarded
as a film of water containing a certain concentration of ions. In
order to derive in a qualitative way the effect of the adsorption of
ions, these authors attributed to the system the following properties:

1) The adsorbed ions are not rigidly fixed to certain points

on the adsorbing surface, but can move over the surface under

the influence of an externally applied electric field.

2) These ions cannot leave the particular structural unit by
which they are adsorbed unless a certain threshold voltage

gradient, which may be called the "desorption voltage", is
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exceeded. In fact, forces which cause cohesion and
adsorption are the bonds which prevent the ions from
moving freely in the electric field but allow an elastic

displacement of charges.

3) These ions are not equally strongly adsorbed to the
surface, but are arranged in several layers which decrease
in adsorption strength as a function of distance from
interface, i.e., in accordance with the decreasing gradient

of concentration of adsorbed ions, Fig. 2.3.4.

Therefore, the movement of ‘the adsorbed ions when the field is
applied is equivalent to a condenser charging current, and their return to
the equilibrium distribution in the absence of the field to a discharge
current. The reversible change in the distribution of ions produced by
the application of a field may be regarded as equivalent in effect to
dielectric polarization. However, owing to the fact that the solid
particles with their adsorbed ions cannot move as a whole in the electric
field, the adsorbed ions may produce a displacement current without
producing a space charge. Free ions could not produce a displacement
current without producing a space charge at the same time. In that way,
the suggested mechanism differs from most theories of the effect of ions
on dielectric absorption, i.e., the adsorbed ions do not form a space

charge but.,produce a modified type of dielectric polarizationm.

On the basis of the interstitial mechanism of conduction and
absorption described, Murphy and Lowry suggested that the dielectric loss
may be divided into three main components corresponding to free ions,

adsorbed ions, and molecules.
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Free ions can contribute to dielectric loss in several
ways: by the constant direct current conductance which they produce;
by the interactions between free ions; and by the non-uniformity in

the resistance of the conduction paths.

Adsorbed ions will move back and forth on the surface of
the structural unit by which they are adsorbed, under the influence
of an alternating voltage applied to the system. The motion of these
ions contributes to the alternating current conductance and capacity
but not to the direct current conductance. It would be expected that
the dielectric loss associated with this polarization of the ions
adsorbed on the surface of a micelle or a crystallite would be greater
than that associated with the polarization of a molecule because
adsorbed ions probably share in the therﬁal motion as individuals,
whereas the opposite charges of a molecule move as a whole in regand

to thermal motion.

Molecular loss is due to the orientation of the permanent
dipoles of molecules by an electric field. This orientation contributes
to the dielectric polarization and is accompanied by the absorption of

electrical energy as heat (Debye,1924).

The existence of these several components of dielectric loss
provides an alternative physical interpretation of the several
characteristic time constants (gelaxation times) introduced in the
Maxweli-Wagner theory of dielectric absorption and loss to account for
the experimental facts and attributed by Wagner to the presence of

several different types of impurities in the dielectric.

All the above-mentioned considerations led Murphy and Lowry
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to represent the structural unit of a solid dielectric with its
adsorbed phase by the equivalent electrical.network given by Fig.2.3.5,.
where each layer of adsorbed ions is representeé gy a capacitance in
series with a resistance (see Sec. 2.4), both the capacitance. and
resistance being smaller the greater the distance from the interface.
It follows that the time constants (relaxation times) of the layers are

different and increase the closer the corresponding layer to the

interface.

The equivalent parallel capacitance of the adsorbed layer is

C=Cin+ C] S it B (2.3.]9)
T (lec,)2 : 1+ (w%cn)z

and the equivalent parallel conductance

2
Kom, 1 * Rl("cl)z + ..., RHC,) (2.3.20)
BRpc  1+(wR)Cy)2 14+ (¥RnCn) 2

where C, is the capacitance due to dielectric polarization of ﬁhe molecules;
Cys C2y «..C, are the capacitances due to the redistribution of the adsorbed
ions;Ry, Ry, ...R, are the resistances equivalent to the frictional
resistances which impede the process of forming a polarized distribution -
of the adsorbed ions in layers 1, 2, ...n respectively; and Rpe is the

direct current resistance.
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2.4 ELECTRICAL NETWORK ANALOGY

Analogy between electrical systems and various physical and
mechanical systems often provides a useful means of analysis and
interpretation of the.experimental behaviour of these systems (Pain,
1968; Richart,et al., 1970; Armstrong,et al., 1971; Bardeen, 1949;
Hodge, et al., 1975). For instance, it is a feature of the dielectrie
relaxation that the relationships involved obey the same mathematical
formalism as those of electrical circuits consisting of capacitances,
resistances and inductances, that is,passive electrical networks.

Certain passive networks are mathematical analogues to certain dielectric
materials., Therefore, it is often convenient to represent the

properties of dielectrics exhibiting dispersion by means of an electrical
circuit. Analogue circuits for dielectrics mostly contain only capacitances
and resistances. However, it will be sh;wn that accurate representation

of experimental results requires more complicated equivalent circuits,

Simple electrical networks can be used for the analysis of
macroscopib behaviour only. The mathematical treatment of all
macroscopic phenomena that can be governed by a differential equation
of the type (2.2.16) is obviously identical, and solutions can be
translated from one physical system to another (Olson,1958). There are
many cases in which data of macroscopic systems may complement those of

microscopic ones.

Assume a gas or liquid or amorphous solid of given volume v,
subject to a pressure p, the change of volume due to the pressure being
x = v(p) - v(po) (2.4.1)
where P, ig a stanﬂard pressure. Then x obeys an equation of type
(2.2.16). 1In the equivalent circuit, an inductance L represents a

quantity M of dimension gcm“{l called "inertance", a capacitance C
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2 1 1 2 e 2
represents an acoustical capacitance CA of dimension g cm sec , and
a resistance R represents an acoustical resistance RA of dimension

1 . B : gt : ;
g cm sec . The inertia in this case, as in all mechanical cases, is

due to a mass.

In a gas the acoustical system is essentially periodic
dominated by the inertia term. However, in liquids and particularly
in soft solids the damping may be the dominant influence, In those
cases the material and its properties may be described without reference
to the inertia term. Here the mathematics is quite analogous to the case
of an RC network. The relevant properties are usually measured by the
application of periodic pressure waves, using the techniques of ultra-
sonics.

2.4.1 Basic Electrical Elements

Fig.2.4.1 shows the three basic elements used in
electrical circuits, along with their phasor diagrams

(Purcell, 1965)

2.4.1.1 Resistance R

R=V

T ohms (2,4.,2)

where V is the voltage in volts, and I is the current
in amperes. Eq. 2.4.2 is an expression of Ohm's law,
it applies at any instant of time since current and

voltage are in phase. It can thus be used in case of

DC as well as AC.

The power P absorbed by a pure resistance and converted

to heat is given by

» ='12R _ E?
R (2.4,3)
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2.4,1.2 Capacitance C

A capacitive element is one which has the ability to
store an electrical charge. Current passes through the
conductors leading to‘the capacitor only when the charge
on the capacitor changes. Thus, in a DC circuit no
current passes to the capacitor after it has become
charged. The amount of charge in a capacitor is related

to the current by

Q =cCv
dQ

I =—=(C dV ) "
dt FE' (4...4.4)

where C is the capacitance in farads, Q is the charge in

coulombs, and I is the current in amperes.

For an alternating voltage V = Vo sin ut, we have

I =CwVo sin (Wt + ) (2.4.5)
2

Thus, in a capacitor,the current leads the voltage by a

phase angle equals 7/2.

2.4.1.3 Inductance L

An inductive element consists of a coil having zero
resistance surrounded by a magunetic field due to the
current passing through it. Any change in current will
change the magnetic field and induce a voltage in the
coil, which tends to oppose the change in current. The
relationship for an inductive element is given by

I =-;:- SV dt (2.4.6)

where L is the coil inductance in henrys.

For an alternating volt
Vo . o
1= o sin (ut 2) (2.4.7)
Thus, in an inductor, the current lags the voltage by a

phase' angle equals /2.

LN
(=)
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2.4.1.4 Impedance and Admittance Z & Y

These two terms are used to describe the characteristics
~of an electrical circuit. The impedance Z is defined by

the mtio.of the voltage amplitude to the current

amplitude as a function of the frequency. The admittance

Y is the reciprocal of Z.

In view of the phase difference between the current and
the voltage for capacitors and inductors, it is
convenient to introduce complex notations and express the

impedance and admittance in vector form.

The properties of the three basic circuit elements are

summarized below:

Symbol Impedance 2 Admittance Y = 1/%
(ohm) (1/ohm) or (mho)
R R 1
R
1 iv
¢ ivic oS
: 1
;% 1wl Tl
N o= T I =YV

Any circuit can be built up from the three basic elements,
When elements or combinations of elements are connected in

parallel, it is convenient to use the admittance, for in

that case admittances add . In case of series combinationg

the use of impedance is more convenient.
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2.4.2 Elementary Circuits

2,4.2,1 Single Relaxation Time

It is well known (von Hippel, 1954) that static fields as
well as electromagnetic waves are greatly influenced by the
polarization and magnetization of dielectries. This interplay
between fields and matter leads to measuring techniques for
determining ¢* (called permittivity for electrical circuits
instead of dielectric constant) and p* (complex magnetic
permeability). What really happens in dielectrics the macroscopic
theory cannot reveal. Thus, it is customary to visualize the
material as equivalent to a two-terminal network of lumped circuit

components.

The current-voltage diagram of a capacitor dielectric at one
frequency only, allows any number of circuit interpretations.
The simplest equivalent picture would be that the capacitor
hqusing contains an ideal condensor (loss free) C and a resistor
R in series or in parallel combination Fig. 2.4.2. Comparing .
the responses of the two arrangements to a sinusoidal voltage

we obtain:

Series Arrangement Parallel Arrangement
(2.4.8) (2.4.9)
TR Ty (a) 1=V +Cav o
; R dt
=IR+1 ) ®) = Vi + i) ()
iuc
v | e
Z -f R"‘m (c) X "7*- R+1mc (c)

In terms of the complex permittivity, a capacitor of the geometrica:

capacitance Co has the admittance (see Appendix II)
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I P -
Y=z =g= (e +eMuc, (2.4.10)

By equating the admittance of the two circuit arrangements to this

expression, we arrive at the equivalent values for the relative

permittivity; loss factor, and loss tangent:

Series Arrangement Parallel Arrangement
(2.4.11) (2.4.12)
C -
e’ = (a) S (a)
Coll + (wRC)2] Co
2
P WRC P |

g™ = (b) £ = = (b)

c[1 + @re)?] WRCq
tan § = WRC (c) tan § = ] ()

wRC

Obviously, as Fig. 2.4.2 shows, the frequency dependence of
these two elementary circuits has completely different trends.
Proper combinations of both circuits may therefore produce a variety
of response curves with maxima or minima of the loss tangent which
may fit an actually measured frequency characteristic when neither

of the dementary circuits will.

Figs. 2.4.3 and 2.4.4 show two typical examples: the
frequency characteristics of water and of the capacitor fluid,
Pyranol (a mixture of isomeric pentachlorodiphenyls). Obviously,
even a simple three-element equivalent circuit may provide a
relatively good fit over an appreciable frequency range. That the
equivalence between the lumped circuit and the dielectric material
is a purely formal one is demonstrated in Fig. 2.4.5 by the
alternative placing of the series capacitance. The two circuits are

undistinguishable by two-terminal measurements.
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The network shown in Fig. 2.4.5 may represent the

simplest type of polar dielectries. Its admittance

. l . -
Y = ]:(.IJCI + —Z'z (2.4.13)

where

£ 1
0% By SR o

2

1f the capacitor 02 is charged to a voltage Vo and then the circuit
shorted across the R202 combination, the voltage V2 across the
capacitor will decrease as a function of time and cause a current

flow Czdvzldt through the resistor. Hence, for the partial circuit

i RZCZ’ the transient equation holds

R.C. aV g
ey = 4
2°2 dt2 + V2 o (2.4.14)
with the solution
-t/R,.C .
Vz Voe 2.l (2.%415)

The voltage drops exponentially with a relaxation time
1, = R,C, : (2.4.16)
Introducing Tz‘hto Eq. 2.4.13 and separating the real from

the imaginary part, we obtain for the network admittance the

expression
w2Cy1y : it
T= +ige, + 52
1+g2r§ 17 TReT,? | (2.4.17)

By equating Eq. 2.4.17 to Eq. 2.4.10, the relative dielectric

constant and loss of the equivalent circuit become

i T 1 (2.4.18)

o Co T+ mzrzz

C2
b o
Y S T2

C —_— e 2-4. ]9

hence its complex relative permittivity

g* = Lty 1

Co Co T+ iwr (2.4.20)
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C, =l ~€)

.5 Equivalent circuit of a dielectric
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For the geries branch RyCy alone, the loss tangent

tan §, = Wr, g (2.4.21)

but the by-pass capaeitor C, reduces the overall loss tangent by

1
carrying more current as the frequency increases, therefore
tan

8,

Ci 59
o el
: c) (1+ T, )

Expressions for Eo at zero frequency and €, at infinite

tang =

(2.4,22)

frequency can be obtained by substituting values of the frequency

in equations 2.4.18 and 2.4.19, then

C) Cp
e . (2.4.23)
o o Co ik
= 5
SRt 68 (2.4.24)
C
€0 - €. 2
e T, (2.4.25)

Eqs. 2.4.18-20 thus become

rd

&= B, o~ fu (2.4.26)

4 2
I * b} Tz

g _(um)_‘i’zz_ (2.4.27)
1 +|r)2'[2

These are typical Debye equations 2.2.22 and 23.
The complex permittivity Eq. 2.4.20 can be written

€% = €+ €9 - Ex (2.4,28)
1 + 1012

The loss factor reaches its maximum (€, -€s)/2 at the critical
frequency given by
e =1 (2.4.29)
)
2
Plotted on a logarithmic frequency scale (Fig.2.2.4) the loss
factor describes a symmetrical, bell-shaped absorption band centered

at @, and covering about two decades above and below this value,

whereas g traverses a falling, S-shaped characteristic limited
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essentially to the range of one decade on both sides of the
critical frequency. It is easily seen that this characteristic
corresponds to the electrical response of a dielectric of the
Debye type,‘that ig, with one relaxation time and thus its £ fel

diagram is a semi-circle (see Fig. 2.2.5)

2.4.2.2 Distribution of Relaxation Times

It was shown that the simple three-element circuit in
Fig. 2.4.5 may satisfactorily represent a dielectric with a single
relaxation time. When, as is often the case, the material has a
spread of relaxation times, a more complicated equivalent circuit is
needed. In such circuits, the resistor of the elementary circuit is
replaced by a complex impedance which is a function of frequency

(Cole and Cole 1941), Fig. 2.4.6.

In this circuit the capacitance C, represents the polarization

at very high frequencies (£w~), while the capacitance C, corresponds

2

to the polarization (AP, Eq.2.2.17) set up only for low frequencies

(Eo ~€®). The complex impedence is given by

g = T0_(iwT0)™" (2.4.30)
80 - Eoo

This impedance has the striking property that, while the resistance
and reactance components are functions of the frequency, the phase
angle is a constant independant of the frequency and equal to «7/2.

Impedance of the series branch of this circuit

.Z = .] + Z = 1.+ i"’CZZ (2.4.3])
2 JuC iwcy

and its admittance

Yy = ;}'2 - ) (2.4.32)

1 + iUCQZ

Total admittance of the circuit
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Y = Yy + iwC

= iwC2 + iwC] (2.4.33)

1 + 1w022

Introducing the complex expression for admittance

Y = 1 E* = i C 4
i e G (2.4.34)
1 + iwCy2

thus

e = L e s CI

1 + iwC2Z

Substituting values of Cl, 02’ and 2

E* = EO =~ Eco % (] (2.4.35)

[==]

1 + (iwto) 1%

This is the same expression of equation 2.2.42 representing a
dielectric with a distribution of relaxation times. The locus of
its permittivity in the complex plane is a circular arc with end

points on the axis of reals and centre below this axis (see Fig.2.2.7).
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2.4.3 Equivalent Networks

2.4.3.1 Systems of parallel circuits in Series

The network in Fig. 2.4.7 formed of two parallel elementary
circuits in series, is usally used as equivalent to the Maxwell-
Wagner two-layer capacitor. As will be shown in Chapter 3, the
generalization of this network to n parallel circuits in series is
also used as analogous to n-layer dielectric systems. Analysis of

such networks is essentially similar to that of the 2-layer model.

The steady-state solution when an AC voltage V = Vo exp(iwt)
is applied, can be derived as follows:

Admittances Y] and Y, of the two elementary circuits

1 g | 2
Yl -ﬁ; + :mC], Y2 Ez + 1wC2 (2.4, 36)
Total admittance of the circuit
I Y
Y moe 12 (2.4.37)
N Y
152

The time constant T of the circuit in terms of the time constants

T = RO and T, = RZC (see Eq. 2.4.16)

1 ) 2 2
of the two individual circuits is given by (von Hippel, 1954)
T 3
=21 Y R (2.4.38)
R] + R2

hence the admittance may be rewritten
1 (1 +iwt ) (1+iwT)) (2.4.39)
2 i+ dwt

Introducing the complex expression for admittance

Y = i® €%, then

€° = T14T2 -T+ szszT (2.4.40)
'TRI + R)) (14wt

which changes from its static value at w = o

R
(R + Réy_-

(2.4.41)
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to its value as wo®

Easl . S 1D (2.4.42)
T
Introducing €, and €4, into Eq. 2.4.40
S T AP ) En (2.4.43)
. 27
I+w'T
where K = (Ty+T,-T)T- T1T2 = €5 - & (2.4.44)
T1T2 = 3

The loss factor is thus given by

T : Kut T
" = g (———p,y + ) (2.4.45)
l +w T WT]T2

and the complex permittivity

e = gk 6o < S * g (2.4.46)
1 + iwg iw
where ¢ = 1 (2.4.47)
R1+R2 -

A comparison of these expressions with those of section 2.3.1,
shows that the network of Fig. 2.4.7 represents successfully the
Maxwell-Wagner two-layer system. The permittivity is indistinguishable
from that of the simple orientation polarization of Debye theory, and
the loss factor contains an additional term dominant at low frequencies

because of the resistor branch R] + RZ‘

Fig. 2.4.7 Parallel circuits in series
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2.4.3.2 Systems of series circuits in parallel

It is always possible (Guillemin, 195?) to represent a given
network such as that shown in Fig. 2.4.8(a) by an equivalent one,
such as that shown in Fig. 2.4.8(b), where each branch can be
described by a first-order differential equation, so that a differential
equation of the nth order is replaced by n differential equations of
the first ofdcr each with a constant relaxation time. Circuits which
are defined as equivalent in this sense behave in the same way with

regard to any voltage applied to their terminals.

(D) (a)

=<
™o

|
I
I
|
1}
il
i

==
-
~No
> g

Fig. 2.4.8 Series circuits 1in wparallel
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The admittances Y; and Y, of branchs | and 2 of the network

in Fig. 2.4.8 (b) in terms of K; = 1/R; and Ky.= 1/R,, are

S . WO +  iwC
l T CE Ll 2 = SLEC
171 I+(wCIR1) 1+ (wClRI)
(2.4.48)
¥, ~ G =tweicl®) . iuCy
; 2 2
1+1wC2R) 1+(WC,R,) 1+(WCyR,)

Since the total admittance Y = Y| + Yp, and by complex admittance

expression and separating real and imaginary quantities, we get

- = C] C
£ E S LA + 2
v I +(uC]R|)2 T:T;EEEETZ (2.4.49)
c
¥ —2'— + ¢ (2.4.50)
14w 1_-]2 1+ uz‘[zz
2
w2C2R
= ._._._....i._..l._.__ 5 WZC%RZ
1 + GJC1R])2 ————
1+ (WC,R,) 2
2 2
w 1% ® C,T, (2.4.51)
P W )
i'H'.l‘!i 1+w Tz
in which
Ty = RiCy v21= BoCy

It is easily seen that these expressions can be extended to
apply for any number of circuit branches or layers, and the physical
meaning of replacing the differential equation of n th order by n

differential equation of the first order is readily understood.



2.5 SUMMARY AND DISCUSSION

The preceding theoretical review of the dielectric
behaviour may be summarized as follows:-— .
1) I; addition to the four well known mechanisms of
polarization (electronic, atomic, orientation, and
space-charge polarization), the adsorbed phase
polarization suggested by Murphy and Lowry (1930)
seems to be a very convincing explanation of the

dielectric behaviour of systems in which adsorption

phenomenon takes place.

2) In homogenous dielectric materials, neither the
space-charge polarization nor the adsorbed phase polarization
will take place, and knowing that both the electronic and
atomic polarizations do not exhibit relaxation in the
frequency ranges used for electrical measurements, it is
concluded that the electric dispersion in homogeneous

dielectrics is attributed solely to orientation polarization.

Since the relaxation of homogeneous dielectrics is
attributable to one polarization mechanism only it is
expected to be described by one single relaxation time.
However, there is practically no dielectric material that
has one single relaxation time, and according to the
Aaccuracy required, thg investigation should be based on
the more realistic concept of distribution or spectrum of

relaxation times (Cole and Cole, 1941).

3) In mixtures or heterogeneous dielectrics, all types of
polarization may take place and the electrical dispersion

may be associated with orientation, space-charge, or

adsorbed phase polarization. In general the total polarization

is the sum of contributicn of various polarization mechanisms,



and so is the dielectric dispersion. Consequently the
dielectric behaviour of heterogeneous systems is rather
complicated. However, as proved by van Beek (1965), the

general resﬁlﬁs of all dielectric dispersion theories

can be written as equations of the simple Debye type.

If we add that the additional type of polarization, viz,
the adsorbed phase polarization, which is adopted in this
thesis, may also be formalised as Debye equations, the
handling of the complicated behaviour of heterogeneous
dielectrics is considerably simplified. One exception
should be underlined at this point, that in the heterogenecous
dielectrics, an additional conductivity term, due to the
combined conductivity of the individual phases of the
material, usually appears in conductivity formulae of

dielectric theories other than the Debye theory.

4) The electrical network analogy often supplies a convenient
method of investigating the dielectric behaviour of materials.
The electrical properties of matter may be represented by a
parallel or a series combination of a capacitance C and a
resistance R. The type of combination is not indicative of

a mechanism, transformation from one to the other being

readily effected by use of equations 2,4.8-12.

However, such a.simple RC circuit can merely represent a
dielectric with one relaxation time. Due to the distribution
of relaxation times the dispersion curves representing the
RC circuit do not conform with experimentally observed
curves. The greater the distribution of relaxation times, the

poorer will be the agreement between the calculated and
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measured curves. Accurate representation of the

experimental results requires a more complicated

equivalent circuit in which the resistarice R is

replaced by.a complex impedance which is a function of frequency.
Thus an accurate equivalent circuit for the dielectric

is only possible, with fixed components, at a single frequency

in the region near the relaxation frequency. TFar removed from

this region, the equivalent circuit calculated on the basis

of a single relaxation time is adequate.

