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SYNOPSIS

Intact specimens of Ashfield shale have been used in this study to investigate
its engineering behaviour.  Ashfield shale is a sedimentary rock of the
Wianamatta sequence from the geological region known as the Sydney basin in
New South Wales, Australia. This rock outcrops over parts of the Sydney
metropolitan  area. Many structures and deep excavations have been
constructed in the Ashfield shale, and it is sometimes used as a construction

material.

One of the primary aims of this investigation has been to identify index
property tests useful for determining the engineering properties of shale. A
further aim of the study has been to evaluate the effects of lamination
orientation, with respect to the principal stress directions, on the shear

strength, shear strength parameters and deformation of Ashfield shale.

Thin sections, X-ray diffraction and scanning electron microscopy
analysis have been used to determine the clay mineralogy and fabric of the
shale. Slake durability tests have been performed on samples of shale with
varying degrees of weathering to investigate the deterioration of the rock from
cycles of wetting and drying. Correlations between the slake durability index,
the natural water content, Atterberg limits, uniaxial compressive strength, and
the weathering grade of the shale have been investigated. The natural
moisture content has been found to be a good predictor and a useful index for
the durability, index properties, clay content, and the strength of the intact
shale.

The point load test is widely used to determine the uniaxial compressive

strength indirectly. Correlations have been made between the point load

viii



strength index and the measured values of uniaxial compressive strength in
direction perpendicular to laminations. The strength anisotropy, the ratio of
point load strength in the strongest and weakest directions, was measured for the

samples tested in these two directions.

This study also presents the results of a comprehensive series of triaxial
and uniaxial compression tests on Ashfield shale. Triaxial compression tests
have been performed over a range of confining pressures from 0 to 10 MPa.
The orientation of the laminations, relative to the axial direction, in the triaxial
apparatus has been varied between 0 and 90 degrees at intervals of 15 degrees.
The lateral and longitudinal strains have been measured by gauges mounted on
the core samples. These tests have been used to determine the effects of the
anisotropy, caused by the laminations, on the strength and stiffness of the shale.
The strength data were compared with basic failure theories and the applicability
of these strength criteria for Ashfield shale was examined. Of the three criteria
used for intact rock, Bieniawski's (1974) criterion appears to be the most
appropriate one for Ashfield shale. The single plane of weakness theory
.(Jaeger, 1960) and the modified variable cohesive strength theory (McLamore
and Gray, 1967) have shown good validity for Ashfield shale and fit the
experimental data fairly well. The theoretical predictions also show good
general agreement with the experimental values of the secant modulus of
elasticity, measured at 50% of the peak strength across the full range of §

(angle between lamination and axial stress direction) values.

For practical purposes a single criterion has been suggested. This
criterion is capable of accurately predicting the strength of Ashfield shale over
the full range of B values, and therefore capture accurately the anisotropic

nature of the strength.

A series of direct shear tests has been carried out on the Ashfield
shale to determine the influence of the boundary conditions on the strength
parameters and the degree of anisotropy. Direct shear tests have been

1X



performed at a variety of normal stresses within the range from 0.3 to 1.6 MPa,
and peak and residual strength parameters have been determined. The peak
strengths were usually mobilised at relatively small shear displacements and
the shearing resistance was reduced abruptly with further shearing beyond the
peak. It was found that the strength parameters were significantly affected by
the direction of shearing. The triaxial and direct shear experimental results

confirmed the existence of anisotropy in the shear strength parameters.

A numerical study of the deformation of an anisotropic rock, such as
shale, in direct shear tests is presented. The study has investigated the effects
of the orientation of the bedding planes to the shearing direction, and of the
boundary conditions imposed in the test. A cross-anisotropic elastic model has
been used to represent the pre-failure stress-strain behaviour of the rock and
an extensive parametric study has been carried out of the behaviour of this
material in direct shear. Implications for the interpretation of actual test data
are discussed, and illustrated by comparison of the theoretical predictions with
experimental results for Ashfield shale. The predicted direct shear stiffness
shows good general agreement with the secant shear stiffness measured at 50%
of the peak strength in the direct shear test. This implies that the direct shear
test is capable of detecting accurately the nature of the anisotropy of shale.
Furthermore, the secant values of the moduli determined from uniaxial and
triaxial compression tests are consistent with the secant shear stiffnesses

measured in direct shear tests,



PREFACE

The work described in this thesis was carried out during the period from 1991
to 1994, All the work was performed in the School of Civil and Mining
Engineering at the University of Sydney. The candidate was supervised by
Professor J.P. Carter and Dr. D.W. Airey in this school.

The By-Laws of the University of Sydney require a candidate for the
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sections of the thesis for which the candidate claims originality are as follows:

)] In Chapter 3, all XRD, scanning electron and optical microscope

results.

(2)  In Chapter 4, the results of the slake durability and point load
tests, uniaxial compression tests, the Atterberg limit tests, the
results of the tests for porosity and dry density and clay fraction
less than 2 microns. The analysis and discussion of the

relationship between moisture content, UCS and dry density.
(3) In Chapter 5, all the results of triaxial and uniaxial compression
tests on Ashfield shale samples with different lamination

directions. The analysis and discussion of the results.

(4) In Chapter 5, the suggested empirical criterion for Ashfield shale

and the analyses and comparisons between the predicted and
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(6)

experimental results.

In Chapter 6, all direct shear test results on shale samples with
different lamination directions under constant normal stress

conditions. The analysis and discussion of the test results.

In Chapter 7, the numerical modelling of the Ashfield shale as an
anisotropic material in direct shear tests and comparisons

between the predicted and experimental results.
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NOTATION

Some of the more commonly used symbols in this thesis are listed below. In the

test, all symbols and notation have been defined whenever they are first used.

Ji; angle between lamination and axial stress direction
B value of the orientation angle, 3, at which the strength is minimum

(generally 30 degrees).

ot infinitesimal strain

£ strain components in x direction

& strain components in y direction

& strain components in z direction

@ friction angle

G friction angle in the plane of weakness (5= 30°)

&y friction angle at peak shear sfrength

o, friction angle at residual shear strength

Yy strain components in xy direction

Yz strain components in yz direction

Vax strain components in zx direction

Y dry unit weight of the rock (also known as the dry density)
Yoo unit weight of water (1 t/m” or 64 1b/ff’ )

7, coefficient of internal friction

v Poisson’s ratio

v Poisson’s ratio, describing the behaviour in the planes of the

laminations in response to normal stress applied parallel to the

laminations.

AVl



Vz

ag;

a;

O3

O

sz

Co

Cq

Cr

Poisson’s ratio, describing the behaviour in the direction
perpendicular to the laminations in response to normal stress applied
parallel to the laminations.

normal stress

major principal stress

intermediate principal stress

confining pressure (minor principal stress)

uniaxial compressive strength

uniaxial compressive strength at a particular orientation angle

stress components in x direction

stress components in y direction

stress components in z direction

shear strength

stress components in xy direction

stress components in yz direction

stress components in zx direction

cohesion intercept

the cohesion intercept in the plane of weakness (= 30
cohesion intercept at peak shear strength

cohesion at residual shear strength

total void ratio

distance between loading points

moisture content (%) |

an anisotropy factor, also the total porosity (%)

the minimum cross section area of a plane through the loading cone
contact points

distance between loading points in diametral test

Young’s modulus

Young’s modulus at direction of £
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£

£,

1y
L

oo oo

b

v NN

2

Young’s modulus in the plane of isotropy, i.e. parallel to the
laminations

Young’s modulus perpendicular to the plane of isotropy, i.e.
perpendicular to the laminations

initial tangent modulus

a size factor

the independent shear modulus, describing the shearing behaviour in
planes perpendicular to the laminations

slake durability index

slake-durability index (second.cycle)

uncorrected point load strength index

modulus number

brittleness factor

shape factor

shear stiffness

initial tangent shear stiffness

peak shear stiffness

secant shear stiffness

length (distance between the loading cones in an axial test)

failure load

Atmospheric pressure (0.1 Mpa or 14 1b/in’ )

xviii
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CHAPTER 1

INTRODUCTION

1.1 STATEMENT OF THE PROBLEM

Shale is the most abundant sedimentary rock in the earth’s crust. Shale
constitutes 47% of all sedimentary rocks and occurs over approximately 35%
of the total land area (Pettijohn, 1957). In nature, shale may range from soft
soil-like to hard rock-like materials with laminated or massive forms. The
laminated shales tend to split parallel to the bedding planes, whereas the
massive ones often tend to break into blocks. Lamination is mainly due to
variations in grain size and changes in composition, and the laminations are

generally parallel to the bedding planes.

Shale is one of the most complex and problematic and least understood
geological materials. It is characterised by a wide variation in its engineering
properties, particularly its resistance to short term weathering by wetting and
drying. Grain size, mineralogy, cementation and fabric are the main factors
that affect the engineering properties of shale. These factors are also important
in the geological classification of shale. Shales contain a wide range of particle
types which usually include the clay minerals and silt sized minerals, mainly

quartz. Shale with a lesser clay mineral content is generally coarse-grained or



Chapter 1 - Introduction

silty. The type of clay mineral and the ratio of clay mineral to quartz content
have significant effects on the physicai and mechanical properties of shale.
Shales deteriorate mainly in response to changes in the temperature and
humidity of the surrounding environment. This deterioration has long been
recognised, especially in the coal mining industry, as a serious problem
affecting the operation, stability, maintenance and safety in underground
structures (Hartmann and Greenwald, 1941). Shale moisture variations,
especially those involving wetting and drying cycles, are important in the

weathering process.

Both engineers and geologists are interested in shale.  Normally
geologists are interested in the conditions in which the shale was formed, and
their classification is based on mineral assemblages and physical properties.
Engineers are more interested in the behaviour of shale as a construction

material or as a foundation material for structures.

Shale masses frequently contain discontinuities such as joints and bedding
planes which affect the mechanical behaviour of the rock substance and the
rock mass. In particular, the bedding planes and laminations have significant
effects on the shear strength of the shale mass. They may weaken the rock
mass, but, importantly, they alsc make the rock substance behave
anisotropically. The shear strength of the shale and its anisotropic behaviour
are considered to be of major importance in a number of geotechnical
problems, such as the design of underground structures in shale, in determining
the behaviour of shale masses surrounding deep excavations, in understanding
the behaviour of abutments for dams, and in assessing the stability of rock

slopes in shale.

Knowledge of the mechanical properties of shale, e.g. how it deforms or
fails under the action of applied forces, is essential for designing and/or

evaluating the stability of a structure in rock. Unlike other engineering

2



Chapter 1 - Introduction

materials such as metals and concrete, the composition and structure of shales
are highly variable. Many different tests are run on core rock specimens to
determine their mechanical properties and behaviour.  Static mechanical
property tests are designed to measure the deformation and strength of rock
spectmens and include the uniaxial compression, triaxial compression and

direct shear tests.

The Sydney metropolitan area is founded on three major rock units, the
Wianamatta group, the Hawkesbury sandstone and the Narrabeen group.
These three rock units are overlain by Quaternary/Tertiary alluvium. The
Wianamatta group rocks, especially the Ashfield shale, and their weathering
products are of engineering importance as they form the foundations for most
of the central business district and western Sydney. The shales also provide
earth-fill and brick clay for construction projects throughout the Sydney region,
and because of the widespread availability of Ashfield shale in the Sydney
region, 1t has been used in road construction. Many zones of instability are
reported in Wianamatta group in sydney metropolitan area (e.g. Branagan,
1985; Fell, 1985). Existing knowledge of shale behaviour in this region is
largely empirical and conventional design of structure on rock is based
primarily on empirical bearing capacities. There 1is limited data on
deformation behaviour of shale. The uncertainties in this approach may
necessitate the use of relatively high factors of safety. Because of the deeper
excavations in the central business district and Chatswood area and increasing
development in Western Sydney, greater knowledge is now required. This thesis
is an attempt to provide some information about the engineering and

deformation behaviour of shale.

1.2 PURPOSE AND SCOPE OF INVESTIGATION

One of the primary aims of this investigation has been to identify tests useful

3



Chapter 1 - Introduction

for determining the index properties of shales. A major part of this
investigation deals with the uniaxial compressive strength, the point load
strength index, the slake durability, the degree of weathering, the moisture
content, the dry unit weight and the bulk unit weight, and the relationships
between them. Also included is an examination of the important influence of
moisture content and the degree of weathering on the mechanical properties,
particularly the strength. It will be demonstrated that the natural moisture

content is a good predictor of the durability, strength and index properties.

The mechanical behaviour of shales is dependent on their mineralogy,
and especially the type and quantity of any clay mineral present. To
understand the mineral composition, especially the clay mineralogy of the
Ashfield shale, X-ray diffraction analyses, scanning electron microscopy, and

optical microscopy have been conducted.

To simulate the loading which may occur in the field in a rock material
around an excavation or under a foundation, a series of triaxial tests have been
performed for a range of confining pressures and lamination orientations. The
aim of this study was to evaluate the effect of confining pressure and the
lamination directions with respect to the principal stress direction, on the shear

strength, shear strength parameters and deformation of Ashfield shale.

The mechanical behaviour of rock with weakness planes may have direct
importance in many mining and engineering projects. For example, the
stability of rock slopes and tunnel walls is often controlled by the shear
strength of weakness planes. To measure the peak and residual shear strength
and shear strength parameters, a programme of direct shear tests is essential.
The conventional direct shear device has been used to obtain the shear
strength parameters of the laminated Ashfield shale. In these tests the normal
stress has been held constant, boundary condition that is relevant for a number

of practical problem, e.g. slope stability problems. The effect of lamination
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direction on the strength parameters has been evaluated.

From the laboratory investigation, a model based on the theory of
elasticity was used to predict the shear stiffness of Ashfield shale in the direct
shear test. The various model parameters were obtained from the uniaxial
compression tests. Comparisons were made between the predicted and

experimental shear stiffnesses.

1.3 OUTLINE OF THE THESIS

Experimental and numerical methods are presented in this thesis for evaluating
the engineering properties and predicting the engineering behaviour of

Ashfield shale. These methods are presented in five main chapters.

Chapter 2 presents a brief review of previous studies on the geology
mineralogy, classification and engineering behaviour of shales. In particular,
the review includes a study of index tests, triaxial and direct shear tests on
samples of shale. The various strength criteria for isotropic and anisotropic

rocks and their assumptions are also reviewed.

The geology, mineralogy and physical properties of Ashfield shale are
described in Chapter 3.

Chapter 4 describes the index tests carried out in this investigation. A
major part of this chapter deals with the uniaxial compression strength, the
point load strength index, and the slake durability test. The correlation
between different physical properties and index tests results is investigated.
The natural moisture content ha.s been found to be a good predictor of the

durability, strength, and the clay content of the shale.
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Chapter 5 describes the uniaxial and triaxial testing progrmme and testing
procedure. The results of uniaxial and triaxial compression tests on Ashfield
shale for samples with different lamination orientations are presented. The
tests have been used to determine the effects of the laminations and confining
pressure on the deformation and strength parameters of Ashfield shale. The
strength and deformation data are generally described well by existing theories

for anisotropic materials.

Chapter 6 describes the results of a comprehensive series of direct shear
tests on Ashfield shale. The laboratory testing programme and the procedure
for monotonic direct shear tests under constant normal stress conditions are
described. The effect of normal stress and lamination direction relative to the
direction of applied shear force on the peak and residual shear strengths, the

shear strength parameters, and stiffness are presented.

Chapter 7 describes the results of an investigation into the pre-failure
behaviour of a cross-anisotropic material in the direct shear test. A numerical
study is conducted to investigate the effects of parameters such as the degree
of anisotropy, the shape of the test specimen, and the boundary conditions of
the shear test on the shear response. The implications of the numerical study
for the interpretation of actual test data are discussed, and are illustrated by
comparisons of the theoretical predictions with the experimental results for
Ashfield shale.

Chapter 8 presents the main conclusions and some recommendations for
further research.
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HAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The engineering behaviour of soils and rocks is complex and variable. Certain
properties are more important than others for a given engineering application.
For sedimentary rocks, such as shale, the engineering properties are mainly
controlled by the degree of weathering, the mineral components, the type of
cementation, the texture and structure. These factors influence the water content,
specific gravity, bulk density and the total void ratio (e), total porosity (n), and

degree of saturation (s).

The objective of this chapter is to present an overview of previous studies into
the engineering behaviour of argillaceous rocks with particular emphasis on
shales. The mineralogical and physical properties, and classification of
argillaceous sedimentary rocks are reviewed to determine suitable definitions for
these rocks. Various laboratory tests for determining the strength and stiffness
of rock are reviewed to determine suitable tests for the investigation of Ashfield

shale. Data from previous studies of Ashfield shale are reviewed.
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2.2 DEFINITION AND CLASSIFICATION OF SHALE
2.2.1 General background

Shale is the most abundant sedimentary rock in the earth’s crust. The geological
literature shows that the terminology used to describe the entire group of
argillaceous sediments is not standardised and there are numerous inconsistencies

in the classification and nomenclature of shales (Pettijohn, 1948).

There are different opinions about the classification and identification of this
kind of rock. The term shale has been used by some authors for all argillaceous
sediments, including claystone, siltstone and mudstone (Ingram, 1953; Krumbein
et al., 1963). Others have specified the large group as the mudstone group and
classified shale as a member of this group (Twenhofel, 1937; Muller, 1967).
Terzaghi (1946) stated two essential properties for materials to be called shale:
(1) the material should give a clear ring when it is struck by a hammer, and

(2) the volume should not be changed while the material is immersed in water

Argillaceous rocks such as shale, mudstone, claystone, siltstone, and clay shale
are characterised by wide variations both in their engineering properties and
composition. The common characteristics of this group of rocks are that all
members are fine-grained and composed predominantly of clay and silt sized

materials.

2.2.2 Classification for geological purposes

2.2.2.1 Based on origin

Pettijohn (1975) classified clays and shales as residual or transported materials.

This classification is shown in Figure 2.1. The residual clays are a soil or a

product of the soil forming processes that formed in situ. The character of in situ
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materials is dependent upon climate, drainage, and parent rock materials. The
transported clays and shales obtain their components from three sources:

(a) products of abrasion,

(b) end products of weathering,

(¢c) chemical and biochemical additions.

Twenhofel (1937) classified the fine grained materials based on two variables,
state of induration and the relative amounts of silt and clay components. This
classification was used later by Pettijohn (1975) and is shown in Figure 2.2.
Twenhofel extended the term mudstone to include the whole family of
argillaceous rocks. Most writers, including Picard (1953) and Pettijohn (1975),
used the term mudstone for those rocks that have the grain size and composition

of a shale but without laminations or fissility.

" Mead (1936) suggested a classification for shales that divides them into two
broad groups (Figure 2.3):

(a) Compacted or soil like shales, without intergranular cement, which have
been consolidated by the weight of overlying sediment,

(b) Rock like shales as a cemented or bonded material in which the
cementing material may be calcareous, siliceous, ferruginous, gypsiferous,
etc., or if lacking a cementing agent, the shale may be bonded by
recrystalisation of its clay minerals.

To distinguish between compacted and cemented shale, he suggested the slaking
test by immersing dry samples in water. Those shales which do not fall apart
after drying and wetting are termed cemented shales. Underwood (1967) also
used the term "soil-like" shale for compacted shale, and "rock-like" shale or
bonded shale for cemented shale.

A simple weathering test consisting of 5 cycles of drying and wetting for
distinguishing compacted shale from cemented shale was described by Philbrick
(1950). He suggested that the shales that reduced to grain sized particles be

9
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termed compacted shales and those that were unaffected or which reduced to
"flakes" be termed cemented shales.

Based on stress history, Bjerrum (1967b) classified shales as overconsolidated
plastic clays with strongly developed diagenetic bonds and clay-shales as
overconsolidated plastic clays with well developed diagenetic bonds. Similarly,
Terzaghi and Peck (1967) classified shales based on the fragment size to which
the intact shale material is reduced upon submersion. According to this
classification, shales can be categorised as “"wellbonded" or "poorly bonded" with

"rock-like" shales and "clay-shales” at each extreme of induration, respectively.

A distinction between soil-type and rock-type argillaceous materials is
possible based on the strength loss, the rate of softening and amount of strength
loss in triaxial tests during softening (Morgenstern and Eigenbrod, 1974). The
results of the strength softening tests suggested that for "rock-type" materials, e.g.
shales, the undrained shear strength (C,) is greater than 1800 kPa and the
strength loss during softening is less than 40% of its original strength. Figure 2.4
shows the classification of argillaceous materials based on the results of strength

softening tests,

Morgenstern and Eigenbrod (1974) also tried to distinguish between soils and
rocks based on slaking tests. They found that both the quantitative slaking test
and the rate of slaking test are useful index tests for distinction of soil and rock.
Figure 2.5 shows the classification of argillaceous materials based on slaking
characteristics. In this classification, the maximum amount of slaking expressed
in terms of liquid limit (W,) and the rate of slaking test (Af;,) expressed in terms

of the change of liquidity index (Al).

For the very low plasticity and non-plastic materials slaking is not the most
destructive mechanism. The quantitative slaking test is a simple but very time

consuming test and therefore not well suited for classification. Hamrol (1961)
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and Franklin (1970) suggested tests similar to the rate of slaking test. Hamrol
suggested the water content of oven-dried specimens after they had been
immersed in water for approximately 1 -2 hours and named this as the alteration
index. He found that this parameter correlated well with the shearing resistance
and modulus of elasticity of the rock investigated. Hamrol’s rate of slaking test
and Franklin’s test both provide a durability index. Both measure the rate of
slaking of oven dried specimens after immersion in water. Hamrol’s rate of
slaking test determines the amount of disintegration by measuring the water
content after water immersion for 2 hours, while Franklin’s slake durability tests
determines the amount of disintegration after water immersion and mechanical
disturbance for 10 minutes. Both tests give similar results. The disadvantage of
Hamrol’s test compared with Franklin’s test is the longer test time, but no special
equipment is needed and also the mechanical process does not affect the test

result.

It is highly desirable to have a single, standard slaking test, which should be
accepted universally, to differentiate the rock-type and soil-type argillaceous
materials. Based on the literature on the slaking characteristics of argillaceous
rocks, Franklin and Chandra’s (1972) slake durability index test was recommended
by many people. More detail about the slake durability literature is described in

the another section of this chapter.

According to the classification schemes of Mead (1936), Philbrick (1950),
Underwood (1967), Terzaghi and Peck (1967), and Morgenstern and Eigenbrod
(1974), the Ashfield shale can be classified as a well bonded and cemented shale.

2.2.2.2 Based on texture and structure

Many researchers also classified argillaceous materials based on texture and
structure. The size, shape, and arrangement of particles within a rock is known

as the texture or fabric of a rock. Particle size distributions of clays and shales

11



Chapter 2 - Literature review

have been extensively investigated by many researchers. Pettijohn (1975) stated
that most shales contain a higher proportion of silt. Krynine (1948) estimated the
average shale to be about 50% silt. Shales are often classified as clayey, silty, or
sandy shales based on the grain size distribution. A common texture in laminated
shales is a preferred orientation of the platy clay minerals parallel to the bedding
plane, In some clays and shales, clay minerals show a random orientation (Keller,
1946). In some cases this may be as the result of authigenic crystal growth in

place.

Shales are also characterised by the property of fissility. Fissility is one of the
most critical mechanical aspects in shale as it can lead to strong anisotropy.
Fissility is the tendency of a rock to split, or separate, along relatively smooth
surfaces parallel to the bedding planes (Pettijohn, 1975; Spears, 1976). Some
shales are markedly fissile, others weakly so. The consensus of a group of
investigators is that fissility is usually associated with a preferred parallel
arrangement of clay particles which is mainly promoted by the properties of the
depositional environment (Ingram, 1953; White, 1961; Mead, 1966) and enhanced
by sediment overburden (Lambe, 1958; Odom, 1963, 1967; O’Brien, 1963, 1970).
The presence of organic materials can also produce well developed fissility
(O’Brien, 1970; Gibson, 1963; Ingram, 1953; Odom, 1967). Spears (1976) found
no direct relationship between fissility and clay orientation for some carboniferous
shales. He found fissility to be entirely controiled by laminations that is varves,
consisting of dark discontinuous lenses containing slightly more organic materials

and clay minerals.

Alling (1945) and Ingram (1953) tried to establish a scale of fissility and to
relate fissility to the composition. Both investigators noted that an increasing

siliceous or calcareous content decreases fissility of a shale.

Laminations, which are also a common sedimentary structure in shale, are a

primary feature useful in reconstructing the original sedimentary conditions of
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argillaceous rocks. A lamination is the thinnest recognisable unit layer and is
usually less than 10 mm (commonly 0.05 to 1 mm) in thickness (Bates and
Jackson, 1987). Laminations appear to be of three kinds: alternations of coarse
and fine particles, such as silt and clay; alternations of light and dark layers
distinguished only by organic content, which is responsible for their colour; and
alternations of calcium carbonate and silt (Pettijohn, 1975). These alternations
may be the result of differential settling rates of the various components or of

differing rates of supply of these materials to the basin of deposition.

In summary, sedimentologists have generally restricted the term shale to a
material with particular structure, e.g.fissility and lamination, but most engineers
and some geologists have used the term shale based on degrees of induration and
deterioration. In spite of the many attempts to standardise the terms mudstone
and shale for the massive type and fissile type of argillaceous materials,
respectively (Ingram, 1953; Gamble, 1971), in practice these two terms are used
in a general sense depending on geographical location (e.g.in the USA the term
shale is the common name for both fissile and massive rocks, but in Britain the
term mudstone is the common name for these materials). This shows that still
there is no unique universal definition to be used for practical purposes. This
lack of agreement is due largely to the difficulty of quantifying the degree of

induration and rate of deterioration of argillaceous rocks.

2.2.2.3 Mineral composition

The mineral composition of an argillaceous material is one of its most important
characteristics. Shale contains a wide range of minerals which are usually a
mixture of clay-size particles, mainly clay minerals, and silt size particles, mainly
quartz. The mineralogy of shale has a significant influence on the engineering
behaviour especially when clay minerals are dominant. The main clay minerals
found in shales are illite, kaolinite, montmorillonite, and chlorite. The type of

clay mineral is a function of the source rocks, climate and diagenetic history.
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Smectite and kaolinite are more common in non-marine shales, whereas illite and
chlorite are more common in marine shales {Brown et al., 1977). Different clay
minerals have different effects on the engineering behaviour of shale. Shales
containing the smectite group, of which the most common member is

montmorillonite, are usually more troublesome than others.

