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ABSTRACT

This dissertation deals with the physical basis of the
residual shear strength of some pure clay minerals. Reversal direct
shear tests have been conducted on kaolinite, Na-attapulgite and
Na-montmorillonite at varifous pore fluid NaCl concentrations to
establish the factors that affect the residual shear strength. The
arrangements of the mineral particles in the shear zones at large
strains have also been studied with a scanning electron microscope in

order to investigate the mechanism of strength generation at large

strains.

Based on an analysis of the previous studies, it is
hypothesized that the residual strength is a frictional characteristic
of the clay mineral and it depends on the mode of cleavage and the
amount of bonding energy available along the cleavage planes at the
interparticle contacts in the shear zone. The Terzaghi-Bowden
and Tabor adhesion theory of friction appears to account for the

conditions at the interparticle contact.

The residual shear strength (t.._) characteristics of the

res
clay minerals have been studied in terms of the true effective stress

(on*) which is defined as

cn* =0, = U, - (R-A) = gn' - (R-A)

ifi



where o = total stress,

n
on' = apparent effective stress,
u, = pore water pressure,
and (R-A) = the physico-chemical component which may be

estimated from the double-layer repulsive

stress equation.

A comparison between the residual shear strengths of five saline
Na-montmori1lonite samples before and after leaching of the saline
pore fluids under constant overall volume conditions has proved that
the true effective stress (an*) controls the residual shear strength.
It is also shown that every mineral possesses a true angle of residual
friction (¢r') which is independent of the pore fluid salt content but

is dependent on the magnitude of normal effective stress.

Residual friction angles of the clay minerals and some
natural soils have been found to be stress ZJependent below an average
normal pressure of 30 psi. Assuming elastic deformations at the
interparticle contacts, the.dependence of ¢r' on on' is believed to be
due to the dependence of the area of true contact (Ac) between the
shear zone particles on the normal load. Below an average normal
pressure of 30 psi, A s proportional to (load)zl3 and tan¢,.' is
stress dependent. As normal pressure is increased, Ac becomes

proportional to (load)]"0 and tah¢r' ceases to be stress dependent.
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CHAPTER I
INTRODUCTION

1.1 Shear Strength

When a soil is subjected to shear, an increasing resistance
is built up. For any given applied effective stress and under drained
conditions, there is a limit to the resistance that the soil can offer,

which 1s known as the "peak shear strength" of the soil under the

given effective stress.

If the shearing 1s continued after this maximum value of
shear strength is ﬁobilised. it is usually found that the resistance of
the soil decreases, until uliimately a steady value is reached, this
steady value being defined as the "residual shear strength" of the soil.
The soil maintains this steady value even when subjected to large
displacements. Hence, residual shear strength of a sot]l may be defined
as that shear strength of the soil at large displacements, when all the
variable components of strength have been destroyed or overcome. This
definition {mp11es that the residual strength is a certain indestructible

component of strength for a given soil.

These typical results obtained from a drained shear box test
in which the sofl is subjected to large displacements are shown in Fig.

1.1. It is seen that at large strains, the strength of the soil remains

constant.



Further drained shear box tests can be conducted on samples
of the same soil but under differing effective stresses. The results
previously described would again be obtained, and, from a number of
tests, it would be noticed that the peak and residual shear strengths
would define envelopes in accordance with the Coulomb-Terzaght Law

(Fig. 1.2). Thus the peak shear strengths (Tpeak) can be expressed

as:

T c' + (on - "w) tané'

peak

c' + cn' tano ' (1.1)

and the residual shear strengths (Tres) can be expressed as:

Tes = Cp * (op - y,) tane/
= cr' + on' tan¢r‘ : (1.2)
where  ¢' = cohesion intercept at peak state

cr' = cohesion intercept at residual state
¢* = peak angle of shearing resistance

¢r' = residual angle of shearing resistance
o, = total stress

u. = pressure in the pore water

! = - =
o o, u, effective normal stress.

The difference between peak and residual shear strengths depen-
ds on the soil type and stress history, and is most marked for heavily

overconsolidated clays and clay-shales.

Results such as shown in Fig. 1.1 are known from the



earliest systematic shear tests by Hvorslev (1936, 1939) and Haefel{
(1938). Heafell had even suggested the term "residual shear strength"
(Restscherfestigkeit) for the strength of a soil at large strains.
However, it goes to the credit of Skempton (1964) to have reinstated
the concept by demonstrating the relevance of residual streﬁgth to

practical problems 1ike slope stabflity and landslides.

1.2 Relevance of Residual Strength in Stability Problems

There 1s 1ittle doubt that in recent years an appreciation of
the nature and significance of residual strength (Skempton, 1964)
constitutes the most important development in an understanding of the
shear strength of clays. While the concept is relevant to all clays,
it 1s of particular practical importance for stiff natural clays where

the drop in resistance from peak to residual is often large.

The concept of shear strength being time and displacement
dependent has proved to be extremely successful in explaining long-term
slope failures in overconsolidated clays and clay-shales. If, for any
reason, a clay is forced past the peak value at a particular point within
a slope, the shear strength available at that point will decrease. It
is evident, from simple considerations of statical stability that
additional stress will then be thrown on to the clay at some adjacent
point, and may cause the peak to be passéd there as well. Thus a
progressive reduction in shear strength throughout the soil mass can

be inftiated.

A more clear-cut example of the significance of residual



strength occurs when considering the stability of slopes which have

been subjected to failures at some stages in their history. In all
cases where fatlure has previously occurred, the peak shear strength

has evidently been passed and the maximum availablg strength which can
be mobilised on the existing s1ip surface will be c¢lose to the residual
value. In passing from the peak to the residual, the cohesion intercept
disappears or becomes very small and there is also a reduction in the
angle of shearing resistance which varies from soil to soil. The effect
of the disappearance of the apparent cohesion term is very marked in over-
consolidated clays and clay-shales, particularly since an examination

of past failures in these soils reveals that the slip surface is
frequently located at a relatively shallow depth below ground level.
Consequently, under the low normal pressures then applying, any
reduction in the cohesion term in the Coulomb-Terzaghi expression will
have a profound significance on the factor of safety. The drop in the
angle of shearing resistance from peak to residual states can also be
considerable. For example, a dramatic drop from a peak angle of 28°

to a residual angle of 2.6°-3.6° (measured from ring shear tests) was
observed for Bearpaw shale obtained from the South Saskatchewan dam

site (P.F.R.A., 1970). It is interesting to note that a major part

of the land area of Western Canada and Western United States is underlain
at shallgw depths by such highly plastic clay-shales or by sofls

derived from weathering of these shales which are characterised by

stgnificant drops in shear strength from peak to residual.

The relevance of residual strength to the analysis of the



stability of slopes in overconsolidated clays and clay-shales has

been confirmed by a number of examples. Skempton (1964, Petley (1966)
and Eigenbrod and Morgenstern (1971) have conclusively demonstrated that
residual strength, as measured in the laboratory, correlates closely
with the average mobilised strength calculated for a number of field
failures in stiff clays where movement has occurred along existing slip
surfaces. The availability of only residual strength accounts for movements
suffered by the Waco Dam due to sliding in the underlying Pepper shale
(van Auken, 1963) and the experience in the Bearpaw shale reviewed

by Ringheim (1964). With regard to stability of long natural slopes

in fissured clays with zero residual cohesion and seepage parallel to
the ground surface, the studies carried ouf in the United Kingdom by
Skempton and De Lory (1957), Hutchinson (1967) and Weeks (1969) have
conf1irmed thaf the ultimate angle against land sliding of natural slopes
in fissured clay, as determined in the field, is approximately ¢r'/2'

A number of other case histories supporting the control by residual

strength of the long-tenn stability of stiff clay slopes exist in the
geotechnical literature.

The magnitude of the residual shear strength is, therefore,
necessary for rational design when dealing with material subject to
previous shear movements. Since the residual strength sets the lower
1imit of progressive strength reduction, it also serves as a useful
lower bound for any design. If a design has a factor of safety greater
than unity based on residual strengths (and appropriate pore pressures)

no serious movements are likely. However, analysis on this basis will



often be uneconomical and overconservative.

The residual strength is a parameter not only of practical
importance but also of great fundamental value. This is so because 1t

is independent of stress history, original structure and other factors

which dominate the path dependent properties of soils.

1.3. Brief Review of Work Done on Residual Strength

Since Skempton's Rankine lecture in 1964, numerous attempts
have been made to measure the residual strength of different soils.
Some of these results are reported in Table 1.1. A1l these studies, with
the exception of those by Skempton (1964), Borowicka (1965), Kenney (1967),
Morgenstern and Tchalenko (1967 a, b) and Tchalenko (1967, 1968 and 1970),
had only the purpose;of measuring the residual strength as a parameter
to be used in a stability analysis. Consequently, very 1ittle is known
about the fundamental nature of residual strength.

Pioneering research attempts to establish some of the factors
that influence the residual strength of a soil were made by Skempton
(1964) and Borowicka (1965). Skempton (1964) drew attention to the clear
correlation between the percentage of fines and the residual friction
angle of the sofl (Fig. 1.3). Similar results were also obtained by
Borowicka (1965) and from his results he concluded that:

| i) As the colloidal content increases, the residual
strength decreases (Fig. 1.4),
11) Beyond a certain percentage of fines (Borowicka

established this 1imit to be 43%), the residual strength is not



affected.

Morgenstern and Tchalenko (1967 a) have also expressed
similar opinions while discussing staéle and unstable yielding. Borowicka
also inferred speculatively that the chemical and the mineralogical
composition of the soil should play an important role in the development
of residual strength. While there is agreement, in a general way,
between Skempton's results and those reported by Borowicka, the former's
results leave the impression that therelis no upper 1limit to the
percentage of fines which would be significanf to the residual strength.
But Fig. 1.3 also confirms the importance of mineralogical composition
of the clay. Thus, clays of similar grain size composition stil1l show
significantly different residual shear strengths because their
mineralogy is different (See Table 1.1 in conjunction with Fig. 1.3).
Significant also is the position of quartz in Fig. 1.3. The
horizontal line for quartz signifies that irrespective of the fineness
to which quartz is pulverised, its angle of shearing resistapce remains
aroiund 32°. It may be added that the general validity of Skempton's

diagram (Fig. 1.3) has been confirmed by subsequent research (Chandler,
1966; Kenney, 1967).

The major steps in the investigation of the nature of residual
strength were taken by Kenney (1967), Morgenstern and Tchalenko (1967 a,
b) and Tchalenko (i967, 1968 and 1970). While Kenney (1967) studied
the frictional characteristics of soil minerals, Morgenstern and
Tchalenko (1967 a, b) and Tchalenko (1967, 1968 and 1970) undertook

microstructural examination of the large displacement shear zones in



‘'soils. The work done by these 1nvestigétors will be reviewed in detail
in appropriate sections of the subsequent chapters. However, a summary
of their findings is in order here to justify the need for further

investigation into the fundamental nature of residual strength.

Kenney's (1967) work was primarily concerned with pure clay
minerals and mixtures of them. He performed drained direct shear tests
on pure minerals and mineral mixtures along with several natural soils
and demonstrated that residual shear strength is primarily dependent on
mineral composition and that it is not related to plasticity or grain-
size characteristics nor is it significantly influenced by rate of strain.
His tests show that in comparison with layer lattice minerals, massive
minerals exhibit higher residual strengths. Kenney (1967) also controlled
the composition of pore fluid where possible and concluded that the
residual strength properties of the active clay minerals such as hydrous
mica and montmorillonite are influenced by System chemistry. To a lesser
extent, residual friction angle also depends on the magnitude of normal
effective stress. Kenney's résu]ts point clearly to the need for a more
thorough study of the physico-chemical aspect of residual strength. It
may be mentioned here that another comprehensive investigation into the
 frictional characteristics of minerals was previously undertaken by
Horn and Deere (1962). However, they dealt with the friction of few
ﬁnssive and layer lattice minerals and none of the common clay minerals

except mica was investigated.

Microstructural examination of the large displacement shear

zones in various soils, carried out by Morgenstern and Tchalenko



(1967 a, b) and Tchalenko (1967, 1968 and 1970), revealed that a definite
mode of particle arrangement {s associated with residual strength.
Detailed examination of the dévelbpment of this shear induced structure

in the large displacement shear zones in various soils led them to suggest
that the subsequent resistance of a soil will depend upon this shear

zone structure and the physical interaction of the soil particles alone.
The important contributions made by Morgenstern and Tchalenko (op. cit.)
and Tchalenko (op. cit.) provided the first fnsight into the physical
basis of the residual strength of soils and clearly demonstrated the

need for a fundamental investigation to further our understanding of

the nature of residual strength in soils.

1.4 Scope of the Investigation

Past research has clearly brought out that the residual shear
strength is independent of the factors that influence the path dependent
properties of soils and hence it is a fundamental and unique soil |
parameter. A brief review of previous work on residual strength has
also indicated a definite need for further investigation into the
fundamental nature of residual shear strength and the factors that

control the shear strength of soils at large strains.

Since the residual shear strength of a soil is primarily
dependent on its mineral composition (Kenney, 1967), a clear understanding
of the fundamental factors controlling the restdual-strength properties
of clay minerals is necessary for understanding of the residual shear
strength characteristics of clay soils and clay-shales. A hypothesis

for the physical basis of residual shear strength of pure clay minerals
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(which, incidentally, are ideal materials for a fundamental study)
is therefore formulated in this thesis. The hypothesis stems
from a crifica] analysis of the available studies on the large strain
frictional behaviour of various soil minerals and solid lubricants.
Four major aspects of the residual shear strength of clay minerals are
dealt with in the hypothesis and they are:
i) The seat of shear strength at large strains,
ii) The effect of syste& chemistry on the residual shear
strength,
1§1) The stress state variable that controls the residual
shear sfrength. and
iv) The dependence of the residual friction angle (¢r')

on the magnitude of normal effective stress (on').

Reversal direct shear tests were conducted on three clay
minerals (viz., kaolinite, attapulgite and montmorilionite) at
various pore fluid salt concentrations in order to verify the proposed

hypothesis experimentally.

The available studies on the large frictional
characteristics of soil minerals and solid lubricants were analysed and
the shear induced structures in the large displacement shear zones in
the clay mineral samples were examined in order to establish the physical
basis of the residual strength of clay minerals and the mechanism of

strength generation at large strains.

Examination of the test results obtained from the shear tests
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along with the available data on the residual shear strength of various
clay minerals in light of the proposed hypothesis revealed the effect of
system chemistry on the residual shear strength of pure clay minerals and

the stress state variable that controls the residual shear Strength.

An explanation for the dependence of the residual friction
angle of a clay mineral on the magnitude of normal effective stress has
also been presented. This explanation is taken from the available
studies 6n the frictional behavfour of solid lubricants and its validity
has been established not only from the shear test results obtained in this
investigation but also from the available data on the residual shear

strength of several natural soils.

1.5 Organisation of the Thesis

Chapter 2 presents a critical analysis of the available
literature concerned with the various aspects of the residual shear

strength of clays and clay minerals.

Chapter 3 introduces the hypothesis proposed for the physical

basis of the residual shear strength of pure clay minerals.

Chapter 4 outlines the experimental programme that was under-

taken for the verification of the proposed hypothesis.

Chapter 5 describes the properties of the clay minerals used,
the test equipment, the sample preparation and the testing techniques.

Chapter 6 presents the results obtained from the experimental

programme and relates the test results to the hypothesis proposed in
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Chapter 3.
Chapter 7 presents the fundamental nature of the residual shear

strength of clay minerals as established from the test results obtained

in this investigation and also from an analysis of the previous studies.

Chapter 8 summarises the conclusions drawn from this

investigation and presents a few suggestions for future research.

Appendix A presents the accuracies and the calibration

constants of the instrumentation used in various test equipment.

Appendix B compiles the results of the reversal shear tests
conducted on the three clay minerals along with a few typical
consolidation test results.

Appendix C describes the double layer repulsfon equation,
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CHAPTER I1

REVIEW OF THE AVAILABLE STUDIES ASSOCIATED WITH THE RESIDUAL
SHEAR STRENGTH OF CLAYS AND CLAY MINERALS

2.1 Introduction

A great body of evidence is available in the geotechnical
literature to demonstrate that the strength, stress-deformation and
stress-strain-time behaviour of soils follow organised and often
predictable patterns. However, relationships between such ob;eryable
quantities as strength, compressibility, deformation rate and Tess easily
determined but more fundamental factors such as effective stress, the
structure and strength of interparticle bonds, the structure and
properties of adsorbed water, true cohesion and friction are still not
completely understood. An improved understanding of these factors and their
effects on the engineering properties of setls has been developed during the
past decade. A detailed account of the past research on all the factors
influencing the engineering behaviour of soils is not in order here for
obvious reasons. Hence, we will concentrate only on those studies that
contribute to the understanding of the fundamental nature of residual
shear strength in soils. In particular, we will review the following
areas of fundamental research:

i) Residuai shear stfength of clay minerals and the factors
affecting it,

i1) Bonding and strength of soils,

16
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111) Microstructural studies of the large displacement shear
zones in clays, and

iv) Frictional behaviour of solid lubricants.

It 1; hoped that an analysis of the above mentioned studies
would lead us to formulate a hypothesis for the physical basis of the

residual shear strength of clay minerals.

2.2 Factors Influencing the Residual Shear Strength of Soils

Mitchell (1964) attempted to express shearing resistance of
soils, particularly af subfailure stresses, in terms of fundamental soil
parameters in order to provide a basis for the study of factors such
as strain rate, temperature and soil structure which are known to
1nf1uénce shearing resistance, but which are not adequately accounted
for by the Coulomb-Terzaghi Law. On the basis of knowledge of soil
behaviour, Mitchell (op. cit.) postulated that strength should be a
function of a large number of factors; thus,
shearing resistance = F(e, ¢, ¢, C', H, T, €, &, 0, U, §) (2.1)
in which, e = void ratio,

¢ = a parameter expressirig the frictional characteristics

of the soil,

¢ = a parameter expressing the interparticle cohesion of

the soil,

C' = the soil composition including solid, fluid and

gaseous phases,

H = a term equivalent to stress history,

T = the temperature,
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€ = the strain,

¢ = the strain rate,

c = the applied stresses,
u = the pore pressures,

and, S = the soil structure.

Not all of these factors are independent variables. For example,
the structure of a soil at any instant will reflect the combined influences
of C', H, e, o, u and € and e is a function of C', H,S, ¢, ¢, o and u.
Furthermore, the influences of o and u may be considered through use of
the effective stress, an'. In addition, most of the factors are subject
to variation during deformation. If however, a given soil at a given
void ratio is considered, then the number of factors influencing the
instantaneous value of shearing resistance at any stage of deformation is
considerably reduced, and

shearing resistance = F(¢, e, T, €, o' s S) (2.2)

This relationship is of slight practical use because the
functional term relating the terms are not specified (Mitchell, 1964).

Residual shear strength, however, has been shown to be
independent of stress history, original structure, strﬁin rate and other
factors which dominate the path dependent properties of soils. Hence,
the number of variables is further reduced and we can express residual
shear strength as a function of three major factors; thus,

residual shear strength = F(¢r'. c', cn') (2.3)

The parameter ¢r' expresses the frictional characteristics
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of a soil at large strains and to establish the seat of this residual
strength parameter, one has to investigate the mechanism of strength
generation at large strains at the particle level. The factor C'
encompasses factors such as the mineral composition and the system

chemistry. Residual shear strength is also known to be controlled by

the normal effective stress, cn'.

2.3 Residual Shear Strength of Soil Minerals and the Factors Affecting it.

As mentioned before, there have been only two comprehensive
investigations on the frictional characteristics of the soil minerals,
one by Horn and Deere (1962) and the other by Kenney (1967). While the
former have in general tried to determine the friction of a few massive
and layerQIattice minerals, none of the common clay minerals except mica
was investigated. Kenney (op. cit.) has investigated the common clay
minerals as well as the massive minerals and the first fundamental insight
into the nature of residuh] strength was obtained from his important
contribution. He performed reversal direct shear tests on several natural
soils, pure minerals and mineral mixtures at various rates of strain and
under different normal loads. Details of mineralogy are reported in his
work and where possible the composition of the pore fluid was controlled.
Table 2.1 summarises his results. The important conclusions of Kenney are:

i) Residual strength of a clay is governed mainly by the
type of mineral in the clay and it is not related to plasticity or
grain-size characteristics.

ii) The massive minerals do not show residual strengths

appreciably different from their peak strengths. In these cases, any
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reduction in strength from the peak could be expléined by the interlocking
effects of the particles or by dilatancy (see also Borowicka. 1965;
Morgenstern and Tchalenko, 1967 a). Residual friction angles for massive
minerals are dependent on particle shapes, but are not dependent on
particle sizes or on stress magnitudes. Quartz, feldspar and calcite
exhibit the same values of tancpr'.

ii1) Among the clay minerals, montmorillonite possesses the
least strength and strength increases in‘fhe order: illite, kao]inite,
mica and attapulgite. |

iv) Monovalent clay minerals possess less strength than clays
with substitutions by divalent ions.

v) System chemistry has a decided influence specially at small
stress magnitudes on the residual strength of clay minerals such as
‘Na-hydrous mica and Na-montmorillonite (see Figs. 2.1 and 2.2).

vi) Tan¢r' is affected to a lesser extent by the magnitude of
normal effective stress (Fig. 2.1). More recently, a variation in ¢r'
with on' (non-linearity of friction) has also been observed by Bishop
et. al (1971) for brown London clay.

vii) Ratg of strain has little influence on the residual
shear strength (Fig. 2.3).

Although Kenney's (1967) work points out the factors which
influence the residual shear strength, it makes no attempt to postulate

a mechanism for the generation of shearing resistance at large strains.

Kenney (op. cit.) offered an explanation for the observed

effects of system chemistry on the residual strength. In his view,
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strength increases are caused by increased ion concentration in the

pore fluid and by cations of larger valence and greater polarizability.
For both hydrous mica and montmorillonite, the strength increases result
from net increases in attraction between individual particles and by

the formation of bonds between particles. However, Kenney (op. cit.)

did not attempt to measure or estimate the increases in net attraction
between individual particles due to increases in the ion concentration
of the pore fluid and correlate these increases in net attraction between
individual particles with the corresponding increases in the residual
shear strength. Furthermore, the samples of any particular mineral

he used for demonstrating the increase in the residual strength due to a
corresponding increase in the pore fluid ion concentration were not at
the same water contents (for example, see the "res* data for Na-
montmorillonite and Na-hydrous mica under the pore fluid NaCl concentrations
of 0 and 30 g/1 in Table 2.1) and different water contents signify
different particle spacings and hence varying physico-chemical forces

of interaction for the samples. Obviously, this will have significant
implications for the physico-chemical interpretation of the effect of
system chemistry on the residual shear strength and it would seem that
under a particular normal pressure, a direct comparison between the

residual shear strengths of a mineral obtained under various pore fluid

* Wias = Water content of the shear zone at the residual state.
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ion concentrations is legitimate only if the mineral samples that are
used for the comparison possess the same failure plane water content

at large strains ("rés)' Hence, the explanation offered by Kenney (1967)
for the increase in the residual shear strength due to a corresponding
increase in the pore fluid ion concentration is merely speculative

and a definite need for further investigation into the physico-chemical

aspect of residual strength is noted.

With this knowledge in the factors which influence the
residual shear strength of clays and clay minerals, we can now proceed
to explore the mechanism for the generation of shear strength at large
strains. At large strains, the shearing resistance is said to arise
from the physical interaction of the soil particles alone. This
indicates that the most 1ikely mechanism of strength generation at large
strains is a purely frictional one. Moreover, the cohesion component
of shear strength is virtually negligible at large strains. Hence,
in order to study a purely frictional model for the generation of shear
strength at large strains, one has to investigate the nature.of inter-
particle contacts. In this context, the treatment of the shearing
resistance of soils as a rate process by Mitchell (1964) and Mitchell,
Singh and Campanella (1969) has made some significant contributions
to the understanding of the nature of interparticle contacts and
bonding between atoms in the surface structure of soil minerals. They
have also used this approach to suggest a mechanism for the generation
of shear strength at subfailure stresses and their work will be

reyiewed in the next section.
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2.4 Bonding and Strength of Soils

Mitchell and his co-workers (1964, 1969) applied the theory
of absolute reaction rates or the rate process theory to the study of
time-dependent deformation of soils and determined the nature of bonding
energies (which have to be surmounted during shear) some soils possess
at their interparticle contacts. They also expressed compressive strength
of a soil as a function of the number of bonds at the interparticle
contacts. Some significant conclusions about the nature of interparticle

contacts were derived from their studies.

Mitchell's work is based on the premise that the deformation
of a soil mass involves microscale movements of particles and proceeds
at a rate commensurate with the structural state of the soil and the
applied stresses. According to the theory:of rate process (Glasstone,
Laidler and Eyring, 1941), an activation energy is required for the
local loosening of the particles or the flow units from their equilibrium
positions and displacement to new positions. Sources of this energy
are external forces such as shearing forces and the thermal energy
contained by the material. The deformation proceeds at a rate dictated
by the frequency with which particles can acquire sufficient energy
"AF" (activation energy) to surmount the energy barriers between
equilibrium positions. The magnitude of AF provides a measure of bond
strengths holding flow units in place. In the unstressed state,

particles may be assumed to occupy positions of minimum potential

energy.

Using the theory of rate processes as the basis for analysis
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of the creep test data, Mitchell et al. (1969) determined the experimental
activation energies for creep of several soils and their results are
reproduced in Table 2.2. Table 2.3 presents the activation energies

for creep of several other materials compiled from 1iterature by the same
authors. For comparison purposes, the theoretical strengths of the

usual bonds in soils are presented in Table 2.4. It is immediately obvious
from Tables 2.2 and 2.3 that the activation energy of soils is in the

range of 30 to 45 kilocalories per mole which is high in comparison with
materials such as plastics and asphalt. Rupture of primary valence bonds
usually requires energies in excess of 20 kilocalories per mole

(Table 2.4). The fact that activation energy for deformation of soil

is well up into this range does not prove that bonding in soils is of

the primary valence type, because simultaneous rupture of several bonds

of a weaker type could yield values of the magnitude observed by

Mitchell et al. (op. cit.). But the fact that the activation energy

for deformation of soils is much greater than for flow of water (Table 2.3),
and that similar values of experimental activation energies were

obtained for wet and dry clays (Table 2.2) led Mitchell et al. (1969)

to conclude that bonding is through solid interparticle contacts.

Water in some form will be adjacent to particle surfaces. The water
structure consists of oxygen held together by hydrogen and is not too
different from the structure of silicate layers in minerals. Thus a
distinct boundary between a particle surface and water may not be

readily discernable as suggested by Trollope (1964). Mitchell

postulates that under these conditions, it might not be unreasonable

to think of a more or less continuous structure which propagates
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through interparticle contacts. The observed similarity in magnitude
between the activation energies for creep in clays (wet or dried)
and in dry sands (Table 2.2) lends further support to the concept of

solid-to-solid interatomic bonding.

Mitchell and his co-workers went a step further and determined
the number of bonds per unit area in different soils under different
‘ conditions. They showed that the number of bonds per unit area is
directly proportional to the effective consolidation pressure for
normally consolidated soils. Remoulding én undisturbed clay was found
to cause a reduction in both the number of bonds and the effective stress;
however, the relationshib be tween numbgr of bonds and effective stress
remained the same as for the undisturbed clay. They further correlated
the number of interparticle bonds to the compressive strength for
different soil types and demonstrated that strength is directly proportional
to the number of bonds (Fig. 2.4) and is completely independent of whether
the soil is undisturbed, remoulded, normally consolidated or over-
consolidated. Their tests on sand showed that it behaved in all respects
similar to clays which led them to suggest that the strength generating
mechanism m@y be similar for both types of material.

As far as the actual nature of a flow unit is concerned,
it could be an atom, a group of atoms or molecules or the entire contact
between particles (Mitchell et al., 1969). The experimental activation
energy values of 30 to 40 kilocalories per mole are compatible with
those measured for solid state diffusion of oxygen in silicate minerals,

thus supporting Rosenqvist's concept (duoted by Mitchell et al., 1969)
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that creep movement could result from slow diffusion of oxygen fons in
and around 1nterpart1c1é contacts. This led Mitchell to suggest
that individual oxygen atoms can be considered as flow units.

Although sand and clay appear to behave in a similar fashion
as far as interparticle bonding is concerned, Mitchell points out that
an equal humber of interparticle contacts in the two materials is
unlikely. However, a comparison between dry sand and clays showed that
the values of the number of individual bonds were about the same for
both the materials. Based on their concept of an interparticle contact
containing many bonds between opposing atoms, they postulated from the
above observation that because there are fewer contacts to carry effective
stress in sand, each contact would contain many bonds; in a clay,
the much greater number of contacts would mean fewer bonds per contact.
The number of bonds at any contact was shown to depend on the compressive
force transmitted at the contact. These findings led Mitchell et al.
(1969) to suggest that the Terzaghi-Bowden and Tabor adhesion theory
of friction may be applicable to the conditions at the contact.

According to this theory in its simplest form, the contact area Ac
will be given by |

N .
A = O'—- | (2.4)

in which N = the normal force, and oy = the yield strength of the

material in the contact zone.

From their work on bonding in soils, Mitchell et al. (1969)

envisaged the sources of friction and cohesion in soils. According to
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them, interparticle bonds may form in response to the interparticle contact
forces generated by either applied stresses, physico-chemical forces

of interaction or both. It should make no difference which of these
generate the contact area in terms of the strength of the contact.

However, the role of physico-chemical forces df interaction is to control
the initial soil fabric and to alter the force transmitted at contact
points from what it would be due t6 the appiied stresses alone.

Thus the total strength along any plane would be proportional to the

number of bonds (and not the number of contacts) which in turn is
controlled by the net contact stresses in that plane. In absence of
significant interparticle physico-chemical forces, contact areas are

formed only due to normal stresses applied to the soil structure and

the strength behaviour would be purely frictional. Any interparticle

bonds existing in the absence of applied contact forces, i.e., on' =0,
are responsible for true cohesion. There should be no difference,
however, between friction and cohesion in terms of the shearing process
(Mitchell et al.,1969).

At subfailure stresses, according tb Mitchell et al. (op. cit.)
deformation may involve continuous breaking down and making of bonds and
contacts. Complete failure in shear involves simultaneous rupture of
all bonds'aiong the shear plane. Hence, peak shear strength of a soil
may be considered as that applied shear stress which causes a
simultaneous rupture of all the bonds of high activation energy (30-45

kilocalories per mole) along the shear plane.

The concept of shearing strength arising out of shearing
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of contacts has also been put forward by Trollope (1961), Newland (1965)
and Morgan (1967). The mechanism suggested by Trollope (op. cit.) and
Morgan (op. cit.) for-the generation of shear strength is that the

shear strength of a soil may be related to the summation of the interacting
forces at contacts along a plane assuming that the nature of shear
strength is similar to the Bowden-Tabor theory of metal friction.

Newland (1965), however, postulated somewhat different mechanism than
that presented by Mitchell et al. (1969). He proposed that the
effective stress is the component of applied stress which is effective in
overcoming potential barriers at contact points between particles, thus
allowing bonds to be formed. Once formed, however, the resistance to
s1iding at the contacts is considered to arise solely from the strength
of the bond and is independent of the applied stress. The strength

of the soil on any plane, according to Newland, is then a function of the
number of contacts. No clear distinction is made by Newland between
bonds and contacts, although it may be inferred that the term bond 1is
used to indicate the source of the total strength mobilized at a contact.
The classical concept of friction is rejected by Newland (op. cit.)»
because in a frictional system, junctions between particles disappear

if the normal force is reduced to zero, anq. therefore, the strength
becomes zero. Thus, the cohesive nature of clays can not be accounted
for by Newland's hypothesis. In Mitchell et al.'s hypothesis, however,
this problem is readily overcome by allowing for the existence of
interparticle normal forces in clays that originate solely from

physico-chemical interactions, e.g., van der Waals forces.
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The work of Mitchéll et al. (op. cit.) is also open to
criticism because they compared the number of bonds determined under
subfailure stresses with the failure sfress. They, however, argued that
the comparisoh made by them may not be unreasonable in view of some data
obtained by Campanella (Mitchell et al., 1969) which apparently showed
that the number of bonds does not change significantly with increases
in strain. If strength is dictated by the number of bonds along the
shear plane, then it can be inferred from Campanella's observation that
a Steady value of shear strength is attained at large strains because

the number of bonds does not change with increases in strain.

Although Mitchell and his co-workers did not postulate a
mechanism for the generation of shear strength at 1$rge strains on the
basis of the total bonding energy avaiIable.along a shear plahe,

" their study established some important basic aspects of the fundamental
nature of shear strength. The important conclusions drawn by Mitchell
et al. (1969) from their work may be summarised as follows:

i) Interparticle contacts are effectively solid-to-solid
and my contain many bonds between opposing atoms, These contacts
are the only significant region between soil grains where effective
norml stresses and shear stresses can be transmitted.

i1) while different interparticle contacts may have widely
varyfng strengths because of differing numbers of bonds per contact,
individual bonds are of approximately equal strength. Interparticle
bonds are strong, perhaps approaching the magnitude of primary valence

bonds.
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i11) The role of water appears to be to influence the number
of bonds that form (through its influence on effective stress) but
not to effect significantly the strength of individual bonds.

iv) The number of bonds at any contact depends on the compressive
force transmitted at the contact.

v) The Terzaghi-Bowden and Tabor adhesion theory of
friction would appear to account f&r conditions at interparticle
contacts.

vi) For normally consolidated clays, the number of bonds
developed is directly proportional to the effective consolidation pressure.
In clays, reduction of the effective consolidation pres§ure is not
accompanied by a disappearance of all the bonds formed during
consoiidation. thus accounting for higher strengths in overconsolidated
soils.

vii) Strength is directly proportional to the number of bonds
and approximately.the same proportionality holds for different soil types.

Since shear strength at large strains is said to arise from
the physical interaction of mineral particles alone (implying that it
is purely a frictional phenomenon), the abovementioned conclusions
drawn by Mitchell et al. (1969) from their study of shearing resistance
of soils as a rate process form a very important background indeed for

establishing a physical basis of residual strength.

2.5 Microstructural Studies of the Large Displacement Shear Zones in Clays

[t was briefly mentioned in Chapter I that considerable

fundamental insight into the nature of residual strength was obtained
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| from the microstructural studies of the large displacement shear zones

in clays undertaken by Morgenstern and Tchalenko (1967 a, b) and
Tchalenko (1967, 1968 and 1970). Their approach was one of correlating
the large disblacement shear zone structure to the residual strength.
From an examination of the development of various structures in the large
displacement shear zones in clays, they also suggested a basic mechanism

for deformation in the shear induced structures at large strains.

Morgenstgrn and Tchalenko (1967 a) studied the structures
formed at various stages of deformation in the shear box by interrupting
tests on initially identical samples of kaolinite at different points
of the stre§s—d1splacement curve, and by preparing thin sections of the
entire sample. The increase in particle parallelism occurring in the
shear zones enables the shear induced structures to be distinguished,
in polarized 1ight under an optical microscope, from the surrounding
material. This is because of the fact that the birefringence ratio
in both the shear zone and the ambient material determined from observat-
ions on areas of equal size will usually differ. Moreover, the shear
zone is characterized by the presence of shear planes. The shear
planeé are incorporated in a shear matrix which has a texture, extent and

orientatton of which depend upon the composition of the sediment and
its displacement history.

Using the above mentioned technique, Morgenstern and
Tchalenko (op. cit.) studied the shear induced structures developed at
the following stages of deformation in the shear box test:

a. Pre-peak strength deformation structure,
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b. Peak structure,
Cc. Post-peak structure,
d. Pre-residual structure,

e.' Residual structure.

They interpreted the structures develobed at the various
stages of shear in terms of the Mohr-Coulomb failure criterion and
demonstrated a progressive evolution from simple shear structures at
the peak strength state to principal displacement shears at the residual
state. However, we need concern ourselves here only with the structural
features of the large displacement shear zones. For a more thorough and
detailed account of the shear induced structures developed at various

stages of deformation in a shear box test, the interested reader is

referred to Tchalenko (1967).

From the microstructural examination of the large displacement
shear zones, Morgenstern and Tchalenko {1967 a, b) and Tchalenko (1967,
1968 and 1970) noted that a definite mode of particle arrangement is
associated with the residual strength. This particle arrangement in
the large displacement shear zones is found to be slightly different
from the classical concept of a parallel orientation of the shear zone
particles aligned in the direction of motion in the shear box.
Morgenstern and Tchalenko found that at residual state, the combination
of displacement along the first shears, referred to as the "Riedel (R)
shears", which appear just before peak shear strength is reached
and thrhst shears, referred to as the "P shears", which evolve as post

peak structures leads to the formation of the principal displacement
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shears oriented in the general direction of motion in the shear box.
Simultaneously, the active portion of the shear zone decreases in

width until movement is concentrated in a very thin zone or on a single
slip surface. Morgenstern and Tchalenko (1967 a) also noted that the
ultimate structure doverning the residual strength is not achieved in
one traverse of the shear box. They found that the continuous slip
surfaces formed in their kaolinite samples after one traverse of the
shear boxes were distinctly wavy and it is fair to assume that further

displacement along these planes would have reduced theiirregularities.

The residual state shear zone structures formed in the
direct shear test, as observed by Morgenstern and Tchalenko (1967 a)
and Tchalenko (1968), are illustrated in Figs. 2.5 and 2.6. Generally
the particles forming the displacement discontinuity were initially
at an angle of 0° to'-15° to it. Where these displacement discontinuities
evolved further, they were composed of two thin bands of particles at
their periphery aligned in the direction of motion, separating a
thicker highly oriented band with particles aligned at -40° to -50°
(Fig. 2.5). This internal structure was termed "compression texture"
by Morgenstern and Tchalenko (1967 a) and compression textures are often
found in the shear zones of landslides in clays (Morgenstern and
Tchalenko, 1967 b). The basal planes of the particles inside the
compression texture are usually found to be approximately normal to the

major principal stress (Figs. 2.5 and 2.6).

This ultimate structure governing the residual strength was

also produced by the same authors by precutting a horizontal plane in a
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kaolinite sample and subsequently shearing it along the precut plane

to the residual state. Tchalenko (1967) studied the ultimate structure formed
in a reversal test specimen (Fig. 2.7) that was subjected to several

travels made in opposite directions. The shearing off of protrusions

at each reversal produced thin horizontal bands (as shown in Fig. 2.7)

which retained to a certain degree the two compression textures produced

by the opposite displacement directions.

Morgenstern and Tchalenko (1967 b) and Tchalenko (1968, 1970)
supplemented their observations on the shear zones from the laboratory
samples with further microstructural observations on the shear zones
from field s1ips and demonstrated that similar ultimate structures also
characterise the large displacement shear zones in field slips. They
observed well developed compression textures in the shear zones fromi
slips in Oxford and Atherfield clays (Morgenstern and Tchalenko, 1967 b).
.Tcha1enko (1968) provided the most impressive example of compression
texture developed in a large diSplacemedt shear zone while dealing with a
lands1ide at Walton's Wood in Staffordshire.

"Hence, from their exhaustive study of the microstructural
features of the large displacement shear zones in laboratory samples,
Morgenstern and Tchalenko (op. cit.) and Tchalenko (1968) established
that the principal displacement discontinuities formed at the residual
state in a shear box are comprised of substructures of the thrust type
and compression textures in which the average particle orientation is
approximately normal to the major principal stress (Figs. 2.5 and 2.6).
The major principal stress can be predicted to be at 45°-¢r'/2 to the

direction of the slip surface which is also the general direction of
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movement and the microscopic substructure of the shear zones seems to

confirm this (Tchalenko, 1970). This is also true for shear zones in

the field where deformation approximates direct shear condition at large

strains.

In the case of shear box specimens, Morgenstern and Tchalenko
(1967 a) and Tchalenko (1967) accounted for all the components of the
shear induced structures by some combination of basal-plane gliding
producing translation and rotation. The development of displacement
discontinuities across a particle did not appear to them to be a
possible mode of motion presumably because of the high relative strength
of the particles. Hence, imposed irreversible deformations must be
accommodated by rigid-body movements of the clay particles. From an
examination of the substructures formed in the shear bax specimens,
Morgenstern and Tchalenko (1967 a) found that kinking is the dominant
mode of deformation in the production of the major structures. Paterson
and Weiss (1966) emphasized the mechanical instability associated with
the kinking process in triaxial tests on phyllite. They demonstrated
that when gliding begins locally within the body, the glide plane
rotates to orientations more favourable to gliding. _The process stops
when the shear stress on the glide plane can again be supported by the
resistance to gliding. The relaxation and redistribution of stresses

around a kink-band* is apparently reflected for these tests on phyllite

—
Kink-bands are defined as "tabular fold-zones resulting from the
operation of a shear couple" (Dewey, 1965). They are structures of a

characteristic geometry and are found both in deformed foliated rocks
and in single crystals.
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in the shape of stress-strain curve. The final orientation of the
foliationh in each 1imb of a kink-band has as yet received little attention
in the laboratory. The results reported by Tchalenko (1967) suggest

that in the shear box configuration, the bedding in the short limb

tends towards the normal to the major principal stress direction whereas

in the long 1imb it remains parallel to this direction.

Tchalenko (1968) has shown that the compression textures
are usually brought about by the jnteraction of the microscopic shear
discontinuities and kink-bands which form in simple shear defornntiéns
taken to large strains. Detailed examination of the development of
kink-bands and compression textures led Morgenstern and Tchalenko
(1967 a, b) to suggest basal plane s1ip as the basic mechanism of
deformation in the shear induced structures at large strains. Although
no detailed explanation for the compression texture was given by
Morgénstern and Tchalenko (op. cit.), the closest analogy of this
feature is with the observations by Bowden and Tabor (1964) on the
attitude of graphite crystals in friction tests. From their observations,
Bowden and Tabor {op. cit.) also suggested basal plane slip as the
dominant mode of deformation in the compression textures formed in
polycrystalline graphite subjected to s1iding friction. These friction
tests conducted by Bowden and Tabor (op. cit.) on polycrystalline graphite

are described in the next section.

These deformation mechanisms postulated from the micro-
structural examination of the shear zones in laboratory samples were

later applied successfully by Tchalenko (1970) to interpret similar
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structures in tectonic shear zones in hard rocks. The movement picture

is obviously more complicated in field shear zones than the one postulated
for the laboratory tests because deformation in the field takes place
both on the submicroscopic scale in the compression texture and on the

microscopic scale in the discontinuities.