Therefore, the assumption that both components of the

Maxwell model of two-layer.capacitor are loss—free and have
well-defined dielectric constants without dispersion in fhe
frequency region considered wquld justify the representation
of each phase by a simple RC circuit, i.e., one with a single

relaxation time,

75



CHAPTER 3

REVIEW OF PREVIOUS STUDIES

It has bgen shown in the last chapter that although the
electrical resp;nse of homogeneous dielectrics may be adequately
described by Debye theory and the Cole=Cole modification for the
distribution of relaxation times, yet there is no single quantitative
theory of sufficient generality to account for all the observations
on the mixtures or heterogeneous dielectrics. The most prominent
theories of heterogeneous dielectrics are the Maxwell~Wagner theory
of space-charge polarization and the adsorption phase polarization

tﬁeory.

The electrical properties of soil-water-electrolyte systems,
wﬁicﬁ are heterogeneous systems by all accounts, have been studied
by many investigators on the bases of the above mentioned two
tﬁeories in connection with analogous electrical network models.

The previous studies are, therefore, reviewed in this order.
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£ STUDIES BASED ON MAXWELL-WACNER THEORY

Although the Maxwell-Wagner effect is of comsiderable
practical interest, its theoretical treatment does not appear to
have been extended beyond the two simple systems considered by Wagner,

*wviz.,, a stratified body and a dilute suspension of spheres (Frike,1953).

A formalistic prototype of interfacial polarization is the
Maxwell-Wagner two-layer capacitor, discussed in section 2,3.2,
and usually represented by an equivalent network of two parallel

RC circuits in series (Section 2.4.3.1).

Volger (1960) generalized the two-layer model to a multi-layer
one reéresented by a multi-circuit in series electrical network. The
limiting dielectric constants € Eo» are also given by a form of
Debye equations (2.2.22 & 23 ) and the loss factor g" has an additional

conductivity term.

Two-layer and many-layer systems often supply good descriptions
of compressed or sintered polycrystalline samples in which surface
barriers exist between adjacent particles, or of samples with surface
layers of different properties. It is easily shown that a system
consisting of a number of layers of the same material, separated by
layers of another substance, behaves as a two-layer system. In other

words, the sequence of the layers does not influence the dielectric

behaviour of the system (van Beek,1965).

Sometimes a two-layer system does not produce a Maxwell-Wagner

effect, namely whenfy ~£0= 0, which leads to the condition

€ 'zkl %'elkz . (3.1. 1)



Also for some values of the ratio (thickness x conductivity) for the.
two layers, the frequencies of maximum loss may vary widely and it is
often worth while to estimate whether Maxwell-Wagncf losses might

interfere in practical cases.

Adsorbed water would not seem to produce high losses, when
considered in terms of two-layer systems, However,.Hasted (1961) has
shown that adsorbed water often produces very high dielectric losses,
and tﬁat the inhomogeneity of comparatively non-polar solid systems
containing water may result in a Maxwell-Wagner conductivity in the
kilocyclé range which shows frequency dependence similar to the
DéBye relaxation. Losses may also be éroduced at higher frequencies

when its conductivity has been enhanced by dissolved electrolyte.

Succéssful experiments to test Wagner's theory were performed
By“ﬁééﬁ;; (1953) on mixtures consisting of a non-polar base material
(péréffiﬁ wéx) aﬁd small percentages of a slightly conducting solid
(copper phthalocyamine) or liquid "impurity". Two types of dispersion
of the solid impurity were studied, one using discrete spheres and the
other using a fine powder covering the surfaces of large grains of the
base material. For the discrete spheres, good agreement with Wagner's
theory was obtained. The results for the powdered solid impurity and
the liquid impurity show that such mixtures can give rise to dielectric
loss factors that increase slowly with decreasing frequency over a wide
frequency range, and finally merge with the loss due to DC conductivity.
Hammon concluded that at.least for non-polar dielectrics, the small loss

.factors and DC charging currents frequently observed may be due to

conducting impurities present as a separate phase.

Sillars (1937) made the first step to enlarge Maxwell-Wagner

model to take into account the large variety of possible shapes of
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inclusions that cannot be regarded, even approximately, as spheres.
He considered the case of a dilute suspension of spheroid shaped
particles, but simplified matters by assuming that the conductivity
of the disperaing mediﬁm %s k1 = 0, i.e. an isulating medium. The

spheroids were assumed to be ellipsoids with axis '

a' in the field
direction and equal axés 'b = ¢' at right angles to the field. In this-
way the geometry of the heterogeneous dielectric is represented by

only two variables, namely, the fractional volume of spheroids 'p' and

the axial ratio a/b.

In the static case and for kl = k2= o the field inside and

outside the spheroid can be derived from the field theory, i.e.

g R miel R
e | 22 (3.1.2)

where E1 and Ez are the normal components of the field at the
interface between the dielectric 1 and 2. For k,¢# o surface charges

are held at the interface of magnitude given by

P oS Elh Py (3.1.3)
where g and E are in practical units, .el ands;2 . in e.s.u.
The field E, whithin the spheroid is zero in the static case, but not
so in the dynamic case, since surface charges are adjusted towards
equilibrium.by means of currents flowing in the conductive medium. This

is the case even if kl as well as k3, is finite.

For periodic fields when the normal components at the interface

‘may be represented by the complex quantities

Wk ; 1wl
Ef (t) = a* e‘u 3 E’z‘ (t) = b* em (3-1‘4)

we may calculate the surface charge carried by conduction as

79



*
‘o (£)=JOk,E} - IGES ) dt
= (k,E} —KkED (3.1.5)

Eq. 3,1.3 may be rewritten for periodic fields
g (€)= (g, E} (£)=£2E3 () )& (3.1.6)

which together with Eq. 3.1.5 give

(6&+ . )& = (e,€, + k‘)F-: (3:%.7)

iw iw

which is a generalization of Eq. 3,1,2

The relationship between the field applied to a capacitor
containing the heterogeneous dielectric and the polarization in the
dielectric is required to define the problem. The task of deriving this
relationship is much simplified if kg=o, that is the inclusions are
enbedded in a perfect dielectric. In this case, all the power dissipated
occurs in the inclusions and the complex dielectric constant of the
heterogeneous dielectric can be deduced from the power loss. To derive:
the power loss Sillars used Ohm's law, so that, W, the power loss per unit

volume of the inclusion is

2
We ) k, IE; | (3.1.8)

where E*z ,.the field within the inclusion, may be calculated using

Eq. 3.1.7

For a heterogeneous dielectric as defined, Sillar's calculation

" leads to a complex dielectric constant of Debye type, namely

- g€, N
€ = o — = TEAL (3.1.9)
8’}: E.'NGJT



where-é;,N and T are quantities which involve a dimensionless
function l(a/b) of the axial ratio. This function has been evaluated
by Sillars; it equals unity for a layered dielectric (a/b)=o and

3 for spheres (a/b)=1. The expressions for N and €, are

il 8,(;{'—])‘*' 83

K/ €. (3.1.11)
; A€
T E A & (3.1.12)
A(€2-E)
Eco""—_ E( [ l."'P E,(',l-l)'!‘Sz ] 13.4,13)

Similar to Wagner's equations for the dilute system, Sillar's
are independent of the size of the particle. The relaxation time
is also independent of particle volume concentration but dependent on

particle shape.

Khradly and Jackson (1953) investigated the effect of
neglecting éhe electrostatic interaction between conducting particles
in Sillar's treatment. They considered two and three dimensional
arrays of conducting spheres, cylinders, etc. in a loss free dielectric,
and gave a formula for the complex dielectric constant g#*of a composite

dielectric containing a cubic array of spheres

& _ -3 2 “Fiy/ezp ey )

£ €, +2¢ e (3.1.14)
1 2 ] €, =28
where
‘vﬁfareléw ka (3.1.15)
\ : 1w

Eq. 3,1,14 1is a generalization of Egs.3.1.9 & 10 and reduces

to the latter as p —o0.
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Khradly and Jackson verified Eq. 3.1.14 experimentally for an
artificial dielectric consisting of one layer of spheres arranged in a
square array. They found that, up to p=0.1 the calculation without
electrostatic iﬁteract@on_gives moderately good agreement while above

p=0.3 even Eq. 3,1.14 does not give very good agreement.

Dryden and Meakins (1957), Pauly and Schwan (1959), and

Eﬂﬁii (1961), independently considered a model in which the volume
concentration is not dilute. They derived the dispersion equations for
systems of conducting spheres that are surrounded by a thin conducting
shéll and suspended in a conducting medium. The formulae were verified
for particle concentration up to about p= 0.3 where the agreement with
theory was very poor. The formulae are again of the Debye type

(van Beek, 1965) with a relaxation time

T &[28.4-51-?(51"5*)] (3.1.16)
2K|+K2 -P(Kz'K.)

and limiting dielectric constants

€.« €, , IPU-PUEK-E,K, )"

‘ (3:1.17)
. ["E'"El'P(EZ"E*)]["’-"-*krf’(kz—ﬁ,ﬂ"
s = &, 1£;+51+ZP(81 L)
; 28, +€; - P(E; - §,) (3.1.18)

and limiting conductivities

K,=K, LK.+K1+ZP(KJ. K,) (3.1.19)
. 2K Ky = PUK,-K,)

K__K, . 9PO-P)EKs—K)? e
[26,+€; - P, e[ 2Kt K- PR - 1)]

These expressions are independent of particle size or shape.

However, the relaxation time is seen to be a function of the particle

I

volume concentration.
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Fricke (1953)presented a more general treatment of suspensions
with respect to the effect of particle shape and orientation by intro-
ducing a shape factor formula that depends on the particles orientation
with respect to the applied field. He first considered the case of a
Qilute suspension of ellipsoids and then extended the treatment to more
concentrated suspensions. The latter case was treated on the basis of °
a semitheoretical general conductivity equation derived assuming that the
effective internal field acting upon a suspended particle is equal to

the average field in the suspending fluid.

In the case of a dilute suspension, equations obtained for
k and £ showed that a suspension of ellipsoids having one of the
principal axes parallel with the field, is characterized by a single
Debye type dispersion zone. When the axes are oriented at random,
there are three such dispersion zones, the electric behaviour of the
auspénsion being thé same as that of an even mixture of the three
principal orientations of the ellipsoids. The same frends were suggested

to apply in the case of more concentrated suspensions.

Assuming homogeneous ellipsoids (axis 2a 2 2b Z 2¢) (82:1‘12)
distributed in a homogeneous medium (Einkl) » Fricke derived expressions
for the two cases:

1) The axis 21 is parallel with the external field,

P

k. K __=P(f-PJ(H-x;)l(Kze,—k‘sz)

@ Bl [Blea)]® (3.1.21)

§,— &, = PU-PIU+x) (€~ K, £:)>
[B(ku.)_]l B(&,2)

(3.1.22)

B (kn_)E K}_ + Xi k‘; “'P(KZ" K|)
B(en)= €y .4 X1 & - P(E.Z"‘éa)

83



xj — is a form factor for different axial ratios with the field
parallel to the x ;axis.Fricke reported values of xj for different .

cases both numerically and graphically. 2as

2) The ellipsoids assuming a random orientation.

K, i (l‘:r; l:z)t'*m (3.1,23)

(€,- €,)0-P)
€o= €24 1:3( g (3.1.24)

Lok Mizke
g: Ka+XiK,

S=Z_________'E;-Ez, *

f Ez "'X;El

wlp wiTp

=K, . (K=K )W=P) | (-P)K:€- K E)(E-E,)N
2+ +

(1+8S) ({ +8)> (3.1.25)
= €, -€2)(1-P) . (1-PIE:K, - ,K1) (K -K,)M
Eo = 52+ ((i+ :['_’} s ((2|+ L:)l.l)( 2) (3.1.26)
| T 1 e

i (Ez_ +xl£|)z 3

i I T B
(o XjK,> 3
It 3s seen that the dispersions are functions of bulk properties,
particle volume concentration, particle shape and orientation. As
Fricke pointed out, the system is characterized by dispersion regions
inside each of which, it behaves quantitatively like a Debye dipole

system.

Polder and van Santeen (1947) have attempted to extend Sillar's

theory by taking into consideration the effect of interaction of
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particles. The effective dielectric constant was calculated for
a material consisting of a medium in which solid particles or empty
holes with various dielectric constants are packed together and in

which the individual particles or holes were assumed to be ellipsoids.

De Loor (1956) reviewed the formulae of the dielectric constant
of mixtures and discussed the relaxation behaviour. He suggested
expressions for shape depolarization factor A in accordance with those

given by Fricke (1953).

Bruggeman (1935) introduced a scheme to investigate the effect
of the concentration of dispersed particles in the immediate
neigﬁbourhood of the particle under consideration. In this scheme,
the initially low concentration is gradually increased by infinitestimal
additions of dispersed component ch). In the course of this process,
the dielectric constant of the medium around a particle slowly changes
from (el ) of the dispersing medium to the final value‘(g,) of the whole

system. This technique enabled Bruggeman to derive the formula

/3
=] - .E.__._.._._‘?-- £ ._E_L
P Ex= &, (Eﬂ-)

(3.1.27)

for the dielectric constant ¢ of the mixture in terms of the volume

fraction p of the dispersed component.

Looyenga (1965) used a similar method to that of Bruggeman and

suggested that the formula

£V3 L E:’a

= W (3.1.28)

P

gives the closest fit with the experimental results.
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Basu and Arulandan (1973) investigated the influence of

micro-structure and éompositional factors on the radio-frequency
electrical propgrties of clay—water—electrolyte éyétem and suggested a
classification chart for the identification of swell potential of
soils; They reported that the magnitude of dielectric dispersion,fA € ,
is a measure of mainly the clay mineral composition and percentage clay.
content while the water content, cation type, pore fluid concentration,
flocculation and dispersion, and particle orientation (with respect

to the direction of current flow) have a second order effect.

These authors considered the cause of dielectric dispersion
as follows: In a two-component system (clay particles and solution),
such as a saturated clay-water-electrolyte system, current density
varies from point to point since the ratig of conductivity to dielectric
constant is different for each of ﬁhe two components. Charges,
therefore, accumulate at the interface between the clay particle and
the surrounding solution (Maxwell-Wagner). Since this build-up of
charges takes time, as the frequency is increaséd, there will be less
time for the charges to accumulate at the interface, which in turn
decreases the system's ability to store electrical potential energy,

and thus decreases the dielectric constant.
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3.2 STUDIES BASED ON THE ADSORBED PHASE POLARIZATION

Okonski (1960) treated the dielectric behaviour of colloidal
particles by introducing the concept of surface conductivity. The
effects of the excess éonéuctivity arising from mobility of ions at
the interface, and -~ with thin ion atmospheres - the charge transport
due to counterions, may be expressed in terms of a two-dimensional
conductivity. Formulation of an adequate theory of the dielectric
constant and conductivity of systems such as colloidal dispersion,
requires treatment of the charge carriers in the solvent, in the ion

atmosphere, and in the dispersed phase.

Okonski assumed that the surface conductivity, A , 18 composed

of two parts:
ls — the contribution of the charge carriers in the surface

such as ions, electrons, and holes, given by
i 1

where N; is the number of carriers of type iper unit surface area, Vi
the valence of the ion, and \U; its mobility.
Au-the contribution to the conductivity due to the ion atmosphere,

given by

(3e2a2)

he =Lt dy o iwody
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-~ rd
where ky , k, ,kzgnd kz are the bulk conductivities at large
distance and arbitrary closer distance from the interface of phase 1
and 2 respectively, and y is the distance from the -interface.

Thus, the total surface conductivity Ais given by

b AS.,. Aq (3.2,3)-

In an alternating electric field, the surface charge density
is assumed to undergo a time variation as the result of two processes:
1) The transport of ions to and from an element of surface as a result
of the bulk conductivities of the two media.
2) The transport of ions aleng the surface as a result of surface
conductivity.
The time derivative of the surface charge density may, therefore,
be written as the sum of the contributions of the two processes 1)

and 2) when they occur simultaneously.

Okonski suggested that the effect of the surface conductivity
rk is exactly equivalent to an increase of the bulk conductivity Ky

of the dispersed spheres by the particle surface conductivity, thus

kg=ky +ks (3.2.4)
where ks may be regarded as the effective volume conductivity of a
particle electrically equivalent to the model comprising the volume

conductivity k, and the surface conductivity k; given by

K 5% .l (3525
a

in the case of a spherical particle of radius a.
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Okonski derived the expression for the complex dielectric

constant of the a suspension of spheres as

: _ . ] ® =
€ m8|[|.—_§(E5—E|)(t$+2‘E‘)] (3.2.6)

" where p is the fractional volume of the spherical particles 2
dispersed in medium 1 and € 1is the complex dielectric constant of the

equivalent sphere with surface conductivity, given by

» y
it LF&KS (3.2.7)

where {1 =i

For insulating media, i.e., k,= 0o, the relaxation time is

given by

T o a(E).".‘ ?—El)
: 8t ] (3.2.8)

confirming a result given earlier by Okonski (1955).

Okonski demonstrated the effects of surface conductivity on
the internal field, the induced polarization, the dielectric constant
and dispersion, and the conductiv;ty of dilute systems., He pointed out
that the term }5describing a part of the surface conductivity
(Bq. 3.2.1) » is gemeral and may include a contribution from the
‘probable displacement of the adsorbed or bound ions. Such displacement

has been discussed earlier by Kirkwood and Shumaker (1952).

Consistent values of the surface conductivity of colloidal

particles have been reported by several investigators:
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-5
0'Konsiki (1960); in the order of 10 mho

-9 -2
Schwan, et al. (1963); between 10 and 10 mho

) ol
Schwarz (1963); in the order of 10 mho
' ; -5
van Olphen (1957) ;between 3.2 and 5.8 x 10 mho (for Na bentonite)
=
Bloksma (1957); in the order of 10 mho

-9
Fricke & Curtis (1936);in the order of 10 who

Schwan, eﬁ al. (1962), showed that the mere introduction of a
surface conductivity would be inadequate to explain the very high
dielectric constanté observed experimentally in many systems at low
frequencies. Their data for polystyrene particles in KCl solution
together with those of Fricke and Curfis (1937) for kaolin and pyrex
particles in dilute KCl solution, could only be explained by the

introduction of a frequency-dependent surface conductance component .

Therefore, the surface conductance is composed of two parts,
one being independent of and the other dependent on frequency. Schwan,
et al. (1962) suggested that the frequency-dependent component changes
approximately in proportion with the conductivity of the dispersing
medium, while the magnitude of the conductivity dispersion is almost
independent of the ionic strength of that medium.

Assuming negligible particle conductivity (k,= ©), and that dkg/a £ k,

(d = thickness of the double layer), the results were

.

KazKli._—P +c|K5. 4:5P

: |+°'5P = (I+¢,5P)1 ‘ (3.2.9)
2 1B 45P (3.2.10
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Schwarz (1962) added that the effect of ionic diffusion in
the double layer should be included in the theory as a capacitive part
of the surface admittance. He thus, replaced the dielectric constant

of the particles,®) , by .the expression

£ o i
iy E(+iwT) (3.2.11)

where the relaxation time T is given by

R
2 UKT (3.2:12)

where k is the Boltzmann constant, and T is the absolute temperature.

Thus, T is related to the ionic diffusion in the double layer.

Miles and Robertson (1932) have proposed very early that

the electric properties of colloidal particles with an electric double
layer might be explained in terms of a model involving a sphere
surrounded by a concentric shell of higher conductivity, and developed -

equations for the complex conductivity of a dilute system.

‘Muir (1954) investigated the dielectric loss properties of the
water films adsorbed upon the minerals kaolinite, halloysite, meta-
halloysite, and talc over the frequency range 2.5 kc/s to 25 Me/s. Tﬁo
varieties of relaxation absorption maxima were observed. One type
varies its frequency position, but not its magnitude, with increasing
water content, and was attributed to a complete first water layer
adsorbed upon a surface of hydroxyle groups. The second type remains
‘in one frequency posiiion but increases in magnitude with increasing
water content, and was attributed to a first layer of water being

adsorbed upon a surface of oxygen atoms.
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Goldsmith and Muir (1960), in a similar work, suggested that the
dielectric absorption is due to the conductivity of the adsorbed
layers arising from the solution of ions in the fifst, or first few

layers of water adsorbed..

Weiler and Chaussidon (1968) studied the surface conductivity

and dielectric properties of montmorillonite gels and suggested that
the field action is zero in the direction of the small axis of the
platelet but maximum along the long axis so that the motion of the
charge carriers is essentially trangential to the platelet. The
counterions were considered to be disturbing elements in the water
layers structure, thus creating a numﬁer of lattice defects able to
transport the current. They reported values of the surface conductance

=3
of the order of magnitude of 10 wmho.

Mitchell and Arulandan (1968) investigated the relation between

electrical dispersion and soil structure in order to determine to
what extent the electrical properties of soils might be useful for the
study of the influence of microstructure and compositional factors on
soil behaviour. These authors have shown that the dielectric constant
and conductivity of saturated clay-water-electrolyte systems in the
low-frequency range (zero to 105 C/8) vary with frequency in a manner
dependent on a number of factors. The principal factor influencing
the dielect¥ic constant appears to be the ease with which the adsorbed
layers of cations surrounding the clay particles can be polarized. This
in turn depends on the strength with which the cations are bonded to
the surface and the distance through which they can be displaced. The
‘difference between thé AC and DC conductivity relates primarily to the
amount and typeof electrolyte and the difference in cation and znion
mobilities. Mitchell and Arulandan suggested that the micro-sStructural

and compositional parameters influence the dielectric and conductivity
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response in a numerically significant way.

In another paper, the same authors (Arulandaﬁ and Mitchell
1968) investigated tﬁe dielectric dispersion of clay-water-glectrolyte
systems at low-frequen;y.range (30 C/S to 105 C/8). They examined
several processes of polarization in an attempt to explain the
observed data and concluded that the bound ion polarization could
explain some of the results. However, Arulandan and Mitchell pointed out
that the theory, like most of the other theories, does not consider
effects on the electrical properties caused by some important factors
suéh as particle orientation; degree of binding of the ions to the

surface, and electrolyte concentration.
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3.3 STUDIES BASED ON ANALOGOUS MODELS

It was suggested by Wyllie and Southwick.(1954) that the

specific conductance of an aggregate of conductive particles

saturated with a ccndu;ting electrolyte was compatible with an equivalent
resistance model comprising three elements in parallel, Fig.3.3.1.

The three corponents of specific conductance were:

1) An element, K, , comprising particles and solution in series with
each other.

2) An element, K, 5 consisting of particles in sufficiently close
coﬁtact with one another to form continuously conducting pathe.

3) An element, K3 , consisting of fluid filling the interstices between
the particles.

In other words, the simple square model of Fig. 3.3.1 (b), was sub-

stituted for the complicated geometry of the porons medium Fig.3.3.1 (a).