The clay mineral content in shale may vary from 40% percent or less to
100%. In the shales with higher clay content, the clay mineral particles are small,
normally less than 0.002 mm. Shales with less clay minerals are generally coarse
grained or silty. The ratio of clay mineral to quartz content is also a useful
mineralogical parameter in shale. Increasing quartz content has been shown to
result in reducing liquid and plastic limits {Spears and Taylor, 1972; Attewell and
Farmer, 1976), increasing uniaxial compressive strength and uniaxial tensile

strength of shale (Gunsallus and Kulhawy, 1984; Dusseault et al., 1986).
2.2.3 Classification for engineering purposes

From an engineering standpoint rock can be divided in two groups, that is, intact
rock and in-situ rock. The rock material which can be sampled and tested in the
laboratory is known as intact rock. In large scale engineering structures in rock,
in situ tests are usually used to determine design parameters on the deformability
of the rock mass. Because of the cost, where in situ testing is not possible, design
parameters may be based on properties of the intact rock material determined in
the laboratory. These properties are usually the uniaxial compressive strength,
the modulus of elasticity and Poisson’s ratio. The quantitative or at least semi-
quantitative description of rock cores recovered during site investigation is a
necessary step in the assessment of the rock mass. This assessment and the
allocation of descriptive classes is now advocated for general use (Anon., 1981),
and is a logical extension of the early proposals of Deere (1963) that were later
elaborated by Deere and Miller (1966) for rock material, and by Deere, Merritt
and Coon (1969) for in situ rock.
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There are several important engineering properties to consider in the
classification of rocks, e.g. compressive, tensile and shear strength, modulus of
elasticity. The most extensive work on the classification of intact rock for
engineering purpose based on laboratory values have been done by Coates (1964),
Coates and Parsons (1966) and Miller (1965).

Coates and Parsons classified intact rocks according to uniaxial compressive
strength (o) and deformation parameters that were determined in the laboratory.
They classified the rock into weak (o,<35 MPa), strong (35<0,<123 MPa) and
very strohg a,> 123 MPa categories. Based on their classification, most shales

would be classified as weak rocks.

Deere and Miller (1966) proposed an engineering classification based on two
important engineering properties of the rock, the uniaxial compressive strength
and the modulus of elasticity. This classification seems to be sensitive to

mineralogy, fabric and degree of anisotropy of the rock material.

Deere, Merritt, and Coon (1969) reviewed classification systems for in-situ
rocks and suggest two methods of indexing rock quality: rock quality designation
(RQD) and velocity index. The RQD is the ratio of length of core recovered,
counting all sound core over 4 inches long to the total drilled length of the core
for each run. The velocity index is the square of the ratio of in-situ to laboratory

sonic velocity.

A classification of shales based on compressive strength or undrained shear
strength has been used by some investigators (Underwood, 1967; Morgenstern and
Eigenbrod, 1974; Oliver 1979a). Underwood (1967) proposed a classification for
shale based on some engineering considerations and significant properties of
shales based on laboratory testing and field observations to differentiate the
problematic from non-problematic shales. Among the significant engineering

properties of shales, he suggested compressive strength, peak and residual shear
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strengths, modulus of elasticity, moisture content, density, void ratio, permeability,
swelling potential and activity ratio for classification of shales. To evaluate the
in situ engineering behaviour of shale, he considered state of stress, slope stability,
rebound of excavated surfaces, deterioration of shale surfaces, and pore pressure.
According to Underwood (1967), the compressive strength of shale ranges from
less than 180 kPa for weaker compaction shales to more than 108 MPa for well

cemented shales.

Franklin (1970) extensively reviewed the problem of classification of rock in
general, and his primary concern was with a classification system that requires a
minimum of laboratory preparation and testing and applicability to in-situ
properties. Gamble (1971) included other properties such as swelling potential,
plasticity characteristics and residual shear strength which are peculiar to and

important in the engineering behaviour of shales and other mudrocks.

2.3 PHYSICAL PROPERTIES
2.3.1 Density and porosity of shale

The density of a rock is one of its most fundamental properties. The density is
influenced by the mineral composition, porosity, joints and other open spaces
present. For the same rock type, the density will generally be increased as the
depth increases (Athy, 1930; Hedberg, 1936; Jones, 1944). This increase is
because of the decrease of open cracks under pressure of the overlying rocks.
The density will be also affected by the organic content. Reported values of
density of shales fall within the range 2.0to 2.73¢/m’ (Duly, Manger and Clark,
1966).

Porosity is also an important physical property of rock in the field of geology,

geophysics, petroleum engineering and rock mechanics. Porosity is a rock
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property that affects the density, strength and elasticity and it is an important
factor in assessing strength of rocks. Many factors influence the porosity of a
shale, and porosity also varies during the geological history of shale. The porosity
will be increased as a result of erosion, stress relief, and weathering. The initial
porosities of deposited mud may be as much as 70 to 80% (Trask, 1931), but the
porosity of shale is much less. Porosity decreases with compaction rather than by
filling of pores. Muller (1967) demonstrated that grain size, clay mineral
compaction, and temperature play an important role in the reduction of porosity
below a depth of about 500 m. Although the average clay has a porosity of 30 to
35%, the porosity of shale under an overburden of 1800 m is only 9 to 10 percent
(Hedberg, 1936). This decrease in porosity is a result of the substantial

compaction at depth.

Many researches have reported the effect of porosity on the mechanical
properties of rocks. All strength properties of rocks decrease with increase in
porosity (Price, 1960; Kowalski, 1966; Smordinov et al., 1970; Rzhenky and
Noviki, 1971; Vernik et al., 1993).

2.3.2 Moisture content

It has been well established that the moisture content in shales can have
significant effects on their physical and mechanical properties. The natural
moisture content of shales varies from less than 5% upwards to as high as 35%
for some of the clay shales (Underwood, 1967). Various researchers compared
the uniaxial compressive strength of many rock types under different conditions,
e.g.oven dry, air dry and wet conditions. Analysis of their data shows that for all
rock types, the strength is significantly lower in wet conditions. This reduction in

strength is higher in the case of sedimentary rocks.

For shales, Salustowics (1965) found that the presence of moisture may
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decrease the strength by as much as 60%. Colback and Wiid (1965) performed
uniaxial compression tests on quartzitic shale samples under various relative
humidities and observed a decrease in compressive strength with an increase in
moisture content. Colback and Wiid found that the compressive strength of
quartzitic shale under saturated conditions was about 50% of that under dry
conditions (Figure 2.6). As this figure shows the change in moisture content from
saturated to dry for this rock is very small, i.e. in the order of 1%. Colback and
Wiid (1965) also performed triaxial compression tests on cylindrical specimens of
a quartzitic shale and found that the Mohr strength envelope of water saturated
samples had the same shape as the Mohr envelope of dry samples, but the

saturated samples had lower strengths.

The effects of moisture on the strength of argillite were studied by Burshtein
(1969). He found that the strength may decrease to a third of its initial value
with an increase of 1.5% in the moisture content. For the Beaufort shales in
South Africa, Oliver (1979b) observed that both the uniaxial compressive strength
and tensile strength of specimens at in situ moisture conditions were generally 1.5
to 3 times that of specimens immersed in water for 24 hours. Similar effects of
moisture on strength reduction have been given by other authors (e.g. Jumikis,
1966; Ballivy et al., 1976; Venkatappa Rao et al., 1983, 1986).

2.3.3 Weathering

Weathering, defined as the process of alteration of rocks occurring under the
direct influence of the atmosphere and the hydrosphere (Sounders and Fookes,
1970), is an important process for shales. Since weathering is the main factor that
weakens rocks, the quantitative classification of weathering grades and the
mechanical behaviour of the weathered rocks are two important aspects of any
engineering study of shales. Many investigators have tried to classify rock
weathering according to the purpose of the engineering projects which involved

the rocks, (e.g. Moye, 1955; Ruxton and Berry, 1957; Hamrol, 1961; Iliev, 1966).
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These have generally been qualitative rather than quantitative classifications, and
the previous work has mostly been related to granitic rocks. Dearman (1976)
proposed a modified version of the weathering grade classification system to be
used in field assessments of both rock material and the rock mass for engineering
purposes. A similar approach was followed by Pells et al. (1978) to categorise the
Ashfield shales into five classes on the basis of the uniaxial compressive strength
(UCS) and the degree of fracturing. Hadfield (1981) later defined three
weathering zones for these shales, which incorporated the classification of Pells

et al. Table 2.1 shows the resulting classification system for Ashfield shale.

Shales are characterised by a wide variation in their engineering properties,
particularly their resistance to short term weathering by wetting and drying. The
durability of shales and other mudrocks to weathering upon exposure to surface
and underground conditions following excavation is of particular interest. One
of the most common forms of breakdown in argillaceous rocks such as shale is
slaking which is the disintegration of these materials when exposed to air or

moisture, or to drying and wetting.

Environmental changes in humidity and temperature cause cycles of wetting
and drying of shale. Compared with temperature, humidity variations play the
most important role in shale deterioration (Hartman and Greenwald, 1941; Fish
et al. 1944 ; Parker, 1966).

2.3.4 Slake durability

The slake durability test is used to measure the resistance of a rock sample to
weakening and disintegration from a standard two cycles of wetting and drying.
The main aim of this test is to evaluate the weathering resistance of shales. It is
important in many projects, i.e. the stability of slopes in road, canal, spillway, and
other cuts, and in underground excavations. (Hartman and Greenwald, 1941,

Ingram, 1953; Underwood, 1967; Morgenstern and Eigenbrod, 1974). Problems
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in using shale as a construction material or as a foundation material have
occurred in numerous applications, such as embankment failures, slope instability,
and unstable subgrade. The assessment of the durability of such rock types is very

important for engineering geological classification purposes.

Many researchers have studied moisture adsorption as an indicator of rock
durability (e.g. Grice, 1968; Chenevert, 1970; Aughenbaugh, 1974; Van Eeckhout
and Perig, 1975; Harper et al., 1979; Richardson, 1984). In most studies samples
were placed in environments of different relative humidities ranging from 12%
to 100%. Grice in the study of the deterioration of shale in tunnels concluded
that with control of humidity and temperature over long time periods a
quantitative measure of progressive fissuring and disintegration will be provided

without disturbing the rock mass.

Anisotropic expansion of shale by moisture adsorption is a factor responsible
for differential swelling which may cause local failure and material disintegration.
The strain anisotropy (different strains perpendicular and parallel to bedding
planes) will result from both shale moisture increase upon either unconfined
exposure to higher humidity environments (Hartman and Greenwald, 1941; Van
Eeckhout, 1976; Oliver, 1979b; Harper et al., 1979) or water immersion (€.g.
Murayama and Yagi, 1966; Onodera and Duangdeum, 1981) and shale moisture
decrease upon unconfined exposure to lower humidity environments (Chenevert,

1970a; Harper et al., 1979).

Taylor and Spears (1970) found that in laminated shale the disintegration was
controlled by lamination thickness. In general, shales with high illite and mica
content disintegrated more rapidly in water than shales with kaolinite as the
dominant clay mineral. Russell (1982) found that the form and amount of calcite
has a major control on slake durability of shales. High durability is caused by the
presence of hard bands which are richer in calcite than typical shales. However,

in samples with homogeneous calcite dissemination, durability is more controlled

20



Chaprer 2 - Literature review

by calcite content than the abundance of clay minerals. Later Russell and
Herman (1985) found that calcite content controls the frequency and types of the
discontinuities as well as the intact strength and slake durability of the Queenston

shale.

There have been many test procedures for estimating the slake durability of
shales. All methods essentially consist of cycles of drying and wetting by water
or some other fluid. Franklin (1970), Chandra (1970), Taylor and Spears (1970)
discussed the results of various methods of testing for durability. A slake
durability test apparatus was developed and tested at Imperial College by
Franklin (1970) and Chandra (1970). It has since been included in a suggested
test method by the commission on standardisation of laboratory and field tests of
the International Society for Rock Mechanics (1970). In the slake durability test
developed by Franklin and Chandra (1972), ten representative lumps of shale
each weighing 50 to 60 grams are oven dried and placed in a drum. After 10
minutes rotating in a partly immersed drum constructed of 2 mm mesh, the
retained material in the drum is oven dried at 105°C for at least 6 hours and
weighed. The cycle is repeated and the slake durability index is the dry weight

percentage of material retained after the second cycle.

Franklin and Chandra (1972) and Gamble (1971) have performed a wide
range of the slake durability tests and devised a simple, but very useful
classification for evaluating the weathering resistance of shales. Gamble classified
rock by using the slake durability index (J,) after two cycles of slaking. Deo
(1972, 1973) used some index tests, such as slake-durability, Atterberg limits,
particle size distribution, X-ray diffraction, California bearing ratio and bulk
density, for identification of shale suitable for use in embankments. The slaking
and compression softening tests were used by Morgenstern and Eigenbrod (1974)
for identifying shale types. They performed the slaking test on various clay shale
samples and other stiff clays. They found a linear relationship between the

maximum water content, obtained during the slaking test, and the liquid limit of
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the unweathered shale. Deo and Wood (1972) carried out further tests on shales
and other slaking materials. They modified the test by increasing the number of

revolutions to 500.

Venter (1980) performed a series of slake durability tests using different sizes
of meshes and at different temperatures for a number of shales samples. He
concluded that the slake durability index was not affected by the different mesh

sizes or different temperatures.

According to a number of researchers (Grice, 1968; Franklin and Chandra,
1972; Aughenbaugh, 1974; Aughenbaugh and Bruzewski, 1976; Oliver, 1979a,
1979b; Chugh and Missavage, 1981), the submergence slake durability test is not
an accurate way to evaluate the time dependent deterioration response of shale
exposed to atmospheric conditions. Grice (1968) found a great difference in the
disruptive effect on shale specimens subjected to cycles of realistic humidity,
temperature  changes, and cycles with alternating water saturation and oven
drying. He studied the effect of temperature and humidity fluctuations on the

disintegration of a non expandable Ordovician shale from Canada.

Gordon (1976) conducted some slake durability index tests on dark grey
moderately weathered and fresh Ashfield shale. The results of three tests are
summarised by Won (1985). Based on these limited data the fresh grey shale has
shown slake durability index values of 80% after 30 minutes test duration. A
more comprehensive series of shale durability tests will be presented later in this

dissertation.

The slake durability test is a good test for distinguishing and characterising
different types of shales. This test is also a good indicator for evaluating of the
weathering resistance of shales. The assessment of the durability of shale is very

important for using shale as a construction material or as a foundation material.
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2.4 STRENGTH TESTS

Strength is a quantitative engineering property of rock specimens. Knowledge of
the strength of rocks is essential in the design and prediction of performance of
a structure on or in the rock. The applied stress may be compressive, shear, or
tensile in application, requiring the mobilisation of compressive, shear, and tensile
strength. In addition, knowledge of the strength is essential for classification
purposes, to assist with judgment about the suitability of these rocks for various

construction purposes.

In shales, because of the difficuity in sampling, storing, and inherent
anisotropy, e.g. lamination or fissility, strength tests are more complicated than
other rocks. There are many factors that control the strength of shales, e.g.
mineralogy, moisture condition, and lamination or bedding. In this section a
review of the basic strength tests is given, with the aim of identifying index tests

and properties useful for defining engineering properties of shale.

2.4.1 Point load test

The point load strength test provides a rapid and accurate strength index value
that is useful for strength classification of rock material. The test can be
conducted quite rapidly and inexpensively on-site, and thus it provides a useful
supplement to more expensive laboratory strength tests. Indeed, values of the
index may be used to predict other strength parameters in cases where
appropriate correlations have been obtained. This test is also capable of
measuring the strength anisotropy index, which is the point load strength ratio in
two different directions which in general are taken parallel and normal to the
laminations. The point load test is normally performed with portable equipment
on typically either core samples or irregular specimens. Several researchers
(Franklin, 1981; Oakland and Lovell, 1982; Richardson, 1985) recommended the

point load index for use in classification of shale.
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The International Society for Rock Mechanics (ISRM, 1985) procedure has
been adopted as a standard method for testing cores (axially and diametrically),
blocks, and irregular lumps. The sample is placed between two conical platens,
and the distance (D) between the platens is recorded. A measured load (P) is
applied until a fracture surface passes through the specimen. The point load

strength index (I) is then given by the following equation (Broch and Franklin,
1972).

; - £ @.1)

]
Il

= the point load strength index
P = the applied load

D = the distance between the loading points.

Bergh-Christensen and Selmer-Olsen (1970) and Selmer-Olson and Blindheim
(1970) used the diametral point load test as an index test in their work on
drillability of rocks in Norway. Bieniawski (1975), Carter and Sneddon (1977)
and Hassani et al (1980) concluded that more accurate and repeatable index

values are derived from diametral testing.

From a very comprehensive series of tests reported in the literature (e.g.
Reichmuth, 1963, 1968; D’Andrea et al., 1965; McWilliams, 1966; Broch and
Franklin, 1972) it was shown (Reichmuth, 1968, Broch and Franklin, 1972) that
the shape and dimensions of the test specimen have a significant effect on the
point load index value. From the experimental data a size correction chart was
proposed by Broch and Franklin for a diameter of 50 mm in diametral point load
index. This chart was suggested as the standard reference. This chart is

reproduced in Figure 2.7.
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Many correlations have been presented in the literature from which uniaxial
compressive strength can be predicted. Broch and Franklin (1972) gave a
conversion factor of 24 between the uniaxial compressive strength and the point
load index. Bieniawski (1975) was perhaps the first to indicate that the
correlation factor is size dependent. He obtained the correlation factor values of
24,21, and 18 for NX, BX and EX size cores, respectively, using the diametral
point load test. Pells (1975) used the point load test to predict the uniaxial
compressive strength of rock materials from a number of sites (13 different rock
types). He concluded that, “"for certain rock materials the UCS value that is
predicted using the diametral point load test and a conversion factor of 24 (or the
conversion factors given by Bieniawski) is sufficiently accurate for many
engineering design purposes, particularly classification (error less than 20%)".
He also stated "there are certain rock materials, not identifiable visually, for
which the point load test predicts uniaxial strengths that are significantly in error
(error greater than 20%)". Because of these conclusion Pells (1975)
recommended that whenever point load test results are used to predict uniaxial
or triaxial material strengths, at least some conventional uniaxial compression
tests should be performed. Hassani et al. (1980) carried out the point load test
using an expanded data base with tests on three rock types at seven core
diameters and modified the size correction chart that is used to reference point
load values from core with different diametral sizes to the standard size of 50
mm. Figure 2.8 shows the new size-correction chart. Hassani et al. (1980) found
a conversion factor of 29 between uniaxial compressive strength and diametral

point load index for all rock types.

Broch and Franklin (1972), Pells (1975), Read et al. (1980), Greminger
(1982), Forster (1983), and Tsidzi (1991) performed point-load tests on
anisotropic rocks in order to evaluate the effect of anisotropy on point load test

results.

Pells (1975) found that it was impracticable to use diametral ,(50) results to
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estimate uniaxial compressive strength values for highly anisotropic rocks. Read
et al. (1978) carried out tests on rocks in the Melbourne area the results of which
support Pells’ recommendations. They suggested a length to diameter ratio of
0.65 for anisotropic rocks in the axial point load test. In anisotropic rocks such
as shale it is useful to test pieces both diametrically and axially to obtain a

measure of the variations in strength due to anisotropy.

Hadfield (1981) and the State Rail Authority for the Eastern Suburbs Railway
(1976) reported limited point load test data for the Ashfield shale. Based on
these data Won (1985) suggested correlation factors of 14 to 21 between UCS and
the axial point load strength and 22 to 35 between UCS and the diametral point
load strength. These correlations have been based on limited data. More data
would be required to find reliable correlation factors between UCS and axial and
diametral point load strengths. These are investigated in the present research

programmie.

2.4.2 Uniaxial compression test

The uniaxial compressive strength is one of the most important and commonly
used properties of rocks. The main purpose of the uniaxial compression tests is
to investigate the strength characteristics as well as to determine the elastic
parameters of rocks. The uniaxial compressive strength has been widely used as

a basis for classification of rock for engineering purposes.

The effect of specimen size, shape and aspect ratio (L/D, where L and D are
the length and diameter of a cylindrical specimen, respectively) on uniaxial
compressive strength have been studied by several investigators (Gonnerman,
1925; Obert et al., 1946; Thaulow, 1962; Hobbs, 1964; Mogi, 1966; Green and
Perkins, 1968). They found that generally the uniaxial compressive strength
decreases as L/D increases, following some form of hyperbolic or exponential

relation. Based on the above studies, ISRM (1972) recommended an L/D ratio
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of 2.5 to 3 as the standard for specimens in the uniaxial compression test.

Hawkes and Mellor (1970) and Hawkes et al. (1973) have done major work
on uniaxial testing in rock mechanics. The test conditions and the size of the
specimen are particularly important in this kind of test. The cylindrical samples
with a diameter NX (54 mm) core size and a length to diameter ratio of 2 to 2.5
was specified by ASTM D2938 for uniaxial compressive tests. Where it is
necessary to test smaller cores, Hawkes and Mellor suggested that the specimen
diameter must be at least 20 times the maximum mineral grain diameter. Figure
2.9 shows the effects of the ratio of L/D on uniaxial compressive strength based
on data that were collected by Hawkes and Mellor. As this figure shows for
rough and rigid platens, the apparent uniaxial strength decreases as the L/D ratio
increases. In general terms for better results, test specimens should be straight
and their diameter should be constant and the ends should be flat, parallel and

normal to the long axis.

To avoid edge effects on the strength and deformation results, a cylindrical
shape was chosen for the experiments reported in the current study. In spite of
the ISRM recommendation for the L/D ratio of 2.5to 3 as the standard, because
of the coring problems in shale, an L/D ratio of 2 was used for uniaxial

compression test in this study.

Previous UCS data for slightly weathered to fresh Ashfield shale in the
Sydney metropolitan area were reported by Burgess (1977), Chesnut (1983) and
Won (1985). According to Won (1985), Ashfield shale has a uniaxial compressive
strength ranging from 5 to 75 MPa with a mean strength of 25 MPa. This result
is based on a sample size of 200 tests and agrees with previously published data
by Burgess (1977) and Chesnut (1983).
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2.4.3 Triaxial test

In nature, soils and rocks exist in a general stress state. To understand the
strength behaviour of in-situ rock masses, triaxial testing of intact rocks is of
prime importance. With all soils and rocks the confining pressure plays an
important role, affecting both the strength and moduli. This can be investigated

in triaxial tests.
2.4.4 Shear strength of anisotropic rocks

A material is called anisotropic if properties of this material are not the same in
all directions. In general, the anisotropic properties of rocks may be due to
primary structures, for example bedding, or due to secondary structures such as
jointing and cleavage. An ideal cylindrical anisotropic rock specimen is shown in
Figure 2.10 specifying a plane of weakness making an angle 8 to the axial
direction. Anisotropic rocks (i.e. shale, slate, and schist) show a variation in their
compressive strength when the direction of the laminations is varied with respect

to the direction of the axial stress.

Theoretical and laboratory studies to assess the strength and deformation
properties of anisotropic rtocks in relation to the weakness plane direction have
been performed by many investigators (e.g. Jaeger, 1960; Donath and Cohen,
1960; Donath, 1961, 1964, 1972a,b; Hoek, 1964; McLamore and Gray, 1967;
Fayed, 1968; Pomeroy et al., 1971; Attewell and Sandford, 1974; Brown et al.,
1977; Lekhnitskii, 1981; Arora, 1987; Ramamurthy et al., 1988; and Singh, 1988).

The effects of lamination orientation in shales have been studied by many
researchers. The maximum strength generally occurs when the laminations are
at 0 or 90° to the axial direction and the lowest strength at about 30° (e.g.
Donath, 1961, 1964; Chenevert and Gatlin, 1965; Youash, 1966; McLamore and
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Gray, 1967).
2.4.5 Empirical failure criteria for rocks

One of the most difficult problems encountered in analysing the stability of
structures built on or in rock, is the determination of the most realistic failure
criterion for discontinuous rock masses. In a homogeneous isotropic rock the
strength parameters belong only to the intact rock medium itself. In contrast, in
an anisotropic rock mass containing weakness planes, the strength parameters of

the weakness planes are likely to be dominant variables.

In the past many strength criteria have been proposed on different bases. Of
the various theories of failure that have been proposed, only those that have been
found on the basis of experiment to be reasonably valid for rock are considered
here. There is no unique criterion that is valid for all rocks. Following is a

review of various strength criteria proposed by different investigators.

The simplest and best known criterion is the internal friction criterion
associated with the names of Coulomb (1776) and Navier (1883). In this criterion

maximum shear stress is predicted by:

|t] = ¢, +po 2.2)

where:
r and o are the shear and the normal stress on the failure plane, c, is often
referred as the cohesive shear strength and p is the coefficient of internal

friction.

Mohr (1900) generalised the Coulomb criterion and proposed that the normal
stress, o, and the shear stress, 7, across the failure plane are related by the

functional relation
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T = flo) 2.3)

This equation will usually be represented by a usually concave downwards curve
in the o - 7 plane, which may be determined experimentally as the envelope to the
Mohr circles corresponding to failure under a variety of stress conditions. It is
assumed that the intermediate principal stress, o, has no influence on the failure.
In the linear case, the Mohr criterion is equivalent to the Coulomb criterion, with

slope equal to the coefficient of internal friction.

Bieniawski (1974) found that a normalised form of an equation originally

proposed by Murrel (1965) gave good predictions of rock strength. This is written

%t _ 1+B [ﬁ] 2.4)
OC GC
where
g = major principal stress
0; = minor principal stress
g, = uniaxial compressive strength

o and B are material constants.
This equation has been widely used in practice in recent years. From a study of
a range of South African rocks, Bieniawski suggested that « is a constant equal
to 0.75 for all rock types and B is equal to 3 for siltstone and mudstone.
According to Bieniawski, if a value of o, for the intact rock is known, the triaxial

shear strength can be predicted to within 10%.
An empirical failure criterion, capable of modelling the highly non-linear

relationship between major and minor principal stresses for isotropic and

anisotropic rocks was proposed by Hoek and Brown (1980). This criterion in
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terms of principal stresses and uniaxial compressive strength is stated as:

o, =. 03+1/(m0c03+sci) 2.5)

where
m and s are dimensionless parameters which characterise the degree of
interlocking between particles, in a jointed rock mass. m is a function of
rock type and quality which controls the curvature of the o, versus o;
curve and s is a material constant that for intact rocks is equal to 1 and
for a completely broken mass is equal to 0.
They suggested the value of m =10 for argillaceous rocks such as mudstone,
siltstone, shale and slate. It has been demonstrated that the Hoek-Brown
criterion provides good predictions of strength for Green River shale (McLamore
and Gray, 1967). The Hoek-Brown criterion does not explicitly allow for

anisotropic behaviour even though it does include the effect of jointing.

An empirical strength criterion based on Mohr-coulomb’s criterion has been
proposed by Rao (1984), Ramamurthy et al. (1985), Rao et al. (1985) and
Ramamurthy (1986). This criterion is applicable for both intact and jointed rocks.