Hence, if basal plane slip is the dominant mechanism of
deformation in the shear induced structures at large strains, then it
would appear that the physical basis of residual strength may reside
in the solid friction along the mineral basal planes and the shearing
resistance at large strains is due to the frictional property of the
mineral basal planes. A similar view has been expressed by Morgenstern
(1967) who in fact suggested that the physical basis of the low
residual strength exhibited by most clays may reside in basal plane
shear of platy particles. In this respect, the low friction of lamellar
solids such as graphite is suggestive and it may be rewarding to study
recent research in solid lubrication in order to further our under-

standing of the nature of residual strength in clays.

2.6 Frictional Behaviour of Solid Lubricants

The best known solid lubricants which combine anisotropy
with good substrate adhesion are the lamellar solids, graphite and |
molybdenum disulphide (Mosz). Although a large variety of solids is
sti1l being studied, the vast majority of inorganic solid lubricants

in practice contains graphite, MoS2 or a hlend of the two.

The crystal structure of the two materials is similar.
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They have a “layer-lattice" structure (similar to some platy clay
mﬁnerals) 1ﬁ which the atoms in each layer or "basal planes" are
located at the corners of regular hexagons. Their hexagonal structures
are illustrated in Fig. 2.8. In graphite, the interatomic distance
between the carbon atoms within the basal planes is 1.42 R whereas the
basal planes themselves are 3.40 A apart (Fig. 2.85). Each layer in
quz consists of three planes - a central molybdenum core sandwiched
between sheets of sulphur atoms (Fig. 2.8b). In both graphite and
MoSz, strong covalent bonds exist between the atoms in each layer which
are able to withstand high pressures normal to their surface but the
bonding between the layers or the basal planes are physical (van der
Waal type) rather than chemical and hence comparatively weak.

Estimates for graphite indicate that the interlayer bonding energy
between adjacent carbon atoms within each plane may range from 1 to 20
kilocalories per mole whereas the bonding energy between the basal
planes never exceeds 0.5 to 5 kilocalories per mole (Braithwaite, 1964).
Under shear, the lattice therefore separates most easily between the
basal planes, although the force required to effect this separation will
depend critically upon the manner in which the interlayer bonds are
broken. In the case of Mosz. the lattice also separates easily between
the basal planes because the bonding energy between the triple plane
sets is weak van der Waal's bonding (0.5 to 5 kilocalories per mole).
The force required to shear the graphitic structure along the basal
plane is dependent not only upon individual bond strength, but also
upon the total number of bonds under shear at any one time. This

concept has also been shown to be valid for shearing in soils by
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Mitchell et al. (1969) from their extensive study of the relationship
between bonding and strength of soils (described previously in
section 2.4).

Bowden and Tabor (1964) have favoured molecular adhesion
between surfaces as the most possible cause for frictional resistance.
Tomlinson postulated the theory of molecular adhesion in 1929 and in
its simpiest form, the theory states that the load between two sliding
surfaces is supported by repulsion between molecules on either side which
penetrate beyond one another's field of attraction and that energy lost
through penetration followed by separation during sliding manifests
itself as friction. A detailed account of the molecular adhesion
theory of friction, its limitations and comparison with other postulated
theories of friction has been given by Carlisle (1965). While dealing
with the Roberts Mountains overthrust in north-central Nevada, Carlisle
(op. cit.) demonstrated by crude calculations with the Tabor equatiohs
that the low angle (2°-3°) gravity sliding on the eastern 50 miles of
the large overthrust can only be accounted for by the coefficient of
s1iding friction of the wet, undrained clay layer (with abnormally high
poée pressures) between the upper and the lower limestone blocks of the
thrust sheet and this coefficient of friction of the interface clay
layer was estimated from the strengths of materials using a modified
adhesion theory of friction developed by McFarlane and Tabor (1950 a,
b) for ideal plastic materials. The Terzaghi-Bowden and Tabor adhesion
theory of friction has also been favoured by a score of research

workers (such as Trollope, 1961; Morgan, 1967 and Mitchell et al., 1969)
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as the theory that describes the nature of shear strength in soils.

There are four types of intercrystalline bonding in
solid lubricants:

i) edge-to-edge,
-ii) edge-to-basal plane,
iii) multiple junction, and
iv) basal plane-to-basal plane.
For most solid lubricants, sliding is easy along well defined cleavage
planes (Bowden and Tabor, 1964). The low friction of lamellar solids
is thus explained by the low force required to shear the cleavages
because of weak interlayer bonding. Hence, the recent research in solid
lubrication appears to suggest that in the case of a mineral with a well
defined basal mode of cleavage, the resistance to shear along the

cleavage planes will be low and consequently, the mineral will exhibit

Tow shear strength.

Many measurements have been made of the friction of
polycrystalline graphite (Bowden and Tabor, 1964) and the definite mode
of structural arrangement of‘graphite grains observed during these
friction tests is remarkably similar to the shear zone particle
arrangement associated with the residual strength of clays. For steel
on graphite or graphite on graphite, the friction is of the order
u=0.1. Asingle crystal of graphite is surprisingly ductile and there
is evidence to show that dislocation movement is relatively easy.

Hence, as mentioned earlier, separation of one plane from another by

cleavage can occur far more rapidly if suitable tensile stresses are
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applied. The major deformation mode for polycrystalline graphite subjected
to sliding fr1ét10n is by cleavage from an edge of a grain or defect
within the grains rather than by plastic flo&. Electron diffraction
studies have revealed that after a graphite surface has been subjected
| to rubbing, some of the grains acquire a preferred orientation as shown
in Fig. 2.9. The angle of tilt © of the basal planes of these grains
is about 5° to the horizontal so that tan © = 0.1. This means that
the basal planes are normal to the resultant (R) of the normal load (W)
and the frictional force (F) and this has been referred to as a
"compressional texture" by Bowden and Tabor (op. cit.). Although the
detailed process by which this structure is achieved are not yet
known, similar features have been observed during friction and wear
studies on a variety of materials (e.g. Alison, Stroud and Wilman, 1965).
However, Midgely (quoted by Bowden and Tabor, 1964) has suggested that
there may be rotation of 1nd1v{dual grains, some basal plane slip and
in addition the removal of crystallites in unfavourable orientations.
If the direction of s1iding is reversed, the friction of graphite is
initially increased (u = 0.12) but soon returns to a lower value
(v =:0.1) and the orientation of the compression texture is reversed
in direction. This phenomenon is also observed in shear tests on
soils. Hence, the attitude of graphite crystals in these friction
tests is the closest analogy from the field of solid lubrication to

the ultimate compression textures observed in the large displacement

shear zones in clays.

The classical interpretation of the low friction coefficients
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of graphite and MoS2 in terms of weak interlayer bonding has, however,
been rejected by some reéearch workers such as Finch (1950) and
Spreadborough (1962). Finch (op. cit.) has expressed the opinion that
cleavage by simultaneous rupture of bonds in a plane needs very high
energy. Spreadborough (op. cit.) has further discredited the idea of
nease of shear" and has proposed that graphite does not shear readily

and failures are usually tensile unless a high compression is superimposed.
He visualises the friction process in graphite being first an orientation
of surface crystallites into a basal plane orientation nearly paral1el.
to the surface. The cleavage fragments then roll up into minute

scrolls and Spreadborough (op. cit.) has proposed that the low friction
is due to rolling of these scrolls between the surfaces. Although this
{s an interesting suggestion, there is no quantitative evidence to show
that this is so. Most of the evidence is in favour of the view that
graphite is strong in compression, so ¢iving a small area of contact,

and weak in shear, so giving a low value to the interfacial shear

strength (Bowden and Tabor, 1964) .

Kenney (1967) has pointed out that the residual friction
angle (¢r') of a natural soil or of a clay mineral is dependent
on the magnitude of normal effectiVe stress (cn'). A
variation in ¢r' with cn‘ has also been observéd for brown London clay
by Bishop, Green, Garga, Andresen and Brown (1971). From these results,
a significant decrease in residual strength can be found with
increasing pressure for clayey materials. This has important

{mplications for the interpretation of large scale geological thrust
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and gravity structures. For example, Shouldice (1963) reviews evidence
of gravity-induced s11ding movements along a thin bentonite seam
within the Colorado shale. This seam is inc¢lined at only 2° to the
horizontal but is beneath 1,100 feet of sediment. A strength
extrapolated from Kenney's (1967) data would account for this feature.
A similar example of the reduction of residual friction angle at high
normal stresses playing a major role in inducing a low angle (2 to 3°)
gravity s1iding along a saturated clay seam between the 1imestone thrust
sheets of the Robefts'Mountains overthrust is ‘also reported by Carlisle
(1965). The practical significance of the variation in ¢.' of the
brown London clay with on' as applied to slope stability analysis has
been discussed by Bishop et al. (1971).

However, no explanation for this observed variation 1"-¢r'
with cn' has been offered in the geotechnical literature. The
coefficients of friction of some solid lubricants (such as graphite
and Mosz) are also found to decrease with increasing normal loads
(Fig. 2.10) and an explanation for this non-linearity of friction with
stress level is available in the solid lubrication literature. Since it
is apparent from reviewing the solid lubrication research so far that the
nature of residual strength in clays may be quite similar to that of some
common lamellar solids, it may not Be entirely unreasonable to presume
that the model developed by researchers in solid lubrication to explain
the variation in friction of lamellar solids with stress level may also

be applicable to explain the variation in or' with on‘ for soils.

The variation in the friction of lamellar solids with
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applied stress has been éxplained in terms of the dependence of the area
of real contact between sliding surfaces on the applied load (Bowden
and Tabor, 1964). The studies of surface topography using refined
profilometer techniques have made it possible to demonstrate that even
the most highly polished surfaces have a relief in the order of hundreds
or thousands of angstroms and when placed together they are in real
contact only at high points. The real contact area increases as the
normal load is increased. If frictional resistance is caused by
molecular adhesion, then friction might be expected to be related to the
area of real or intimate contact rather than the total area of apparent
contact. However, according to the classical law of friction proposed
by Amonton (1699), coefficient of friction should be independent of the
area of the surfaces in contact during sliding. Hence if the friction
coefficient decreases as the load is increased (Fig. 2.10), Amonton's
law is evidently not being obeyed. This is indeed the case for most
1amellar solids and clay minerals which exhibit a marked variation in
the coefficient of friction with the applied stress especially in the
low pressure range (Figs. 2.10 and 2.1).

Because of the experimental difficulty of determining the
true area of contact, a number of theoretical models have been ,
developed in the field of solid lubrication showing how the contact
area may be expected to vary with the load. The simplest and most -
instructive is that due to Archard (1953). He has considered a surface
covered with asperities of spherical shape. The two extreme types of

deformation are purely plastic and purely elastic. For purely plastic
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deformation, the area of contact is directly proportional to the load.
1f the deformation of asperities is truly elastic, the Hertz theory

requires that, for a single asperity pressing against a smooth surface,

A = k. we/3 - (2.5)

rather than the direct proportionality of the area of true contact (Ac)
and load (W), the constant k being related to the local radius of

curvature of the surface and the elastic constants of the materials.

Archard (1953, 1957) has then proposed two possible ways
jn which elastic deformation can take place.

a. Contact occurs over a fixed number of asperities and
the effect of increasing the load is simply to increase the elastic
deformation of each asperity. In this case, the area of real contact
is proportional to H2/3.

b. Contact occurs over a large number of asperities, the
average area of each deformed asperity being constant. Increasing
the load in this case increases the number of regions of contact
proportionately. Clearly the area of real contact is directly
proportional to W.

With real surfaces, we may expect an intermediate behaviour.
Consequently, for pure elastic deformation the area of real contact will
be proportional to W", where n lies between 2/3 and 1.0 (Lincoln, 1953;
Rubenstein, 1956 and Archard, 1957). If this is the only factor
affecting the friction, the friction will also follow a relationship
of this sort.
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Campbell (1969) has explained the decrease in the coefficient
of friction of HoSz with increasing normal load (Fig. 2.10) in light of
the above model. The model has also been confirmed experimentally,
both with polymeric minerals (Archard, 1957) and diamond (Bowden and
Tabor, 1964). Diamond is, of course, a very hard material and we
should expect the deformation in the contact region to the mainly
elastic. Bowden and Tabor (op. cit.) have demonstrated that for diamond
on diamond, the geometric area of true contact varies as NZ/ 3 (which
is in exact agreement with I-I.ertz's solution for purely elastic deformation).
Consequently, the coefficient of friction decreases as the load is
increased (Fig. 2.11) and follows approximately a law of the type
p = kW3 4n the low normal load range. Archard (1957) and Bowden
and Tabor (1964) have further shown that in the high load range where
the number of contacts per unit area is large and tends to increase
as load is appHed, n approaches 1.0 at which limit elastic and plastic
Junction growth are equivalent. This means that in the high normal load
range, the area of true contact is proportional to W and consequently,
the coefficient of friction becomés independent of the area of real
contact and Amonton's laws are obeyed again.

The abovementioned model may help to explain the variation
in 4’r' with o ' for some clays whose frictional characteristics are
remarkably similar to those of the lamellar solids. The concept may
be specially applicable to heavily overconsolidated clays which are
sheared under low normal stresses because under these circumstances,

the deformations at the interparticle contacts may be truly elastic.
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An attempt has been made in the next chapter to explain the variation
in ¢r' with on' for clays in 1ight of the above mentioned model.

In conclusion, it may be stated that there is a striking
resemblance between the frictional behaviour of the lamellar solids
and some clays and extensive use of the concepts of friction derived

from the solid lubrication research has been made in this
| dissertation to establish a physical basis for the residual strength

of pure clay minerals.
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TABLE 2.2

ACTIVATTON ENERGIES FOR CREEP OF SEVERAL
SOILS (AFTER MITCHELL ET AL., 1969)

Soil _Experimental activation energy,
‘{n kilocalories per mole

Saturated, remolded illite;
water contents of 30% to 43% 25 - 40

Dried 111ite; samples air dried

from saturation then evacuated

over dessicant 37
Undisturbed San Francisco Bay mud 25 - 32
~25

Dry Sacramento River sand
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TABLE 2.3

ACTIVATION ENERGIES FOR CREEP OF SEVERAL MATERIALS
(COMPILED BY MITCHELL ET AL., 1969)

Material KiTocatortes per mole

Water 4 -5
Plastics 7 - 14
Asphalt : 14 - 20
Dilute montmorillonite-Water paste ~ go‘- 26
Soil-asphalt | 27
Undisturbed and remolded lake clay 23 - 27
Dry sand ~25

. Overconsolidated Osaka clay | 29 - 32
Undisturbed San Francisco Bay mud ) 25 - 32
Saturated illite 23 - 40
Dried i11ite 37
Concrete 54
Metals 50

Frozen soils A 94
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TABLE 2.4

THEORETICAL STRENGTHS* OF VARIOUS TYPES OF BOND

Type of Bond Strength in Kilocalories/gm-mole
Primary valence bond , 20 - 200
Hydrogen bond 5- 10
Secondary valence bond 0.5- 5

* values obtained from the book entitled “Mechanical Behavior
of Materials" by McClintock and Argon (1966) : Addison-Wesley

Publishing Company, Inc., Mass., U.S.A.



52

[.% }

oo | sonara sons | " Quartz, Feiapor, Cultite
9 \\ >,:;— No-Hyarous mico, J0gm Na CA, <2 p
e 0.4 f— hpmnd o IO gty ey s - ! .

—— e s S— . an— NIy T e e e — —
2 -\\q -Hyorous m.;c.oqm;F:. 20-&?0’:;' Muscovite
= -_::i" ! . 1 Xaounite
o2 o DL et DT SRy )

S A )
P——— 1 ~NO -Montmoriitonite, 30¢m ho CU/L
,«L Ng-Mont. 0:-n,"L 4 :
° ) -

0 ] 2 3 4 S [] 7 [ ]
Normol stress O, hgremt

AT T
* Co‘Mon}.Own

FIG. 2.1 RELATIONSHIPS BETWEEN TAN¢ ' AND
NORMAL STRESS FOR DIFFERENT
MINERALS (AFTER KENNEY, 1967)

= 1.2 v
i /Owru,l’emnr,mu
£ - |
] o~
» 08 - 79\4‘“'“ -} Muscovite
P / ! 6"0“: — -
oe //‘-*7J//r/ =
R ot L oo
. P e te
o4 / s
d / »—__v‘
2 Wt el e Montmore
-i ° i p } inonite
o . -

o 02 0.5 1.0 1.5 20 2.5
Normat stress Ga kglem?

FPIG. 2.2 RELATIONSHIPS BETWEEN RESIDUAL
SHEAR STRESS AND NORMAL STRESS
FOR DIFFERENT MINERALS (AFTER
KENNEY, 1967)



oy -
NOLeT 8) Hyoreus mics, Oy o .0 kg rcm?
AR Aner tests @, 0 V.0 ngrem?
_-.J-l Mehnets of sambles o % M
os T e ees o e
Ngeines quich chey
(¥ ) |
o4 g s
! PN T :&swh\fa;‘.-v.- 3 [ £ '.'.':%t-'-'.‘.‘::
> N Myoraus mies, 0.9 M. NeCl
2os
- Keslinite
.2 —ede=— oCa- enite <ONP
+ [} s
o ] {Nvaom cloy € 40y
Y meeremsespeomaeae t e coee
-¢ eeheompesss \Na-wm.bu-
° Ne-montmoritienits, OM. €01y | <2
o° o' w0? 0? 0 w? L

Tume for S010rMANISh, MIMASS! MR

FIG. 2.3 INFLUENCE OF RATE OF STRAIN ON
RESIDUAL STRENGTH (AFTER KENNEY, 1967)



’ © Undisturbed nrermaily consolideted bey mud L
8 L= o Undistwrded over consolidared boy md

& Remolded sormally consalidered boy mud ' //
P 1= o Nwmelly consolideted Tiite . !

® Dry Antiech sond ] /

N\

. bty

L
[ ]
o

Compressive Strength = Kg/cn®
e a

."( PO

B

o

0 2 q [} [ ] 0 R 14 16 8 20 2 2
Nvmber of Bonds - 10'° per em®

FIG. 2.4 COMPRESSIVE STRENGTH AS FUNCTION OF NUMBER
OF BONDS (AFTER MITCHELL ET AL., 1969)



55

THEVA TVILINI FHL NI STIDIINVd = SVAV ALIEM

IVINAI¥O FIOLIAVA = SONIHDIVH ‘XTIALIDAISHE

SHIONTELS TVAQISTE QXV NVAd IV SNQIIOTHIQ SSRELLS TVAIONTUd d0rvi = 1o “To
s

$9an1IIIV OT¥EVd TVILINI = $SUVANS TAQAIY = ¥ $SUVAHS ISNYHL = d
1891 ¥VIHS IOTIIA 3HL NI QINI0 STINLIONYLS

(8961 ‘OMNITVHOL ¥aldV) FANLILIV D
¢INIXAL NOISSTYAWOD FHL NI NOL

9°7 014

wOo0s
P

(8961 ‘OANITIVHOL ¥314V) 3aNIILIV OT¥EVd TVILINI 3HL NI SATOIIAVd
= SYTIV FLIAM ¢MIAIXAL ROISSTEJA0D FHL NI NOIIVINAI¥O FIDIINVd = SONIHOIVH

¢ LONTYIS TVOQISTI IV NOLLOTYIQ SSTALS TVAIONTEd ¥OLVH = 10 (SUVAHS ISMMHL = d
- 1SAL WVIHS IOAIIA FHL NI SUVIHS INWADVI4SIQ TVAIONTHd

3
AR

i35 SRR
\

et M

¢°7 012



56

(1961 ‘CANATVHOL ¥4LAV) ISIL WVAHS

I0FIA JHL NI NIKIDAAS 1S3l TVSYIATY V NI (IWHO0d STANIONILS

Lz *01d

FLINIIOVN & TVEINIR




57

(6961 °“T134dWVD WO¥A) FAIBIINSIA RONAHATON
NV ZLTHAVE9 20 STINIONYLS TVISXED 10 NOILVINASTNIIH 8°C *014

opTydInsTp WNUaPqATON :q.
d ‘e
O worv unsns aApydery

O KOLY WANZGBAION (9)
V't
[ ]

© NO1Y NOGUY) (%)
]
s

N H

SR .
vorel ! H .““ - auepd jeseq




58

(96T “90EVL ANV NIAMOH HO¥d) ONIAITS ¥ALAV
g1IHdVYO ANITIVISAYDATOd JO SANVId TVSVE J0 ONILITIL

5 =0 m

= ="

6°C

*013



FI1G.

FIG.

”~N

=

o

go-;s

ord

&

3]

owd

$ud

[<7)

w010

)

&

e

T0.08

o L ]

-l

el

U4

§ 2 [ 1 A
0 3 2 3 b

Load, kgs.

2.10 VARIATION OF FRICTION COEFFICIENT WITH LOAD
FOR M052 FILM ON Cr. (AFTER CAMPBELL, 1969)

0ok
: II (Outgassed)

Coefficient.of Friction (1)

0-1:\\\\~._—>
I (In air)

0 10 20 30 40 SO 60 70

Load, gms.

2.11 FRICTION OF DIAMOND AS A FUNCTION OF LOAD: THE
COEFFICIENT OF FRICTION INCREASES AS THE LOAD IS
REDUCED AND FOLLOWS APPROXIMATELY A LAW OF THE
TYPE u = kWw1/3 (AFTER BOWDEN AND TABOR, 1964)
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CHAPTER III

A WORKING HYPOTHESIS FOR THE RESIDUAL SHEAR STRENGTH
OF PURE CLAY MINERALS

3.1 Physical Basis of Residual Strength

The residual strength of a soil is governed by the mineral
composition of the soil and is independent of factors such as stress
ﬁistony. initial structure and strain rate that affect the path dependent
properties of soils. It was stated in the previous chapter that the
residual state is reached at large strains when the strength of the soil
resides solely in its frictional resistance. Microstructural observations -

have indicated that the deformation at large strains is mainly accommodated
by basal plane slip.

The modes of cleavage and the types of bonding energy available
along the cleavage planes for various minerals have been compiled in
Table 3.1 and the minerals are listed in Table 3.1 in order of decreasing
values of tan¢r'. The symbolic structures of the common clay minerals
under consideration in this investigation are presented in Fig. 3.7 which
also shows the nature and type of cleavage planes in these minerals.
Examination of Table 3.1 immediately reveals that most of the minerals
that have easy 001 basal cleavage demonstrate relatively low residual
angles of friction. In Table 3.1, attapulgite is the only clay mineral
with 110 cleavage plane and it exhibits a high residual friction angle
compared to the common platy clay minerals with easy 001 basal cleavage.

Quartz has no cleavage at all and it possesses the highest friction angle.

60
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Hence, it is poétu]ated that the residual strength of clay minerals

depends on the mode of cleavage at large strains. Common platy clay
minerals such as kaolinite, 111ite and montmorillonite which have well
defined 001 basal cleavage planes offer low resistance to shear at large
strains while a clay mineral such as attapulgite which possesses a staircase-
1ike 110 cleavage plane (Fig. 3.1) offers more resistance to shear at

large strains. The meaning of the term "basal cleﬁvage“ must be clearly
understood at this point. An actual mineral particle does not usually
consist of only a few basic layers as suggested by the symbolic structures
in Fig. 3.1. Instead, a number of sheets are stacked one on top of
another to form a crystal. A normal kaolinite particle may contain about
115 of the basic two-layer units (Lambe and Whiteman, 1969). The linkage
between the basic two-layer units in kaolinite consists of hydrogen
bonding and weak secondary valence forces (Table 3.1). The planes

between the basic two-layer units are called the 001 basal planes along
which cleavage is easy. However, this is not to say that at residual
state, slippage occurs along the basal planes within a crystal. Slippage
within a mineral crystal is conceivable only in the case of montmorillonite
for which the c-axis dimension may expand from 9.6 to 18 A depending on

the availability of water. In the case of kaolinite and minerals of

the muscovite group for which the c-axis dimensions do not expand in
contact with water, slippage along basal planes will not occur within

the mineral crystals. In fact, the work done by Bailey and Courtney-Pratt
(1955) and Bailey (1961) on friction and adhesion of clean and contaminated
mica surfaces have shown that the force required to shear the junction
formed between clean smooth mica surfaces is very high (in the order of

10 kg./mm.z) and a monomolecular layer of soap deposited between the

cleavage surfaces of mica reduces the area of mineral-to-mineral contact
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considerably and decreases the shear strength to 250 gm./mm.2 In view of
these findings, it would appear that for minerals of the muscovite group
and for kaolinite, slippage at large strains would not occur along the
uncontaminated basal planes withfn the mineral crystals because of the large
area of contact (implying high shear strength) along the basal planes
within the crystals. Instead, slippage at large strains would be easier
along the basal planes in the 1nterp;rt1cle.contacts (which are fewer in
number) in the shear zone. Hence, it is postulated that the resistance

of the mineral cleavage planes in the shear zone 1nterp5rticle contacts
against slippage is the source of residual strength and the residual shear
strength is due to the frictional property of the mineral along its

cleavage planes in the shear zone interparticle contacts.

It now remains to show why minerals having similar modes of
cleavage exhibit different residual angles of friction. For example,
hydrous mica, kaolinite and montmorillonite have 001 basal cleavages;
but among the clay minerals montmorillonite possesses the least strength
and the residual strength increases in the order: montmorillonite, kaolinite
and hydrous mica. The same trend can be observed for mica and talc (Table
3.1). Both have 001 basal cleavage but mica is stronger than talc in
resisting shear. It has been customary so far to explain the difference
in strength between common clay minerals on the basis of the thickness of
adsorbed water layer. However, the following arguments can be put forth
to demonstrate that the nature or the thickness of the adsorbed water

layer does not contribute to the residual strength generating mechanism.

a. Residual shear strength has been found to be independent
of the rate of strain (Kenney, 1967). However, if adsorbed water is

viscous in nature and if 1t controls the residual shear strength, then



€3

restdual strength should be strain rate depehdent. But the very fact that
the residual strength is not strain rate dependént implies that the nature
of adsorbed water has, if any, very minor effects on the basic strength

generating mechanism at large strains.

b. The normal stress across an 1ﬁterpart1c1e contact in the
large displacement shear zone would be high enough to extrude any adsorbed
water film from between the contact. This means that there is essentially
mineral-to-mineral contact at the interparticle contacts. However, at
large strains, failure will go through the solid interpraticle contacts
and the adsorbed water films between the shear zone particles; but if we
accept adsorbed water on clay particles as a two-dimensional fluid whose
properties are essentially the same as those of normal 1iquid water (Martin,
1960), then the contribution of the adsorbed water film in resisting shear
at large strains will be negligible. In this context, it is worthwhile
to review the intrinsic permeability data reported by Lutz and Kemper (1959)
for various clay-water systems. Their data show that increasing the pressure
gradient across bentonite and halloysite samples increases the permeability
of the samples and they attributed this increase in permeability to a
disruption of the water structure around the clay particles by shear force.
For Na-clays, the effect was particularly large and an increase in pressure
gradient from 2 to 3 psi across a 1 cm. thick specimen resulted in a
considerable increase in permeability. This would tend to suggest that the
shear strength of adsorbed water films is probably very small. Hence, the
primary source of residual strength is postulated to be the frictional
resistance offered against slippage by the mineral cleavage planes at the

solid interparticle contacts between the shear zone particles.

c. Probably the most convincing argument to illustrate that
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physico-chemical explanations are indeed inadequate to establish a physical
basis of residual strength was put forth by Morgenstern (1967) in his
general report on shear strength of stiff clays to the Oslo conference.
While reviewing Kenney's (1967) data, he compared the index properties and
the friction angles of needle shaped attapulgite and other common platy clay
minerals and made some very interesting observations. The attapulgite used
by Kenney (Table 2.1) contained 74% clay size material and had 11quid'and
plastic limits of 345% and 105% respectively. The specific surface

(123-190 m. /gm , Haden, 1963) and cation exchange capacity (22 me./100 gms.,
Kenney, 1967) of attapulige are comparable to those of i11ite (80 m. /gm
and 30 me./100 gms.) and much higher than:those of kaolin (10-20 m. /gm.

and 9 me./100 gms.). Thus attapulgite has index properties comparable to
montmorillonite or i11ite but its residual angle of shearing resistance

(¢r' = 30°; Kenney, 1967) is well above those found for other clay minerals
and it behaves more like a silt or fine sand from the point of view of
residual angle of friction. Hence, attapulgite seems to defy all physico-
chemical explanations.: This prompted Morgenstern (1967) to suggest that
{nvestigation into the nature of residual strength of attapulgite would be
critical 1n establishing a physical basis of the residual strength. To
explain the high residual friction angle of attapulgite, the following

reasons are offered.

{. Attapulgite, as supplied, is always in the form of aggregates -
an aggregate being a bunch of many intermeshed crystallites (Haden, 1963).
These &ggregates have a haystack-1ike structure in yhich the individual
needles are arranged in a random fashion and are in general incapable of
relative motion. The dispersion of attapulgite is said to be extremely
difficult. Depending upon the extent of heat treatment of the raw clay

during the manufacture of the industrial product, the chances of its
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dispersion could be almost negligible (Haden, op. cft.). Borowicka
(1965) has expressed the view that massive minerals owe their high strength
to their ability to form 1nterlock1ng grains. The needle shaped aggregates
of attapulgite also show a high degree of 1ntermesp1ng which probably
do not segregate even at large strains and this may be one of the
| reasons for its high residual strength. Haden (op. cit.) has, however,
pointed out that attapulgite is dispersible in some organic liquids.
Therefore, attapulgite may exhibit lower residual strength in organic
| dispeising liquids. Tests on this mineral will, therefore, be
crucial to fhe understanding of the nature of residUal strength. For
the purpose of research envisaged in this study, the special colloidal

variety (resulting from controlled heat treatment) should be used.

11. The structure of attapulgite fs very different from those
of the common clay minerals. In physical shape, attapulgite differs from
the more common clay minerals by being fibrous or needle shaped while
the others are platy. Attapulgite has an amphibole structure with a

double silica chain connected by a magnesium in the octahedral combination
(Fig. 3.1). The result is a three layer structure. The three layer strips
are joined at the corners by Si-0-Si bonds into a structure resembling

a checkerboard in cross section, with free channels about 3.7 R by 6.0 :
running the length of the needles. Since the structure is three dimensional,
no montmorillonite type of swelling can occur (Haden, 1963). Also the
cleavage of attapulgige is easiest along the Si-0-Si bonds giving

1t a staircase-1ike rather than a basal cleavage as in the case of platy
clay minerals. The cleavage patterﬁs“Qf attapulgite and montmorillonite
are shown schematically in Fig. 3.1. It is easy to conceive that
attapulgite with cleavage along 110 plane at the interparticle contacts

~ in the shear zone will exhibit much higher resistance to shear compared
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to montmorilionite or any other platy clay mineral with easy 001

basal cleavage.

111. The composition of attapulgite is an important factor
in understanding the residual strength of this material. An 1ntérest1ng
comparison can be made between attapulgite and montmorillonite on the

one hand and mica and talc on the other.

Attapulgite: (°H2)4 (OH)Z’ Mg, . 518920.4H20
Moﬁtmoril]onite: (OH)4. A14. Siapzo.nHZO
Mica: (OH)Z' KA]Z.(513A1).0]0
Talc: (OH)Z' Mg3.(514).0]0

From Table 3.1, it can be seen that while mica has a high
frictional resistance (0.3-0.45), talc has a very low frictional
resistance (0.1 max.). The difference is due to replacement of one
sf1icon atom in the silica tetrahedra and the total absence of Mg in
mica (Bowden and Tabor, 1964). Moreover, one mica sheet 1s attached
to the next by strong potassium bonds while such a bond is totally
absent in talc (Brass, 1937). In the case of attapulgite and
montmorillonite, the compsoitions are strikingly similar except for the
Mg and Al and the greater inter-lamellar water in attapulgite. Preisinger
(1963) has shown that this inter-lamellar water is indeed a great
stabilising factor in attapulgite. Bradley (1940) has expressed the
view that replacement of Mg by Al in attapulgite should yield lower
strength for this mineral (see Grim, 1962). However, these changes
must occur in the crystal structure and are not to be confused with

ion substitutions. Hence they are difficult to achieve.
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iv. Since attapulgite has a good cleavage along the 110 plane
rather than 001 basal plane, its behaviour is comparable to that of a
massive mineral than a layer lattice mineral. In a massive mineral,
weter sometimes acts as an antilubricant (Horn and Deere, 1962). This
together with the fact that attapulgite contains a large amount of
stabilising inter-lamellar water indicates that water might also act as

an antilubricant for this mineral.

The above discussion on the residual strength of attapulgite
tends to confirm one of the postulates made earlier in this section,
namely that the residual strength depénds on the mode of cleavage at the
interparticle contacts between the shear zone particles and physico-
chemical explanations are inadequate to explain the difference in residual
strength among the common clay minerals. The comparison of frictional
behaviour between mica and talc made earlier indicated that the reason
for minerals with‘similar modes of cleavage exhibiting different residual
friction angles may residue in the nature and amounts of bonding energy
(which must be overcome during shear) available along their cleavage
planes. Ample support for this concept can be furnished from Table 3.1
which compiles the avilable data on bonding energies along cleavage
planes for various minerals. Let us first compare mica and graphite.
Both minerals have good 001 basal cleavage but mica has a higher
coefficient of friction (0.3-0.45) than graphite (0.058-0.10). The
difference in friction coefficients can be explained by the difference
fn bonding energies available along their respective basal planes.

Along its basal planes, graphite has weak van der Waal's bonding which
falls in the category of secondary valence bonds (0.5-5 kilocalories

per mole) while mica has strong potassium 1inkages in addition to
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the secondary valance bonding along 1ts basal planes. Hence in
comparison with graphite, mica offers a greater resistance to shear.

The reason for the difference in the frictional coefficients of

mica and talc has already been presented. It is further 1nteresting

to compare talc and graphite because both have good 001 cleavage and the
bonding along the cleavage planes of both of the mineralé is comprised
of weak secondary valence bonds. As would be expected, both minerals
exhibit approximately the same coefficient of friction (Table 3.1).
Turning our attention to the common clay minerals (Table 3.1), we find
that all the platy clay minerals such as montmorillonite, hydrous mica and
kaolinite have good 001 basal cleavage planes. However, the residual
angle of friction increases 16 the order: montmorillonite, kaolinite and
hydrous mica. Like the solid lubricants, the bonding energies available
along the cleavage planes of the platy clay minerals can be correlated
with their large strain frictional behaviour. The correlation between
the bonding energies along the basal planes of the platy clay minerals and
‘their coefficients of residual friction is presented separately in

Table 3.2 in which the platy clay minerals are listed in order of
decreasing values of tan¢r'. Table 3.2 clearly shows that among the
platy clay minerals, montmorillonite has the weakest bonding along

its basal planes. Furthermore, the d (001) spacing of distilled

'water montmorillonite can go from 9.6 R to 18 X depending on water
availability (Table 3.1). Consequently, it has the least

resistance to shear Smong the platy clay minerals. The difference

in tan¢r' between the distilled water and the saline montmorilionite
will be explatned in terms of the tnterparticle forces in the

next section. Hydrous mica, on the other hand, has fairly strong
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potassium 1inkages in addition to the secondary valence bonds

along 1ts basal planes and as a result, has the highest residual
angle of shearing reststance among the common platy clay minerals.
Let us now compare kaolinite with montmorillonite and hydrous

mica. Comparing the bonding energies from Table 3.2, we find

that in addition to the basic secondary valence bonding which is
common to all the platy clay minerais, kaoiinite has hydrogen

bonds (5-10 kilocalories/mole) along its basal planes and

this is probably why kaolinite is stronger in shear than montmorillonite.
However, these hydrogen bonds along the basal planes of kaolinite
particle contacts are probably weaker than the potassium

linkages along the basal planes in the hydrous mica particle
contacts. As a result, kaolinite is weaker in shear compared

to hydrous mica and exhibits a lower ¢r' than hydrous mica. Hence,
there seems to be a definite correlation between the residual
strength coefficients of various minerals with similar cleavage
modes and the bonding energies along their respective cleavage
planes that have to be overcome at the interparticle contacts during

shear at large strains.

Based on the above considerations, a mechanistic
pacture of the shearing process at large strains will now be
described. Micro-structural examination of the large displacement
shear zones in clays has shown that the particles in close
proximity to the principal displacement shear generally align
themselves approximately perpendicular to the direction of the
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major principal stress in the shear box and this shear zone structure
is called the compression texture. It is enclosed by two thin

bands of particles orfented in the direction of shear (Fig. 2.5).
The development of displacement discontinuities across a particle
does not appear to be a possible mode ¢f motion at the residual state
presumably because of the high relative strength of the particles. A
similar view has been .expressed by Tchalenko (1967). Hence, most of
the deformation at large strains occurs by basal plane slip in the
compression texture and also in the highly oriented zones enclosing
the compression.texture. The resistance offered by the basal planes
of the shear zone particle contacts against slippage at large strains
{s the residual shear strength of the mineral. It is also postulated
that the nature of shear strength of a clay mineral at large

strains is similar to the molecular adhesion theory of friction.
Shearing at large strains involves continuous rupturing and making

of bonds along the cleavage planes in the shear zone interparicle
contacts (which are mineral-to-mineral) and the adsorbed water films
between shear zone particles have, if any, very minor effects

on the basic strength generating mechanism at large strains.

The actual nature of these bonds is believed to be essentially

the same as that described by Mitchell et al. (1969) and in their
view, individual oxygen atoms can be considered as bonds or

flow units. An interparticle contact may contain a number of

bonds and a contact in a platy particle (with 001 basal cleavage)

s strong in compression but relatively weak in shear. Hence,

it 1s postulated that the residual shear strength of a clay mineral
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{s not only governed by its mode of c1éavage but also by the type

and number of bonds avatlable along its cleavage planes at the

shear zone particle contacts. There will be a direct relationship
between the number of bonds along a plane and the effective normal
stress on that plane. For the type of large strain shearing

process described above, 1t is imperative to establish that solid-

to solid interparticle contacts exist in soils and that they are

the only significant region between so!1 grains where effective normal
‘stresses and shear stresses can be transmitted. This is where the
work of Mitchell et al. (1969) make a great contribution because it

establishes that interparticle contacts in soils are effectively
solid-to-solid.

The above mentioned mechanism of shear at large strains is
basically derived from the concepts put forth by Morgenstern and Tchalenko
(1967, a, b) and Mitchell et al. (1969). Similar mechanistic pictures
of the shearing process have previoﬁs]y been suggested by other
researchers (for eg. Rosenqvist, 1959; Trollope, 1961 and Morgan, 1967).
However, most of them were concerned with rupturing and making of bonds
at subfailure stresses and no attempt was made to postulate a mechanism
for shear at large strains. Campaneila (quoted by Mitchell et al., 1969)
has recently obtained data that show that the number of bonds does not
change significantly with increases in strain. This seems to indicate
that the reason for observing a stabilised shear strength at large strains
resides in the phenomenon that at large strains, a constant number of
bonds is always ruptured and the same number of bonds is simultaneously
made along the basal planes at the interparticle contacts between the

shear zone particles.
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3.2.1 General

Kenney (1967) has concluded from his work that system
chemistry has a decided influence on the residual strength of Na-hydrous
mica and Na-montmorillonite especially at low stress magnitudes (Fig. 2.1).
In his view, the strength increases caused by increased ion concentration
in the pore fluid result from net increases of attraction between individual
particles and by the formation of bonds between particles. Kenney's
explanation appears to fall within the reasoning of the conventional
double-layer theory. However, if the basis of residual strength resides
in the frictional characteristics of the mineral cleavage planes and
if residual strength of a mineral is governed by its mode of cleavage, then
the double-layer theory of strength should be rejected. It has already
been demonstrated that the thickness and nature of adsorbed water have
virtually no effect on the residual shear strength because it is

independent of stress history, initial structure and rate of stratin,

3.2.2 Effective stress in a clay-water system

Since residual shear strength (Tres) is governed by the
normal effective stress (an') according to the classical Coulomb-Terzaghi
law, it would seem that the effect of system chemistry on residual
strength can best be understood by coﬂsidering the mechan{sm of effective

stress in an active clay-water system.

Fig. 3.2 shows an average interparticle condition for a fully
saturated active clay-water system in which besides contact stresses and
pore water pressures, electrical forces due to a net charge deficiency

within the lattice structure, a high specific surface and the chemical
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environment are significant. Following Lambé* (1960)and using the model
shown in Fig. 3.2, the equation for static equilibrium of hormal forces

perpendicular to a plane of unit area in the saturated clay-water system

may be written as

g1 = o..a #+ uw(1-a) + (R-A).(1-a) (3.1)
where oy °® the total normal stress acting on the plane under
"~ consideration

a = ratio of area of mineral-mineral contact to the
unit area (= a,, of Lambe, 1960)
O, *® the average contact stress acting on the portion of
the unit area, a (= o of Lambe, op. cit.)
u, = pore water pressure acting on the portion of the
unit area (1-a) where there is water-mineral
or water-water contact
and (R-A) = the net interparticle stress due to the physico-
' chemical environment that acts over the portion of
the unit area, (1-a).
Lambe (op. cit.) considers the physico-chemical component of the stress,
(R-A), as acting over the entire area under consideration, whereas
here they are considered to be acting only in the interparticle region

where there is no mineral to mineral contact. It is also implied

*The notations used here are different from Lambe's (1960). His
equations have been rewritten in terms of conventions and symbols
followed in this thesis.
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in Equation (3.1) that interparticle contacts are effectively solid to
solid which has already been established by Mitchell et al.'s (1969)

work. Equation (3.1) can be rearranged as
o, = log -y, - (R-A)l.a + u (R-A) (3.2)

According to Mitchell (1960), fu, + (R-A)] is the total pore water
pressure whereas in all of the equations in this formulation, the pore
water pressure u is defined as that pressure measured by a piezometer |
jnserted into the soil mass and containing a fluid exactly identical

with the fluid that would be squeezed out of the soil mass if additional
consolidation stressés are applied to the soil mass (Bailey, 1965). Now,

if (o, - "w) is called o', Equation (3.2) becomes
(°n - "w) = o' = lo -4, - (R-A)).a + (R-A) (3.3)

Balasubramonian (1972) has shown that [0, - u, - (R-A)]a is the

effective stresﬁ component that controls volume changes in a saturated
clay and not o '. Since (R-A) is non-existent in granular soils, the
stress that controls volume change behaviour of granular soils is

lo. - u,J-a which is classically stated as the effective stress for these
soils. However, for many active clays, the volume change behaviour does
not depend on the contact stress (ac) or the total pore water pressure
("w + R - A) or the value of a separately, but rather on the product

of [o, - 4, - (R-A)] and a (Balasubramonian, 1972). Equation (3.2)'

is now rewritten as

o, = GF + y, + (R-A) (3.4)

where o¥= log -y, - (R-A)]).a (3.5)
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Since this stress component, °n*’ has been shown to govern the volume

change behayiour of saturated clays involving no change in fabric or particle
diminution, it was thought appropriate to call it the "true effective

stress" and the conventional effective stress, o' (= o, - u)s is called

the "apparent effective stress". From Equation (3.4), it is possible to

express a relationship between the apparent effective stress (on')'and

the true effective stress (o“*) as follows,
o, = Oy - Yy T 09* + (R-A) ' (3.6)
Therefore, o * = o ' - (R-A) (3.7)

n

It now remains to investigate whether an* defined as above (Eqn. 3.7)

governs the residual shear strength of clay-water systems or not.