Sauer, et al.(1955) used the simplified three-element model to

explain their observations on the DC conductance of porous plugs containing
conductive material (ion exchange resin spheres saturated with electrolyte

solutions).

These authors derived an expression for the conductence of the
system as follows:
Consider a fesistor model, 1 em x 1 sq. ¢m, as shown in Fig. 3.3.1, which
is to represent the resistance of 1 cc. of the porous material saturated
with interstitial solution. In Fig.3.3.1, a, b, and c represent the
fractional cross sections of elements 1, 2, and 3, respectively, and
"d is the length paraMetef shown in the same figure.
If kp and kg are the specific conductances (mho cm™ ) of the solid

resin and the interstitial solution, respectively, the conductances,
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Fig. 3.3.1 Threc

'+ DC resistor ' model
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K, K, ;, Ky of the three elements are given by

o o Ol - ARy (3.3.1)
K' ks. .+ by Ks 2 ke
Kl = kr ks - kr"‘s

ko U-d)/a+ ksd/a  xke*tVks (3.3.2)

]

B 5 A ke (330

F‘
where X, y, and z have been defined by
St d) e
LS e Y C (3.3.5)

and ¢ has been set equal to 1/F; F is the formation factor which
would characterize the system if the solids were nonconductive.
If solids are nonconductive, only element 3 contributes to the
conductance, and the specific conductance of the system is then

kg /F. Since atb+c= 1, then

540 SRS e PP - DU 3 (3.3.6)
X+y Z F

The (specific) conductance, K, (who/cm ), of the system
containing conductive solids is the sum of the conductances of the

three elements
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o R U K

= I‘{I' l<$ -+ bkr o Cks
ki(1-dy/a + ksd/a

gt el

- 3357
Kk,-*‘)‘ks “+ > 15 F ( )

Therefore, to determine Ko , it was required to obtain
values of x, y, 2z, and F.
From Eq. 3.3.7 it is seen that for kg = o
ko = —lﬁL 1 (3.3.8)
7 ; .
Thus the intercept of the Ko /kg plot on the ordinate gives z if
ky 1is known.

Also by differentating Eq. 3.3.7 for constant kp

A

JE. 5 o ! |
) R o i STl (3.3.9)
= w
c“(s ('yksi--ﬂkr)z 3
For kg = 0, Eq. 3.3.9 reduces to
T ey (3.3.10)
dk & =
L]
Thus the slope of the Ko/kg plot at kg = o gives %-l- %

When kg »» kpy , i.e., at high solution concentrations, it follows

from Eq.3.3.7 that

Ko = k.t

S ) + JFS_; (8:3.11)

s el
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The intercept of the approximate straight line defined by Eq.3.3.11

extrapolated to a value of ks = o is, therefore, k,(%:+ io

As a fiést step, approximate values of x, y, z, and F
computed from Eqs.3.3.8, 10 & 11 were substituted in Eq.3.3.7 to
give a calculated Ko/kg . These initial values of x, y, z, and F
served as starting points in a trial and error procedure aimed at

obtaining better agreement between theoretical and experimental curves.

In order to determine the conductance kp of the wet resin
frﬁm a plot of kywas abscissa against K¢ as ordinate (the same scale
being used for plotting both Ko and kg ), a line intersecting the
plot was drawn through the origin at 45 to the ebscissa. The inter-
section of this line with the plot clearly gives the point at which
kw= Ko , defined as the "isoconductance point". At the isoconductance
point, the specific cond?ctanCes of the system and of the interstitial
solution are equal (Dakshinamurti, 1960). In other words, the presence
of the resin leaves the conductance of the solution ungffected. Accord=
ingly, at this point ks = kg . The isoconductance point method is

illustrated in Fig.3.3.2.

Sauver,et al. suggested that the concept of three-parallel-element
model may be useful for characterising pore structure of sedimentary

rocks, wood fibres, and soil aggregates.

Sachs and Spiegler (1964) used the three-element (parallel
current paths) model to derive expressions for the dielectric cometart
+and conductivity of the porcus conductive plugs in the radio frequency range
(20-90 MHz). Each elenent or layer was described by a parallel circuit

of capacitor and resistor (Fig.3.3.3). The theoretical electrical
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response of the model was determined as follows:
The specific admittance, Y, of the system is the sum of the

admittancesY,, Y,, and Yy of the three elements 1.,2.and 3 respectively

-1
== 1_‘ A J . 2
¥ [(a kriwat,Ey) 7 (ak,rieat, Er)] g
L o= bl yicbes (3.3.13)
§ =T s ST gt (3.3.14)
Y - ‘17 + ‘Yl + Y3

where ) is the angular frequency.

Separating imaginary and real parts (LePage 1952), the following
-

expressions for the dielectric constant £”and the specific conductivity k

of the system are obtained

+ be, g (3.3.15)

+

&
rE ks Eskr+ m"Ef, (Er Ezs ESEII.'
d

cl(l 4§ I-d ¢ k= d
s L i 7 SR LS Y ] , 3.3.16
= T d)S[I— 2 La wbet (‘I— s & X2 )l Equ-CI(s( )
2
E('_: kr)_‘_(‘,c( f;‘*%_._) (3.3.17)

In addition to the use of isoconductance point method in
determining the conductance k,.of‘ the wet resin, Sachs & Speigler
used another indirect method to determine the dielectric constant
of the solid wet resin. The value of the dielectric constant of the
system at the highest frequency used (g ), was taken as€.. An

expression for €, was derived from Eqs 3. 3515, e,
Srd ;
£, € €, 6
a | ] s Ci
ek )
- J{l—d?(_f_-s__*_ﬁr_-}
i d

3 + bEyCEs (3.3.18)
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Arulandan and Mitra (1970) applied the three-element electrical
network model to clay-water-electrolyte systems in the radio frequency
range (0.5 x 10'B to 10i Hertz), as an attempt to-characterise such
systems in termg of the micro-structural and compositional factors.
Realizing that this model has been originally suggested for ion-exchange
resin solution systems, these authors resorted to an optimization
computer programme to determine the values of the geometrical parameters
of the model, a, b, ¢, d (¢ = 1-a-b) as well as the material constants,
€y > ke 5 and kg such that the frequency dispersions of the dielectric
constant and conductivity calculated from Iqs.3.3.15-16 fit the ex-
perimental results as well as possible The remaining parameter, E£g ,
was kept constant. In order to use tﬁe optimization programme, initial
values for the parameters were needed. Therefore, Arulanandan and
Mitra assumed approximate initial values as follows:
€y — the dielectric constant of solution as equal to that of pure
water (78)

b - the contact area of particles was taken 0.01

¢ - the area of pofe.fluid cross-section was taken as (2/3) x porosity.
d = the height of the solid part of element 3 (particle - solution in
series) was assumed 0.5.

kye= the conductivity of wet particles was assumed a.value close to the
isoconductivity value as suggested by Sauer,et al.(1955)

€ — the dielectric constant of wet particles was assumed a value
obtained from Eq.3.3.18 using the dielectric constant of the soil at
10s Hertz, where the dielectric comstant levels off, as a value for

€o»  (Sach,et al.,1964), and a = 1-b-c.

Although Arulanandan and Mitra (1970) noted that the choice
of six seemingly random parameters might be enough to fit almost any
set of curves and that the physical meaning of the results would seem

doubtful, yet they suggested that only the thrée independent geometrical
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parameters were genuine unknowns.

: ggéfg_(lg?l), in a work very similar to that of Arulandan and
Mitra (1970), apflied tﬁe.three-element electrical network model to
clay-water-electrolyte systems in the radio frequency range (106- 108Hertz).
- Smith suggested that the model could be used to represent numerically
the.heterogeneous nature of saturated porous systems in terms of the

geometrical parameters of the model,

Smith investigated the ability of the model to measure the
comﬁositioual and fabric changes associated with tﬁe curing of kaolinite
soil-cement and reported that, contrary to current interpretations,
the-major portion of the hydration of the cement particle occurs during
the first few days of curing. Smith, therefore, suggested that the
macroscopic model may find value as an indicator test for relative

strength increases in soil-cement.

Although “Smith concluded that the relaxation mechanism causing
dielectric and conductivity dispersion in the system under consideratioﬁ
is of the Maxwell-Wagner type, yet he has used the concept of wet
particles as representing the single phase of solids, and suggested that
the primary particles in the consolidated clay mass are arranged in

clusters, packets or domains.

The work of Smith was summarized and reported in a later paper

by Arulanandan and Smith (1973).

Backer and Watillon (1973) investigated the dielectric constant

and conductivity dispersion of pyrex-water-electrolyte systems in the

. :
frequency range ( 5 Hertz — 10 Hertz) using an equivalent electrical
network model. In this model, Fig.3.3.4, Backer and Watillon represented

the electrodes effect by a capacitance which decreases to a neglible
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value at high frequencies, and the self inductance of the cell and

transmission line by an inductance which increases to a considerable

value only at high frequencies.

Analysis of the experimental data led these authors to

characterise the dielectric dispersion as a Debye mechanism. Backer
and Watillon suggested that the double layer (at the electrodes) may

be considered as a third phase of the system,

(a) bridge

R, g R
el | = ____/erFL_ A
| |
| Ce |

I__'_“____I
Cf‘

(3) high frequency cell

=

(¢) low frequency cell

B R R
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( Sacker &% tatillon, 1073)



3.4 ‘DISCUSSION

The review of previous studies shows that the present situation
in the field of soil investigation by the electrical dispersion technique

is rather chaotic. This thesis will be an attempt at clarification.

The application of the electrical dispersion technique to
the specific field of consolidated soil-water—electrolyte system has been
carried out by a few investigators, namely; Basu and Arulanandan(1973),
Mitchell and Arulanandan(1968), Arulanandan and Mitra(1970), Scharlin
(1971) , and Smith(1971).
Basu and Arulanandan(1973) described the electric dispersion in soil
systems in terms of Maxwell-Wagner theory, Mitchell and Arulanandan(1968)
attributed the dispersion to the adsorbed phase po%arization, and

all the other investigators resorted to electrical network analogous models.

In fact all the soil investigations by electrical network analogy
were based 6; one and the same three-element model which was originally
suggested by Wyllle and Southwick(1954). To apply the model to the
complicated field of soil systems, several assumptions were inevitable
resulting in possible inaccuracies which arose from the following
specific considerations:

1) To represent the nonconductive solid phase by an RC electrical
circuit whose conductivity is 1/R, the solid particles were described as

"wet particles" whose electrical properties cannot be directly

determined, and thus more assumptions became necessary.

In fact thesé wet particles are equivalent to the solid particles
together with the adsorbed layer, and, therefore, a model that specific-
ally and adequately represents the admittedly very important adsorbed

layer (on fine grained soils) would be more advantageous.

1
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2) To allow for a solution layer in series combination with the
solid phase, it was suggested that the primary particles in the clay

mass are arranged in clusters, packets or domains, -

In consolidated clays, however, the cluster structure would
not be the general case, and the existence of unequal pore sizes and
discontinuous interstitial spaces is probably a more general description.
Such a description may lead to a similar conclusion to that of the
earlier workers, that is, a part of the pore solution is in series
combination with the solid phase, without, however, implying that the
soil system has a cluster structure. The solid phase of the model
will then be in series combination (seé Sec.4.1.2) with a layer of
the pore solution whose volume may be determined in terms of factors
such as porosity, particle shape, orientation, internal surface area,
adsorbed layers thickness, and }igid bonding.
3) A third element in the three-element model adopted by earlier
workers was considered to be the current path through solid particles
in contact with each other, and values of the contact area were reported
as 0.01 - 0.02 of the total area of the cross-section of the soil

sample (Smith,1971).

If it was possible that such a path through solid particles
could exist, it would probably be a nonconductive path since the solid
particles a¥e assumed to be nonconductive, and if these solid particles
were also considered to be "wet particles", it would be rather difficult
to distinguish between the current path through these wet particles

and that through the solution and particles in series.

Furthermore, suggesting that the clay possesses a clustered
structure does not agree with the assumed current path through contact

areas of particles, and renders the sum of all contact areas far below
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the reported values and of quite a negligible magnitude. It is
relevant to note that Olsen(1961) derived a relationship for the
conductivity of a clustered system by considering three current flow
paths: a) through the large pores between the clusters; b) through

a path that alternately passes through and between the clusters; and
¢) through a path that passes through the clusters at their points of
contacts. Olsen then concluded that the contribution of the third
path has to be ignored after finding it to be negligible when contact
areas between the clusters are less than 10 per cent.

4) = The theoretical response of the three-element model is independent
of the direction of flow of electric current through the sample, and the
use of an optimization computer programme to determine the parameters
of the model that fit the experimental observation would not give much
credit to the model itself. This can be éasily demonstrated by the
ability of the optimization programme to compute two groups of
parameters that fit the two different electrical dispersion curves
obtained experimentally in two different directions of one sample

represented by the same model,
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CHAPTER 4

DEVELOPMENT OF A NEW MODEL

4.1 SOIL-WATER-ELECTROLYTE SYSTEM

4.1.1 Phases of the System

The preceding review indicates that the soil-water-electrolyte

system may be reasonably divided into three phases:

4.1.1.1 The solid phase

This represents the solid particles of the soil. Its volume can
be determined theoretically from the void ratio value or from the total
water content, comprising both the free agd adsorbed water, in the case
of saturated soils.

For saturated soils, the void ratio

€ G OO 0

wheremis the total moisture content (per cent), G is the bulk density

of the solid particles. The porosity p is given by

p ; _1__9___ (4.1.2)
) 3@

The volume of solid particles, Ve, in a unit volume of soil
T (4.1.3)

The internal surface area of particles As, in a unit volume of soil

i o Vi<G .S (4.1.4)
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where S is the specific surface area of particles (per unit weight).

4.1.1.2 The pore fluid phase BE =3

This is the liquid filling up the pores in soils. It is
described as free or unaffected by the electrostatic or other forces
" of the solid particles, and it constitutes a part of the total moisture‘
in the soil.
The volume of the total moisture, V. , in a unit volume V of soil

is given by:

where @ is the average density of pore fluid and adsorbed water.
If Vy is the volume of the adsorbed phase, then the volume of the pore

fluid Vi is given by

L  G1.8)

-

4.1.1.3 The adsorbed phase

This is the part of soil moisture in close proximity to the
particle because of the electrostatic and other forces of the solid
particles. It, therefore, has an important influence on the behaviour
of fine gra%ned soil in general and a significant impact on its
electrical properties. This phasé may be found in literature under
many names such as; electric double layer, diffuse double layer,
ionic double layer, electrical diffuse layer, and ionic atmosphere,

‘which causes confusion. Therefore, throughout this thesis, it will
be referred to as "adsorbed layer" for it is believed that this is the

most relevant name.
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The characteristics of the adsorbed layer may be summarized

as follows:

4.1.1.3.1 It comprises mainly adsorbed cations and water
molecules. In clays, hhére the particle surface is principally
possessed of a negative charge, the counterions are cations, and the
water molecules are adsorbed by three mechanisms one of which is
due to hydrogen bonding to the clay surface and two due to dipolar
attraction to the adsorbed cations and to the negatively charged

surface.

4.1.1.3.2 The concentration of adsorbed cations and the
strength of adsorption decrease sharply with the distance from the
clay surface. However, for the purpose of the investigation it is
considered to be an advantage if the adsorbed phase is assumed to be

subdivided into two layers, having no distinct boundary between them.

1) Strongly adsorbed layer

This is the innermost part of the adsorbed layer close to the
surface in which most of the counterions are concentrated and the
aasorption forces exert their stronger influence. The thickness ty
of the strongly adsorbed layer may be estimated as; the radius of a
hydrated adsorbed cation, the thickness of two water monomolecular
layers, or 5&. The significantly different properties of this layer
from those of water are attributed mainly to the more ordered structure
of the adsor;ed molecules despite-the fact that counterions tend in
some cases to disrupt this order. It is generally described as having
either a two-dimensional fluid or a solid-like (ice) structure.

‘The surface area covered by this layer may be assumed as equal to the

internal surface area A; (Eq.4.1.4), thus its volume Vi is given by

VH e tf i As (4.1.7)
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2) Weakly adsorbed layer

The remaining part of the adsorbed layer represents an inter-
ﬁédiété layer between the strongly adsorbed layer and the pore fluid.
Its thickness may be considered as approximately equal to the
"characteristic length" in the Debye-Huckel theory (Mitchell,1961) of
strong electrolytes(which is appreciated as strictly applicable to

dilute colloidal suspensions), i.e.

(ekT i (4.1.8)

BT neivi.

where ty is the thickness of the weakly adsorbed layer,gis the
dielectric constant of this layer, n the electrolyte concentration in
ionsfcm3 , e is the electronic charge, v is the valence of ions, k is
Boltzmann constant, T is the absolute temperature.

The author, after numerous application of this formula, suggests the
following modification in order to account for the high local
concentratiﬁn o% counterions in the close proximity of the clay surfacg
and also for the inevitable existence of co-ions (usually anions in

the case of clay) within the adsorbed layer.

V2
e kT
= srrnez\f’) (4.1.9)
C = In(10°N) (vi2va)”
where 2 .( ) ¢ - )

in which N is the normality of the pore fluid, v, and v, are the

valencies of counterion and co-ion respectively.

Similar to the strongly adsorbed layer, the volume Vieg of

the weakly adsorbed layer may be defined as

VWJ= tw‘ AS \

(4.1.10)
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4.1.1.3.3 The total volume V4 of the adsorbed layer may

be given tﬁeoretically as tﬁe sum of its two sub-layers given by Egs.4.1.7
and 10. o8
R

= (tp "4 to)As (4.1.11)
=1 As

where t is the total thickness of the adsorbed layer.
This thickness has been reported by different authors in a wide range

of values, as for example:

Terzaghi and Peck(1948), t = 50 ~ 1000 ﬁ

Foster (1948), t =44

Baver,et al(1961), t =28 1 (kaolin), 68A (montmorillonite)
Spiel(1940), t = several hundred angstroms
Grim(1968), t = 7.5 (Na montmorillonite)

Almost all the values of t obtained in this investigation, by applying
the suggested equation 4.1.9, are inside one hundred angstroms with the

vast majority of them less than 30 A,

4.1.2 Geometrical Representation of the System

Fig.4.1.1 shows a unit volume of the soil system divided into
the three phases described above, i.e., the solid phase, V; , the
pore fluid phase, V; , and the adsorbed phase, V (comprising the
two sublay;rs; strongly adsorbed, Vfd , and weakly adsorbed; V4 ),
all in parallel. Knowing that the adsorbed layers are physically
associated with the solid phase, since the pore fluid is expelled
under mechanical pressure while the adsorbed layers are not, it would
be more relevant to redistribute the three phases so that the adsorbed

layers will be in series with the solid phase to form a three-layer phasc

in parallel with the pore fluid, Fig.4.1.2.
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Fig. 4.1.2 Geometrical arrangement of phases
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Furthermore, knowing that the geometry of the system has a .
significant effect on its electrical response, it is necessary to
rep;esent the geometrical configuration of the s&séem in three
dimensions. For this purpose a geometrical arrangement which is in
agreement with the basic concepts of Maxwell-Wagner two-layer and
n-layer model is proposed. In such models, the sequence of layers or
the dispersion of particles has no effect on the complex dielectric con-
stant of the system as long as the relative amounts of media 1 and 2

remain the same (see Secs. 2.3.1 & 3.1).

Therefore, the author introduces the concept of "linear porosity"
which may be defined as the linear component of the volume porosity

if it was resolved in three mutually perpendicular directions.

If for simplicity we assume that the volume porosity is equally
distributed over the three dimensions, the linear porosity, p, will be
given by (Fig.4.1.3)

p ‘= = (! —P)"S (4.1.12)

where p is the volume porosity.
The solid phase then becomes a cube of volume = (1-p), and from the

geometry of Fig.4.1.3 it is seen that:

4y

rl

]

(1-p" . l-p (4.1.13)

S V((E) | (4.1.14)

d, = A- 'p)z

(4.1.15)
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dy. i p-d  (4.1.17)
where dp , dy 5 dy , . d, and dla are respectively the equivalent
heights of the solid phase, the strongly adsorbed layer, the weakly
adsorbed layer, the total adsorbed layer, and a geometrically or
structurally associated part of the pore fluid which may be regarded
as in series with the solid and adsorbed phase. Therefore, the system
may be geometrically described as a four-layer combination (composite

phase) in parallel with the pore fluid phase (Fig.4.1.3).

It should be noticed that the structurally associated pore
fluid layer is not necessarily regarded as being attracted to the
particle surface in any way, on the contrary, according to the
assumptions made in this thesis, it is considered as completely
electrostatically free. This also does not presuppose that the primary
particles in the clay mass are arranged-packets, clusters, or domains,
as suggested by some investigators (Smith,1971). However, the inter-
layer or inter-structural-unit water in some clay minerals (e.g.
montmorillonite) would be considered as a part of the structurally
associated pore fluid ;ayer.

4.1.3 Electrical Properties of the Different Phases

4.1.4.1 Pore fluid phase

Fig.4.1.3 shows that the cross-sectional area, Al , of the

equivalent pore fluid element is given by

Al - P__(?.-—p) (4.1.18)
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The capacitance, Cl » of this phase is given by (Sec.2.1)

Cp o= &6 p @-p i (4.1.19)
where El'fs dielectric constant of the pore fluid, which depends

on the concentration and type of ions (Hasted,1973). For solutions
whose concentrations are of the order of 1 molar, .  is lower than
the dielectric constant of pure water by a few per cent. In the
limit of low concentration the dependence ofgd upon concentration

¢ .was approximated by a linear relationship:
& =&uw+dc (4.1.20)

where § is a negative quantity known as the dielectric decrement

(Appendix III), and €g,, represents the static dielectric coustant

of water.

The conductance, K; ,0f this phase is given by
Kl = |<]_ pQ@-p : (4.1.21)

where kl is the specific conductivity of the pore fluid, which
depends on the concentration, valence, and mobility of ions, and
may be calculated (Garside,et al.,1962) by
ORI (e,
1 1000 | (4.1.22)
" where ¢ is the concentration of the solute in gramme equivalent/litre,

u, ,u_ are ion conductances or ionic mobilities of cations and anions

respectively (Appendix III).

117



The associated pore fluid layer has the following electrical

components (Sec.2.1)
: - i
CL: = & & .("P)/‘Jla (4.1.23)

-k
Kla - l‘l { “P)/dla (4.1.24)
where Cy, and Kia are the conductance and capacitance of the

associated pore fluid layer respectively.

4.1. 320 1S011d phase

Fig.4.1.3 shows that the cross-sectional area of the
A - 2/3 : : e Ma
equivalent solid phase is (1-p) and its height is (1-p) . Therefore,
the capacitance, Cp 5 and conductivity, Ky , of this phase are given

by:

Cr = . e, (-p (4.1.25)
Kr - l‘r -p | (4.1.26)

where €, and k, are the dielectric constant and conductivity of

the solid particles respectively.’