This strength criterion has been expressed as

(01793 _p [&]'=l (2.6)

O, 0,

where o and B are material constants. A constant value of o = 0.8 was suggested
for all rock types and a value between 1.8and 3 was suggested for B, the precise
value depending on the rock type. For argillaceous rocks (shale, mudstone,

claystone, siltstone) a value, B = 2, was suggested.

Johnston (1985) proposed a criterion which he claimed is applicable to a wide

range of intact material ranging from soft clays through to very hard rocks for
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both compressive and tensile stress regions. This criterion is as follows:

B
G,, = [%Osﬁl} 2.7)

where B and M are constants., M is a function of ¢, and material type whereas B

is a function of o, only.

This is the only criterion which assumes that the basic parameters are not
only dependent on material type but also on the uniaxial compressive strength of

the rock. He suggested the following expression for B and M.

B = 1-0.0172 (logo A (2.8)

M = 2.065+K (loga,)’ 2.9)

where K is equal to 0.231 for argillaceous rocks, and o, is expressed in MPa.
2.4.6 Strength criteria for anisotropic rocks

Strength criteria for anisotropic rocks is are more complicated than those used for
isotropic rocks. This is largely because of possible variations between the
directions of the weakness plane and the maximum principal stress, A few
investigators have proposed empirical failure criteria for anisotropic rocks based
on the classical Coulomb-Navier and Griffith’s failure criteria but involving
certain limiting assumptions. In this section, a brief review of these criteria with

their assumptions and limitations is presented.

2.4.6.1 Single plane of weakness theory

This theory, proposed by Jaeger (1960), assumes that the body fails in shear and

has a different cohesion and coefficient of internal friction at different
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orientations. This theory isa generalised form of the well-known Mohr-Coulomb
linear envelope failure theory which describes an isotropic body containing a

single plane or a system of parallel planes of weakness. For failure within the

matrix material the theory suggests that

2 (c cosd +03sin<|>)

g.-a.) = 2.10)
(01703} (1-sing)
where
c = cohesive strength of the matrix material
d = friction angle of the matrix material
When failure occurs along the weak planes the strength is given by
2 (cd+o3tan¢d) 2.11)

(9179) = (1-tand,, tanp)sin2p

where @ is the angle between o, and the plane of weakness, and ¢, and ¢, are the
cohesive strength and friction angle in the plane of weakness. The material
constants in this theory are evaluated by performing triaxial tests at § = 0, 90,
and 30 degrees at various confining pressures. The values of ¢, ¢, ¢, and ¢, are

then estimated from the Mohr-Coulomb envelopes.
2.4.6.2 Variable cohesive strength theory

This theory was also proposed by Jaeger (1960) to describe a body that fails in
shear having a constant value of internal friction, tane, but variable cohesive
strength, ¢. The equation describing failure for this case is

2 (c+o,tan
(71705 = o 2.12)

Jtan’$p+1 -tand

where:
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¢ = A-B [cos2 (§-P)] (2.13)

In this equation £ is the value of 8 corresponding to a minimum value of c,
generally 30 degrees, at which the strength is aiso minimum, and A and B are
constants that can be evaluated by conducting triaxial tests at 0,30 and 90 degrees
at different confining pressures. By plotting Mohr-Coulomb envelopes, the
respective values of tan¢ and ¢ for the above orientations are evaluated. The
limitations of this theory are that a wide range of triaxial tests are needed to plot
the Mohr-Coulomb envelopes for 8 = 0, 30, and 90 degrees, and also it does not
predict well the end parts of the anisotropy curve (deviatoric stress versus £) in
shale.

Jaeger's variable cohesive strength theory was modified by McLamore and
Gray (1967). They suggested that the variation of ¢ in Equation (2.13) can be

more closely described by the following relationship:
c= Ay,~By, [cos2 (E-P)]" @19

where A, and B, are constants that described the variance over the range
0<B8<30%nd A, and B, over the range 30<8<9%0degrees. n is an "anisotropy
type" factor and Mclamore and Gray suggested that it has a value of 1 to 3 for
cleavage and schistosity type anisotropy and a value of 5 to 6 for bedding plane
type anisotropy. Figure 2.11 illustrates the form of Equation (2.14) for different
values of n. In this figure, the value of ¢ at 8 = 0 and 90 degrees was assumed
to be 41.4 MPa and for B = 30 degrees it was assumed to be 20.7 MPa.

The main limitations of this theory are that a number of triaxial tests are
needed at 8 = 0, 30 and 90 degrees, and that the value of n has to be precisely
estimated based solely on the presumed type of anisotropy. Furthermore, the
strength prediction must be done in two separate parts, from = 0 to 30 degrees

and from 8= 30 to 90 degrees.
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2.4.6.3 Non-linear Mohr-Coulomb criterion for anisotropic rock

This empirical strength criterion proposed by Rao (1984) has also been extended
for layered or foliated rocks which show anisotropic response (Ramamurthy et al.,

1988; Ramamurthy and Arora, 1994). It can be written as:

(91793 _ B [jic_f]“’ 2.15)
O3 Oy
where
o; = uniaxial compressivé strength at a particular orientation angle ()
o; and B; = constants, the values of which depend on the rock type and

orientation of the planes of weakness.
Ramamurthy et al. (1988) observed that the values of o; and B, vary systematically
with o as a function of 8 in anisotropic rocks. The following two empirical

equations have been suggested:

1_
& (__) " 2.16)
o % 0
and
0.5
B [E‘ﬂ) 2.17)
By, o
where
O.p = uniaxial compressive strength at 8 = 90°,
oy and By, = constants for a particular rock at 8§ = 90°, obtained by

conducting triaxial tests at this orientation.

Limited data for triaxial compression tests on Ashfield shale samples were
reported by Won (1985). The triaxial tests were performed on sample of Ashfield
shale from the Redfern area of Sydney by the New South Wales Department of
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Construction. The following shear strength parameters were given for intact
shale, tested perpendicular to the lamination direction, ¢ =3 MPa and ¢ = 52°.
The post peak failure envelope parameters were, ¢ = 400 kPu and é= 52°. A
friction angle of 37 degrees has been determined from the post peak failure
envelope for shale samples with lamination angles at 45 degrees to the major

principal stress direction.

2.5 DEFORMATION PARAMETERS

The elastic parameters, are usually required as input for finite element analyses,
characterisation of intact rock, or rock mass deformability evaluations. The
modulus of elasticity (E) and Poisson’s ratio (v) are usually determined from
strain measurements made axially and diametrally in a uniaxial compression test.
Several test methods have been suggested for determining uniaxial compressive
strength, modulus of elasticity, and Poisson’s ratio (e.g. International Society for
Rock Mechanics, ISRM, 1978).

Effects of various mechanical factors on elastic parameters have been studied
by a few researchers. In homogeneous rocks, the stress strain curves in the
prefailure range are observed to be least affected by a variation in the L/D ratio.
A systematic study on marble with L/D ratios between 3 to 0.33 was conducted
by Hudson, Brown and Fairhurst (1972). They observed that the modulus values
are independent of the L/D ratio and size of the specimens. This observation
was confirmed by Lama and Gonano (1976), by conducting experiments on plaster
and marble with L/D ratio of 0.25 to 2.75. Perkins et al. (1970) noticed very

slight variation on the modulus values for specimens of L/D ratio of 1.5and 2.

The effects of lamination orientation on the stiffness and shear strength
parameters of shale have been also studied. Chenevert and Gatlin (1965) found

that there is no variation in Young’s modulus within the bedding plane (plane of
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anisotropy), but there is considerable variation in the modulus between this plane
and the plane perpendicular to this plane. They also stated that Young’s modulus
is not significantly affected by confining pressure.  This statement is in
disagreement with the results of other studies. For Longwood shale tested in
triaxial compression in which ¢ was found, by Donath (1961), to be in the range
of 20° when testing parallel to bedding and in the range of 30° when testing
perpendicular to bedding.

2.6 DIRECT SHEAR TEST

The shear strength and shearing characteristics of jointed rocks are considered to
be of major importance in a number of key geotechnical problems, such as the
design of underground structures, in deep excavations and in assessing the stability
of rock slopes. The purpose of the direct shear test is to measure the direct shear
strength, shear stiffness and shear strength parameters of a joint or weakness
plane after applying a constant normal stress to the plane. Graphs of shear stress
versus shear displacement and normal displacement versus shear displacement are
plotted to identify the peak and residual shear strength and- dilation of the

sample.

Barton (1973) states that the ratio of peak strength to residual strength for
rock joints seldom exceeds 4, and it is always greater than unity. The ratio
decreases with increasing normal stress. The strength envelope for a joint is a
graph of shear strengths versus normal stresses. Shear strengths, particularly peak
shear strengths increase with increasing normal stress, so joints at greater depth

seem to be stronger.

Direct shear tests depend more on equipment capabilities than on an attempt
to simulate field condition (Mouchoarab and Benmokrane, 1994). Many direct

shear devices have been designed during the last three decades (Obert et al.,
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1976; Natau et al., 1979; Crawford and Curran, 1981; Lam and Johnston, 1982;
Gould, 1982; Qoi and Carter, 1987a; Hutson and Dowding, 1987a; Benjelloun et
al., 1989; Skinas et al. 1990; Kana et al., 1991; Mouchaorab and Benmokrane,
1994).

2.6.1 Shear strength of anisotropic rocks in direct shear

In order to investigate the mechanical behaviour of anisotropic rocks, direct shear
tests has been conducted by many researchers (e.g. Krasmanovic and Langof,
1964; Krasmanovic, 1967; Lajtai, 1969a,b; Hayashi, 1966; Kawamoto, 1970; Uff
and Nash, 1967; Kobayashi and Sugimoto, 1981; Walker, 1981). Krasmanovic and
Langof conducted direct shear tests on stratified and jointed limestone. They did
tests on three different types of samples. In the first type, shearing occurred
through the intact or solid rock. In these rocks the maximum shear strength
occurred at small deformation (approximately 0.1 to 0.5 mm). The ratio of
maximum shear strength to residual shear strength was always greater than 2. In
the second type of test, shearing occurred along the stratification surface (or
bedding joint) and the maximum shear resistance occurred at greater deformation
(approximately 2 to 5 mm) and the ratio of maximum shear strength to residual
shear strength was between 1 and 2. The third series of test was done on samples
with rough fissures containing detrital materials. In this case the ratio of
maximum shear strength and residual shear strength was approximately equal to

1 and great deformations were necessary for mobilisation of the shear resistance.

Hayashi (1966) carried out 450 direct shear tests on layered, crossed,
intermittent and parallel jointed models of plaster. The results of this
investigation are as follows:

(a) the shear load at failure of a specimen with transversal joints decreased with
an increase in the number of joints,
(b) the shear load at failure of a continuously jointed (layered) material under

one side constraint showed that specimens with a positive joint system were
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weaker than those with a negative joint system. The load at failure increased
with increase in the constraining force N and if no dilatancy was allowed, the
value of constraining force required was extremely high. In the case of a
negative joint system the constraining force M required is far higher than for
a positive joint system. The positive and negative joint system are illustrated

in Figure 2.12

Kawamoto (1970) conducted a series of direct shear tests on jointed and
layered plaster-sand models. The intermittent parallel joint systems were
prepared by inserting a number of small steel sheets of 0.1mm in thickness. The
jointed models were classified in the positive system (6= 0 to 90°) and the
negative system (8= (to - 90°). The maximum shear strength occurred at angle
f= - 22.5°. The failure by pure shearing rupture occurred only when #= 0°. In
the case of the positive joint system, combined ruptures mainly occurred. Figure

2.13 shows the failure patterns of selected jointed media in the direct shear tests.

The pattern of the results obtained by Kawamoto (1970) is similar to that
obtained by Hayashi (1960) with the difference that the maximum shear strength
obtained by Kawamoto occurred at an angle § = -22.5,while the maximum shear
strength obtained by Hayashi was at an angle of about 6= 45°. It seems that the

confining of lateral dilatancy influences the results.

Similar tests were performed by Kobayashi and Sugimoto (1981) on
specimens containing artificial discontinuous planes. The peak shear strengths
were small in the region of 8= 45°. The results of these tests are in disagreement

with those of Hayashi (1966).

The shear strength of a shale along the bedding planes in various directions
from dip to strike was measured by Uff and Nash (1967), using a shear box.
Parallel to these planes the strength parameters ¢ and ¢ were found to vary with

the orientation relative to the dip.- According to them, the maximum peak values
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of friction angle and cohesion in the bedding plane occur in the directions of
strike and dip respectively, with the minimum values at right angles. The values

of residual friction and cohesion appear to be constant.

It must be noted that the most of the previous work has been done on
artificially jointed samples. For design purposes, further research on the
behaviour of natural specimens with weakness planes is obviously required. This
is investigated in the present research programme. The shear stiffness and the

effects of the weakness plane direction on stiffness will be investigated.

2.7 CONCLUSION

In this chapter the literature on geological classification of argillaceous
sedimentary rocks was reviewed to find the background for the definitions and
classification of shales. Grain size, lamination, mineral composition and slaking
behaviour are among the important properties to consider in the classification of
argillaceous rocks, at least when related to engineering purposes. It was found
that the shale deterioration and loss of its natural induration as a result of
weathering upon exposure to wetting and drying cycles is by itself a major
engineering problem. According'to the geological classifications, the Ashfield

shale can be classified as a well bonded and cemented shale.

The various strength criteria for isotropic and anisotropic rocks have been
reviewed and their assumptions and limitations were discussed. An extensive
review of the behaviour of anisotropic rocks in uniaxial and triaxial stress states
and in direct shear has been presented. In all these cases, the direction of the
laminations with respect to the axial stress is an important parameter influencing
the test results. Many strength criteria have been proposed for shales but because
of the variability of these rocks, further tests are required to determine

appropriate parameters for Ashfield shale.
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From the literature it was found that a few studies have been carried out on
the behaviour of anisotropic rocks in direct shear tests and most of the work was

performed on specimens containing artificial discontinuity planes.

In spite of many attempts made in the past to describe the engineering
behaviour of intrinsically anisotropic rocks, it was noted that very little
consideration has been given to the effect of weakness planes on the stiffness of

anisotropic rocks.

Thus, this review has set the directions for both the experimental investigation

and the numerical modelling carried out as part of the present work.
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Weathering Zones for Ashfield Shale (after Hadfield, 1981)

Zone

Degree of
weathering

RQD

Classification for shale (alter Pells, 1978)

Class

General
description
and
field guide

Ucs

(MPa)

Fracturing

Extremely
weathered

Mainly shaley clay-
hard clay with thin
zones of weak
shales

Not
normally
measurable

Highly fractured or
fragmented

Highly-
moderately
weathered

20

60

Weak shale - core
sections can be
heavily scored or
cut with steel knife
alternatively,
interbedded
medium strong and
very weak shale

Not
normally
measurable

Highiy fractured or
fragmented

11

Medium strong
shale - core
sections can be
deeply scored with
a steel knife

Fractured to highly
fractured

Slightly
weathered
to fresh

60

90

u

Medium Lo strong
shale - core
sections can be
scored with steel
knife

7-16

Fracwred

Strong shale - core
sections can only
be slightly
scratched with steel
knife

16

Slightly fractured
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Figure 2.1 Origin of shale (after Pettijohn, 1975)
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Figure 2.2 Terminology of the argillaceous sediments (after Pettijohn, 1975)
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Figure 2.3 Geological classification of shale (after Mead, 1936)
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Figure 2.4 Engineering classification of argillaceous materials (after Morgnstern and Eigenbrod, 1974)
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Figure 2.10 View of a typical anisotropic sample
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CHAPTER 3

GEOLOGY AND PHYSICAL PROPERTIES OF
ASHFIELD SHALE

3.1. INTRODUCTION

The near surface rocks of engineering significance in the Sydney region consist
mainly of sandstones and shales. The objectives of this chapter are 1o present a
broad introduction to the geology of the Sydney region, a more detailed geology
of the Ashfield shale, and to present a detailed study of Ashfield shale from three
sites. The microfabric and mineralogy of Ashfield shale have been studied using
a variety of techniques including X-ray diffraction, optical microscopy and
scanning electron microscopy. The scanning electren microscope (SEM) with
energy dispersive X-ray spectroscopy analysis (EDS) has been used to study the
micromorphology and mineralogy of this rock. In this chapter some of the basic
engineering properties of Ashfield shale have also been considered, viz. the
moisture content, the density, and the porosity and the correlations between them

demonstrated.

Liquid limit and plastic limit tests have been performed on ball-milled

samples of Ashfield shale from three sites under study, with geological
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descriptions ranging from fresh to highly weathered shale. The clay size fraction,
as determined from sedimentation analysis, was determined on samples of highly

weathered to fresh Ashfield shale from one of the sites.

3.2. GEOLOGY

The geology of the Ashfield shale within the Wianamatta group has been
described by Herbert (1979). The main features described by Herbert are
reproduced below. Rocks of sedimentary origin are the dominant rocks in the
Sydney region. They have been deposited within a broad zone of subsidence
known as the Sydney basin. In the Sydney basin the Hawkesbury sandstone is
overlain by a series of fine grained rocks known as the Wianamatta group. The
Wianamatta group occupies the central portion of the Sydney Basin (Figure 3.1)
extending to the west of Sydney, about 50 km from Port Jackson to Penrith, and
to the south, about 80 km from Windsor to the Picton area. This sedimentary
sequence has a maximum recorded thickness of 304 m (Herbert, 1980) and is
divided into the Ashfield shale, the Minchinbury sandstone, and the Bringelly
shale (Figure 3.2). The Ashfield shale was deposited in a shallow marine or
brackish environment (Herbert, 1979). The Ashfield shale, the basal formation
of the Wianamatta group and the upper part of the Hawkesbury sandstone are
the only rock units outcropping in the city area. The Ashfield shale has a
minimum complete thickness of 44.6m in the Picton area and a maximum
thickness of 62 m near Erskine park (Herbert, 1980). Lovering (1954a) and
Herbert (1970, 1976) proposed the subdivision of the Ashfield shale into four
members, which from the base upwards are: the Rouse Hill siltstone, the
Kellyville laminite, the Regentville siltstone, and the topmost Mulgoa laminite
(Figure 3.2). The Ashfield shale is comprised of a lower sequence of dark-grey
to black, sideritic claystone and siltstone horizons which grade upwards into a fine
sandstone and siltstone laminite, and then into the overlying Minchinbury

sandstone. In some places, because of the absence of the underlying Mittagong
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formation, the Ashfield shale rests directly on the Hawkesbury sandstone.
Because of the weathering, the Ashfield shale is rarely well exposed except in

quarry faces.

The basal unit of the Ashfield shale, the Rouse Hill siltstone, is composed of
dark-grey to black, sideritic, silty claystone which is slightly carbonaceous in some
areas. The Kellyville laminite is defined by a marked increase in the number of
lithic-quartz sandstone laminations. The Regentville siltstone consists of black to
dark-grey siltstone. In some areas, e.g. south-east of Moss Vale, it gradually
becomes more sandy towards the top where it is overlain by the Minchinbury
sandstone. The Mulgoa laminite is composed of dark-grey siltstone and fine,
light-grey sandstone laminae. Based on microspore and pollen determinations,
a Mid Triassic age has been demonstrated for the Wianamatta group by Helby
(1973).

According to this geological classification, the term Ashfield shale has been
used to cover siltstone, claystone and laminite. From the engineering point of
view, it is important to find if the engineering behaviour of each member is the
same or different. A classification for Ashfield shale based on engineering

considerations must take this into account.

Samples for this study came from three widely spaced locations in the Sydney
metropolitan area. The Sydney 1:100,000 geological sheet and Figure 3.1 indicate
that the three sites studied, i.e. Ryde, Surry Hills and Moorebank, are underlain
by Ashfield shale, the lowest member of the Wianamatta group. The presence
of the Ashfield shale was confirmed by the rock exposures and by examination of

cores from the three sites.

Figure 3.3 shows the weathered outcrop of the Ashfield shale at the Ryde-
interchange site. The layers of Ashfield shale in this site are generally horizontal.

The majority of the samples were obtained from borehole coring at the Ryde-
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interchange site in northern Sydney. The field work at the Ryde-interchange site
comprised the drilling of 5 angled boreholes with 51 »#m core diameters and 4
angled boreholes with 61 mm core diameters with orientations from 30 to 90
degrees from the horizontal. The boreholes were drilled by large truck mounted
rigs provided by the Roads and Traffic Authority of New South Wales (RTA), as
illustrated in Figure 3.4.

The boreholes at the Ryde-interchange encountered relatively uniform
conditions over the site within the clay/shale sequence, with clays to depths of
0.5-2m underlain by extremely weathered to highly weathered light grey to
yellow brown shales which graded into moderately weathered grey and brown
shales to slightly weathered and strong grey shales below vertical depths of 5 and
9 m from the surface. The residual clay, below 0.5 m, derived from the
weathering of shale. The rocks of the site consist of Ashfield shale, which are
generally yellow brown and dark grey shale with pale grey silty laminations and
lenses. The weathered outcrop of the Ashfield shale at the Ryde-interchange
shows that the silty parts are more resistant to erosion than the other parts. In
most of the boreholes the shale was interbeded with many very thin light grey silty
bands, so that there was an alternating sequence of clayey and silty bands.
Coloured photographs of core samples recovered from boreholes where the
drilling was carried out in the direction perpendicular to the bedding plane are
shown in Figure 3.5. They indicate that residual clay overlies shaley clay and
clayey shale which in turn overlies the intact shale. The degree of weathering was

estimated by visual assessment following the ISRM guidelines.

Blocks of shale were also obtained from excavations in Surry Hills near the
central railway station in Sydney and in Moorebank, in western Sydney. In the
Surry Hills site an excavation was cut to a maximum depth of about 3 m. In this
arca the fresh shale has been found as close as 0.2 m below the soil and
weathered rock interface. The rocks of the site consist of Ashfield shale, which

are generally dark grey, horizontally bedded with coarse light grey and fine
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grained laminations and lenses. In the Moorebank site, the Ashfield shale
consists of generally black to dark grey shales with laminated silty bands. The
bedding in Ashfield shale is uniformly thin with individual layers ranging up to 50

mm 1in thickness.

Core samples were obtained from these blocks of shale using a drilling
machine in the laboratory. All samples were kept at their natural moisture
content before testing by coating the samples with a moisture sealant called
"Valvoline Tectyle” and then protected by a thin plastic film, "Gladwrap", as soon

as possible after coring.

Subsurface data from several boreholes, drilled at different sites in the Sydney
metropolitan area (e.g. Chatswood, Parramatta, Surry Hills, Redfern, Ashfield,
etc.) by various geotechnical consultants and agencies (Ghafoori et al., 1993) show
results similar to those from the sites under study here. Data from these

investigations have been used in this thesis to extend the database.

Based on visual assessment the Ashfield shale from the Ryde-interchange area
consists of finer grained materials than the shales from Surry Hills and
Moorebank. In the Moorebank and Surry Hills sites the Ashfield shale consists

of generally dark grey to grey silty and sandy shales with laminated silty bands.

3.3 MINERALOGY

Both geologists and engineers are interested in knowledge of the distribution of
minerals within rocks and sediments. The microfabric and mineral analysis of
soils and sediments have been studied for several decades using a variety of
techniques including optical microscopy, X-ray diffraction, transmission electron
microscopy, and scanning electron microscopy. The spatial arrangement of

constituent particles and voids are frequently defined as microfabric. This may
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contain important data regarding diagenesis and the behaviour of soil or rock
under stress. The scanning electron microscope (SEM) with energy dispersive X-
ray spectroscopy analysis (EDS) is a useful tool that can offer an insight into the
nature of a rock, and permit a study of micromorphology and mineralogy. Since
the first micrograph of a geological specimen was taken by Smith (1956),
numerous micrographs have provided qualitative insight into geological processes.
Using the SEM, it is also possible to acquire X-ray maps showing the distribution
of elements across the field of view. The scanning electron microscope has been
less successful in the study of argillaceous rocks than for other rock types because
of their closed-packed, usually platy grains, and very small pore spaces. Recent
improvement in back-scattered detectors in the last ten years has meant that
useful information about the micromineralogy and petrography can now be
obtained (e.g. Krinsley et al., 1983, Huggett, 1984; Pye and Krinsley, 1984, 1986;
Krinsley and Manley, 1989). Important information can be also obtained from
powder analyses in which the initial sample has been severely disrupted. For

instance, X-ray diffraction (XRD) is widely used to determine mineralogy.

This section presents the results of X-ray diffraction, optical microscopy and
scanning electron microscopy on samples of Ashfield shale from the three selected

sites.
3.3.1 Sample preparation and examination methods
3.3.1.1 XRD samples

X-ray diffraction (XRD) is the main tool for the identification and quantitative
analysis of clay minerals. Two methods of sample preparation for X-ray
diffractometry were used in this study:

1) unoriented mounts of powder of dry clay in aluminium holders, and

2) oriented clay formed by settling the clay slurry on a glass slide or ceramic

tile.
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To make powder samples for X-ray diffraction, representative samples of shale
were crushed by a ball-mill. For the oriented test, some of the powder was
diluted in distilled water after treatment with ethylene glycol and boiling for 1
hour at 90 to 100°C. The solution was then transferred to a 100 cc measuring
cylinder, stirred, and then allowed to settie for about 3.5 hours. The top 10 to 20
cc of the solution in the measuring cylinder was taken by a pipette and
centrifuged for 15 minutes at 3000 rpm. After decanting the water, the remaining
slurry was used to make the oriented mount on a tile or glass slide. This process

was followed to ensure that the remaining particles would be less than 2 microns.

3.3.1.2 SEM samples

Samples for the electron microscope studies were cut from the shale specimens
with dimensions approximately 15 mm in diameter and 10 mm thick. They were
embedded in epoxy resin and vacuum impregnated. They were then heated at
approximately 60°C overnight to cure the impregnated resin. The resulting blocks
were ground and polished perpendicular to the bedding planes with abrasive
paper to give a suitable surface for observation in the desired direction. During
the polishing process, progressively finer grades of abrasive paper were used. The
samples were coated with a thin film of carbon in a vacuum evaporator to
eliminate charging. A thin film of gold provides better electrical and thermal
conductive properties, but carbon coatings are preferable when specimens are to
be subjected to X-ray microanalysis (e.g. Goldstein et al. 1981). The finished
polished sections were then mounted and examined in a Phillips 505 scanning
electron microscope. Scanning electron microscopy with X-ray analysis was
undertaken to evaluate the micro-mineralogy of the Ashfield shale. In particular,
the size, shape, and distribution of the individual components were studied. Such
information can provide additional evidence on the origin and nature of the

materials.

Thin sections of Ashfield shale samples are also prepared to investigate the
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size, shape, and distribution of the components within this shale.