3.2.3 Modified Coulomb-Terzaghi relationships for peak and residual

strength

In order to investigate whether true effective stress (on*)
controls the residual strength of a c1ay-§ater system or not, it was
considered necessary to modify the classical Coulomb-Terzaghi relationship
for residual strength in terms of the true effective stress incorporating
the mechanism of shearing at large strains proposed in this hypothesis.
Since the residual strength parameters are independent of stress history,
original structure and other factors which dominate the path dependent
properties of soils, it was thought to be more appropriate to relate them
to the Hvorslev's peak strength parameters (ce and ¢e) which are also
fundamental being independent of stress history. This would not only

enable us to obtain an idea of the drop in strength from ¢, to ¢r' for
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a soil but it would also relatethis drop in strength to the change in
structure from the peak to the residual state. The Coulomb-Terzaghi

relationship for peak shear strength can be expressed in terms of the

Hvorslev's parameters as

Toeak = Ce + o' tang, (3.8)

where Tpeak = peak shear strength
Ce = Hvorslev's true cohesion = f(water content or void ratio)
9e = Hvorslev's true angle of internal friction = f(c,')

and on' = externally applied normal stress or the apparent

effective stress.

If the shearing process involves continuous rupturing and making of bonds

at interparticle cdntacts as well as along mineral basal planes and if

the Bowden and Tabor theory of metal friction (which proposes the concept

of asperity contacts giving rise to plastic Junctions) applies to the
conditions at contact, then an expression for shear strength can be derived in-
dependently based on the above mentioned concepts. According to Bowden

and Tabor, the frictional force (F) is a product of the total area of

the junctions (AJ) and their shear strength (Sj), hence:

F o= AySy (3.9)

and they further postulated that the area (A) is given by the normal
force (W) divided by the flow pressure (P) so that

W = P.AJ (3.10)
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and thus coefficient of friction (u) can be expressed as

- (3.11)

]
'!1_._(0 ="

(3.12)

In the case of soils, tampe can be considered to be equivalent to n

and if the normal force transmitted across aJjunction in a soil be denoted
by M, then according to the Bowden and Tabor theory, the frictional

force (FJ) required to shear the junction is

Fy = M = M.tang, (3.13)

If there are N number of junctions along a shear plane that must be
ruptured simultaneously for achieving a complete shear failure, then

the total frictional or shear force (F) is given by
N N
F = ¢ Fj = 3 W = NuM (3.14)
j=1 J

In the case of soils, Equation (3.14) should read as

F = N.tang,. M = N.M.tang, (3.15)

If we postulate at this point that the true effective stress (on*) at
the junctions along the basal planes and at the interparticle contacts
in a clay-water system controls the residual shear strength of the
clay-water system, then

M= I - u.a- (R-Ada) (3.16)



- AEEarent area of contact (A)
where a r of Junctions

It follows then,
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peak shear strength = T - Jotal frictional or shear force (F)

peak Apparent area (A)

- F

1.8. 9 Tpeak K
Substituting for F from Equation (3.15),

T = N.M.tang,

peak  —
Substituting for M from Equation (3.16),
Tpeak * *[}‘% - iNL\' - (R-A) ﬁ].tan%
= i - u, - (R-A)]. tang,
= Ilo, - u) - (R-A)]. tang,
= Io,' - (R-A)]. tang,

Hence, Tpeak = °n* tan¢e

(3.17)

(3.18)

(3.19)

Equation (3.19) expresses the modified Coulomb-Terzaghi relationship for

peak shear strength derived from the concepts outlined in this hypothesis.

The relationship between Hvorslev's peak angle of friction and the

residual angle of shearing resistance can next be expressed as

tampe = K'. tan¢r‘

(3.20)
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where K' is the structural factor that designates the drop from the 'peak
to the residual friction angle for a soil in a shear test. The factor K'
depends on the structural arrangement, geometry, shape and rugosity of the
mineral particles. For example, Caquot (1934) has theoretically derived
the K' value for sand to be ¥/2 or 1.57 while a value of 2 for K' can

be attached to kaolinite from data reported by Gibson (1953). Hence,
using the relationship expressed by Equation (3.20), Equation (3.19)

can now be written as

Toeak = o *.K'tang ' (3.21a)
= [an' - (R-A)].K'tan¢r' (3.21b)
and, Toeak ~ -(R-A).K‘tan¢r' + an!K‘tan¢r' (3.21¢)

In this thesis, the relationship expressed by Equation (3.21) will be
referred to as the modified Coulomb-Terzaghi relationship for peak

shear strength.

At the residual state, K' is equal to 1.0 by definition

and hence,

Tresidual = -(R-A) tang,' + a,'tan.' (3.22)
Equation (3.22) can be further arranged as

Tres = [cn' - (R—A)].tan¢r' - (3.23a)

= o, tang ' (3.23b)
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‘The relationship expressed by Equation (3.23) describes the modified
Coulomb-Terzaghi relationship for residual shear strength. We have now
derived the modified Coulomb-Terzaghi relationships for both peak and residual
conditions in an active clay-water system based on the postulates that
the seat of shear strength resides in the frictional characteristics
of the mineral cleavage planes and that the residual shear strength is

governed by the true effective stress (on*) on the mineral basal planes.
Comparing Equation (3.8) with Equation (3.22), it seems that

Co = -(R-A) K'tang, ' (3.28)
and, on'tan¢e = g,'K'tang ' (3.25)

and Equation (3.24) indicates that Hvorglev's true cohesion (ce) in a
clay-water system arises basically out of purely frictional interaction
where only the net electrical stress, (R-A), acts as the normal stress
governing the frictional behaviour of the clay-water system. Mitchell

et al. (1969) seem to offer a somewhat similar mechanistic picture of
cohesion. In their view, there should be no difference between friction
and cohesion in terms of shearing process. The implications of

Equation (3.24) seem to be also in keeping with Hvorslev's concept of true
cohesion because as water content is increased, the net (R-A) stress

- term in Equation (3.24) decreases bringing about a decrease in Co-
We will now proceed to examine the concept of.true cohesion so apparently

implied Ly Equation (3.24).

It has recently been demonstrated by Balasubramonian (1972)
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that the double-layer repulsive stress equation successfully predicts the
net (R-A) stress in a monovalent ion rich swelling soil. This will be
discussea in more detail later in this chapter. However, it can be shown
from the double-layer repulsive stress equation that for active clay-water
systems with very low pore fluid ion concentrations and under nominal
externally applied normal stresses, the net (R-A) stresses of interaction
are repulsive in nature (for example, see Table 3.3 where the estimated
net (R-A) stress for a Na-montmorillonite - 0.0001 moles NaCl system is
repulsive in nature). A state of net repulsion in a clay-water system
under a nominal normal load implies that the net (R-A) stress term in
Equation (3.24) is a positive quantity because R is greater than A.
Consequently, the term Co in Equation (3.24) bears a negative sign implying
a negative cohesion intercept which is simply inadmissible.

The classical concept of cohesion has existed in the theory
and practice of soil mechanics for a long time. In the author's opinion,
the apparent cohesion intercepts usually observed in the Coulomb-Terzaghi
envelopes for overconsolidated and even‘some remoulded active clays (such

as Na-bentonite; Gibson, 1953) may arise because of the following reasons:

a. The Coulomb-Terzaghi cohesion intercept arises almost
entirely from the variations in dilatancy of specimens tested at varying
cell pressures. Rowe, Oates and Skermer (1963) have expressed the same
opinion and they have further suggested that the interparticle cohesion
tem is virtually zero for isotropical]y}overconso]idated specimens not
subjected to secondary consolidation. In their view, the cohesion term

can show a small value when a clay is subjected to anisotropic consolidation
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for periods long enough to allow secondary consolidation. Large strains

and rearranging of the particles reduce this term virtually to zero.

b. For most clay-water systems, the Coulomb-Terzaghi
envelope is markedly curved in the low normal stress range because of the
dependence of friction angle on fhe magnitude of normal effective stress.
However, in most of the investigations reported in the geotechnical
literature, very few shear tests have been performed under Tow normal
stresses basicaliy because of the insufficient accuracies of the measuring
systems. Consequently, the implications of the marked curvature of the
strength envelopes in the 1ow normal stress range have rarely been
reéognized. Conventionally, a straight line is drawn through the test
data obtained under higher pressures and when this straight line is extrapolated
back.to the t-axis in the Coulomb-Terzaghi diagram, a geometric intercept
is obtained which has so far been called the cohesion intercept. In
view of the curvature of the Coulomb-Terzaghi envelope in the low normal
stress range, this geometric intercept obtained by extrapolation of the
strength envelope to the T-axis is conceptuélly not true cohesion and
leaves much to be desifed. In this context, it is interesting to review
the conclusions drawn by Schmerthann (1963, 1971) from his exhaustive
study of the Hvorslev's parameters. Schmertmann (1963) has expressed
the view that Hvorslev's concept of equal cohesion at equal void ratib
can be in error because void ratio is not a sufficient description of
soil structure. More recently, Schmertmann (1971) ‘has obtéined constant
structure Mohr envelopes for.several soils (kaolinite, Boston blue clay

and other4non-swelling clays) which were markedly curved in the low stress
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range exhibiting very 1ittle cohesion. Based on his recent test results,
he has proposed that cohesion is a function of the curvature of the Mohr
envelope and is not a function of the water éontent. Any cohesion exhibited
by a soil mass was explained in terms of chemical bonding. Conventionally
determined values of Hvorslev's peak cohesion parameter for remoulded

and subsequently consolidated samples of kaolinite, illite and Na-bentonite
have been reported by Gibson (1953) and Morgan (1967). Their results
clearly. show that Co for overconsolidated kaolinite is virtda]ly zero.

The relatively larger values of ce/Pe (# 0.11, 0.11) reported for i1lite
and Na-bentonite (Gibson, 1953) can be questioned in the light of the
marked curvature of the Mohr envelopes for these minerals, especially

in the low normal stress range.

The ideal approach to the study of cohesion in clays would
involve testing specimens in a manner such that the applied effective
stresses at failure were zero. Considering this technique of

détermining cohesion in the light of Equation (3.7) which states

o = o, - (R-A) | | (3.7)
we find that when an' =0
an* = - (R-A) (3.26)

The implication of Equation (3.26) is unacceptable if R is greater than A
because the existence of a state of net repulsion in a clay-water system
under zero applied stress means that the system is unstable and the clay

particles will readjust themselves by increasing the distance of separation
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between each other until the net (R-A) stress is virtually zero and the
system will be in equilibrium. In such a case} on* will also be equal

to zero and since on* has been postulated to control shear strength,

it follows that shear strength under on* = 0 condition will also be zero.
Conceptually then, no shear strength and hence no cohesion can exist under
on* = 0 condition. However, it is practically impossible to achieve the
on* = 0 condition on the failure plane of a sample because even the self
weight of the soil above the failure plane will provide a small but
definite on' and hence a an* on the failure plane which will be reponsible
for the sample demonstrating a definite shear strength under zero applied
stress condition. The source of this shear strength under zero applied

stress will, however, be purely frictional.

From the above considerations, it would then seem that a
saturated clay-water system cannot exhibit true cohesion if a state of net
repulsion exists amohg the clay particles. It is therefore hypothesized
that a clay can exhibit cohesion only if a net attraction exist among
the particles. This implies that A is greater than R in the clay-water
system. In such a case, the net (R-A) stress term in Equation (3.24)
will bear a negative sign which will make cé a positive quantity and

Equation (3.24) can be rewritten as
cg = (A—R)K'tan¢r‘ (3.24)

The above relationship implies a positive cohesion intercept for the
clay-water system. A similar opinion has been expressed by Ladd and

Kinner (1967) who also hypothesized that a clay does not possess an
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invariant “true cohesion", but rather exhibits a cohesion which is a
function of environment and stress. Mitchell et al. (1969) and
Schmertmann (1971) have also proposed that under o ' = 0 condition,
interparticle bonds arising solely from physico-chem1¢a1 forces of
interaction are responsible for true cohesion. Although they did not
specifically point out the nature of these physico-chemical forces of
interaction that create the interparticle bonds under cn' =0
condition, it would appear that the interparticle bonds are created

by net forces of attraction.

A basis of true cohesion can ndw be postulated from the above
considerations. True cohesfon in a clay-water system arises basically
out of purely frictional interaction where only a net attractive stress
of interaction acts as the normal stress governing the frictional
behaviour of the clay-water system. There should be no difference between
friction and cohesioh in terms of the shearing process. In nature, net
attractive forces among the clay particles are known to exist only in
soils with cementation bonds along their particle contacts. Calcium
carbonates, aluminium and iron hydroxide precipitates, organic compounds and
amorphous magnanese oxide are some of the possible cementation agents.
It is therefore suggested that true cohesion can only exist for soils
with cementation bonds along their particle contact and the strength of
these bonds under an' = 0 condition should be called the true cohesion
of such a soil. However, these bonds occur in field samples on a
geological time scale. Hence, it would appear that true cohesion does not

fundamentally exist for overconsolidated laboratory specimens of soils



which have no cementation bonds along their particle contacts.

However, this is not to say that the use of the conventional cohesion
and friction parameters in practiéal siope stability analyses has been
wrong so far because the apparent cohesion intercepts (¢’ or ce) and
the frictional components (on'tan¢' or cn'tan¢e) fortuitously add up

to the correct shear strengths (under the corresponding normal stresses)

which are used for the stability analyses.

Turning our attention to the modified Coulomb-Terzaghi
relationship for residual strength (Equation 3.23), it is immediately
seen that at the residual state, '

¢, = - (R-A) tang,.'

= (A-R) tang, | (3.27)

This s inadmissible because any form of cohesion is classically known

to be non-existent at large strains in soils. Hence, the term (A-R)tanqar'
in Equation (3.23) should not be 1n£erpreted as being the residual cohesion
of a clay-water system. Instead, the modified Coulowb-Terzaghi
relationship for residual strength should be interpreted as

Tres © o tan¢r' (3.23b)

which implies that at large strains, friction is the only source of

shear strength in a clay-water system.

Somewhat similar forms of modified shear strength equations

based on effective stresses derived from mechanistic models of the
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interparticie forces in ideal clay-water systems have previously been
proposed by several investigators such as Trollope (1960, 1961),
Crawford (1963), Morgan (1967) and Mesri (1969). However, most of these
previous proposals are either incomplete or incorrect and no attempts

were made to verify their validity experimentally.

It now remains to investigate the ability of the modified
shear strength equations developed in this hypothesis to describe the
shear strength behaviour of various clay-water systems. However, since
this investigation is basically concerned with residual strength, we
need only concern ourselves with the implications of the modified Coulomb-
Terzaghi relationship for residual strength (Equation 3.23) and its ability
to further our understanding of the true effect of salinity on the

residual strength of clay-water systems.

3.2,4 Effect of pore fluid salt concentration on residual strength

In order to apply the proposed relationship 1. = [0," - (R-A)].
tan¢;' = on*tan¢r' to a set of residual strength results obtained from
conventional shear tests on a clay-water system at various pore fluid
jon concentrations, one.has to know the magnitudes of the net (R-A) stresses
of the clay-water system at those pore fluid salinities so that the true
effective stress (on*) of the system at each pore fluid ion concentration
can be calculated. The physico-chemical components of interparticle forces
are numerous (for eg. see Lee, 1968) and it is not possible to calculate
the forces accurately for any clayey soil. The evaluation of (R-A),
the physico-chemical component of the interparticle force has been

discussed in detail by Bailey (1965) and Lee (1968). The good
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with very low salt contents (10"4 molar) at low pressures between the
(R-A) stress as predicted from the double-layer repulsion theory and
the apparent effective stress (on') led Balasubramonian (1972) to
investigate whether the net (R-A) stresses for undisturbed clay-shales
could be approximated from the double-layer repulsion theory alone.
Balasubramonian (op.cit) has concluded from his study that in the absence
of a complete undersganding of all the physiéo—chemical forces between
two adjacent clay particles. the net (R-A) stress is best approximated
by the double-layer repulsive stress equation especially for swelling
soils with sodium as the predominant cation if the effective surface

areas of the soils are estimated with reasonable accuracy. In other
words,

(R-A) = P, (3.28)

where

<o
| ]

2 Co RT (COSh yc - ]) (3.29)

in which. P = the double-layer repulsive stress
Co = concentration of the bulk solution in the pore fluid
R = gas constant
T = absolute temperature

and, Yo = 8 shown in Appendix C.

Equation (3.29) is known as the double-layer repulsive stress equation
the details of which along with the assumptions involved in the derivation
of the equation are outlined in Appendix C. It is sufficient to note

here that Py or the net (R-A) stress for a given soil of known surface
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charge density depends on the concentration of the bulk solution (C )s
valency of ions, temperature and the interparticle distance. It is

~ also interesting to note that the success of the P = (R-A) approach
would only mean that the sum of all other repuls1ve and attractive

forces for a monovalent ion rich swelling soil must be equal to zero.

We are now in a position tc analyse Kenney's (1967) data on
the residual strength of Na-montmorillonite (which exhibits a considerable
increase in the residual strength with a corresponding increase in the
pore.fluid salinity; Fig. 2.1) in terms of the modified Coulomb-Terzaghi
relationship for residual strength (Eqn. 3.23) using the double-layer
repulsive stress equation (Eqn. 3.29) for estimation of the net (R-A)
stresses. This analysis is performed in Table 3. 3 and data given in
Table 3.3 clearly demonstrate that under the same apparent effective
stress (an ), the influence of a change in salinity of the Na-montmorillonite
system was to change the net (R-A) stress in the system thus bringing
about a change in the true effectiye stress (on*) on the mineral basal
planes. 'If Tres 15 divided in the conventional manner by the apparent
effective stress (a '), different values of the residual friction angle (¢ ')
are obtained at different pore fluid salinities for the same mineral under
the same o,' (Table 3.3). However, if one divides the experimentally
measured residual shear strengths by the corresponding true effective
stresses (on*) to determine the values of tang ', then the same value of
¢r‘ is obtained at different pore fluid salinities for the same mineral
under the same cn' (Table 3.3). This is significant because it indicates

that the residual friction angle (¢r') determined using the modified
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residual strength relationship (Eqn. 3.23) is unique for Na-montmorillonite
(¢r' = 10°10') and 1s independent of the pore fluid salinity. Hence

it is postulated that for each mineral, there is a unique residual angle
of friction which is independent of the pore fluid salinfty and the

source of shear strength at large strains is purely frictional.

It can also be seen from Table 3.3 that under the same
apparent effective stress (0,')s the true effective stress (0,*%) of the
montmortllonite - 0.0001 moles NaCl system was less than the °n* of
the montmorillonite - 0.513 moles NaCl sysiem and correspondingly,
the Tres of the montmorillonite - 0.0001 moles NaCl system was less
than the Tpes Of the montmorillonite - 0.513 moles NaCl system.

This observation together with the fact that there appears to be an
unique 1;' for Na-montmorillonite which is independent of the pore fluid
salinity tend to indicate that the stress state varfable that controls
the residual shear strength is the true effective stress (on*) on the
mineral basal planes and not the apparent effective stress Gsn')

because on' was held constant for both the tests in Table 3.3. Hence,
when Tres 1s plotted in a conventional manﬁer against on'. two distinct
Coulomb-Terzaghi envelopes for residual strength corresponding to

two pore fluid salinities (0 and 30 g/1 NaCl) are obtained for
Na-montmorillonite (Fig. 2.2). However, 1f the same shear test

results are reinterpreted using the modified Coulomb-Terzaghi relationship
for residual strength expressed in terms of the true effective stress
(an*) as shown in Table 3.3, the resulting plot of Tpag VETsus o * will

yleld a unique residual strength envelope for Na-montmorillonite which
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will be independent of the pore fluid salinity. Hence, 1t is postulated
that the effect of changing the pore fluid salinity of an active
clay-water system is to change the true effective stress on the

mineral basal planes and not the residual angle of friction.

So far, the .abovementioned concept of the effect of salinity
on the residual strength appears to explain the residual strength
behaviour of Na-montmorillonite at various pore fluid ion concentrations.
Although Kenney (1967) did not investigate the effect of salinity on
the residual strength of kaolinite or attapulgite, his work clearly
{ndicates that the only clay minerals whose residual strength
characteristics are significantly influenced by a change in the pore
fluid salinity are Na-montmorillonite and Na-hydrous mica (Figs. 2.1 and
2.2) which are both active clay minerals with high surface activity.
It is therefore suspected that the residual shear strength of inactive
clay minerals such as kaolinite and attapulgite will be almost upaffected
by a change in the system chemistry. Both kaolinite and attapulgite
have a low cation exchange capacity and a low specific surface (Table 3.1)
and consequently,under almost all conditions of salinity and applied
stress, the net (R-A) stresses for these minerals are virtually zero.
This implies that for these inactive clay minerals, the true effective
stress on the mineral basal planes will always be equal to the
corresponding apparent effective stress under any environmental or
applied stress conditions. As a result, the residual shear strength

of these inactive clay minerals will not be affected by a change in the
system chemistry.
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In the .smecttte group, it is also interesting to note
the effect of divalent substitution on the residual shear strength.
It can be seen from Fig. 2.1 that the restdual shear strength of the
Ca-montmorillonite - 0 g/1 system is the same as the residual shear
strength of the Na-montmorillonite - 30 g/1 NaCl. Corresponding to an

apparent effective stress of 1 kg./cm.2

and a particle spacing of

27.5 R, the net (R-A) stress of the Na-montmorillonite - 30 g/1 NaCl
system has been shown to be practically zero (Table 3.3). This

implies that under those conditions, on* on the mineral basal planes

of the Na-montmorillonite - 30 g/1 NaCl system was equal to the
corresponding apparent effective stress (on') of the sample.
Ca-montmorillonite, on the other hand, has a tendency to form domains.

A domain, as described py Bailey (1965), is a bundle of very closely
packed clay platelets (Fig. 3.3). The platelets in a bundle are
oriented parallel, while the jndividual bundles themselves might be in

a more or less random arrangement.’' The interspace between the bundles
is filled with pore fluid which is inert and not adsorbed. An important
feature of domains in Ca-montmorillonite seems to be the irreversible
nature of domain formation. Norrish (1954) and Aylmore and Quirk (1959)
have shown that for Ca-montmorillonite under any environmental condition,
a basal spacing of 19 R is always found within the domains throughout
most of the pressure ranged of interest to us. Hence, divalent
substitution in a clay-water system has the effect of bringing the
particles closer together. A similar effect can be achieved by
increasing the salt content of the system. According to Bailey (1965),

long range electrical forces vanish for particle spacings of less than
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20 R . Hence, if Ca-montmorillonite systems have domains in which the
particle spacing is usually 19 i irrespective of the applied stress and
environmental conditions, then it seems possible that the net (R-A)
stresses for Ca-montmorillonite systems are insignificant. This means
that for Ca-montmorillonite systems, cn* is equal to on' under all
conditions of salinity and applied stress. Hence, it appears that for
both highly saline Na-montmorillonite and Ca-montmorillonite (with any
pore fluid salinity), on* is qlways equal to on'. This is probably

why both the systems exhibit same residual shear strength under the same
applied stress. From the above considerations, it also seems that the
residual shear strength of Ca-montmorillonites will be independent of
the pore fluid salinity. Work done by Mesri (1969) on Ca-montmorillonite
has “already indicated that pore water salt has very little effect

on the peak shear strength of Ca-montmorillonite.

Hydrous micas appear to behave in a similar fashion to
montmorillonites as far as the effect of ion substitution on the residual
strength is concerned. Kenney's (1967) results (Table 2.1) show that

under a normal pressure of 1 kg./cm.2

» the tan¢r‘ of the highly saline
variety (30 gms./1itre NaCl) of Na-hydroua mica is exactly the same as
that of the very low salt variety (= 0 gms./litre) of Ca-hydrous mica

and the reasons that can be offered to explain this phenomenon are

exactly the same as those outlined for montmorillonite.

For Na-systems of the active clay minerals, another approach
to bring the particles closer than 20 A where the net (R-A) stresses

become insignificant is to apply sufficiently high normal loads. Under



94

such loads, since the net (R-A) stresses become insignificant, any

active mineral when tested with distilled water and with other salinities
should yield the same residual strength. kenney's (1967) results

(Fig. 2.1) show this trend clearly. For instance, the Na-montmorillonite
with distilled water and with sea water (30 g/1 NaCl) seem to converge

to the same value of residual strength at high normal stresses (= 250-300 psi)

though at lower normal stresses, the difference is significant.

In conclusion, it can be stated that the modified Coulomb-
Terzaghi relationship for residual strength (Eqn. 3.23) developed in
this hypothesis seems to explain the influence of system chemistry on
the residual shear strength of pure clay minerals. It has been pos tulated
that the effect of changing salinity in active clay minerals (such as
montmorillonites and hydrous micas) is to change the true effective
stress (on*) on the mineral basal planes and not the residual friction
angle (¢r‘). There seems to be an unique residual friction angle for
every mineral and it depends on the mode of cleavage and frictional
characteristics of the mineral cleavage planes. Residual shear strength
of a clay mineral is governed by the true effective stress on the mineral
basal planes and under constant on‘. a change in pore fluid salinity
that brings about a change in °n* will cause a change in the residual
strength. Salinity is suspected to have insignificant influence on the
residual strength of inactive clay minerals such as kaolinite and
attapulgite. The source of residual strength in clay minerals is
purely frictional and the nature of shear strength is similar to the

Bowden and Tabor theory of metal friction.
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Although it has been postulated in the present hypothesis
that there is possibly a unique residual friction angle for every
mineral which is independent of the pore fluid salinity, it is already
well known that ¢r' is markedly dependent on the magnitude of normal
effective stress (on') especially in the low pressure range (for eg.
see Fig. 2.1; Kenney, 1967). Hence, Sn attempt is made in the next

section to provide an explanation for the dependence of ¢r' on cn'.

3.3 Dependence of °r. on_the Magnitude of Normal Effective Stress

The explanation for the dependence of the coefficient of
friction of lamellar solids on the applied normal stress was outlined
in section 2.6 of Chapter II. It was shown that in the field of solid
lubrication, the non-linearity of friction with stress level is
‘explained by the dependence of the friction coefficient on the area of
true contact between ﬁarticles which in turn is dependent on the applied
load upto a certain normal stress level. The area of true contact for
elastic deformation at asperities is proportional to (1oad)n where the
value of n varies from 2/3 to 1.0 as the normal pressure is increased.
The non-linearity of friction is specially marked at low normal pressures.
Reference was also made to Bowden and Tabor's (1964) study on diamond
which showed that the coefficient of friction of diamond in air rises
at light loads and is roughly proportional to (load)'v3 and as load
is increased, the area of true contact becomes proportional to (load)]'0
and the friction coefficient becomes independent of the contact area,
The same concept accounts for the decrease in the coefficient of friction

of MoS, (which is a lamellar solid) with increasing normal load
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(Fig. 2.10; Campbell, 1969). Despite the sertous 1tmitatifons imposed

by the assumptions of the Hertz's theory, ft was decided to explore the
usefulness of the same model in explaining the dependence of ¢r' and on'
in solls because of the striking resemblance between the frictional
behaviour of some lamellar solids ahd the nature of residual shear strength
of clay minerals. However, in order to obtain a direct Verification of
the applicability of this concept to sofls, one has to measure the areas
of true contact between mineral particles and their basal planes under
various normal pressures (ranging from low to high pressures) and
correlate these measured areas of true contact with the coefficients of
friction.measured under the same normal pressures. This will obviously
require highly sophisticated equipment and techniques that are not readily
available. Hence we shall seek an analytical relationship between the
areas of true contact under various normal pressures and the

corresponding resfdual angles of friction (¢r') in terms of quantities

such as on' and T S that are easily obtained in a conventional shear

re
box test. Let us consider a direct shear test on a clay mineral whose
contacts deforms elastically under pressure. The normal load (W) on
the sample can be expressed as

W= o0"'A (3.30)

where o .' = externally applied normal stress or the
apparent effective stress
and, A = apparent area of contact or the area of

the shear box.

The residual shear force (T) measured in the test can be expressed as
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T = SJ'AC - (3.31) -
where Sy = shear strength of a contact
and, Ac = area of true contact.

The residual strength coefficient (tancpr') can be denoted

by
T
T S:A
tan¢' = _'-‘i-s- = = (] (3.32)
r 5, W _&_.

Now, according to Hertz's theory, the area of true contact in the

Jow novmal stress range is proportional to (1oad)2/ 3, i.e.,

A, = W3
Therefore,

A, = Ky W/ | (3.33)
where k] = the constant of proportionality.

Substituting the value of A from Equation (3.33) into Equation (3.32),
we obtain

S:A 2/3
_ SR L osket L sk
tan¢r' _J.ul_ | _;1‘.1%3 (3.34)
Substituting for W from Equat‘loﬁ (3.30), Equation (3.34) takes the form

S,k S:k
tang.' = _L——.m‘ - _JV‘ 1 (3.35)
¢r (o,ni.A) A 3 (o_n.)l73
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Since SJ, k.I and A are all constants for a particular shear test, the
tem S k13 in Equation (3.35) can be Tumped into one constant
which is At:enr'med Nk' Therefore, Equation (3.35) may now be written as

tanq:r' = Nk.m (3.36)
n

According to Equation (3.36), tang.' in the Tow normal pressure range
is proportional to (on')"]/ 3 which is exactly the same as the friction
law (y = kw']/3) for diamond in the low pressure range. The relationship
in Equation (3.36) implies that as an' is decreased, tan¢r' should
increase. For an active clay mineral in which the magnitude of the net
(R-A) stress can be significant, Equation (3.36) may be rewritten in terms
of the true effective stress (0,*) as

tang,' = M. t;)—m (3.37)

Now, as normal load is increased, the area of true contact becomes

proportional to ('load)] 0. Hence, in the high normal stress range,

Ac « (u)] .0
Therefore,

A. = k.M (3.38)
where ko = the constant of proportionality.

The residual strength coefficient (tan¢r') for a clay mineral in the

high normal stress range can then be expressed as
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S:A S koW
tang,' = _iﬂ.‘i = _.IWZ_ = SJk2 = a constant (3.39)
The relationship in Equation (3.39) implies that in the high normal

stress range, tan¢,.' is independent of the area of true contact (Ac)

and hence of on'.

We have now obtained relationships expressed by Equations
(3.36) and (3.39) which describe the dependence of ¢, on o,' in both
low and high pressure ranges. If these relationships are truly applicable
to soils, then a plot on an arithmetic scale between tan¢r' and (a"')']/3
obtained from a riumber of shear tests on a soil performed under normal
pressures ranging from low to high bressurgs should be a straight line
in the low pressﬁre range exhibiting a linéar relationship between
tan¢r' and (an')'l/3 according to the relationship in Equation (3.36).
The slope of this line will then be Nk. Above a certain stress level,
the same plot of tén¢r' versus (crn')']/3 should be a horizontal 1ine
parallel to the (cn')']/§axis in accordance with the relationship
expressed by Equation (3.39) indicating that tan¢r' has ceased to
be dependent on the area of true contact and hence on on'. Kenney's (1967)
results on pure clay minerals and Bishop et al.'s (1971) results on some
English clays and a South American shale have been plotted in the form.

of tang.' versus (on')'1/3

plots in Figs. 3.4 to 3.7 and these plots
generally seem to support the explanation offered here for the observed
dependence of ¢r' of soils on the magnitude of on'. Hence it is
postulated that in the low stress range, the residual strength coefficient

(tan¢r') of a soil follows a law of the type
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tan¢',' - NK.W (3.35)
n

and as honmal pressure is increased beyond a certain level, tan¢r'
becomes independent of the area of true contact and hence of cn' and

follows a relationship described by

tan¢r' = Sjk2 = a constant (3.39)

It appears from Figs. 3.5 to 3.7 that for stiff natural clays and clay-
shales, there is an almost unique threshold normal stress (cn') of
20-30 psi above which tan¢r' changes from being stress dependent to

stress independent. For pure clay minerals, this threshold on' appears
to be around 60-70 psi.
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FIG. 3.2 TFORCES BETWEEN ADJACENT PARTICLES
IN AN ACTIVE CLAY-WATER SYSTEM
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Clay platelets form

closely packed and parallel
oriented packets. The
_relative orientation of

the packets could be

Inter-space
water is inert.

FIG. 3.3 DOMAINS IN DIVALENT CLAYS (AFTER BATLEY, 1965)
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CHAPTER IV

EXPERIMENTAL PROGRAMME

4.1 Introduction

In the previous chapter, a working hypothesis for the physical
basis of the residual shear strength of pure clay minerals was presented.
From an analysis of the previous studies, it was demons trated that
the hypothesis presented here is clearly a reasonable one and has great
potential for explaining nearly all the aspects of the nature of shear
strength at large strains. However, the previous studies of the
residual strength are either insufficient or incomplete to prove the
hypothgs1s conclusively. Hence, a further extensive experimental
programme that would include carefully controlled tests specially devised
to prove the validity of the hypothesis was considered necessary. This
chapter will outline briefly the testing programme that was undertaken
to verify the hypothesis.

4.2 Minerals Tested

Since the aim of this study was to investigate the fundamental
nature of shear strength at large strains, it was decided to perform
the study on pure clay minerals (which are ideal mediums for any theoretical
investigation) rather than on natural soils with mixed mineralogical
compositions which would have unnecessarily made the interpretations

considerably more complex for the purpose of establishing a physical

m
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basis of the residual strength. Moreover, clay minerais are the major
component of clay soils and clay shales and control their engineering
properties, such as compressibility, shear strength and permeability.
Hence, a clear understanding of the fundamental factors controlling the
residual shear strength of pure clay minerals will no doubt’further

our understanding of the nature of residual strength in clay soils and

clay shales.

Kaolinii;e, attapulgite and montmorillonite are the three
clay minerals that were chosen for this investigation. I11ite was not
tested because it is difficult to obtain pure illite commerci ally and
furthermore, the residual strength characteristics of illite appear
to be similar to that of highly saline montmorillonite (as pointed out
in section 3.1 of Chapter I1II). However, the range of clay minerals
tested here is broad enough to cover most of the common clay minerals

usually found in natural samples.

4.3 Sample Preparation

One of the major objectives of this investigation was to study
the influence of the pore fluid salinity on the residual shear strength.
Therefore, all the clay minerals were tested at three different pore fluid
salt concentrations under a range of normal pressures and the corresponding
residual shear strengths were determined. Since more than one type of
cation in the adsorbed states on the clay mineral surface would unnecessarily
complicate the physico-chemical interpretations of the test results, it was
decided to work with Na-homoionized clay minerals with NaCl as the
principal salt in the pore fluid.
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Large batches of these Na-homoionized clay minerals were
remoulded at high 1iquidity indices under the various pore fluid NaCl
concentrations. The siurries were then consolidated in large consolidation
cells until sufficient undrained shear st}engths were imparted to the
samples so that they could be treated as undi;turbed blocks from which
the reversal shear test specimens were obtainéd. This essentially
eliminated possible differences in the initial structures of the shear test
specimens of one mineral. Moreover, cores obtained from the large
blocks provided shear test specimens with better parallel orientation of
particles and less peripheral disturbances. The details of the sample

preparation techniques are outlined in the subsequent chapter.

4.4 Type of Shear Test Used in This Investigation

In the last few years, several investigators (e.g. Petley,
1966; Sembenelli and Ramirez, 1969; Lagatta, 1970 and Bishop et al.,
1971) have suggested that the.true residual strength of a soil can only
be measured in a ring shear test. Ring shear tests have the advantage of
providing sufficient displacements in one direction in order to attain the
residual states and as a result they simulate the field condition more
realistically. However, there is so far no direct field evidence to
substantiate the applicability of residual strengths measured in ring
shear tests. Furthermore, ring shear equipment still fails to satisfy the
criteria of simplicity of constructipn and operation. For purposes other
than the measurement of residual strength, it has all the disadvantages
of the shear box, such as local concentrations of strains and uncertainty

about the directions of the principal stresses as the test proceeds.
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Another disadvantage is the variation in strain produced across the
sample i.e., for a given angular rotation, the linear displacement is
greatest at the outer edge of the sample and a somewhat empirical
correction has to be applied. Extreme difficulty is also encountered in
preparing specimens for use in the ring shear apparatus, particularly
with stiff fissuredclays. Above all, the high cost of a ring shear
apparatus made its use prohibitive for this study because use of more
than one ring shear machine was considered necessary in order to conduct

the required number of tests within a reasonable span of time.

The triaxial test has also been used by a number of
investigators (Pet]ey,.1966; Chandler, 1966) to determine the residual
strength of sofls. This method suffers from the serious disadvantage
that in many cases the deformation necessary to reach the residual
strength state can not be obtained in the triaxial compression apparatus
except possibly in the case of very brittle clays. Petley (op. cit.),
however, tested samples with precut planes in the triaxial compression
apparatus (fitted with rotating bushing) where horizontal movement of the
upper half of the specimen above the precut plane was facilitated using
two top caps separated by small steel balls. From these tests, he
obtained values of ¢r' comparable to those obtained from direct shear
tests on the same samples. Although Petley's results indicate that
comparable values of ¢r' are obtained from triaxial and reversal direct

shear tests, the simplicity of the shear box test makes it preferable in

most cases.

In view of the above considerations, neither the ring shear
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nor the triaxial test was used in this investigation. Instead, the next
most expedient method which is the reversal direct shear test was chosen
for the purpose of measuring residual shear strength in this study.
The shear box test has many advantages for résidual strength determination,
viz.:-
i) Preparation of samples for use in this test is relatively
easy;
{i) It is a much less involved test to run;
{i1) Large horizontal deformations can be imposed on the
samples by continuous reversing of shear direction;
iv) Specimens can be readily wire cut after consolidation,

if desired; and

v) It is expedient in terms of time involved.

The disadvantages of the direct shear test are that the stress conditions
across the sample are complicated and progressive failure occurs. Soil

may also be squeezed out between the two halves of the shear box during

the later stages of a shear test which may limit the number of reversals

in a test. However, more is now known about the nature of shear and the
stress conditions in a direct shear test specimen at the peak and residual
states from the microstructural studies of Morgenstern and Tchalenko (1967 a).
Use of the direct shear testing technique for the measurement of residual i\ .
strength also permitted comparison of the test results obtained in this

study with similar data obtained by others using the same testing technique.

4.5 Residual Shear Tests

It has been demonstrated by several workers (e.g. Petley,



116

1966 and Tchalenko, 1967) that shearing along a precut plane is the most
suitable method for determining the residual shear strength of a clay.
Petley (op. cit.) tested samples containing precut failure planes in

the triaxial compreséion apparatus and found good correlation with the
results obtained from tests on actual slip surfaces. Cut plane
specimens of kaolinite, tested by Tchalenko (op. cit.), exhibited
considerably reduced shearing resistances and from his microstructural
studies, Tchalenko concluded that.th1s is consistent with the known
influence of particle orientation on the residual strength of clays.
Virtually perfect alignment of particles is necessary in a kinematically
admissible direction in the shear box in order to obtain the true ¢r'
and it seems that shearing along a precut plane helps to achieve this in
a smaller amount of horizontal displacement. Furthermore, since extrusion
of soil during the later stages of a conventional reversal shear test

is a problem, the smaller amount of horizontal displacement (and hence
less number of reversal cycles) required to attain the residual state

in a precut plane test makes it preferable. Hence, precut plane tests
were used in this 1nvestigation to determine the residual strength

parameters. of the clay minerals.

Proper choice of sample thickness in a direct shear test is
also extremely important for obtaining good residual strength parameters.
Kenney (1967) conduc;ed all his shear tests on 2-3 mm. thick samples.

It is however believéd that if an ultrathin sample is used in a direct
shear te§t. the shear structure soon reaches the boundaries (the

carborandum porous stones) and creates a kinematic restraint. Therefore,
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the strength measured may not be truly residual but might correspond

to one from a restrained structure. This, according to Morgenstern and
Tchalenko (1967 a) will be an intermediate value between the peak and
residual. Comparison of some of the values reported by Kenney with
those of others tend to support this view. For example, Kenney has
measured a tan¢r' value of 0;27 for kaolinite, whereas the tan¢r' values
for the same mineral measured by Morgenstern and Tchalenko (1967 a)

and Cullen and Donald (1971) on samples of larger thicknesses in direct
shear tests ranged from 0.18 to 0.21. Moreover, ultrathin samples tend
to produce large changes in the shear surfaces between reversals. In
thin samples, Cullen and Donald (op. cit.) have observed dual failure
surfaces separated by lenses of soil up to 3 mm. thick and this
phenomenon, in their opinion, could account for the apparently random
variations between the tension and the compre§s1on cycle strengths which
so often occurs. Hence a sample thickness of about 1 inch or more

was chosen for each reversal shear test in this study and the precut

plane was made at approximately the mid-height of the specimen.

It was also necessary to choose the rates of deformation that
would be suitable for determining the residual strength parameters from
the cut plane tests. Since Kenney (1967) has demonstrated that the
residual shear strength of the common clay minerals is not significantly
influenced by the rate of strain (Fig. 2.3), reasonable rates of
displacement (0.0019 and 0.0024 inches per minute) that would be
expedient in terms of the time involved for the completion of a test

were chosen for all the shear tests on specimens with precut planes.
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The rates chosen here for the shear tests on the clay mineral specimen§
are in keeping generally with the recommendation of Cullen and Donald
(op. cit.) who suggested a speed of 0.001 inches per minute for fissured
overconsolidated clays. They also demonstrated that beyond a certain
rate of strain, erroneous values of residual shear strength are obtained
and high speed shearing results in a high strength value. For a test in
which the peak shear strength was determined, the rate of deformation
that would ensure fully drained condi tions during shear was calculated

using -the Gibson-Henkel (1954) formula.