€y values for soil particles have been reported by several
investigators in the range of 2-10 (Low,1961; Hasted,1973; Banergee ,1938)

and a value of 10 ~ 4 is adopted throughout this thesis.

ky is known to be practically negligible for dry soil

particles. However, for an absolutely general representation, the
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solid phase is described by the two electrical components. ky in

16 -
this case is assumed to be of the order of magnitude of 1 x 10 mho/cm.

-

4.1.3.3- Adsorbed phase

4.1.3.3.1 Introduction

Two types of polarization mechanisms may take place within
the adsorbed layers. The first is due to the formation of the so-
called molecular capacitor (van Olphen,1963), by the accumulation of
counterions and water molecules on the charged surface of particles,
whereas the second is due to the adsorbed phase polarization (Murphy
and Lowry,1930) as the applied field tends to displace counterions

and molecules which are "anchored" to the surface.

In view of these characteristics, the author suggests the
concept of dual representation of the adsorbed layers:

1) Perpendicular to the surface of the particle,an element rep-

resenting the adsorbed layer, and in series combination with the

solid particles phase, will have the two electrical components;

A capacitance which is essentially attributed to an
instantaneous polarization of negligible relaxation time, i.e., it

persists at all frequencies.

A conductance which in the direction perpendicular to the
particle surface may be mainly attributed to electrons.

2) Parallel to the surface of the particle, an element representing

the adsorbed layer, and in parallel combination with the two other
‘ phases, viz., the solid phase and the pore fluid phase, will have

two electrical components:
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A capacitance which is essentially attributed to a time
and frequency dependent polarization, having different relaxation times
for different adsorbed layers depending on their_distance from
particle surface, the size of the adsorbed ions, and the strength of the
adsorptive forces. Be;an;e of its time dependency, this capacitance

almost vanishes at high frequencies.

A conductance which is the sum of various contributions. In
the direction parallel to the particle surface; the concentration,
mobility, and valence of counterions; the characteristics of particle
surface as influenced by the mineral type, the pafticle size and
shape, the extent of particle lattice -defects, the rigid bonding and
cementing agents; the‘void ratio, and the orientation of particles
with respect to the direction of current, may all affect the adsorbed

layer conductivity.

However, another factor that may add to the complexity of the
conductivity of the adsorbed layer is the possibility that some of the
adsorbed ions may be able to escape from the "adsorptive anchors" and
become desorbed or transformed into free ions ghat would contribute
to direct current conductivity. It is thus seen thgt this conductance
is voltage and frequency-dependent, and therefore, may explain the
observed phenomena of the frequency-dependent component of surface

conductance (Schwan,et al.,1962 & Schwarz,1962).

On this basis, the author suggests that the adsorbed layer element,
parallel to the particle surface may be'represented by a complex imped-
_ence (Cole and Cole,1941), and that a coefficient should be introduced
to account for the various factors contributing to the parallel to the
surface conductivity. This coefficient, which may be called the

"Tortuousity Coefficient" is discussed below.

]
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4.1.3.3.2 Tortuosity coefficient

Assuming an idealized model similar to that of 0lsen(1962), a
Tortuosity coefficient, Tg , defined as the length-bf the actual
path of current per unit length along the applied field vector, is

proposed (Appendix IV). Tg is given by

= - % /2
E‘, = [I + & sinve’(2 + 8)] (4.1.27)
where
e =-;- (0 + n)b6 (4.1.28)
§ =_2' (2 —x)d , (4.1.29)

where © is the angle between the direction of the applied field and

the normal to the applied consolidation pressure which is assumed to
be the preferred orientation of the plate-like particles, and § is

the difference in length between the actual path and corresponding unit
. path length along the direction of the field. n is an "orientation
coefficient" which depends on the valence v of counterions, their
concentration N (normality), degree of rigid bonding B, and a shape

factor A. It is propesed to express n exponentially by
h =exp._o.2,5(\/+N+ |/B+I/A) (4.1.30)

2
where B 1is given the value of vane strength (ton/m ),

2 T ____.__ﬁz"; b (4.1.32)

a, b, and ¢ are the lengths of the particle three principal axes.

"oc is a "linearity coefficient” which depends on the consolidation
2 7 F y

pressure P (kg/cm ), duration of consolidation T (days), and the

pH value, and is given by

o =exp.—o.ool(P+T'+ ILPH) (4.1.33)
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The somewhat empirical expressions given for n and oc
are introduced to facilitate analysis and correlation of the data.
Further statement and discussion on their development are given in

chapters 7 & 8"

4.1.3.3.3 Strongly adsorbed layer

1) Perpendicular to the particle surface

The molecular capacitance of this layer is given by (Davies,et al.,

1963) .

C = €6 A/t (4.1.34)

whereE& is the dielectric constant of the strongly adsorbed layer which
is known to be very low and of the order of magnitude of the dielectric
~ constant of ice (Palmers, et al., 1952), i.e., Sf = 3-5 in the mega iz

range (Auty and Cole,1952).

However, in view of the geometrical consideration discussed
above this layer is lumped in an element thickness dp (Eq.4.1.14),

and a cross-sectional area (l-ﬁ)'z , therefore

Cr = g8 (- pY/d s, S A39)

It should be noticed that the principle applied in deriving this
equation is the same principle applied in Maxwell stratified capacitor
(See Sec.3.1), i.e., the sequence of the layers does not influence the

dielectric behaviour of the systém (van Beek,1965).
The conductivity of this layer may be given by
gl
Kf 2 kl s P)/‘Jf (4.1.36)
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2) Parallel to the particle surface

The dielectric constant, Efd-’ of this layer may be estimated

by making use of the approximate formula (Hasted,1973)
4
E&J = 8$w [l "'(ID/tr)] (4.1.37)

where €g,, is the static dielectric constant of water, te is the
s : =32 0 4
thickness of the layer in angstroms,b = 163 x 10 A.

Therefore, the static capacitance, C{Ja of this layer is given by
Cfd = €y & C!F . (4.1.38)

The complex impedence "Z{‘-_’ of thi_s layer may be determined
by using Eq.2.4.30 (Cole and Cole,1941). In this case €= = 0, and

€o =‘C£dl /ev _ 5 then

Zy = TwT

o8 AL B Y (4.1.39)
(:Fdlaav

where 1 and oc the relaxation time and the distribution factor
respectively of the layer, their values are dependent on the properties
of the layer and are expected to be of the same order of magnitude as

those of ice.

Since the strongly adsorbéd layer does not contribute to the DC
conductivity of the system and the capacitance Cdef this layer vanishes
at high frequencies (see Sec.4.1.3.3.1), the equivalent electrical

.components of this layer, C_M and 2{‘» can be determined from Eqs.4.1.32

and 39 by assuming reasonable values forec and 1 (Appendix ITI),
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4.1.3.3.4 Weakly adsorbed layer

1) Perpendicular to the particle surface

The capacitance of this element may be calculated by making use
of the following set of equations (van Olphen,1963):

The charge, 0, , of the strongly adsorbed layer may be given by

et Nve

(4.1.40)
I+ (Ng/Mn) exp[-(vedr Y)/KT]

in which N| is the number of adsorption spots on 1 cm” of the
surface, Np is Avogadro's number, M is the molecular weight of the
solventlg%_is the potenfial on the border between the strongly and
weakly adsorbed layérs, and ' is the specific adsorption potential
of the counterions at the surface.

For the strongly adsorbed layer, we find
6 = & @-P)Ti; ' (4.1.41)

in which 09 and @, are the charge density and the potential at the

particle surface.

Furthermore, the charge of the weakly adsorbed layer is given by

(Delahy,1965)
o = 2 (€unkT/l n‘)msinh (ve $p/2kT) (4.1.42)
Finally, . o‘; AN di 5 d?.

The capacitanée, Cws of this adsorbed layer is directly obtained

by differentiating Eq.4.1.42 with resPect13)4}(Grahame,19&?).

C

= (Exnvier/omkT) cosh ve B/akT) (4.1.43)

w
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where n is the concentration of pore fluid, and Eqls dielectric

constant of the weakly adsorbed layer which may be calculated as €y of

the pore fluid Eq.4.1.20. NS

Alternatively C;may be calculated according to the geometrical

. model of the svstem
2
Cw: Ew eq(l"ﬁj/dw (!I.]..lbﬁ)

In the same way the conductance K of this layer is given by

K

vom kw U=P7dy o (4.1.45)

2) Parallel to the particle surface

In analogy to the strongly adsorbed layer, the capacitance, Cosd

of the weakly adsorbed layer is given by
ch‘-"-'- Ewd Ey C!w (4.1.46)

where €, yis determined by the same expression (4.1.37).

The DC conductivity of the whole adsorbed phase parallel to the
particle surface is attributed solely to the conductivity of the weakly
adsorbed layer, K4 , which is significantly affected by the tortuosity
coefficient, Tq , of the system in the direction of flow of the electric

current. It is therefore given by the expression

3 2 et
SRRy S p) (4.1.47)
where A is the specific surface conductivitylof the solid particles
' -9
which is of the order of magnitude of 10 mho (see Sec.3.2), and

Tg is the tortuosity coefficient (Eq.4.1.27).
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4.2 DEVELOPMENT OF THE ELECTRICAL MODEL

The preceding section shows that the soil-water-electrolyte
systems may be feasonably represented by micro-structural and compositional
elements and parameters. Therefore, the representation of these
. elements and parameters by analogous electrical elements would be accept-
able, as long as the representation is seen to be relevant and the

electrical network is consistent with the experimental observations .

4.2.1 Equivalent Electrical Elements

4.2.1.1 Pore fluid phase

This phase is represented by a simple RC parallel circuit.
This is justified by the fact that the critical frequency and con-
sequently the dispersion would be out of the frequency range used.
The values of the capacitance, QL » and resistance (reciprocal of

the conductance Kl ) are already determined by Eqs.4.1.19 & 21.

The part of the pore fluid which is associated with the other
two phases, is also represented by a simple RC parallel circuit of

capacitance C;, and conductance Kla as given by Eqs. 4.1.23 & 24.

" 4.2.1.2 Solid phase

The critical frequency of the solid material is known to be in
the kilo-cyc&e range, i.e., it is far removed from the frequency range
used in this investigation (Keymenlen,1956 ;Keymenlen,et al.,1957).
Therefore, the solid phase is well represented by an RC parallel circuit.
Values of the capacitance, Cr s and the conductance, Ky , are given

by Eqs. 4.1.25 & 26.
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4.2.1.3 Adsorbed phase

4.2.1.3.1 Strongly adsorbed layer

Normal to the particle surface, this layér'is represented by
an RC parallel circuit-whose components are given by Eqs.4.1.35 & 36.
However, as was shown in 4.1.3.3.1 the conductance of this layer normal
to the particle surface is mainly attributed to electrons and therefore
it may be neglected. In this case the RC circuit is reduced to a

capacitance Cg -

Parallel to the particle surface, this layer exhibits the
adsorbed phase polarization and is replesented by a circuit lncludlng

a complex impedence element as given by Eqs. 4.1.38 & 39.

4.2.1.3.2 Weakly adsorbed layer

Similarly to the strongly adsorbed layer, the weakly adsorbed
layer is represented by two circuits. Normal to the particle surface
the weakly adsorﬁedﬂlayer is represented by a capacitance C,, , whereas
parallel to the particle surface, a series RC circuit whose components

are given by Eqs.4.1.46 & 47 is suggested.

4.2.2 Equivalent Electrical Network

Fig. 4.2.1 shows the electrical network model that represeﬁts

all the micro-structuraland compositional parameters discussed so far.

The electrical response of this model may be determined as
follows:
Element 1: Comprisés the four parallel circuits in series array.
Elementary network a#alysis (Guillemin,1953) shows that a series arrayl
of parallel circuits may be expressed in terms of an equivalent series

combination of a resistance and a reactance . Therefore, the impedance,
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Fig, 4,2.1 The new electrical network model

proposed Ly the author
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Z , of element

Z

X

The equivalent

element 1 are
e

Ke

The equivalent

1 may be determined by the following equations,

= X = iwY (4.2.1)

4 Ffr B el (4.2.2 .
Ke +(@GCp) Kia"'(wcla)

e C, | | Cie (4.2.3)
T K@ T o e Ry (wepyt

series capacitance, C. , and conductance, K. , of

(4.2.4)

| ;
WY .

——

| (4.2.5)
x <

parallel capacitance and conductance Ec and f(—c

of this element are thus

|

K

Ceke ' (4.2.6)
K: +(&)Cc)1

= ch.)zCC/Kc CAVZ T

Element 2: The strongly adsorbed layer in the direction parallel to

the particle surface.

According to equations 4.1.38 & 39, the capacitance. Ef » and

conductance, Ef » of this layer may be given by:
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E[‘_ =_;. Ci‘g [l g sinh . x(]~e) ]

cosh x(]--cx) +Sﬁn(mﬂf2) (4.2.8)
oo COS (em/2)
K]- S %) CH [ cosh x (i—«)+:;in(oc1r/2)-1 (4.2.9)

where x = Inllt,)

Element 3: The weakly adsorbed layer in the direction parallel to the
particle surface. This is represented by a series circuit whose

components C,. 4 and K | are given by Eqs.4.1.46 & 47,

The equivalent parallel capacitance, C,, » and the equivalent

parallel conductance, K , of this circuit are given by:

el gwdkig : (4.2.10)
KNJ +(@ Cugc!)z '

Ru = Cw Qszd/K,,d (4.2.11)

Element 4: The pore fluid phase.

This is a simple RC circuit whose components C.1 and K; are given by

. Equs.4.1.23 & 24,
Finally, the capacitance, Cmy » and conductance Ky, , of the

wheole network medel are readily given according to Eqs.4.1.23 - 24 ’

4.2.6-11, by:

Ca

& G + C,+ C (4.2.12)

Km = RC 5.8 Rf * R\N + KI (4.2.13)



from which the dielectric constant, 5; , and the dielectric loss

factor, &y , are found

‘. -
Em = CE"‘_ : (4.2.14)
v
¢ K
€n i (4.2.15)

Expressions 4.2.13-15 for Km > E; , and Eﬁn , are the
theoretical electrical responses of the suggested electrical network
model. They have been compared, in accoréance with conventional
préctice, with the observed experimental responses of the physical system
(clay-water-electrolyte)in order to assess the validity of the model.

Such evaluation of the applicability of the model is presented in

Chapter 7.
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CHAPTER 5

EXPERIMENTAL PROGRAMME

5.1 EXPERIMENTAL EQUIPMENT AND PROCEDURE

5-1.1 {\EE‘aratus

The measuring instrument is an "RX Meter", type 250B
(Boonton Radio Corporation, Division of Hewlett-Packard, Rockway,
New Jersey). It is a bench type, self-contained instrument designed
to permit measurement of equivalent parallel resistance and parallel
reactance of two-terminal networks over the frequency range of 500 kHz
to 250 MHz. The instrument includes a continuously tuned oscillator,
high frequency bridge (Schering), mixer, amplifier-detector, null
indicating meter, and regulator power supply (Fig.5.1.1).

The frequency ranges are in 8 bands; 0.5 to 1 MHz, 1 to 2 MHz, 2 to
4 MHz, 4 to 9 MHz, 9 to 21 MHz, 21 to 48 MHz, 48 to 110 MHz, and
110 to 250 Mhz.

Resistance measurement range : 15 to 100,000 ohms.

Capacitance measurements range : 0 to 20 pF.

Inductance measurement range : 0.001 mE to 100 mH,

5.1.2 The Electrical Measurement Cell.(Fig.5.1.2)

The cell is based on the well-known principle of vectorial
subtraction of impedences measured at different electrode distances
(Handel and Jenard,1963). In this manner the impedence of the trans-
‘mission line and elecérode polarization effects can be eliminated from
the final results. Therefore, the main feature of the cell and its

connecticns is that the path length of the current is kept constant

(E )
(¥
I3



irrepective of the inter-electrode distance and that the geometry of the

transmission line remains almost unchanged.

The cell'(l) is mgde of a hollow perspex cylinder (inner
diameter 16mm, cuter diameter 50mm, and height 50mm) designed as a
* part of the consolidation mould (Section 5.1.3) to avoid any disturbance
to the soil sample when the cell is connected to the RX Meter after
consolidaticn, Fig.5.1.3. The elements of the transmission line are made
of brass and the two electrodes (5,7) are entirely plated with
platignum. An O-ring, fitted Lo a thin plate having a grooved edge (13),

is placed under the lower electrode to ensure water tightness.

A scale is engraved on both the upper electrode post (6) and the
vertical post (9). These scales together with the perspex flange (2),
which is graduated and can be screwed onto the lower electrode post (4),
to act as a micrometer, are used to produce any required variation in
the length of the transmission line. If, for instance, the upper
electrode is lowered a distance L to reduce the sample height the same
length L, then the horizontal rod (8) can be lowered a distance L/2
to compensate for the change in the length of the transmission

line (Fig. 5.1.8).

A perspex three-pronged cap (3), which can glide along the upper
electrode post, helps to align the upper electrode quickly,to trim
the extruded part of the sample e;sily, and to fix the whole assembly in
position when it is engaged in the three notches in the upper end of

the cell.
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5.1.3 The Consolidation Mould, (Fig. 5.1.4)

A consolidation mwould which included the electrical measurement
cell was designed and twelve of these moulds were made for the purposes

of this project.

The mein mould comprised a three-section (1,2 & 3) perspex clamped
to a perspex base plate (4) with three screws (6) and three rubber
washers (5):
Section 1 is the consolidation chamber, 2 is the electrical cell
andl3 has a recess to house the lower porous stone below which drainage

channels are formed with an outlet connected to a rubber tube.

The consolidation loads are applied through a piston (9)
(poly-ethyline provided with grooves, holes, filter paper, etc.,),

stirrups (10) and a hanger (11), Fig.5.1.5.

Apart from the twelve consolidation moulds described, a large
oedometer developed at The City University-Soil Mechanies Laboratory
(Figs. 5.1.6 & 7) has been used to prepare samples for the particle

orientation experiments (Section 5.2.6).
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5.1.4 Procedure

After a sample had been allowgd to cowp]eteiy consolidate
under the final ioad inFrgment without any change in sample height
for at least three days, the electrical cell was trimmed away from the
- other two sections with a wire cutter and was thus ready for the
electrical measurements to be performed according to the following

procedure:

5.1.4.1 The cell and transmission line were connected
to the binding posts of the RX Meter which had been adjusted to the

required frequency.

5.1.4.2 The Cp and Rp controls were adjusted alternately until
a final null'point was reached. The equivzlent parallel resistance and

capacitance were read from the dials.

5.1.4.3 Steps 1 and 2 were repeated for each of the
eleven frequencies chosen for this investigation (10 to 110 MHz at

10 MHz intervals).
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5.1.4.4 To reduce the height of the sample by a length L
(Fig.5.1.8):
1) The horizontal rod (8) was slightly swivelled about

the vertical post (9).

2) The perspex flange (2) was screwed downward by a

distance (L/2).

3) The cell was pushed downward to rest back on the flange, .
and so the sample was extruded by a length (L/2) out of
the top of the cell

4) The extruded part of the sample was trimmed by a wire
cutter.

5) The horizontal rod (8) was lowered along the vertical
post (9) until the upper electrode again touched the
top of the cell. Rod (8) was then locked in position
by the screw (11).

6) To complete the total reduction in sample height (L),
steps 2) and 3) were repeated for another length (L/2)
of the sample.

7) The screw (12) was unlocked, the upper electrode lowered
to reach the cell top, and the screw (12) locked again.

8) The horizontal rod (8) was swivelled back and with the
help of the three-pronged cap (3), the upper electrode was

aligned in position at the top of the soil sample.

5.1.4.5 Steps 1 to 3 were repeated for the new sample height
as well as for each of the other sample heights (usually 3-4 heights
for each soil sample) which were prepared by repeating step & to reduce

the sample height.
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5.2  MATERIALS AND EXPERIMENTAL PARAMETERS

5.2.1 Clay Mineral

5:2.1.1 Kaolin

The soil-used in the majority of the experiments was a
- kaolinite clay. It was supplied as a paper clay by English Clays
Lovering Pochin Company - St. Austell, under the trade name of "Supreme".
The particles of this material have a characteristic plate-like irregular
hexagonal shape. Its properties are listed in Table 5.2.1., Further
information about the "Supreme" kaolin was obtained by TFester and De

\

(1970) using a fractionation method by sedimentation and electron micro-

scopy (Table 5.2.1, Figs. 5.2.1 & 2).

Table 5.2.1 : "Supreme'" Kaolin Properties

A, Typical chemical analysis

Z
si 0, 46.6
Al, 03 38.3
Fe, 03 0.49
Ti 0, 0.05
CuO 0.2
Mg O 0.2
K0 0.68
Na, 0 0.07

B. Classification after {ractionation (Fester and De,1970)

Liquid "limit 69.3
Plastic limit 53.6

Plasticity index 15,7
Activity 0.23
Uniformity coeff, 1.9
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C. Particle form factors (Foster and De,(1570)

Length/width 7 5 !

Length /thickness 12

10D

50
40
3o
20

10

uniformity coefficient
Da_19

Dio

1 2 3 L. /9. DB 8 10
log D, u

Fig. 5.2.1 Parcicle size 1istribution of fractionated kaclin

(Fester, et al,, 1971)







5.2.1.2 Montmorillonite

The montmorillonite was supplied by Laporte Tndustries
Company -~ Bedfordshire, under the trade name of Fulbent 570. This
material is a sodium bentonite and its structural unit comprises an
" aluminium layer bewteen two tetrahedral layers of silicon and oxygen
with sodium ions attached to the outer layers as exchangezble cations.
The particles of this material have a characteristic thin plate-like

shape. 1Its properties are listed in Table 5.2.2.

\

Table 5.2.2 "Fulbent" Montmorillonite Properties

A. Typical chemical analysis

4
Si 0, 56.0
Alo, 15.0
Felta 6.5
Na, 0 5.0
Mg O 3.5
Ca 0 2.5
Ti 0, 0.5
K.C 0.5
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B. Other typical properties

True density : 2.6 g/ce
Liquid iiﬁit 400~-5007
Plastic limit 55-60%
pH of 5% suspension 10.4

Caﬁion exchange
capacity 88 m eq/100g

Median particle size
(fully, hydrated) 0.2 micron

C. Typical sieve analysis

Dry-passing
100 BSS 96.2
200 BSS 84.6
300 BSS 71.8
Wet-Passing
200 BSS 99.3
300 BSS 99.0

The liquid limit of "Fulbent" montmorillonite has been
deterrined, for the purpose of this investigaticn, using a cone
penetremeter and was found to be 390.

A | Slate Dust

The slate dust was supplied by Penrhyn Quarries, Cwynedd-
‘North Wales, under thé trade name of "Fullersite'. This material

is produced by crushing and milling the slate. Its particles are £1laky
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and angular, but not particularly elongated. The properties of

"Fullersite" slate powder are given in Table 5.2.3.