3.3.2 Clay mineral analysis

Clay minerals have a significant influence on the engineering behaviour of shales.
They are essentially a weathering product resulting from the chemical
decomposition of igneous and some metamorphic rocks. The most important
factors that characterise clay mineralogy are particle size and shape. They are a
group of hydrous alumino-silicates, the majority of which consist of composite
layers of sheet silicate structures. These layers may be linked by cations or water

molecules in the interlayer sites (Brindley & Brown 1980).

From an engineering viewpoint the minerals can be divide into two groups,
those with swelling and non-swelling clay minerals. The clay minerals with
interlayer water molecules as a part of their structure, such as the smectites, are
classified as swelling clay minerals because they are susceptible to changes in the
number of water molecules. The clay minerals without interlayer water
molecules, such as kaolinite and illite, have relatively stronger bonds between the

layers and are classified as non-swelling clay minerals.

3.3.3 Results

3.3.3.1 XRD results

Eighteen samples of Ashfield shale from the three sites were analysed as part of
this study to determine the clay minerals present in the Ashfield shale. The
procedures for X-ray diffraction analysis and interpretation foliowed Carroll
(1970), Grim (1953, 1962) and Brown (i1961). Both the bulk material and
material finer than 2 microns have been analysed. The samples were further
analysed after heating to 550°C. To confirm the reliability of the experimental

procedure, duplicate and in some cases triplicate samples were prepared.
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The mineral contents of the Ashfield shale were identified by the XRD
patterns using a Phillips X-ray diffractometer model 11300 and also a Siemens
D5000 powder diffractometer. The X-ray diffractometer is run by Siemens
software, Diffract V3.0, installed on a PC 486-DX33. Users have access to the
powder diffraction data base with more than 60,000 standard data files. The
SIROQUANT V7 program from the CSIRO, running under Windows, was used

for quantitative analyses.

Oriented clays were X-rayed from 3° to about 50° along the 20O axis, using
CuKa radiation and a scanning speed of 1° 20/minute. The X-ray diffraction
traces were obtained for each specimen. Selected samples were subjected to
additional treatment after heating at 550°C in order to selectively destroy certain
clay mineral species. The peaks themselves were labelled with their 4 reflection
(spacing) values and with an abbreviation for minerals. By using the
SIROQUANT software a quantification of the X-ray data was carried out in this
study. Figure 3.6a (a”, b", c”) shows typical X-ray diffraction traces for the
Ashfield shale from the three sites.

The clay mineralogy of the less than 2 microns fraction of the Ashfield shale
from Ryde-interchange, Surry Hills and Moorebank (Figures 3.6a) is dominated
by kaolinite as evidenced by the strong 7.2 A peak, and mica by the 10.2 A peak.
The strong 4.26 A peak of quartz indicates that it forms an important constituent

of the less than 2 micron fraction of the shale samples.

To distinguish between the 7.1 A kaolinite (001) and 7 A chlorite (002)
diffraction intensities, all the oriented samples were X-rayed after heating to
550°C. The subsequent X-ray diffraction patterns did not show any peaks in the
7 A area indicating that the 001 kaolinite had collapsed, and confirming the

absence of chlorite in the samples of Ashfield shale.

In the clay mineralogy of the less than 2 microns fraction of the Ashfield shale
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kaolinite was abundant in all the samples, all the other components were paired
with the intensity of this mineral. In this analysis the 7.1 A peak of kaolinite
(001) was used for comparing the 10 A mica (001) and 4.26 A diffraction of
quartz (001). For the Ashfield shale from the Ryde-interchange site, the intensity
ratio of mica to kaolinite is about 50% and the intensity ratio of quartz to
kaolinite is about 9%. For samples of shale from Surry Hills, the ratios for mica
and quartz are 43 and 26%, respectively, and from the Moorebank area the ratios
are 57% for mica and 18% for quartz. This gives an indication of the relative

proportions of these minerals in the samples.

Powder patterns run on the Ashfield shale from the three sites showed that
quartz was very abundant in this shale. The powder pattern gave X-ray peaks for
quartz and clay minerals only. Figure 3.6b shows typical X-ray traces for the

Ashfield shale from the three sites.

The X-ray trace of the less than 2 micron fraction shows that kaolinite and
micaceous clay minerals are the dominant clay minerals in the Ashfield shale, and
that on average kaolinite is more abundant. Similar results were obtained from
the bulk samples (Figure 3.6b). The micaceous clay mineral in the Ashfield shale

is illite. The other main mineral in the Ashfield shale is quartz.

The quantitative X-ray diffraction analysis of the minerals in the samples from
the three sites was made using the SIROQUANT software and the powder
patterns. Mean mineral contents using this method are given in Table 3.1. This
indicates that the clay minerals comprise about 50 percent of the shale samples
and that kaolinite and the mica group are the predominant clay minerals. Quartz
constitutes about 50 percent of the Ashfield shale from the three sites. Previous
studies of the Wianamatta group shales have also indicated (Table 3.2 a,b) that
clay minerals comprise from 45 to 60 percent of the material and that kaolin and
illite are the predominant clay minerals (Loughnan, 1960, Dolanski, 1971, Slansky,
1973 and Herbert, 1979). Previous studies have also indicated that quartz
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comprises from 25 to 45 percent of the Ashfield shale (e.g. Herbert, 1979; Table
3.2b).

The current results indicate that kaolinite is more abundant than illite. Based
on the XRD quantitative analysis the current results agree well with previously
published data.

The thin sections of Ashfield shale were examined in optical microscopy with
ordinary and polarizan lights. It was shown that the laminations in Ashfield shale
range from about 0.05to 1.0 mm in thickness and appear to be of alternations of

coarse and fine particles, such as angular quartz and clay minerals (Figure 3.7).
3.3.3.2 SEM results

The prepared samples of Ashfield shale were examined in both the secondary
electron (SE) and backscattered electron (BE) modes with the SEM operating at
20 kV and with the electron beam normal to the specimen surface. The
magnification chosen was varied between 100 and 3000 times, as this proved most
useful in observing the range of particle sizes present. The nature of the samples
examined in the secondary image and the back-scattered mode is illustrated by
the micrographs in Figure 3.8. In normal photographic recording of back-
scattered images, it is common to slightly saturate the white areas and the dark
areas, as this provides a better visual presentation. Once the contrast range has
been set, the specimen is scanned slowly to acquire the digital image. For
quantitative chemical analysis of samples of Ashfield shale an X-ray analyser,
attached to a scanning electron microscope, was used. Once the back-scattered
image had been stored, the SEM was operated in the X-ray mode and a trace
obtained to determine the elements present in the sample. This enabled windows
to be drawn about each elemental peak for use in subsequent X-ray mapping.
The clay minerals and other mineral components were differentiated on the basis

of their chemical composition as indicated by qualitative X-ray microanalysis.
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Figure 3.8 (a and b) shows the backscattered electron (BE) and secondary
electron (SE) mode photographs at magnification (100x) for a sample of Ashfield
shale from the Ryde-interchange site, respectively. Scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy analysis (EDS) responses from
certain elements (Fe, Ca, Mg), suggest that the white spots in BE or dark spots
in SE mode photographs are siderite. EDS responses from certain elements (K,
Al, Si) suggest that some of these flat surfaces around the white spots (Figure
3.8a) are oriented flakes of illite. In all figures, numerous flat surfaces are

exposed.

A linear fabric characteristic was observed most clearly on surfaces cut
perpendicular to the laminations. This fabric is produced by numerous roughly
parallel linear features. Figure 3.9,at a higher magnification (3000x), shows many
such individual lineations. The observations at higher magnification suggest that
these linear trends are because of the orientation of the clay particles. In this
figure the white large mineral (A) in the middle contains Phosphorus (P). The
trace elements, Cerium, Lanthanum, Thorium (Ce, La, and Th) were found in the
phosphate (X-ray spectroscopy A, Figure 3.9). The phosphate in the Ashfield
shale is mainly concentrated in nodules. The Phosphate nodule is surrounded by
kaolinite and illite. A previous study also confirmed the presence of Phosphate,
mainly as nodular concretions in the Ashfield shale (Herbert, 1979). EDS
responses (X-ray spectroscopy B) from certain elements (K, Al, Si) suggest that
some of these flat surfaces around the white mineral (Figure 3.9) are oriented
flakes of illite.

Aluminium is a good indicator of clay minerals, and large amounts were
present in the samples of Ashfield shale under study. The back scattered electron
image and X-ray analysis responses of the Ashfield shale from Surry Hills are
shown in Figures 3.10 (a) and (b). EDS responses from certain elements,
Potassium, Aluminium, Silicon (K, Al, Si) in Figure 3.10 (a), suggest that some

of these flat surfaces are illite. The photo shows that the bulk of the matrix of
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the sample is composed of platy clay minerals which show a definite preferred
orientation. The white spots in BE (Figure 3.10a, F) with certain elements, lron,
Calcium, Magnesium (Fe, Ca, Mg), (X-ray spectroscopy F) suggest that some of
these are siderite. Numerous SEM observations have been made of the silt-sized
detrital grains in the shale samples. Quartz is most commonly observed. Figure
3.10 (b) shows the back scattered electron image, with magnification of 1300x,
image for Ashfield shale from Moorebank. The large grey high relief grain (C)
is quartz (X-ray spectroscopy C).‘ As this figure shows, quartz is surrounded by
clay minerals (D). Some siderite is also evident in this figure. The bulk of the

matrix of the rock is composed of kaolinite and illite.

Previous studies have indicated that two minor but significant minerals within
the Ashfield shale are Siderite and Feldspars. Electron microscopy and optical
microscopy have revealed that the Siderite is finely dispersed in the Ashfield
shale. Based on optical microscopy compared to other components Siderite
comprises about 8 to 10 per cent. Previous studies have indicated Siderite
contents of about 10 to 12 percent (Ferguson and Hosking, 1955). No significant
Feldspar was detected in the samples used in this study, although at other
locations they have been detected (for instance Herbert, 1979 reported Feldspar

amounts of about 0.2 per cent).

X-ray diffraction, scanning electron microscopy and optical microscopy studies
of the Ashfield shale from the three sites show no significant difference in
mineralogy between the sites. The current results agree well with previously
published data. It appears that there are no significant differences in mineralogy
throughout the Ashfield shale.

3.4 PHYSICAL PROPERTIES

In this section some of the basic properties of Ashfield shale are considered, viz.
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the moisture content, the density, and the porosity. Some of the data used in this
section to illustrate these properties have been obtained from geotechnical
consultants and agencies in the Sydney region (see Ghafoori et al., 1993). They
include Ashfield shale samples from many locations in the Sydney Basin, with

geological descriptions ranging from intact to highly weathered.

Physical property tests on shales, as with other materials in the earth’s crust,
have been performed for many years. Because of the grain size and the
complexity of their clay mineral fraction, shales are among the most difficult rocks
to analyse completely. The physical properties of shale are closely interrelated
and it is difficult to discuss one property without mentioning the others
(Underwood, 1967). Properties such as natural water content, specific gravity of
particles and bulk density are fundamental to the understanding of the
relationships between the different phases in a rock or soil. Suggested methods
for measuring the properties of intact rock are detailed in ISRM (1979b) and

have been followed in this study.
3.4.1 Moisture content

It has been well established that the moisture content in argillaceous rock masses
such as mudstones and shales can have significant effects on their physical
properties. Changing the moisture content of a rock can significantly alter its

mechanical properties.

For the samples of Ashfield shale considered in this study and a large number
of samples from different locations with different degrees of weathering (Ghafoori
et al., 1992, 1993) the natural moisture contents range between 1.12and 8.76%.
The moisture content referred to here is based on the weight of the water in a
shale specimen divided by the weight of the oven dried specimen, and is
expressed as a percentage. The mean moisture content of all samples was

calculated to be 3.0%, with a standard deviation of 1.2%.
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To compare the Ashfield shale from the three specific sites considered in this
work, the natural moisture contents of more than twelve samples of fresh shale
from these sites were determined and the results are presented in Table 3.3.
They indicate that the natural moisture content of fresh Ashfield shale ranges
between 2% for the Surry Hills and Moorebank sites to about 4.5% for the Ryde-

interchange site.
3.4.2 Porosity

The porosity of a rock is the volume of the pores or air spaces expressed as a
percentage of the total volume of the sample. Porosity is an important physical
property of rock in the field of geolbgy, geophysics, rock mechanics and petroleum
engineering. The density, strength, sorption and in general rock elasticity will be
affected by porosity. This is particularly important in weak rocks where the
porosity is relatively high. The porosity of a rock depends upon the shape of the
grains, size of the grains, distribution of the grains, orientation of the grains and

also on the mineralogy, texture and cementing material.

There are several different methods for the determination of porosity, but
because of the disintegration of the samples in water most of these methods are
not applicable for the Ashfield shale. A gas porosimeter apparatus, which works
basically on air displacement, was used to determine the porosity of the Ashfield
shale samples in this study. The gas saturation method provides the effective
porosity, which gives the volume of interconnected pores, and not necessarily the

true porosity.

All the rock samples prepared in this study were cylindrical cores with 25 mm
diameter and 25 to 30 mm length. The ends of each sample were cut to be plane
and parallel. All the samples were oven dried prior to test and thereafter cooled
in a desiccator before estimation of their porosity. The porosity measurement by

the gas porosimeter was rapid and each measurement took between 5 and 10
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minutes. The pore volume was calculated from the difference in bulk and grain
volumes. The bulk volume of each sample was determined in a volumetric

apparatus that used the displacement of mercury.

The porosities of fourteen samples of fresh Ashfield shale from the three sites
were determined and the results are presented in Table 3.5. Table 3.5 shows the
porosity of fresh Ashfield shale ranges between 5% for the Surry Hills and
Moorebank sites to about 13% for the Ryde-interchange site. Using the data in
Table 3.5, a plot of porosity versus dry density was prepared and this is also
shown in Figure 3.11. It indicates a linear relationship between the porosity and

dry density. The following equation provides a good fit to the data:

v, = (2.711-0.025n)y 3.1)

in which

n = Porosity (%)

v, = dry density of the rock, and

v, = unit weight of water (1 ¢/m’ or 64 Ib/ff’)
Regression analysis shows that equation (3.1) fits the data with a correlation
coefficient of 7 = 0.89. A total of 14 data points were used in this study and the

standard deviation was 0.026vy,,.

From porosity measurements (Table 3.5) the mean value of the specific
gravity, G, = 2.74 was obtained. The theoretical relation between dry density and

porosity is given by

¥, = G(1-m)y,, 3.2)

Using Equation (3.2), a plot of porosity versus theoretical dry density was
prepared and this is also shown in Figure 3.11. Figure 3.11 shows there is a close

agreement between the empirical and theoretical equations.
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3.4.3 Density

The density or unit weight of a rock is defined as its weight per volume,
Mineralogy, porosity, joints, and other open spaces in rock all influence its
density. The mechanical properties of the intact rock can be expected to depend

on the density.

The dry densities of all shale samples considered in this study and a large
number of samples from different locations with different degrees of weathering
(Ghafoori et al., 1992, 1993) range from 2.15 to 2.7 t/m’, and the mean dry
density was calculated to be 2.47 t/m*, with a standard deviation of 0.11 t/m*. A
plot of dry density versus moisture content is shown in Figure 3.11, which
indicates that the dry density decreases with an increase in the moisture content.
Figure 3.11 indicates a linear relationship between dry density and moisture

content. The following equation provides a good fit to the data:

y, = (2711-0.064m )y, 3.3)

in which

m, = moisture content (%)

v, = dry density of the rock, and

7. = unit weight of water (1 ¢/m’ or 64 Ib/ft’)
Regression analysis shows that equation (3.3) fits the data with a correlation
coefficient of 77 = 0.91. A total of 50 data points were used in this study and the
standard deviation was 0.031+,,. Because of the closeness of this correlation and
because the natural moisture content of a shale sample is a relatively simple
parameter to determine in practice, equation (3.3) provides an indirect but very

convenient means of estimating <y, for Ashfield shale.

A mean value of G, = 2.74 has been obtained from porosity measurements
of samples of Ashfield shale (Table 3.4). If it is assumed that the shale is

saturated then the relation between dry density and moisture content may be

70



Chapter 3 - Geology and physical properties of Ashfield shale

obtained from the following theoretical equation,

Gy
= 5w (3.4)
Yd l+e
e = mG, 3.5

Using Equations (3.4) and (3.5), a plot of moisture content versus dry density was
prepared and this is also shown in Figure 3.11. Again there is close agreement

between the empirical and theoretical equations.

The natural water content has been calculated assuming fully saturated
samples (s=17), using Equations (3.4) and (3.5) and measured values of dry density
and a mean value of G, = 2.74 (Table 3.4). The water contents estimated in this
way are also shown in Table 3.4, Comparing these estimated water contents with
direct measurements of water content (Table 3.3),it was found that all samples
of the Ashfield shale were close to being fully saturated in-situ, so the natural
water content gives a direct measure of the porosity of the shale. Conversely,
because the samples of the Ashfield shale were almost fully saturated in-situ, it
follows that the changes in moisture content mostly reflect changes in porosity of

the shale rather than the degree of saturation.

From a sample size of 51, the bulk density of Ashfield shale was found to
have a range from 2.34 ¢/m® to 2.73 t/m’. The mean bulk density was calculated
to be 2.54 t/m* with a standard deviation of 0.073 #/m’. In an earlier study of
‘hard’ Ashfield shale the in situ density was found to range from 2.43 t/m® to
2.64 t/m*> (Chesnut, 1983).

The distribution of densities with depth below the surface for five boreholes
at the Ryde-interchange site is shown in Table 3.5 and a plot of bulk density

against depth is shown in Figure 3.12. The range of depths covered is from 3.5
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to 11.5 m. Table 3.5 and Figure 3.12 show the concentration of points in the
range from 2.34 to 2.66t/m’. In general, the trend is one of density increasing
with depth, but because of the limited depths for the existing data no great

significance can be attached to this result.

3.5 WEATHERING

Whenever argillaceous rocks are either exposed or lie close to the surface,
weathering processes begin to take effect. Both physical and chemical processes
are important in controlling the weathering of argillaceous rocks. The physical
processes are generally a prerequisite for subsequent chemical weathering.
Discolouration of the rock material gives evidence of weathering, and as the
degree of weathering increases the discolouration tends to increase. The
weathering process is often associated with an increase in clay content and this
will change the engineering properties of the shale. In particular, it will increase

the porosity and decrease the density and strength.

Definitions of the various grades of weathering that are based on visual
assessment of the rock samples (uéually made in the field) are given in Table 3.6.
The definitions given in this table are very similar to those that have generally
been used by the supervising geologists and geotechnical engineers in the field
classification of many of the samples considered in this study. Similar definitions
for the degrees of weathering may be found in the appropriate ISRM guidelines
(e.g. see Brown, 1981) and in the Australian standard for site investigation (SAA,
1981).

3.6 ATTERBERG LIMITS

The index tests proposed by Atterberg (1911), which were introduced into soil
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mechanics by Terzaghi (1962), measure the water contents at which the soil mass
passes from one state to the next. The indices which are most useful for
engineering purposes are the liquid and plastic limits and their numerical
difference, named the plasticity index. These limits are expressed as percent
water content, measured by weight. Atterberg limits and activity can provide a

rough guide to the clay mineralogy (see Skempton, 1953).

To determine the liquid and plastic limits of Ashfield shale, the material
passing from the drum in the slaking test (Chapter 4) was used. For the more
durable samples the retained portion of material in the slaking tests was crushed
by ball-milling. The Australian standard procedure (AS 1289 Cl1, 1977) for the

determination of the liquid and plastic limits was used.

A total of 20 liquid limit and plastic limit tests were performed on materials
used in the slaking tests. For every test, after determining the liquid limit (LL)
and the plastic limit (PL), the plasticity index (I,) was calculated from the

following equation:

1, = LL-PL (3.6)

A summary of the Atterberg limits for Ashfield shale is given in Tables 3.7 and
3.8. As can be seen in Table 3.7, the Ashfield shale has very low plastcity,
ranging from a plasticity index of 2.9to 6.2. A plot of the previous (Herbert,
1979) and present test results on the Casagrande "A"line chart is shown in Figure
3.13. Figure 3.13 shows that the majority of the samples of Ashfield shale tested
plot near the A-line of the plasticity chart in the low plasticity range. On the
basis of the Atterberg limits, the Ashfield shale components may be classified as
silt and clay with low plasticity (CL-ML). The previous study of the Ashfield
shale by Herbert (1979) also showed very low plasticity, with a plasticity index
ranging from 1.2to 6.9.

Figure 3.14 shows the relationship between the liquid and plastic limits for the
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present and previous data. There is a clear trend of increasing plastic limit, and
plasticity index, with increasing liquid limit. Figure 3.15 shows a plot of liquid
limit against natural water content. It can be seen that there is a rough trend for

the liquid limit to increase with increasing natural water content.

3.7 CLAY CONTENT

The clay size fraction, as determined from sedimentation analysis and Stokes’s
law, describes the particles with an equivalent spherical diameter of less than 2
micron. Four samples of highly weathered to fresh Ashfield shale from the Ryde
site were used for the clay size fraction in this study. The samples were ground
and passed through a 425 pm mesh sieve. In the sedimentation analysis, only
those particles which were finer than 75 micron size were included. The
Australian standard procedure (AS 1289.C6.3,1977) was used to determine the
clay fraction less than 2 microns. The results of these tests indicated clay
fractions of about 30% whereas the mineralogical studies indicated clay fractions
of about 50% in all samples. This discrepancy presumably reflects the presence
of significant quantities of large kaolin particles. This could be caused by
cementation (fusing of the clay particles at high temperature and pressure). The
process of weathering causes a breakdown of the cementation. Thus clay mineral
content remains constant, but clay particle size fraction increases. This could also
explain increasing of the liquid limit, /,, and durability of Ashfield shale. Because
of the limited number of samplés tested, the results can not be considered

conclusive, but trends are as expected.

Figures 3.16and 3.17 present the variations of the liquid limit and plasticity
index versus clay fraction less than 2 microns, respectively, for highly weathered
to fresh Ashfield shale. Figures 3.16and 3.17 show that increasing clay fraction
(less than 2 micron) is associated with an increase in liquid limit, which as noted

above is associated with an increase in plasticity index. The relationship between
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weathering grade and clay fraction is shown in Figure 3.18. This figure shows that
as the shale weathers the clay fraction (less than 2 microns) tends to increase.
The results for four samples of Ashfield shale are typical of many shales in that

weathering increases the clay fraction and increases the water content.

Activity is the ratio of the plasticity index to the percentage of clay less than
2 microns (Skempton and Northey, 1953). The activity of the four samples tested
varied between 0.2to 0.27. Based on Skempton’s classification, all four samples
would be described as inactive. This low activity was expected because of the
predominance of kaolinite and the absence of smectite in the Ashtfield shale, and

the swelling potential can be expected to be very low.

3.8 CONCLUSIONS

X-ray diffraction analyses of the Ashfield shale show no chlorite, no mixed-layer
clays, and no smectite. The X-ray trace of the less than 2 micron fraction shows
that kaolinite and micaceous clay minerals (illite) are the dominant clay minerals
in Ashfield shale, and that on average kaolinite is more abundant. Quartz is the

major non-clay constituent of the Ashfield shale.

A number of large mineral grains were shown within the platy fine-grained
matrix. Quantitative chemical analysis of samples of Ashfield shale showed that
silicon, aluminium and potassium (Si, Al, K) were the main constituents and iron
(Fe) was present to some extent in all samples. The presence of iron within the
Ashfield shale samples reflects the presence of siderite in this rock. Siderite was
found to be finely dispersed in the Ashfield shale and no feldspars were detected
in this study.

The effect of weathering is to increase the clay and moisture contents.

However, different fresh unweathered shales had different moisture contents.
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The variability of the natural moisture content can be correlated with
mineralogical factors. Increasing moisture content was associated with increasing
clay content (particles less than 2 microns) and in turn this was associated with
an increase in plasticity index and plastic and liquid limits. The natural moisture
content has been found to be a good predictor of the index properties and clay

content of the shale.

Throughout the Sydney region the depth to fresh shale has been found to vary
quite considerably., For example, in the Ryde area where the shale outcrops,
fresh shale has also been found at depths between 5 and 9 m below the surface.
In other places, where residual soils overly the shale, fresh shale has been found

as close as 0.2 m below the soil-rock interface.

Comparing the estimated water contents (s=1) with measured values of water
contents, it was found that all samples of the Ashfield shale to be essentially fully
saturated in-situ so the natural water content gives a direct measure of the
porosity of the shale. Measurements of the porosity and water content of some
shale samples indicate that the changes in moisture content mostly reflect changes

in porosity of the shale.

Based on visual assessment, the Ashfield shale from the Ryde-interchange
area consists of finer grained materials than Ashfield shale from Surry Hills and
Moorebank. In the Moorebank and Surry Hills sites the Ashfield shale consists
of generally dark grey to grey silty and sandy shales with laminated silty bands.
The porosity of fresh Ashfield shale ranges between 5% for the Surry Hills and
Moorebank sites to about 13% for the Ryde-interchange site. The natural
moisture content of fresh Ashfield shale also ranges between 2% for the Surry

Hills and Moorebank sites to about 4.5% for the Ryde-interchange site.
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Table 3.1. Average clay minerals and quartz composition in the Ashfield shale

determined in this study

Ashfield shale site Kaolinite Mlite Quartz
% % %
Ryde-interchange 27 23 50
Surry Hills 27 18 55
Moorebank 26 22 52

Table 3.2a. Average clay mineral

composition in the Wianamatta

group shales

Rock type Kaolinite Illite [llite-Smectite Source
% % % %
Ashfield shale 60 40 - Herbert (1979)
Ashfield shale 55 45 - Loughnan (1960)
Bringelly shale 45 35 20 Loughnan (1960)

Table 3.2b Mineralogy of claystone-siltstone in the Wianamatta group

(after Herbert,1979)

30 m of Bringelly shale

Rock type Total clay minerals Quartz Other minerals

% % %
Upper Bringelly shale 45-65 25-52 usually < 10
Ashfield shale and lower 40-60 20-45 usually < 16
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Table 3.3 Moisture content for the Ashfield shale from three sites

Sample number

Moisture content (%)

Ryde-interchange Surry Hills Moorebank
4.6 1.7 2.1
4.3 1.6 2.3
4.5 1.8 1.9
4.4 2 2.1

Table 3.4. Porosity and dry density of Ashfield shale from three sites

78

Sample Grain vol. Bulk vol. S. grain density Dry density Porasity Moisture con.
name (emh) {cm™y (g/ce) (g/ce) (%) §=1
RI 11.30 12.83 2.73 2.40 11.92 4.99
R2 10.89 12.11 2.71 2.44 10.10 4.16
R3 20.23 23.08 2.75 2.41 12.35 5.07
R4 13.17 14,94 2.76 2.44 11.84 4.81
RS 11.07 12.45 2.78 2.47 11.09 4.55
R6 20.23 22.31 2,70 2.45 9.34 3.76
R7 19.76 22.11 2.74 2.45 10.65 4.34
51 16.24 17.00 2.76 2.63 4.48 1.73
52 12.38 13.12 2.67 2.52 5.65 2.28
83 20.66 21.83 n 2.57 5.38 2.12
F1 16.43 17.40 2.76 2.60 5.57 2.1%
F2 12.73 13.56 2.74 2.57 6.12 2.44
F3 19.01 20.14 272 2.57 5.60 2.16
R = Ryde S = Surry Hills F = Moorebank
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Table 3.5 Bulk densities at different depths for five boreholes in Ryde-

interchange site.