It was speculated in Chapter I1I that salinity may not have
‘significant effect on the res1dua1'shear strength of kaolinite and
attapulgite. Hence, conventional reversal drained direct shear tests
were conducted on these two minerals at three different pore fluid
NaCl concentrations under various normal pressures in order to study
the effect of salt content and the magni tude of normal effective stress
on the residual shear strength of these inactive minerals. In the case
of montmorillonite (the residual strength properties of which are
supposed to be influenced by system chemistry), conventional drained
direct shear tests were conducted on samples with pore fluid salinities
of 1.15, 15.26, and 33.57 g/1 NaCl under a range of normal pressures |
in order to study the effects of the same factors on the residual

shear strength of montmorilionite.

Most of the samples were sheared along precut'p1anes
except a number of attapulgite samples which were sheared without precut

planes in order to determine the peak shear strength parameters of

'
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attapulgite. The values of o for kaolinite and Na-bentonite have
already been reported by Gibson (1953) and Morgan (1967). However, no
attempt has been made so far to determine the peak friction angle of
attapulgite. Hence, a number of attapulgite samples at various pore
fluid salinities with no preformed planes in them were sheared under

a range of normal pressures not only to determine the peak friction
angle But also to obtain an idea of the percentage reduction in shear

strength from the peak to the residual state for attapulgite.

4.6 Testing Programme Developed to Verify the Control of True

Effective Stress on the Residual Shear Strength

In the working hypothesis for the physical basis of the residual
shear strength of pure clay minerals, presented in Chapter III, it was
postulated that the residqal shear strength of a clay mineral is controlled
by the true effective stréss (on*) oh the mineral basal planes. It was
also demonstrated that the Coulomb-Terzaghi relationship for residual
strength (Tres) can be expressed in terms of the true effective stress
as,

Tes = | on' - (R-A) 1] tan¢r' = o* tan¢r' (3.23 a, b)

The available shear strength data on Na-montmorillonite (Kenney, 1967)
was reinterpreted in light of the modified Coulomb-Terzaghi relationship
and the reinterpreted data (Table 3.3) seem to provide encouraging
evidence in favour of the concept of °n* controiling the residual shear
strength and the uniqueness of ¢r' for a mineral. However, Kenney's
tests are of limited value for proving the validity of the modified
Coulomb-Terzaghi relationship for residual strength (Eqn. 3.23 a, b).
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This is so because in order to study the effect of pore fluid salinity
on the residual shear strength of an active clay mineral such as
montmoritlonite, he sheared separate samples of the same mineral wi th
different pore fluid salinities under the same applied (or apparent
effective) stress (on') but his samples had widely different residual
state water contents (see Table 3.3). Consequently, the true effective
stresses of the samples were different (as shown in Table 3.3) because
the net (R-A) stress is greatly dependent on the water content. Hence,

in order to verify the control of on* on T .g experimentally, a better

re
approach would be to replace the saline pore fluid of an active clay

minera1.sample under constant true effective stress condition and
demonstrate that thg residual shear strength of the sample is unaffected
by the change in the pore fluid salt concentration. With this specific
aim in mind, the following testing programme was developed.
1. A number of Na-montmorillonite samples with a high pore

fluid NaCl concentration (33.57 g/1 NaCl) were

consolidated under appiied stresses (0,') ranging

from 2.5 to 15 psi in the direct shear boxes. The

testing programme'was confined to montmorillonite

because this active clay mineral is known to exhibit

high net (R-A) stress. However, under a highly saline

.environment, the apparent effective stress (onF) of

a sample would be practically equal to its true

effective stress (on*).

2. The saline samples were then sheared along precut

planes under the various normal pressures and the
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corresponding residual shear strengths were measured.

The sheared samples were then leached under constant

overall volume conditions with distilled water in order
to replace the saline pore fluids. Since leaching is a
time consuming process éspecially in the case of low
permeability samples, the tests were confined to the
low pressure range so that the samples that were to be
leached would not have very low permeabilities. In
order to maintain the overall volume of a sample
constant during leaching, the true effective stress
(0,*) of the sample must be held constant because

°h* js known to control the volume change behaviour

of an aétive clay-water system (Balasubramonian, 1972).
Hence, to prevent the swelling of the montmorillonite
samples during leaching, the externally applied normal
stresses (g, ') on the samples had to be increased.

This means that as the net (R-A) stress of a sample
increased due to leaching, the apparent effective
stress (on') of the sample was correspondingly
increased in such a manner that [o,' - (R-A) ]

or the true effective stress (on*) of the sample

was held constant throughout the leaching process.

After completion of leaching, the final apparent
effective stress (on') of a Teached sample would

obviously be higher than the initial apparent
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effective stress (an') under which the same sample

was sheared before leaching. The leached
montmorillonite samples were then fesheared along the
existing precut planes under the new apparent effective
stresses (on') after leaching and the residual shear
strengths of the leached samples were measured.

The residual shear strength of a leached sample was
then compared with the corresponding residual shear
strength of the saline variety of the same sample
measured before leaching and since the true effective
stress (°n*) of the sample was held constant throughout
the leaching process, such a comparison would
conclusively establish the concept of true effective

stress controlling the residual strength'of a clay

mineral.

These key tests did . also provide an opportunity to correlate
the measured value of the net (R-A) stress developed in a montmorillonite
sample due to leaching under constant overall volume condition with
the theoretical value of P.y for the same sample estimated from the double-
layer repulsive stress equation. A study of the effect of replacing the
saline pore fluids on the permeabilities of the montmorilionite sambles

was also undertaken during these tests.

4,7 Microstructural Studies

It was demonstrated before that a knowledge of the structure

at the residual state has been one of the most important contributing
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factors towards the development of the physical basis of residual
strength. Hence, an investigation of the large displacement shear zone

structures in the clay mineral samples was considered essential for
this study.

The two techniques which have proven to be particularly
useful for microstructural observations in sofls are: (i) optical
microscopy and ({i) electron microscopy. Since Morgenstern and Tchalenko
(1967 a, b) have presented a fairly complete picture of the shear
structures in the large displacement shear 2ones in clays using the
technique of optical microscoby. it was decided that the technique of
electron microscopy would be used for this study so that the large

displacemeht shear zone structures in the clay mineral samples could be

observed at particle level.

There are two methods of electron microscopy and they are:
(i) transmission electron microscopy and (ii) scanning electron
microscopy. The transmission technique was not used here because this
investigation required looking at a larger area of a sample than is
possible by transmision electron microscopy. Furthermore, ultra-thin
sectioning and surface replication techniques require considerable skill
and are also time consuming which make the transmission technique
tedious and difficult. Hence, the scanning technique was thought to be
more suftable because it allows a larger area to be scanned. The

scanning electron microscopy is designed to produce a magnified image

of a surface. Some of the main advantages of this instrument are:

the large depth of focus at high magnifications, which gives considerable

e v o s e
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perspective to the image; the possibility of examining relatively large
samples (~ 1 cm. diameter) at low power and at high magnifications when
objects of interest have been located; and the relative simplicity of
sample preparation. Hence, the scanning electron microscope is an
ideal tool for studying the mutual disposition of mineral particles
and voids in the micron and the sub-micron size ranges and in this
investigation, 1t was considered to be the most suitable instrument

for examining the large displacement shear zone structures in the

clay mineral samples.



CHAPTER V

PROPERTIES OF THE MINERALS USED, SAMPLE
PREPARATION AND TESTING TECHNIQUES

This chapter presents the properties of the clay minerals,
the procedure for sample preparation, the details of the test equipment
and the testing techniques that were used to carry out the experimental
programme outlined in Chapter IV.

5.1 (Classification Tests on the Clay Minerals

The routine classification tests on the clay minerals
(viz., kaolinite, attapulgite and montmorillonite) in their unmodified
state were carried out in accordance with the procedures outlined by
Lambe (1951). The results of these classification tests are presented
in Table 5.1 as we11.as in Figs. 5.1 to 5.6. The mineralogical
compositions of the clay minerals (based on X-ray diffraction analyses)
are also reported in Table 5.1. Although a soil known as "“Grundite"
was originally chosen as a possible source of the clay mineral i1lite,
a subsequent X-ray diffraction analysis 1ndicated that the i1lite content

of this soil was less than 20% and consequently, it was rejected.

The grain size distributions of kaolinite, attapulgite and
montmorillonite, presented in Figs. 5.1, 5.2 and 5.3, show that the
minerals contained sufficient amounts of less than 2 micron size

particles and hence were suitable for this investigation. Figs. 5.4,

125
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5.5 and 5.6 illustrate that while.the effect of salinity on the limits of
kaolinite and attapulgite is not so significant especially beyond a
concentration of 10 gms. NaCl/1itre, the Atterberg limits of

montmorillonite decrease markedly with increasing NaCl concentration
in the pore fluid.

It was mentioned in Chapter IV that since the effect of system
chemistry on the residual strength of clay minerals is one of the principal
issues in this investigation, all the clay minerals should be
homoionized in sodium in order to avoid unnecessary complications in
the interpretation of test results due to the presence of more than
one type of ion in the adsorbed state on the clay mineral surfaces.
Furthermore, sodium varieties of most clay minerals (especially
montmorillonite) are ideal mediums for a theoretical investigation of the
engineering behaviour of clay minerals. Hence, it was necessary to
conduct the following tests in order to determine the chemical properties
and the cation impurities of the clay minerals in their unmodified

state so that an appropriate method for homoionization of the minerals

in sodium could be adopted.

a. Organic content: The organic contents of the clay
minerals were determined following the procedure outlined by Akroyd (1957).

b. Carbonate content: The percentages of calcite and
dolomite in the clay minerals were determined in a Chittick apparatus
following the procedure outlined by Dreimanis (1962) for quantitative
gasometric determination of calcite and dolamite in a soil.
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c. Cations present in the unmodified clay minerals: The
types and concentrations of various cations in the as procured state of
a clay mineral were determined by repeatedly leaching the particular
mineral with 1IN NH4Ac solution, collecting the leachate and subsequently
subjecting the total extract éo an analysis for the concentrations of
Na+. Ca++. Mg++. "y and H* using an atomic absorption spectrophotometer.
The unit available in the Soil Science Department of the University of
Alberta was used for the purpose. The unit and its working principles
have been described elsewhere (Balasubramonian, 1972).

The concentrations of the various cations in the unmodified
clay minerals were expressed in milliequivalents per 100 gms. of dry soil
and this analysis produced concentrations of the total cation impurities
which include all the free and the adsorbed cations in the clay minerals
in their as procured state.

d. Cation exchange capacity: The total cation exchange
capacities of the clay minerals were determined on the less than 2 micron
fraction of the minerals following the procedure outlined in the University

of Alberta Soil Science Manual no. 421,

e. Total specific surface: The specific surface of a clay
mineral is an extremely important soil parameter used in the estimation
of the net (R-A) stress of the mineral from the repulsive stress
equation (Eqn. 3.29) because the nagnitude of the net (R-A) stress is
quite sensitive to the specific surface. The total specific surface of
each clay mineral was determined on the less than 2 micron fraction of

the mineral separated by the conventional hydrometer test. The
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suspension containing this fine fraction was air-dried to the consistency
of a paste and the sample (which contained approximately 10 gms. of the
dry mineral) was treated with two 50 ml. batches of 6-10% Hzo2 for
removal of the organic matter. The mixture was continuously stirred

on a hot plate at 60°C until no further gas was being generated. The
excess Hzo2 and the burnt product were then removed by repeated leaching
of the sample with wam distilled water in a Buchner funnel. A small
suction was used to facilitate the leaching process. If the mineral
contained carbonates, the sample was treated with 15-20 ml. of 6N HC]
followed by distilled water and alcohol wash to remove the carbonates.
The procedure for carbonate removal has been outlined in detail by
Balasubramonian (1972 a). The sample was next saturated in calcium by
repeated leaching (about 5-6 times) with 1IN CaCl2 in the same Buchner
funnel. This was followed by a numberiof Teachings with distilled
water, 50:50 alcohol-water mixture and pure alcohol for removal of
excess CaCl2 from the sample. The resulting clay mineral sample was
then dried in an oven at 60°F for 24 hours and the sample was subsequently
cooled in a dessicator. The total specific surface of the clay mineral
sample prepared in the above mentioned manner was then determined by the
EGME (Ethylene Glycol Monoethyl Ether) method as outlined in the
University of Alberta Soil Science Manual no, 421.

The method adopted here yielded total specific surfaces of
the clay minerals. The specific surfaces used in this investigation
for the estimation of the net (R-A) stresses were total specific surfaces

because the entire study was performed on Na-homoionized samples that
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were consolidated from high 1iquidity index slurries of the clay minerals

and hence cluster or damain formation in the samples was not expected.

Although Na-homoionized samples of various minerals were used
in this study, the specific §urfaces of the minerals were determined on
.Ca-saturated systems and these specific surfaces were used for the
estimation of the net (R-A) stresses in the Na-saturated systems. This
may be understood by review1ng the prime requirement in the EGME method
for determination of specific surfaces. The EGME method employs a
technique of forming a known thickness (usually a monomolecular layer)
of EGME on the soil surface and measuring the weight of the EGME
absorbed on the.soil. This weight divided by the unit weight of EGME
times the thickness of the layer on the soil per unit weight of the dry
soil yields the required specific surface. Past research has yielded
different magnitudes of specific surface‘valueq for the same soil with
different exchangeable cations (for eg., see Dyal and Hendficks, 1952;
Bower and Gschwend, 1952). The formation of a uniform monomolecular
layer on the soil surface (which is the prime requirement for successful
application of the EGME method) is doubtful with soils saturated with
cations like Na'. Furthermore, it is a known fact that the adsorbed

layer of a sodium clay is. more extended than a calcium clay and if the
' specific surface of a Na clay is found to be less than that of a Ca
clay, it would only mean that the specific surface measured is not of
the clay particle alone, but it is of the clay particle and a part of
the adsorbed layer. Until the discovery of a polar liquid which is
effective in stripping off the double-layers of the clays completely,
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the use of the EGME technique with calcium saturated soils appears to be
the only way of determining the true particle specific surface of a soil.

The results of the chemical analyses performed on the clay
minerals are reported in Table 5.2 The organic contents of clay minerals
were not considerable. Although the supplies of kaolinite and
montmorillonite contained very little carbonates in them, the attapulgite
stock had abundant carbonate in it. This high carbonate content of
attapulgite is also reflected in the high catt and Mg++ cation
concentrations obtained in the analysié of total cation impurities in
the mineral (Table 5.2). The data on the tqtal cation impurities in
the unmodified minerals, presented in Table 5.2, clearly indicate that
except for kaolinite (which possesses a low ion exchange capacity),
the as procured states of both attapulgite and montmorillonite minerals
were unacceptable in view of the distribution of cations in the adsorbed
states. Consequently, both of these minerals had to be purified
and homoionized in sodium. The total cation exchange capacities
of the clay minerals, reported in Table 5.2, compare favourably well with
the values reported in the literature for the sémé minerals (for eg., see
Kenney, 1967; Lambe and Whitman, 1969). Since kaolinite has a Tow
cation exchange capacity, it is usually found in a purer state that required
no further treatment. Montmorillonite, on the other hand, has a high
exchange capacity and is rarely'found in a Na-state because divalent
Ca or Mg cations are more easily adsorbed on its surfaces. The total
specific surface values, presented in Table 5.2, are also similar to

the values reported by otber investigators for the same minerals. For
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example, Mesri (1969) reported specific surface values of 500 and
680 m.2/gm. for Na and Ca varieties of montmorillonite respectively.

5.2 Sodium Homoionization of the Clay Minerals

A number of techniques such as leaching in a column or use
of exchange resins are available for homoionization of a clay mineral.
However, use of any one of these standard techniques would have been
prohibitively expensive and time consuming for homoionizing the
quantities of minerals required for this investigation. Hence, a
homoionizing technique that would be relatively inexpensive and
expedient in terms of time had to be devised and in this section, the

treatment procedures for Na-homoicnization of the minerals attapulgite
and montmorillonite are outlined.

a. Attapulgite: Large batches (9 to 10 1bs. each) of
the mineral attapulgite were mixed thoroughly with distilled water in
three polyethylene baths (each containing about 120 1bs. of distilled
water) and allowed to settle. The coarse fraction which contained a major
portion of calcite and dolomite was removed from each bath by decanting
the suspended fines and rejecting the already settled coarse fraction.
The sedimentation technique was repeated about 5-6 times for each bath
to remove as much of the coarse fraction as possible. Samples were
collected from the resulting batches of attapulgite and subjected to

carbonate analysis which showed a decrease in the carbonate content
from 10.34% to 1.8%. |

These three batches of attapulgite were then washed with
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1N NH4Ac solution in order to replace all the cations in the adsorbed
state with a single cation, NH4, which can eastly replace the usual
cations in a soil. The dry soil: solution ratio for each bath was
maintained at about 10 1bs.: 120 1bs. as before. The mixture in each
bath was stirred thoroughly and the soil was allowed to settle for

24 hours after which the supernatant clear liquid was decanted off each
bafh. This process was repeated about 5-6 times using a fresh supply
of IN NH4Ac for each wash, The batches were subsequently washed about
9-10 times in a similar manner as the NH4Ac‘wash with 35 gms./1itre
NaCl solution not only to remove the excess NH4Ac from the batches but
also to the replace the adsorbed Nl-l4 tons with Na fons. The batches
were then ready to be washed with solutions of three predetermined NaCl
concentrations which were chosen to be the final pore fluid salt contents
of the attapulgite samples required for subsequent shear tests. The
two extreme pore fluid NaCl contents of 0 and 35 gms./litre were
obvious choices. However, the intermediate salt content was chosen
after consideration of the 1iquid and plastic 1imit data of attapulgite
(Fig. 5.5). The limit values of attapulgite are moderately influenced
by salinities between 0 and 10 gms./1itre but above a threshold NaCl
concentration of about 10 gms./litre, salinity seems to have an
insignificant effect on the 1imit values of attapulgite and hence
probably does not influence the strength and compressibility either.
Hence a NaCl concentration of 2 gms./litre (which is well within the
range of 0 to 10 gms./1itre where salinity may have some influence on the

engineering behaviour of attapulgite) was chosen as the intermediate

salt content.



133

The three batches of attapulgite were then washed a number
of times with distilled water, 2 gms./1itre and 35 gms./1itre NaCl solutions
respectively following the same procedure of w@shing as before and
maintaining the same dry soil: solution ratio. The sample in the
distilled water environment required more than 24 hours to sediment after
every wash whereas in a highly saline environment, clear supernatant
1iquid on a batch was usually obtained in less than 24 hours. The
resistivities of the clear supernatant liquids after every wash were
measured with a Beckman RB 3R 104 mode) solu-bridge with platinum
electrodes in glass pipette type conductance cells (calibration curve
shown in Fig. A-1 of Appendix A). The waShing was continued until the
resistivity of the clear supernatant 1iquid in each bath was equal to
the resistivity of the corresponding desired pore fluid salt solution.
Approximateiy 9-10 washes of each batch were required to reach this
stage. After decanting the supernatant 1iquids at the end of the final
wash, the water contents of the treated batches were found to range
from 380 to 430% which corresponded to 1iquidity indices of 1.5 to 2.2.

The slurried batches were now ready to be consolidated.

b. Montmorillonite: Three batches of montmorillonite
were homoionized in soium following nearly the same procedure that
was used for attapulgite. The initial sedimentation process was not employed
to remove any coarse fraction because the mineral montmorillonite in
its unmodified state had very 1ittle carbonate in it (Table 5.2). The
dry soil: solution ratio in each bath was maintained at about 7 1bs.: 60 1bs.
The NaCl concentrations of the final wash solutions for the three batches

were selected to be 0, 15 and 35 gms./litre, choosing the intermediate
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concentration from the 1imit data on montmorillonite (Fig. 5.6).

After completion of the washings for Na-homoionization, the 35 gms./litre
NaCl slurry of montmorilionite had a water content of approximately

815% (1iquidity index = 7.76) and the slurry possessed suitable
consistency for immediate deposition in the large cell for consolidation.
However, the water contents of the distilled water and the 15 gms./litre
NaCl batches were found to be 4600 and 3300% respectively which gave the
slurries an unsuitably thin consistency for immediate consolidation
because consolidation of such lean slurries would inevitably have caused
extrusion around the piston in the consolidation cell. Hence the 0 and
15 gms./1itre NaCl slurries were dried down to water contents of about
800 (1iquidity index = 1.41) and 850% (1iquidity index = 3.66) respectively.
The drying of the slurries was facilitated by a draft of warm air into
each bath and large mechanical stirrers were used to constantly stir

the clay-solution mixture in each bath so that a dried crust would not

be formed on the surface of the slurry. The type of polyethylene baths
used for homoionizing the clay minerals and the set-up for drying of the
mineral slurries to an acceptable consistency for consolidation are shown
in Fig. 5.7. After the two batches were dried to water contents of
800-900%, they were ready to be consolidated. The system chemistries

of the Na-homoionized attapulgite and montmorillonite slurries were not
analysed at this stage but were determined at a later stage from samples
of the large blocks that were obtained by consolidating these slurries

to desired effective stresses.

The homoionizing technique used here was simple and inexpensive.
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The whole process of homoionizing the large batches of the

minerals attapulgite and montmorillonite was completed in approximately
four months. The effectiveness of the simple procedure adopted here

is investigated in the next chapter in terms of the percent homoionization
of the batches in sodium accomplished by this technique.

5.3 Sample Preparation Techniques and Associated System Chemistry Analysis
The mineral kaolinite was obtained in a relatively pure state

and salinity was not expected to have any significant influence on the
residual strength of kaolinite. Consequently, no special modification
programme was undertaken for this mineral and instead of preparing large
consolidated blocks of kaolinite, the mineral in its air-dry powder state
was thoroughly mixed with desired pore fluids (0, 2 and 35 gm./1itre

NaCl solutions) at 1iquidity indices of 1-2 and allowed to equilibrate
for 24 hours in a moisture room with controlled humidity. For shear
tests on kaolinite, these slurries were directly deposited in the shear

boxes and allowed to consolidate under desired normal loads.

The Na-homoionized slurries of attapulgite and montmorillonite
were consolidated in large circular consolidation cells. Four cells were
built for consolidation of the slurries and each cell was comprised of
four essential components: (a) an aluminium base plate with a drainage
valve, (b) an 11.84" internal diameter , 10.26" high cylindrical
aluminium mould which was 1ined on the inside with teflon to minimize
side friction, (c) a 7.5" high aluminium loading piston that fitted
smoothly into the mould and (d) a vertical guide for centering of the
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piston (or the loading cap) and prevention of undesirable tilting of the
piston during the initfal stages of consolidation. Leakage between the
mould and the base was prevented by an 0-ring seal. Polyethylene porous
stones (k = 1 x 1074 cms./sec.) with filter papers were used on both
sides of the samples allowing two-way drainage for the specimens. No
side drains were used. The drainage from the top of a sample in a cell
was collected in the piston which had a perforated surface in contact
with the top porous stone while the drainage from the bottom of the
sample was collected in a graduated Jar. A pictorial view of the

large cell consolidation test set-ups 1s shown in Fig. 5.8.

Samples fof consolidation in the large cells were prepared
from the slurries in the following way. The porous stones for a cell
were first boiled in a salt solutfon that was identical in composition and
concentration to the pore fluid of the slurry that was going to be
consolidated in that particular cell. The mould was then clamped to the
base plate and the saturated bottom porous stone with a No. 42 Whatman
fllter paper (wetted and cut to the size of the stone) was put in place.
A quantity of the same NaCl solution was then poured into the cell and
the bottom valve was opened to flush out the air bubbles that were
trapped in the drainage channels of the base plate. After deairing
the base, the 3/16" diameter Eastman tube that carried the drainage from
the bottom of the sample to the graduated Jar was filled with the same
solution and the end of the tube was kept immersed into a small quantity
of the same salt solution in the graduated jar so that no air could get
back into the drainage channels of the base plate and desaturate the bottom
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porous stone. The appropriate slurry was then deposited into the cell

in layers. During the entire process of fi1ling up a cell with a particular
slurry, the cell was seated on a table vibrator (Soi1 Test Inc. Model No.
CT164) and continuous vibration was applied to the cell to drive out any
air entrapped during deposition of the slurry. The usual thickness of the
deposited slurry in a cell was maintained at around 7-9 inches so that

the loading piston could be seated into the mould upto a depth of at

least 2 inches from the surface of the mould. When the desired

thickness of the sample in a cell was attained, the consistency of the
slurry was such that the vibration applied to the cell produced a
perfectly smooth top surface and no further trimming of the top surface
was necessary. Saturated porous stones with filter papers were then
placed on the top of the samples and the cells were moved to the
consolidation bench. The sample thicknesses were measured accurately

and the samples were ready to be consolidated.

The first load on each sample was the load of the piston
(= 0.16 psi). The rods connected to the top of the pistons were guided
through the vertical guides (Fig. 5.8) which had practically frictionless
teflon bushings in them and the pistons were carefully centred and
lowered into the moulds and seated on the samples. Each piston was
partially filled with a salt solution that was identical in composition
and concentration to the pore fluid of the slurry that was being
consolidated in that cell to avoid osmotic diffusion. The settlement
readings were obtained from three %" travel dial gauges that were set

on three radial fins attached to the piston in such a way that the
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angle subtended between each settlement gauge point was equal to 120°
(Fig. 5.8). As consolidation progressed, the gauges attached to vertical
rods that were clamped to the unyielding base plate of a cell measured
the settlements of the fins. Amount of relative tilting of a piston
during consolidation was determined from the settlement readings

obtained at the three corners of the piston. The procedure for
consolidation was otherwise conventional. A load increment ratio of 1.0
was maintained for all the specimens. The pressure increments were
applied by putting appropriate weights directly on the loading piston
(Fig. 5.8) and just as in a conventional consolidation test, the dial
gauge readings were recorded with time. In each test, a subsequent

Toad increment was not applied until at jeast 90% of the primary
consolidation under the previous load increment was over. Furthermore,
as consolidation under the various applied normal stresses was in progress,
the quantity of outflow from each sample was recorded every 24 hours

and a sample from the effluent was also collected every 24 hours for

resistivity measurement.

The final applied normal pressure on all the samples of
attapulgite and montmorillonite with the exception of the 35 g/1 NaCl
sample of montmorillonite was 1.27 psi. The 35 g/1 NaCl sample of
montmorillonite was subjected to a final consolidation pressure of about
0.32 psi. On average, about 20,000-25,000 c.c. of fluid was expelled
from each attapulgite specimen as the consolidation pressure was
increased from 0 to 1.27 psi whereas about 5,000-12,000 c.c. of fluid
(the amount of fluid expelled increasing with {ncreasing pore fluid salt
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concentration) was expelled from each montmorillonite sample. At the
end of the first load increment, each sample was circulated with its

own pore fluid to ensure that the sample acquired the desired pore fluid
salinity. A period of three months was requi?ed for consolidating the
three attapulgite samples to a final pressure of 1.27 psi whereas the
consolidation of the montmorillionite samples were carried out for about
nine months. In comparison with the time required for 90% consolidation
of the 0 and 15 g/1 NaCl samples of montmorillonite, the 35 g/1 NaCl
samples of montmorillonite required less time for consolidation under

the same applied normal stress:

After completion of consolidation, all the fluids were
drained out from both ends of the samples and each sample was carefully
extruded from its consolidation cell. Even under the low applied
pressures the blocks gained enough undrained shear strength so as to
allow easy handling of the soft blocks. After determining the end of
consolidation water contents of the blocks, they were immediately
waxed and stored in a moisture room with controlled humidity. The
final thicknesses of the attapulgite blocks ranged between 5§ and 6 inches
whereas the final thicknesses of the 0, 16 and 35 g/1 NaCl blocks of
montmorillonite were about 4 inches. The excessive settlement of the
35 g/1 NaCl sample of montmorillonite under the applied stress of 0.32 psi
prevented further consolidation of the block in the large cell. All
the block samples obtained in this manner possessed sufficient thick-
nesses so as to allow the desired number of shear test specimens to

be obtained from them. The consolidation of the slurries into large
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blocks thus served the dual purpose of providing the desired
number of shear test specimens with a certain salt content and maintaining

the same initial structure for each shear test specimen obtained from one
block.

The system chemistries of the consolidated blocks were
analysed in order to define the final pore fluid salinities of the samples.
The system chemistry of a mineral sample can be divided into two major
components: (a) the composition and concentrations of various cations
in the pore fluid and (b) the distrtbution of cations in the adsorbed
state on the clay mineral surfaces. Among the various methods
available for pore water extraction, the most popular methods haye been
leaching and saturation extract (in which the water content of a soil
s increased by adding distilled water to such a 1imit that the water
could be extracted either by filtering or by application of a small
suction). However, both these methods fail to produce a true estimate
of the salinity of pore fluid at natural moisture content because
concentration of the extracted water is not directly proportional to the
inverse of the moisture content of the diluted slurry. This makes it
impossible to calculate the salinity of the pore water at its natural
moisture content from the known salinity at the diluted water content.
It has recently been demonstrated by Balasubramonian (1972) that a high
pressure mechanical squeezer is most suitable for extraction of the true
pore fluids from clays and clay-shales for the correct estimate of the
pore fluid salt contents. This technique involves extraction of pore

fluid from a sample in {its natural state and the pressure required
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to squeeze out the pore fluid depends on the type of soil. Since the clay
mineral blocks were consolidated from slurries, they had high water
contents and consequently, the consolidation cells themselves served
the purpose of pore fluid squeezers. The fluid expelled out of each
sample during the final stages of the last load increment was regarded
as the true pore fluid of the sample. The concentrations of Na+, Ca++.

Mg++ and K fons in these pore fluid samples were determined using
atomic absorption spectrophotometry technique.

To determine the distribution of the adsorbed cations in
the blocks, a small sample collected from each block was repeatedly
Jeached with 1IN NH4Ac using fresh supply of 1IN NH4Ac for every leaching.
The total leachate was then analysed for concentrations of Na+, Ca++.
Mg++ anq K* and the results of this analysis produced the total cation
(i.e. pore fluid + adsorbed) concentrations in the block. The
distribution of cations in the adsorbed state for a block was then
calculated by subtracting the pore fluid cation concentrations from
the total cation concentrations. The distribution of the various
cations in the adsorbed state, thus determined, clearly indicated the
extent to which the treatment procedure adopted here had been
successful in homoionizing the clay minerals in sodium. The results of

these analyses are reported in Chapter VI.

5.4 Reversal Drained Direct Shear Tests

5.4.1 Modified direct shear test apparatus

The shear tests were carried out in five direct shear
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machines which were modified to suit the requirements of this study.
Pictorial views of a modif'le& direct shear apparatus are shown in

Fig. 5.9 and 5.10. The total height of each shear box assembly was
increased from 2 to 4 inches (Fig. 5.9) in order to accommodate samples
of larger thicknesses because the high water content montmorillonite
samples were expected to undergo excessive amounts of settlement in

the shear box and in a 2" high shear box, this would have resulted in
unreasonably thin samples for shear. The inside surfaces of each box
were 1ined with teflon using Scotch-weld 2216 A and B (commercially
available from the 3M Company of Canada Ltd.) as the bonding agent and

the final cross-secticnal area of each shear box was 2.35" x 2.35".

To facilitate the determination of residual strength, the
direct shear machines were further modified to allow automatic reversal
of the shear boxes. Each machine was fitted with two microswitches at
the end of 0.18-0.22 inches travel to either side of the cehtral position
(Fig. 5.10). Thus the total displacement between the two microswitches
was 0.36-0.44 inches*. Two flat iron pieces attached to both ends of
the shear box (Fig. §.10) activated the microswitches at the end of the

The effect of length of travel of a shear box between reversals on the
shape of the load-displacement curve has recently been investigated
by Cullen and Donald (1971) and they have concluded from their study
that a travel of 0.25 inches between reversals is insufficient to
obtain a steady load-displacement curve for some soils. Hence the
shear tests conducted in this investigation were all at least

0.36" travel tests.
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travel in either direction and the motor was automatically reversed thus
reversing the direction of motion. A1l the tests were started from the
central position so that the first reversal came after about 0.18-0.22
inches of horizontal displacement while all subsequent reversals took
place after every 0.36-0.44 inches of horizontal displacement. Two
additional microswitches, one at each end of travel, were provided in
each machine as safety devices (Fig. 5.10). If, for some reason, the
reversing microswitches failed to work at the end of a cycle, the box
in question was moved further in the same direction till the safety

switch was activated which disconnected the power supply and the motor
was stopped.

The horizontal and vertical displacements during shear were measured
with %" (model 7DCDT-500) and 1" (model 7DCDT-1000) travel Hewlett-Packard
linear voltage differential transducers (Fig. 5.10). Each LVDT had a
range of voltage within which a direct proportionality existed between
displacement and output voltage. Care was taken to ensure that the
displacements (vertical and horizontal) during a shear tesit were measured
within this range. The calibration factors of the LVDT's are presented
in Table A.la of Appendix A.

Load cells (500 1b. capacity) were used in the direct shear machines
for the measurement of shear forces. A load cell consisted of four
fixed element resistance aluminium strain gauges mounted firmly on a
thin hollow aluminium (6063 F A1) cylinder with an internal diameter
of 0.25 inches and suitable wall thickness. The wall thickness depends
on the desired rigidity of the load cell and the rigidity determines
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the utlimate load capacity of the cell. Two of the strain gauges were
mounted in such a way that their elements were parallel to the axis of the
cyiinder while the other two had their elements transverse to the axis.
The former were to record the axial deformation of the load cell while

the latter compensated for unintended transverse loads or twists.

The resistance elements were coated with a water proofing compound to
protect the elements from the changes in humidity of the atmosphere and
the coating also served as a shock absorber if the load cell was subjected_
to accidental minor shocks. The ends of the load cells were suitably
thickened and flared to suit the fixtures specially made for the shear
machines (Fig. 5.10). The ends of each load cell were threaded internally
to enable the cell to be mounted in position on the shear machine as

shown in Fig. 5.10 so that it can be strained both in compression and
tension. The calibration factors of the load cells are presented in

Table A.1a of Appendix A. The voltagé outputs from the loadvcells and the
LVDTs were scanned, amplified and recorded on a paper strip by an
automatic digital voltmeter (Hewlett-Packard Testmobile model 3440A

with mode] 5050B digital recorder).

The side friction in each shear box was reduced by teflon
coating and the friction between the two halves of the box was
considered to be negligible because the two halves were separated from
each other during shear. In order to reduce machine friction, the
bushing in the guide through which the extension rod connects the top
half of a shear box to the load cell was made out of teflon and an
all around gap of 3/1000" was kep; between the extension rod and the
bushing. This made the machines virtually frictionless. In each
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machine, the centre 1ine along which the bottom half of the shear box .
moves during shear was accurately aligned with the centre line of the
load measuring system in order to prevent any undesirable twist that
may be exerted on the 1oad cell during shear. The characteristics

of the direct shear machines and the associated measuring systems are

presented in section A.1 of Appendix A.

5.4.2 Sample preparation

For tests on kaolinite, slhrried batches prepared from the
air-dried state of the mineral were used to fi11 up the shear boxes in
thin layers until the desired initial thicknesses of the samples were
attained. The boxes were continuously tapped during the entire process
in order to expel any entrapped air bubbles from the samples. This
operation was carried out in a moisture room with controlled humidity.
Carborundum porous stones with filter papers saturated in appropriate
pore fluid salt solutions were used above and below the slurried samples
in the shear boxes. The weight of soil in each box and thé water
content of the corresponding slurry were determined for calculating the
initial void ratfo and the. degree of saturation of the sample. The shear
box assemblies were then moved to the direct shear machines and the
samples were subjected to the desired normal loads in conventional
steps. A load increment ratio of 1.0 was used in the consolidation
phase of each test. The reservoir surrounding each shear box was
filled with a salt solution that was identical in composition and

concentration to the pore fluid of the sample in the shear box.

In the case of the minerals attapulgite and montmorillonite,



146

the shear test specimens were obtained from the large consolidated blocks.
The peripheral disturbed zone was first removed from each block and
smaller blocks (of desired thicknesses) that were of slightly larger
dimensions than the internal dimension of a shear box (2.35" x 2.35")
were cut out of the central core using a very fine piano wire. An
individual small block of desired thickness was then directly set on

the top half of a shear box and the four sides of the block were
carefully trimmed with a piano wire until the sample fitted into the
top half of the box. Water content samples were obtained from the
trimmings and the weight of the specimen was determined in order to
calculate the initial void ratio and the degree of saturation of the
sample. The two halves of the shear box were then assembled with
saturated carborundum porous stones and filter papers on both sides

of the sample and a gentle pressure on the top porous stone forced

the sample into proper location for testing. During sampling,

care was taken to ensure that the direction of consolidation for a
shear test specimen was kept identical to the direction of consolidation
for the large block from which the test specimen was obtained.

The shear box assemblies were then moved from the moisture
room to the direct shear machines and tﬁe samples were subjected to
the same effective normal stress under which the parent block was
consolidated. Only after applying this initial normal pressure, each
reservoir was filled up with a salt solution that was identical in
composition and concentration to the pore fluid of the sample in the

shear box. The samples were then subjected to the desired normal
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loads in conventional steps using a load increment ratio of 1.0. During

each load application on a specimen, the settlement readings from the

vertical LVDT were recorded with time.

The shear tests on kaolinite were performed on normally
consolidated specimens whereas the tests on attapulgite and montmorillonite
were performed on ovegéonsolidated specimens because of the observed
tendency of a normally consolidated specimen of any one of these
minerals to undergo considerable secondary consolidation during shear.

A primary requirement for obtaining a stabilised residual shear strength

is to attain minimum volume change condition during shear at large

strains.

5.4.3 Shearing technique

If a sample was intended to be sheared along a precut‘plane
after completion of consolidation under the desired normal load, the
upper half of the shear box was raised s1ightly using the two screﬁs
provided. A thin piano wire was then s1ipped into the division
between the two halves of the shear box and the wire was wrapped around
the sample. The two ends of the wire were then brought out through two
holes in the reservoir and a uniform pull was applied on the wire to
make a failure plane in the sample. The process was repeated several
times using a new piece of wire every time and the wire was always
pulled in the same direction. The whole operation of precutting the
plane was performed without removing the normal stress on the sample.
The sample was then ready to be sheared. The zero reading of the load

cell was recorded and the horizontal LVDT was set at proper initial
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reading corresponding to the central posftion of the box. The gears
chosen for the desired rate of displacement were then engaged and
shearing was commenced. Shear load, horizontal and vertical displacements
were recorded as voltage readings by the automatic digital voltmeter.
Readings were taken at an interval of 1 minute for the first two

cycles after which an interval of 10 minutes was used for the subsequent

cycles.

A test was terminated when significant amount of soi] was

- Squeezed out of the box which had the apparent effect of increasing the
strength. Approximately 3 to 4 inches of total horizontal displacement
(representing about 10 reversal-cycles) could normally be imposed on a
sample before excessive extrusion occurred. Shearing of a cut-plane

specimen to the residual state was usually completed in about 24 hours .

A shear test Qas usually stopped at the centre of the travel
and the two halves of the shear box were clamped back together bringing
the load cell reading back to zero. The reservoir of the shear box
assembly was then drained and the normal load was released. The entire
shear box assembly was then 1ifted out of the reservoir and the sample
was carefully extruded from the box by applying a gentle pressure on
the bottom porous stone. One half of the sample was used for determining
the water content distribution in the sample while the other half was
waxed and stored in a moisture room for subsequent microstructural

examination.

For a peak strength test, the procedure followed was exactly
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the same except no precut plane was made in the sample and the test was
run at a speed that was at least ten times slower than the speed

employed for a cut-plane test.

5.5 Constant Volume Leaching Tests

5.5.1 General
In order to establish the control of true effective stress

(°n*) on residual shear strength (1 a special testing scheme was

res)'
developed. This testing programme was described in Chapter IV and it
involved comparing residual shear strengths of Na-montmorillonite samples
before and after leaching of the pore fluiq salts under constant overall
volume conditions. A set of five low pressure (on' = 2.5, 5, 7.5, 10
and 15 psi) Na-montmorillonite - 33.57 g/1 NaCi samples were subjected
to constant volume leaching as a part of this test programme and as
stated earlier, the tests were confined to the low pressure range so

that samples of reasonable permeability could be obtained for leaching.

5.5.2 Shear before leaching

The five overconsolidated saline specimens of Na-montmorillonite
were first sheared along precut planes under the Tow normal pressures
using a rate of displacement of 0.0019-0.0024 inches per minute and the
resjdual shear strengths of the samples were determined. These samples
weré tested in a surrounding cell solution that was identical in
composition and concentration to the pore fluid of the samples and the
tests were not continued beyond 8-9 reversal cycles because extrusion

of soil between the boxes was undesirable before leaching. After
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terminating the tests at their centres of travel, the two halves of
the shear boxes were clamped back together and the reservoirs were
drained. The normal loads were then removed from the samples and the

samples were ready to be leached under constant overall volume conditions.

5.5.3 Constant volume leaching of the sheared samples

a. Leaching test equipment

Special leaching equipment was designed to satisfy the
following requirements:

i. To replace the saline pore fluids of the samples with
distilled water by leaching under constant overall volume conditions, and,

ii. To measure the changes in the apparent effective stresses
required to counterbalance the net (R-A) stresses developed due to

leaching under constant overall volume conditions.

It was imperative to conduct the leaching tests in the shear
boxes because extrusion of the samples into a separate set of leaching
cells would have invariably created gross leakage channels around the

samples and no leaching of the pore spaces of the samples would have

occurred.

Since it was intended to replace the salts from the pore
spaces of the samples under constant overall volume conditions, downward
leaching technique was not used because of the possibility of further
consolidation of the samples due to downward seepage pressures. Hence
the samples were leached upward with the idea that upward seepage

pressures would tend -to reduce the initial effective stresses and thus
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induce a tendency of swelling in the samples which would not be very
difficult to prevent.