Table 5.2.3 "Fullersite" Slate Powder Properties

A. Typical chemical analysis

Z
Si .0, 58.56
Al, 0, 19.23
Fe, 0, : 8.92
Mg O 2.11
Ca 0 . 1.68
Ti 0, 0.8
K,0 0.34
Na,0 0.16
B. Other typical properties
True density 2.84 g/ce
pH of water extract 7.4
specific surface area 0.81% sq.m/g
C. Typical sieve analysis

Passing ESS P
72 100
85 ' 99.7
100 99.5
120" . 99.0
150 ; 98.0
170 97.0
200 95.0
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The liquid limit of "Fullersite" slate powder has been

determined for the purpose of this investigation, using a cone

penetrometer and was found to be 26.5%.

Lewin,et al.(1970) reported the following experimental data

on slate dust:

L. 297 - P.L. 187 - True density 2.78 g/cc.

5.2.].& Mica

The mica powder was supplied by Mineral and Services Co.,

Derby = U.K. The properties of this material are given below

» A. Typical chemical analysis

Z
Si 0, 45.08
AL 0, 34.40
K,0 10.41
Fe, 0,4 2.04
Na,0 .8
Mg O .68
Ti O, .66
Ca O «d
B. Other typical prcperties
TrueIQEnsity 2.85
pH 7.0
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5.2.2, Cation Valence

Three electrolytes of different cation valencies (1,2 & 3)

were used:

1) Sodium Cloride Na Cl
2) Calciur Cloride ' Ca Cl,

3) Aluminium Cloride AlCl,

Other factors were kept constant for the three samples;
Clay mineral : kaolin
Wéter content (initial) : 200%
Electrclyte concentration : 1.0 N

Consolidation pressure : 7.0 kg/cm 2

~

5.2.3 Cation Concentration

Three different concentrations of the same electrolyte
solution were used :
1) 0.01 T c1,
2) 0.1 N Ca C1,

3) 1.00N icacl;

Other facters were kept comstant;
Clay mineral : kaolin
Water content (initial) : 2COZ

Consolidation pressure : 7.0 kg/cm®

5.2.4 pH Value

Three electrolytes of different pH values were used:
1), pH 13.4 (Na OH)
2) pE 7.0 (Na Cl)

3) pH 0.35 (HCL)



Other factors were kept constant;
Clay mineral : kaolin
Water content (Initial) : 200% A 3.
Electrolyte conéentration-: 1.0 N

Consclidation Pressure : 7.0 kg/cm2

5:.2.5 Consoclidation Pressure-VWater Content

Nine sarples were prepared in three different initial water
contents end consclidated at three different consolidation pressures :
Consolidation pressure (kg/cm®) : 3.5, 7.0, 14

Initial water content (%Z) : 100, 200, 400

The clay mineral of the nine samples was kaolin. Values of the
initial water contents were chosen in the. order 1335 2766 snand 5,33

times the liquid limit of kaolin "Supreme".

5.2.6 Particle Orientation

One sanmple was consolidated using the six inches diameter
cedometer (fig.5.1.6 & 7), from which three cylindrical specimens were
cut in three different directions. A soil lathe was used to cut the

sample to fit in the electrical measurement cell.

The three orientations of the samples are :
1) The longitudinal axis-parallel to the consolidation directiocn
2) The longitudinal axis . perpendicular to the consolidation
direction.

- - - ° . . - -
3) The longitudinal axis-at 45 to the consclidation directicn.

5.2.7 Rigid Fonding

Nine samples were preparec using,for the electrolyte,three
different types of polymeric aluminium hydroxy cetions in solutiens

having three different concentrations, Table 5.2.4.
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Cation type : Large cation (LC), Medium cation (MC), Small cation (8C)
Concentration te give number of mono-molecular adsorbed layers

P - s 2 =
Other factors were kept constant;

IClay mineral : kaolin

Water content (iritial) : 200%

Consolidaticn pressure : 7.0 kg/cmz

pH : 5;2 ( @ minimum valuve recommended (Foster,1976) to prevent an
undesireble effect of hydrogen ions on the bonding process produced
by the polymeric aluminium hydroxy cations. Buffering teo control

pH was achieved by/titration with sodium acetate)

The effect of ageing was investigated by repeating electrical
' measurements on sanples at different time intervals :

Time intervals (days) : 15, 35, 160.
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Table 5.2.4 Samples for Rigid Bonding Experiments

Cation | Concent.j Molari 0,1N 0.2M § Distilled wt. M/C pH
type 5 m.Layers Ratioj NaOH AlCl, water kaolin (%) solution
AR e S OH/A1} (Litres)f 6H,0 § (Litres) (kg)
LC 0.33 2.5 | 0.3825 Jo.07650 o0.441 0.450 § 200 5.5
MG 0.33 1.5 { 0.027 }0.009 0.264 0.150 § 200 i 5.2
dsc 0.33 0.5 | 0.009 }0.009 0.282 0.150 § 200 5.2
fic 1.0 2.5 | 0.3825 }0.0765 0.459 0.150 § 300 5.2
fuc 50 1.5 |} 0.0765 lo0.0255] o0.198 0.150 § 200 5.2
Hsc 1.0 0.5 | 0.0255, §o.0255] 0.249 0.150 § 200 i 5.2
0. 3N 0.6M
NaOH AlCL,
o l6H10
| A R R L 10.051 0. 306 I 0.150 ! 200 5.2
e 17 I._1.5 0.051 #0.017 0.232 0.150 | 200 E 5.2
B8 l 0.5 | 0.017 f§o.017 0.266 0.150 || 200 % 5.2




5.3 REPRESENTATION OF THE EXPERIMENTAL RESULTS

5.3.1 The Stray Capacitance caused by the Cell

The parasitic impedence between the cell and the instrument
takes the form of a paiailel stray capacitance, C¢ . Such capacitance
‘may make an important contribution to the measured values of the
electrical responses of samples and should, therefore, be determined

and excluded from the results by appropriate corrections.

It has been suggested (Smith,1971) that the stray capacitance
for a similar cell in the radio frequency range is independent of the
frequency, while in another york (Sachs, et al., 1970), C: was found
dependent on the inter-electrode distance but of negligible variation
with frequency in the range 0-50 MHz at constant electrode distance.
However, in the present investigation, it was found that the stray
capacitance C; is dependent on the inter-electrode distance as well as
on the frequency. Values of C, were determined at different electrode

distances and frequencies (Appendix V).

The empty cell is connected to the RX Meter at electrode
separation 1, The instrument is balanced at frequency f and the
capacitance d} is recorded. K} is naturally infinite since there is

void space between the electrodes. Then

AR e Ol R (5.3.1)

which according to Eq.2.1.6 can be written

C = € + E'lA (5.3.2)

‘where C, is the capacitance of the empty cell at the frequency f
and electrode separation 1, and A is the electrode area. The measure-

ments are repeated for a range of values of 1 and f. A graph is then
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Fig. 5.3.1 Stray : Capacitance of the cell
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plotted for C} against 1/1 , Fig.5.3.1, at each frequency. A
straight line is drawn through the origin at a slope of ¢ A to
represent the capacitance C. . Cy for a given eleztrode separation

1 is given b& the d;fﬁerence of ordinates of C, and C; at 1/1 ,
The assumption that C¢ is independent of 1(Smith,1971) implies that
the C; graph is a straight line parallel to C; and intercepts the C;
axis at the constnpt value of Cy , whereas the assumption that Cy is
independent of frequency (Sachs,et al.1970) implies that the C}
graphs are the same at different values of frequency. However, the
experimental observations did not give evidence that either of the

two assumptions obtained.

y .
For example; C; at l= 4 cm and £ = 10 MHz, was found 2.73 p .
Cy at = 4 cm and £ = 110 Miz,was found 2.86 p .

Ce at 1= 1 cm and £ = 110 Miz,vas found 3.37 B

5.3.2 The Impedance of the Transmission Line

The RX Meter yields results which are read in terms of parallel
resistance Rp and positive (or negative) parallel capacitance Cp. An
Rp reading is a direct indication of the effective parallel resistance
component of the unknown impedance effective at the RX Meter binding
posts, and a Cp reading indicates directly the effective parallel
capacitance of the associated capacitive impedance. Therefore, the
RX Meter measures the above values as they obtain at its binding posts
(Pig.5.3.2a), f.e., equivalent to a network (Fig.5.3.2b) which includes
the true resistance and capacitance of the sample (Rg , C; ) the
parallel stray capacitance C¢ » the series impedance of the transmission

‘line (RtI » Cer ) and a series impedance due to electrode polarization

(Re ,. Ce).
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The equivalent series combination to the network of the
cell and transmission line (Fig. 5.3.2b) and also to the parallel
circuit (Fig.5.3.2a), may be expressed in terms of.a resistance X
(in ohms) and a reactance Y (in henries) (Sachs, et al.,1970) such

that

» |/ Re
- (/Rp)™ + w*Cp-Co*
= I/R I/Re
U/R* e 2t Ry vorce * Rer (5.3.3)
o (CP" Ct)

~ (/R™* QHCp Cu

o Ce 5, s : _L
(I/R)* +&*C¢ ~ (I/RY* +*C2 tr

(5.3.4)

For a sample of length 1, these two equations may be written

TR (5.3.5)

& petospd (5.3.6)

where we define

1/R:
/R +(wCs)? £5.3,7)

5 Csl
B = [/RE+@C)" (5.3.8)
and
i = e + Rtr (5.3.9)

I/ Rg +(w Ce)?
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% C
- /R +@Cr * L e

From which

— “)C2+ él :
Hex e e (5.3.11)

C= “"““—‘xzﬂf‘]éz (5.3.12)

Hﬁasurem@nts are repeated for different values of sample length

and from plots of X and Y against ] Fi_g.5.3.3,uc and f can be
determined for different frequency values. Thus the impedance
components of both the transmission line and electrodes are eliminated

in the calculation of the sample electrical properties.

Values of Rg and C; as given by Eqs. 5.3.11 & 12 are used
for the evaluation of the dielectric constant ¢ , the conductivity k’,

and the dielectric ldss factor ¢ according to Eqs.2.1.6, 2.4.12

RSN o 1 .3.13

. S A 340

2 L

k = —— 5.3.14
RA ( )

e T S (5.3.15)
RsAwe,
Throughout the experimental programme, electrical response
values, Rp and Cp, were measured for a number of sample heights (3 to 4),
so that 3 to 4 points could be determined for each of the graphs X/1

and Y/] . As expected, straight lines were obtained for each frequency
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(oc, P, R and L are the slopes and intercepts on the X and Y axes
respectively), which allowed R; and C; to be evaluated from equatiﬁns
5.3.11 & 12. The precision of the straight lines qgbtained and the
consistency of R and L with frequency, lend support to the assumption
of the frequency and léngth dependent stray capacitance C¢ used in

. equations 5.3.3 & 4 and confirms the accuracy of measurements. Values -
obtained for the impedance components of the transmission line and

electrode polarization are :

R = 20 ohms., L = 0,116 x 10 henries

It is easily seen from Eqs. 5.3.13 & 14 that the specific
capacitance and specific conductance of the soil sample are given

by
Com' E'E, . (5.3.16)
ke= k (5.3.17)

The results obtained by the whole experimental programme

are given in Appendix V.

5.3.3 Electrical Dispersion Curves

The final step was to represent graphically the behaviour
of the dielectric constant £° and conductivity k” as the frequency f
chanées. In accordance with common practice, the experimentally
obtained values of £ and k were plotted against log f. The dispersion
cﬁrves-oﬁtained by the whole experimental programme are given in

Cﬁapter 6.
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CHAPTER 6

ANALYSTS OF THE EXPERIMENTAL RESULTS

6.1 CLAY MINERAL

The effect of the clay mineral on the electrical properties
of the clay-water system, as obtained experimentally, is given in
Figs 6.1.1 & 2. Tour different fine grained soils were investigated,

viz., kaolinite, montmorillonite, slate dust, and mica.

. In general, the four soil samples exhibit electrical dispersion
in their response over the frequency range used, i.e., the radio

frequency range.

The dispersion curves show.that the dielectric constant £,
the conductivity k, the dielectric dispersion A £, and the conductivity

dispersion A k , all increase in the sequence.
slate dust < kaolin < Mica < montmorillonite.
It should be noticed that this is the same sequence of increase

in the values of other properties such as; the cation exchange capacity,

the liquid limit, the specific surface area, and others.

-
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6.2 CATION VALENCE

The effect of cation type on the electrical properties of the
clay-water-electrolyte system is shown in Figs. 6.2.1 & 2. Three

electrolytes of differént cation valencies, i.e., monovalent (sodium),

divalent (calcium), and trivalent (aluminium).

It is clear that the system exhibits electrical dispersion
of both the dielectric constant and conductivity in the radio-frequency
range and that the electrical responses of the clay-water-electrolyte

system follow the trend :
As the valence of the cation increases

1) the dielectric constant increases,
2) the conductivity increases,
3) the dielectric dispersion - slightly increases & then decreases,

4) the conductivity dispersion increases.

The variation of dielectric dispersion with cations valence
suggests that there might be a critical cation valence at which the

trend would be reversed.
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6.3 CATION CONCENTRATION

Figs 6.3.1 & 2 show the effect of the cation concentration

on the electrical response of the clay-water-electrolyte system.

same electrolyte solution’ ( Ca Cl, ) was used in three different

concentrations; 0,01 N, 0.1 N, and 1.0 N.

Typical electrical dispersions are obtained in the radio

frequency range. The electrical properties follow the trend :

As the concentration of the electrolyte increases

1)
2)
3)
4)

This is the same trend observed in the case of cation type

the dielectric constant increases,
the conductivity increases,
the dielectric dispersion slightly increases, and

the conductivity dispersion increases.

variation (Sec.6.2).
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6.4 pH VALUE

Figs 6.4.1 & 2 show the effect of electrolyte pH value on the
electrical propgrties of the clay-water-electrolyte system. Three
electrolytes of different- pH values were used to prepare samples of
kaolin for electrical dispersion tests. (Na OH : pH 13.4, Na C1 :

pH 7.0, HC : pH 0.35)

Examination of the dispersion curves shows, in addition to the
familiar dispersion characteristics, that :

As the pH value of the electrolyte increases

1) the dielectric constant increases,

2) the conductivity increases,

3) the dielectric dispersion decreases

4) the conductivity dispersion décreases as pH values approach

neutrality (pH = 7) and then increases.

This is the same trend observed in the case of clay mineral

variation (Sec.6.l) with the exception of the variation in the

dielectric dispersion.
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6.5 CONSOLIDATION PRESSURE - WATER CONTENT

The effects of consolidation pressure and water contents
foﬁ the electrical properties of the clay-water system.are shown
in Figs. 6.5.1-6. Three different consolidation pressures (3.5, 7.0,
14 kg/em ) and three different initial water contents (100, 200,

400%) were used to prepare nine samples of kaolin.

Figs. 6.5.1-4 show that electrical properties of the clay-water
system vary in a characteristic manner:
As either the consolidation pressure decreases or the water content

increases

1) the dielectric constant increases
2) the conductivity increases
3) the dielectric dispersion decreases (inconsistent)

4) the conductivity dispersion increases (slightly)

This is in agreement with the results of all other investigations

on the subject (Mitchell and Arulanandan,1968; Hasted,1973).
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6.6 -~ PARTICLE ORIENTATION

The effect of particles orientation on the electrical properties
of clay-water-electrolyte system is shown in Figé.é.ﬁ.l & 2. Three
cylindrical sub-samples were cut with their longitudinal axes in different
Brientations with respect to the direction of consolidation pressure

(parallel, perpendicular, and at 45° )3

The electrical properties change with the direction of
éurrent path such that the dielectric constant € , the conductivity K,
thé dielectric dispersiun A g, and the conductivity dispersion o K, all
increase in the sequence parallel to the direction of consolidation
< inclined < perpendicular. It is relevant that these orientations
indicate at the same time the angle between the direction of flow of

the current and the preferred orieatation of the long axis of particles.

This is censistent with the results of all other investigations

on the subject (Basu and Arulanandan,1973, Smith,1971).
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6.7 RIGID BONDING

Figs. 6.7.1-2 show the effect of variation in rigid bonding
strength on the glectrical properties of the clay-water-electrolyte system;
Three types of polymeric aluminium hydroxy cation solutions (small,
medium, and large cation) in three different concentrations (0,33, 1, 2
" monomolecular layers) were used to prepare nine samples for electrical

dispersion tests,

1) The variation in the electrical properties follows the trend :

As the cation size decreases

a) the dielectric constant decreases,

b) the conductivity decreases,

c) tﬁe dielectric dispersion.decreases, and

d) the conductivity dispersion decreases

2) Fi-gs‘. 6.?-. 3. -4 show the effect of ageing on the electrical
properties of the same nine soil samples used for rigid bonding effect.
It éan be seen that as time lapses

a) the dielectric constant decreases
b)  the conductivity decreases
¢) the dielectric dispersion decreases, and

d)  the conductivity dispersion decreases.

It is relevant that as the size of the polymeric aluminium
hydroxy cation decreases, the rigid bonding strength increases, and in

all cases the rigid bonding strength increases with time.
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6.8

electrical properties of soil-water-electrolyte system, i.e.; the
dielectric constant £

dispersion A €

SUMMARY AND DISCUSSION

The effects of different experimental parameters on the

" in Table 6.8.1

, and the conductivity dispersionA k

» the conductivity k, the dielectric

,» are summarized

Table 6.8.1 : Effect of Different Parameters on Electrical Properties
S.| Parameters—variation Effect on electrical properties
€ K Ag Ak
1.] Clay mineral(c.e.c.)increases| increases| increases| increases| increases
2.l Cation valence increases increases| increases| increases| increases
3.| Cation concentration a
increases increases| increases! increases| increases
4.| pH increases increases| increases{ gecreases| increases
5.|Water content increases
(consolidation pressure R
- .decreases) | increases] increases| decreases| increases®
6.| Angle between current
direction and particles
long axis increases decreases|{ decreases] decreases| decreases
7.|Rigid bonding increases E decreases| decreases! decreases| decreagés

* glight variation or inconsistent

The .experimental results summarized in Table 6.8.1 indicate that :

6.8.1 The increase of cation exchange capacity of the clay

mineral or the pH value of the electrolyte produces an increase in the

three components of the electrical response, i.e., € , K,and A K,

It is well known (Michaels,1959;Schofield,et al.,1949;1954;

De 1974) that at high pH values the positive charges on the clay particles

edges decrease and thus the surface density of negative charge increases,
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i.e. the cation exchange capacity of the clay particles increases.
Therefore, the increase in c.e.c. of the clay mineral or the pH value
ofelectrolyte solution will have a similar effect as indeed is

confirmed by the present experimental observation.

Perhaps the most inconsistant results are those of the dielectric
dispersion. This is probably due to the fact that various factors are
affecting A ¢ simultaneously and in different ways in addition to
the possibility that a number of these factors might have a critical

value after which the trend of their effect is reversed.

The increase of the other three components of the electrical
properties; € , k, and A k, is probably due to the increase of
water content associated with soil systeﬁ as the c.e.c. of clay mineral
or pH value of electrolyte increases. This is evident by the values

of final water contents obtained in those experiments which were as

follows:

Slate dust - final m/c 30.47%
Kaolinite - final m/c 65.47%
Montmorillonite = final m/c 122.6%
pH 0.35 - final m/c 52.8%
pH 7.0 - final m/c 60.87%
pH 13.4 : -  final m/c 78.3%

6.8.2 The increase of cation valence or cation concentration
- causes an increase in ¢ , k, and & k, while the variation of the

dielectric dispersion was inconsistent.

The behaviour of A € is explained by the fact that the thickness

i
]

192



of the adsorbed layers decreases as the cation valence or con-
centration increases and consequently the capacitances parallel to the
particle surfacé décrease resulting in a decrease of the dielectric
dispersion. In‘the mean time, the increase of the conductivity of the
weakly adsorbed layer causes an increase in the dielectric dispersion

resulting in a possible inconsistency in the overall result.

The increase in k and & k is probably due to the increase
of concentration and valence of cations in the pore fluid phase
(Harris, et al., 1957), while the increase in the dielectric constant
maf be attributed to the increase of the capacitances normal to
particle surface caused by the thinner adsorbed layers (Schofield,1947,
Bolt,1955). These capacitances are known to be essentially loss free
and thus contribute to the dielectric constant rather than to the

dielectric dispersion.

6.8.3 As the consolidation pressure increases the water content
reduces and it is found that ¢ , k, and A k decrease, whereas AE¢

slightly increases.

The reduction in water content implies a reduction in the
pore fluid and thus the relative contribution of the transport of
electric current through the solution becomes less. Knowing that
when the pore fluid is essentially pure water, the contribution of both
the solid and adsorbed water phases to the components of the electrical

response is minimal, it should be expected that £ , k,As , and A k

will increase as the water content increases.

However, due to the fact that the critical frequency of pure
water dipolar relaxation is significantly remote from the radio
frequency range (17 GHz), the dielectric dispersion would be entirely

in the composite phase (solid, normally’ adsorbed, and structurally
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associated). Therefore, as the water content increases, the composite
phase decreases, and thus a factor opposite to that mentioned above will
| tend to reduce A€ and A k with an overall result confirming the

"experimental observation.

6.8.4 The decrease of the four components of electrical response
with the increase in the angle between the direction of flow of electric
current and the préferred orientation of the long axis of the plate-
like particles, is obviously due to the corresponding increase in the

tortuosity of the current path.

6.8.5 As the rigid bonding strength increases, either by the
type of cation (polymeric aluminium hydroxy cation) or by ageing, a
correspondxng decrease in the four components of electrical response,

E s Ki A€ , and A K, is observed.

In fact the increase in rigid bonding is associated with three
other effects: .
1) an increase in the tortuosity of electric current path
2) a decrease in the effective surface area of the charged
particles
3) a decrease in the free pore water content as the amorphous

growth and quasi-crystalline growth develop (Foster et al.,1975)

It has been shown in this chapter that these three effects cause

a decrease in the electrical response components.

However, it may be noticed that the higher rigid bonding strength
is caused by the smaller polymeric aluminium hydroxy cation which is known

to be of higher valence (Hsu et al.,1964) and thus should be expected
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to raise the components € , K, and A K (Sec.6.2). Probably, the
above mentioned three effects overshadow the effect of valence, which
reduces as these cations become incorporated in an -amorphous solid

coating (Foster; et al.,l??S).
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CHAPTER 7

VALIDITY OF THE NEW MODEL

7.1 PROCEDURE FOR INVESTICATING THE MODEL'S VALIDITY

The suggested new model for the soil system was applied to all the soil

samplhs that have been experimentally investigated in this thesis in order to

evaluate the model's ability to‘prédict the experimental observations. The

procedure is presented in the following order:

7.1.1

7.1.2

Experimental data of the soil sample

Clay mineral (1)

Electrolyte type (I) and Concentration (I)

pH of : Electrolyte (I), Slurry (D), and Extract (D)
Consolidation pressure P (I)

Final water content W (D)

These are all experimental parameters of the soil sample under
consideration, in which:

I = Independent variable

D = Dependent variable

Calculated Data of the Sample

Void ratio (e), is given by Eq.4.1.1
Porosity (p), is given by Eq.4.1.2
Internal surface area (Ag), is given by Eq.4.1.4

Specific surface area S may be determined by different methods

(van Olphen, 1963): Computation from particle dimensions, computation
from crystallographic dimensions, direct determination from vapor-
adsorption data, and determination by negative adsorption (Schofield,
1947).
Consistent results are reported according to these methods:
kaolin, S; 15-18 m?/g (Schofield, et al., 1954).