Bore. No. 1 | Bore. No.2 Bore. No.3 Bore. No.4 Bore. No.5
e — _.._r_._...____.—-———"]._-—-—

Depth Density Depth Density Depth Density Depth Density Depth Deneity
(m) (tYm*) (m) wm?) (m) (m* (m) wm* (m) Wm"
6.72 2.36 5.78 2.47 6.29 2.48 3.64 2.43 5.58 2.34
7.68 2.46 6.34 2.57 6.79 2.55 4.54 2.49 7.48 2.49
8.75 2.44 7.50 2.45 7.10 2.51 5.58 2.48 9.90 2.48
9.5¢ 2.48 8.09 2.53 8.75 2.56 6.57 2.53 11.52 2.57
10.44 2.56 8.80 2.51 10.08 2.61 7.58 2.49

9.44 2.54 1111 2.66 9.55 2.57

10.70 2.60 10.46 2.59
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Table 3.6 Definitions of the Degrees of Weathering

Grade Symbol

Description

Definition

1 F

Fresh

Rock substance is unaffected by weathering.

2 SW

Slightly

weathered

Rock substance is affected by weathering to the extent
that staining or partial discolouration of the rock
substance by limonite has taken place. The colour and
texture of the fresh rock is recognisable. The strength
properties are essentially those of the fresh rock

substance.

Moderately

weathered

The rock substance is atfected by weathering to the
extent that limonite staining extends throughout the
whole of the rock substance and the original colour of

the rock is no longer recognisable.

Highly
weathered

The rock substance is affected by weathering to the
extent that limonite staining or bleaching affects the
whole of the rock substance and signs of chemical and
physical decomposition of individual minerals are
usually evident. The porosity and strength may be
increased or decreased when compared to the fresh
rock substance, usually as a result of the leaching or
deposition of iron. The colour and strength of the

original fresh rock substance is no longer recognisabie.

Extremely

weathered

The rock substance is affected by weathering to the
extent that the rock exhibits soil properties, i.e. it can
be remoulded and can be classified according to the
Unified Classification System, but the texture of the

original rock is still evident.
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Table 3.7 A summary of the Atterberg limit test results (present study)

No. of sample Liquid Limit (%) Plastic Limit (%) Plasticity Index (%)
LL PL 1,
SLP1 20.2 15.4 4.8
SLP2 21.3 16.8 4.5
SLP3 19.1 15.0 4.1
SLP4 18.9 16.0 2.9
SLP5 18.9 15.2 3.7
SLP6 21.5 16.6 4.9
SLP7 22.4 17.8 4.6
SLP8 18.3 14.7 35
SLP9 22.3 16.5 5.8
SLP10 20.4 15.8 4.6
SLP11 19.5 15.4 4.1
SLPi12 233 17.1 6.2
SLPi3 23.0 17.1 5.9
SLP14 19.1 15.0 4.1
SLPi15 18.0 14.2 3.8
SLP16 17.6 14.0 3.6
SLP17 20.8 15.6 5.2
SLP18 19.5 14.3 5.2
SLP19 20.9 15.5 5.4
SLP20 24.1 17.9 6.2
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Table 3.8 A summary of the Atterberg limit test results (after Herbert, 1979)

No. of sample Plastic Limil (%) Liguid Limit {%) Plasticity Index (%)
PL LL i

Ba20 11.7 17.4 5.6
Ba2l 13.2 19.1 5.9
Ba22 14.7 21.1 5.4
Ba23 13.0 17.9 49
Ba24 14.9 20.0 5.1
Ba23 12.8 5.7 28
Ba26 12.8 16.2 34
Ba27 13.4 203 6.9
Ba28 15.1 219 6.8
Ba29 2.3 18.1 58
Ba30 13.3 | 18.7 5.4
Ba3l 13.2 18.2 5

Ba32 13.6 15.4 1.8
Bal3 14.7 21.2 6.5
Ba34 14.0 19.9 5.9
B21 16.0 17.2 1.2
B22 15.4 20.0 4.6
B23 15.3 20.7 5.4
B24 13.6 16.2 2.6
M1 16.0 13.0 2.0
M2 14.0 18.0 4.0
M3 14.0 16.0 2.0
M4 14.0 17.0 3.0
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Figure 3.3 Weathered outcrop of the Ashfield shale at the

Ryde site
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Figure 3.7 Photographs of the thin section of Ashfield shale, (a) ordinary light, (b) polarizan light, x25
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CHAPTER 4

INDEX TESTS

4.1 INTRODUCTION

Simple index tests has been performed to investigate the mechanical and
physical properties of Ashfield shale. Intact shale specimens have been used
for all the uniaxial compression tests, point load tests and slake durability tests

performed.

The uniaxial compressive strength (UCS) is possibly the most broadly used
parameter in rock engineering. To investigate the strength of Ashfield shale in
general, a large number of uniaxial compression tests were carried out on
prepared cylindrical samples cored perpendicular to the laminations. The aim
of this series of tests was to establish a correlation between the results of
uniaxial compression tests and various other physical and mechanical
properties. A series of uniaxial compression tests was also performed on
samples of Ashfield shale with different lamination directions to determine the
anisotropic strength variation and deformational behaviour of Ashfield shale.

The results of this series of tests are presented in Chapter 5.
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Chapter 4 - Index tests

To investigate the strength of Ashfield shale in general, a large number of
diametral and axial point load tests have been carried out on prepared core
samples. The aim of these tests was to investigate the effect of sample
geometry, degree of weathering and loading configuration on the point load
strength index, and to establish a correlation between the results of uniaxial
compression tests and diametral and axial point load tests. The ratio of the
point load strength indices measured parallel and normal to the laminations
has also been determined. This has given a measure of the strength

anisotropy.

This chapter also summarises the findings of a study of the slaking
behaviour of Ashfield shale. The results of slake durability tests are presented
in this chapter and the relation of the durability to other properties is
investigated. The degree of breakdown of the Ashfield shale upon drying and
wetting was measured using slake-durability apparatus. =Normally argillaceous
rocks such as shale have low durability to weathering and breakdown upon

exposure to drying and wetting.

Slaking is a short-term physical disintegration process that may occur in
some geological materials that are exposed at the surface. Material
characteristics and local environmental conditions are the two important
factors that control this disintegration. In slake durability tests the
deterioration of a rock from cycles of wetting and drying is investigated. All
rocks will be affected to some extent by cycles of wetting and drying, but the
effects on shales can be very pronounced. It has been suggested that the slake
durability test can also be used to predict the engineering performance of
shales (Gamble, 1971).

A description of the index tests and test results for Ashfield shale are
individually presented in this chapter. Data on moisture contents, degree of

saturation, porosity and density were presented in Chapter 3.
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4.2 INDEX TEST PROGRAMMES

A total of 150 uniaxial compression tests, 250 axial and 100 diametral point
load tests and 60 slake durability tests have been performed on the Ashfield
shale. Table 4.1 summarises the laboratory test programme. Addition UCS
and point load test results have been obtained from previously unpublished
data kindly provided by geotechnical consultants and agencies that are active
in the Sydney region (Ghafoori et al., 1993). These include Ashfield shale
samples from many locations in the Sydney basin, with geological descriptions
ranging from intact to highly weathered shale. For brevity, only selected test
results are presented in the figures of this chapter. However, all test data are

included in the analysis of the results.

4.3 TEST EQUIPMENT

4.3.1 Uniaxial compression tests

The uniaxial compression tests were performed on cylindrical core specimens,
using a 250 kN capacity servo controlled testing machine (INSTRON, MODEL
TT-KM). The INSTRON consists of an integrated loading frame and control
system in which the cross-head applies the load necessary at a rate that can be
controlled manually. This machine can be adjusted to supply a constant stress
or strain rate. In the tests reported here the axial load was applied with a
constant rate of axial deformation (a constant cross-head rate). In this series
of tests a rate of cross-head movement of 0.2 mm/minute was selected on the
basis of a nominal time to failure of 10 to 15 minutes from the beginning of
loading. To reduce the specimen end effects all uniaxial compression tests
were performed with steel end platens with smooth surfaces, the same
diameter as the test specimen, with a spherical seat in the upper platen,

following the recommended ISRM test procedure.  The system had an
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automated data logging program to record the progress of the test. The data

read during the test were stored on a computer hard disk for later processing.

A linear variable differential transformer (LVDT) was used for measuring
the axial deformations caused by the axial loading. In accordance with the
ISRM suggestion the LVDT was graduated to read in 0.002 mm units and was
accurate within 0.002 s in any 0.02 mm range and within 0.005 mm in any
0.25 mm range. A high magnification micrometer was used to calibrate the
LLVDT.

The magnitudes of the applied uniaxial compressive load and axial
displacement were monitored throughout each test. The uniaxial compressive
load was measured by a load cell mounted on the cross-head of the testing
machine. The precision and linearity of the cell were confirmed by a
calibration test prior to use. The load cell has a maximum capacity of 250 &N.
The voltage outputs of the load cell and LVDT were suitably amplified and
then fed into an analog-digital converter and stored in the memory of a

computer system for later processing.

4.3.2 Point load tests

The point load test was performed on core samples of about 52 mm diameter.
Details of the loading arrangements are illustrated in Figure 4.1. A portable
apparatus consisting of a loading frame, pump, ram and cones, as shown in
Figure 4.2, was used. This simple point load apparatus is light and has a
capacity of 12 tons. The hydraulic pressure gauge connected to the ram was
used to measure the failure load required to break the specimen. The
diameter and length of all samples were measured to + 0.1 mm by using a

vernier calliper in accordance with ISRM procedures.
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4.3.3 Slake durability tests

The slake durability tests have been performed on samples of Ashfield shale
using a device similar to that developed by Franklin and Chandra (1972),
following the suggested ISRM (1979a) method. The apparatus consisted of an
electric motor, a test drum and a slaking trough. The test drum with 2 mm
standard mesh was a cylinder, 100 mm in length and 140 mm in diameter, with
at one end a solid fixed base and at the other end a solid removable lid. The
drum can withstand a temperature of 105°C and it is strong enough to retain
its shape during the test. The drum was rotated about a horizontal axis by the
electric motor at a speed of 20 revolutions per minute in a trough with the
slaking fluid (usually water) to a level of 20 mm below the drum axis. This
apparatus was constructed according to the dimensions given by Franklin and

Chandra (1972) and it is shown in Figure 4.3.

4.4 SPECIMEN PREPARATION

4.4.1 Uniaxial compression tests

To obtain samples for uniaxial compressive strength tests boreholes were
drilled by large truck mounted rigs provided by the Roads and Traffic
Authority of New South Wales (RTA) at the Ryde interchange site. Details
have been given in chapter 3. Cores were also obtained from block samples
recovered from an excavation in Surry Hills near the Central railway station in
Sydney. Core samples were obtained from the blocks of shale using a drilling
machine in the laboratory. The blocks were firmly clamped onto the drilling
table so that good quality core specimens could be obtained. Water was used
for cooling and flushing during the drilling. All samples were coated with
Valvoline Tectyl immediately after coring to prevent moisture content changes.

All the core samples were cut to length with a small diamond saw and their
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ends were ground by sandpaper to make them smooth and perpendicular to

the longitudinal axis according to the ISRM (1981) recommendation.

The diameter of all samples was approximately 52 mm. The diameter
and height of the specimens were measured with a vernier calliper according
to the ISRM suggested methods. The diameter of each specimen was
measured to the nearest 0.1 mm by averaging two diameters measured at 90
degrees to each other at about the mid height and the upper and lower ends of
the specimen. The average diameter was used for the cross-sectional area
calculation. The height of each specimen was measured to the nearest 0.1 mm

by averaging two diametrically opposed height measurements.

4.4.2 Point load tests

The core samples for the point load tests were taken only from the Ryde-
interchange. Some of these cores were drilled in the Ryde-interchange area in
about 1991 and were brought from the New South Wales Roads and Traffic
Authority (RTA) stores for testing in 1993.

In all the diametral tests, core samples with a length to diameter ratio
greater than 1.0 were selected for testing and all samples were split along the
laminations. In the axial test, core samples with a length to diameter ratio
between 0.5 and 1 were chosen for testing perpendicular to the laminations.
Suitably sized samples for axial point load tests were obtained either from

samples first split by diametral testing or by diamond saw cutting.

4.4.3 Slake durability tests

Samples for this study came from three sites in the Sydney metropolitan area.
The majority of the samples were obtained from borehole coring at the Ryde-

interchange site in northern Sydney. At the Ryde site the shale varied from
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fresh unweathered to highly weathered. Other fresh samples were obtained
from blocks of shale obtained from excavations at Moorebank, in western

Sydney, and from Surry Hills, near the business centre of the city.

Slake durability tests have been performed on samples varying from fresh
intact to highly weathered shale. Tap water and in some tests distilled water
at room temperature (about 22°C) were used as the slaking fluid. There was
not any significant difference between the results of slake durability, using tap

water or distilled water.

4.5 TEST PROCEDURES
4.5.1 Uniaxial compression tests

All specimens tested in uniaxial compression were right circular cylinders with
a height to diameter ratio of approximately 2. Each specimen was carefully
placed concentrically with the load cell and the base platen. Axial load on the
specimen was applied by providing a constant deformation rate such that
failure occurred within 5 to 10 minutes of loading. The ISRM (1981)
suggested method for determination of the uniaxial compressive strength of

rock materials was followed.
4.5.2 Point load tests

The sample preparation and the testing procedures used for point load testing
generally followed the suggested methods of the International Society for Rock
Mechanics (1985). Each sample of Ashfield shale was placed into the testing
apparatus such that the laminations were either parallel or normal to the

loading axis.
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4.5.2.1 Calculation procedure

The International Society for Rock Mechanics suggested method for
calculation of the point load strength index, Iys, was adopted. The equation

used to calculate the point load index is as follows

I = — 4.1)
De
where D,, the equivalent core diameter, was given by:
D? = D? for diametral tests; 4.2)
and
p? - 44 for axial tests, (4.3)
T
The symbols used in these equations have the following meanings:
P = Failure load
I = Uncorrected point load strength index
D = Diameter (distance between loading points in diametral test)
A= L x D, the minimum cross sectional area of a plane through the
loading cone contact points.
L= Length (distance between the loading cones in an axial test)

Point load tests in the two directions parallel and perpendicular to the
laminations were performed. The strength anisotropy index, the ratio of point
load strengths in these two directions, I, was measured.
4.5.2.2 Size correction

The test sample shape and size have significant effects on the derived index
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value, so in order to obtain a unigue point load strength value for the rock
sample a size correction must be applied. The results should be corrected to a
standard thickness of 50 mm. Greminger (1982) found that the size and shape
effects in point load testing are independent of the degree of anisotropy and
loading direction. The point load strengths are a function of D (in diametral
tests) and D, (in axial tests). In the current work the following equation, as
suggested by the International Society for Rock Mechanics (1985), was used

for the size correction:

Is(so) = I"'xl"v 4.4
where:
F = a size correction factor
I = uncorrected point load strength

and the size correction factor can be obtained from the following expression:

0.45
F- (%) 4.5)

where De is measured in mm.
For tests on samples near the standard S0 mm size, the following approximate

expression has also been suggested in the ISRM procedures:

0.50
P (_‘;’_6] (4.6)

In the case of Ashfield shale, the diameter of all samples tested was about

52 mm, so equation (4.6) has been used to calculate the size correction.

4.5.3 Slake durability tests

The slake durability sample consisted of ten representative shale lumps, nearly

equ-dimensional in size, each with a mass between 40 to 60 grams, to give a
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total sample mass of 450 to 550 grams. The following steps describe the test
procedure.

(a) The specimens were placed in the drum and oven dried for at least 6
hours to a constant weight at a temperature of 105° C. The weight (A) of the
drum plus specimens was recorded and then both were cooled at room
temperature for about 30 minutes. The drum containing the specimens was
mounted in the trough and coupled to the motor.

(b) The trough was filled with slaking fluid (tap water, or in some tests
with distilled water, at 22°C) to a level 20 mm below the drum axis, and the
drum was rotated at 20 revolutions per minute for ten minutes.

(c) At the end of the test, the drum was removed from the trough and the
lid removed from the drum and the drum and the retained portions of the
specimen were oven dried (for at least 12 hours) to a constant weight at
105°C. The combined weight was recorded (B).

(d) The retained material was then subjected to a second cycle of slaking
and steps (b) - (c) were repeated and the weight (C) of the drum plus the
retained portions of the specimen was recorded. For more cycles, the above
procedure was repeated.

(e) The drum was brushed clean and its weight (D) was recorded.

(f) The slake-durability index was calculated as the percentage ratio of the
amount of shale remaining after each cycle to the initial dry sample weight as

follows:

1, - £2,100% @.7)

where:

I, = Slake-durability index (second cycle)
The second cycle slake-durability index was proposed by Gamble (1971) for
use in rock classification. The samples of Ashfield shale were further
characterised by their first, third and fourth cycles for evaluating the effects of

the number of cycles and slaking duration on the slake-durability indices.
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4.6 UNIAXIAL COMPRESSION TEST RESULTS

The experimental programme was designed (Table 4.1) to characterise the
uniaxial compressive strength of the Ashfield shale, to assess the relationship
between uniaxial compressive lstrength and various other physical and
mechanical properties, and to assess the anisotropic behaviour of the Ashfield
shale. The anisotropic behaviour of the Ashfield shale will be discussed in

detail in Chapter 5.
4.6.1 Results of tests with axial loading perpendicular to the laminations

From a total of 150 samples from this study and other sources (Ghafoori et al.,
1993), the measured UCS values ranged from 1.8 to 60.2 MPa. Thirty four of
the samples were classified as fresh Ashfield shale and they had UCS values
ranging from 12.7 to 60.2 MPa. The mean strength for this latter group of
samples was calculated to be 28.2 MPa, with a standard deviation of 14.1 MPa.
This distribution of strengths for the fresh samples agrees well with previously
published data by Burgess (1977), Chesnut (1983) and Won (1985). Figure 4.4
presents the UCS data for Ashfield shale in the form of a histogram chart.

4.6.2 Distribution of UCS test results

The distribution of UCS test results is presented in Figure 4.5, using the
classification into strength groups suggested by the International Society of
Rock Mechanics (1972). According to this classification the fresh Ashfield

shale samples may be described as predominantly a moderately strong to

strong rock.
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4.6.3 Correlation of UCS with other physical properties

4.6.3.1 Moisture content

It has been well established that the moisture content in argillaceous rocks
such as mudstone and shale can significantly affect their physical and
mechanical properties. The results reported in this section have been obtained
from Ashfield shale samples from many locations in the Sydney Basin, with
geological descriptions ranging from intact to highly weathered. For these
samples the moisture contents were in the range from 1.12% to 8.76%. The
mean moisture content of all samples was calculated to be 3.85%, with a
standard deviation of 1.8%. A plot of UCS versus moisture content is shown
in Figure 4.6. This graph indicates that UCS decreases with an increase in the
moisture content, which is consistent with previous findings for other shales
(Salustowicz, 1965; Colback and Wiid, 1965; Jumikis, 1966; Burshtein, 1969;
Van Eeckout, 1976).

As shown in Figure 4.6, the relationship between UCS and moisture
content appears to be exponential. A small increase in moisture content
causes a large reduction in UCS. The variations shown on this figure are

described well by the following equation:

UCS = 600p e 41 4.8)
in which
m,= moisture content (%), and
p, = atmospheric pressure (0.1 MPa or 14 Ib/in?).

Regression analysis shows that equation (4.8) fits the data with a correlation
coefficient of 7 = 0.93. A total of 53 data points, with known moisture content

and UCS, were used in this study and the standard deviation was 25p,.
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Because of the closeness of this correlation and because the natural moisture
content of a shale sample is a relatively simple parameter to determine in practice,
equation (4.8) provides an indirect but very convenient means of estimating UCS
for Ashfield shale. These results demonstrate that a simple classification based on
the natural moisture content, an easily measured quantity, could be adopted for the
Ashfield shale. The fresh shale samples from Surry Hills and Moorebank had

lower moisture contents and higher strengths than the samples from the Ryde site.

4.6.3.2 Unit weight

It is also of interest to investigate the relationship between the density (unit weight)
and other mechanical properties of the intact rock. The mechanical properties of
the intact rock can be expected to depend on the unit weight, as the strength has
been shown previously to be simply related to the moisture content. Figure 4.7,
based on the data accumulated in this study, shows a clear curvilinear relationship
between the UCS and dry unit weight for Ashfield shale, in which the UCS
generally increases with the dry unit weight, The variation shown on the figure is

best described by the following equation:

UCS = 2.05x107* [¢**04 /)] p_ (4.9)
where
Yo = the dry unit weight of the rock (also known as the dry density),
Yo = the unit Weight of water
Do = is atmospheric pressure (0.1 MPa or 14 Ib/ir’).

Regression analysis shows that equation (4.9) fits the data with a correlation
coefficient of # = 0.77. A total of 60 data points were used in this study and the
standard deviation was 45.5 p,.

The dry unit weight of the shale samples considered here ranged from 2.15 to
2.7 t/m?, and the mean dry unit weight was calculated to be 2.47 ¢/, with a
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standard deviation of 0.11 ¢/n?’.

4.7 POINT LOAD TEST RESULTS

4.7.1 Axial point load tests

A total of 237 axial point load tests were performed on core specimens from the
Ryde site which had different degrees of weathering. Because of the laminations,
it was found that the samples with a length to diameter ratio of 1.1 as suggested
by Broch and Franklin (1972) either rotated between the loading cones of the test
equipment or broke at the edges of the sample. Consistent results were obtained
when the length to diameter ratio was between 0.6 to 0.7. The axial point load
results varied between 2.92 MPa for fresh to 0.05 MPa for highly weathered
Ashfield shale. For 191 fresh to slightly weathered samples, the axial point load
indices were in the range from 2.92 to 0.25 MPa. The mean axial point load
strength of all these samples was calculated to be 1.02 MPa, with a standard
deviation of 0.6 MPa.

4.7.2 Diametral point load tests

A total of 152 diametral point load tests were performed parallel to the lamination
planes. In this case, the core samples were split in their weakest direction. Core
specimens with length to diameter ratios greater than 1 were used for these tests.
The distance L between the contact loading point and the nearest free end (Figure
4.2) was chosen to be at least 0.7 times the core diameter for the majority of the

samples.

The diametral point load results varied between 1.07 MPa for fresh to
0.03 MPa for highly weathered Ashfield shale. For 66 fresh to slightly weathered

samples of Ashfield shale the diametral point load strengths were in the range

112



Chapter 4 - Index tests

from 1.07 to 0.18 MPa. The mean diametral point load strength of all these
samples was calculated to be 0.61 MPa, with a standard deviation of 0.22 MPq.

4.7.3 Distribution of point load test results

The distributions of axial and diametral point load strength test results are
presented in Figures 4.8 and 4.9, respectively. The classification into strength
groups based on values of the point load strengths is that suggested by the
International Society of Rock Mechanics (1972). According to this classification
the fresh to slightly weathered Ashfield shale samples may be described as

predominantly a moderately strong 1o strong rock.
4.7.4 Effect of L/D ratio on axial peint load strength

A series of tests was performed to study the effect of L/D ratio on the axial point
load strength index of the Ashfield shale core samples, each with a diameter of
about 52 mm. A summary of the results obtained for this series of tests is
presented in Table 4.2, The results are shown graphically in Figure 4.10. This
graph indicates that the axial point load strength generally decreases with an
increase of the thickness to diameter (L/D) ratio. Similar effects of L/D ratio on
axial point load have also been described by Broch and Franklin (1972) and
Forster (1983). It has previously been reported (e.g. Greminger, 1982; Tsidzi,
1989) that 1, values are unreliable when the specimen thickness is less than 35 mm.
This corresponds to L/D=0.67 for the 52 mm specimens used in this study. Asa

results no tests were performed on samples less than 35 mm thick.

4,7,5 Comparison of point load index and UCS

To compare the results of the point load tests with those of uniaxial compression
tests on Ashfield shale, twenty core samples with length to diameter of 2 were also

prepared for uniaxial compression testing. The off-cuts of these cores were used
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for axial and diametral point load tests. The uniaxial compressive strengths
perpendicular to the bedding plane (8=90°) and the results of the diametral and
axial point load tests for these twenty samples and data from other sources
(Ghafoori et al., 1993) are given in Table 4.4. Correlations have been made
between the point load strengths and the measured values of uniaxial compressive
strength from these tests and other sources. Figures 4.11 and 4.12 show the
uniaxial compressive strength plotted against the axial and diametral point load
strength indices, respectively, for all the results obtained from this and other
sources (Ghafoori et al., 1993). These figures show straight line relationships
with average correlation factors of 24.1 and 38.2 between the axial and diametral
point load strengths and the uniaxial compressive strength, respectively.
Regression analysis shows that the correlation coefficients are 0.85 and 0.87,

respectively.
4.7.6 Measurement of strength anisotropy

The Ashfield shale samples that were used for point load tests had been cored
perpendicular to the bedding planes. Each sample was placed into the point load
apparatus such that the lamination was either parallel or perpendicular to the
loading axis. To find the strength anisotropy in point load tests, forty eight core
samples with diameters of about 52 mm were tested with point loading in the
direction of the laminations, and a further forty eight with point loading in the

direction perpendicular to the laminations.

For anisotropic rocks, both the axial and diametral point load tests were
suggested by Broch and Franklin (1972) to estimate the strength anisotropy, using

the anisotropy index (1) where,

I, (axial)

. s \ened (4.10)
¢ I (diametral)
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Table 4.3 shows the results of point load tests conducted parallel and
perpendicular to the laminations. As this table shows, there is clear evidence of
the influence of lamination, the primary anisotropic fabric, on the point load
strength of Ashfield shale. The point load strength index I, values obtained
when the samples were tested diametrally, parallel to the laminations were always
less than the values obtained for samples tested axially perpendicular to the
laminations. The strength anisotropy, I, the ratio of point load strength in the
strongest and weakest directions was measured for the samples tested in these two
directions. From a total of 48 samples, the strength anisotropy index considered
here ranges from 3.18 to 1.16 and the mean strength anisotropy index was
calculated to be 2 with a standard deviation of 0.5. However, from the
correlations with UCS a ratio of I, = 1.6 can be determined. The difference
between the anisotropy ratios from the individual point load test results and from
the correlations with UCS results indicates the difficulty of determining the
anisotropy from point load tests. This is probably caused by natural variability in
the samples which can be expected to be more significant in the smaller point load

tests samples.