A sectional view of a leaching cell is presented in Fig. 5.11
while Figs. 5.12 and 5.13 illustrate the fully assembled leaching
equipment and the close-up of a leaching cell respectively. A leaching
test assembly consisted of five essential components: (a) a perspex
reservoir, (b) a perspex base plate with valve connections, (c) a
leaching cell which was the direct shear box itself, (d) a perspex top
cap with a perspex loading piston and (e) a mild steel loading frame
with a stiff 500 1b. aluminium load cell. The mechanical details and

the dimensions of the first four components are shown in Fig. 5.11.

The perspex reservoir was uéed as a storage for the leachate
and the elevation of the reservoir could be adjusted to produce a
desired pressure a; the base of the sample for upward leaching. The
reservoir was equipped with a 10 c.c. (5/16" 1.D.) glass burette for

measurement of the quantities of inflow into the sample during leaching.

A 5/16" hole was drilled diametrically through the perspex
base (6" diameter x 1%" thick) of the cell and each end of the hole was
fitted with a toggle valve. The reservoir was connected to the inlet
toggle valve by 1/8" 0.D. Eastman tubing and by opening the inlet
valve, the trough in the base plate could be filled up with leachate from
the reservoir and upward leaching of the sample could be initiated.

The outlet toggle valve was basically intended for flushing of the

base. Four holes were drilled into the perspex base to accommodate
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four 3/16" NC screws that were used for clamping the shear box to the
base plate. Once the two were clamped together, a 1/8" diameter
0-ring fitted in a square groove in the base plate prevented any
possible leakage between the bottom of the shear box and the top of the
base plate. The underside of the base plate was provided with a
protruding part (4" diameter x 1/4" thick) that fitted into a
corresponding groove in the steel base plate of the loading frame so
that the entire leaching cell assembly could be located centrally in

the loading frame and no lateral movement of the cell would be possible

once it is in the loading frame.

As mentioned before, the shear box itself was used as the
leaching cell. Consequently, the cadmium coated brass plate that is
used below the bottom porous stone in a shear box test was perforated
to allow the leachate from the trough to enter freely into the bottom
porous stones. Fﬁrthermnre. for the leaching tests, two carborundum
porous stones instead of one were used below each sample so that the
shear plane would be closer to the bottom of the sample. This was done
in order to ensure that complete leaching of the shear zone would at
least be achieved within a reasonable period of time. Only one
porous stone was used above the sample and filter papers were used
between the stones and the sample. Quick setting General Electric
silicone construction sealant was used for plugging the gap between
the two halves of the shear box so that no leakage would occur
between the halves during leaching and this particular sealant was

found to be excellent for the purpose.
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The top cap was specially designed to aliow only a small
quantity of fluid (70-80 c.c.) to be present above the sample at all
times. This was done with the specific intention of increasing the
accuracy with which the salt content of the effluent could be
measured. The top cap was fitted with a 10 c.c.(5/16" I.D.) glass
burette for measurement of the quantities of outflow from the sample
during leaching. The outflow burette also served the purpose of an inlet
for filling up the space between the underside of the top cap énd the top
of the sample with the desired solution. The provision of an inflow
and an outflow burette was intended not only to provide a continuous
check on the maintenance of\constant overall volume condition for the
sample during the entire leaching process but also to allow the leaching
test set-up to be simultaneously used as a constant head permeameter
for measurement of the changes in the coefficient of permeability of
the sample during leaching. Four holes were drilled into the top cap
to accommodate four wing nuts that were used to clamp the top cap to the
top of the shear box with a greased rubber gasket in between for
prevention of leakage between the two. The loading piston consisted
of a 3/4" diameter solid perspex cylinder connected to a perforated
square loading platform (2.32" x 2.32"). A central hole in the top cap
accommodated the circular stem. of the loading piston while the pérspex
loading platform sat directly on the top porous stone. A rolling o-ring
seal was used in this central hole in order to prevent any leakage
between the top cap and the stem of the piston. A very small clearance
(= 0.01") was kept on all sides between the square loading platform
and the inside walls of the shear box.
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The loading frame consisted of an aluminium crossbar that
could be slided up and down two threaded mild steel rods that were
clamped to a steel base plate (Fig. 5.12). The aluminium crossbar could
be rigidly fixed at any level along the threaded rods by tightening a
pair of nuts (one above and one below the bar) at each end of the
crossbar. With the assembled leaching cell in the loading frame, a
stiff 500 1b. load cell could be mounted between the top of the loading
piston and the underside of the aluminium crossbar using a 1/2" diameter
stainless steel ball bearing at each end of the lodd cell for proper
seating. The top ball bearing was housed in a vertical alignment hole
that was centrally located in the crossbar while the bottom ball
bearing was made to sit in a groove on the top of the loading piston.
Stiff 500 1b. load cells were used as 1oad measuring devices in the
leaching equipment. Several researchers (Palit 1953; Alpan, 1957) have
designed swelling pressure cells where proving rings were used_for load
measurements. But to measure a load by a proving ring requires some
deformation of the proving ring and a corresponding swelling of the
soil sample. Since it was intended in this investigation to conduct
leaching under constant overall volume conditions, stiff load cells that
require negligible deformations to measure loads were used as load
measuring devices. A special feature of the loading frame was a
carefully centred circular groove (4" diameter x 1/4" deep) in the steel
base plate which corresponded to the protruding part on the underside
of the perspex base of the leaching cell assembly and once this protruding
part of the perspex base was introduced into the groove in the base plate,

the vertical centre 1ines of the piston, the 1oad cell and the aluminium
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crossbar were autamatically aligned along one vertical 1ine. While setting
up the leaching cell assembly in the loading frame, it was imperative to
align these three components along one vertical centre line to prevent

any bending of the load cell due to eccentricity during subsequent load
applications. Hence, with fhe assembled leaching cell in position in

the loading frame and the 1oad cell mounted between the piston and the
crossbar, a load could then be applied by simultaneous tightening of the
two nuts above the crossbar (keeping the pair below the bar released)

by equal amounts which would press the crossbar down on the load cell

and the load cell, in turn, would transfer the load to the sample through
the loading piston. A spirit level was used to ensure that the crossbar
was always kept absolutely horizontal during loading of the sample.

Once a desired load was applied to the'sample (which was indicated by

the load cell reading), the crossbar could be fixed in place and the

stiff load cell was then rigidly fixed between the piston and the crossbar.
As the sample would tend to swell during subsequent upward leaching with
distilled water, the stiff load cell rigidly fixed between the crossbar

and the piston would prevent this swelling and measure the resulting load.

Components weré built for five leaching tests. However, one
of the cells was built for a pilot test and was not equipped with an
inflow and an outflow burette. Consequently, no flow or permeability
data could be obtained from the test that was conducted in this

particular cell.

Since the duration of a leaching test on montmorillonite

could be fairly long, the creep of the porous stones, the filter papers
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and the perspex loading piston in a cell could be an important factor.

In this investigation, however, instead of calibrating the creep of the
stones and the pistons, they were all submerged in water and kept loaded
under a normal pressure of 80 psi (= anticipated maximum swelling pressure)

for at least 15 days before they were used in the tests.

b. Leaching test procedure

After termination of the first time shearing of the five
Na-montmorillonite samples in the saline (33.57 g/1 NaCl) environment,
the shear boxes were removed from the direct shear machines and the
boxes were clamped to the perspex bases. The top caps were then
introduced into the boxes and the loading pistons were gently seated
on the top porous stones, The top caps were subsequently clamped to the
shear boxes and the assembled cells were housed in the respective
loading frames which sat on a rigid steel I-beam (Fig. 5.12). The
500 1bs. load cells were then mounted between the pistons and the crossbars
making absolutely sure that the vertical centre lines of the loading
pistons, the load cells and the crossbars in the loading frames were
perfectly aligned. The setting up operation was completed in a very

short time to prevent any loss of moisture from the samples.

After setting the assembled cells into the respective
loading frames, loads corresponding to the initial apparent effective
stresses (on' = 2.5, 5, 7.5, 10 and 15 psi) were applied on the samples
by pressing the crossbars down on the load cells and after applying the

desired loads on the samples, the crossbars were fixed in position.
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The gaps between the two halves of the shear boxes were then plugged with

the silicone construction sealant. Only after applying the appropriate
initial normal loads on the samples, the troughs below the samples and

the spaces above the samples were filled up with deaired 33.57 g/1 NaCl
solution. Although the flow of solution into a trough was mainly due

to the difference in elevation between the reservoir and the base of

the cell, complete deairing of thejtrough during the initial filling

(and the subsequent filling of the trough after each flushing of the

base) was accomplished by applying a small vacuum at the base through

‘the outlet toggle valve and immediately closing it which was followed

by opening of the inlet toggle valve. A hypodermic syringe was used

for applying the small vacuum. Care was taken to expel all air bubbles
from the spaces above the samples and the quantity of solution required
to fi1l up the space above each sample upto the 1 c.c. mark in the outflow
burette was accurately measured. Evaporation‘was completely eliminated
from each system by maintaining a small head of special grade motor oil
above the standing solution leve1§ in the inflow and the outflow burette.
Hence,with 33.57 g/1 NaCl solution (which is the initial pore fluid of

the samples) above and below the samples, the specimens were allowed to
reach equilibrium under the reapplied initial effective stresses. Both
the inlet and the outlet toggle valves were kept closed during this period.

The samples were then circulated with 33.57 g/1 NaCl solution
under heads of 3%' to 9%' (depending on the initial effective stress
of the sample) applied at the bases by opening the inlet toggle valves

which connected the reservoirs to the troughs below the samples. The
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applied heads were so chosen that they also imposed relatively high hydraulic
gradients across the samples so that considerable amounts of flow would

occur through the samples within a reasonable span of time. Due to these

heads applied at the bases, seepagée pressures should develop at the top

of the samples. These seepage pressures must be subtracted from the constantly
changing apparent effective stresses that would be recorded during leaching

with distilled water in order to obtain the true changes in cn' (or the

net (R-A) stresses) due to leaching under constant overall volume

conditions. Since it will be impossible to distinguish between the

seepage pressures and the net (R-A) stresses developing simultaneously at the top
of the samples during leaching with distilled water, it was necessary to determine
the seepage pressures independently. Hence, before commencing leaching

with distilled water, the seepage pressures (which are independent of

salinity) at the top of the samples were independently measured by

circulating 33.57 g/1 NaCl solution (the initial pore fluid of the

samples) through the samples under the same heads (3%' - 9%') that were

used for subsequent leaching with distilled water.

As 33.57 g/i NaCl ;olution was circulated through the samples
under the applied heads, seepage pressures developed at the top of the
specimens. The rigid load measuring devices fixed against the crossbars
prevented any swelling of the samples that could have been caused by the
upward seepage and continually increasing loads were registered by the
load cells as steady state upward seepage conditions were being
established in the samples. These load cell readings representing the

sums of the initial apparent effective stresses and the seepage pressures
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were recorded with time on the Hewlett-Packard digital recorder.

For four tests, the quantities of inflow and outflow of salt solution
along with the resistivities of the effluents were recorded every

24 hours. The levels of solution in the inflow and the outflow

burettes were also adjusted every 24 hours in order to maintain the head
differences across the samples constant. The circulation of salt
soiution through the samples was carried out for about 15 days until

steady state seepage pressure readings were obtained at the top

of the samples.

After measuring the seepage pressures at the top of the
samples, the salt solutions from both sides of the samples were replaced
with deaired distilled water and upward leaching of the samples with
distilled water was commenced. The replacement of the saline (33.57 g/1
NaCl) pore fluids from the samples under constant overall volume
conditions was accomplished not only by an upward flow of distilled
water through the samples but also by diffusion from both ends of the
samples which were now in contact with distilled water. During leaching
with distilled water, the inflow and outflow readings were recorded every
24 hours from the corresponding burettes. The resistivites of the
effluents were also measured at the same time on samples collected by
a hypodermic syringe from the outflow burettes. The distilled water
above and below each sample was flushed out and replaced with a fresh
supply every day. While refilling the troughs below the samples after
each flushing, the same procedure of applying a small vacuum at the

base was used. The levels of water in the inflow and the outflow
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burettes were also adjusted every 24 hours in order to maintain

constant head differences across the samples for leaching.

As leaching proceeded under constant volume conditions, the
Toad cells registered monotonically increasing load readings with time.
The leaching was stopped after stabilised values of the net (R-A) stresses
were attained for all the samples. The leaching tests were run for about

120,000-130,000 minutes with the exception of one which was run for
about 240,000 minutes.

5.5.4 Reshear after leaching and associated system chemistry analysis

After obtaining the stabilised net (R-A) stresses for the
Na-montmorillonite samples which corresponded to the completion of
leaching of the samples, all fluids were drained out from both sides
of the samples. The leaching test assemblies were quickly dismantled and
after removing the silicone sealant from the divisions between the two
halves of the shear boxes, the boxes were immédiately set into the direct
shear machines. Each sample was then subjeéted tqQa normal pressure
that was equal in magnitude to the final apparent effective stress (on‘)
of the sample at the end of leaching and the reservoirs were filled
with distilled water. The volume changes of the leached samples under
the new cn' values were recorded with time for a week at the end of
which the samples were resheared under drained conditions along the existing
shear planes in the conventional manner and the residual shear strengths
of the leached samples under the new on' values were determined. ' The
same rates of displacement that were used to shear the specimens before

leaching were also used for reshearing the specimens after leaching.
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Furthermore for these shear tests, if the cycle in which shearing was
terminated for a specimen before leaching héppened to be a compression
cycle, the reshearing of the same specimen after leaching was started

also on a compression cycle.

The shearing of these leached Na-montmorillonite samples
was continued until excessive extrusion occurred between the boxes.
After termination of these shear tests, the samples were extruded from
the shear boxes. The water content distribution in each sample was
determined from a part of the sample while the rest of the sample was
used for pore fluid analysis. A mechanical pore fluid squeezer, the
details of which are described elsewhere (Balasubramonian, 1972), was used
for extracting the pore fluids from these leached samples. A pressure
of about 500 psi was found to be adequate for extraction of about 5 c.c.
of pore fluid from each sample in approximately 4 days. These pore
fluid samples were then analysed for the concentrations of Na+, Ca++,
Mg++ and K using the atomic absorption spectrophotometry technique.
The pore fluid ion concentrations, thus determined, demonstrated the
extent of leaching that was achieved in the Na-montmorillonite samples
and the effectiveness of the flow-diffusion technique that was employed
for leaching. These final pore fluid ion concentrations were also used
for estimating the net (R-A) stresses of the leached samples from the

double-layer repulsive stress equation (Eqn. 3.29).

5.6 Technique Used for Microstructural Study

A number of specimens of each clay mineral sheared along

precut planes under various normal pressures to the residual state were
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subjected to microstructural examination using the technique of
scanning electron microscopy. After termination of shearing, a part
of each reversal test specimen that contained the large displacement
shear zone and the undeformed area outside the shear zone was

waxed and stored in a moisture room with controlled humidity for

subsequent preparation of sections for electron microscopy.

It is not possible to analyse the fabrié of wet samples
by electron optical methods. The water from the samples, therefore,
had to be replaced or removed. Three techniques are available for this
purpose and they are: (a) air-drying, (b) critical point drying and
(c) freeze-drying technique. Gillott (1969, 1970) has described the
various methods of drying in detail and has discussed the relative
advantages and disadvantages of the various techniques. The air-drying
technique obviously produces considerable volume decrease in a sample
and fabric is significantly affected by the shrinkage. It is
possible to reduce shrinkage caused by surface tension forces and moisture
migration by using either critical point drying or freeze-drying technique.
In this investigation, the freeze-drying technique was employed to prepare
samples for the scanning electron microscope. The technique involved
freezing a waxed specimen by immersion in a vessel containing isopentane
surrounded by liquid nitrogen at a temperature of about -190°C in an
outer container. The wax coating was then removed and the sample was
dipped again in isopentane surrounded by liquid N2 to ensure complete
freezing of the sample. The ice was then removed from the sample by

sublimation under vacuum in an Edward Pearse tissue drier (model EPD 2).
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In the drier, the sample was placed on a plate which was cooled down to
a‘temperature of -80°C so that the sample was not warmed up immed1ately
after freezing. As sublimation proceeded, the temperature of the plate
was slowly raised to room temperature. A tray filled with phosphorus
pertoxide (P,0g) was placed in the drier for absorption of the
moisture generated during sublimation so as to keep the vacuum chamber
dry. Montmorillonite sampies required about 5-6 days for complete
drying by the vacuum sublimation process whereas approximately 2-3 days
were sufficient for drying of the kaolinite and the attapulgite sampies.
It was attempted to keep the sample sizes as small as possible so that

complete drying of the samples could be achieved in a relatively short time.

After drying, the samples were extremely fragile and had to
be handled with utmost care. If a number of samples were prepared in
a short time, they were stored in a dessicator after drying and sections
were prepared from one specimen at a time., Three types of sections
were prepared from each specimen and they are: (a) longitudinal section,
(b) transverse section, and (c) a section of the shear plane itself.
Fig. 5.14 illustrates the planes of the sections obtained from each
reversal test specimen. Since an electron microscope gives information
about a surface, it is vitally important that the surface examined in
a section be representative of the bulk material. A surface may be exposed
by fracture or cutting. In metallurgy, it is a standard procedure
to expose surfaces of polycrystalline materials by fracture. Cutting is
a shearing action which induces damage, the depth and extent of which

depend upon the method of cutting and the nature of material (Kay, 1965).
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It has been shown to orient wet clay (Martin, 1966) and hence the

arrangement of the particles on a cut surface is unlikely to represent
the true fabric of the bulk material. In this study, fresh surfaces
which included the shear zones and the undeformed areas outside the shear
zones were obtained in the longitudinal and the transverse sections by
fracturing and these fractured surfaces were viewed under the scanning
electron microscope. For secfions of the shear planes themselves, no
fracturing was necessary. Instead, the two halves of a sheared specimen
were separated and sections of the shear plane were directly viewed
under the microscope. The surfaces exposed by fracturing were then
cleaned by a spray of freon and the samples were mounted on )" diameter
aluminium stubs using silver iodide paint as the bonding agent. The
top surface of each mounted sample was the fractured surface intended
for viewing. An average mounted specimen was 0.4" in diameter and
0.1" thick. Usually in each specimen, one more surface perpendicular
to.the top surface was exposed by fracturing so as to allow
microstructural observations to be made on more than one plane per
section. The non-conducting specimens mounted on the stubs were next
coated with gold-palladium or gold in an Edwards vacuum coating unit
(model E 12 E). The gold coating prevents the build up of an electric
charge inside the microscope which may cause a serious loss in
resolution. The sections were then ready to be viewed under a

scanning electron microscope.

A Cambridge stereoscan S4 scanning electron microscope

was -used in this investigation. The working principles and the details
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of this microscope have been described elsewhere (6i110tt, 1969).

The Cambridge stereoscan S4 has a magnification range of 14 to 200,000
times and it has also demonstrated a resolution of less than 100 A

at 100,006 x magnifications. The depth of focus in the stereoscan

S4 model is approximately % to 1 micron (5,000-10,000 A). During
examination, the specimen can be tilted, rotated and moved in the X,

Y and Z directions. Larger specimens can be examined with loss of

movement in some directions.

The structures of the large displacement shear zone and the
undeformed area outside the shear zone in each section were studied under
the stereoscan S4. The specimens were scanned and viewed on a display
screen and pertinent structural features were photographed on
120-plus X roll films. The photomicrographs of the pertinent structural

features are presented and interpreted in the next chapter.
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F16. 5.12 THE CONSTANT VOLUME LEACHING TEST EQUIPMENT
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FIG. 5.14 PLANES OF SECTION FOR SCANNING ELECTRON
MICROSCOPE STUDY



CHAPTER VI
PRESENTATION AND INTERPRETATION OF TEST RESULTS

6.1 Analysis of the System Chemistries of the Mineral Block Samples

The distributions of various cations in the pore fluids and
the adsorbed cation complexes of the block samples of attapulgite and
montmorillonite are presented in Table 6.1. The results of.the pore
fluid analyses (Table 6.1) confirm that the final pore fluid NaCl
concentrations of the mineral block samples were as desired. The final
distributions of cations in the adsorbed states on the attapulgite and
montmorillonite particles, presented in Table 6.1, clearly indicate
that the minerals Qere about 90% homoionic in sodium which confirms
that the simple and inexpensive treatment procedure adopted here was
indeed effective in homoionizing rather large quantities (9 to 10 1bs.)

of clay minerals in sodium in a relatively short period of time.

6.2 Consolidation Characteristics of the Clay Minerals

The consolidation characteristics of the clay minerals
(kaolinite, attapulgite and montmorillonite) were obtained from the large
cell consolidation tests that were conducted during preparation of block
samples of the clay minerals for subsequent shear tests and also from
the consolidation phase in the direct shear boxes while the desired
normal pressures were applied to the samples in steps. The consolidation

test data were analyzed in the conventional manner using the square
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root fitting method (Taylor, 1948). The consoiidation characteristics

of kaolinite, attapulgite and montmorillonite are summarized in
Table 6.2.

Among the clay minerals, montmorillonite demonstrated the
lowest coefficient of consolidation (cv) and ¢, increased in the order:
montmorillonite, attapulgite and kaolinite. The reverse order, however,
was found to be true for increasing values of the compression index (Cc)
for the clay minerals. Typical settlement versus ytime plots for the
minerals are presented in Figs. B-1 to B-6 of Appendix B and from Figs. B=5
and B-6, it can be seen that the attapulgite and the montmorillonite
specimens exhibited significant secondary compression. The average

“values for the rate of secondary compression (Ca) of the attapulgite
and the montmorillonite samples were about 0.029 and 0.052 respectively
(Table 6.2) which are quite comparable to the Ca value of 0.03 reported
for highly plastic organic soils by Ladd (1967). Kaolinite, on the
other hand, exhibited negligible secondary effects (see Fig. B-3).

An attempt was also made to study the effect of the pore
fluid NaCl content on the consolidation behaviour of each clay mineral
by comparing the consolidation characteristics of the three batches of
each mineral that were remoulded at the same initial water contents but
under different pore fluid NaCl concentrations. The comparisons were
made for the same consolidation pressures. Such a comparison, presented
in Table 6.2, indicates that the pore fluid NaCl content had virtually
no effect on the consolidation characteristics of kaolinite and Na-

attapulgite whereas the consolidation characteristics of Na-montmorillonite
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were significantly influenced by changes in the pore fluid NaCl
concentration. In the case of Na-montmorillonite, as the pore fluid

NaCl concentration was increased from 1.15 to 33.57 g/1, the compression
index (C.) was found to decrease from 5.85 to 2.7 whereas the coefficient
of consolidation (cv) was found to increase from 0.38 ft.z/year to 3.20 ftf?year.
The data is consistent with the well known effect of varying initial
structure (caused by varying depositional environment) on the
consolidation characteristics of an active clay-water system. The
changes in the consolidation characteristics of Na-montmorillonite due

to corresponding changes in the pore fluid NaCl content also seem to

be consistent with the observed changes in the liquid and plastic

limits of Na-montmorillonite with corresponding changes in the pore

fluid salinity (Fig. 5.6). |

6.3 Reversal Shear Test Results

6.3.1 General

Approximately 6 to 10 drained direct shear tests were
conducted on each clay mineral at each pore fluid NaCl content. The
shear tests in each series {except in the case of attapulgite) were
carried out under normal pressures ranging from about 2.5 to 80 psi.
A numbering system has been adopted here for referencing the shear
tests. For example, the first shear test in the series on kaolinite
samples with pore fluid NaCl content of 35 gms./litre is numbered
K-35-1 in which the abbreviation K stands for the mineral kaolinite
and the numbers 35 and 1 stand for the pore fluid NaCl content in

gms./litre and the number of the particular test in the series respectively.
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No difficulties were encountered in preparing the direct shear
test specimens from the consolidated blocks and the technique of sample
preparation outlined in Chapter V appeared to be quite satisfactory.

The accuracies of the measuring systems used in the direct shear
machines are presented in section A.1 of Appendix A which shows that
the 500 1b. load cells that were used as load measuring devices in the
direct shear machines and the leaching cells were capable of measuringa
load as low as 0.3 to 0.4 lbs. The LVITs, on the other hand, had

the accuracy of measuring a deformation as small as 0.00002 inches.

In a direct shear test, the stress-displacement curve shows
a maximum shear strength in the first cycle which is followed by a
tendency for the shear stress to drop a little at each later reversal
until the residual state is reached. However, it is not necessarily
sufficient to test a sample until a sensibly constant load value is
obtained over a small displacement, but it is generally advisable to
test until several consecutive reversals show the same shear stress
with negligible volume changes. The practice in this study has been
to continue a test until the shear stresses recorded in several
consecutive compression and tension cycles are practically the same.
The variation between the tension and the compression cycle shear forces
at residual state was usually in the order of + 5% and the lower value

has usually been accepted..

6.3.2 Reduction and presentation of the shear test data

The data necessary to compute the shear shresses, the

horizontal and the vertical displacements for a shear test consisted
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of readings from a load cell and two LVDTS. The load cell readings
were corrected for zero drift by subtracting its "no load" reading
from its loaded readings. These differences were mutliplied by the
aﬁpropriate calibration constant (Table A.la - of Appendix A) to

obtain the forces measured by a load cell during a shear test. The
shear forces obtained in this manner were then divided by the
uncorrected area of the shear box to determine the shear stresses.

It was not necessary to correct the measured shear forces for mgchine
friction because of certain modifications of the bushings at one particular
end of the load cells (described in Chapter V) which made the machines
virtually frictionless. To obtain the horizontal and the vertical
displacements of a sample during shear, the appropriate initial LVDT
readings were subtracted from the subsequent LVDT readings and the
differences were mutliplied by the corresponding calibration factors
(Table A.1a of Appendix A). The shear stress and the vertical
displacements are plotted against the cumulative horizontal displacements
on an arithmetic scale for the shear tests on kaolinite whereas a
technique of plotting the shear stresses and the vertical displacements
against the corresponding cumulative horizontal displacements on a .
semi-logarithmic scale is used for the shear tests on attapulgite and
montmorillonite. The latter technique, suggested by La Gatta (1970)
accentuates the slope of the stress displacement curve at large
horizontal deformations relative to the slope at small horizontal
deformations allowing the stabilised horizontal portion of the stress

displacement curve at large strain which represents the residual state

to be defined with less ambiguity.
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No area corrections were applied while calculating the

residual shear stresses (Tres) from the shear test data. Since the

effect of reduction in area during a direct shear test equa1iy affects
 the magnitudes of the normal effective stress o ' and the shear stress
T, the ratio r/an' remains unaffected (Kenney, 1967). Moreover, the
Tres values chosen from the shear tests for determining the residual
friction angles were calculated from the shear forces at large
displacements recorded at the central positions of the boxes during

shear which made area corrections unnecessary.

6.3.3 Reversal shear tests on kaolinite

A total of 34 drained direct shear tests divided into
three series according to the pore fluid NaCl contents of 0, 2 and
35 gms./1itre were carried out on kaolinite. The tests in each series
were conduéted under normal pressures ranging from 5 to 80 psi and all
the specimens were sheared along precut planes. The rate of
displacement used for all the tests varied between 0.0019 and 0.0024
inches per minute.  The plots of shear stresses and the vertical
displacements against the corresponding cumulative horizontal
displacements for tests nos. K-0-1 to K-0-14, K-2-1 to K-2-10 and K-35-1
io K-35-10 are presented in Figs. B-7 to B-38 of Appendix B. The T,.qg
and the tan¢.' values measured under each normal stress (on') are
recorded on the corresponding plot. Pertinent results from these shear
tests are summarised in Tables 6.3a, 6.3b and 6.3c, each table
corresponding to results obtained for a particular pore fluid NaCl

content.
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In the reversal shear tests on kaolinite, pronounced strength
peaks were observed after each reversal of shear direction (Figs. B-7
to B-38). This is due to the fact that upon reversal of the direction
of shear, the attitude of the slip surface rotates which causes some
degree of reorientation of mineral particles. The work required to
effect the particle reorientation is believed to be reflected in the

strength peaks measured after each reversal of shear direction (Kenney,
1967).

During shearing of the normally consolidated kaolinite
specimens, the samples continually decreased in volume throughout the
tests although the total settlements observed during shearing were not
of considerable magnitude (Figs. B-7 to B-38). For a typical shear test
on kaolinite, extrusion of soil usually occurred after about 10 reversal
cycles. The total horizontal displacement that could be imposed on a
sample before 1n1£1ation of extrusion appeared to depend on the thickness
of the gap between the two halves of the shear box at the commencement
of shearing. The larger the gap, the smaller was the total horizontal
displacement before extrusion began. Hence before commencement of
shearing, it is not advisable to separate the two halves of a standard
(6 cms. x 6 cms.) shear box by a gap corresponding to more than a
quarter turm of the screws supplied for separating the boxes. However,
since each kaolinite sample was sheared along a precut plane, a
stabilised value of the residual shear strength was usually attained
after about 2 to 3 inches of total horizontal displacement (Tables

6.3a, b and c) which was well before the completion of ten reversal
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cycles (representing 4.to 5 inches of total horizontal displacement

of the shear box). The volume changes observed at these residual

states were minimal (see figs. B-7 to B-38). For the first 10 reversal
cycles during which no extrusion usually occurred, it is interesting to
note the sudden increases in the rate of vertical compression of each
sample under the reversal peaks and the subsequent reductions in the
rate of compression after the reversal peaks (Figs. B-7 to B-38).

This may imply a thickening of the shear zone with attendent volume
decrease. This may also imply a continuous densification of the shear
zone structures at each reversal until the residual state was attained
where no such sudden compressions under reversal peaks were noted.

The minimal volume changes observed at large strains (Figs. B-7 to B-38)
may correspond to possible attainment of dense, low energy packings of
kaolinite particles in the shear zones. In this context, it is
interesting to examine the after shear water content distributions in
the samples from Tables 6.3a, 6.3b and 6.3c. Such an examination reveals
that the water contents of the shear zones were always less than the
water contents of the undeformed areas outside the shear zones. This
lends further support to the possible existence of denser structures

in the large displacement shear zones in comparison with the undeformed
areas outside the shear zones. A general trend of decreasing intensity
of the reversal peak with increasing horizontal displacement can also
be observed in some stress-displacement plots (for a typical example,
see Fig. B-32), which can be interpreted as a continual decrease in

the work necessary to reorient the shear zone particles at each reversal

with increasing horizontal deformation. This could be associated with
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a displacement induced gradual shift o# the initially oriented shear
zone structures towards the possible formation of compression textures
in which the particles are densely packed with their basal planes
oriented approximately normal to the major principal stress in the

shear box. At large strains, the existence of dense compression
textures in the shear zones iﬁ cléys havé already been demonstrated by
Morgenstern and Tchalenko (1967 a, b). Hence during this displacement
induced gradual shift of the initially oriented shear zone structﬁres
towards the formation of compression textures at large strains, the
1hclinations between the basal planes of the shear zone particles

and the direction of the principal displacement shear must progressively
increase until the basal planes of the shear zone particles are oriented
normal to the major principal stress. Mechanistically, it can be
envisaged that during reversal in a dirgct shear test, less rotation

of particles will be necessary to physically reorient shear zone
particles that are steeply inclined to the shear plane in comparison
with shear zone particles that are almost horizontally oriented. Based
on the above argument, it appeérs reasonable to postulate that the work
necessary to reorient the shear zone particles at each reversal will
gradually decrease as the angles between the basal planes of the shear
zone particles and the failure plane progressively increases with
increasing horizontal displacement and this is probably why the intensities

of the reversal peaks gradually decreased with increasing horizontal

deformations.

The effectiveness of the method used here for precutting
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planes in yielding residual shear strength of kaolinite within reasonably
small horizontal displacements can be qualitatively assessed from the
results tabulated in Tables 6.3a, 6.3b and 6.3c. Total horizontal
displacements ranging from 2 to 4 inches were found necessary to attain
the residual states in all the precut plane tests and the corresponding
drops from the maximum shear stresses recorded in the first cycles of
shear (Tmax) to the residual shear stresses (Tres) were found to range
from 10 to 40%. The total horizontal displacements required to attain
the Tmax and the Tres in a precut plane test appeared to decrease with

increasing normal pressures (see horizontal displacement data reported
in Tables 6.3a, 6.3b and 6.3c).

Individual plots of Tres and tan¢r' (calculated in the

T
conventional manner from the relationship tan¢r' = 35$§-) versus an'
n

for the three series are presented in Figs. 6.1a, 6.1b, 6.1c, 6.2a,
6.2b and 6.2c while Figs. 6.1d and 6.2d presént the summary plots of
Tres and tan¢r' versus on' for the purpose of Comparing the residual
shear strengths of kaolinite obtained under the three pore fluid NaCl
contents. An envelope corresponding to the Hvorslev's angle of true
friction for kaolinite (¢e = 20.2°; Gibson, 1953) is drawn on each Tres
versus on' plot (Figs. 6.1a, b, ¢ and d) in order to demonstrate fhe
drop from the peak to the residual friction angle for kaolinite. A
check on the strength data is also made by plotting the failure plane
water contents for all the three series (tabulated in Tables 6.3a, b

and c¢) against the corresponding residual shear strengths on a semi-

logarithmic scale in Fig. 6.3 The straight line relationships in Fig.
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6.3 suggest that the strength data {s consistent.

Figs. 6.1d and 6.2d indicate that the effect of the pore
fluid NaCl content on the residual shear strength and the residual friction
angle of kaolinite is insignificant. A residual friction angle (¢r') of
about 11° is obtained for kaolinite (Fig. 6.1d) which compares favourably
with the ¢r' values reported for the same mineral by other researchers
(such as Tchalenko, 1967; Kenney, 1967; Morgan, 1967 and Cullen and Donald,
1971). For kaolinite, the value of K' was found to range from 1.86 to
2.32 (Figs. 6.1a, b and c).

It can be seen from Fig. 6.2d that the residual friction
angle of kaolinite is normal stress dependent under all conditions of salinity
up to a normal stress of about 30 psi beyond which the tan¢r' values become
stress independent. This non-linearity of friction with stress level is
also reflected in the curvature of the residual strength Mohr envelopes
for kaolinite in the low pressure range (Figs. 6.1a, b and c). Based on the
theory developed in Chapter III to explain the dependence of ¢r' or the
magnitude of cn'. the tan¢r‘ values from all the shear tests on kaolinite
are plotted against the corresponding values of (cn‘)'1/3 (tabulated in
Tables 6.3a, b and c) in Fig. 6.4 which shows linear relationships
between tan.' and (cvn')']/3 under all conditions of salinity in
the Tow stress range and above an average normal pressure of 30 psi,
the relationships become horizontal lines parallel to the
(an')']/3 axis indicating that the tan¢r' values are no longer stress
dependent. This then confirms that the non-linearity of the residual
friction angle with stress level for kaolinite is due to the dependence

of the area of true contact between the particles in the shear zone on
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the applied normal load.

6.3.4 Reversal shear tests on Na-attapulgite

The shear tests on Na-attapulgite were also divided into three
series according to the pore fluid NaCl contents of 0.02, 2.42 and
40.95 gms./litre. In each series, about 10 drained direct shear tests
were conducted under various normal pressures (ranging from 2.5 to
55 psi) on overconsolidated specimens of attapulgite. Pilot shear
tests on normally consolidated speciméhs of attapulgite exhibited
large volume decreases during shear due to the significant secondary
consolidation characteristics of the mineral. These volume decreases
(which meant a random supply of.unsheared particles to the shear zone
in every cycle) resulted in random and unacceptable fluctuations of the
shear forces in consecutive reversal cycles and stabilised values
. of residual shear strength could not be obtained at all in these
tests. Hence, the samples were overconsolidated to about 2 to 4 times
the normal pressures under which they were sheared in order to
minimize the volume decreases‘during shear. As a result, the shear
tests on attapulgite could not be performed under normal pressures
higher than 50 to 60 psi because beyond these normal pressures
undesirably high overconsolidation pressures were needed to impart
overconsolidation ratios of 2 to 4 to the samples. Although most of
the samples were sheared along precut planes using rates of displacement
ranging from 0.0001 to 0.012 inches per minute, at least four samples
under each salt content were sheared without precut planes at relatively
slow rates of deformation (0.0001 inches per minute) to determine the

peak strength parameters. The applied normal stresses (on‘) for these
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peak strength tests were spread out over a wide range of pressures

so that a reasonable peak strength envelope could be obtained for each
pore fluid NaCl content. The plots of shear stresses and vertical
displacements against the logarithms of the corresponding cumulative
horizontal displacements for test nos. A-0-1 to A-0-9, A-2-1 to A-2-10
and A-41-1 to A-41-10 are presented in Figs. B-39 to B-67 of Appendix B.
The Tres and the tan¢r' values measured under each cn' are recorded

on the corresponding plot. Specific reference is made in the stress-log
(displacement) plot of a test if it was used for determination of peak
shear strength and the corresponding Tpeak is recorded on the graph.
Pertinent results from these shear tests are tabulated in Tables 6.4a,

6.4b and 6.4c devoting each table to the results obtained fur each
pore fluid NaCl conteht.

In the shear tests on attapulgite, the reversal strength
peaks were not very well defined. It is possible that during reversal
in a shear test on attapulgite, very little reorientation of the shear
zone particles occurs because of the extremely random nature of
orientation of the highly intermeshed needle shaped attapulgite particles.
For most of the overconsolidated specimens of attapulgite, the volumes
of the samples increased during the first 2 to 4 cycles of shear after
which the samples continually decreased in volume (Figs. B-39 to B-67).
However, in some shear tests where the overconsolidation ratio was
high (= 5 to 11), the samples dilated continually to the residual
states (for a typical example, see Fig. B-48). Although overconsolidation

of the attapulgite specimens prevented large settlements from occurring
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durihg shear, continual small decreases in sample volumes (probably
due to secondary consolidation) were, nevertheless, observed at large
strains. Consequently, small variations (in the order of + 5%)
between the tension and the compression cycle shear forces were
observed at the residual states for almost al] the tests. The lower
value has usually been accepted for calculating the residual shear
strength in each test. Extrusion of soil usually occurred after about

8 to 10 reversal cycles in each test.

In the peak strength tests where no precut planes were made
in the attapulgite samples, total horizontal displacements ranging
from 2 to 3 inches were necessary to attain the residual states. In
the precut plane tests, on the other hand, stabilized residual states
were generally attained after about 1 to 2 inches of total horizontal
displacements (Tables 6.4a, b and c) and the yolume changes associated
with these residual states were small (Figs. B-39 to B-67). This
shows that in comparison with conventional shearing from the peak to
the residual state, the horizontal displacements required to attain the
residual states are usually smaller if shearing is performed along
precut planes. From the horizontal displacement data in Tables 6.4a,
6.4b and 6.4c, it further appears that the horizontal displacement
needed to reach the residual state generally decreased with increasing
normal pressure. In the peak strength tests,. relatively small
reductions (~ 5 to 20%) in shear strengths from the peak to the
residual states were observed and the horizontal displacements at

which the peak shear strengths were mobilised ranged from 0.05 to 0.15
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inches. In a cut-plane test, however, the percentage drop from T,

in the first cycle of shear to 7. appeared to depend on a combination
of the overconsolidation ratio of the sample and the effective normal
pressure under which it was tested. It is immediately seen from

Tables 6.4a, 6.4b and 6.4c that the high overconsolidation ratio samples
(0.C.R. = 4 to 11) that were tested under low normal pressures

(= 2.5 to 15 psi) demonstrated reductions in the order of 25-40%

from T, to T oo whereﬁs the samples with Tow overconsolidation

ratios (= 1 to 4) that were tested under high normal pressures

(= 15 to 55 psi) exhibited smaller reductions (= 5 to 16%) from T ..

to Tres'

A rate of displacement of 0.0001 inches per minute was used
for all the peak strength tests (in which shearing was continued until
the residual states were attained) whereas rates ranging from 0.0001
to 0.012 inches per minute were employed for the precut plane tests
on attapulgite. Within these limits, no significant influence of the |
rate of strain on the residual strength coefficient (tan¢r')'1s
discernible from the shear strength results presented in Tables 6.4a,

6.4b and 6.4c. This has already been demonstrated by Kenney (1967).

Examination of the after shear water content distributions
in the attapulgite samples (reported in Tables 6.4a, b and c) again
reveals that although the samples were overconsolidated, the fatlure
plane water contents were always less than the water contents of the
undeformed areas outside the shear zones. This then indicates that

like kaolinite, the large strain shear zone structures in the attapulgite
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samples were also denser than the structures that prevailed outside

the shear zones at large strains.

Shear strengths (Tpeak and T .

(calculated from tan¢r' = Tres/°n')f°r each series are plotted against

) and the tan¢r' values

the corresponding values of on' in Figs. 6.5a, 6.5b, 6.5¢, 6.6a, 6.6b
and 6.6c whereas Figs. 6.5d and 6.6d present the master plots of shear
strength and tan¢r' versus on’ for all the three series on attapulgite.
The linear relationships on a semi-logarithmic scak between the failure
plane water contents and the corresponding residual shear strengths

for all the three series, presented in Fig. 6.7, suggest that the
strength data is consistent.

Figs. 6.5d and 6.6d clearly indicate that the peak and the
residual shear strength parameters of Na-attapulgite are almost
independent of the concentration of NaCl in the free pore water. A peak
friction angle (¢') of 31° and a very high residual friction angle
(¢r‘),of 30° are obtained for attapulgite. The residual friction angle
obtained here for attapulgite is in excellent agreement with the value
of ¢.' ( = 29°-30°) reported by Kenney (1967) for the same mineral.
Examination of the peak and residual strength envelopes of attapulgite
(Fig. 6.5d) also reveals that the drop from the peak to the residual
friction angle is rather small (<6%). The peak strength envelopes
(Figs. 6.5a, 6.5b and 6.5c) obtained from the shear tests on over-
consolidated specimens of attapulgite tend to exhibit apparent
cohesion intercepts of 2 to 5 psi if the envelopes are extended back

to the shear stress axis. These intercepts are merely extrapolated
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geometric intercepts on the shear stress axis and do not represent true
éohesion of the mineral because the strength envelopes are believed to
be markedly curved in the low stress r&nge. Although peak strength
tests were not conducted on attapulgite under Tow enough normal
stresses to demonstrate this curvature, the peak strength envelope

for attapulgite - 2.42 g/1 NaCl system, presented in Fig. 6.5b,

is markedly curved - in the low normal stress range (7.5-15 psi).