11-17 m2/g (Murray, et al., 1959).

11 mzlg (Olsen, 1962).
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7.1.3

bentonite, S; 800 m’/g (Schofield, et.al., 1948).

750 mzlg (van Olphen, 1963).
Values of S = 15 m2/g for kaolin and S = 750 m2 for bentonite-
are used in this thesis, e

Tortuosity coefficient (T), is determined by Eq.4.1.27,

Thickness of the strongly adsorbed layer (tg)

As mentioned before (Sec. 4.1.1.3) t_ is determined by:

f
(a) the radius of the hydrated adsorbed cation (Davies and
Rideal, 1968).

(b) 10 angstroms (Rosenqvist, 1959).

(c¢) two monomolecular layers of adsorbed water or 5 angstroms
(van Olphen, 1963).

The value of tf = 5 angstroms is.used in most of the cases

investigated in this thesis,

Thickness of the weakly adsorbed layer {tw)

This is given by Eq. 4.1.9,

Calculated Data of the Model

Geometrical parameters

The linear porosity (§), is given by Eq. 4.1.12, and is equivalent
to the width of the pore fluid phase.

Equivalent height of the solid phase element (dy) is given by
Eq.4.1.13 and at the same time equals the width of the composite
phase.

Equivalent height of the strongly adsorbed layer (dg) is given by
Eq.4.1.14

Equivalent height of the weakly adsorbed layer (d,) is given by
Eq.4.1.15.

Equivalent height of the associated pore fluid layer (dy2) is

given by Eq.4.1.17.
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7.1.4

76145

Electrical parameters

Capacitance of the pore fluid phase (C;) is given by Eq.4.1.19.
Conductivity of the pore fluid phase (K;) is given by Eq.4.1.21.
Capacitance of the solid phase (Cy) is givemn by Eq.4.1.25.
Conductiviéy of the Folid phase (Ky) is given by Eq.4.1.26,
Capacitance of the strongly adsorbed layer, in the direction
perpendicular to the soil particle surface (Cg) is given by Eq.4.1.35.
Capacitance of the weakly adsorbed layer, in the direction
perpendicular to the soil particle surface (Cy) is given by Eq.4.1.44.
Capacitance of the associated pore fluid layer (C]a) is given by
Eq.4.1.23.

Conductivity of the associated pore fluid layer (Kla) is given by
Eq.4.1.24,

Capacitance of the strongly adsorbed layer, in the direction

parallel to the surface of the soil particle (Cgq) is given by
Eq.4.1.38, and the complex impedance of this layer

in the same direction (Zg) is given by Eq. 4.1.39.

Capacitance-of the weakly adsorbed layer, in the direction

parallel to the surface of the soil particle (C,q) is given by
Eq.4.1.46, and the conductivity of this léyer in the same direction

(K;q) is given by Eq.4.1.47.

Computed theoretical electrical response of the model

Theoretical electical responses of the model (e'p, Ky, ande" )
were c?mputed from Eqs.4,2.13~15 for different samples at different
frequencies by substituting fhe relevant values of the model
parameters. The results are listed in Appendix V.

Graphical representation of the theoretical responses

Theoretical responses of the model were plotted as graphs of g' and
Kp against log f. The experimental observations for the different
samples were pletted together with the corresponding theoretical

graphs to help in a direct comparison as shown in Chapter 6, Figs.

6.1.1 = 6.,7.4 . 198



7.2 DISCUSSION

The results obtained by the application of the proposed model, show

clearly that the electrical network of the model provides theoretical responses

which are consistent with the experimental observations. The agreement between

the |theoretical and experimental results lends support to the concepts which

havel been introduced in developing the model. These concepts reflect important.

difflerences between the new model and the other model which has been frequently

adopted by several investigators (Basu and Arulanandan, 1973; Smith, 1971;

Sachs, et. al., 1964) since it was first suggested by Wyllie and Southwick (1954).

The main concepts that were used in developing the new model and which at

the same time constitute the above mentioned differences may be outlined as

follows:-

7.2.1

7.2.2

7.2.3

The representation of the adsorbed phase, which should not,
by any means, be neglected in a ciay—water—system. &ﬁerefore,
instead of the not very well defined "wet particle" element,
the new model incorporates two discrete elements representing

the solid phase and the adsorbed layers in series combination.

The recognition of the possibility of simultaneous polarization
contributions of various mechanisms instead of a unique type of
polarization mechanism. While an interfacial polarization
(Maxwell~Wagner, 1914) may take place at the interfaces of
different phases, an adsorbed phase polarization (Murphy and
Lowry, 1930) may develop along the particle surface as well as
an orientation polarization (Debye, 1924) within different

phases and around the points of adsorption.

The represeﬁtation of a frequency-dependent component of
admittance by a component of the strongly adsorbed layer
parallel to the particle surface with a distribution of
relaxation time (Cole and Cole, 1941), rather than a single

relaxation time or a mean relaxation time.
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7.2.4

7142,5

The introduction of a "tortuosity coefficient" whose value
depends among other factors on the angle between the direction
of the electrical current and that of the preferred orientation
of the iong axis of the particles, and thus providing a means

of interpretation of the variation of the electrical properties
of soils with the direction of current. Such variation has

been cbserved and reported by many investigators (Arulanandan and

Mitchell, 1968; Arulanandan and Smith, 1973),.

The proposal of empirical numerical expressions to account for
every factor that was expected to have an effect on the electrical
properties. Despite the empiricism of these expressions, they
have nevertheless the merit of describing effects which are
relevant to the phenomena investigated and therefore permit the
introduction of these effects into the analysis of the data.

It is appreciated that these expressions although useful as

initial approximation may be subject to further improvement,
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8.1

CHAPTER 8

ELECTRICAL RESPONSE IN RELATION

TO SOIL MICRO-STRUCTURE

INTRODUCTION

Several attempts have been made to correlate the
electrical properties of soil systems with the internal
structure of these systems. The investigators interested
in this subject are from different disciplines, and perhaps
the petroleum engineers were first to realise the importance

of such correlation.

Archie (1942) suggested a "formation resistivity factor"
»F, to describe the type and character of the formations
penetrated in the exploitation of'oil and gas reservoirs. He
proposed the empirical expression

F‘= P - (8.1.1)
where p is the porosity and m is the slope of the line representing
the relationship between F and p as determined experimentally,
From a study of many groups of data, Archie reported that m has
been found to range between 1.8 and 2.0 for consolidated
sandstones,
Patnode (1949), reported a value of m = 1.6 for aqueous slurries
of raw attapulgite clay and powdered silica.

; Following a rather extensive experimental study on a

variety of both consolidated and unconsolidated porous beds and

structures, Macmullin and Muccini (1956) developed a dimensionless

relation between the hydraulic radius Ty, viscous flow permeability

P, and F

F=pf=Cp (8.1.2)
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where the mean value of the constant C is 3,66, The expected
error in calculating any of the three parameters from the
other two is 17.6%. .

The formation factor F has been called also the 'Resistivity

Factor" by Cornell and Katz (1953), while Carman (1956) used

the term "Tortuosity Factor" to denote (porosity/F).

Meredith and Tobias (1962), reviewed the studies on
the conductivity in consolidated systems and concluded that
because of the complexity of the problem, it can be treated

only by empirical equations of rather limited validity,

Patnode and Wyllie (1950), in their work on the quantitative

interpretation of electric log data, defined the "formation
factor" as the ratio of the resistivity of the formation

100 percent saturated with brine,to the resistivity of the
brine, and thus it expresses the texture of all the solid
constituents of the rock. Noticing that F was not independent
of the resistivity of the saturating solutions, these authors
attributed a part of the conduction current to "wet clay"
components. Therefore, Patnode and Wyllie suggested that the
soil system is analogous to a two-element in parallel resistor
model, one element being the current path through the solution
while the other element represents the conductance of current
by the "wet solid"particles, The conductance ,Ky, of the two-

element model is the sum-of the conductances of the two elements

Ko = K1 + Ky

where kr,ks are the specific conductivities of the wet solid
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particles and the solution respectively, and z is a function
of the volume fraction of solid particles, It is easily seen
that the two-element model and its conductance expression
(Eq.8.1.3) are-equivalent to the three-element model (Sec.3.3)
and its corresponding expressions (Eqs.3.3.3 & 4) if element

1 in the latter was omitted.

Winsauer and McCardell (1953) attempted to extend the

two~element model to account for the so-called "ionic double
layer", and assumed that the conductance of this layer was
in parallel combination with the solution phase. Therefore,
the specific conductivity of the solution phase, ks, in
Eq.8.1.3 was replaced by the sum of two components, i.e.
kg = kp + kg p (8.1.4)

where kp & kg are the conductivities of the pore fluid and
the adsorbed layer respectively.
Combination of Eq.8.1.3 with Eq.8.1l.4 gives-

| KoF = kp, + kg (8,1.4)
where the specific conductivity of the solid particles, ky,
is zero as the particles were no more assumed to be wet.
Experimental results reported by Winsauer and McCardell
assuming F to be 3500 in one case and 4000 in another, showed
that there was some uncertainty as to the actual magnitude of
the adsorbed layer conductivity because of uncertainty as to
the value of F. Nevertheless, the results indicated that there
was an increase in the adsorbed layer conductivity as the
solution concentration increased up to about 1.0 normal above
which the trend was gradually reversed., Similar results were

reported by Berg (1952) and Wyllie (1952).
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8.2

SOIL MICRO-STRUCTURE CHARACTERIZATION BY USE OF THE

NEW MODEL,

8.2.,1 Theoretical Considerations

It has beén shown in chapter 4 that the electrical
theoretical responses of the soil system can be determined
by Eqs.4.2.1 & I3 of the new model proposed by the author and
in chapter 7 it was demonstrated that these theoretical

responses are in good agreement with the experimental observations.

Careful examination of Eqs.4.2.J2 & 13 leads to the
conclusion that the pore fluid phase has no effect on the
electrical dispersion and that the composite phase which includes th
normal components of the adsorption phase of soil systems has a
negligible effect on the electrical dispersion which is, therefore,
attributed solely to those adsorbed layers which form the parallel
components of the adsorption phase. Also the expressions of the
electrical components of the two adsorbed layers show that only

the weakly adsorbed layer is affected by the geometrical

. arrangement of the solid particles described by the tortuosity

coefficient Tg, Eq.4.1.47,
Therefore, rearranging Eqs. 4.2.]2 & 13.
Cw =Cp =(Co + Cg + C3) (8.2.1)
R =K, _(Ec +K; +C) (8.2.2)

and by substituting for Gy and K, of the model by the

experimentally measured values of Cg and K¢ of the soil sample
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(see Eq.5.3.16 & 17),

G = €, ~{Cg + Cp + Cy) - (8.2.3)

K, =Kg-(Kc.+Kg + K;) (8.2.4)
values of Cy and Ky of the weakly adsorbed layer can be determined
" individually at each frequency used in the experimental programme,
Therefore, these values are regarded as the experimentally determined

values of the capacitance and conductance of the weakly adsorbed layer.,

On the other hand, the theoretical capacitance, (.4, and
conductance, Ky, of this layer are given by Eqs.4.1.46 & 47

Cud, = Sud Sv_toAs
f (-p)73

Bad ™ oo Ale s
(1-p) 2/3 T2

The series RC element (of the model) which represents the weakly
adsorbed layer of the soil system, has the theoretical electrical
components Cyq and Ryq = 1/K,4q, while the experimentally determined

components of this layer, C; and K, , are given by Eqs.8.2.3 & 4,

Therefore, the characteristic time, Ty, of the weakly adsorbed

layer can be determined both theoretically and experimentally,

According to Eq.3.3. s the characteristic time of a series
RC circuit is given by

T = R.C =.£
K

Therefore the theoretical T, is determined by

Tw = Cyd = To2(g,q £y tW)/A (842.5)
Kwd
which at the same time equals the experimental [T,]
Cw = EE =trw] (8.2.6)
Ky

205



Eqs.8.2.5 & 6 give the very important result of correlating the
coeffiecient Tg which describes the tortuosity of the current p%th
and thus the geometry of the particle arrangement with the
experimentaliy measurable characteristic time which is an electrical

property of the system.

It is seen that the coefficient Tg which has been so far
termed the tortuosity coefficient is now expressed, by Eq.8.2.5, in
terms of almost all the micro-structural parameters (inter—-particle
geometry and inter—particle forces). Therefore, it is more relevant
. to call this coefficient the "Micro-structure Electrical Modulus,
M.E.M." which will be denoted Mg and is equal to Tg such that Eq.8.2.5

can be written

T l‘%(swd Ev t,) /A

or M = [twkf(ewd €, tw)]i (8.2.7)

8.2.2 The "Micro-structure Electrical Modulus, M,E.M." in relation

to the parameters of soil systems.

In view of the theoretical deriviation of Eq.8.2.7, M,E.M., may
be defined as the ratio of the characteristic time of the soil.sampie
to its characteristic time if the pores were uniform equi-diameter
cylinders with their axes parallel to the direction of electric current
flow. Mg is therefore a dimensionless number,

8.2.2,1 In order to use the M.E.M. as a measure of the soil

q}cro-structure, the Mg values were determined for all the soil

samples investigated in the experimental programme as follows:

(1) The experimental values of C; and K, were computed {rom

Eqs.8.2.3 & 4.
(2) The experimental characteristic time [qu]was calculated

from Eq.8.2.6.
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(3) Mg was calculated from Eq.8.2.7.
(4) Values of My for all the soil samples investigated in

this project are listed in Appendix V,

8.2,2.2 Values of Mg were found to range between 1 and 10
in a consistent manner that indicates a suggested method for
measuring the soil micro-structure using M,E.M, Variation of
My with each of the investigated parameters follows the general
trend:
My increases as electrolyte concentration decreases

cation valence decreases

C.€.C. increases

pH increases

water content Qecreases

consolidation pressure increases

rigid bonding increases

angle between current and the long axis of
particles increases,
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8.3.  DISCUSSION
The preceding two sections show clearly an encouraging
result of the application of the new model: -A relationship
between tﬂé elec;rigal response and the soil micro-structure
has been established and a quantitative description of the soil
micro-structure was proved to be possible,
The general trend of Mz variation with different
parameters indicates that Mg increases as the dispersed structure
is promoted., This is consistent with the fact that a more dense

and closely packed soil sample corresponds to a disperse structure.

Values of My for different soil samples can be used to
investigate their micro-structures, while Mg for a given soil in
different electric current directions would be useful for the
study of the soil fabric variation in these directions. This result
could be very useful for various investigations such as permeability

and wave propagation in different directions through soil,
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CHAPTER 9

SUMMARY CONCLUSIONS AND RECOMMENDATIONS

9.1 SUMMARY AND CONCLUSIONS

9.1.1

The work of many investigators has led to a better
understanding of the effect of the micro-structural and
compositional factors on the engineering properties of
soils. The direct methods used in the study of soil micro-
structure, such as the optical and electron micro-scopy,
and the x-ray diffraction are, except in special cases,
difficult of quantitative expression, time consuming, and

destructive in nature, -

The review of several studies on the soil micro-structure

(Chapter 1) suggested that-

(1) In principle, quantitative predictions of the
engineering properties of a soil specimen should be
possible if all micro-structural and compositional
factors can be represented and evaluated numerically.

(2) The inter-particle forces forming a component of the
soil micro-structure are dominated by the adsorbed
water phase, Any attempt to characterise soil-water
systems and evaluate their engineering properties, to
be successful, should represent the adsorbed water

phase adequately.,

This thesis is devoted to the development of the dielectric
dispersion technique as an additional non-destructive method
for the study of the engineering behaviour of soils in

relation to their micro-structures.
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9,152 The theoretical review presented in chapter 2 showed that
in addition to the four well known mechanisms of polarization
(electronic, atomic, orientation, and space-charge polarization),
the adsorbed phase polarization suggested by Murphy and Lowry
(1930) seem;-t; be a very convincing eﬁplanation of the
dielectric behaviour of systems in which adsorption phenomenon

takes place.

In mixtures or heterogenous dielectrics, all types of
polarization may take place and the electrical dispersion may
be associated with orientation, space-charge, or adsorbed

phase polarization.

The electrical network analogy often provides a convenient means
of investigating the dielectric behaviour of materials. The
electrical properties of matter may be represented by a parallel
or a series combination of a capacitance C and a resistance R,
The type of combination is not indicative of a mechanism,
‘trangommation from one to the other being readily effected by

use of equations 2.4.8-12.

8.3 The review of previous studies presented in chapter 3 showed
that the soil investigations by electrical network analogy
were based on one and the same three-element model which was
originally suggested by Wyllie and Southwick (1954). To apply
‘the model to the complicated field of soil systems, several
assumptions were inevitable resulting in possible inaccuracies
which arose from such considerations as:

(1) Assﬁming a "wet particle" phase which is in fact equivalent
to the solid particles together with the adsorbed layer.
(2) Assuming that the primary particles in the clay mass are

arranged in clusters, packets or domains in order to

/
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provide a solution layer in series combination with

the solid phase.

(3) Assuming a continuous current path through solid particles

which were. again considered as "wet particles".

In chapter 4 a new model was developed which, as far
as the author believes, satisfies most of the concepts
often suggested by earlier investigators interested in

this field.

The adsorbed layer is represented in the model by a component
normal to\the particle surface which would therefore account
for the maxwell-Wagner interfacial polarization, as well as
a component parallel to the particle surface whose electrical
response is frequency =-dependent and would account for the

adsorbed layer polarization.

In chapter 5 the experimental programme is described. The
specifically designed cell and consolidation mould are shown

to ensure the least disturbance to soil samples under test.,
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9.1.6 The experimental results analysed in Chapter 6 are essentially
consistent with the results reported By earlier workers,
However, the experimental results of the éffects of the cation
exchange capacity,; pH values, and rigid bonding on the electrical

properties of soil, are of especial interest.

The increase of c.e.c of the clay mineral or the pH value of the
electrolyte produces an increase in the three components of the
electrical response, i.e., €, k, and Ak, This is consistent
Iwith the fact that at high pH values, the positive charges on the
clay particle edges decreases and thus the surface density of
negative charge increases resulting in an increase of c.e.c.
Therefore, the increase in c.e.c. or pH value will have

similar effectsas indeed is confirmed by the present experimental

observation.

As the rigid bonding strength increases, either by the type of
cation (polymeric aluminium hydroxy cation) or by ageing, a
corresponding decrease in the four components of the electrical .

response is observed,

In fact the increase in rigid bonding is associated with three

other effects:

(1) an increase in the tortuosity of electric current path,

(2) . a decrease in the effective surface area of the charged
particles.

(3) a decrease in the free pore water content as the amorphous
growth and quasi-crystalline growth develop (Foster, et.al.,

1975).
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It has been shown in chapter 6 that these effects cause a

decrease in the electrical response.

9.1.7 The results obtained by the application of the proposed model,
show that the eléctrical network of the model provides
theoretical responses which are consistent with the experimentai
observations. This lends support to the main concepts of the
new model against the other model which has been frequently adopted b
several investigators:
(1) The representation of the adsorbed phase by discrete
elements instead of the not very well defined "wet particle"
element.
(2) The recognition of the possibility of simultaneous polarization
contributions of various mecﬂanisms instead of a unique type
of polarization,
(3) The representation of a frequency-dependent component of
" admittance parallel to the particle surface.
(4) The introduction of empirical numerical expressions to account
for every factor that was expected to have an effect on the

electrical properties of soil.

9.1.8 In chapter 8, a relationship between the electrical response and
the soil micro-structure has been established and a quantitative

description of the soil micro-structure was proved to be possible,

The general trend of the "Micro-structural-Modulus" (ME) variation
with different parameters indicates that M; increases as the
dispersed structure is promoted. This is relevant with the fact

that a more dense soil sample corresponds to a disperse structure.
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Values of Mg for a given soil in different directions can be
used to study the soil fabric variation in these directions.
This result could be very useful for various investigations

such as bermeability and wave propagation in different directions

through soil.
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9.2

RECOMMENDATIONS FOR FURTHER STUDIES

The present investigation throws light on several

important points, connected with the problem under consideration,

the study of which could very well contribute to a better under-

standing of the soil micro-structure, the impact of which on

geotechnical science has become increasingly appreciated:

9.2.1

Development of the "Micro-structure Electrical Modulus, M.E.M.

9.2.1.1 Mg may be resolved into two components corresponding
to the two components of micro-structure, viz., the inter~
particle geometry (Mpp) and the inter-particle force (Myy).
This can be studied by keeping the inter-particle geometry

of the sample constant, after being consolidated, and
changing the electrolyte properties (concentration, type,

pH, rigid bonding effect) by leaching.

9.2.1.2 Mz may be determined in several directions through

the soil sample in order to plot an integral M diagram

covering the whole 180° spectrum. Probably such a diagram
would help in a more comprehensive description of the soil

micro-structure,

9.2,1,3 Construction of a soil micro-structure characterizatio
chart based on M; values may provide a useful and quick means
of soil investigation which is critically needed in some

cases.
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9.2,2

9243

Further Applications of the New Model

9.2.2.1 The new model may be developed to apply to the
partially saturated soil systems by introducing an air
capacitor in parallel with the model to account for the

volume of the empty pores.

9.2.2,2 The experimental results of the effects of the
development of rigid bonding athe magnitude of electrical
dispersion suggest that the model may be used as an indicator
of the growing of strength with time in soil cementation and

soil stabilization processes.

9.2.2.3 A very important field of application of the new
model is the "in situ" exploration of soil. This would require
the development of the electrical measurement cell in a form
suitable for such an application, In developing the cell,
existing seismic methods and equipment could probably provide

a useful guide.

Correlation with Other Techniques

The benefit of using a variety of methods of investigating
soil micro-structure is self-evident. However, the concept of
M.E.M. may provide an invaluable means of correlation between these

methods.

In parallel with the M,E.M. by using the electrical
disptrsion technique, it is conceivable that an M.U.M. M,) by
using ultrasonics technique, an M.M.M. (M) by using optical and
electron microscopy, and an M.X.M. (Mx) by using x-ray diffraction,

could be detérmined.