With this kind of rock, failure normally tended to occur along the bedding
planes rather than through the rock substance. Pells (1975) found that it was not
practicable to use diametral I, results to obtained UCS values for highly
anisotropic sandstone. For the shale the scatter in the relation between I, and I,
and UCS is similar, suggesting that either index could be used. However, single
tests cannot be relied on to determine UCS and this is likely to limit the usefulness

of these index tests.

4.8 SLAKE DURABILITY TEST RESULTS

Tests were performed on four sub-samples of four fresh Ashfield shale specimens

from the Ryde site to investigate the effect of slaking time on the durability
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results. The test results are summarised in Table 4.5. The relationship between
slaking time and the slake durability index is shown in Figure 4.13. The rate of
slake loss was found to be nearly linear for these fresh samples, but different
samples showed variable resistance to slaking. The longer periods of slaking time

in each cycle improved the discrimination between the shale samples.

To investigate the effects of numbers of cycles on the durability of Ashfield
shale, tests were performed on eight samples with varying degrees of weathering
from the Ryde site. In these tests a constant slaking time of 10 minutes was used
in each cycle. The results are summarised in Table 4.6. The effect of increasing
numbers of cycles of wetting and drying is shown in Figure 4.14. This shows that
the percentage of the samples retained decreases steadily with number of cycles,

and decreases with increasing degree of weathering.

Different procedures have been recommended for classifying the durability of
shales from these tests. For the Ashfield shale two ten minute cycles, as
suggested by Gamble (1971), give reasonable distinction between the samples, but
the single cycle results, as suggested by Franklin and Chandra (1972), are less
satisfactory. However, if the time for the wetting phase of the cycle is increased

good distinction can be obtained from a single cycle (Figure 4.13).

A series of tests was performed on fresh Ashfield shale from three sites in
the Sydney metropolitan area. Table 4.7 shows the effects of slaking on samples
of fresh shale from these three different sites. The test results are also shown
graphically in Figure 4.15. It can be seen that the durability of "fresh"” shale is

not constant but varies slightly from location to location.

Following the classification scheme established by Gamble (1971) and
Franklin and Chandra (1972), these results indicate that the durability of Ashfield
shale varies from high for fresh intact material to low for highly weathered

material. ‘The high durability of fresh Ashfield shale is consistent with the
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mineralogical assessment (chapter 3) and in particular with the absence of
smectitic clays. The mineralogical investigations revealed that the Ashfield shale
from the Ryde site consisted of finer grains and contained a slightly lower quartz
and higher clay content than from the other sites. This may explain the difference

in the durabilities of the fresh shales.
4.8.1 Correlation of slake durability with other engineering indices

4.8.1.1 Auerberg limits and slaking durability

A quantitative slaking test in combination with the Atterberg limits has been
suggested (Gamble, 1971) as a useful way of classifying argillaceous rocks for
engineering purposes. Figures 4.16 (a and b) and 4.17 (a and b) show plots of
liquid limit and plasticity index versus one and two cycles slake durability indices
of Ashfield shale. The figures show a clear correlation between the slake
durability index and the liquid limit for the Ashfield shale, with increasing liquid

limit and plasticity index associated with a reduction in slake durability.
4.8.1.2 Durability - plasticity classification

Following the scheme proposed by Gamble (1971) the Ashfield shale would be
classified as follows. The fresh Ashfield shale from the Ryde-interchange site
would be classified as a medium high durability - low plasticity shale; the slightly
to moderately weathered Ashfield shale from this site would be classified as a
medium durability -low plasticity shale; the Ashfield shale from the other two sites
(Surry Hills and Moorebank) would be classified as a very high durability - low
plasticity shale.

4.8.1.3. Natural water content

It has been well established that the moisture content in the Ashfield shale can
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have significant effects on its engineering behaviour. A good correlation has
been shown to exist between uniaxial compressive strength and natural water
content for a large number of samples from different locations with different
degrees of weathering (Figure 4.6). This correlation indicates that the uniaxial
compressive strength decreases with an increase in the moisture content, as

might be expected.

The fresh shale samples from Surry Hills and Moorebank had lower
moisture contents and higher strengths than the samples from the Ryde site,
and as noted above the former samples were more durable. Figure 4.18 shows
the relation between natural water content and the 2 cycle slake durability
index. This figure shows a clear trend of increasing water content being
associated with reducing durability of the Ashfield shale. The durability
decreases as the natural water content increases.  These results again
demonstrate that a simple classification based on the natural moisture content,

an easily measured quantity, could be adopted for Ashfield shale.

Figure 4.19 presents the variation of the 2 cycle slake durability index
versus clay fraction less than 2 microns for highly weathered to fresh Ashfield
shale. Figure 4.19 shows that the increasing clay fraction, which is normally
related to increasing porosity, is associated with decreasing durability, as

expected.
4.8.2 Discussion

The mineralogy of Ashfield shale has been described in detail in chapter 3.
The predominant clay minerals recorded in this study and by earlier
researchers are mainly kaolin and illite. In the Ashfield shale breakdown due
to clay minerals should be low compared to other shales. Calcite is relatively
rare and the most common carbonate is siderite which occurs most commonly

as finely disseminated particles and not as a matrix cement.
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Bedding planes or stratifications are the most common structure in
sedimentary rocks. Normally this structure may give rise to a plane of
weakness. Bedding planes or laminations also occur in argillaceous rocks.
The interaction between shale and water can be regarded as the main reason
for shale deterioration. A study of Ashfield shale has revealed that the
laminations occur because of alternating coarse and fine grained materials.
Because of a lack of the expansive clay minerals, the swelling in the Ashfield
shale is thought to be due to the uptake of water between grains along the
interfaces of the laminations and to thus be controlled by the fabric. This
suggestion is consistent with the observation that the samples one easily broken
along the laminations. Negative pore pressure following the desiccation of the
shale may also contribute to the fractures parallel to the laminations. It has
been noted (e.g. Kennard et al., 1967; Taylor and Spears, 1970) that these
fractures are the main cause of the breakdown of shale samples parallel to

laminations.

4.9 EFFECT OF WEATHERING ON INDEX TESTS

Some data for Ashfield shale with different degrees of weathering have been
obtained from different sources (Ghafoori et al., 1993). The determination of
the degree of weathering for each sample was made by the various engineering
geologists and geotechnical engineers during site investigations. The
weathering grades reported here have been taken directly from the borehole
logs, and these have generally been determined according to the definitions in
Table 3.6. The influence of weathering processes on the engineering
properties of Ashfield shale have also been determined and are described in

this chapter.
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4.9.1 Relationship between UCS and weathering grade

The relationship between UCS and weathering grade is shown in Figure 4.20.
As expected, Figure 4.20 shows that the average value of the UCS decreases
with the degree of weathering, but there is an indication that the range of
strengths for each weathering class also reduces with the degree of weathering.
The reasons for this variation in the strength ranges may be because of a wide
range of moisture contents or porosities due to small changes in the
mineralogy.  This indicates how difficult it is for the field geologist to
discriminate between the various grades of weathering, particularly grades 1
and 2.

Pells et al. (1978) categorised the Ashfield shales into five classes on the
basis of the uniaxial compressive strength (UCS) and the degree of fracturing.
Hadfield (1981) later defined three weathering zones for these shales, which
incorporated the classification of Pells et al. The resulting classification system

was shown in Table 2.1 Chapter 2.

From this study it has been found that the rock classifications
recommended by Pells et al. (1978) for Ashfield shale are still useful
classification for design purposes. In the present study it is suggested that the
natural moisture content of the shale is a useful index for determining other
engineering properties, especially the strength of the intact rock. The
important  correlation over the range of moisture contents has been
summarised in equation (4.8), and the strength of the intact rock could be
determined from this equation, It may prove that this equation is useful in
practice during the preliminary stages of design of structures upon, or in, the
Ashfield shale.  Another important parameter in Ashfield shale to be
considered is the anisotropy due to the laminations. More details about this

behaviour are discussed in the following chapters.
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4.9.2 Relationship between point load strength index and weathering grade

The relationships between axial and diametral point load strengths and
weathering grade are shown in Figures 4.21 and 4.22, respectively. A clear
relationship between axial and diametral point load strength and weathering
grade is depicted. As expected, the average value of the axial and diametral
point load strengths decrease with the degree of weathering (Figures 4.21 and
4,22), but there is an indication that the range of strengths for each weathering
class also reduces with the degree of weathering. The general decrease of
both measures of the point load strength index with weathering grade reflects

the trend observed for the uniaxial compressive strength data (Figure 4.20).
4.9.3 Relationship between slake durability and weathering grade

Some tests were run on Ashfield shale from Ride site with different degrees of
weathering to check the effect of weathering on the durability results. The
relationship between weathering grade and slake durability index is shown in
Figure 4.23 which shows that the percentage of the samples retained decreases

steadily with increasing degree of weathering.

Trends in the data (though widely scattered) suggest correlations may
exist between the degree of weathering and the engineering properties of this
material. However, natural moisture content or porosity appears to provide
better predictions of the behaviour than the more subjective geological
definitions of weathering. Definitions of the various grades of weathering are
based on visual assessment of the rock samples in the field. The scatiered
data may indicate how difficult it is for the field geologist to discriminate
between the various grades of weathering, particularly fresh to slightly

weathered samples.
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4.10 CONCLUSION
4.10.1 Uniaxial compressive strength

From this and previous studies it is concluded that generally the fresh Ashfield
shale can be categorised as moderately strong to strong rock, according to the
engineering classification of intact rocks proposed by the ISRM (1972). The
data described in this chapter have enabled an investigation of the correlations
between various engineering properties of Ashfield shale. It is suggested that
the natural moisture content of the shale is a useful index for determining
other engineering properties, especially the strength of the intact rock. A
range of natural moisture contents from 1.12 to 8.76% has been investigated
for fresh to highly weathered samples of shale. The important correlation over
this range has been summarised in equation (4.8), and it may prove to be
useful in practice during the preliminary stages of design of structures upon or
in the Ashfield shale. It is not known whether this correlation also applies
outside the range of moisture contents investigated. Indeed, caution should be
exercised in the use of equation (4.8) beyond this range. The variation of
strength with moisture content is more related to changes in the porosity of the
samples than to changes in the degree of saturation. The samples were

saturated at their in-situ moisture content.

A correlation has been made between the dry unit weight and the
measured values of UCS. There is a curvilinear relationship between the UCS
and dry unit weight for Ashfield shale, in which the UCS generally increases
with the dry unit weight, see equation (4.9). Although this correlation is less
accurate than the correlation with moisture content, it does not require the

assumption that the samples are saturated.
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4.10.2 Point load indices

The point load strength test is a simple, relatively quick and inexpensive
method for determination of rock strength and the strength classification of
rock materials. According to the ISRM classification scheme most of the
samples considered in this study were of moderately strong to strong rock.
The general decrease of both measures of the point load strength index with
weathering grade was observed, and this is consistent with the trend observed
for the uniaxial compressive strength. There is a consistent variation in the
axial point load with respect to the thickness to diameter (L/D) ratio. The

axial point load strength generally decreases with an increase in L/D of

sample.

The point load test is widely used to determine the uniaxial compressive
strength indirectly. Correlations have been made between the point load
strengths and the measured values of uniaxial compressive strength in direction
perpendicular to laminations.  Average correlation factors of 24.1 and 38.2
with correlation coefficients of 0.85 and 0.87 are indicated between the axial
and diametral point load strengths and the uniaxial compressive strength,
respectively. However, owing to the scatter in the data the point load tests do

not appear to be reliable for estimating UCS values.

Primary anisotropic fabric such as lamination has a significant effect on
the engineering behaviour of Ashfield shale. The strength anisotropy index has
been defined as the ratio of values of I, measured perpendicular and parallel
to the laminations. For Ashfield shale the strength anisotropy index varies
between 3.18 and 1.16 with a mean of 2 and a standard deviation of 0.5, But

from the correlations with UCS a lower value of 1.6 was determined
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4.10.3 Durability

There is a clear correlation between the slake durability index and the liquid
limit for the Ashfield shale, with increasing liquid limit, and plasticity index,
associated with a reduction in slake durability. Correlations between the
durability, strength and natural moisture content of the Ashfield shale have
been demonstrated, with durability and strength increasing with decreasing

moisture content.

The effect of weathering is to increase the clay and moisture contents and
thereby reduce the strength and durability. However, different fresh
unweathered shales had different moisture contents and different strengths and

durabilities.

The variability of the natural moisture content can be correlated with
mineralogical factors.  Increasing moisture content was associated with
increasing clay content (particles less than 2 microns) and in turn this was
associated with an increase in plasticity index and plastic and liquid limits.
The higher strengths and durabilities of some fresh shales were associated with
higher quartz contents. The natural moisture content has been found to be a
good predictor of the durability, strength, index properties and clay content of
the shale.
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Table 4.1 Summary of the test programme

Type of test | No. of test Aim of test
Uniaxial 150 To find the mean strength and relationship
compressive with moisture content, dry unit weight and
test weathering grade (8 = 90°)
Axial point 34 To find correlation factor with UCS
load test " . . .
155 To investigate the effect of weathering on axial
point load strength
48 To investigate the strength anisotropy
Diametral 41 To find correlation factor with UCS
oint load .
P 63 To investigate the effect of weathering on
test . .
. diametral point load strength
48 To investigate the strength anisotropy
Slake 60 To investigate the deterioration of the Ashfield
durability shale from cycles of wetting and drying
test
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Table 4.2 Effect of length to diameter ratio (L/D) on axial point load strength

Specimen No. - LD Specimen No. 4‘7 Lo L/D
RSHI 1.03 1.22 RSH14 1.60 0.84
RSH2 1.14 1.20 RSH15 1.90 0.84
RHS3 1.15 1.13 RSH16 1.95 0.83
RHS4 1.33 1.09 RSH17 1.97 0.82
RHS5 1.24 0.99 RSHIi8 I 1.84 0.78
RSH6 1.22 0.97 RSHI¢ 1.91 0.75
RSH7 1.36 0.95 RSH20 1.78 0.74
RSH8 1.65 0.91 RSH21 1.95 0.73
RSHY 1.36 0.90 RSH22 1.99 0N

RSHI0 1.54 0.90 RSH23 2.24 0.7
RSHI11 1.69 0.88 RSH24 2.26 0.69
RSHI2 1.57 0.87 RSH25 ‘“> 2.10 0.67
RSH13 1.80 0.85 - - -

Table 4.3 The strength anisotropy index, I,, for Ashfield shale

Specimen No.  J. Lasw I,
RS1 0.85 2.36 2.8
RS2 0.82 1.87 2.28
RS3 0.68 2.07 3.04
RS4 0.82 1.58 1.93
RSS 0.69 1.62 2.37
RS6 1.03 2.95 2.88
RS7 1.02 2.45 2.4
RS8 1.02 2.28 2.23
RS9 0.82 1.91 2.33
RS10 0.82 2.13 2.60
RS11 1.79 2.64 2.60
RS12 0.82 1.93 2.35
RS13 1.02 1.92 1.88

RTS1 1.50 1.89 1.93
RTS2 1.03 2.4 2.34
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Table 4.3 The strength anisotropy index, /,, for Ashfield shale (continued)

| Specimen No. I I i,
RTS3 1.02 2.1 2.70
RTS4 1.36 2.13 1.57
RTS5 0.83 2.15 2.60
RTS6 1.71 2.86 1.67
RTS7 1.23 2.24 1.82
RTS8 0.82 2.57 3.13
RTS7 1.03 2.35 2.29
RTS8 0.69 2.18 3.18
RTS9 1.15 2.52 2.18
RTS10 1.15 2.16 1.87
RTS11 1.02 1.76 1.72
RTS12 1.02 1.65 1.62
RTS13 0.95 1.64 1.72
RTS15 1.16 2.52 2.17
RTS16 1.22 2.15 1.76
RTS17 1.30 2.21 1.70

LS1 0.50 0.70 1.40
Ls2 0.50 0.60 1.20
LS3 0.43 0.58 1.35
LS4 0.043 0.83 1.93
LS5 0.40 0.80 2.00
LS6 0.40 0.60 1.50
LSs7 0.40 0.53 1.33
LS8 0.57 0.66 1.16
LSo 0.65 0.80 1.23
LS10 0.30 0.60 2.00
LS11 0.90 1.30 1.44
L312 0.61 1.06 1.74
Ls13 0.64 1.23 1.92
LS14 0.39 0.70 1.79
Ls15 (.05 0.11 2.20
LS16 018 0.35 1.94
Ls17 .50 1.60 1.77
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Table 4.4 UCS and axial and diametral point load test results

Specimen No. ucs | . L esw Specinen No. ues Lasor Ioeise)
{MPa) (MFPa) (MPa) MPa) (MFPa) (MPa)
RTAI 59.80 2.19 1.70 RTAI9 34.34 0.95 1.64
RTA2 62.89 2.4 1.71 RRS1 19.00 - 0.60
RTA3 45.36 2.36 1.03 RR32 21.00 0.31 0.68
RTA4 63.25 2.71 1.72 RRS3 15.00 0.58 0.78
RTAS 50.00 2.10 1.02 RRS4 21.00 0.38 0.50
RTA6 30.84 1.51 0.83 RRSS5 23.00 0.42 0.50
RTA7 62.65 2.30 1.71 RRS6 20.00 0.53 0.77
RTAS 59.87 2.13 1.49 RRS7 1.80 0.28 0.35
RTASZ 51.56 1.89 1.03 RR58 3.00 0.16 0.35
RTAIO 49.88 2.17 1.23 RRSY 19.60 0.65 0.89
RTALl 39.50 1.65 1.16 RRS10 21.70 0.53 1.17
RTA12 63.60 2.10 1.38 RR311 ﬂ 27.00 0.62 1.88
RTAI3 66.60 2.78 1.74 RRS12 30.90 1.00 1.63
RTAl4 58.43 2.61 1.36 RRS13 35.60 1.00 1.78
RTA1S 66.96 2.26 1.74 RRS14 34.00 - 1.50
RTAl6 53.61 2.17 1.50 RRS13 31,00 0.57 1.40
RTA17 51.56 2.15 1.02 RRS16 35.30 1.00 -
RTAIS8 56.76 2.27 1.22 RRS17 41.80 1.21 -

Table 4.5 Effect of slaking time on slake durability for the Ashfield shale

Slake durability Slake durability index (% retained)
(mg;g time Sample Numbers
S1 S2 S3 S4
10 97.73 95.31 99.1 97.9
20 95.28 89.76 98.55 96.6
30 93.49 86.21 97.46 95.43
40 89.72 78.37 96.53 93.72
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Table 4.6 Effect of degrees of weathering on slake durability of Ashfield shale

Sample Degree of weathering Slake durability index (% retained)

Numbers No. of slaking cycles
1 2 3 4
SN1 Fresh 96.52 93.86 90.93 88.33
SN2 Fresh 98.10 94.22 90.96 | 88.48
SN3 Slightly weathered 92.80 83.70 73.50 | 64.27
SN4 Slightly weathered 95.30 87.60 75.90 | 64.60

SN5 Moderately weathered 80.00 54.90 40.50 26.12
SN6 Moderately weathered 88.03 62.64 41.60 28.30

SN7 Highly weathered 66.55 36.43 18.80 17.70
SN8 Highly weathered 66.50 40.91 27.48 19.48

Table 4.7 Durability of Ashfield shale from three different sites

No. of Ryde Moorebank Surry Hills
cycles Samples . Samples Samples
1 2 1 2 1 2
1 98.1 96.52 96.05 99.12 69.27 96.23
2 04.22 03.86 68.34 98.41 98.68 98.62
3 90.96 90.93 97.82 97.84 98.21 98.21
4 88.48 88.33 97.15 97.17 97.66 97.64
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Figure 4.3 Slake durability testing equipment
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HAPTER

UNIAXIAL AND TRIAXIAL COMPRESSION
TESTS

5.1 INTRODUCTION

Lamination, a primary sedimentary anisotropic fabric element has a significant
effect on uniaxial and triaxial compressive strengths and the deformation
behaviour of Ashfield shale. The schematic representation of an anisotropic
sample and the typical cylindrical test samples are shown in Figures 5.1 and 5.2,
respectively. As these figures show, the specimens have laminations oriented at
an angle 8 with the direction of the axial principal stress. It has been noted in
the literature that anisotropic rocks usually show maximum uniaxial and triaxial
compressive strengths at the orientations 8 = 0 or 90 degrees and minimum
compressive strength at orientations § = 30 to 40 degrees. Hence, the estimation
of compressive strength anisotropy of rocks must be obtained from samples that

at least include values of 8 = 30 and 90 degrees.

The testing programme described in this chapter was carried out to study the
anisotropic behaviour of Ashfield shale in uniaxial and triaxial compression. Two

series of uniaxial and triaxial compression tests were carried out on the Ashfield

144



Chapter 5 - Uniaxial and triaxial compression tests

shale specimens. The first series of tests was performed on cylindrical specimens
of the shale, without strain gauges. All tests in this series were performed to
failure and stresses and strains were determined from a load cell and external
LVDT, respectively. The second series of tests was performed on cylindrical
specimens of the Ashfield shale with strain gauges mounted on them. All tests
in this series were carried out until the deviator stress reached a level equivalent
to about 50% of the maximum shear strength. In both series, uniaxial and triaxial
compression tests were performed on specimens with the laminations at
orientation angles (8) of 0, 15, 30, 45, 60, 75 and 90 degrees to the direction of
the applied axial load (Figure 5.2).

The first series of triaxial compression tests was performed at confining
pressures of 0.1,1 and 10 MPa. The second series of triaxial compression tests
was performed at confining pressures of 0,0.1,0.5,1,2,5 and 10 MPq. This work
is an attempt to study the effects of confining pressure and lamination direction
on the maximum shear strength and deformation behaviour of the Ashfield shale.
Comparisons have also made between the results of this experimental study and

some empirical strength criteria,

The theory for a cross anisotropic elastic material has been used to analyse
the deformation behaviour of thi=s shale. Five independent elastic parameters
describe this cross anisotropic system. These five independent elastic parameters
have been obtained from the uniaxial and triaxial compression tests on samples

with different orientations of the laminations to the axial load direction.

5.2 TESTING PROGRAMME

Table 5.1 gives details of the uniaxial and triaxial compression tests programme.
A total of 43 uniaxial and 127 triaxial compression tests was carried out on

samples of the Ashfield shale from the Ryde-interchange and Surry Hills sites.
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The main aims of the first series of 75 uniaxial and triaxial tests were to obtain
a clear understanding of the variation of shear strength as a function of confining
pressure and lamination orientation, and to evaluate the shear strength
parameters. The second series of uniaxial and triaxial tests (95 tests) was
intended to investigate the deformation parameters of the Ashfield shale and the
effects of lamination direction and confining pressure on the deformation
parameters. For brevity, only selected test results are presented in the figures of

this chapter. However, all test data are included in the analysis of the results.

5.3 TEST EQUIPMENT
5.3.1 Uniaxial compression test

The uniaxial compression test equipment was mentioned in detail in Chapter 4.
In some uniaxial compression tests TML-PL20 strain gauges were used to
measure both axial and circumferential strains during axial loading. Axial and
diametral pairs of electrical resistance strain gauges were mounted diametrically
opposed at mid-height of the specimen for determination of the modulus of
elasticity and Poisson’s ratio. These strain gauges had a resistance of 120 ohms,

a gauge factor of 2 + 0.5% and a gauge length of 20 mm.

Two Peekel strain indicators, iype T 200, with two independent input circuits
for the connection of strain gauges, were used to monitor signals from the strain
gauges. Each indicator could measure readings from two strain gauges. In this
study the quarter bridge, 120 ohm, two connection lead circuit was used. This
type of strain indicator is designed for a fixed gauge factor of 2. To take readings
from the Peekel strain indicator the loading machine was stopped with the axial
load maintained, values of the four gauge strains were read manually, and the
machine restarted. Readings were taken every 200 kPa change in axial stress.

The strain indicator gives the result in microstrain and these were converted to
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percentage values.

5.3.2 Triaxial compression test

To evaluate the shear strength and deformation characteristics of the Ashfield
shale under triaxial conditions, high pressure triaxial equipment was used. Figure
5.3 shows a complete set-up of the triaxial equipment. The apparatus is described
in detail below.

A high pressure Rockcell Model 10 triaxial cell with a cell pressure capacity
of 70 MPa was used to apply controlled confining pressure to the sample. In the
triaxial tests confining pressures from 0.1to 10 MPa were used. For low confining
pressure, i.e. 0.1 and 1 MPa, the cell pressure was provided by nitrogen gas
through a gas water interface. For all tests at confining pressures greater than 1
MPa, the cell pressure was supplied by a GDS digital controller with a capacity
of 20 MPa. A detailed description of the digital controller has been given by
Menzies (1988).

For all triaxial tests a 500 kN capacity servo-controlled hydraulic actuator
(MTS) was used in a rigid loading frame to apply the axial load. The axial load
was transmitted through the upper loading platen to the specimen. The upper
platen was spherically seated to the ram in an attempt to eliminate end-moments
being applied to the specimen, particularly in cases where the flat ends of the
cylindrical specimen were not exactly parallel. Care was taken to ensure that the
centre of curvature of the seat surfaces coincided with the centre of the specimen
ends. For the triaxial compression tests on the samples with strain gauges, a new
ram, the same as the triaxial cell ram but without a spherical seat, was
manufactured. Eight holes were inserted from the bottom to the top for passing
the eight wires from the strain gauges through the ram. This modification was
done to try to avoid any leakage of water into the shale specimen under confining

pressure. In this case, a spherical seat was used for the lower platen.
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For all the specimens, an inipermeable and flexible 1.5 mm thick rubber
membrane was used to isolate the sample from the water (confining fluid) within
the test cell. Four O-rings were used to prevent the water from entering the
specimen, Two brass clamps were applied to the top and bottom caps to
strengthen the O-rings and prevent leakages. The two stiff end caps were made
of hardened steel. The end caps had flat polished surfaces with a variation from

flatness of less than 0.01 mm.
5.3.2.1 Stress and strain measuring devices

Axial load was measured by a model 661.23D-01 load cell installed beneath the
MTS actuator. It had a capacity of 500 kN. Axial displacement was measured
by an SN 488 linear variable differential transformer (LVDT) installed within the

MTS actuator. It had a range of + 12.5 mm and a resolution of approximately
0.006 mm.