A part of these apparent coheéion.intercépts may also be attributed

to the dilatancy of the overconsolidated attapulgite samples observed
during the first cycle of shear in the peak strength tests.

Residual friction angle of attapulgite is also found to be
dependent on the magnitude of on‘ up to a normal stress of about 25 psi
beyond which ¢r' becomes practically independent of an' (Fig. 6.6d).
This variation in ¢r‘ with cn' is reflected in the curvature of the
residual strength envelopes for attapulgite in the low stress.range
(Figs. 6.5a, b and c). The plots of tan¢' versus G:n')']/3 for all
the three series on attapulgite, presented in Fig. 6.8, indicate that
the variation in ‘r' with on' for attapulgite is also due to the
dependence of the area of true contact between the mineral cleavage

planes and the particles in the shear zone on the applied normal load.

6.3.5 Reversal shear tests on Na-montmorillonite

A total of 22 drained direct shear tests divided into three
series according to the pore fluid NaCl contents of 1.15, 15.26 and 33.57
gms./litre were carried out on Na-montmorillonite. The tests in each

series were conducted under normal pressures ranging from 2.5 to 80 psi.
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The tests in the 1.15 g/1 NaCl series were performed on normally
consolidated samples whereas the samples in the 15.26 g/1 and the 33.57
g/1 NaCl series were overconsolidated to about 2 to 10 times the normal
pressures under which they were sheared in order to inhibit secondary
consolidation. All the sambles were sheared along precut planes using
a rate of displacement of 0.0019 or 0.0024 inches/minute. The shear
stress and the vertical displacements for test nos. M-1-1 to M-1-7,
M-15-1 to M-15-6 and M-34-1 to M-34-9 are plotted against the
corresponding cumulative horizontal displacements on semi-logarithmic
scales in Figs. B-68 to B-94 of Appendix B. The Tres and the tan¢r'
values obtained from each test are recorded on the corresponding plot.
Pertinent results from these shear tests on montmorillonite are

tabulated in Tables 6.5a, 6.5b and 6.5c.

In the shear tests on Na-montmor1lion1te. pronounced
strength peaks were measured after each reversal of shear direction
(for a typical example, see Fig. B-85). Like kaolinite, the same
general trend of a continual decvease in the intensity of the reversal
peak with increasing horizontal displacement was also exhibited by
some of the shear tests on montmorillonite (for example, see
Figs. B-83 to B-85 and B-92 to B-94). This could again be associated
with a displacement induced gradual shift of the initial shear zone
structures of platy montmorillonite particles twoards the formation of
dense, low energy compression textures in the shear zone at large

strains. The possibility of a closely packed structure existing in

the large displacement shear zones in the montmorillonite samples is
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also suggested by the fact that the failure plane water contents were
generally less than the corresponding water contents of the undeformed
areas outside the shear zones (Tables 6.5a, 6.5b and 6.5c).

During shearing of the normally consolidated montmori 1lonite -
1.15 g/1 NaCl samples and the 1ightly overconsolidated montmorillonite -
15.26 g/1 NaCl samples, the volumes of the specimens decreased throughout
the test (Figs. B-68 to B-80), although the rates of decrease in volume
usually diminished as the tests proceeded (for a typical example,
see Fig. B-70). However in the montmorilionite - 33.57 g/1 NaCl series,
the volume change behaviour of a sample depended largely on the over-
consolidation ratio of the sample and the normal stress (cn') under
which it was sheared. As expected, the tests performed under high
normal pressures on samples with low overconsolidation ratios exhibited
continuous decreases in sample volumes throughout the tests (Figs. B-92
to B-94), although these volume changes were very small. On the other
hand, the h1| gh overconsolidation ratio samples that were sheared under
low normal pressures dilated continuously throughout the tests (Figs.
B-Bl to B-85). Extrusion of soil usually occurred after about 8 to 10

reversal cycles in each test.

Stabilised residual states were usually achieved after about
2 to 4 inches of total horizontal displacement in all the tests on the
cut-plane samples of montmorillonite and the volume changes associated
with these residual states were rather small. Similar to the volume
change characteristics during shear, the reduction from the maximum

shear strength recorded in the first cycle of shear to the residual
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strength in a cut-plane test also appeared to depend on the over-
consolidation ratio of the sample and the normal pressure under which
it was sheared. For low pressure, high overconsolidation ratio tests,
the strength reductions varied between 25 and 50% whereas strength
reductions ranging from 15 to 30% were observed for high pressure, low

overconsolidation ratio tests (Tables 6.5a, 6.5b and 6.5c).

Separate plots of the residual shear strengths and the values

of tan¢.' (calculated from tang,' = ') against the corresponding

Tres/%n
values of an' for each series are presented in Figs. 6.9a, 6.9b, 6.9¢c,
6.10a, 6.10b and 6.10c. The combined pictures of the yariations of
Tres and tan¢r' with an‘ for all the three series are presented in
Figs. 6.9d and 6.10d. The values of tan¢r' for Na-montmorillonite

(0 and 30 gm. NaC1/1) reported by Kenney (1967) are also plotted
against on' in Fig. 6.10d.

Figs. 6.9d and 6.10d clearly show the apparent effect of the
pore fluid NaCl content on the residual shear strength of Na-montmorillonite.
As the pore fluid NaCl content was increased from 1.15 to 33.57 gms./litre,
the residual friction angle of Na-montmorillonite increased from 4.8
to 8.5° (Fig. 6.9d). This observed apparent increase in the residual
shear strength of Na-montmorillonite due to a corresponding increase
in the pore fluid NaCl content will be analysed in the 1ight of the
modified Coulomb-Terzaghi relationship defined in terms of the true
effective stress in a later sectioﬁ of this chapter. Fig. 6.10d shows
an unmistakable trend of the tan¢r' versus an' plots for the 1.15 and

33.57 g/1 NaCl series towards convergence at high normal stresses.
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This trend is also observed in Kenney's (1967) results on Na-hydrous
mica and Na-montmorillonite (Fig. 2.1) and his plots of tans.'

versus g ' for any one of the above mentioned minerals at two different
salt contents tend to converge at a normal pressure of about 250-300 psi.
It would appear then that any active clay mineral when tested with
distilled water and other salinities should yield the same residual
friction angle at sufficiently high normal loads. Unfortunately,

tests under sufficiently high normal stresses were not performed

to be conclusive.

The residual friction angle of montmorillonite is also found
to be dependent on the magnitude of on' in the Tow normal stress range
(0-30 psi; Fig. 6.10d). The plots of tang. ' versus (o,')™/3 for a1l
the three series on montmorillonite are presented in Fig. 6.11. It
would generally seem from Fig. 6.11 that the variation in ¢r' with
an' for montmorillonite is also due to the dependence of the area of

contact between the shear zone particles on the normal load.

6.4 Results of the Constant Volume Leaching Tests on the Na-

montmorillonite Samples

6.4.1 General

Five constant volume leaching tests (Test nos. L-1, L-2,
L-3, L-4 and L-5) were performed on the low pressure (2.5. 5, 7.5,
10 and 15 psi) Na-montmorillonite - 33.57 g/1 NaCl samples in order to
replace the saline pore fluids (salt content = 33.57 g/1 NaCl1) with
distilled water under constant true effective stress conditions, so

that a comparison of the residual shear strengths of the same samples
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before and after leaching could be made. These leaching tests constituted
a part of the shear testing programme on montmorillonite specially
devised in order to establish that the true effective stress (on*)

on the mineral basal planes governs the residual shear strength of

the mineral.

6.4.2 Results of the shear tests before leaching

The five overcongolidated Na-montmorillonite samples with a
pore fluid NaCl content of 33.57 g/1 were first sheared along precut
planes under normal pressures ranging from 2.5 to 15 psi and the
results of these shear tests (Test nos. M-34-1, M-34-2, M-34-3, M-34-4
and M-34-5) are presented in Figs. B-81 to B-85 of Appendix B. These
salt rich montmorillonite samples were subjected to only 7 to 8 reversal
cycles before leaching so as not to have any extrusion between the two
halves of the shear boxes. After termination of the first time shearing
under the saline conditions, the five samples were then subjected to
constant volume leaching as described in Chapter V. In addition to the
measurement of the time rate development of the net (R-A) stresses
in the samples due to upward leaching with distilled water under constant
overall volume conditions, a systematic study of the various aspects of
the leaching process was also undertaken and the results obtained from

these leaching tests are presented and discussed in this section.

6.4.3 Seepage pressures developed at the top of the samples due to

upward leaching

The seepage pressure developed at the top of each Na-

montmorillonite sample due to the corresponding head of distilled water
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applied at the base of the sample for upward leaching was determined
independently by circulating deaired 33.57 g/1 NaCl solution (which
is same in composition and concentration as the initial saline pore

fluid of the sample) through the sample under the same head.

i) Theoretical analysis

The total, effective and the excess pore water pressure
distributions in a sample before application of a head of leachate at
the base for upward leaching are as shown in Figs. 6.12a, b and c.
Initially, the excess pore fluid pressure throughout the sample is
zero (Fig. 6.12b) because the sample was fully consolidated under the
corresponding normal pressure and subsequently sheared under fully
drained conditions. Hence, the effective stress of the sample before
leaching is equal to the total stress of the sample before leaching
(Figs. 6.12a and c). Since this analysis is developed for circulation
of salt solution through the sample, the true effective stress (on*)
of the sample will be regarded as being equal to its apparent effective
stress (°n*) because the magnitude of the net (R-A) stress under a

highly saline environment is usually insignificant.

Now, as a head H of salt solution is applied at the base for
upward flow, the pore pressure at the base of the sample must
immediately rise to a value of yw.H whereas the excess pore pressure at
the top of the sample must always remain at zero because the effluent
is being discharged into atmosphere (neglecting the small head of salt
solution above the sample). The steady state triangular pore pressure

distribution in the sample due to the application of the head H at the
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base is shown in Fig. 6.12d. Obviously, this imposed pore pressure is
expected to bring about changes in the initial total and effective
stresses throughout the sample. However, since the overall volume of
the sample will not be allowed to change during leaching, the net area
of the apparent ( = true) effective stress diagram must remain constant
throughout the leaching process. Based on this concept, the total and
the effective stress distributions in the sample after establishment of
the steady state seepage condition are idealised in Figs. 6.12é and
6.12f. The final effective stress diagram (Fig. 6.12f) suggests that
the increase in the total stress (Fig. 6.12e) due to the imposed
seepage pressure will be distributed throughout the sample in such a
way that there will be a decrease in the area of the effective stress
diagram for the bottom haif of the sample which will be counterbalanced
by an equal increase in the area of the effective stress diagram for
the top half of the sample thus maintaining the net area of the
effective stress diagram constant at all times during leaching. This
is reasonable in view of the fact that since all the Na-montmorillonite
samples that were subjected to leaching were overconsolidated, the
coefficients of vdlume compressibility and swelling were probably the
same for each sample. Hence according to Fig. 6.12f, the effective
stress at the top of the sample must increase by a magnitude of

Yw.H/Z after the steady state seepage condition under a head H applied
at the base of the sample for upward leaching has been established.
This increase in effective stress should also be equal in magnitude

to the steady state seepage pressure that will develop at the top of
the sample due to the same head (H) applied at the base.
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ii) Test results

Upward leaching of the samples in test nos. L-1, L-2, L-3,
L-4 and L-5 with 33.57 g/1 NaCl solution was carried out for about 15
days in order to establish the steady state seepage conditions. The
thicknesses and the initial effective stresses of the samples together
with the average hydraulic gradients imposed across the samples for
upward leaching are tabulated in Table 6.6. It can be seen from
Table 6.6 that although the pressures applied at the bottom of the
samples for leaching were always kept less than the initial effective
stresses of the samples, these pressures created large average hydraulic

gradients (84-199) across the specimens.

The total quantities of outflow from the samples at various
elapsed times from the commencement of circulation with the salt solution
are plotted against the corresponding total quantities of inflow at the
same elapsed times for test nos. L-1, L-3, L-4 and L-5 in Figs. 6.13a,
6.13b, 6.13c and 6.13d and the nearly 45° straight line relationships
between the total inflow and the total outflow quantities at various
elapsed times indicate that the overall volumes of the samples were
held reasonably constant during the entire process of circulation with
the salt solution. No flow data was obtained for test no. L-2 because
the test was carried out in a particular cell that was not equipped
with an inflow and an outfiow burette. The initial volumes of fluid
in the pore spaces of the samples are also reported in Figs. 6.13a, b,
c and d for comparison with the quantities of salt solution that were

circulated through the samples. For the same four tests (i.e. Test
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nos. L-1, L-3, L-4 and L-5), the averages of the cumulative inflow and
outflow quantities at various elapsed times from the beginning of circulation
are also plotted qgainst the corresponding elapsed times in Fig. 6.14.

These plots exhibit linear relationships between flow and time indicating

a constant rate of flow through each sample. They also suggest that

under the applied hydraulic gradients of 84-199, the upward flow of

salt solution through the samples followed Darcy's law very closely.

The flow-time data (Fig. 6.14) further indicate that the large average
hydraulic gradients imposed across the specimens caused subsiantia]
quantities of flow to take place through the low pérmeability montmorillonite
samples within a reasonable length of time. Hence it would appear that

the application of such high hydraulic gradients across the low pressure
samples may reduce the length ¢f time required for cdmplete leaching

of the specimens with distilled water. The coefficients of permeability

(k) of the four samples of montmorillonite were calculated from the

flow-time data and they are reported in Fig. 6.14. The coefficients of
permeability of the samples under the saline environment ranged from

1.69 x 10°2 to0 1.15 x 1078 cms./sec. depending on the void ratios of

the samples (Table 6.6). The permeability values obtained here appear

to be reasonable for salt-rich montmorillonite.

The gradual developments of the seepage pressures at the top
of the samples to the final steady state values were recorded in the form
of monotonically increasing load cell readings which also stabilised
eventually as the steady state seepage conditions were established in

the samples. The true seepage pressure component at the top of a sample
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at any instant was calculated by subtracting the appropriate initial
value of cn' of the sample from the pressure recorded by the load cell
at that instant. The résults of the rate of development of Seepage
pressures for all the five tests are shown in Figs. 6.15a, 6.15b, 6.15¢c,
6.15d and 6.15e in yETme plots. It is interesting to observe from some
of the JEime plots (Figs. 6.15a and 6.15b) that under constant overall
volume conditions, major parts of the final steady state seepage
pressures were developed almost instantaneously at the top of the
samples. This is specially encouraging in view of the fact that under
no volume change conditions, the response at the top of a sample due to
any stress change at the bottom should be instantaneous if the measuring
system is stiff and the pore fluid is incompressible. Hence the observed
developments of the seepage pressures within a very short time (Figs.
6.15a and 6.15b) appear to suggest that the measuring systems (i.e.

the load cells and the frames) used in the leaching equipment were

reasonably stiff and adequate for the purpose that they were meant for.

Table 6.6 compares the steady state seepage pressures
measured at the top of the samples with the corresponding values of
seepage pressure predicted from the steady state effective stress
conditions in the samples and the agreement is good. This supports the

idealization presented in Fig. 6.12.

6.4.4 Results obtained during leaching of the Na-montmorillonite

samples with distilled water under constant volume conditions

After determining the seepage pressures at the top of the

samples independently by upward seepage of salt solution, the samples
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were subsequently leached with deaired distilled water in order to
replace the saline pore fluids from the samples and determine the
resulting changes in the apparent effective stresses (on') and hence
in the net (R-A) stresses of the samples. Since the heads applied
for ciréu]ation of the salt solution and subsequently the distilled
water were kept exactly the same, the seepage pressures at the top of

the samples will also be identical in both cases.

i) Flow, salt removal and permeability data

The cumulative quantities of outflow from the samples at
various elapsed times from the commencement of leaching with distilled
water are plotted against the corresponding cumulative quantities of
inflow into the samples for test nos. L-1, L-3, L-4 and L-5 in Figs.
6.16a, 6.16b, 6.16c and 6.16d. The flow, salt removal and permeability
data were not obtained for test no. L-2 because it was conducted in
the pilot leaching cell which was ﬁot eqdipped with an inflow and an
outflow burette. Figs. 6.16a, b, c and d show that at all elapsed
times, the total volume of outflow from each of the four samples was
always equal to the corresponding total volume of inflow and this
confirms the maintenance of constant overall volume conditions for the
samples during the entire process of leaching. For the same four
tests (i.e. Test nos. L-1, L-3, L-4 and L-5), the averages of the
cumulative inflow and outflow volumes at variuos elapsed times are
plotted against the corresponding elapsed times in Fig. 6.17. Unlike
the linear flow-time relationships obtained for the circulation of salt
solution through the samples (Fig. 6.14), the flow-time relationships

for the same samples during the initial 40,000-60,000 minutes of
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leaching with distilled water were all characterised by non-1{inearly
decreasing rates of flow with progress of leaching. The later stages
of leaching (1.e. after 40,000-60,000 minutes) were, however,
characterised by 1inear rates of flow. Examination of the flow-time
relationships for the four samples from Fig. 6.17 inmediately reveals
that the largest total quantity of flow (= 68 c.c.) occurred through

the sample with the highest void ratio (e = 6.43; Test no. L-1) although
the head applied (= 3.5') for leaching of this sample was the smallest.
For the other three tests where identical heads of 9.6' were used for
leaching, a general trend of decreasing total quantities of circulation

through the samples at any elapsed time with decreasing void ratios

is discemnible.

The cumulative quantities of NaCl removed from the four
samples at various elapsed times from the commencement of leaching are
plotted against the corresponding elapsed times in Figs. 6.18, 6.20,
6.21 and 6.22. These plots show that during the initial stages (40,000-
60,000 minutgs) of leaching, the rates of salt outflow from all the
samples decreased markedly with time in a non-linear fashion. However,
after 40,000-60,000 minutes of leaching, the rates of salt outflow
became almost linear (Figs. 6.18, 6.20, 6.21 and 6.22) and very low
concentrations of NaCl were detected iﬁ the effluents. The quantities
of salt measured in the effluents during the initial stages of leaching
contained the salts from the porous stones. Hence, the total quantity
of NaCl initially held by the three carborundum porous stones used in
each leaching cell was determined (as shown in Table 6.7) and added to
the estimated quantity of NaCl initially present in the pore spaces
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of each sample in order to define the total quantity of NaCl that was
present in each leaching cell assembly before leaching. A comparison
between these estimated total quantities of NaCl present in the sys tems
before leaching and the corresponding total quantities of NaCl actually
removed from the samples during the entire leaching process is presented
in Table 6.7. It can be seen from Table 6.7 that except for Test no.
L-5, the total quantity of NaCl leached out of each sample was somewhat
more than the corresponding total quantity of NaCl estimated to be
initially held by the sample and the porous stones. No satisfactory

explanation can be offered for this.

Leaching of the samples was carried out for a total time
period of about 130,000 minutes (except for the sample in test no. L-2
which was leached for about 240,000 minutes) until negligible quantities
of salt were detected in the effluents over a period of about 10,000
minutes. Figs. 6.18, 6.20, 6.21 and 6.22, however, indicate that major
portions of the total NaCl held by the samples and the porous stones
before commencement of leaching were removed during the initial
40,000-60,000 minutes of leaching. To illustrate this point clearly,
the percentages of the total NaCl removed from the samples at various
elasped times are plotted against the corresponding elapsed times on
a semi-logarithmic scale in Fig. 6.32b which shows that about 85-95%
of the total quantity of NaCl initially held by each sample and the
porous stones was removed within 40,000-60,000 minutes from the
commencement of leaching. The remaining 5-15% of the total quantity

of NaCl in each system was removed during the subsequent 70,000-90,000
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minutes of leaching. It also appears from Fig. 6.32b that despite

the differences in the void ratios, the sample thicknesses and the heads
used for leaching, the percentages of the total NaCl removed from the
samples at any elapsed time were virtually identical and complete
replacement of the saline pore fluids for all the samples was practically
attained at the same elapsed time (which is about 130,000 minutes from
the commencement of leaching). In order to provide an explanation

for the foregoing observation, let us reexamine the flow-time data
obtained from the leaching tests. The quantities of distilled water
inflow into the samples at various elapsed times expressed as percentages
of the corresponding total volumes of salt solution held by the pore
spaces of the samples and the porous stones before leaching are

plotted against the corresponding elapsed times on a semi-logarithmic
scale in Fig. 6.32a. Fig. 6.32a shows that during the initial 40,000-
60,000 minutes of leaching, about 70-75% of the saline pore fluid of

the highest void ratio sample (e = 6.43; Test no. L-1) was physically
replaced by upward flow alone whereas for the other three samples in
test nos. L-3, L-4 and L-5, flow replaced about 30-40% of the saline
pore fluids during the initial 40,000-60,000 minutes of leaching. At
any elapsed time, the percentages of the saline pore fluids replaced
from the samples in test nos. L-3, L-4 and L-5 by upward flow alone

were relatively independent of factors such as void ratio and sample
thickness (Fig. 6.32a). This observed independence of the percentage
replacement of the saline pore fluids (by flow alone) at any elapsed
time on void ratio for test nos. L-3, L-4 and L-5 (in which identical

heads were used for leaching) is probably due to increasing velocities
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of flow through the soil pores with increasing void ratios. Hence

a cambination of increasing velocities of flow through the po;es and
increasing total quantities of salt initially held by the samples
with increasing void ratios probably resulted in a percentage

removal of total salt versus log (time) relationship (Fig. 6.32b)
that was relatively independent of factors such as void ratio, sample
thickness and the head used for leaching. Furthermore, due to a
coincidental combination of void ratios and sample volumes, the

tot§1 quantities of NaCl held by the samples before leaching were not
very different from each other (see Table 6.7). Fig. 6.32a also
shows that after 130,000 minutes of leaching, the total quantity of
inflow into the highest void ratio sample (e = 6.43; Test no. L-1)
was more than 100% of the total volume of the saline pore fluid that
was initially present in the system. This §1gn1f1es a total replacement
of the saline pore fluids of the sample in test no. L-1 by upward
flow alone although diffusion from both ends of the sample was also
facilitating removal of salt from the sample during the entire leaching
period. For test nos. L-3, L-4 and L-5, at least 50 to 70% of the
saline pore fluids were replaced during the entire leaching period

by flow alone (see Table 6.7) and the rest, presumably, were replaced
by diffusion from both ends of the samples. The comparison of the
inflow data with the volumes of salt solution held by the samples

and the porous stones before leaching (Table 6.7) further suggests
that during the 120,000-130,000 minutes of leaching, at least the
areas around the shear zones (which were close to the base of the

samples) were probably compietely leached.

The flow-time relationships in Fig. 6.17 were next divided into
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small time steps in such a way that the rate of flow in each time step
was approximately linear and the average value of the coefficient of
permeability (k) was calculated for each time step. The relationship
between the average values of k obtained in this manner and the
appropriate elapsed times corresponding to the mid points of the time
steps for all the four tests (i.e. Test nos. L-1, L-3, L-4 and L-5)
are presented on a semi-logarithmic scale in Fig. 6.23. Examination
of the time - log (k) relationships from Fig. 6.23 reveals that in
accordance with the rate of flow characteristics of the samples during
leaching (Fig. 6.17), the permeabilities decreased markedly with time
in a non-linear fashion during the initial 40,000-60,000 minutes of
leaching after which very little changes in k were observed. The
permeability data (Fig. 6.23) is also consistent with the salt outflow
data (Figs. 6.18, 6.20, 6.21, 6.22 and 6.32b) which clearly show that
the rates of salt outflow also decreased non-linearly with time during
the initial 40,000-60,000 minutes of leaching and about 85 to 95% of
the total quantity of NaCl in the pore spaces of each sample was

removed during this period.

The logarithms of the average coefficients of permeability
(k) at various elapsed times from the commencement of leaching are
plotted against the corresponding cumulative quantities of NaCl replaced
from the samples during these elapsed times'in Figs. 6.24a, 6.24b,
6.24c and 6.24d. These plots clearly show that as NaCl was leached
out of the samples, the permeability of the samples decreased in a

non-linear manner. This falls within the conventional reasoning of
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the double-layer theory i.e. as the pore fluid NaCl content of each
sample was gradually decreased by leaching, the thicknesses of double-
layer water expanded accordingly and consequently,a continual decrease
in the permeability of the sample was observed. Figs. 6.24 c and d
also show that the decreases in the coefficients of permeability of the
samples were rather small until a major portion of the pore fluid salts
was removed from each sample by leaching. It must also be remembered
that during the initial stages of leaching, major portions of the salts
in the effluents were probably derived from the porous stones and not
from the samples. It was not until the later stages of leaching when
the samples had fairly expanded double-layers (due to low salt contents)
and much of the salts measured in the effluents were from the samples
(and not from the porous stones) that the permeabilities of the samples
became extremely sensitive to further removal of salts and removal of
small quantities of NaCl from the pore spaces of the samples induced
rather large changes in the coefficients of permeability of the

samples (Figs. 6.24a, b, c and d).

The dependence of permeability on void ratio is clearly
demonstrated in Fig. 6.23 which shows that at any elapsed time, the
sample with the highest void ratio had the highest coefficient of
permeability and the permeability of the samples decreased in the order
of decreasing void ratio. The void ratios of the samplgs are plotted
against the corresponding coefficients of permeability of the samples
measured before and after leaching on a semi-logarithmic scale in

Fig. 6.25 in order to illustrate the degress by which the permeabilities
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of the four samples decreased due to leaching under constant overall
volume conditions. Fig. 6.26 presents a plot between the percentage .
reductions in the coefficients of permeability of the samples due to
constant volume leaching and the corresponding void ratios and a
definite relationship between the two emerges from Fig. 6.26. The
highest void ratio sample (e = 6.43; Test no. L-1) underwent the
largest reduction (= 90%) in permeability due to leaching and the
percentage reduction in k due to leaching decreased in the order of
‘decreasing void ratio. This is reasonable in view of the fact that

in comparison with a low void ratio sample, a high void ratio sample
will have larger quantities of water changing from free to double-layer
status during constant volume leaching and consequently, the high void

ratio sample will suffer a larger reduction in permeability due to

Jeaching.

ii) Development of the net (R-A) stresses due to constant

volume leaching

As replacement of the saline pore fluids of the Na-montmorillonite
- samples progressed with time, the rigid load measuring devices (i.es the

load cells) registered monotonically increasing loads in order to keep

the overall volumes (and hence the true effective stresses which control
volume changes) of the samples constant during the entire leaching process.
As shown earlier, the maintenance of constant overall volume conditions

for the samples during leaching is proven by the excellent correspondence
between the inflow and the outflow volumes (Figs. 6.16a, b, c and d).

The pressures measured at the top of a sample at any instant during the

constant volume leaching consisted of three components: (1) the initial
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effective stress to which the sample was subjected undef the pore fluid
NaCl content of 33.57 g/1, (ii) the steady state seepage pressure
developed at the top of the sample and (iii) the additional apparent
effective stress (on') required to prevent any swelling of the specimen
due to leaching. Component (iii) is then directly equal to the net
(R-A) stress developed at the top of the sample at that particular
instant due to leaching under constant overall volume conditions and

it was obtained by subtracting the sum of components (i) and (i1) from
the pressure read by the load cell at that instant. The results of

the rate of development of the net (R-A) stress during constant volume
leaching for test nos. L-1, L-2, L-3, L-4 and L-5 are presented in linear
time plots in Figs. 6.18, 6.19, 6.20, 6.21 and 6.22 and they are also
presented in log (time) plots in Figs. 6.27, 6.28, 6.29, 6.30 and 6.31.
Variations in room temperature had a definite influence on the net (R-A)
stresses measured during leaching and this aspect is discussed in
section C-5 of Appendix C. The plots presented here (Figs. 6.18-6.22
or Figs. 6.27-6.31) correspond to an ambient temperature of 24.1°C.
Figs. 6.27-6.31 clearly show that for all the tests, the net (R-A)
stress started to develop after about 1,000 minutes of leaching. This
could be due to the fact that during this initial 1,000 minutes of
leaching, a major portibn of the salts removed was probably from the
porous stones and not from the samples themselves. Effective
replacement of salt from the samples probably commenced after this
initial leaching period of 1,000 minutes and the net (R-A) stresses
started to develop. The net (R-A) stresses for all the samples

developed at virtually linear rates and the net (R-A) stresses for
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test nos. L-1, L-3 and L-4 stabilised after about 120,000-130,000

minutes of leaching (Figs. 6.18, 6.20, 6.21, 6.27, 6.29 and 6.30).
Leaching of the lowest void ratio sample (e = 3.01; Test no. L-2)

was carried out for about 240,000 minutes and thé stabilised state of

the net (R-A) stress for this test was attained after about 200,000
minutes of leaching (Figs. 6.19 and 6.28). It can be seen from Fig.6.19
that the net (R-A) stress in test no. L-2 developed at a slow linear

rate during the initial 60,000 minutes of leaching after which the rate of
development became faster (though not exactly linear) until the stabilised
state was reached at 200,000 minutes. In test no. L-5, the lucite piston
co]]apsed after about 35,000 minutes of leaching probably because of
eccentrically applied load on the piston (which is possibly if the top
surface of the sample is not perfectly horizontal) and although the

piston was immediately replaced with a new one, subsequent slow extrusion
around the top porous stone prevented further development of the net

(R-A) stress (see Figs. 6.22 and 6.31). For each sample, the stabilised
final value of the net (R-A) stress which also represent the

additional externally applied normal stress (or apparent effective

stress, on‘) that was required to prevent any swelling of the sample
during constant volume leaching is recorded on the corresponding plots

of (R-A) versus time (Figs. 6.18-6.22) and (R-A) versus log (time)
(Figs. 6.27-6.31).

The rate of removal of NaCl from each sample during leaching
(except for the sample in test no. L-2) is shown in the corresponding

plots of )R-A) versus time (Figs. 6.18, 6.20, 6.21 and 6.22) and (R-A)
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versus log (time) (Figs. 6.27, 6.29, 6.30 and 6.31) in order to present

a combined picture of the gradual replacement of the saline pore fluid ‘
from each sample by constant volume leaching and the resulting development
of the net (R-A) stress. It is immediately seen from Figs. 6.18, 6.20,
6.21 and 6.22 that for all the four tests, although the rates of removal
of salt from the samples decreased markedly with time in a non-linear
fashion during the initial 40,000-60,000 minutes of leaching and
subsequently became linear and small, the net (R-A) stresses developed
almost linearly with time throughout the entire leaching process until

the stabilised values were attained.

A summary plot is presented in Fig. 6.32 in which the
quantities of inflow, the quantities of salt removed from the samples
and the resulting (R-A) stresses at various elapsed times expressed as
percentages of the respective final values are plotted against logarithms
of the corresponding elapsed times. This.smmmary plot attempts to show
a combined picture of all the interdependent aspects of the leaching
tests. Examination of Fig. 6.32 in conjunction with Figs. 6.18, 6.20,
6.21 and 6.22 reveals that during the initial 40,000-60,000 minutes of
leaching, although 85-95% of the pore fluid NaCl was removed from the
samples in test nos. L-1, L-3 and L-4, the net (R-A) stresses developed
at linear rates to values ranging between 45 and 75% (depending on the
void ratio of a sample) of the final stabilised values and the remaining
55 to 25% of the final (R-A) stresses developed during the subsequent
60,000-90,000 minutes of leaching. Hence it would appear that when the
samples reached low salt environments by leaching, further replacement

of small quantities of NaCl from the pore spaces induced larger increases
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in the net (R-A) stresses when compared to the initial stages of
leaching where replacement of relatively large quantities of salt
resulted in smaller increases in the net (R-A) stresses. It is also
observed from Fig. 6.32c that at any elapsed time, the lowest void
ratio sample developed the highest percentage of the corresponding
final (R-A) stress and the stabilised values of the net (R-A) stresses
of the samples in test nos. L-1, L-3 and L-4 (with void ratios

ranging from 4.2 to 6.4) were all attained approximately at the same
elapsed time of 120,000 minutes from the commencement of leaching.

This is found to be consistent with the percentage of total salt
removed versus log (time) relationships (Fig. 6.32b) which show that

at any elapsed time, the percentages of NaCl removed from the samples
were virtually identical and practically independent of factors such

as void ratio, sample thickness and head used for leaching. Fig. 6.32b
further shows that complete leaching of the samples in test nos. L-1,
L-3 and L-4 was also attained at the same elapsed time of about 120,000
minutes from the commencement of leaching and this explains why the
stablised values of the net (R-A) stresses of the sampies, irrespective
of the differences in void ratio, were all attained at the same elapsed

time.

The water contents and the final pore fluid salt contents
of the leached Na-montmorillonite samples are reported in Tables 6.9
and 6.8 respectively. The pore fluid NaCl contents of the leached
samples were found to vary between 0.08 and 0.22 gms./litre (Table 6.8)

and comparing these final pore fluid salinities with the common initial
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salt content (= 33.57 g/1 NaCl) of the samples before leaching, it
can be said that the flow-diffusion technique used here for leaching
was indeed effective and successful in replacing the saline pore

fluids from the Na-montmorillonite samples under constant overall

volume conditions.

iii) Comparison between the predicted and the measured values

of the net (R-A) stresses

From the measured values of the failure plane water contents
and the final pore fluid salinities of the Na-montmorillonite samples
after leaching (reported in Tables 6.9 and 6.8 respectively), the pore
fluid salt contents of the four samples in test nos. L-1, L-3, L-4 and
L-5 at various elapsed times from the commencement of leaching were
béckcalculated and the double-layer repulsive stresses (Py) corresponding
to these backcalculated salt contents at the various elapsed times were
estimated from the double-layer repulsive stress equation (Eqn. 3.29)
using the specific surface of the calcium variety of the montmorillonite
(641 m.zlgm.; Table 5.2). These estimated double-layer repulsive
stresses are plotted against the corresponding elapsed times in Figs.
6.18, 6.20, 6.21 and 6.22 for comparison with the measured rates of
development of the net (R-A) stresses for the samples. For each sample,
the estimated value of the double-layer repulsive stress (Py)
corresponding to the completely leached state of the sample is recorded
on the corresponding plots of (R-A) versus time (Figs. 6.18-6.21)
and (R-A) versus log (time) (Figs. 6.27-6.31) and this estimated value

of Py is compared with the corresponding value of the final net (R-A)stress
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that was actually measured at the completely leached state of the
sample in Table 6.9. It is immediately seen from Table 6.9 that except
for test no. L-5 in which extrusion around the top porous stone was
observed, excellent agreement between the estimated value of the
double-layer repulsive stress (Py) and the measured value of the final
net (R-A) stress, both corresponding to the completely leached state

of each sample, was obtained for each of the four leaching tests (viz.
Test nos. L-1, L-2, L-3 and L-4). This excellent agreement is further
illustrated by plotting the failure plane water contents of the samples
(in Test nos. L-1, L-2, L-3, L-4 and L-5) against the measured final
(R-A) stresses and the corresponding estimated values of the double-layer
repulsive stresses on a semi-logarithmic scale in Fig. 6.33. The well
known trend of increasing net (R-A) stress with decreasing water
content (and hence decreasing particle spacing) is clearly exhibited

in Fig. 6.33. It is interesting to note at this point that although
the measurements of the net e]ectricgl forces of interaction were made
on the sodium variety of montmorillonite, the measured net (R-A) stresses
(corresponding to the completely leached states of the samples) showed
agreement only with those double-layer repulsive stresses that were
estimated using the specific surface of the calcium variety of
montmorillonite. This tends to confirm that the surface that is to be
used for successful estimation of the net (R-A) stress for a soil

from the double-layer repulsive stress equation (Eqn. 3.29) should be
the specific surface of the calcium variety of the soil. The absence
of clusters and the probable parallel orientation of clay platelets

(due to overconsolidation) in the montmorillonite samples used in the
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leaching tests may haye been the two most important factors that contributed
towards the good agreement obtained between the estimated and the
measured values of the final net (R-A) stresses. It can therefore be
concluded that for cluster-free active clay-water systems with sodium

as the dominant cation, the net (R-A) stresse§ can be approximated by the
double-Tayer repulsive stresses (calculated from Eqn. 3.29) if the
effective surface areas of the clays are determined with reasonable
accuracy. However, for natural soils which are not Na-homoionized

and which contain clusters, the double-layer repulsive stresses do not
always approximate the net (R-A) stresses and an indirect method for
prediction of the net (R-A) stresses for natural soils based on the

double-layer repulsive stress equation has recently been developed

by Balasubramonian (1972).

Agreement between the estimated and the measured rates of
development of the net (R-A) stresses (Figs. 6.18, 6.20, 6.21 and.6.22)
was, however, not very encouraging. This is probably due to erroneous
backcalculated values qf the pore fluid salinities (probably caused by erroneous
measurement of sample volumes) corresponding to which the net (R-A)
stress at various Stages of leaching were calculated. The reason for
the excellent agreement obtained between the estimated and the measured
values of the net (R-A) stresses for the completely leached states of
the samples (Fig. 6.33) lies in the fact that the theoretical estimations
of the stabilised net (R-A) stresses (corresponding to the completely
leached states of the samples) were based on actually determined water

contents and final pore fluid NaCl contents of the leached samples.
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jv) Change in stresses of the samples due to constant volume

leaching

The apparent and the true effective stresses of the Na-

montmorillonite samples before and after constant volume leaching are
tabulated in Table 6.9 along with the pertinent data obtained from the
leaching tests. Since the overall volumes of the samples did not change
during leaching (Figs. 6.16a, b, c and d), the true effective stresses
(on*) of the samples were held constant throughout the entire leaching
process. However, the apparent effective stresses (on') of the

samples in test nos.'L-l, L-2, L-3, L-4 and L-5 increased by 400-900%
due to complete replacement of the saline pore fluids from the samples
under constant overall volume conditions (Table 6.9). The final values
of the apparent effective stresses (oné) corresponding to the fully
leached states of the montmorillonite samples (reported in Table 6.9)
are comprfsed of the initial effective stresses (on;) under which the
samples were sheared before leaching and the additional externally
applied stresses that were required to prevent any swelling of the

samples during leaching.

6.4.5 Results of the shear tests performed on the leached samples

The shear tests conducted on the five leached samples of
Na-montmorillonite are numbered as M-L-1, M-L-2, M-L-3, M-L-4 and M-L-5
choosing the middle letter "L" to indicate that the shear tests were
performed on leached samples. These shear tests correspond to
.continuation of shearing of the montmorillonite samples from test nos.

M-34-1, M-34-2, M-34-3, M-34-4 and M-34-5 under the new apparent effective
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stresses (reported in Table 6.9) after leaching.

Before shearing the leached samples, the volume changes
of the samples under applied loads corresponding to the appropriate
apparent effective stresses after leaching were studied with time for
- a week in the direct shear machines. The vertical displacements of
the leached samples under the applied stresses during this period are
plotted against time in Figs. 6.34a, 6.34b, 6.34c, 6.34d and 6.34e.
The fluctuations in the vertical displacements in Figs. 6.34a, b, c, d
and e are believed to be due to fluctuations in the relative humidity
and the room temperature which affect the LVDT readings. However,
these plots clearly demonstrate that the volume changes of the leached
samples under the applied stresses (oné) that were 400-900% higher than
the initial apparent effective stresses (on;) of the samples before
leaching were between 1 to 2% of the volumes of the samples. In the
case of test nos. M-L-4 and M-L-5, these negligible volume changes
could be partly due to the fact that the samples were heavily
overconsolidated (0.C.R. = 9-10) to start with and in both cases the
apparent effective stresses after leaching were less than the corresponding
maximum preconsolidation pressures by 40 to 65%. However, for test
nos. M-L-1, M-L-2 and M-L-3, although the samples were overconsolidated
(0.C.R. = 3-6), the apparent effective stresses of the samples after
leaching were in all cases more than the corresponding maximum
preconsolidation pressures by 40-120% and the volume changes of the
samples under the applied stresses after leaching were still negligible
(Figs. 6.34a, b and ¢c). These negligible volume changes of the leached

samples in test nos. M-L-1, M-L-2 and M-L-3 under the applied stresses
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that were 400-900% higher than the initial effective stresses before
leaching tend to confirm that the volume change characteristics of the
montmorillonite samples were indeed controlled by ;he respective

true effective stresses (that were held constant dﬁring the entire
leaching process) and not by the apparent effective stresses (which
increased by 400-900% due to constant volume leaching). The volume
change data obtained from the leached samples (Figs. 6.34a, b, ¢, d
and e) also indirectly proves that the true effective stresses of the

samples were indeed held constant throughout the leaching process.