Such moduli may also be resolved into components thus

permitting an even more thorough investigation of the soil micro-

structure,
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APPENDIX I

UNITS

Three systems of units may be used for the purposes of
dielectric application. Namely, the absolute electrostatic system
(denoted by e.s.u.) which is based on three basic units (centimatre,_
gram and second for length, weight and time) and two practical systems,
which have for electrical purposes four basic units, namely kngth, weight,
time and an electrical unit. The difference between the two practical
systems is that the practical c.g.s. system uses the centimetre and gram
for length and weight, while the practical m.k.s. system (or international
system of S.I. units) uses the metre = 100cm and the kilogram = 1000 grams

All three systems use the second as time units,

The dielectric constant is dimensionless in e.s.u. but has a
physical dimension in the practical systems. One then writes in the
practical systems

€ (practical) = €y € (1.1)
where € represents the dimensionless "relative" dielectric constant which
is appropriate to the electrostatic system. The constant €y signifies
the dielectric constant of empty space and has the dimension farad/length
in either practical system but different numericai values in c.g.s. and
m.k.s. units. Similar conversion factors apply to other entities relevant
for dielectric application, as set out below (Table I.1). It may be noted
that the }actor 4m which ;nters into Eq. 2.1.2 is due to the different
values of entities in the electrostatic system and the two practical

systeus.
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TABLE 1.1 Conversion Factors

Multiply data in e.s.u. by conversion
factor to get data in

Entity Dimension Units in practical

81¢

in e.s.u. c.g.S. and m.k.s.
practical c.g.s. practical m,k.s,
Dielectric constant of free dimensionless farad ] 8.85 x 10-12
space (gy) Tength 4m x 9 x 1011
’ Coulomb
Capacit C =
apacitance (C) cm farad Volc ] 1
9 x 10! 9 x 101!
charge (Q,q) cm? gi sec” ! Coulomb 1 1
3 3 x 107 3 x 109
z
cuxrent (1) o gi sec™? Ampere = EEEEEEE : = [
o 3 x 109 3 x 109
- 3 - - Ioﬂ"b
Pol 2 1 Loulomb 1 1
olarization (P) cm 2 g? sec St
3 x 10° 3 x 10°
Potential Difference (V) cm? g* sec”! Volt 300 300
Field (E) em™? g} sec”! Volt 300 30000
length
Resistance (R) em ! sec O =OkE 9 x 101! 9 x 10!!
length =
Resistivity sec Chm.length 9 x 109 9 x 109
Conductance (X) cm sec c:\hm.-I ek 1
.9 x 10!l 9 x j0!!
Conductivity (k) se o length | i 1
9

ple)

x 10!l

9 3 10



APPENDIX IT

COMPLEX QUANTITIES

Complex qﬁaﬁtities often provide good description and
representation of periodic phenomena such as AC fields. For this
purpose the x—axis corresponds to the axis of reals and the y-axis
to the axis of imaginaries. The factor Z = Y~1 in front of a real
quantity signifies an imaginary component orientated in the y-axis
or t—-axis direction., A complex quantity Z

Z=x+1y (II.1)
plotted in the complex plan corresponds in polar co-ordinates to a
radius vector r

r* x2 4 y2 : (I1.2)
inclined by an angle © (radius)

0 = tan ! (y/x) (11.3)

towards the axis of reals.

The complex quantity Z can also be expressed by

Z = rcos@ + 7¥sin® . (I1.4)
differentiation with respect to O yields

dZ = =r sin® + ricos®

= 2r (cos® +7 sin®) = 72 (11.5)

Integrag}on then yields Z = Aeia, where A is the constant of integration.
In particular, when 6 = 0, Z - 1; this shows that A = 1, giving the
result

r(cos® + 7sinB) = r eie (11.6)
Therefore, a general complex number Z may be written in the form

Z=x+74y = p(cos@ + {sin@) = reie
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The complex function

V=Y QW Vo(coswt + Zsin wt)
conSEQUEntlylcan be plotted in the complex plane as a radius vector
of length V,, the voltage amplitude, making an angle of wt radius with
the axis of reals. A capacitor, connected to a sinusoidal voltage
source stores a charge

Q= CV
and draws a charging current I,

I = 53 = duev (11.7)
. Simultaneously, the charging process is accompanied by some dissipation
of part of the energy of the field.in the form of heat, i.e., a loss
current component Ip beside the charging current component. Such
current is entirely due to the dielectric medium and is a property of
it

Ip = KV (11.8)
in phase with the voltage, K represents the conductance of the
dielectric, The total current traversing the condenser

I=1Ic+1Ip (twC + KV (11.9)
It has therefore become customary to refer.to the existence of a ioss -
current in addition to a charging current by the introduction of a
complex dielectric constant €%,

e = ¢g” - Zg"
where €”and €" are the real part and the imaginary part of the

.

dielectric constant respectively,
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APPENDIX TIII

RELEVANT DATA AND CONSTANTS

TABLE III.|1

Physical Constants

Name
Charge of the electron
Boltzmann constant

Avogadro's number

Faraday constant = e.NA

Symbol

Magnitude and Dimension

4.803 x 10 10

e.8.u,
1,380 x 10" '° arg/°c
6.022 % 10%°
96522 coulombs

Prefixes Commonly Used in Electrical Measurements

TABLE III,2

giga = 109
mega = 106
kilo _ ]03
milli_ 10-3
micro_ ]0~6
nano _ 10'9

; pico _ ,,-12

(Richart, et.al., 1970)
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TABLE III.3

Cation

4

TABLE III.4

Cation

Ionic Mobilities at Infinite Dilution at 18°(C

.U, (who)

315.2
67.46
64 .20
64 .30

43,16

33.02
53.8

55.0

61.0

Anion

OH

(Garside, et.al., 1962)

U_(mho)

173.8
66.25
67.31

65.24

46,6

61.62
35.0

68.5

60.0

Dielectric Dec rements for Various Ions

Anion

F

Cl

1

OH

SO4

i

(Hasted, 1973)



TABLE III.5

Contents of Dispersion for Various Dielectrics

Material T%:

‘Water 19
Methyl alcdiol 19
Ethyl alcohol 20

Clycerine -50
Rosin 0il
No. 1 7
Transformer 0
0il
Ice -1
-20
-46
Glycol
phthalate
resin 30
Phenol
formalde-

byde resin 70

Vinsol 98
Rubber, 20%
~sulphur 75
Pyrex 21
Mica 21
Slate 21

To

- data do not permit even an approximate estimate.

* doubtfull values or inconsistent data,

EO €m
A. Liquids
81 1.8
31.8 2.0
25.8 1.85
63 5.0
2.8 2.48
2.8 2.26
B. Solids
74 3.0
82 3.5
97 2.0
17.2 5.8
8.3 3.4
8.5 3.4
4,85 2.7
(98) 8.0

-b
= a,l0 sec.

2

23

9.4
6.4
9.4
6.9
3.8

2.0

3

Py
a2

(Cole and Cole, 1941)

b

12
11
11

0,09
0.13
0.15
0.21]

0.46

0.63

0.03
0.07
0.07

0.44

0.6
0.61

0.64
0.885%
0.88%
0.53



APPENDIX IV

TORTUOSITY COEFFIECIENT

From Fig. 1V.1 it is seen that. for périicle axes a, b, and

c if a = b, and axis ratio a/c = R, then

void ratio = volume of void/volume of solid

e = (aE + cE + Bz)lac

52 + (a + c)s - ace = 0

p=4 [=(a +¢) + [(a+e) » 4ace§’]
Excess length = (a + ;) per (c + p) along the c-axis, then the excess
length & per unit length along the €-axis is given by

§ = (a+p)/(c+p)

Ka+c)2 + Aacef-(c~a)

Ka+c)2 + 4accf+(c—a)

[re)? + 4er)- (1-R)
ER-I-])Z + 4eR]* (1-R)

The tortuosity coefficient Tg is the length of the tortuous
path per unit length along the direction of the flow of current (at an

angle © with respect to the a-axis of the particle), therefore

To = | along the a-axis,

T90 = 1 + § along the c-axis (at 90° to a-axis)
2 2 o2 2 o A

TB cos @ To + sin' @ T90 (at 6 to a-axis)

n

[1 + ssinZe (248)]
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APPENDIX V

EXPERIMENTAL AND THEORETICAL DATA
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Table V. _Stray Capacitance of the Cell (C.)
A Ey

£ - = 0k =
t P o o 1

/ A = x - sec, area of the electrode ( 2 cmz)

L. = distance between electrodes (cm)

L. = 4 T = = = 1
| frequency| 1 e LZ 3 L3 2 L4
(MHz) c, C, c, C, cp C, c, C,
10 9.7 2.73| 2.9512.891 | 3.07 [2.982 |3.4 [3.223
20 . i " " 3.09 [3.001 | 3.42 [3.243
30 i R o " 3.11 .15.022 .1 3,42 13.243
40 ' 3.43 |[3.253
& n " " " 1"

50 n n n n " 1" 3- 43 3-253
60 n " " 11 " " 30 44 3.263
70 n " " . 3.12 3032 ] 3.45 13.273
80 Sgria g6 12,97  12.918.1.9.13 |3.062 7] ‘3.5 {3323
90 " " %.99 - 12.931 | 3.18 [3.092 | 3.5" [3.323
100 = " 3.0 2.941 | 3.19 |3.102 | 3.51 |2.333
110 " o L1850 2.941 | 3.2 [3.112 | 3.54 |3.363

¢ (pf) 0.0445 0.059 0.0885 0.177
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TABLE V. 1.1 Experimental Results = (Clay Mineral

8¢¢

Electrical Frequency — (Miz)
Sampl de Propert
gl gt 10 20 30 40 | o 60 70 46 90 100 | 110
Montmorillonite €' 89.9 82 79.5 76.5 %1 74.5 73.5 73 753 69.7 | 69,2 68,9
‘g 155 621 625 638 646 662 671 686 | 701 720 741 747
Mica o' 68.5 61.7 | 57.1 | 54.5 | 53.4 | 53 52.6 52.4 52.3 | 52.2 52.1
-
kx 10 § 68.5 o 7 e B 80 81.5 82.8 83.5 185.5 86 86.1 86.5
Raolinite " 57.7 55.6 | 53.4 52.8 | 52.1 51.9 51.8 [50.8 50.6 | 50.7 50.8
=5 ; '
kx 10 | 60.4 62 64,4 66.3 | 68 69.1 69.9 |70.5 70.6. | 71:3°0 ¢ 71.3
Slate Dust ' 35.9 34 32 2.4 1318 30.8 30.5 {31.1 30.6 | 30.3 | 30.3
D
kx 10 | 16.9 20 20.8 23.5 | 22.5 25.7 26 25.2 | 25.4 | 25.6 27
i




TABLE V.l.2

Initial Theoretical Data = Clay Mineral

i
' Experimental Calculated (Sample) Calculated (model)
Sample Code ' = s p 4 I = & c c <
ph ED W S ¥ s w € 5 dr Gw la Cl 1 K‘; e }\c fd wd Yed
i | |
Montmorillonite §10.7 | 7 1231327 (1726216951 185 4,39 | .144(.62 |(.118 | Z.OFiGOS 5491 * 14,62 14.62 |1.28
E
| Mica o 7 By o lle 0 W S L 10 |3.63 .33 |.67 |.095 |.188 |3.83;55.1 |.593 * |[2.5 |[5.04 }.544
Fj
L)
Kaolinite G372  LIB5.4 12426 1,693 | 12,24 25 - 12,72 §.533 1.67 “1.067 | 257 13.83}55.1 [.593 1. 2 0.6 t3.561.357
E
‘ | . 3
Slate Dust 98] 7 P08 1085 146 P24 5 12:72-1,1861.814, 1.001 <1841 2,.34114.8 {.2881 * . ]1.531 4,531 1" <05
1 F
pH = of the slurry Ky = mhos x 10>
= o - g
P kg/en Cg Cc, Cear & de pf
W = final ‘m/c per cent. S Sk
K .- mhos x 10
A - sq.m/g wd
t - angstroms * = neglible
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TABLE V.1.3 Theoretical Results = Clay Mineral
A
Electrical Frequency (MHz) i M.EM
* Sample Code Property b
t1c | 2030 40 | 50| 60| 70 | 80} 9 | w0110 ¢ K G
| - 5 |
| Moutmorilionite e’ 89.8 | 82.9(80.5 [78.7 | 77 | 75.2| 73.4|71.6 69.7 [67.9 |66.1
. =Sheon 'egs Jess |64 | 659’ | 673 | 689 705 pza - fr3e® jrse JAot fe4% R0 Pa0R
x 16 =l =B
x 10" |x 10
e < {71.1] 61.7{57.1 |54.8| 53.4] 52.6| 52 [51.751.4 [51.2 |51
L R {
1 _sl67 | 74.7/79.1 | 81.6| 83.1] 84.2| s4.9|85.5| 86 |s6.3 |66 |26 | 604 |9-26 3.617
kx 10 A4 -8
i x 10'|x 10 °
| Raolinite . 157.9| 55.6/54.2'| 53,2 52.4| 51.9| 51.6/51.3| 51.1/50.9 50.8
" |
T 3.95 [.408 ,|9.69¢ [2.702
k 10159.9( 62.4{64.8 | 66.6| 68 | 69 | 69.8 70.4| 70.9|71.3 | 71.6 - ~8 |
| % 100 I'x 10
Slate Dust ° e~ 137.2| 34.7/33.3 | 32.4| 31.8] 31.3] 31.1 30.8| 30.6/30.5 | 30.4 |
H
i .
b aan 546 |.055 .83  [8.164
, |
|17.4| 19.921.8 | 23.3] 24.4p5.2 |25.8. |26.3 | 26.7 ) 27 127.2 x 10" jx 107"
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TABLE V.2.1

Experimental Results -

Cation Valence

Electrical

Sample Code Property 1
e } 10 20 | .30 40 | 50 60 | 70 | 90 100 | 110
{65.2 159,53 . |56:5 [s4.4 53.3 |52.5 | 52 51.6. 51.3 |51 - 50.9
C. Tl et : i
{kaolin -1.0,N Na €1 5} .
kx 10} 2185 (2190 |2195 [2198 2200 202 2203 |2203 | 2204 . [2204 | 2205
C. T2 o 65.9 | 61.6 |59 57.3 | 56 55 54.2 53,5 1527 152:2. 41519
kaolin - 1.0.N Ca Cly = '
. e x 10 | 2300 {2305 (2310 | 2313 | 2317 |2321 | 2325 {2329 | 2333 {2336 |2337
1
013 c~- 67.9 |64.9 |62.4 | 61 | 60 59.2 | 58.2 {57.8 i 57.4 [56.9 | 56.6
| |
kaolin - 1.0.N A1CY; kx 102450 |2455 | 2459 [2462  [2465 | 2470 | 2475 |2479 |2482 2485 .| 2490

L

k
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'TABLE V.2.2

Initii!i i“lltct{.‘tical Data - Cation valence
Experimental Calculated (Sample) Calculated (model)
Sample Code b - - = v
- S E . ISR | (A8 Lt e SEUH NGl ST T Sl Mo 1 %a | Soa | Nwa
C.T.1 4.6 7 160:8 11,61 L6137+ 115.2 | 9 2.880.27 |0.73 |.026 | 0.23] 3.73 2179 |.646] * |,99 |1.43] .65
| |
CeT 52 3.65| 7 164 1.7 [629 |14.8 | 6.4 |2.79 P.28 |0.72 |.018 {.248 | 3.5 | 2296 | .637] * 11,12 11,0 .81
! |
i l
¥
!
CoTs3 3.25 | 7 |68.3 j1.81 644 (14,2 | 5.2 |2.69 0.29 |0.71 {.015 {.261 1{3.51 R447 628 * JLbe24 1085 1297
I i
=5
pH = of the slurry Ky = mhos x 10
P - kg/em® @, CC, Red S CoalF PE
-4
W - final m/c per cent. K,q ~ mhos x 10
AS— sq.m/g * — negligible

t - angstroms
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TABLE V.2,3

Theoretical Results - Cation Valence

Electrical Frequency (Miz) M.E.M.
Sample Code Property | |
j 10, | 20 /30 | 40 | 50| 60| 70 | 80| % | w0{10 fc |x v %
o, - 165 [59.2{56,3 |54,5|53.3/52.5 [52 | 51.§ 51.2(50.9 |50.8
I ;
K y 1012185 | 2190(2194 |2196 2199 [2200 (2201 |2202 | 2203|2203 |2204 |1+3 | -711 218 | 2.896
| i x 10
i 1 T
1) 66 | 61.6{59.2 [57.6 56.2 I55.1 [54.2 [53.4 | 52.6] 52.1] 51.5
lrese . | | 1.11 [.894 [1.24 Db.767
, 2300 | 2305 (2310 |2314 2318 {2322 (2326 (2330 | 2333 (2336 |2338 . -8
kx 10 | E x 10
f |
|
o " 167.9|64.6{62.4 | 61 |60 |59.1|58.4 |57.8] 57.2] 56.6[56.1 |-
- _ ' .876 | 1.0 [0.876 P.727
k x 160 12450 | 2455|2459 2463 | 2467 | 2471]2475 [2479 | 2483 (2487 |2492 et
' |
A
€ l
Wyt i |
k i
! 4
k (mhos/em) = K = {mhos) - ¢C, (pf) - Y (scc.)
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TABLE V.3.1

Experimental Results ~ Cation Concentration .

Electrical Frequency = (Miz)
Sample Code Property i 20 | .30 40 50 60 70 80 90 100 110
o 59.4 | 54.3 | 52 |50.5 |49 |48.3 |47.8 [47.7 |46.9 | 46.9 ls6.9
€.C.1
cin ] § e : (041
kaolin-0.01N €Ca CI, Ky 151 66 70 73 | 77 78.5 |80 81.5 [82.5 {83 |35 |83,5
£ % 638 |59.1 | S57.1| 55.7.|s4i6" |53.3 “|B2.5 Isa 51.1 |50.8 |50.8
kaolin - 0.1N ca O, X 165 221 224 228 | 232 {235 |239 243 246 247 248  |248
c.c.3 £ 65.9 |61.6 59 | 57.3 |56 |55 54,2 - 463,54 #5207 52,2 1519
o
kaolin - 1.0 CaiCl, % 7812300 |2305 [2310 | 2313 [2317 2321 2325 B39 [2333  |2336 . |p3ay
. x 1€
C'
l
~ 1 }
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e
W

Initial Theoretical Data -

Cation Concentration

Experimental Calculated (Sample) Calculated (model)
Szmple Code _ _ = - ]
pH | P e Feoe p |As |, |Ty |5 dot L gr I T o[ ¢l KV S on S
CJCal 3.9 7 56.7 12504..6 15.9 |21.)6.2.92 P.26 10.751.003 2183 13.38.7158.5 }:.655 * 0,99 |3.46 | .681
C.C.2 4 7 63 1.67] .625 14,9 {13.6 [2.83 P.28 [0.72 {.039 1,227 13.55 {214 637 | % 1.0 Dedll 1753
GsCe3 365 |7 |64 1.696) .629 14.8 (6.4 [2.79 D.28 10.?2 1,018 248 3.5 2296 |.037] & " j1,32 [3:0 .8k
: . |
s
.////, f 1 !
i ? | | A

of the slurry
kg /cm?
final m/c per cent.

sq. m/g

angstroms

Ky - mhos x 10M5

—

C.C.o Cpy & C o= PE

d
4

fd

Kwd - mhos x 10

* negligible
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TABLE V. 3.3 Theoretical Results - Cation Concentration
Electrical Frequency (MHz MiE. M.
Sample Code Property !
10 | 203 |40 | 50! 60} 70 | 80 | 90 1001116 fo sl . % M.
¢.C.1 '
& 59 I54.3 |51.9 [50.3 49.3 | 48.5| 48 |47.6 47.3 l46.9 |46.8
~5 3.56 | .7 - {5.08 P.928
kX 10 {66.5 170.4 {73.8 [76.5 [78.5 | 80 81.1f82 i82.7 83.2 |83.7 { 10-3
| | | . !
C.C.2 |
»Ce ok 64 [59.1 [57.1 |55.6 54.5 | 53.5| 52.7!52 |[51.3 |50.9 |50.4
; 2.13 | .75 |2.84 1.826
L5 - 4
k x 10 1221 le2s |220 |232.1236 | 239 | 242 |245 [247 |249 {250 x 10
0.3 0 |
G o 66 ;&1.6 59.2 |57.6 56.2 | 55.1 54.2553.4 52.6 |52.1 |51.5
: ? — L1l |89 [1.24 12,767
x x 10| 2300 {2305 [2310 |2314 2318 12322 |2326 fzszo 2333 2336 12338 'x 30
- - ] | ! '
£ i |
| - | |
: ! i
.z & | |
! | I I i
| | ! . !

k (mhes/em) =~ K = (zmhos) = G, (35) - vy (sec.)
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TABLE V.4»1

. H Value
Experimental Results =.P

&

=2

Electrical

Frequency = (MHz)

Sample Code Property |
10 20 30 40 30 60 70 80, -4 0 100 110
pH.1 ohid o gL AL 67.2 | 65,7 164.7 |64.1 (63.7 |63.2 |62.0 !62.5 62.0 |61.8
kaolin - 1,0 N NaOH -
: i '
pH (elunsy) = 13:4 kx 1012935 2938 | 2940 |2943 |2047 |2049 2954 | 2057 |2960. |2962 (2965
PEsd o 65.2 |59.2 | 56.5 |54.4 |53.3 |s2.5 |52 561 [81,3 Sty 50.9
kaolin - 1,0 N NaCl !
5 |
pH (slurry)=4.6 kX 20} 21850 [2190 71 2195¢ | 21985 | 2200 “$2202 12008 | 22030 2204 1 2904 2205
pH.3 ‘
€ 9.1 |52.9 |50 |47.8 |46.8 |45.7 |45 44.7 bbb | 44,1 |44
kaolin-.1.0. N HC1 , .
i —0
{_pH (slurry) = 1.1 k 10 [1111 | 1146 | 1121 1126 | 1126 |1127 1198 | 1129 | 1130 1130, (1130
- | I
e | | :
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TABLE V.4.,2

Initial Theoretical Data = py value

.
Experimental Calculated (Sample) Calculated (model)
Sample Code . 3 : : . = = g
S g A L AR i 2 - s e e Col % 1 %a | Sa | K
pH.1 13.4 183207 1.675 11291 9 285 131 |69 0241.272 4.2 [2931 [.611 | * .99 1.321.669
pH.2 4.6 60.811.61(.617 {15.2 | 9 288 k21 W13 .026].23 |3.73i2179 |.646 | * 99 1.431.65
; !
E pH.3 Ll 52:8 L4 1.583 116561 9 (2:;91 (.25 ol 026 .22 13,1 (1104 |[.664 | * 1.06 | 1.43(.696
i ]
§ H
ey 3 | |
= | f |
i ! | |
= * negligibl
pH = of the slurry K, - mhos x 10 5 negligible
P - kg/em? C., 0 €., &0C. ., -pf
R P Thi > T 4
W = <£inal m/c per cent.
A = 5 m/g K ¥ mhos % 10.'4