For some of the specimens two TML-PL20 axial and two TML-PL20
circumferential electrical resistance strain gauges were mounted diametrically
opposed at mid-height of the specimen for determination of the modulus of
elasticity and Poisson’s ratio. Each of the strain gauges was connected in an arm
of a Wheatstone bridge circuit. For each gauge the Wheatstone bridge circuit was
completed by three dummy gauges glued to pieces of shale core outside the
triaxial cell. The outputs from the bridge circuits were amplified and measured
by the A-D converter card in the computer. The amplification for each circuit
was measured before each test. With this information and knowing the gauge
factor was 2 + 0.5% the strain could be determined. The position of the strain

gauges on the samples with respect to the lamination direction is shown in Figures

5.4a and b.

The magnitudes of the applied axial compressive load, axial displacement and

axial and diametral strains were monitored throughout each test by an analog to
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digital converter and stored in the memory of a computer system for later

processing.

5.4 SPECIMEN PREPARATION

To obtain samples for uniaxial and triaxial compression tests, five boreholes with
different angles, 8, between the bedding planes and the axis of the borehole were
drilled by large truck mounted rigs at the Ryde-interchange site. Details of the
sample recovery have been described in Chapter 3. Samples with values of 8 in
the range from 30 to 90 degrees were obtained from the Ryde site. Core samples
were also obtained from blocks of shale recovered from an excavation in Surry
Hills near the Central railway station in Sydney. Samples with orientations of 8
0 to 90 degrees were obtained in this way. All retrieved cores were cut to the
required length with a small diamond saw and their ends were ground by
sandpaper to make them smooth and perpendicular to the longitudinal axis

according to the ISRM (1981) recommendations.

As mentioned in Chapter 3, the shale from the Surry Hills site is generally
stronger than shale from the Ryde-interchange site and there was no test data for
B = 0and 15 degrees at the Ryde site. This was taken into account by preparing
core samples in three directions {(8=0, 15 and 90°) from the block of shale from
Surry Hills, and conducting uniaxial and triaxial tests in these directions. By
comparing the results of tests on samples with a lamination angie of 8=90° from
the two sites, correlation factors between the two shales were obtained. Values
of the shear strength and modulus of elasticity at 3=0and 15° for the Ryde shale
were estimated by applying the appropriate correlation factors to the test data for
the Surry Hills shales (8=0and 15°). The data presented for the Ryde site in the
remainder of this chapter for =0 and 15° are from Surry Hills with the scale

factor applied.
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5.5 TEST PROCEDURES
5.5.1 Uniaxial compression test

All specimens tested in uniaxial compression were right circular cylinders with a
height to diameter ratio of approximately 2. Each specimen was carefully placed
concentrically with the load cell and the base platen. Axial load on the specimen
was applied continuously by providing a constant deformation rate such that
failure occurred within 5 to 10 minutes of loading. The ISRM (1981) suggested
method for determination of the uniaxial compressive strength of rock materials

was followed.

In the tests on specimens with strain gauges, a special loading sequence was
applied. The samples were loaded to a stress level equal to approximately one-
half of their strength and were then unloaded. Some of these samples were
subsequently used in the triaxial tests. Curves of axial stress against axial and
diametral strain were obtained. The modulus of elasticity and Poisson’s ratios

were calculated.
5.5.2 Triaxial compression test

The recording devices were prepared and calibrated before each test. One of the
prepared samples was selected. Its diameter was determined to the nearest 0.01
mm by averaging measurements at the top, midpoint and bottom of the sample.
Its length was measured to the nearest 0.01 mm. The triaxial cell was assembled
with the specimen aligned between the platens. The spherical seat was lightly
lubricated with mineral oil. The sample was protected from water by a rubber
membrane. After a specimen was set up, the triaxial cell was filled with distilled
de-aired water. The air bleeder hole was kept open to allow the air to escape
through this hole during filling the cell and was closed after filling. A typical view

of sample set up before and after test is shown in Figures 5.5 (a) and (b),
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respectively.

To apply the pre-determined confining pressure, the axial load and the
confining pressure were increased simultaneously in such a way that the axial load
and confining pressure were approximately equal until the pre-determined
confining pressure was reached. The magnitude of the confining pressure was
controlled bya GDS pressure-volume controller. Subsequently, the axial load was
increased continuously at a constant rate such that failure occurred within 10 to

15 minutes of loading.

For tests on strain gauged specimens a special loading sequence was applied.
The samples were loaded to a stre§s level equal to approximately one-half of their
strength and then unloaded. The confining stress was then increased and the
samples re-loaded to the same stress level before unloading again. This process
was repeated until the confining stress was 10 MPa where the samples were
loaded to failure. Curves of axial stress against axial and diametral strain were
obtained. From these curves the modulus of elasticity and Poisson’s ratio were
calculated.

5.6 SHEAR STRENGTH CHARACTERISTICS

In this section, the behaviour of Ashfield shale as an anisotropic material will be
discussed. A series of uniaxial and triaxial compression tests has been performed
on the Ashfield shale to study the influence of the laminations directions, with
respect to the loading axis, on the strength values and on the mode of specimen
failure. The effect of confining pressure on compressive strength at different
lamination orientations has been studied. By drawing Mohr circles and Mohr-
Coulomb envelopes to these circles, the shear strength parameters, ¢ and ¢, have

been determined. The nature of the observed variations is discussed.
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5.6.1 Uniaxial test results

Uniaxial compressive strength tests were performed on the Ashfield shale
specimens with the laminations having different orientations (8) to the applied
load. The orientation of the plane of anisotropy (8) was varied between 0 and
90 degrees. All samples tested in this study failed in a brittle manner with either
vertical or subvertical splitting, or for the samples with 8 = 30 and 45 degrees,

failure along the laminations. The strength results are summarised in Table 5.2.

In order to study the strength anisotropy of the Ashfield shale, the results
were also plotted in the form of maximum axial stress against the orientation
angle (8) in Figure 5.6. As this figure shows the maximum strength occurred at

B = 90 degrees and the minimum strength at 8 = 30 degrees.

For Ashfield shale, dominated by a single set of laminations, the shape of the
curve relating the UCS to the lamination angle, 8, can be predicted by an
equation similar in form to one proposed by McLamore and Gray (1967) for

variable cohesion. The equation is in the form:

6. = A-B [cosZ (ﬁm-[i)]" (5.1
where
ag.= uniaxial compressive strength at orientation angle, S.
B,= value of the orientation angle, 3, at which the strength is minimum
(usually found to be approximately 30 degrees)
n = an anisotropy factor, which, according to McLamore and Gray,

usually has a value of 1 or 3 for planar anisotropy.
A and B are constants.
The values A and B were determined over two ranges of 8 using the uniaxial
compressive strength at § = 0 and 30 degrees, and 30 and 90 degrees. A value

of n = 3 provides the best fit to the experimental results from this study. The
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equations that best fit the observed data are:

G, = 25.5-17.1 [cos2 (30° -B)J’ (5.2)

for ) < 8 < 30°

6, = 24.2-15.7 [cos2 (30°-P)P (5.3)

for 30° < 8 < 90°

where o, is the predicted uniaxial compressive strength in MPa.

The predicted values of uniaxial compressive strength and the experimental
results for Ashfield shale are compared in Figure 5.7. As Figure 5.7 shows,
reasonably good agreement exists across the full range of 8 values for the shales

from both sites.

The anisotropic strength ratio may be defined as the ratio of the maximum
compressive strength to the minimum compressive strength over the full range of
B values. The maximum uniaxial compressive strength for samples from Ryde-
interchange was observed to be at the orientation of 8 = 90 degrees with a
magnitude of 26.22 MPa, and the minimum compressive strength was observed
to be at 8 = 30 degrees with the magnitude of 8.45 MPa. The anisotropy ratio
(0,.95/0.35) Of the Ashfield shale from Ryde-interchange site therefore appears to
be approximately 3.1. This is significantly greater than the anisotropy ratio of

approximately 2 determined from the point load index tests.
5.6.2 Triaxial test resuilts

Figures 5.8and 5.9 show representative plots of the deviator stress (o;-0;) against
axial strain (¢;) at a confining pressure of 10 MPa for core specimens containing

laminations oriented at 8= 90 degrees to the axial load direction for shale from
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the Surry Hills and Ryde sites, respectively. In both cases an almost linear elastic
response up to the maximum deviator stress was observed, followed by a rapid
reduction in the deviator stress with further strain beyond the peak. The peak
deviator stresses occurred at relatively small strains that were in the range from

approximately 1 to 2%.

For loading in the direction parallel to the laminations (Figure 5.10), the axial
strains at the peak deviator stress were lower than the strains observed when the
axial loading was applied in the direction normal to the laminations (Figure 5.8).
As Figures 5.8 and 5.10 show, the sample loaded parallel to the laminations

shows greater stiffness than the sample loaded perpendicular to the laminations.

Figure 5.11, which is a plot of typical stress-strain curves for specimens of
Ashfield shale with 8 = 75° compressed at various confining pressures, indicates
a trend that is typical of all orientations. This figure shows that the confining
pressure has an effect upon the stress-strain properties and the strength of the
Ashfield shale. It is clear that increasing the confining pressure generally
increases the peak shear strength. | In this case (8 = 75°) the shale had a uniaxial
compressive strength of about 24,9 MPg and exhibited brittle failure for all values
of confining pressure. At a confining pressure of 10 MPa the compressive

strength (o0,-0;) increased to about 50.9 MPa.

In order to study the strength anisotropy of the Ashfield shale, the triaxial
tests results were also plotted in the form of the peak deviator stress (o;-o;)
against the orientation angle (@) as a function of the confining pressure (o3 In
Figure 5.12. As this figure shows the maximum deviator stress occurred at § =

90 degrees and the minimum deviator stress at § = 30 degrees for all confining

Pressures.

It is also noted that an increase in the confining pressure slightly reduces the

effect of anisotropy. The relationship between compressive strength anisotropy
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and confining pressure is shown in Figure 5.13. This graph indicates that the ratio
between the values of the maximum and minimum strength, corresponding to the
directions 8 = 90 and 8 = 30 degrees respectively, reduces from 3.1 at zero

confining pressure to 1.85 at a confining pressure of 10 MPag.

The variation of maximum axial stress (g,) with the confining pressure (o;)
and the lamination directions, ﬁ,' ils shown in Figure 5.14. This figure shows that
an increase in the confining pressure increases the maximum strength of the
Ashfield shale specimens for all values of B. The rate of increase is

approximately the same for all orientations.

Inspection of the modes of failure in the specimens of the Ashfield shale
revealed that for the range 15° < 8 <45° failure usually occurred as a shear slip
on the laminations. In the specimens with lamination angles of 8 < 15 degrees,
failure occurred by extension fracture, i.e.parting of some of the laminations. For
B = 60 degrees the failure plane intersected the laminations and formed at an
angle between 20 to 30 degrees with the direction of the maximum principal
stress. Figures 5.15 (a) and (b) shows schematic and typical representation of
these failure modes. The confining stress had no influence on the mode of

failure, for the range of stresses used.
5.6.3 Shear strength parameters

To understand further the shear strength parameters of the Ashfield shale as
functions of the confining pressure and the lamination orientation, Mohr circles
were constructed for each specimen of Ashfield shale from the Ryde-interchange
and for specimens oriented at three directions (i.e. 0, 15, 90 degrees) from Surry
Hills. The states of stress at failure for samples with lamination directions
defined by 8 = 30, 45, 75 and 90 degrees from the Ryde site are presented in
Figures 5.16and 5.17. The Mohr-Coulomb envelopes were drawn as the best fit

tangents to the Mohr stress circles. All the envelopes obtained are approximately

155



Chaprer 5 - Uniaxial and triaxial compression testy

parabolic towards the origin. For the purpose of comparison a linear relation has
been assumed over the range of normal stress from 5 to 30 MPa to obtain the
cohesion intercept ¢ on the vertical axis and the angle of friction ¢. The shear
strength parameters (c;, ¢, for the tangent to the envelopes approaching zero
stress have also been obtained. The values of ¢ and ¢ and ¢; and ¢, deduced in
this way are functions of the angle 8 and the results for all lamination directions

are listed in Table 5.3.

The variation of cohesive intércept with the lamination angle for both parts
of the strength envelopes is also shown graphically in Figure 5.18. The general
trends for both curves are the same and the shapes of the curves are generally
similar to those of the curves obtained for the peak strengths, as might be
expected. Figure 5.18 shows that the orientation of the laminations to the axial
direction has a significant effect on the cohesive intercept of the Ashfield shale.
The maximum cohesions for both cases occur at 8 = 90 degrees and the
minimums at 3= 30 degrees. A comparison of the results in Figure 5.18indicates
that the cohesions derived from the Mohr-Coulomb envelopes between 5 and 30
MPa are approximately twice the cohesions derived from the initial tangents to

the Mohr-Coulomb ehvelopes.

The variations of the friction angles, ¢, ¢,, with the lamination angle are
shown in Figure 5.19. This figure shows that the friction angle from the linear
part of the envelope varies only slightly, between 30 and 34 degrees, except close
to 8 = 30 degrees, where it dropped to 24 degrees. The friction angles derived
from the tangent to the initial part of the envelope varied between 56 to 63
degrees, except for § = 30 degrees, where it dropped to 47 degrees. A
comparison of the results in Figure 5.19 shows that the friction angles derived
from the initial tangent to the envelopes are approximately twice the friction

angles derived at stresses between 5 and 30 MPa.
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5.6.4 Strength criteria for intact rock

Three empirical strength criteria suggested by Bieniawaski (1974), Hoek and
Brown (1980), and Ramamurthy (1986) have been compared with the
experimental results, These criteria make no explicit allowance for strength
anisotropy, i.e. the influence of 8, but this can be included implicity by a change
in the value of the normalising parameter, o, for each individual value of 8. This
has been done for all the results presented. The values of maximum axial stress,
o1, have been obtained for four different confining pressures, ¢, = 0, 0.1,1 and
10 MPa. The values of the various strength “constants" suggested by each of the

authors for "shales" have been used in the comparisons presented here.

The empirical strength criterion proposed by Bieniawski is:

O 1+B [3).; (5.4)

UC OL‘

where o, is the ‘uniaxial compressive strength of intact rock at a particular
orientation angle (3), and B and « are constants. Bieniawski suggested that o =
0.75and B = 3 for shale.

The empirical criterion proposed by Hoek and Brown (1980) is:

1%, [mﬁ+s] (5.5)

where m and s are material constants, o, is the uniaxial compressive strength of
intact rock at a particular orientation angle (8). For intact shales Hoek and

Brown suggested that s = 1 and m = 10,

The empirical criterion proposed by Ramamurthy (1986) is:
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(°17%) _ (iﬁ) (5.6)

where o, is the uniaxial compressive strength at a particular angle § and B and o
are constants. Values of o« = 0.8 and B = 2.2 have been suggested by
Ramamurthy as appropriate for shales. Ramamurthy claimed that this criterion
is applicable for all values of o; larger than 5% of the uniaxial compressive
strength, which would limit its applicability to confining stresses greater than

about 1 MPa for this shale.

The above mentioned values of the empirical constants were used to predict
peak values of o, at various confining pressures (o;). The prediction and typical
test results for the Ashfield shale specimens with 8 = 90 and 30 degrees are given
in Figure 5.20. This figure shows a comparison of the experimental and predicted
values, and clearly indicates that, in general, the Bieniawski (1974) and Hoek and
Brown (1980) criteria predict the strength of Ashfield shale reasonably well. The
criterion proposed by Ramamurthy (1986) is observed to slightly under predict the
peak stress values. A comparison of the strengths predicted using the Bieniawski
(1974) strength criterion, and the experimental results for Ashfield shale is shown
in Figure 5.21 for different lamination directions. This figure shows that in
general there is good agreement between the experimental results and predicted
values across the full range of 8, provided an appropriate value of o, is used for

each value of 3.

5.6.5 Strength criteria for anisotropic material

Ashfield shale is dominated by a single set of laminations. The shape of the
anisotropy curve throughout the range of the lamination angle (8) may be

predicted by an anisotropic failure criterion. Different strength criteria have

been proposed for the prediction of the strength of anisotropic rocks, and these
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have already been discussed in Chapter 2. Three strength criteria suggested by
Jaeger (1960), McLamore and Gray (1967), and Ramamurthy et al. (1988) have

been compared with the experimental results,

The single plane of weakness theory, proposed by Jaeger (1960), was
compared with the experimental results. In this theory Jaeger postulated that if

failure occurs through the intact rock only, the shear strength is determined by

0,-0, = (N,~1)0,+2¢|/N, (5.7a)
where N, = 1+an¢
1 -sin¢

and c, ¢ are the cohesion intercept and friction angle, respectively, for the intact
rock. On the other hand, if shear failure occurs only along the planes of

weakness then the strength is determined by

(0,-04) - 2cd+203tan¢.d
(1-tand , tanf)sin2p

(5.7b)

where ¢,, ¢, are the cohesion intercept and friction angle for the discontinuity (8
= 30°). The single plane of weakness theory was evaluated by substituting the
values of ¢ and ¢, that were obtained from the experimental results at 8 = 0 and
90 degrees, into equation 5.7a,and the values of ¢, and ¢, obtained for § = 30°
into equation 35.7b. Figure 5.22 shows the comparison of the experimental results
with Jaeger’s single plane of weakness criterion. Examination of Figure 5.22
shows that Jaeger’s single plane of weakness theory fits the experimental results
of Ashfield shale fairly well over the whole range of 8. The fact that ¢ and ¢ are
stress level dependent is a major drawback to the use of this criterion. The values
of ¢, ¢, c;, and ¢, must be known in order for this theory to predict the strength.

The Mohr-Coulomb envelopes are therefore required for the 0,30 and 90 degrees
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orientations, and these are obtained by conducting several triaxial tests at these
orientations. The need for this extensive data set represents a basic limitation of

this theory.

The variable cohesive strength theory, suggested by Jaeger (1960) and
modified by McLamore and Gray has also been compared with the experimental
results. This theory assumes a variable cohesive strength (c) in the direction 8 to
the maximum stress direction and a constant value of friction angle (¢). This
theory is described by

2{c+
(01-05) = ) (5.8)

ytan’d+1-tand

where

¢ = A-Bjcos2(B,,-B)]" (5.9

and
tan¢g = constant
where
B,,= value of the orientation angle, 8, at which the strength is minimum
(generally 30 degrees).
A and B= constants.
n= anisotropy factor that is assigned a value of 1 or 3, as suggested by

McLamore and Gray for planar anisotropy.

For Ashfield shale, dominated by a single set of laminations, the shape of the
curve relating the cohesion intercept to the lamination angle, 8, can be predicted
by Equation (5.9) and known values of cohesion at 8= 0, 30 and 90 degrees. The
values of the constants A and B in this equation were determined in two sets, as

suggested by McLamore and Gray, using data for 8 = 0 and 30 degrees, and 8
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= 30 and 90 degrees. The value of n = 3, as suggested by McLamore and Gray,
was used for the planar anisotropy factor in this prediction. The empirical
equations for predicting the values of ¢ (in MPa) for the Ashfield shale have been

determined as:
¢ = 7.68-3.9 [cos2 (30° -B) (5.10)
for 0 < 8 < 30°,and
¢ = 7.36-3.58 [cos2 (30° ~B)P 5.11)
for 30°< 8 < 90°

The values of ¢, for Ashfield shale were also predicted using equations having

the same form as equations 5.10and 5.11,i.e.

¢, = 3.78-2.28 [cos2 (30° )P (5.12)
for0 < 8 < 30°, and
¢, = 3.27-1.77 [cos2 (30° -B)P (5.13)

for 30°< 8 < 90°
The coefficients in these last two equation were also determined by fitting the

McLamore and Gray theory at 8= 0, 30 and 90 degrees.

The experimentally determined cohesion intercepts {c) were compared to the
modified variable cohesive strength theory. The cohesions (c) predicted using
equations 5.10and 5.11and the experimental results for Ashfield shale are shown
in Figure 5.23. Good agreement exists between the experimental data and the
predictions across the full range of 8 values, not just at the points where the
theory was fitted to the test data (8= 0°, 30°, 90°). The same procedure was
used to compare the initial cohesion intercepts (c¢) to the modified variable
cohesive strength theory. As shown in Figure 5.23, good agreement also exists

between the experimental data (c;)) and the predictions across the full range of 8
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values.

Jaeger’s variable cohesive strength theory was evaluated by substituting the
values of ¢ from equations 5.10 and 5.11 and a constant value of ¢ = 32° into
equation 5.8. The predicted values of deviator stress and the experimental results
for Ashfield shale are shown together in Figure 5.24. As this figure shows,
reasonably good agreement exists between experimental and predicted results
across the full range of 8 values with different confining pressures, except at 8 =

30 degrees for higher confining pressure.

Compared to the other theories described earlier, there are additional
limitations of the McLamore and Gray theory. Obviously, a number of triaxial
tests are needed at 8 = 0, 30 and 90 degrees, but an important limitation of this
theory is that the constant values (4 and B) for prediction of the anisotropy
curves must be determined in two separate parts, from O to 30 degrees and from
30 to 90 degrees. Another limitation of this theory is that the value of n needs

to be precisely estimated.

The following strength criterion has been suggested by Ramamurthy et al.

(1988) for layered or foliated rocks which shows anisotropic behaviour,

0179 _ B, (&) ! (5.14)
U, O,

where ¢,, and o; are the major and minor principal stresses, ¢, is the uniaxial
compressive strength at a particular orientation (8), and o; and B; are constants
for a particular 8. To evaluate the parameters o; and B; independently at a
specific orientation, the following two equations were suggested by Ramamurthy
et al.:
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1-w
% _{ %) (5.15)
a90 0090
and
0.5
B (% (5.16)
Bgo a

where o, is the uniaxial compressive strength at 8 = 90°, and ay and By, are
values of the parameters o; and B; at § = 90°. These can be obtained from

triaxial tests at this orientation.

The strength predictions of this criterion and the experimental data for
Ashfield shale are shown in Figure 5.25. This figure shows that the criterion
tends to underpredict at confining pressures of 0.1and 10 MPa through the whole
range of 8. At a confining pressure of 1 MPa a better matching of the
experimental data and the predicted curves is observed for orientation angles 8

less than 60 degrees, but the agreement is less satisfactory for higher 8 values.

5.6.6 Discussion of strength criteria

5.6.6.1 Strength criteria for intact rock

The applicability of the three empirical strength criteria suggested by Bieniawski
(1974), Hoek and Brown, (1980), and Ramamurthy et al. (1984) was assessed for
Ashfield shale samples using the triaxial test data. Although these criteria make
no explicit allowance for strength anisotropy, i.e the influence of B, this was
considered by changing the value of the normalising parameter o, for each
individual value of 8. Of the three criteria used, Bieniawski’s criterion (Equation
5.4) appears to be the most appropriate one for Ashfield shale. The Hoek and

Brown criterion is the next best. The Ramamurthy criterion slightly under
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predicts the peak stress for Ashfield shale, and is limited because it can not
predict satisfactorily the peak stress values when o, is smaller than 5% of the

uniaxial compressive strength.
5.6.6.2 Strength criteria for anisotropic material

The single plane of weakness theory has validity for Ashfield shale and fits the
experimental data fairly well, except at high confining pressures where it tends to
overpredict at the shoulders (8 close to 0 and 90 degrees) and underpredict at
8 = 30 to 45 degrees. The modified variable cohesive theory proposed by
McLamore and Gray fits the experimental data very well at low confining
pressure, but at the higher confining pressure of 10 MPa an overprediction is
shown in the region around § = 30 degrees. The Ramamurthy et al. (1988)
criterion has shown a better matching of the test results for a confining pressure

of 1 MPa, but tends to underpredict at confining pressures of 0.1 and 10 MPa.

The limitation of the single plane of weakness theory is that the cohesion
intercept and friction angle of the matrix and the weakness plane must be
determined by conducting a minimum of triaxial tests at § = 0, 90 and 30
degrees. Compared to the other theories described here, there are some more
limitations in the modified variable cohesive strength theory as mentioned before.
The value of n needs to be estimated. There seems to be no other rational
procedure for determining the appropriate value of n other than curve fitting by
trial and error. The main limitations of the Ramamurthy et al. theory are the
requirements for a number of triaxial tests at g = 90° and the uniaxial

compression test data for a range of values of 8.

Of the three criteria used, the single plane of weakness theory appears to be
the most appropriate one for Ashfield shale as it fits the experimental data fairly

well.
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5.6.7 An empirical strength criterion for Ashfield Shale

Some of the disadvantages of the existing strength criteria and their limitations
when applied to Ashfield shale have been described in previous sections. For
practical purposes it is desirable to have a single criterion that overcomes many
of these criticisms and limitations and is capable of accurately predicting the
strength of this shale. It is highly desirable that this single criterion meet the

following requirements:

(a) It should be capable of accurately predicting the strength of Ashfield shale
over the full range of B values, and therefore capture accurately the

anisotropic nature of the strength.

(b) It should include the important influence of confining pressure on the

strength.

(¢©) In view of the findings presented in Chapter 4, it should also allow for the

significant influence of moisture content on strength.

(d) Determination of the key parameters in the criterion should be relatively

straightforward and should require a minimum of testing.

In essence, if point (c) is adequately addressed then variations from one location
to another within the Sydney basin should also be taken into account, since it has
been demonstrated that changes in the quality of the shale are largely reflected

by changes in the moisture content,
In this section an alternative, purely empirical strength criterion for Ashfield

shale is presented. It will be seen that this new criterion meets all of the

requirements stated above in points (a) to (d).
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The new criterion is developed by combining Bieniawski’s empirical strength
criterion (Equation 5.4) with Equation (5.1), which is similar in form to one
proposed by McLamore and Gray (1967) for variable cohesion. In Equation
(5.1), 4 and B are constants and can be evaluated from the UCS tests described
previously. This approach has many advantages over the criteria using ¢ and ¢,

which are themselves stress dependent and are less straightforward to determine.

Following this approach, Equation (5.1) can be re-written in non-dimensional

form as

% = A-Bieos2(B B (5.17)

0c90

where A’, B’, 8 and n are constants. The test data for Ashfield shale indicate that

they take the following values:

A= 097
B’= 0.65
for 0 < 8 < 30°, and
A= 092
B’= (.60

for 30° < g8 < 90°

B, = 30 degrees

n = 3
The term o,,, represents the UCS at 8= 90 degrees. The test results presented
in Chapter 4 indicate that o, can be determined from the following empirical

equation
0,4 = 600p ¢ O (5.18)
[4 a

where m, is the natural moisture content of the shale and p, is atmospheric
pressure (0.1 MPa or 14 [b/in®). Equation (5.17) may now be used to determine
a value for o, at any desired value of moisture content and any value of 8, so the

anisotropic uniaxial compressive strength is now completely defined.
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It remains to substitute the value of o, determined in this way into the
Bieniawski criterion that predicts the influence of confining pressure on the

strength. For convenience this criterion (Equation 5.4) is repeated here

| . 148 [3] (5.4)

where B = 3 and o = 0.75 for Ashfield shale.