After studying the volume changes of the leached samples
in the direct shear machines for a week, the samples were then resheared
along the existing shear planes under the new apparent effective stresses
after leaching and the shear stresses and vertical displacements for
test nos. M-L-1, M-L-2, M-L-3, M-L-4 and M-L-5 are plotted against the
corresponding total horizontal displacements on semi-logarithmic scales
in Figs. B-86 to B-90. In test no. f-L-5, since the top half of the
shear box was separated from the bottom half by an undesirable amount,
excessive extrusion of éoi] between the two halves commenced after
4 reversal cycles (Fig. B-90) and shearing could not be continued any
further. In test nos. M-L-2, M-L-3 and M-L-4, the vertical compressions
of the samples during shear were small (Figs. B-87, B-88 and B-89)
whereas in test no. M-L-1, the sample expanded monotonically throughout
the test (Fig. B-86) even though it was being sheared under an apparent
effective stress that was about 800% higher than the initial effective

stress of the sample before leaching and 120% higher than the preconsolidation
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pressure of the sample. The apparent effective stress Gsn'), the

true effective stress Gsn*) and the residual shear strength of each
leached sample are recorded on the corresponding plot of shear stress
versus log (horizontal displacement). The value of tan¢r' for every
leached sample was calculated not only in the conventional manner by
dividing the T res by the corresponding on' but also by dividing the
Tfes by the corresponding cn* of the sample and the two different

values of tan¢r' thus obtained for the leached sample are also recorded
on the corresponding plot of shear stress versus log (horizontal
displacement). The results of the shear tests on the unleached (Test
nos. M-34-1, M-34-2, M-34-3, M-34-4 and M-34-5) and the subsequently
leached (Test nos. M-L-1, M-L-2, M-L-3, M-L-4 and M-L-5) states of the five
Na-montmorillonite samples are also combined in Figs. B-81 to B-85

and the values of on‘, on*, Tpeg aNd tan¢r' (calculated with respect

to cn' and cn*) for each sample before and after leaching are presented
on the corresponding plot of shear test results. Pertinent residual
shear strength results obtained from these shear tests on the leached
samples are summarised and compared with the corresponding residual
shear strength results obtained from the same samples in their un]eaqhed
state in Table 6.10. The comparison between the residual shear strengths
of the Na-montmorillonite samples before and after leaching from

Figs. B-81 to B-85 and Table 6.10 immediately reveals that although the
apparent effective stresses of the samples increased by 400-900% due

to complete replacement of the saline pore fluids under constant overall
volume conditions, the residual shear strengths of the samples did not

increase at all after leaching. On the contrary, the residual shear
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strengths of the samples decreased by 4 to 13% after leaching (Table 6.10).
One exception is in the case of test no. M-L-1 in which the residual shear
strength of the sample increased by 5% after leaching. Since the true
effective stresses of the montmorilionite samples before and after
leaching were the same, these results conclusively demonstrate that it

is the true effective stress (on*) on the mineral basal planes that
controls the residual shear strength of a clay mineral. The 4-13%

decrease in the residual shear strengths of the montmorillonite samples

after leaching could be due to one or both of the following two reasons:

a) At any instant during upward leaching of the samples
with distilled water, the pore fluid salt concentrations were definitely
not constant with depth and a decreasing salt concentration with
increasing depth existed in the samples. This implies that at the same
instant, the resulting net (R-A) stresses were not constant with depth
either and an increasing (R-A) stress with increasing depth probably
prevailed in the samples. But by equilibrium requirements, the
extemally applied normal stresses (on') at any instant required to
prevent any swelling of the samples during leaching were constant with
depth. Consequently, a decreasing true effective stress (on* = on' - (R-A) )
with increasing depth prevailed in each sample at any instant during
leaching. Since the overall volumes of the samples did not change
during'1eaching.(Figs. 6.16a, b, c and d), it can only be speculated that
during the entire leaching period, the true effective stress (on*)
distribution with depth in each sample probably readjusted itself

continuously in such a way that the net area of the °n* diagram for the
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sample was maintained constant at all times so as not to cause any

change in the overall volume of the sample during leaching. This means
that at all times during leaching, the swelling of the bottom half of

each sample was counterbalanced by an equal amount of congo]idation

of the top half of the sample. This is considered to be quite

reasonable because the coefficients of volume compressibility and swelling

of the overconsolidated montmorillonite samples were probably the same.

After termination of leaching of the montmorillonite samples,
the salt contents of the bottom halves of the samples were probably still
less than the salt contents of the top halves implying lower true
effective stresses for the bottom halves in comparison with the top
halves of the samples. If the precut shear planes were located in the
bottom halves of the samples (which is not improbable because the shear
planes were in fact reasonably close to the bottom of the samples),
then it is possible that the true effective stresses of the shear zones
after leaching were less than the desired values and this may

have caused the 4-13% decrease in the residual shear strengths of the

samples after leaching.

However, the maximum decrease (=~ 13%) in the residual shear
strength after leaching occurred for the sample in test no. M-L-5
(Table 6.10). In this test, the loading piston collapsed after about
35,000 minutes of leaching and although the piston was immediately
replaced by a new one, subsequent slow extrusion around the top porous
stone probably resulted in some undesirable volume changes in the

sample. In test no. M-L-1, the 5% increase in the residual shear
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strength after leaching (Table 6.10) could have been caused by a
corresponding increase in the true effective stress of the shear zone

which was possibly located in the top half of the sample.

b) It is also possible that the true residual shear strengths
. of the Na-montmorillonite samples were never attained at the end of the
first 8 to 9 reversal cycles imposed on them before leaching (for example,
see Figs. B-83, B-84 and B-85). Consequently, as the samples were
resheared along the existing shear planes after leaching, the shear
strengths gradually decreased further until the true residual values

were attained. In this context, it is interesting to compare once again
the results of the shear tests on the unleached states of the
montmorillonite samples (Figs. B-81 to B-85) with the corresponding
results of the shear tests on the subsequently leached states of the
same samples (Figs. B-86 to B-90) and note that although the shear tests
after leaching were started on the same cycles on which the tests were
terminated before leaching, each shear test after leaching (except for
test no. M-L-5) demonstrated a strength peak in the first cycle that

was either 5% lower than or exactly equal to the corresponding shear
strength measured in the terminating cycle of shear before leaching and
during subsequent shearing of the leached samples, the shear strengths
gradually dropped to values that were 4 to 13% lower than the

respective shear strengths recorded in the last cycles of shear before

leaching.

The residual shear strengths (t._ .) of the unleached

res
and the leached states of the Na-montmorillonite samples are plotted
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against the appropriate apparent effective stresses (on') in Fig. 6.35

and two distinct envelopes are obtained for the two states. The immediate
conclusion from Fig. 6.35 would be that the residual friction angle of

the montmorillonite samples before leaching (¢r' = 11.5°) was higher

than the residual friction angle of the same samples after leaching

(¢r' = 3°), or in other words, as the pore fluid NaCl content was
decreased from 33.57 g/1 to 0.08 g/1, the residual friction angle of
montmorillonite decreased from 11.5° to 3°. However, if the residual
shear strengths of the unleached and leached states of the montmorillonite
samples are plotted against the corresponding true effective stresses
(cn*) of the samples as shown in Fig. 6.36, the strength envelopes for

the unleached and the leached states of the samples virtually coincide
signifying a unique residual friction angle for montmorillonite

(¢r' = 9,5°-11.5°) in the low pressure range which is independent

of the pore fluid NaCl content. It is also implied in Fig. 6.36 that

the true effective stress of a montmorillonite sample before leaching

was equal to its apparent effective stress because the net (R-A)

stress of an active clay-water system under a highly saline environment

is practically negligible.

If the residual shear strengths (t___) of the leached

res
montmorillonite samples are divided by the corresponding values of the
apparent effective stresses (on') of the samples after leaching, the
resulting values of tan¢r' (denoted by closed circles in Fig. 6.37)
when plotted against the corresponding values of on' after leaching

generates a plot, shown in Fig. 6.37, that virtually coincides with the
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relationship between tan¢r' and on‘ for the montmorillonite - 0 g/1 NaCl
system reported by Kenney (1967). It can also be seen from Figs. 6.35
and 6.37 that the Tpag YEISUS on' plot and the tan¢r' versus on' plot
for the leached montmorillonite samples fall below the corresponding plots
for the montmorillonite - 1.15 g/1 NaCl system because the leached
samples had lower pore fluid NaCl contents and this is consistent with
the concept of apparent effect of the pore fluid salinity on the
residual shear strength of clay minerals. However, if the residual
shear strengths of the leached montmorillonite samples are divided
by the corresponding true effective stresses an*) of the samples,
the resulting values of tan¢r' (denoted'by open circles in Fig. 6.37)
when plotted against the corresponding values of on* produces a plot,
shown in Fig. 6.37, that practically coincides with the relationship
between tan¢r' and cn' obtained for the same samples before leaching.
This again illustrates the independence of the residual friction angle
of montmorillonite on the pore fluid salinity. However, the tan¢r'
| versus °n* plot, presented in Fig. 6.37, shows that this true residual
friction angle of montmorillonite is highly dependent on the magnitude
of the true effective stress in the low stress range. This variation
in éhe true ¢ ' (which is independent of the pore fluid salinity)
with on* for montmorillonite is also probably due to the dependence of

the area of true contact between the shear zone particles and their

basal planes on the true effective stress.

The residual shear strength results obtained from the shear

tests on the 1.15 g/1 NaCl samples of montmorilionite (reported in
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Table 6.5a) was also réinterpreted using the modi fied Coulomb-Terzaghi
relationship for residual strength (Eqn. 3.23 b} written in terms of the
true effective stress and the reinterpreted residual strength data for
the montmorillonite - 1.15 g/1 NaCl system is presented in Table 6.11.
This reinterpreted residual strength data (Table 6.11) is also presented
in forms of Tres versuscn'and on* plots in Fig. 6.38 and tan¢r' versus
on' and on* plots in Fig. 6.39. Examination of these plots (i.e. Figs.
6.38 and 6.39) lends further credence to the concepts that residual shear
strength of a clay mineral is governed by the true effective stress (on*)
on the mineral basal planes and that every mineral possesses a stress
dependent angle of friction (¢r') which is independent of the pore fluid
salinity. Hence, it can be said that the effect of changing the pore

fluid salinity in an active clay-water system under a constant apparent

effective stress (on') is to change the net (R-A) stress of the system

thus causing a change in the true effective stress which brings about
a change in the residual shear strength of the system. On the other

hand, if the active clay-water system is held under a constant true

effective stress (on*), a change in the pore fluid salinity will not

affect the residual shear strength of the system.

It is also interesting to note that the true residual friction
angle of montmorilionite (¢r' = 9,5°-11.5°) obtained from the analysis
of the residual shear strengths of the montmorillonite samples before
and after leaching is same as the ¢r' obtained from the conventional
shear tests on the montmorillonite - 33.57 g/1 NaCl samples (Figs.

6.36 and 6.37). Hence, it can be said that conventional shearing of a
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clay mineral under highly saline pore fluid conditions yields the
true ¢r' of the clay mineral which is independent of the pore

fluid salinity but depends on the stress level.

6.5 Microstructural Investigations

Microstructural observations with a scanning electron
microscope were made on the shear planes and the longitudinal sections
(containing the shear zones) of the cut-plane samples from the

following shear tests:

i) Test No. K-0-14: Kaolinite - Distilled water: o, = 79.14 psi

ii) Test No. M-34-2: Na-montmorillonite - 33.57 g/1 NaCl: o,' = 5.00 psi
iii) Test No. A-41-2: Na-attapulgite - 40.95 g/1 NaCl: on' = 5.09 psi

Photomicrographs of the shear zones and the undeformed areas outside
the shear zones in the three clay mineral samples were obtained by
viewing perpendicular to the appropriate fractured surfaces and the
photomicrographs thus obtained are presented in this section. The
magnification is recorded on each photomicrograph. Pertinent structural
features of the shear zones and the undeformed areas outside the shear
zones are described from the photomicrographs and related to the basic
deformation and shear strength generating mechanisms for the

three clay minerals at large strains.

6.5.1 Undeformed areas outside the shear zones

The structural features of the undeformed areas outside the
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shear zones in the kaolinite and the montmorilionite samples are
{1lustrated in Figs. 6.40, 6.41, 6.48, 6.49 and 6.54. Since these
photomicrograbhs were obtained by viewing perpendicular to the undeformed
areas in the longitudinal sections, thicknesses of aggregated platy

kaolinite particles are clearly distinguishable in Figs. 6.40 and 6.41.

Figs. 6.40 and 6.41 show that in the kaolinite sample which
was prepared from a slurry and consolidated to 79.14 psi under which
it was sheared, a near perfect parallel orientation of the platy
particles perpendicular to the direction of consolidation was attained.
The geﬁera] structure of the undeformed areas in the kaolinite sample
appears to be dispersed and highly oriented which is consistent with
the fact that the sample was prepared in a distilled water
environment and subsequently consolidated to a high normal effective

pressure (79.14 psi) under which it was sheared.

Since the montmorillonite sample had a pore fluid salt content
of 33.57 g/1 NaCl, the undeformed areas in the montmorilionite sample
were, in general, characterised by a porous flocculated structure
(Figs. 6.48 and 6.49). In areas outside the shear zone, no general
alignment pattern perpendicular to the direction of consolidation is
observed in the photomicrographs (Figs. 6.48 and 6.49) of the longitudinal
section of the montmorillonite sample which was consolidated to 20 psi
and subsequently rebounded back to 5 psi before shear. This seems to
suggest that for montmorillonite, a parallel orientation of the small

platy particles is not usually achieved under low consolidation pressures.
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The undeformed areas outside the shear zone in the attapulgite
sample were generally characterised by a high degree of intermeshing
of the needle shaped crystallites (Figs. 6.58 and 6.59). It appears
from Figs. 6.58 and 6.59 that segregation and subsequent orientation
of the intermeshed needles perpendicular to the direction of consolidation
are rather difficult to achieyve. The hay-stack like structure further
suggests that montmorillonite-type swelling probably does not occur
in attapulgite. A similar opinion regarding tHe swelling
characteristics of attapulgite has been expressed by Haden (1963).

Figs. 6.50 and 6.51 clearly exhibit the solid contacts
between aggregated particles in the kaolinite and the montmorililonite
samples. In the case of attapulgite, the high degreé of intermeshing
of the needle shaped particles (Figs. 6.58 and 6.59) implies innumerable
solid particle to particle contacts. Theselcontacts are the only
significant regions where effective normal and shear stresses can be
transmitted. As stated earlier, this was stressed by Mitchell et al.
(1969) and the microstructural evidences obtained here confirm their
findings at particle level. Demonstration of this solid particle to
particle contacts by microstructural observation establishes a very
vital criterion on which the mechanisms of shearing and residual
strength generation proposed in this thesis have been based. It must
however be mentioned here that the solid contacts illustrated by |
Figs. 6.50 and 6.51 are probably contacts between aggregates of small
particles and not between individual particles. The individual particles
of montmorillonite are so small (1,000 i x 10 R thick) that they can
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not be seen even under a very high magnification of 50,000 x (= 0.2 um)
and loss of resolution at magnifications of 100,000 x (= 0.1 um)

or more makes it unusually difficult to discern the structural features
attained by these exceptionally small particles. Aggregates of kaolinite
particles, on the other hand, are easily visible under magnifications

of 10,000-20,000 x (= 1-0.5 um) because an individual particlg of
kaolinite is much larger in size (10,000 A x 1,000 A thick). The
relatively large attapulgite needles (10,000 A long x 100 A across)

are also visible under magnifications of 10,000-20,000 x (= 1-0.5um)

6.5.2 Shear zones

The representative structural features of the large displacement
shear zones in the clay mineral samples were obtained not only by viewing
the shear zones in fhe longitudinal sections but also by looking

straight down on the precut planes themselves under the microscope.

i) Shear plane sections

The shear plane in the kaolinite sample appears to be smooth
and slickensided and evidence of intense shearing is clearly visible
under a magnification of 200 x in Fig. 6.44. The view of the same’
general area of the shear plane under a higher magnification of 20,000 x
(Fig. 6.45) reveals an almost horizontal orientation of the platy
kaolinite particles aligned in the d1réct1on of motion. The views
of the precut shear plane in the montmorillonite sample, obtained under
various magnifications, are presented in Figs. 6.56 and 6.57 and like
the kaolinite shear plane, the same feature of highly oriented aggregates

of platy partic]és (some of which may contain some particles of 111ite)
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characterised the shear plane in the montmorillonite sample.

The photomicrographs of the shear plane in the attapulgite
sample (Figs. 6.60 and 6.61) clearly illustrate the high degree of
intermeshing of the attapulgite needles in the shear plane. The highly
interwoven attapulgite needles were not segregated even at large strains.
The aggregates show a hay-stack like structure (Fig. 6.61) in which
the individual needles are arranged in a random fashion and seem to
be incapable of relative motion. A general orientation of the needle
shaped crystallites perpendicular to the direction of consolidation
can,howeversbe observed in Fig. 6.61. Some evidente of shearing

is discemible in Fig. 6.60.

1i) Longi tudinal sections

Figs. 6.41, 6.42, 6.43, 6.52, 6.53 and 6.55 i1lustrate the
| shear induced structures in the large displadcement shear zones in the
kaolinite and the montmorillonite samples while Figs. 6.40 and 6.54
show the corresponding structures of the areas outside the shear zones
in the same samples. These photomicrographs were obtained by viewing
perpendicular to the shear zones as well as the undeformed areas

outside the shear zones in the longitudinal sections.

It is immediately seen from Figs. 6.42 and 6.43 that at
large strains, the structure of the shear zone in the kaolinite sample
was distinctly characterised by close packing of aggregated kaolinite
particles whose 001 basal planes were aligned at 50-55° to the
direction of the principal displacement shear. The 001 basal planes
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of the kaolinite part{cles in the densely packed shear zone structure
also appear to be normal to the major principal stress in the shear
box (Figs. 6.42 and 6.43). This characteristic structural arrangement
observed in the residual state shear zone of the kaolinite sample
bears a striking resemblance to the compression textures observed by
Morgenstern and Tchalenko (1967 a, b) in the large displacement shear

zones of landslides and cut-plane specimens of kaolinite sheared in

the laboratory.

The structural features of the shear zone in the montmorillonite
sample are presented in Figs. 6.52, 6.53 and 6.55. Unlike the kaolinite
shear zone, the structural features of the montmorillonite shear zone
are not so clearly distinguishable in Figs. 6.52 and 6.53 because of
the very small size of the montmorillonite particles and the loss of
resolution at high magnifications under which the views were photographed.
However, general structural arrangements that resemble the features
of compression texture are clearly discernible in the pho tomi crographs

of the montmorililonite shear zone (Figs. 6.52, 6.53 and 6.55).

The oriented particle aggregates observed in the shear
plane sections of the kaolinite and the montmorillonite specimens
(Figs; 6.45 and 6.56) are believed to be thin bands of highly oriented
particles (aligned in the direction of motion in the shear box) that
enclose the compression textures in the shear zones. These highly
oriented thin bands of particles enclosing the compression texture
were also observed by Morgenstern and Tchalenko (1967 a, b] in the
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large displacement shear zones of cut-plane specimens of kaolinite

sheared in the direct shear machine.

At the residual state, despite the formation of compression
texture in the shear zone, the original horizontal orientation of the
platy particles was still preserved in the undeformed areas of the
kaolinite sample (Fig. 6.40). The undeformed areas in the montmorillonite
sampie also maintained its original loosely flocculated structure at
large strains (Figs. 6.48land 6.54). Two interesting observations can
be made from a comparison between the structures of the residual state
shear zones and the undeformed areas in the kaolinite and the
mpntmorillonite samples and these observations tend to support the
_displacement induced changes in the shear zone structures that were
speculated earlier from the shear test results. Firstly, in comparison
with the areas outside the shear zones, particles appear to be more
densely packed in the shear zones of the kaolinite and the montmorillonite
samples (for example, compare Fig. 6.40 with Fig. 6.42 and Fig. 6.54 |
with Fig. 6.53). The possible existence of a more closely packed
structure in the large displacement shear zones of the clay mineral
samples was inferred earlier from the failure plane water contents
which were found to be always less than the water contents of the
corresponding undeformed areas and the microstructural observations
show that this is indeed the case. Secondly, the phenomenon of
decreasing intensities of the reversal peaks with increasing horizontal
displacements in the shear tests on the kaolinite and the montmorilionite
samples (for example, see Figs. B-32 and B-93) was thought to be due

to a displacement induced physical rotation of the shear zone particles
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from their "before shear" orientations to some final orientations at
large strains where the particles will be steeply inclined to the
divection of motion in the shear box. The comparison between the structures
of the shear zones and the undeformed areas from Figs. 6.40, 6.42,

6.54 and 6.53 clearly lends credence to this speculation because if the
initfal structures that prevailed th;oughout the kaolinite and the
montmorillonite samples before commeﬁcement of shear resembled the
corresponding structures of the undeformed areas of the samples at
large strains, then with increasing horizontal displacements during the
shear tests the initially oriented platy particles in the shear zones
had to rotate physically to attain the residual state structural
arrangements (i.e. the compression textures) in which the particles
were aligned at 50-55° to the direction of the principal displacement

shears.

The observation of compression textures in the large
displacement shear zones in the kaolinite and the montmorillonite
samples confirms the findings of Morgenstern and Tchalenko (1967 a, b)
at particle level. No explanation is yet available for the ultimate
compression texture. As stated earlier, the closest analogy of this
feature is with the observations by Bowden and Tabor (1964) on the
attitude of graphite crystals in friction tests.

It was stated before that detailed examination of the
development of compression textures in the large displacement shear
zones in clays led Morgenstern and Tchalenko (1967 a, b) to suggest

basal plane s1ip as the dominant mechanism of deformation in shear
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jnduced structures at large strains. The particle level confirmation

of the existence of compression textures in the large displacement shear
zones in the clay mineral samples lends further support to the above
mentioned mechanism of deformation at large strains. It can now be

séid that the resistance offered by the basal planes of the particle contacts
in the compression texture against s1ibpage at large stfains indeed

forms the basis of residual shear strength, or in other words,

residual strength resides in solid friction along the basal planes of

the shear zone particle contacts and the shearing resistance at large strains

is due to the frictional property of the mineral basal planes.

Compression textures were, however, not observed in the
residual state shear zone in the attapulgite sample (Figs. 6.62 and 6.63).
It would then seem that compression textures can only develop in the
large displacement shear zones in platy clay mineral samples (such as
kaolinite, 111ite and montmorillonite) in which translational and rotational
movements of the mineral particles are possible during shear. For
a fibrous mineral such as attapulgite, the shear zone structure at
‘large strain was characterised by a rather low angle orientation of the
needle shaped particles that remained highly interwoven even at large
st;rains (Figs. 6.62 and 6.63). Hehce. besides shearing along stepped
1io cleavage planes at large strains, the intermeshing nature of the
attapulgite needles (which were not segregated even at large strains)

may be part of the reason for its high residual strength.

The particle reorientation phenomenon upon reversal of
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cycles during a shear test was also investigated by microstructural
observations on the shear zones in two samples of kaolinite that were
both sheared under a normal stress of 70 psi. Both the samples were
sheared along precut planes until the residual states were attained and
shearing was terminated for the two samples on two opposite cycles

i.e. shearing of one of the samples was stopped on a compression cycle
while shearing of the other was terminated on the tension cycle.
Longitudinal sections containing the shear zones were prepared from
both the samples and Fig. 6.46 present the shear zone structure of the
sample for which shepring was stopped on a compression cycle while

Fig. 6.47 illustratesthe shear zone structure of the sample for

which shearing was terminated on a tension cycle. Examination of these
two photomicrographs (i.e. Figs. 6.46 and 6.47) immediately reveals the
physical reorientation of the mineral particles due to rotation of

the slip plane upon reversal and it is believed that the work

required to effect this physical reorientation of the shear zone
particles is reflected in the strength peaks measured after each reversal.

Figs. 6.46 and 6.47 also show well developed compression textures.
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Fig. 6.la
Kaolinite - 0 g/l NaCl

K' = tan¢e . - -.o——ttxe = 20,2° (Gibson, 1953)
W’ = 2,05
r

-®

1 ] | i 1 1 J

10 20 30 40 50 60 70 80

Apparent Effective Stress, cn' (psi)

Fig. 6.1b
. Kaolinite - 2 g/l NaCl

' -
K' =292 4t P, = 9.0°

10 20 30 L0 50 60 70 80
3 o' (psi)
, = ¢ = 20.2°
B Fig. 6.1lc
ool T 2 2 e =2
L
10 20 30 Lo S0 60 70 80

o ' (psi)

Peak -—¢ = 20.2°
Fig. 6.1d : =E=
Kaolinite - 0,2 ande“"elﬂ’e
B 35 g/1 NaCl

S —— ' - °
..... =X

Residual envelope

1 J
by ) 20 30 %0 80 60 70 80

On' (psi).

FIG. 6.1 (a, b, c and d) PEAK AND RESIDUAL SHEAR STRENGTH =
APPARENT EFFECTIVE STRESS RELATIONSHIPS FOR KAOLINITE
AT VARIOUS PORE FLUID NaCl CONCENTRATIONS
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Fig. 6.2a
Kaolinite - 0 g/1 NaCl

Fig. 6.2b
Kaolinite - 2 g/l NaCl

(-4
L)
N
o
LJ
[

20 40 €0 1)
on' (psi)

0.28r * . °* Fig. 6.2c
0.20[ pu— Kaolinite - 35 g/l NaCl
[ [ [ 1 1 1 4 '] ]
20 11 60 ]
o,' (psi)

FIG. 6.2 (a, b and c) RELATIONSHIPS BETWEEN TAN¢ '
AND APPARENT EFFECTIVE STRESS FOR r
KAOLINITE AT VARIOUS PORE FLUID NaCl
CONCENTRATIONS
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Legend:

&9 FKaolinite - O 371 ﬁaCl

==+ rRaolinite - 2 g/l NaCl
e

Kaolinite - 35 g/l NaCl

Lt Lttt

100 1000
Residual Shear Strength, Tres (psi)

FIG. 6.3 RELATIONSHIPS BETWEEN SHEAR ZONE WATER CONTENT AND

LOGARITHM OF RESIDUAL SHEAR STRENGTH FOR KAOLINITE
AT 'VARIOUS PORE FLUID NaCl CONCENTRATIONS
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Peak envelope = ¢r' = 30°

Residual envelope

Fig. 6.5a

Na-attapulgite - 0.02 g/l NaCl
K' = 1.04
N [l } N 1 . L 1 —d
by 20 30 ) 1) T

Apparent Effective Stress, an' (psi)

Peak envelope

Fig. 6.5b
Na-attapulgite - 2.42 g/1 NaCl
K' = 1.05
1 " 1 A [l A 1 'l PR |
10 20 30 0 60
AN
On' (psi) ¢! = 31°

ol
Peak envelope ¢r' = 30.5°
Residual envelope

Fig. 6.5¢

Na-attapulgite - 40.95 g/1 NaCl
K' = 1.02
" 1 2 [l A L PO |
10 20 30 40 50 [T
cn' (psi)

FIG. 6.5 (a, b and c) PEAK AND RESIDUAL SHEAR STRENGTH -

APPARENT EFFECTIVE STRESS RELATIONSHIPS FOR NA-ATTAPULGITE
AT VARIOUS PORE FLUID NaCl CONCENTRATIONS
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0.70 .
0.5 ' Fig. 6.6a
Na-attapulgite - 0.02 g/1 NaCl
0.60 - ° _ _ Al
058
-
1 1 [ 1 1 1 1 1 1 1 []
0 10 Y] 30 40 <0 (14
0. 78 o' (psi)
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- PIG, 6.6 (a, b and c) RELATIONSHIPS BETWEEN TAN¢r' AND APPARENT
EFFECTIVE STRESS FOR Na-APPATULGITE AT
VARIOUS PORE FLUID NaCl CONCENTRATIONS
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FIG. 6.10 (a, b and c) RELATIONSHIPS BETWEEN TAN¢r' AND APPARENT
EFFECTIVE STRESS FOR Na-MONTMORILLONITE AT VARIOUS
PORE FLUID NaCl CONCENTRATIONS
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18 oot No. L-l Stabilised net (R-A)
Mineral: Na-montmorillonite stress = 1.38 kg./cm.
I 18 * * Estimated final P_ = 1.31 kg.
cn = 2,50 psi y
1' 2 e = 6063
© 2H = 0.50"
1] Wyac1 ™ 2.18 gms.
1. 0 L
o-sl
08} 1 Lhe
0e7) ]
06 Salt removal Net (R-A) stresg| s.o g
versus log versus =
(time) log (time) b
0.5¢ Temperature = 24.1°C '§
20 87
Oeh} -
] = g
03| | sv
< Q
A Z
0e2L 4 10 “8 E
[72]
b : Q
0.1} 4 g =
o 'S 2 s 1 4 llll r'e 2 Il 2 Lllll 2 8 L [ S -o
15000 105000 1005000 10005000
Time (mins.)
FIG. 6.27 SALT REMOVAL - LOG (TIME) AND THE CORRESPONDING

NET (R-A) STRESS - LOG (TIME) RELATIONSHIPS FOR

LEACHING TEST NO. L-1
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Net (R-A) Stress (kg./cm.

Test No. L-2
Mineral: Na-montmorillonite
on* = 5,00 psi

e = 3.88
24 = 0.59"

wNaCl = 2,30 gms.

Stabilised net 2
(R-A) stress = 3.15 kg./cm.

Estimated final Py

oW il \
12000 10,000 100000

Time (mins.)

F1G. 6.28 NET (R-A) STRESS - LOG (TIME) RELATIONSHIP
FOR LEACHING TEST NO. L-2

288

= 3,59 kg./cm.2



2,

Net (R-A) Stress (kg./cm.

289

24, Stabilised net (R-A)
5.0 | Test No. L-3 ™ stress = 2.06 kg./cm.
0L Mineral: Na-montmorillonjte p_., . ..q p_ = 2.07 kg./cm.
o % = 7,49 psi ] y
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F1G. 6.29 SALT REMOVAL - LOG (TIME) AND THE CORRESPONDING

NET (R-A) STRESS - LOG (TIME) RELATIONSHIPS
FOR LEACHING TEST NO. L-3
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Stabilised
Mineral: Na-montmorillonite net (R-A) -‘
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The Total Volume Of
Salt Solution Initially

Present In The System

NaCl Removed
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Percentage Of The Final
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100 rlLegend:
- et Test No. L-1, e = 6.43
80 | 7. Test No. L-2, & = 3.8
| e--e Test No. L-3, e = 5,
6o | Test No. L-4, e = /£4,20
Test No. L-5, e 3.01
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4 Fig. 6.32
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FIG. 6.32 (a, b and c¢) SUMMARY OF THE CONSTANT VCLUME
LEACHING TEST RESULTS
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Legend:
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FIG. 6.34 (a, b, c, d and e) VOLUME CHANGES OF THE LEACHED Na-

MONTMORILLONITE SAMPLES WITH TIME MEASURED IN THE DIRECT
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STRESSES AFTER LEACHING



295

ONIHDVAT THOTOA INVLSNOD ¥dldV QNV F033dd SATIHVS FLINOTTTIORLNOR-EN

JHL 304 SATHSNOLIVIR SSTLY FATIDAIIA AMIL — HIONTYLS VIHS vaaIs®™ 9¢°9 *014
(1sd) « p¢SSa13S 9ATIVIII anil

91 st [ ot 8 9 " z
| T T T | T 0
-y
[ad
4.8
b 4 z
cm.m = , 0/\'.... .\.wl
. 1 F- @
gupyoes 19136 ¥ O SA 1

Qe

sol
1 ¢

u
guyyoee] 210339 ¥ O *SA s

ONIHOVA'T mzpao>.azcamzbo d41dV QNV 3oddE STTARVS FLINOTTIHORINOR-EN dH1
¥04 SATHSNOLIVIR mwmmhm JATIDAIAT INTIVAAV - HIONTILS YVAHS TvnaIsm €9 °*91d
(ysd) , 9 ¢g59131S IATIRIIA quaaeddy

X
Acﬂ =3 Gv m&.ﬂmﬁmm%oh s o... ot

09
vmsomm.ﬂ ay3 103 . O°SA é“.l l“.l.‘l-\'l‘l 0 “1— mm‘m
1 " e O6 k-
(o877 = 4 9) u so1 ot ~R m.
WUH&——QO HUNZ H\w m.ﬂo.ﬂlwu.ﬂﬂo.ﬂﬁﬂhgﬁglﬂz 103% ’ D°SA 1 -“ -.““- o
[l
ua ~’

(,S°TIT = .uev sopdues payoealun 33 103 , O °SA 1

o
~N



296

ONIHOVAT FRNTOA INVISNOD YALIV ANV TM0J3d SATINVS

u I a ;4
JLINOTITHORLNOR-BN FHI Y04 SAIHSNOIIVIAY ¥ O - , ONVI ONV , O - , ONVI (€°9 *O14

(1sd) 4 0 pue "0

G6 09 0L 09 0S [ L] o€ 0z

[ — Y T T T u v B ¥
mwa&:mmmuﬂcoaﬁﬁuoaunoﬁvusumoﬁuou.o.w>. ¢$ueq
o

10N T/3 0 - wumﬂ0aaauo&uugﬂ\ O

u b
103 , O *sa [ ¢ue

\ ‘x
10®N 1/8 S1°T - ®3ITuUOTT}iowjuom 103 .=b *sA | ¢puel
R

. —
.lld.lll.lll.

N—.

u
108N T/3 (S°€€ - °3ITuor[riowjuocm 103 , O °SA , pues "\

seydues 23FUOTTFioWIUCW PAYOEA] Y3 103 «nb -sa .uenwu

ot1°0

st°0

$uey

0z°o"

sZ°0



297

SATYAS 10BN 1/3 ST°1
831 a 89X

— ALINOTITHOWINOH-®N FHL ¥0d SATHSNOLIVIZ S - %% aw o - "1 8g°9 "o
(18d) R4 "o pue "o
08 0L 09 [ L] ([ 1 0T ot
LI “- ¥ 10
OQ.Q = . 9
(T08N,1/3 ST°T) , © "sa i__.—F=
§8 = , & ~-=1= +*— o
: PN \
a
(ToeN /8 Ls°€€) 4 0vsA T 1 (108K 1/8 ST°T) » 0°ea 1y,

(t.d) .‘31



298

SATYAS TO®N .1/3 ST°1

X a X
- FLINOTITHORINOW-BN FHI ¥0d SdTHSNOILVIHY uﬁb - ,PNVL OGNV , O -, dNVI  6€°9 “O1d

a u,
Qm&«bvﬁw.b

F 0L 09 0S 0% 13 [ X4 ot 0
T ] T T T

a 1
(108N T/8 ST'T) , © "SA , $UFD o .

Jld/q Jot-o0

qsten
(To%N 1/8 ST°T) # 0 *sa ¢ued g
—— 3
(Tosn T/8 L6°€E) "D *8a Jewmd YT o~ dozoo " -
/. /
N\,
\ Tsz-0

,—

e
N\
/’ -
J— 060




oy’ = M.V pat

|

I
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—— <

S %
Fig. 6.41 Photomicrograph of the shear zone and the
adjotning undeformed area in the keolinite

l Te showing a compression texture enclosed
cmh of orfentad aggregates of kaolinite

rl.mguudlnnl section, Mag. = 20,000 x)

% \ ol' = 7914 pst

Fig. 6.43 A higher magnification view of the
ression texture shown in Fig. 6.‘!
mmmnn section, mg, = x)
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e
0.5 um
Fig. 6.44 Photomicrograph of the residual state Fig. 6.45 A higher magnification view of the residual
shear plane in the kaolinite sample state shear plane in the kaolinite sample showing
showing evidence of intense shearing oriented aggregates of kaolinite particles
(Shear plane section, mag. = 200 x) aligned in the direction of motion in the
shear box (Shear plane section,
mag. = 20,000 x)
13'

o' = 70.0 psi

o' = 70.0 psi

e - ;
T
9’ s \03' a ; BEwm

3 %9

Fig. 6.46 Photomicrograph of the large displacement Fig. 6.47 Photomicrograph of the large displacement
shear zone in a kaolinite sample showing the shear zone in a kaolinite sample showing the
attitude of kaolinite particles in the attitude of kaolinite particles in the
co?ruﬂon texture during a compression compression texture during a tension cycle
cycle of shear (Longitudina) section,

of shear (Longitudinal section, mag. = 20,000 x)
mag. * 20,000 x)
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un' = 5,00 pst on' = 5.00 ps{

I

.T_‘l' -

Fig. 6.48 Photomicrograph of the undeformed ares Fig. 6.49 A higher magnification view of the loosely
outside the shear zone in a montmorillonite flocculated structure shown in Fig, 6.48
sample showing a loosely flocculated {Longitudina) Section, mag. = 20,000 x)

arrangement of aggregated montmorillonite
particles (Lnnglgzdinll section,
mag.= 10,000 x )

an' = 5.00 psi on' = 5,00 psi

T T
Fig. 6.50 Photowicrograph of the undeforwed ares Fig. 6.51 A higher magnification view of the solid
in the montmorillonite sample showing interparticle contact shom in Fig, 6.50
8 solid interparticle contact (Longitudinal section, mag. = 50, x)
(Longftudina) section, mag. = 20,000 x)
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o' = 5.00 psi o' = 5,00 pst

A Sl " I T

Fig. 6.52 Photomicrograph of the large displacement Fig. 6.53 A higher magnification view of the
Rnr zone in the montmori Tonin sample b mmﬂonnwltun showmn 1n Fig. 6.52

compression tex Longitudinal section, mag. 1000 x)
(Long»gudinn uction. -g. - 10,000 x) (Long Mo

'in' * 5.00 psi °\ l 0" =15.00 pa

an

Fig. 6.54 Phomicmnph of the undeformed area Fig. 6.55 Photomicrograph of the la displacement
Just above the compression texture shear zone in @ wmontmorillonite sample
show in Fig. 6.52 :how!nz more compression texture
(l.mguudmnl section, mag. = 10,000 x) {Longitudinal section, meg. = 10,000 x)
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Fig. 6,56 Photomicrograph of the residual state
shear plane in the montmorillonite
sample thng'orlmud aggregatas of
wontmori 11onite particles aligned in the
direction of motion in the shear box
{Shear plane section, mag. = 10,000 x)

0" = 5.09 psd

Fig. 6.58 Photomicrograph of the undeformed ares
outisde the shear zone in an attapulgite
sample showing a rendom and highly
intermeshed arran t of the needle
shaped particles {Longitudinal section,
mag. = 10,000 x)

(2

Fig. 6.57 A Mmr magnification view of the
residual state shear plane shown in

Fig. 6.56
(sgur plans section, meg. = 20,000 x)

o,' = 5,09 psi

Fig. 6.59 A higher magnification view of the
undeformed area showm in Fig, 6,58
{Long{ tudinal section, mag. = 20,000 x)
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P— o
0.5 um
Fig. 6.60 Photomicrograph of the residual state Ftg. 6.61 A higher magnification view of the resfdual
shear plane in the attapulgite sample state shear plane in the ctupul?!u sample
showing evidence of shearing showing the interwoven structural arran t
(Shear plane section, mag. = 10,000 x)

of the needle shaped particles in the shear
plane (Longitudinal section, mag. = 20,000 x)

an' = 5.09 psi

1

o' = 5.09 psi

0.5 um -
Fig. 6.62 Photomicrograph of the large displacement Fig. 6.63 A M?Mr magnification view of the lar
shear zone in the attapulgite sample displacement shear zone shown in Fig. 6.62
shwlng the lath shaped bundles of (Longitudinal section, mag, = 20,000 x)
attapulgite needles oriented in the

direction of motfon in the shear box
(Longitudtna) section, mag. = 10,000 x)



CHAPTER VII

" SHEAR STRENGTH OF CLAY MINERALS AT LARGE STRAINS AND THE
FACTORS® THAT tONTROL THE RESIDUAL SHEAR STRENGTH

7.1  Introduction

Based on the test results obtained in this investigation
and an analysis of the associated studies on the bonding in soils, the
microstructural features of large displacement shear zones in clays
and the frictional behaviour of solid lubricants, a physical basis
of the residual shear strength of pure clay minerals and the factors

that control the residual shear strength can now be established.

7.2 Residual Shear Strength of Pure Clay Minerals

The residual shear strength of a soil has been shown tb
depend on its mineral composition (Kenney, 1967). The results of the
shear tests conducted on the three clay minerals in this investigation
show that among the clay minerals, montmorillonite possesses the least
residual shear strength and the residual angle of friction (¢r')
increases in the order: montmorillonite (¢r' = 8.5°), kaolinite
(¢r' = 11°) and attapulgite (¢r' = 30°). The shear test results
(Tables 6.3, 6.4 and 6.5) also Show that the residual shear strength
of a pure clay mineral is independent of factors such as stress history,
initial structure and strajn rate which dominate the path dependent

properties of soils. The effects of factors such as pore fluid
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salinity and normal stress level on the residual friction angle of

a clay mineral will be discussed in later sections of this chapter.

The degree by which the shear strength decreases from the
peak to the residual state also varied with the type of clay mineral.
In going from the peak to the residual state, kaolinite demonstrates
a 50% reduction in shear strength whereas a meagre 5 to 6% drop in
shear strength from the peak to the residual state is observed in

the case of attapulgite.

7.3 Physical Basis of the Residual Shear Strength of Pure Clay Minerals

The microstructural examination of the large displacement
shear zones in the platy clay mineral samples (presented in section
6.5 of Chapter VI) has revealed that the large displacement shear zones
are characterised by compression textures in which the particle basal planes
are oriented approximately normal to the major principal stress in the shear
box. Detailed exémination of the development of compression textures
Jeads to the notion of basal plane slip as the basic mechanism of
deformation in the shear induced structures at large strains. A
similar opinion has been expressed by Morgenstern and Tchalenko (1967 a)
from their study of the microscopic structures in kaolinite subjected
to direct shear. Hence, it can be said that the resistance offered by the
cleavage planes at the interparticle contacts in the shear zone against slippage at
large strains forms the physical basis of residual shear strength, or
in other words, residual shear strength resides in the solid friction
along the cleavage planes of the shear zone particle contacts and the

shearing resistance offered by a clay mineral at large
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strains is due to the frictional property of the mineral cleavage planes.

From an examination of the available data on the residual
friction angles of various clay minerals and solid lubricants along with
their modes of cleavage and the types and total amounts of bonding energies
available along their cleavage planes (Table 3.1 and 3.2), it was '
demons trated earlier that the residual shear strength of a clay mineral %
depends not only on its mode of cleavage at large strains but also on
the types and total amount of bonding energies available along its cleavage
planes at the shear zone particle contacts. Platy clay minerals such as
kaolinite and montmorillonite that have easy 001 basal cleavage have low
resistances to shear at large strains and consequently possess Tow
residual friction angles. On the other hand, a mineral such as attapulgite
which has good cleavage along the 110 plane rather than the 001 (basal)
plane offers a very high resistance to shear at large ;trains because
at residual state, it has to be sheared along its stair-case 1ike 110
cleavage planes at the interparticle contacts in the shear zone and
consequently, attapulgite exhibits a very high residual friction angle
(¢r' = 309%. A part of this high residual shear strength of
attapulgite might be due to the highly intermeshed nature of the lath
shaped bundles of attapulgite needles which can not be segrated
even at large strains. However, in the case of minerals with an
identical mode of cleavage, the mineral with the lowest amount of
bonding energy along its cleavage planes will exhibit the lowest
residual shear strength. In this context, it was previously shown
from a comparison between the bonding energies available along the

001 basal planes of kaolinite and montmorillonite (Table 3.2) that



308

although both the platy clay minerals have good cleavage along their

001 (basal) planes, the residual friction angle of kaolinite is higher
that that of montmorillonite because the bonding between the basal
planes of the kaolinite particles is stronger than the bonding between
the basal planes of the montmorillonite particles. In the field of
solid lubrication, the differences between the frictional res istances

of mica, graphite and talc, all having an easy 001 (basal) mode of
cleavage, have also been explained on the basis of the types and total
energies of bonding available along their respective basal planes.

In this respect, the frictional behaviour of clay minerals is strikingly

similar to that of some solid lubricants such as graphite and MoSz.