=

‘I‘T

=

QIS

W
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TABLE V. 4.3 Theoretical Results - pH Value
Electrigal Frequency (Miz) i M.E. M.
Sample Code Property
10 20 30 40 50 60 70 80 90 100 | 110 C. K“ < 4 }%
'pH.l girr 71,2 |67.1 |65.7 | 64.9 | 64.3| 63.8( 63.3]62.9 |62.4 |62 61.6
-5 1.32 |67 -|1.97 [2.825
kx 10 {2936 (2938 |2941 | 2943 [2946 (2949 |2953 |2956 | 2959|2963 | 2967 o o
pH.2 A 65 59.25156,3 b4.D [53+3 152.3.152 51,51 51.2{50.9 {50.9
s |
i : 1255 .71} 2,18 2.896
kx 10 } 2185 {2190 {2194 R196 {2199 (2200 |2201 R202 |2203 2203 | 2204 b 10“ - 168
: |
pH,.3 g 59.2(52.9 [49.8 47.6 [46,6 |[45.8 |45.1 | 44,7 (44,3 144 43,8
i i |
=i ! i .44 |.702 P.05° 12,881
kx10 31110 |1116 |1120 1123 (1125 {1127 | 1128 | 1129 1130| 11301131 = i
| _ | f x 10 Kk 10
I . i
e E | .‘
| |
k
k (mhos/cm) =~ K = (mhos) = G, (3£) - ¥ (sec.)
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"TABLE V. 5.1

Zlectrical Freguency = (Miz)
Sample Code Eroperty
10 20 30 40 | 50 60 70 80 90 100 | 110
P1/W) o | 53.9 |51.8 |49.8 |48.7 484 47.6 [47.1  |46.9 !46.9 46:8 | 46,7
P1= 3.5 kg/sq.cm ;.
i =
SRy e K x 10 § 53.5 |56 s8.5 “160.6. -+ 162,22 ¥63.3  [68.4 |65 65.2 [65.5 | 65,5
P,V B s3.5 |51.4 |50  j48.9 [47.8 |47.3 47,1 |46.8 [46.7 | 46.6 46,5
Pz= 7.0 Kg/sq.cm '
final m/C = e 15°] 53-3 |56-2 58.7 |60.4 |62 63.1 l64.1 |64.5 '|64.8 165.3 | 65.5
P. /W | '
3/My ; FL | 51.2 |48.9 47.7 |46.6 | 45.4 | 44.8 iaa.s 44 44 43.8 | 43.8
B,= 14 kg/sq.cm. ; ! !
.' -3 '_S | .
final m/C &k 10) A9.6[52.6 | 55.2 |si.5  bseisi | 60.301 6.3 1i61-7 62,4 62.8 | 62.7
‘ r
e i
i
.
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Consolidation Pressure/Moisture Content

TABLE V..5,2 Initial Theoretical Data -
Ixperimental Calculated (Sample) Calculated (model)
Sample Code i =
ght ol 1 M e As | ¢t T, 7 d d 3 K c
P P w o 5 5 w L‘- a C]. 1 -—: KC Cfd C‘\'d I{l'u.'d
Plfwl 14.75 | 3.5 [65.7 11.74 | .635 [14.5 |25 2.93.285 |.715 |.071| .2 3.4 |48.9 {633 | * . 743 B.77 332
PZ/WI 4,75 7 65.3 §1.73 | 1634 |14.6 125 2,941,285 | .715 | 071} .2 3.4 |48.9 L633 | * 4743 Bafd- 133
P3/wl 4.751 14 ]56.3 11.49 | .599 |16 (25 3.09}) .26 | .74 |.073| .172|3.14 | 45.2 L655 | * «797 B.88 |.305
!
=5
pl = of the slurry Kl = shos x 10
P. = kplem? s Cra Gy = 25
W ~ final mfe per cent. K .~ wmhos x 104
wd
ﬁs - sq.m/g

T

W

angstroms
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TABLE V. 5.3

Theoretical Resulss — Consolidation Pressure/Moisture Content

Electrical

‘e wiats I

Frequency (¥iz) M.E.M.
Sample Code Property 3 i
10 20 30 40 50 60 70 €0 20 100 | 130 C K E M
W hr ‘“E
8 g 53.8/51.6 |50 | 48.9[48.2 [47.6 | 47.2 | 46.9(46.7 {46.5 | 46.4 |
3 3.86 |.34 " | 11.36 |2.925
kx 18 53.5(56.1 | 58.7 | 60.6|62.1 |63.2 | 64.1 | 64.7|65.2 | 65.7 | 66 =4 =8
- 2 [ 08 I, "2 (o,
B 53.7(51.5 | 49.9 | 48.8]48.1 |47.5 | 47.1 | 46.8/46.6 | 46.4 | 46.3
P,/ £ :
3 ! " 3.88 .34 11.42 20933
, TB 53.4| 56 |58.5| 60.5{62 63.1 | 64 64.5/65.1 | 65.6 | 65.9 ! -8
WS . x 107 | % 10
(= 51.5| 49.3 47.7| 46.6|45.7 [45.2 | 44.7 | 44,41 44,2 | 44 43.9
P3/W3
e | 394 T 1432 12,71 |3.094
x x10” | 49.7! 52.5 55.2} 57.3|58.9 {60.1} 61.0| 61.7{62,3 |62,7| 63,1
f -4 -8
K10 =10
e” J
i
!
k
(srhos/em) = K = (zhos) €. iUaEY - % (sap.)




TABLE V.5,4 Experimental Resvlits = Consolidation Pressure/Moisture Content
Electrical Frequency — (Miz)
Sample Cede Property
£ Pl 0 20 20 40 50 60 70 80 20 1C0 110
} .
PI/WZ et 56.4 54,4 33.% - |5135 50.5 50.% 492.6 49.5 i 49.2 49,2 49.2

=T

e 1o 157.2  |59.6 [62.5 [64.5 |65.8 |66.8 |67.8 |[68.5 | 69.1.]69.3 [69.5

evt

P2/W2 € 156.1 54,1 52.9 51.4 50 49,7 49,6 49,4 49,1 49,1 49.1
=0 A
ke 10 156.3 59 : 62 635 65.3 66,5 67.3 67.7 68.4 68.6 68,9
- |
szwz € o 51 49 48 | 47,1 46.6 46,4 | 46,2 46,1 46.1 46
|
LR
kx 10 [52.5 55, " 573 59.8 6.3 62.6 63.4 64 64,4 64,5 ‘|64.7

e
i




e
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TABLE V. 923 Initial Theoretical Data — Consolidation Pressure/Moisture Content

Experimental Calculated (Sample) Caleulated (model)
Sample Code 2 - l = =
W . A c K g
pHY et i Pt Rl i il o IR LB e B 1 . 1 o | % [ o | Sar| e
$ :
PI/hZ 4,78 | 3.5 |78.7 {2.08 |.676 [12.9 |25 2.78 .31 |.69 |.068 |,228 [3.64 .!52.4 611 | * <743 $3.61 } .35
; |
|
f
P2XW2 R l3 1 7 76.412.02 | .669 [13.2 |25 2,81} .31 |.69 L069 (227 [3.64 p2.4 1611 * 1,743 13.66 | .35
i
P3/w2 4,78 | 14 63.811.69 |.628 [14.8 |25 2.98:1'.28 |72 01,0721 194 3.35.148.2 [ <637 * [.783 }3:82 % .32
3 i : ' } | | s | I
! i -
| | |
pd =  of the slurry Kl - mhos x 10
2= bRijems W
C C c & C = pf
} = finzl m/c per cent. Bl i wd'® P
o m/g K . “mhos x 107"
wd

£t = angstroms
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TABLE V. 5.6

Theoretical Results -

Consolidation Pressure/Moisture Content

Electrical Frequency (MHz) M.E.M.
Sample Code Property . 2B
10 | 20 |3 |40 | 50| 60| 70 | 80|90 | w0110 |c |K T M
Plfwz e’ 56.4 |54.1 |52,6 | 51.5| 50.7(50.2 | 49.7 ¥9.5 {49.2 |49.1 | 48.9
-s57.1 [59.8 |62.3 | 64.3| 65.8]66.9 |67.7 k8.4 |68.9 |69.3 |69.7] 372 |-36 _|20-32 j2.788
kx10 4 =8
x 10 x 10
P_/W ar 56.3| 54 |52.5 | 51.4| 50.650.1 | 49,6 9.4 |49.1 |49 48.8
S aE l 3.66 .35 [10.47 2,808
kx10 | 56.9| 59.6/62.0 | 64.1| 65.6(66.7 |67.4 $8.2 |68,7 |69.1 | 69.5 -4 -8
| x 10 x 10
P_/u e’ 532 [ -5E 49.5 48.4; 47.7147.1 | 46.7 46.4 |46.2 | 46 45,9
< ! :
e | 3.93 |.33 | 1191 {2,995
kx10 °} 52.6| 55.3/57.8 | 59.8| 61.3|62.4 | 63.2 $3.9 [64.4 |64.8 | 65.2 i x
10 x_ 10
cf
k
(nhos/femdei = K = (whez) =~ &, (p£) SN i)




9%¢

TABLE W, 5.7 Experimental Results - Consolidation Pressure/Moisture Content
Electrical Frequency - (Miz
Sample Code Property | ’ ,
10 20 .-30 40 50 60 70 f 30 | 90 ! 100 110
; | ' ‘
PI/W3 e 59.1 56.3 54.7 53.6 53.4 52.8 524 32,2 }51.3 5.7 2.1
1 xia 6l1.4 63,5 65.7 68 69.6 70,6 7 7242 s | " 72.5 727
Pl/W3 e' 7.7 55.6 53.4 52.8 521 51.9 51.8 50.8 50.6 50,7 50,8
kx10 2} 60.4 | 62 64.4 |66.3 | 68 69.1 [69.9 [70.5 |70.6 | 71.3 |71.3
' I ' |
P3/N3 ¥ e 55.6 53.2 31.2 50,5 ‘_49.1 48.5 48.3 48.5 48,2 475 48,3
i
" xTé f55'7 Y 60.3 63,1 j 63,7 65.4 65.8 66.2 67.2 67.7 . 168
— ,
c'
|
5 K 1 ]
- 1 |
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TABLE V.5.8

Initial Theoretical Data - Consolidation Pressure/Moisture Content

Experimental Calculated (Sample) Calculated (model)
Sample Code =5 =
. o < 3 4 i i
ph £ : s i R W B P dr W dIJ i 7ok RSO 7 B
P1/W3 4.37 | 3.5 [93.5 |2.48(.713 [11.4 |25 |2.64 |.34 .66 |.066| .261(3.92 [56.4 | .584] * 0.69 {3.51 {.376
PZ/W3 R il [ 85.4 }]2.261.693 |12.2 |25 [2.72 }.33 | .67 |.067 [.25 |3.83i55.1 [.593 | =* 0.69 | 3.56 |.367
P3/W3 3T 1 34 173:31V1.940 .66 [13.5125 12.86 1.3 1 BB 26 3055151 .62 ® 0,748 3, T2 13370 )
‘ ]
-5
pE = 'of the slurry KI - mhos x 10
” C13CesCeq 8Cq - pf
W - final m/c per cent.

0

Kwd

+ o o 10
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TABLE V.5.9' Theoretical Results - Comsolidation Pressure/Moisture Content
{ Electrical Frequency (Miz) M.E.M.
Sample Code Property
10 20 30 40 50 60 70 80 20 100 | 110 G R 3 1f EE
‘P1 /w3 o 58.9 |56.6 |55.1 | 54.1| 53.4(52.9 |52.5 {52.2{52 : !51.9 [51.7
3 3.5 (4375 o F9.32  [2.650
% 10 161.3 63.8 |66.2 | 68.0 69.4{70.4 {71.2 |71.8172.3 {72.7 |73.0 10" %107
P2 /W3 ¥ 57.9 [55.6 [54.2 |53.2 | 52.451.9 |51.6 |51.3[51.1 |50.9 {50.8
£
=g , 3,36 1.367 19.69 12.702
! : A -8
X 10 ;59.9 62.4 |64.8 [66.6 | 68 169 69.§ 70.4 .70.9 71.3' 1 71.6 2 10~ 1% 10
i ! |
P3 /W3 - 55.3 [53.1 |51.6 |50.5 | 49.7 [49.2 |48,8 |48.5 48.2 |48.1 147.9
&) 3.75 | .34 (11,03 P.883
X 10 155.6 158.3 |60.8 |62.8 | 64.3 /65.4 |66.2 |66.9 [67.4 67.8 |68.2 2 10-“ g 10—5
k
|
k (mhos/cm) = K = (mhos) = €, (pf) = ¥ {(see.)
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TABLE V.6.1 Experimental Results = Particle Orientation
Electrical Frequency ~ (Miz)
Sample Code Property
10 20 30 40 50 60 70 80 |¥20 100 110
| ;
. f 1 . -
Nt % o et B e R P RN 1 39.9 |39.8 | 30.8 |39
Electric current 66.4 69.1 [ 70 70. 2 ] ; '
: - » 5 70, 70. G “ .
PAral tel. vo donastep. 155 4 6 70.8 70.8 | 70.9 ?0.9 70,9
0.%.1 gt 53.3 47 43.4 U2 40.8 40,6 40,5 40.2 |40 39.9 139.9
Electric current
at 45° to P} ' kxlo_s 12 0.8 76.8 |77.6 [78.6 78.6 79.1 79 79 79.2 79:3  178.8
0.X.V. e 69.6 58.9 |50 6 43.5 42,4 41,6 41.3 41,2 40,8 |40.9
Electric current ¥ i
perpendicular to P. E A
kx10 7941 86 92 D 4 95.1 96 96.7 96,7 196.9 .1 197.1
{ :
f':'
T
!
k .!
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TABLE V.6.2

Initial Theoretical Data - Particle Orientation

Experimental Calculated (Sample) Calculated (model)
‘Sample Code
pH e e p | As t T D d d d C ¥ - o -
w e T w la 1 1 e e cf d de '<wd
0.X.1 b 2 43" .34 533 |118.61 25 |3.174.224 | .T76 12077 | .132 12,82 gﬂ.ll 687 * .934 14,16 | 612
|
0.X.I 67 2% 43 1,16 F 533 18,6} 25 2,063 22415776 077|132 [J2.82 | 58.111 ,687) % .934 | 4,16 | 1.45
0.X.V Bkt | 210143 o141 .5331 18.6] 25 1,368 .2241.,776 | 2077 15132 12582 |: 58,111 6871 % .934 1 4,16 ] 3.33

pl +~ of the slurry

P - kglem?

W = f£inal mfe

per cent.
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TABLE V.6.3

Theoretical Fesults ~Particle Orientation

7 *
Electrical

Frequency (Miz) M.E.M.
Sample Code Property {
10 {2030 | 40 | 50| 60| 70.| 80| 30 | 00l110.fc Ik T M.
0. X.Hi e’ 47.6{42.8 | 41.4| 40.7/40.4 | 40.2 40,1 | 40 |39.9 [39.8 [39.8
2 4.2 {.618 [6.796 B.205
kx 10 1 66.6/68.8| 69.7| 70.1|70.4 | 70.6 {70.7 | 70.8|70.9 [71 71 e
0, %-1 - 56.2(45.6 | 42.6| 41.4]40,8 [ 40.5 [40.3 | 40.2{40.1 40  |39.9
e : | 4,22 |1.47 |2.867 |2.095
1 |
k x10°4 21 8l 76.3]| 77.6| 78.2| 78.6 | 78.9 179.1 | 79.2|79.3 [79.4 [79.4 - -8
! x 10 | x 10
e’ 74.3/56 | 48.5| 45.2|43.4 | 42,5 |41.8 | 41.4) 41,1 1409 |40.8
0.X.V : :
A 4.16 |3.33 [1.26 [1.386
x x10°| 73.5/86.3]| 91.6| 94 [95.2 {96.1[96.4 | 96.7|97 [97.2 [97.4
._4 _..8
—- o o I i fe
/‘ r
E
2
.-/ -
.-'/, k
ol
k Admhos/em) = K = (mhog) ~ G5 (3£} =i'%' (sec.)
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TASLE v, 7.1

-

Experimental Results - Rigid Bonding

Electrical Frequency = (MHz)
3 I [
Sample Cod Property {
ample Cede ¥ i 50 20 40 | so 60 70- | 80 | 90 100 | 110
!
S.C e 8.7 152.5 |50.1° (49,7 {49.3 | 4 49 '48.,- 48.9 148,9 | 48.9
Small Ploymerie Al, i '
: TESJ 135 137 140 141 142 142 141 141 140 139 138
Hydroxy cation LS :
iI‘f.C l et
‘ | 62.8 158.3 156 |s4.7 |s4 244 1527 1506 [so5 Jsos |5y
Medium Polymeriec Al. {
Hydroxy cation. Eadd B1OTE 160 © (064 167 . (168 o f 169 4 res 169 1169 (169 | 167
e = 70.8 66 63 ‘61.5 | 60.4 60 2953 58.8 58.3 58,1 58.4
y ! |
L Pol Al,
SR LG 101250 | 253 | 257 261 264 | 265 267 | 267 268|268 269
Hydroxy cation kX 10 |
| | |
i & } J
£
l |
f
k i l |
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TABLE V. 7.2 Initial Theoretical Data — Rigid Bonding
Experimental Calculated (Sample) Calculated (model)
Sample Code - ¢ - I = i
Lt A 3 C ¢ ’
D H f’ W e P Asg T, ‘s P dt‘ cw d la t.,l ?\1 Lc ! Kc Cf. a C,_‘, 3 Ked *
1
i S.C BBl 7 76,9 F 20 (.67 [13.1]123 12,59 1.329(%.69 ] .06 k246 3.7 1127 '}.61 .78 |3.02 | .816
M.C 4.8 | 7 89.6 | 2.4|.71 |11.8} 28 [2.54 §.296| .67 [.07 }.245 |3.9 |144 |.59 .78 (4,04 |1.23
L.C 4.7 | 7 114 3 o753 19594 | 40 2,43 125 |63 L1 «258 |4.3 [236 |.56 T s S e E R
4 T
i
)
£
|
pd = of the slurry
P - kg/em?
W =~ final m/e per ceat.
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TABLE V.7.3 Theoretical Results - Rigid Bonding
Electrical Frequency (Miz) M.E.M,
Sarmple Code Property
: | 10 | 20 130 |40 | 50| 60| 70 | 80|90 | 100}120 je ~|K Y Mo
j .S.C o1 : 1 58.7| 5.25{50.7 | 50 | 49.6| 49.4/49.3 [49.249.1 {49 |49
{ Small polym. Al. § ]
A =5 3w, 801 1&.62 2,595
R x x 100137 | 139 [140 | 141] 141 | 141 [141 |141 |141 (141 }141 o o
M.C l
Medium Polym.Al. £ 63.5| 58.4{56.3 | 54.9| 54 53.4 53 (52.6152.4 |52.2 152
- ayarody caeian 5| i 4.1 1122 13.36 2.586
By 10% 157 | 160 {163 | 165 | 167 | 168 | 169 | 169 i169 170 {171 290 et 16
L.C. | | |
Latae FOLvR Ll € i 74.7] 65.5| 63 61.7| 60.7| 60 59.358.8{58.3.157.9 {57.6
. e 1 ) | |
Ilydroy:y cat‘_]l_on i _5 ; ' } | 5.4 1.7.2.“. 3. IE‘B 2.423
; . 10} 250 | 254|257 | 260 | 262 (265 | 267 | 269 {271 |273 | 275 x 10 | x 10
i | : 'I
R BE
1 E I 1
3 i i
k (mhot/. 1) = K = (chos) C, ) - v (sec.)
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TABLE V. 7.%

e

e ———

Electrical Frequency = (2
Sample Code Property ! [
Py i 10 20 30 40 | 50 60 70% 1. /80190 100 | 110
o) AU | 70.8 66 63 61.5 |60.4 60 59.3 |58.8, |58.3 58.1 [58.4
e’ 1
. |
?15 days ! '
! L .
1 x 101250 253 L 257 < ag1 ligeh 265 | 267 |267 |268 268 269
i
bs, /1.2 ” 66.5 62 59.7 | 58.5 |[57.6 57 56.4 | 56.3 |55.5 55.2 | 55.3
4 . | | ]
!
35 days <15 298 240 242 | 248 | 250 251 | 254 256 257 257.. ] 257
P’
| , i ! J |
LJC/T.3 g’ 160.8 56 54 53 _|52.4 | 52.3 | 52 .| 50.8 | 50.9 | 50.5 | 50.4%
s
160 days kx 10 | 222 . | 224 . | 226 (‘230 |232 ‘ 234 ! 236 | 2371 257 237 237
E ‘I Ii
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TABLE V. 7,5

Initial Theoretical Data - Rigid Bonding

Experimental Calculated (Sample) Calculated (modal)
Sample Code 3 ' A - "
l sl POt o | Tp | A e [T SRR TR Sl 80 1 SEGTER T R S e S e e
. ! |
| .l ’
LG/ Tl gl 7 114 3 .75 [9.94 (40 2430 .25 |63 i .258 4.3 | 236 56 # MiF i & 53401107
§ :
R0 i e .4 W o2l 1286 < 7110105 5 2.62 § .29 (.61 .105 | .221 13.99 224 | .59 | =% P 5,61 41:5
T o0 1T .3 ! 1 68,3 11.8 644 14,2 L 350687 366171 <132 1 S16L 13,51 21051 .63 * D 5.99 (1.2
5 .////z/’//,’E
| |
l/ i !

pH
r

W

—

of the slurry

kg/cm?

final m/c per cent.
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TAELE V. 7.6 Thecoreticzl Results — Rigid Bonding
Electrical Frequency (18lz) M.ELM
Sample Code Property |
b 10 201 30 40 50 60 | 70 80 | 90 100 | 110 § C K. 4 M
BB ‘ e 174.7 165.5 | 63 |61.760.7 | 60 |59.3|58.8/58.3 |57.9 |57.6 _
, L RN o Uy [ R I . 2,423
-5 A -
kx10 250 |254 257 | 260 262 265 |'267 | 269 271 1273 |275 x 10 | x 10
L.€G./[T.2 ;
€ 69.4| 61.7 59.7 58.557.6 | 56.9!56.3 | 55.8155.3 [54.9 | 54.6 5.64 156 | 3.6 , [2.618
.-5 . - -
e x 10 238  |241 | 243 | 246 [249 251 | 254 | 256 (258 |259 |261 x 10 |x 10
{ .
{ | |
L.CI/T.3 - I. !
£’ 60.8 |55.8 [54.3 | 53.3(52.6 1 51.9/ 51.4 | 50.9|50.4 |50 49.7
' i | 6 12 - | 5000 178,06
..5! =4 L (EiE R
kx10 }221 [224 | 226 | 229 |231 234 | 236 | 238 |240 | 242 | 244 210 S0
5 : i i
E ]
3 A | |
k | |
; gt

k (chos/en) - K- (zhos) = &y (p2 - Y (sec.)
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