The microstructural study undertaken in this investigation
has also confirmed the existence of solid particle to particle
contacts in the clay mineral samples. Based on this observation
and also on the concept that basal plane slip is probably the most
dominant mechanism of defcrmation in the shear induced structures
at large strains (i.e., shearing at large strain occurs predominantly
' by slippage along definite mineral cleavage planes at the
sol1d interparticle contacts in the shear zone), it can now Be
postulated with a degree of certainty that the shear process
at large strain invoives continuous rupturing and making of bonds
along the solid interparticle contacts in the shear zone.

As stated earlier, a similar mechanistic picture of the
shearing process has also been presented by Mitchell et al. (1969).

The actual nature of these bonds or flow units at the intercleavage
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and the interparticle contacts is believed to be the same as that
described by Mitchell et al. (op. cit.) and in their view, individual
oxygen atoms can be considered as bonds or flow units. The number

of bonds at any contact has been shown to depend on the compressive
force transmitted at the contact (Mitchell et al., 1969). However,

at large strains, the compressive stress transmitted

the interparticle contacts will be the appropriate effective

stress on the mineral cleavage planes that controls the residual shear
strength of a clay mineral. It can be further added that since the
mechanisms of shear and generation of strength at large strains for
Aclay minerals appear to be quite similar to those for some solid
lubricants, the Terzaghi-Bowden and Tabor adhesion theory of friction,
which has been shown to be valid for some solid lubricants and some
metals, should also account for the conditions at the intercleavage
and the interparticle contacts in the clay minerals. A similar view

has also been expressed by Mitchell et al. (op. cit.).

7.4 The Concept of True Effective Stress and the Effect of Pore Fluid

Salt Concentration on the Residual Shear Strength of Clay Minerals

i) The Concept of True Effective Stress

In the early 1920's, Terzaghi realised that the shear strength
behaviour of soils and their volume change characteristics depend not
on the total stress applied to thg soil, but on the difference between
the total stress and the pressure set-up in the pore fluid. The
concept of effective stress for a fully saturated soil, as stated above,

really consists of two statements.
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1. The effective stress is defined as:
1 = - .
n On = Y (7.1)

where o ' = the effective stress,

Q
"

the total stress,

and, Uy, the pore water pressure,
2. The effective stress thus defined controls
certain aspects of the behaviour of soils,

notably compressibility and shear strength.

Both of these statements are absolutely essential to the
principle, for effective stress, defined as above, would be a useless

quantity if it were not for its relation to soil behaviour.

It has been known for a fairly long time that the effective
stress (cn'). defined by equation (7.1), has definite control on the peak
and the residual shear strengths of soils and so far, the Coulomb-Terzaghi
relationships for the peak and the residual shear strengths have been.

written in terms of this effective stress (i.e. on') as

Peak shear strength = Toeak = c' + an'tan¢' (1.1)
and, Residual shear strength = Toeak " cr‘ + on'tan¢r' (1.2)
where, ¢' and cr' = the cohesion intercepts at the peak and the

residual statés.

¢' and ¢r' = the peak and the residual angle of shearing

resistance.
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However, the effective streés on', defined by equation (7.1),
has been found to be inadequate in explaining the volume change
characteristics of some active clays and clay-shales (Balasubramonian,
1972) because it excludes the forces that arise from the peculiar nature
of active clays (such as a net charge deficiency within the lattice
structure and a high specific surface) and the physico-chemical
environment. The magnitude of these forces are SO significant in
active clay-water systems that they must be considered while dealing
with their volume change and shear strength behaviour. Hence, based
on the mechanistic picture of forces between adjacent particles in a
fully saturated active clay-water system (Fig. 3.2) and from
consideration of statical equilibrium of these normal forces
perpendicular to a horizontal plane of unit area in the system, a
modified effective stress law was derived in Chapter III. According
to this relationship,

Coy' = oty t on* + (R-A) (3.6)
which can be rearranged as,
o = cn' - (R-A) (3.7)
where on* {s defined as the true effective stress,
on' is defined as the apparent effective stress,

and, (R-A) is defined as the net interparticle stress due to the

physico-chemical environment.

When the excess pore water pressure of an active clay-water system

subjected to a certain normal stress is zero, the apparent effective
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stress (on') of the system is equal.to the externally applied normal
stress on the system. However, to obtain the true effective stress

(an*) of the system, the net (R-A) stress of the system must be subtracted
from the apparent effective stress (or the externally applied normal
stress) of the system and it is evident from Equation 3.7 that the true
effective stress of an active clay-water system is not equal to the
externally applied normal stress (or the apparent effective stress, on')
on the system. But a study of soil behaviour in terms of the true
effective stress (on*) is possible only if the net (R-A) stress can be
estimated (or measured) with reasonable accuracy. From the excellent
agreement obtained here between the predicted and the measured values

of the net (R-A) stresses that developed in the Na-montmorillonite
samples due to constant volume leaching (Fig. 6.33), it can be

concluded that the net (R-A) stress of an active clay mineral such as
montmorillonite (with sodium as the dominant cation) may be approximated
by the double-layer repulsive stress (Ean. 3.29) if the effective surface

area of the mineral can be estimated with reasonable accuracy.

The volume change behaviour of soils associated with particle
deformation iﬁd particle reorientation without a change of fabric have
been shown to be governed by the true effective stress, on*
(Balasubramonian, 1972). The results of the constant volume leaching
tests on the Na-montmorillonite samples (reported in Chapter VI) provide
further support to the concept of cn* controlling the volume change
characteristics of active clay-water systems. In these tests, it was

found that although the leached samples were subjected to normal
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stresses that were 400-900% higher than the initial effective stresses

of the samples before leaching, the volume changes under the increased
applied stresses after leaching were minimal (Figs. 6.34 a, b, ¢ and d).
Since the true effective stress of each sample was held constant through-
out the leaching process, the minimal volume changes of the samples

under the increased apparent effective stresses after leaching clearly
prove that it was the true effective stress (on*) that governed the

volume change behaviour of the Na-montmorillonite sample.

It was shown earlier that the Coulomb-Terzaghi relationship

for the residual shear strength (Tres) of soils can be expressed in

terms of the true effective stress as

Tres ™ [on'<h (R-A) ] tan¢r' (3.23 a)

= g,* tang, |  (3.23 b)

The above relationship for residual shear strength is based on the

consideration that the source of shear strength at large strains is

purely frictional.

The interpretation of the available data on the residual
shear strength of Na-montmorillonite (Kenney, 1967) using the modified
Coulomb-Terzaghi relationship for residual strength (presented in |
Table 3.3) clearly suggests that the residual shear strength of an
active clay mineral such as montmorillonite is governed by the true
effective stress (on*) on the mineral basal planes and not by the

apparent effective stress (on'). To establish conclusively that it is
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the true effective stress that controls the residual shear strength

of clay minerals, a special testing programme was undertaken in which
the residual shear strengths of saline Na-montmorillonite samples were
compared with the residual shear strengths of the same samples after
replacement of the saline pore fluids under constant true effective
stress (and hence under constant sample volume) conditions. The results
obtained from these special tests have been presented and interpreted
in Chapter VI (section 6.4) and these test results (summarised in
Table 6.10) show that although the apparent effective stresses of the
montmorillonite samples increased by 400-900% due to constant volume
leaching, the residual shear strengths of the samples did not increase
at all. On the contrary, the residual shear strength of a leached sample
under the much higher apparent effective stress was either the same as
or less than the corresponding residual strength of the same sample
under much lower apparent effective stress before leaching. Since

the true effective stresses of the samples were held constant
throughout the leaching process, the observation of no increases in
the residual strengths of the Na-montmorillonite samples conclusively
proves that the residual shear strength of a clay mineral is indeed
governed by the true effective stress on the mineral basal planes.

The residual shear strength data obtained from the montmorillonite -
1.15 g/1 NaCl series was also reinterpreted using the modi fied
Coulomb-Terzaghi relationship for residual strength (Eqn. 3.23 b)

and the reinterpreted strength data, presented in Table 6.11, provide
further support to the fact that it is the true effective stress, and

not the apparent effective stress, that controls the residual shear
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strength of clay minerals. This true effective stress on the mineral .
cleavage planes must then also be the compressive stress transmitted
at the intercleavage and the interparticle contacts that governs the

number of bonds at any contact.

The effect of pore fluid salt concentration on the residual
shear strength of various clay minerals can now be discussed in light
of the modified Coulomb-Terzaghi relationship expressed in terms of

the true effective stress.

ii) The Effect of Pore Fluid salt Concentration on the Residual

Shear Strength of Clay Minerals

According to the concept of true effective stress, the effect
of changing the pore fluid salt concentration of a clay-water system
is to change its net (R-A} stress and if the system is held under a
constant apparent effective stress (on'), a change in the net (R-A)
stress of the system will cause the true effective stress (and hence
the volume) of theisystem to change. Since true effective stress controls
residual shear strength, this change in the true effective stress of the
system due to a corresponding change in salinity under a constant
apparent effective stress will cause the residual shear strength of the
system to change. However, instead of holding the apparent effective
stress (on') of the system constant, if the true effective stress (on*)
of the system is held constant, a change in the pore fluid salinity
will not bring about any change in the residual shear strength of the
system as shown by the comparison between the residual shear strengths

of Na-montmorillonite samples before and after replacement of the



316

saline pore fluids under constant true effective stress conditions
(Table 6.10).

The residual shear strengths of kaolinite and Na-attapulgite
were inappreciably inf]uenced by the pore fluid NaCl concentrations
(Figs. 6.1d, 6.2d, 6.53, 6.6d). Both minerals exhibited unique residual
friction angles that were independent of the pore fluid salt contents
but dependent on the normal stress level. Since kaolinite and
Na-attapulgite have low cation exchange capacities and low specific
surfaces (Table 5.2), the net (R-A) stresses in these minerals under
almost all conditions of salinity and stress are very small.

Moreover, kaolinite is a coarse mineral with a large ratio of edge to
face area and this together with the fact that it has a very low specific
surface contributes to formation of rather thin adsorbed layers on the
kaolinite particles and particles come much closer than about 20 R.

This is substantiated by studies of West (1963) and Smart (1967).

The close packing of kaolinite particles observed in the large
displacement shear zone in the kaolinite symple (Fig. 6.42) appears to
indicate the ability of the shear zone kaolinite particles to reach
particle spacings of 20 R or less at large strains even under low normal
stresses. Based on some theoretical considerations, Bailey (1965)

has shown that the long range forces in a clay mineral vanish for
particle spacings of about 20 R or less. Hence it would appear that
under almost all conditions of pore fluid salinities and applied stresses,
the net (R-A) stresses in kaolinite and attapulgite systems are so small

that the true effective stresses of these systems are always equal to
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the corresponding apparent effective stresses and the only stress governing
the residual shear strengths of these inactive clay minerals is the grain
to grain contact stress. Therefore, under a constant apparent effective
stress, a change in the pore fluid salt content of any one of these
inactive clay minerals causes no change in the true effective stress

of the system (which, for an inactive c]ay:mineral, is always equal

to the corresponding apparent effective stress). Consequently, no change
is observed in the residual shear strength of any one of these inactive
clay-water systems due to a corresponding change in the pore fluid
salinity under a constant apparent effective stress. It can therefore

be concluded that the conventional Coulomb-Terzaghi relationship for
residual strength, defined by Treg = cn' tan¢r', is still adequate to
express the residual shear strengths of inactive clay minerals such

as kaolinite and attapulgite,

However, in the case of Na-montmorillonite (which demonstrates
significantly high net (R-A) stresses because of its high cation exchange
capacity and high specific surface), if the residual shear strengths and
the tan¢r' values (calculated in a conventional manner using tan¢r' = rres/cn')
obtained under various pore fluid salt concentrations are plotted against
the corresponding apparent effective stresses (cn'). as shown in Figs. 6.9d
and 6.10d, a distinct trend of increasing residual friction angle with
increasing pore fluid salt concentratiosr is observed. The immediate
conclusion from Figs. 6.9d and 6.10d would be that the residual shear

strength of montmorillonite increases with increasing ion concentration in

the pore fluid. However, if the modified Coulomb-Terzaghi relationship for
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residual strength expressed in terms of the true effective (Eqn. 3.23 b)
is used for analysing the residual shear strength data on Na-montmorillonite
obtéined under various pore fluid salt contents, the resulting plots

of residual shear strengths and the tan¢r' values (calculated using

tan¢r' = Treslon*) against the corresponding true effective stresses,

as shown in Figs. 6.38 and 6.39, immediately show that under a certain
true effective stress, montmorillonite also possesses an unique residual
angle of friction that is independent of the pore fluid NaCl concentrations.
This independence of the residual friction angle of montmorillonite on

the pore fluid salt concentration has been demonstrated not only from

the interpretation of the shear strength data on Na-montmorillonite

in terms of the modified Coulomb-Terzaghi relationship for residual
strength (Tables 3.3 and 6.11) but also from the tests in which the
residual shear strengths of saline montmorillonite samples were

compared with the residual shear strengths of the subsequently leached
states of the same samples under constant true effective stress conditions
(see Figs. 6.36 and 6.37 in conjunction with Table 6.10). Hence in the
case of an active clay mineral (which demonstrates high (R-A) stresses
under low pore fluid salt concentrations because of its high surface
activity), if the residual shear strengths measured under various pore
fluid salt contents are divided in the conventional manner by the
corresponding apparent effective stresses to obtain the values of tan¢r'.
different values of ¢r' will be obtained for different pore fluid
salinities. However, if the same residual shear strengths are divided

by the corresponding true effective stresses, then an unique residual

friction angle that is independent of the pore fluid salt contents but
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dependent on the magnitude of true effective stress will be obtained for
the mineral. This is the true residual friction angle of the mineral.
The relationship between tan (true ¢r‘) and o * is unique for an'active
clay mineral and in the case of montmorillonite, it almost coincides
with the tan¢r‘ versus o ' plot for the 33.57 g/1 NaCl system (Figs. 6.37
and 6.39). This is due to the fact that in highly saline environments,
the net (R-A) stresses in montmorillonite are practically negligible
(Table 3.3) and the true effective stress of a highly saline
montmorillonite system is v1rtu£11y equal to its apparent effective
stress. Hence, the true residual friction angle of an active clay
mineral may be determined in a conventional manner from a direct shear
test by testing the mineral in a highly saline pore fluid environment.
It is also interesting to note that the tan¢r' yersus on‘ plots for
montmorillonite (Figs. 6.10d and 6.37) show an unmistakable trend of
convergence at very high normal stresses. This means that at
sufficiently high normal stresses, the tan¢r' values for montmorillonite,
calculated in the conventional manner using tan¢r' = TreS/Un', become
independent of the pore fluid salt contents and at these high stress
levels, the residual friction angle (calculated from Tres = on' tan¢r‘)
obtained under any salt concentration is the true residual friction
angle of the mineral. It is possible that under very high normal
stresses, the montmorillonite particles in the large displacement shear
zone are pushed so close together that the average particle spacing
in the shear zone reaches 20 R or less and the long range forces vanish.
Consequently, under a very high normal stress, the true effective stress

of a montmorillonite system becomes equal to its apparent effective
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stress under all pore fluid salt contents and this is possibly why
salinity shows no influence on the residual shear strength of montmorillonite

under sufficiently high normal stresses.

7.5 Dependence of the Residual Friction Angles of Clay Minerals on_the

Normal Stress Level

It has been shown in the last section that every clay mineral
possesses a true residual angle of friction (¢r') that is independent of
the pore fluid salt concentrations. However, in the low normal stress
range (0 - 30 psf), the true ¢r' of every clay mineral is found to decrease
markedly as the normal stress is increased (Figs. 6.2d, 6.6d and 6.10d)
and above a certain normal stress (= 30 psi), the true ¢r' becomes
independent of the normal stress (Figs. 6.2d, 6.6d and 6.10d). Even
in the case of a highly active clay mihera] such as montmorillonite,
the true ¢r' is found to decrease markedly with increasing true effective

stress in the low stress range (Figs. 6.37 and 6.39).

This variation in ¢r' with normal stress is also observed
for some solid lubricants and the solid lubrication research attributes
this non-linearity of friction to the dependence of the area of true
contact between particles on the applied normal load. The area of true
contact for elastic deformation of asperities can be expressed as being
proportional to (load)n where the vaﬁue of n varies from 2/3 to 1.0 as
the normal pressure is increased (Archard, 1951; Rubenstein, 1956 and
Campbell, 1969). Since the frictional behaviour of clay minerals are
strikingly similar to that of some solid lubricants, the above -

mentioned model from the field of solid lubrication has been used in
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this thesis to derive relationships between tan¢r' and on' for the clay
~minerals in the low and the high normal stress ranges. The detailed
derivation of these relationships are presented in section 3.3 of
Chapter III. These relationships suggest that in the low normal stress
range, the tan¢r' of a clay mineral or a natural soil follows a law

of the type,tan¢r' = constant x (on')']/? and consequent]y,¢r' decreases
with increasing on'. As the normal stress is increased beyond a certain
level where the area of true contact between particles is proportional

to (load)]‘o, ¢r' becomes independent of on'.

In order to verify whether the values of tan¢r' for the clay
_ minerals are truly descriped as a function of on' by the above
relationships, the tan¢r' values for each clay mineral were plotted
against the corresponding values of (c:"')'v3 on arithmetic scales.

The linear relationships obtained between the measured tan¢r' values
and the corresponding values of (crn')']/3 in the low stress range for

each clay mineral confirm that the marked decrease in ¢ ' of clay

r
minerals with increasing on' in the low stress range is due to the fact
that the area of true contact between the mineral

particles in the large displacement shear zone is proportional to
(load)zl3 in the low stress range. Figs. 6.4, 6.8 and 6.11 also show
that beyond a normal stress of about 30 psi, the tan¢r' versus (crn')'v3
relationships become horizontal lines parallel to the (on')'1/3 axis

and ¢r' becomes independent of on' because the area of true contact

in the shear zone is now proportional to (load)]'o.



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

8.1 Conclusions

Based on the results of the present work and an analysis of

the previous studies, the following conclusions regarding the physical

basis of residual shear strength of pure clay minerals and the various

factors affecting it are drawn.

1.

The residual shear strength of a soil is known to be
dependent on its mineral composition. Among the clay
minerals, montmorillonite possesses the lowest residual
shear strength and residual strength increases in the order:

montmorillonite, kaolinite, hydrous mica and attapulgite.

The residual shear strength of a pure clay mineral is
independent of factors such as stress history, initial
structure and strain rate which dominate the path
dependent properties of soils. Hence residual strehgth

is a fundamental soil parameter.

The degree by which the shear strength decreases from the
peak to the residual state also varies with the type of clay
mineral. A factor K' (= tan¢e/tan¢r') relating the two

fundamental friction angles ¢, (dvorslev) and ¢r' has been

322
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defined to indicate the degree of strength drop for a
mineral from the peak to the residual state. The average
value of K' for kaolinite varies between 1.86 and 2.32
signifying about 50% decrease in shear strength from the
peak to the residual state. In the case of attapulgite,
K' is about 1.1 indicating a meagre 5 to 6}, drop in
strength from the peak to the residual state.

From microstructural examination of the large displacement
shear zones, it has been established that compression
textures (in which the basal planes of the platy clay minerals
are approximately normal to the major princ1pa1 stress)

are formed in the principal displacement shear at residual
state. These compression textures are enclosed between

two thin highly oriented bands of particles. The dominant
mechanism of deformation in the large displacement shear zone
is basal plane slip and this implies that the physical basis
of residual shear strength of a clay mineral resides in the
solid friction along the cleavage planes at the shear zone
particle contacts. The shearing resistance of a clay

mineral at large strain is due to the frictional property

of the mineral cleavage planes.

Microstructural observations have also established that the
mineral interparticle contacts are effectively solid-to-
solid and these are the only significant regions between

soil grains where effective normal stresses and shear
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stresses can be transmitted.

The residual shear strength of a clay mineral depends on its

mode of cleavage at large strain. Platy clay minerals such

as kaolinite and montmorillonite which have easy 001 basal
cleavage at the interparticle contacts in the shear zone have

low resistance to sheqr and consequently low residual friction
angles. On the other hand, a high residual friction angle is
demonstrated by the fibrous needle shaped miheral attapulgite
because at large strain, it has to be sheared along its staircase
1ike 110 cleavage planes at shear zone particle contacts and

consequently, it offers a high resistance to shear.

The residual shear strength of a cléy mineral also depends

on the type and total amount of bonding energy available along
its cleavage planes at the interparticle contacts in the shear
zone. The types of bond that could exist between the mineral
cleavage planes are the secondary valence, the exchangeable

fon-1inkage and the hydrogen bonds. In the case of two clay

minerals with the same mode of cleavage, the mineral with the weaker

bonds and the lower bonding energy along its cleavage planes
at the interparticle contacts will possess the lower residual
shear strength. In this respect, the frictional behaviour of
the clay minerals is quite similar to that of some solid

lubricants such as graphite and molybdenum di-sulphide (Mosz).

At large strain, shearing occurs predominantly by slippage
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along the definite mineral cleavage planes at the solid
interparticle contacts in tha shear zone. It involves
continuous rupturing and making of bonds along the

cleavage planes at the solid interparticle contacts in the
shear zone. The number of bonds at any solid contact probably
depends on the true effective stress transmitted at the contact.
The Terzaghi-Bowden and Tabor adhesion theory of friction

would appear to account for the conditions at the intercleavage
and the interparticle contacts in the shear zone.

For most clay minerals and some natural soils, the residual
friction angle is markedly stress dependent below an average
normal pressure (on')_of 20 to 30 psi beyond which ¢r' becomes
almost independent of cn'. Provided the deformations

at the interparticle contacts are truely elastic,

this non-linearity of ¢r' in the low stress range is due to the
dependence of the area of true contact (Ac) between the mineral
cleavage planes and the particles on the normal pressure. In
the low normal stress range (i.e., between 0 and 30 psi), A

is proportional to (10ad)2/3 and the residual friction coefficient
follows a law of the type, tan¢r' = constant x (cn')']/3.
Consequently, ¢r' decreases with increasing on' in the low
normal stress range. As the normal stress is increased

beyond 30 psi, Ac becomes proportional to (’Ioad)]'0 and

¢r. becomes independent of,oh'.

The effective stress in a fully saturated clay-water

system is defined by the equation,
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on' = 0, = U * o * (R-A)
where %n = the tota} stress
cn' = the appaﬁent effective stress
on* = the true. effective stress
u, = the pressure in the pore water
and (R-A) = the net interparticle stress due to

the physico-chemical environment.

The volume change behaviour of clay minerals associated with
particle deformation and particle reorientation without a
change of fabric are governed by the true effective

stress (an*).

The residual shear strength of a clay mineral is controlled
by the true effective stress (on*) on the mineral cleavage
planes. The residual shear strength (Tres) of a clay mineral
can be expressed by the modified Coulomb-Terzaghi relationship
defined in terms of the true effective stress on the mineral

cleavage planes. The re]at1ohsh1p is given by the equation,

Tres = [cn' - (R-A)] tan¢r' =0,* tan¢r'

Every clay mineral possesses a true residual angle of friction

that is unique and independent of the pore fluid salt content

although the absolute value of the true ¢r' is dependent on the magnit-
ude of true effective stress. The values of the true ¢r'

(obtained from Mohr envelopes beyond 2 normal pressure of

20 to 30 psi) for the clay minerals tested here are as follows:
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Mineral Mode of Cleavage Bonding along the $.'
Cleavage Planes r
Montmorillonite Easy (001) basal Secondary valence +  8.5°
cleavage exchangeable ion
Tink
Kaolinite Easy (001) basal Secondary valence + 11°
cleavage- hydrogen bonding
Attapulgite Staircase like Si -0 - Si 30°
(110) cleavage weak 1ink

14.

The true ¢r‘ of a clay mineral can be obtained conventionally
either by testing the mineral under a high salt environment

or by testing it under very high normal pressures.

The basic residual strength generating mechanism for the
clay minerals is purely frictional and the influence of the
pore fluid salinity on the residual shear strength of an
active clay mineral such as montmorillonite is indirect.

In an active clay-water system, the effect of changing the
pore fluid salt content under a constant apparent effective
stress is to change the net (R-A) stress of the system thus
causing the true effective stress on the mineral basal planes
to change which then brings about a corresponding change in
the residual shear strength of the system. If an active
clay-water system is held under a constant true effective
stress, a change in the pore fluid salinity will not affect

the residual shear strength of the system.
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15. In the case of inactive clay minerals such as kaolinite and

16.

attapulgite that have Jow surface activities, the net (R-A)
stresses are small under all environmental conditions and

as a result the true effective stresses of such systems are
always equal to the apparent effective stresses. Consequently,
the residual shear strength properties of the inactive clay

minerals are virtually unaffected by the pore fluid salinity.

The evaluation of the true effective stress for a clay-water
system requires an estimate of the net (R-A) stress. ~For an
active clay mineral such as montmorillonite with sodium as

the dominant cation, the net (R-A) stress may be approximated by
the double-layer repulsive stress if the effective surface

area of the mineral can be estimated with reasonable accuracy.

8.2 Recommendations for Further Research

1.

The control of the true effective stress on the residual shear
strength has been established in this study by tests on pure
Na-homoionized montmorillonite. It will be worthwhile to
repeat these tests on pure Na-homoionized illite not only to
provide additional support to the findings of this jnvestigation
but also to extend the study to encompass most of the common
clay minerals usually found in natural soils. In comparison
with montmorillonite, i1lite has a lower surface activity

and exhibits a higher coefficient of permeability. Hence
constant volume leaching of illite samples will probably

require less time. Mineral mixtures may also be studied as
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part of further research.

In this investigation, the modified Coulomb-Terzaghi

relationship expressed as

Tpes = o, *. tang, = [on' - (R-A)].K'.tan¢r' (3.21 b)

was originally developed for peak shear strength. The
residual shear strength becomes a specialised case of the
above relationship by simply substituting a value of 1.0

for K. It will indeed be worthwhile to investigate the
applicability of the proposed modified Coulomb-Terzaghi
relationship to express the peak shear strength of a soil.
An extensive supplementary investigation to study the factor
K' (= tan¢e/tan¢r') for various common clay minerals and

possibly some mineral mixtures could also be undertaken.

It was proposed in this dissertation that a soil can exhibit
a true cohesion if and only if the net electrical stress of
interaction of the soil is an attractive one (i.e., if

A > R). In such a case, the true cohesion can be expressed

as
Cg ™ - (R—A).K.tan¢r' = (A-R).tan¢e (3.24)

which proposes that Hvorslev's true cohesion arises basically
out of purely frictional interaction where only the net
attractive force acts as the normal stress governing the

frictional behaviour of the clay-water system. A fundamental
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study of the phenomenon of cohesion to investigate the

validity of the hypothesis proposed here may be worthwhile.
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APPENDIX A

CHARACTERISTICS OF THE DIRECT SHEAR MACHINES
AND THE VARIOUS MEASURING SYSTEMS

A.1  Characteristics of the Direct Shear Machines and Accuracies

of the Associated Measuring Systems

1) Direct Shear Machine Friction Negligible
Machine . Ratio Pan Load:
Specimen Load 1:5 + 0.2%
Rates of Strain 0.0000192 to 0.05
inches/minute + 0.5%

i) Load Cell : Accuracy 0.3 to 0.4 1bs.
Temperature Error 0.15 lbs./fF
Creep 0
111) LvDT Accuracy 0.00002 inches of
deformation
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TABLE A-1 b

CALIBRATION FACTORS FOR THE LOAD CELLS
USED IN THE LEACHING TESTS

Leaching Test Nb. Load Cell (500 1bs.) Calibration
; : Factor
L-1 1 millivolt = 38.05 1bs.
L-2 1 mi1livolt = 27.80 1bs.
L-3 1 mi1livolt = 36.68 1bs.
L-4 ' 1 mi1livolt = 36.08 1ibs.
L5 1 mi1lvolt = 37.75 Tbs.

A.3 Calibration of the Solu-Bridge
The solu bridge (Beckman model no. RB 3R 104) that was

used for measuring the total salt contents of the decanted clear
fluids during sample preparation and the effluent from the
montmor111on1tevsamp1es during leaching was calibrated with respect
to sodium chloride. The calibration curve is presented in Fig. A.1.
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APPENDIX B
CONSOLIDATION AND DIRECT SHEAR TEST RESULTS

The results of the reversal direct shear tests conducted
on kaolinite, attapulgite and montmorillonite along with some typical
consolidation test results are coinpﬂed in this Appendix. Representative
settlement versus vETme and settlement verus log (time) plots for
kaolinite, attapulgite and montmorillonite obtained from the large
cell consolidation tests and from the consolidation phase in the direct
shear tests are presented in Figs. B-1 to B=6. The consolidation
characteristics of the clay minerals obtained from these consolidation
tests are summarised in Table 6.2 of Chapter VI. The settlement vs.
/time plots from the large consolidation cell tests on attapulgite and
montmorillonite, presented in Figs. B-1 and B-2, clearly indicate that
the large cells (11.84" 1D x 10.26" high) that were primarily built
for preparation of large clay mineral blocks functioned well as
consolidation cells and the consolidation characteristics of the
minerals obtained from the large cell tests agree favourably with the
corresponding values obtained from the consolidation phase in the
direct shear test (for comparison, see Table 6.2). Figs. B-5 and B-6
{1lustrate the inherent tendency of the attapulgite and the
montmorillonite samples to undergo large secondary compressions.
However, when overconsolidated samples of attapulgite were allowed

to rebound in the direct shear boxes, no montmorillonite-type

Bl



swelling was observed probably because of the three-dimensional
structure of attapulgite.

The results of the reversal shear tests conducted on
kaolinite, attapulgite and montmorillonite are presented in
Figs. B-7 to B-94.
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JiTos, (mins.)? JiTee, (mins.)?

10 30

Settlement (inches)

Mineral: Kaolinite Mineral: Na-attapulgite
Salt content = Salt content: 0.02 g/1 NaCl
2 g/1 NaCl
0+02
a 0-0SF Fig. B-4 A TYPICAL SETTLEMENT - VTIME
% PLOT FOR CONSOLIDATION OF
2 t90-25 mins. *'-__{ —- Na-ATTAPULGITE IN THE
TR | g% DIRECT SHEAR BOX
c = 24.3 Q :
o v 2 .2'5
g i fto /yr-:.s «10
5 3>
- o.06f & »
o) A -
8 ] \\ 5 to 10 psi tgg = 256 mins.
= 1. "
YTIME PLOT FOR
CONSOLIDATION OF 5 to 10 pei
KAOLINITE IN THE Time (mins.)
01 DIREGT SHEAR BQY 100 1000 105000
LI BLRAL) L] L] "Ill‘l L] v l'lIlll L] L) lllllll L] L] Il'lll
0-08}
°.1°- H . 2
ti00 * 185 mins., ¢, = 5.0 ft.“/yr.
| Mineral: Na-attapulgite
o-x%- Salt conteﬁt: 2.42 g/1 NaCl - ey ™ 0.029
i 41.0 to 81.4 psi
0.20}
025 L
FIG. B-5 A TYPICAL SETTLEMENT - LOG (TIME) PLOT FOR CONSOLIDATION

OF Na-ATTAPULGITE IN THE DIRECT SHEAR BOX
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Shear Stress (psi)

Shear Stress (yu.)'

Raolinite - 0 g/1 NaCl
Test No. K=0-7
Pracut Plane Test

B14

Rate of Displacement = 0,0024 ins./min

olc.k. = 1.00

’ Sawple Thickness = 1,36 inches
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FIG. B=11 DIRECT SHEAR TEST ON KAOLINITE (K-0-7)



Shear Stress (psi)

Shear Stress (psi)
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Kaolinite - 0 g/1 NaCl

Test No. K-0-8

Precut Plane Test

Rate of Displacement = 0.0024 ins./min.
0.C.R. = 1,00

Sample Thickness = 1.37 inches
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F1G. B-12 DIRECT SHEAR TEST ON KAOLINITE (K-0-8)
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APPENDIX C
THE DOUBLE-LAYER REPULSIVE STRESS

In this appendix, the equations for calculating the osmotic

repulsive force due to double layer interaction between two adjacent
clay platelets (Bolt, 1956; Bailey, 1965) have been outlined first.,
The derivation of these equations is based on several assumptions which
have been discussed in detail by Low (1959). An examination of these .
assumptions and Low's criticisms has been included in the next section.
A description of the various terms used in these equations and a sample
calculation of the double-layer repulsive stress using them are

presented in the next two sections.

C.1 Double-layer Repulsion Equations

Py = 2C R T (cosh e - 1) | (€.1)
+ .
Yo °© 2 1n %%%E—%—:;} ify.< 1 (c.2a)
yo = 2 Wn(p) ify, <1 (C.2b)
A = x (xo + d) (c.3)
4 zC
X, = —— 10° (C.4)
K g
2 .2 1/2
K = [ _8__11_9_—2——“ ] (c.s)
ekT

C1
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In the above equations,

py = the double-layer repulsivé stress in kg/cm2

C, = the jon concentration in the pore fluid (moles/cc).
(This will be equal to the molarity of the bulk
solution x 10'3.)

R = the gas constant which has a value of 85
kg-cm/mole/°K.

T = the absolute temperature in °K.

z = the valency of the ions.

o = the surface charge density of the soil in meq/cmz.

e = the dielectric constant of the pore fluid in esu
units.

e = the electric charge on an electron having a value
of 4.803 x 10710 esu/charge.

n = the volume concentration of cations and anions in

the bulk solution in ions/cc. (This will be equal
to the molarity of the bulk solution x 1073 x NA.)
NA = Avogadro's number having a value of 6.0232 x 1023
mo1/gm mole
k = the Boltzmann's constant

and d = the particle half spacing in cm.

C.2 Assumptions Involved in the Double-layer Equations

Low (1959) gives the derivation of these equations and

detailed discussion of the assumptions on which these equations are based.

In arriving at the above equations from the Boltzmann's
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equation (which forms the basic differential equation for the double-
layer repﬁlsion equations), it is assumed that the potential energy of
the ions is affected only by the electrical field of the ¢lay particles.
However, there are additional components of energy in the interparticle
region, such as the polarization energy of the ions in the electric
field, the energy due to ion-ion and ion-water interaction and the
energy of interaction of the ions to the atoms on the surface of the
particles. Bolt (1955) has made a theoretical assessment of the effect
of these additional energies and he arrived at the conclusion that their
net effect should be small. This, the author believes, might possibly
explain why Bolt (1956), Bailey (1965) and others found gnod agreement
between their predicted and experimental values of interparticle force
(especially for Na-montmorillonites with very low molar concentrations

at low pressures).

. The author agrees with Low (1959) and Bailey (1965) in that
the double-layer repulsive stress equations do not take care of all the
forces in the particle regionf But in the absence of a complete under-
standing of all the forces between two adjacent clay particles, the
double layer‘repulsive stress, as expressed by equations in section
C.1, has been shown (in Chapter VI) to yield the best estimate of the

net (R-A) stress between two clay particles, especially when the

%* .
The presence of an interaction between the first few layers of water
and the clay surface has been discussed in detail by Martin (1960).
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adsorbed cations are predominantly monovalent.

C.3 Description of the Various Terms in the Double-layer Repulsion

Equations

i) The dielectric constant, €.

The value of the dielectric constant of the double-layer
water has been taken as 80 esu units which is the dielectric constant

of free water.

ii) The surface charge density, o and Xy

The surface charge density of the soil may be estimated
from its cation exchange capacity (CEC) and the specific surface (s.S.)
as follows. If the CEC is in meq./100 gms. of dfy soil and S.S. in
m-z/gm-,

-10
v 5 CEC 2 _ 5 , CEC 10 2
oc=12.8 x10 §—§—-esu/cm = 2,89 x 107 x 75— X X ) meq/cm

(c.6)
From the equations in Section C.1, it can be seen that o affects only

the value of Xy directly.

The double-layer repulsive force as given by equation (c.1)
is, in essence, an osmotic repulsive force, due to the difference in
the sum of the concentration of all the ions in the mid-plane between
the particles and the outside bulk solution. The concentration at the
mid-plane is estimated from the Boltzmann equation (Taylor, 1959),
which assumes an exponential variation for the concentration of the

jons. This assumption leads to a surface charge density of = at zero
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distance from the particle surface to balance a theoretical cation
density of » at the partit1e surface. This is impossible in reality.
Hence a correction factor is introduced in terms of X which is a
distance from the imaginary surface of infinite charge density to a
surface having a charge density equal to the soil under consideration.
This correction thus applies only to that portion of any soil having
a charge deficiency and from whose surface the double layer develops.
From the known cation exchange capacity and specific surface of the
clay fraction (<2u portion) of a mineral, X, can be estimated. It

may also be noted from equation C.4 that xd does not depend upon the

concentration of the external solution but only on its valency.

iii) The valency, 2z, and k

Since the present investigation deals with Na-homotonized
minerals with NaCl as the dominant pore fluid salt, the net valency

of ions in the double-layer water at the mid plane is equal to 1.0.

Substituting the appropriate values of e, k, T, etc., in

the equation (C.5), the expression for x becomes

1/2
e = 12357 x 1078 (ems.) (c.7)

where N = normality of the bulk solution.

iv) The interparticle half distance, d

The next step is the evaluation of d. From the known water
content of a clay mineral sample and its specific surface, the particle

half spacing may be evaluated using the following relationship (assuming
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uniformly oriented infinite particles),

d in A = Water content (%) x 100
specific surface (m.z/gm.)

(c.8)

The assumption of uniformly oriented infinite particles is
not met within most cases and for that reason the value of d calculated
as above does not indicate the actual spacing between two particles.

A detailed study has been made by Bailey (1965) to investigate the
effects of finite particles and non-parallel orientation. However,
general trends in double layer behaviour are thought to be independent
of particle orientation. This statement is generally valid with respect
to long range stresses since the interparticle spacings under
consideration here are large enough to permit reasonably complete
double-layer development. Meaningful computations for double-layer
repulsion of a realistic model of non-parallel particles are difficult
at the present state of knowledge of the various factors involved, such
as the influence of dead volume, osmotic repulsive force between non-
parallel particles and any attractive force between particles that
might become important at very close spacings. Nevertheless, for the
same environménta] change, we should expect variations in the net (R-A)
stress to be similar to those for parallel particles. Similar

views have been expressed by Ladd and Kinner (1967).

The evaluation of d from eqn. (C.8) necessitates a
knowledge of the specific surface of the soil. The effective surface

area of a pure Na-montmorilionite system would be the total surface



c7

area determined by the EGME technique. It was also shown in Chapter VI
that the specific surface that has to be used for successful estimation
of the net (R-A) stresses for a soil from the double-layer repulsive

stress equation should be the specific surface of the calcium variety

of the soil.

v) Evaluation of Px

Once « , Xo and d have been evaluated, Py can be calculated
by direct substitution of these values in equations (C.3), (C.2) and
iy ]

C.4 Sample Evaluation of Py

Clay mineral: Na-montmorilionite - 0 g/1 NaCl (Kenney, 1967)
Effective specific surface: 800 m.z/gm. (assumed)

Water content at the residual state (w___): 465%

res

Particle half spacing (d) corresponding to the w . = 395366199-= 58.13 A

res
Assumed normality of the bulk solution = 0.0001 N"

Cation exchange capacity of the <2u portion = 115 meq./100 gm.

-10
5 115 10
2.89 x 10° x g55 * (570732 x 4.803)

Q
n

0.144 x 1076 meq./cm.2

* If the ion concentration in the pore fluid is zero, the double-layer
repulsive stress equation (Equation C.1) yields a value of zero for P .
Hence a very small bulk solution concentration of 0.0001 N was
chosen for evaluating Py.



1/k

Now, Ye

and if Ye >1,

Ye

Therefore, Py

1/2 1/2
(8302 8

304.96 x 10'8 cms
0.00328 x 108 (1/cm.)

42 Co x ]03

2

K g

4 x 1 x (0.0001 x 1073) x 103 9.30 -6
0.144 x 10°° %0007

2.583 x 10”8 cms
K(Xo + d)

0.00328 x 108 [2.583 x 108 + 58.13 x 1078
0.1991

cosh A + 1
2 In Sosha -

2 x 2.3 log gg:h %0 1991; +1

4.6 log 0133 = 9.2298

if Ye < 1

2 (&) = 2x2.3%0g (3 14159, _ 5 5972

2 co R T (cosh Yo - 1)

2 x 0.0001 x 10”3 x 85 x 293 (cosh 5.5112 = 1)

0.611 kg./cm.2

c8
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C.5 The Effect of Temperature on the Net (R-A) Stresses Measured

in the Constant Volume Leaching Tests

Soon after the initiation of the development of the net
(R-A) stresses in the leaching tests on Na-montmorillonite, it
became apparent that the measured net (R-A) stress for each sample was affected
by fluctuations in the room temperature. The double-layer repulsive

stress equation given by

Py = 2 C0 R T (cosh Yo © 1) (c.1)
indicates that the net (R-A) stress is dependent on the absolute
temperature (T) and as temperature increéses, the net (R-A) stress

should increase. Hence, the temperature of a bath of water was
continuously recorded with time during the entire leaching process and

it was found that on average, the temperature of the bpth fluctuated
between 18.8°C and 24.1°C over a period of 24 hours. The daily maximum
(R-A) stress for each leaching test was recorded when the temperafure

of the bath was at its daiiy maximum and the daily minimum (R-A)

stress for each leaching test corresponded to the daily minimum temperature
of the bath. The difference between the daily maximum and the daily
minimum values of the net (R-A) stress varied between 0.06 and 0.08

kg./cm.2

for all the leaching tests. A part of this observed daily
fluctuation of the measured net (R-A) stress was also due to the

temperature error of the load cells (0.15 1bs./degree Farhenheit).

The change in the final net (R-A) stress for leaching test

no. L-2 due to a corresponding change in the bath temperature from
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18.8°C to 24.1°C is estimated from the double-layer repulsive stress
equation. This estimated change in the net (R-A) stress is then added
to the temperature error of the load cell corresponding to the same
variation in bath temperature and the total change thus estimated is
compared with the corresponding measured daily fluctuation of the net

(R-A) stress in Table C.1.

From Table C.1, it is immediately seen that the agreement
between the estimated and the measured fluctuation of the net (R-A)
stress with temperature is excellent. This conclusively proves that
the observed daily fluctuations of the net (R-A) stresses in the leaching
tests were not due to any changes in volumes of the samples but they
were caused by the daily fluctuation of the ambient temperature. This
analysis provides further support to the fact that the leaching of the
Na-montmorillonite samples was indeed carried out under constant

overall volume conditions.
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