A comparison of the strengths predicted by this approach and the
experimental test data for Ashfield shale is presented in Figure 5.26. It is
important to note that this comparison covers the full range of § values and a
range of confining pressures from O to 10MPa. Furthermore, the experimental
data shown on this figure comes from tests on core samples from both the Ryde
interchange and Surry Hills sites. For the former the moisture contents were
approximately between 2 to 4%, corresponding to UCS values at 8 = 90 degrees
of about 25 to 11 MPa, and for the latter the moisture contents were around 1.2
to 2%, with corresponding UCS values of approximately 35 MPa to 25 MPa. The
agreement between the new criterion and the test data is very satisfactory. The
new criterion captures many of the effects that are important in practice.
However, it should also be noted that the new criterion has been validated only
for fresh and slightly weathered Ashfield shale, covering a range of natural
moisture contents up to approximately 4.5%. It has not been validated beyond
these limits because of the difficulty in coring the more weathered samples,

particularly at smaller values of 3.

57 EVALUATION OF THE ANISOTROPIC DEFORMATION
PARAMETERS

Because of the presence of laminations, Ashfield shale is expected to show cross-
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anisotropic deformation behaviour. The mechanical behaviour is expected to be
isotropic parallel to the laminations (or bedding planes ), but anisotropic in the
direction orthogonal to the lamination. Taking the lamination planes (or the
plane of isotropy) parallel to the x and y axes and the z axis perpendicular to the
plane of isotropy, the general stress-strain relationships of an ideal cross-

anisotropic elastic material are given by:

4] a g
¢, = ZvZn (5.19)
1 1 2

g g g
€ = -2 —y % _y * (5.20)
¢ El El EZ

g a a
e = 2z, % %y (5.21)
z E2 2E1 2E1

Yoy = "'"—1 = , Ty (5.22)
T
= g (5.23)
T
Y, = E“ (5.24)
2

In which ¢, €, €, v, 7v,, and v, are strain components and g,, 0, 0,, Ty, 7, and
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7, are stress components.

The following five material constants may be used to describe the behaviour

of materials of this type:

V=

Young’s modulus in the plane of isotropy, i.e. parallel to the
laminations,

Young’s modulus perpendicular to the plane of isotropy, i.e.
perpendicular to the laminations,

Poisson’s ratio, describing the behaviour in the planes of the
laminations in response to normal stress applied parallel to the
laminations,

Poisson’s ratio, describing the behaviour in the direction
perpendicular to the laminations in response to normal stress
applied parallel to the laminations,

the independent shear modulus, describing the shearing

behaviour in planes perpendicular to the laminations.

5.7.1 Determination of four of the anisotropic elastic parameters

To determine four of the five independent parameters, uniaxial and triaxial

compression tests were performed on samples with 8 = 0 and 90 degrees as

described below,

{(a) By performing uniaxial and triaxial compression tests on vertical samples

{8 = 90°) using longitudinal and circumferential gauges, the values for E, and »,

can be obtained from application of equations (5.19), (5.20) and (5.21) after

substitution of g, = g, = 0, i.e.

E, = = (5.25)
EZ
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€E =€ = —V .-....-..Z'. (5'26)
X ¥y 2 E
2

(b) By performing similar tests on samples with § = 0 degrees, using
longitudinal and circumferential gauges, the values of E;, and », can be obtained

from application of the following equations

E - = (5.27)
ex
o

€,= —VIEX (5.28)

An experimental study has also been made to determine the effects of the
lamination direction and confining pressure on the elastic parameters of Ashfield
shale. Triaxial compression tests have been performed on samples of Ashfield
shale at specified orientation angles, 8 = 0, 15, 30, 45, 60, 75 and 90 degrees, and
various confining pressures from 0 to 10 MPa. In this study two axial and two
circumferential strain gauges were mounted on each sample of Ashfield shale, as

explained previously (see also Figure 5.4).

5.7.2 Uniaxial test results

Samples of Ashfield shale from two different sites, Ryde-interchange and Surry
Hills, in the Sydney metropolitan area have been tested. The results for all the
specimens with different lamination directions were plotied in the form of applied
axial stress versus axial and diametral strain. The modulus of elasticity and the
Poisson’s ratio, calculated from axial and diametral strains measured with strain
gauges, were also plotted as functions of axial stress. A typical set of results for
vertical (8=90°) and horizontal (8=0°) specimens of the Ashfield shale from

170



Chapter 5 - Uniaxial and triaxial compression tests

these two sites are shown in Figures 5.27 and 5.28, respectively.

Axial and diametral strain measurements were made on samples with
orientations in the range from 0 to 90 degrees. The stress-strain curves for all
samples from Surry Hills and Ryde interchange sites are shown in Figures 5.29
and 5.30, respectively. These figures show that there is a varation in the slope

of the curves with the orientation of the laminations.

From a study of all the results, it is noted that the stress-strain curves are
slightly nonlinear at the beginning of the loading. It may be concluded that the
nonlinearity of the LVDT data at low stresses is due to seating of platens. The
strain gauge data are almost linear at low stresses up to about 50% of the
maximum stress. With unloading, a hysteresis loop is formed with permanent

strain on removal of all load.

The four independent elastic parameters, E,, E,, », and », were determined
by performing uniaxial compression tests in two directions (=0, 90°) and by
using equations (5.25) to (5.28). The following values for these four parameters

for Ashfield shale from Surry Hills and Ryde-interchange have been obtained,

respectively:
E; = 21200 MPa
E, = 6600 MPa
v, = (0.1
v, = 0.1

and
E, = 9600 MPa
E, = 3100 MPa
v, = 0.1
v, = 0.1

These are secant values measured at an axial stress of approximately 50% of the

peak strength. The modulus of elasticity is a maximum for the horizontal
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direction (8=0), when the load is applied parallel to the laminations, and
minimum for the perpendicular direction (8=90°), when the load is applied
perpendicular to the laminations. |

Figures 5.31 and 5.32 show the variation of the modulus of elasticity at
different lamination directions (Eg= g,,,/€ ..,) With axial stress for samples from
the Ryde-interchange and Surry Hills sites, respectively. The values of E; in these
figures are secant values determined at the appropriate level of axial stress.
These figures show that at any given value of 8 the modulus of elasticity becomes
almost constant at around 5 MPa axial stress. These figures also show that E; is

minimum when 8 = 90° (E;, = E,) and E; is maximum when 8 = 0 (E; = E)).

To compare samples of Ashfield shale from Surry Hills and Ryde-
interchange, the variations of the modulus of elasticity and UCS in the direction
perpendicular to the laminations (8=90°) were examined. The ratio of modulus
of elasticity of shale from Surry Hills to Ryde is 2.13 and the ratio of UCS for
shale from these two sites is 1.5, The difference between these two ratios seems
to be because of the higher porosity of shale from Ryde than shale from Surry
Hills. It was found that E also is a function of moisture content, but there is not

enough data to examine this in detail.
5.7.3 Triaxial test results

Samples of Ashfield shale from two different sites, the Ryde-interchange and
Surry Hills, in the Sydney metropolitan area have been tested. The test results
have been plotted in the form of deviator stress (o,-o0;) versus axial (¢;) and
diametral strain (e;). The modulus of elasticity and the Poisson’s ratio, calculated
from axial and diametral strains measured with strain gauges, were also plotted
as a function of stress. A typical set of results for vertical (8 = 90°) specimens
of the Ashfield shale from the Ryde-interchange and Surry Hills sites for 2 MPa
confining pressure are shown in Figures 5.33and 5.34,respectively. These results

are based on values measured up to a deviator stress of approximately 50% of the
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peak strength.

Axial and diametral strain measurements were made on samples with
orientations that range from O to 90 degrees. The stress strain curves for all
lamination directions for samples from the Surry Hills and Ryde interchange sites
are shown in Figures 5.35 and 5.36, respectively. These figures show a variation
in the slope of the curves with the orientation of the laminations, and the overall
pattern is the same as that shown in Figure 5.30 for specimens tested without a
confining stress. From a study of all the test results, it may be concluded that the
axial strain gauge data are aimost linear at low stresses up to about 50% of the
maximum stress, but significant departures from linearity occur for the diametral

strains, particularly for the weaker material from the Ryde site.

5.7.3.1 Modulus parameters

The values for E, and E, were obtained from the axial strain gauges in the tests
on samples of the Ashfield shale from Surry Hills with 8 = 0 and 90 degrees,
respectively. These values were based on the secant values measured at a
deviator stress of approximately 50% of the peak strength. The results for

different confining pressures are shown in Table 5.4.

The modulus of elasticity was a maximum when the load was applied parallel
to the laminations (8 = 0) and a minimum when the load was applied
perpendicular to the laminations (8 = 90°). Table 5.4 shows that the modulus
of elasticity in the direction parallel to the laminations, E;, compared to the
modulus of elasticity in the perpendicular direction, E,, is more influenced by the

confining pressure.

For correlation between the -modulus of elasticity and confining pressure,

Kuthawy (1975) suggested a power law expression in the form
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/
E, = K'p, (E] (5.29)
a
where
== initial tangent modulus
K’=  modulus number
n’ = modulus exponent
0;= confining pressure
P.= atmospheric pressure in the same units as o; and E; to ensure that

K’ and n’ are dimensionless numbers.

Santarelli (1987) modified this expression using of a power of (1+¢;). In the

present study the modified form of equation (5.29) was examined.

A plot of E,/p, versus the g,/p, is shown in Figure 5.37. This graph indicates
that E, increases with an increase of the confining pressure. The variation shown

on the figure is best described by the following equation:

E (.035
21 _ 217000[1+22 (5.30)
P, P,

where E, and o; are both measured in MPq. Regression analysis shows that

equation (5.30) fits the data with a correlation coefficient of 0.96.

Figures 5.38 and 5.39 show the variation of modulus of elasticity (Ej) with
deviator stress at a constant confining pressure (2 MPa) during the tests on

samples from the Ryde-interchange and Surry Hills sites, respectively. These
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figures show that at any given value of 8 the modulus of elasticity becomes almost
constant at around 4 MPa deviator stresses. These figures also show the
variations of modulus of elasticity with the angle of the laminations to the axial
stress direction, i.e. E; is minimum when 8 = 90° (E; = E,) and E; is maximum
when 8 = 0 (E; = E;). The variation of E; with deviator stress is similar to that
in the UCS tests (Figure 5.32) and similar variations were observed at other

confining stresses.
5.7.3.2 Poisson’s ratio

Poisson’s ratio was calculated from the diametral and axial strains measured by
strain gauges mounted on triaxial specimens with lamination angles of 8 = 0 and
90 degrees. From the experimental results, it was found that Poisson’s ratios were
not constant and were influenced by the non-linear diametral strain responses.
This problem was more pronounced for the Ryde samples. The Poisson’s ratios
obtained from both sites varied between 0.land 0.16in both directions (8= 0 and
8= 90°). There was not much change in the values of Poisson’s ratio with

confining pressure.

5.7.4 Evaluation of the independent shear modulus

The independent shear modulus, G,, was determined from the uniaxial and
triaxial compression tests on the specimens with laminations at various angles (3.
It can be shown from the theory of elasticity for a cross-anisotropic material that
the modulus E; measured on samples with laminations inclined at 8 to the axial

direction is given by the following equation (Jaeger and Cook, 1969):
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L. isi11”'|3+-1—cos“[3+

EB 2 1

1 _[,‘,’.,1_ +i%]]sinzpc0825 (5.31)
G2 El 2

It is thus possible to estimate G, by a curve fitting procedure using the variation
of E; with # and the values of E;, E,, v, and », determined from the uniaxial and
triaxial compression tests described previously. The values of E; for o;= 0 are
shown in Table 5.5. The theoretical curves of E,/E, versus 8 have been plotted
for different values of G,/E, in Figure 5.40. The experimental values of E,/E,
(Table 5.5) are also superimposed on these curves. It can be seen that the
theoretical curves corresponding to G, = 6600 MPa, or G,/E, = 1, provide the
best fit to the experimental data.

The secant values of the four independent deformation parameters (E,, E,,
v;, ¥;) have also been obtained by triaxial compression tests at deviator stresses
of approximately 50% of the peak strength. Using these values in Equation
(5.31),a comparison has been made between experimental results and predicted
values. This comparison is shown in Figure 5.41. The experimental results from
the Ryde-interchange and Surry Hills sites for a confining pressure o; = 2 MPa
were used in this comparison. Figure 5.41 shows a graph of the moduius ratio
E,/E, against the angle 8. The ideal anisotropic elastic model shows good

general agreement with the experimental results across the full range of 8 values.

5.7.5 Elastic anisotropy ratio

It has been demonstrated that the Ashfield shale samples from both sites are
significantly anisotropic. The ratio E,/E, is defined as the elastic anisotropy ratio.
The relationship between the elastic anisotropy ratio and the confining pressure
is shown in Figure 5.42. As this figure shows, the elastic anisotropy ratio varies

from 2.78 at ¢;=0 to 3.25 for ¢;=10 MPa i.e. the degree of anisotropy increases
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with the confining pressure. This is in marked contrast to the effect of confining
pressure on the strength anisotropy ratio for which an increase in the confining
pressure tended to reduce the strength anisotropy ratio, i.e. the ratio between the
values of the maximum and minimum strength, corresponding to the directions
8= 90 and 8= 30 degrees respectively, reduces from 3.1 at zero confining

pressure to 1.85 at a confining pressure of 10 MPa.

5.8 CONCLUSION

The following general conclusions on the subject of the uniaxial and triaxial
strength and deformation properties of the Ashfield shale are made. Because of
the presence of laminations, Ashfield shale shows transversely isotropic behaviour.
The mechanical behaviour is isotropic parallel to the bedding planes (or

laminations), but anisotropic in the direction orthogonal to the laminations.

The Ashfield shale specimens showed the highest compressive strength in the
direction perpendicular to laminations. The lowest value of strength occurred for
8= 30 degrees. For uniaxial compression, the strength anisotropy ratio of the
Ashfield shale appears to be 3.1. This is significantly greater than the anisotropy
ratio of approximately 2 determined from the point load index tests. With
increase of the confining pressure in the triaxial tests, there is a reduction in the

strength anisotropy ratio.

An increase of the confining pressure increases the maximum strength of the
Ashfield shale specimens for all values of $. The rate of increase is

approximately the same for all orientations.

Failure of the laminated specimens occurs through extension fracture on the

lamination planes for specimens with lamination angles in the range 8= 0to 15
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degrees. For samples with laminations angles from 8= 30 to 45 degrees failure
occurs as a slip on the lamination planes. For 8= 60 to 90 degrees, shear fracture
occurs across the laminations with failure planes at 20 to 30 degrees to the axial

(major principal) stress direction.

The shear strength parameters, cohesive strength and the angle of friction,
were obtained from linear parts of, and the initial tangents to, the Mohr-Coulomb
envelopes determined from triaxial tests on core specimens. The shear strength
parameters vary with the orientation of the laminations to the axial load direction,
but the variation in the friction angle is not very significant. The shear strength

parameters are also functions of the confining pressure.

Some of the advantages and disadvantages of the existing strength criteria and
their limitations when applied to Ashfield shale have been described. For
practical purposes a single criterion that overcomes many of these criticisms and
limitations has been suggested. This criterion is capable of accurately predicting
the strength of Ashfield shale over the full range of 8 values, and therefore
capture accurately the anisotropic nature of the strength. In essence, if moisture
content is adequately addressed then variations from one location to another
within the Sydney basin should also be taken into account, since it has been
demonstrated that changes in the quality of the shale are largely reflected by

changes in the moisture content.

The modulus of elasticity was a maximum when the load was applied paraliel
to the laminations (8= 0) and a minimum when the load was applied
perpendicular to the laminations (8= 90°). The modulus of elasticity in the
direction parallel to the laminations, E,, compared to the modulus of elasticity in

the perpendicular direction, E,, is more influenced by the confining pressure.

From the study of influence of the lamination angle 8, it can be concluded

that the ratios of maximum to minimum Young’s modulus and maximum to
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minimum compressive strengths are very similar, i.e. both are approximately 3.
However the angles at which they occur are different. The maximum and
minimum strengths correspond to 8= 90 and 30 degrees, respectively, but the
maximum and minimum Young’s moduius correspond to 8= 0 and 90 degrees,
respectively. Furthermore, an increase in the confining pressure tended to reduce
the strength anisotropy ratio, defined as the ratio of maximum to minimum
deviator stress at failure, but caused an increase in the deformation anisotropy

ratio ( defined as the ratio of maximum modulus E, to minimum modulus E,).

For evaluation of the independent shear modulus, a series uniaxial and
triaxial compression tests was performed on samples in which the laminations
were inclined with respect to the axial load direction. Experimental results were
compared with theoretical predictions (Equation 5.31). The theoretical
predictions show good general agreement with the experimental values of the
secant modulus of elasticity, measured at 50% of the peak strength across the full

range of § values,
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Table 5.1 Summary of the test programme

Type of test No. of Aim of test
tests
Uniaxial 18 To find the strength anisotropy (0 < 8 < 90°)
compression
test 25 To find the anisotropic deformation parameters
0 = g = 90°%
Triaxial 50 To understand the variation of shear strength as
compression a function of confining pressure and lamination
test direction ()
To evaluate the shear strength parameters
To observe the effect of lamination direction on
cohesive strength and friction angle
77 To find the deformation parameters of the

Ashfield shale and effects of rock anisotropy

and confining pressure on the these parameters

180




Chapter 5 - Uniaxial and triaxial compression tests

Table 5.2 Values of maximum strength as a function of the lamination

directions
Lamination direction Maximum shear strength
B (degree)
Ryde Surry Hills
0 - 32.2
0 - 33
15 - 25
15 - 27
30 8.4 -
30 7.7 -
45 12.6 -
45 12.7 -
60 15.5 -
60 15.2 27.5
75 20.9 -
75 21 -
90 24.6 36.4
90 26.2 35.5
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8 Cohesion, ¢ Cohesion, ¢; Friction angle, ¢ Friction angle, ¢,
(MPa) (MPa) (degrees) (degrees)
0 7.2 3.5 34 56
15 5.95 2.5 30 57
30 3.78 1.5 24 47
45 5.51 2.5 31 63
60 6.76 3 34 63
75 7.5 3.3 32 58
90 7.81 35 33 63

Table 5.4 Values of E; and E, as functions of confining pressure

Test No. a; (MPa) E, (MPa) B =0° E, (MPa) f =90°
S01, 8901 0 21941 7737
$02, S902 0.1 22307 7789
$03, 5903 0.5 23445 7828
S04, 8904 1 23523 7924
S05, §905 2 23943 7619
506, S906 5 24606 8232
507, §907 10 25597 8076

182




Chapter 5 - Uniaxial and triaxial compression tests

Table 5.5 Values of E; as a function of the lamination directions (o; = 0)

Lamination Surry Hills Ryde
direction

8 (degres) E, (GPa) E/E, E, (GPa) E/E,
0 21.1 3.1 - -
0 21.2 3.1 - -
0 21 3.1 - -
15 19.6 2.9 - -
15 20.6 3.1 - -
30 16.6 ' 2.5 7.4 2.4
30 16.7 2.5 7.6 2.5
45 - - 5.8 1.9
45 - - 6.2 2
60 9.4 1.4 3.9 1.3
60 9.6 1.4 4.6 1.5
75 7.1 1.1 3.7 1.2
75 6.8 1 3.1 i
90 6.6 1 3.2 1
90 7.5 1 3.1 1
90 6.3 1 3.1 1
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Figure 5.1 Schematic representation of anisotropic sample
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Figure 5.2 Typical anisotropic samples



Figure 5.3 A complete set-up of the triaxial equipment
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Figure 5.4 Positions of the gauges for samples with laminations
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Figure 5.5 Typical view ot sample (a) betore test and (b) after test
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HAPTER

DIRECT SHEAR TESTS

6.1 INTRODUCTION

In this chapter the results of a series of direct shear tests on the Ashfield shale
are presented. The main objective of this chapter is to investigate the effect of
normal stress and lamination direction on the shear behaviour and shear
strength parameters of this shale determined in direct shear. The relation
between the parameters determined from direct shear and triaxial tests is
discussed. Direct shear tests have also been performed in different directions
along the bedding planes to measure the variation of shear strength in one
quadrant from O to 90 degrees. Some tests have also been carried out to
investigate the effect of the rate of shearing on the behaviour of Ashfield
shale. The shear stiffness has been calculated for each test and each level of
normal stress. A comparison of the measured shear stiffnesses with predicted

values of stiffness is presented in chapter 7.
The results presented in this study were obtained from direct shear tests

performed on samples with different lamination directions using normal

stresses ranging from 0.3 to 1.6 MPa.
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6.2 TEST PROGRAMME

The laboratory test programme consisted of more than 100 monotonic direct
shear tests. The tests have been conducted under constant normal stress
conditions. The main aims of these tests have been:
(a) to investigate the shear behaviour of Ashfield shale specimens,
(b) to investigate the effect of lamination directions on the shear strength,
shear stiffness and shear strength parameters,
(c) to investigate the effect of normal stress on the shear strength, shear
stiffness, and shear strength parameters,
(d) to investigate the effect of rate of shearing on the shear behaviour,
(e) to investigate the effect of gap width between the two halves of the
shear device on the shear behaviour,
(f) to investigate the variation of shear strength in one quadrant from O to

90 degrees along the bedding planes.

6.3 SHEAR TESTING MACHINE

The equipment used in these tests is a version of a constant normal stiffness
(CNS) direct shear device designed by Ooi and Carter (1987) at the University
of Sydney. The device was modified by Boey (1990) to allow tests under a
condition of constant normal stress (CNL) as well as constant normal stiftness
(CNS). The direct shear device is illustrated in the photograph in Figure 6.1
and a schematic layout of the major components is given in Figure 6.2. For
the present series of tests the device was used with a very low normal stiffness
(150 kPa/mm), so that the shearing was conducted at almost constant normal
stress, A general purpose, servo-controlled testing machine (an INSTRON,
model TT-KM), having a maximum load capacity of 250 kN, was used to apply
the force necessary to cause direct shearing of the shale cores. Each test was

controlled by a microcomputer, which also recorded the test data. The direct

216



Chapter 6 - Direct shear tests

shear device consists of two collars to grip the core specimens, which had
diameters of either 51, 61 or 80 mm. The right collar (B) has a cranked rod
which is connected directly to the cross-head of the servo-controlled testing
machine. The cross-head applies a force normal to the axis of the cylindrical
specimen necessary to cause direct shearing on a circular plane between the
two collars. The movement of collar (B) causes shear deformation of the
specimen, and is guided vertically by the cylindrical roller bearings (A). The
lateral movement of this collar is restrained. The second collar is restrained in
such a way that movement can occur only in the direction along the axis of the
specimen. Movement in this direction i.e. normal displacement 1is due to
dilation of the specimen in the immediate vicinity of the shear plane that is in

the gap between the collars.

The magnitudes of the applied shear load, the normal load and the shear
and normal displacements were monitored simultaneously throughout each
test. The shear load was measured by a load cell mounted in the crosshead of
the testing machine. This full bridge strain gauged load cell has a maximum
capacity of 250 kN. The precision and linearity of the cell were confirmed by
a calibration test prior to use. The relative shear displacement between the
two collars was measured by using a strain gauge extensometer. The
extensometer was calibrated using a high magnification micrometer that can
read to 0.0005 mm. The normal load was measured using a more sensitive
axial load cell (Showa DB-500k) with a maximum capacity of 5 kN. A linear
variable differential transformer (LVDT) was used to measure the changes in
normal displacement during testing. A high magnification micrometer was
used to calibrate the LVDT.

Two methods were used to try to apply a constant normal stress to the
specimen. Initially the reaction spring beam in Figure 6.2 was replaced with a
hydraulic jack which applied a constant axial load to the specimen. A hand

pump was used to provide oil pressure to the hydraulic jack. The pressure
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supplied to the jack was held constant through a pressure accumulator.
However, with this arrangement the normal load did not remain constant
throughout the entire shear test because of friction in the jack between the
plunger and seal. A significant change in normal load occurred until the
friction was overcome, after which the normal stress remained constant even
for significant amounts of dilation. Because of the change in normal load it
was decided to use a spring of low stiffness (150 kPa/mm) to apply the normal
load. In this case, after installing the specimen in the shear apparatus, normal
stress was applied by adjustment of the spherical seat (see detail from Figure
6.2). With this arrangement the normal load remained almost constant
throughout the entire shear test. The direct shear tests were carried out at a

variety of normal stresses within the range from 0.3 to 1.6 MPa.

The voltage outputs of all the measuring transducers (load cells,
extensometer and LVDT were suitably amplified and then fed into an analog-
digital converter and stored on the hard disk of a microcomputer system for

later processing.

6.4 SPECIMEN PREPARATION

The specimens for the direct shear test were obtained from boreholes drilled
at different directions with respect to the bedding plane direction at the Ryde-
interchange site and from block samples recovered from an excavation at
Moorebank in the west of Sydney. The geology and mineralogy of the

Ashfield shale from these sites and the preparation of core samples have been
described in Chapter 3.

The specimens of Ashfield shale from Ryde-interchange site for this test
were generally 61 mm in diameter. The length to diameter (H/D) of

specimens varied between 1 and 1.5. Before testing, each specimen was
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mounted inside the two collars of the direct shear device. The left collar had
an oversized diameter and the right collar which was connected to the testing
machine (see Figure 2) had the same diameter as the specimen. After the
specimen was firmly held by the right collar, the other end of the specimen
was loosely mounted in the left collar. Typically, a gap of 3 mm was set
between the two collars. The level of the crosshead of the testing machine was
carefully adjusted to position the specimen in the centre of the left collar, and
to prevent any shear load being induced on the specimen due to misalignment
of the collars. After this, the loose end of the specimen was cast in the
oversized collar using hydrostone grout which is a mixture of hydrostone
cement and water. The shale specimen was covered by a thin layer of grease
and a thin plastic film to prevent the samples from absorbing moisture from
the hydrostone grout. The grout was prevented from leaking out of the collar
by surrounding it with absorbent paper. This method of preparing samples for
testing ensured that the specimen was firmly seated in the two collars with no
induced shear load. The hydrostone grout hardened after two hours and the
absorbent paper was removed. The shear and normal displacement transducer
and normal load cell were mounted in the correct locations. The readings of
shear stress, the shear displacement, the normal stress and the normal
displacement were monitored at frequent intervals during the test and stored
in the memory of a computer system for later processing. The samples were

generally sheared at a rate of approximately 0.2 mm/min.

As mentioned in Chapter 3, the shale from Moorebank site is generally
stronger than shale from the Ryde-interchange site and there was no test data
for # = 90° at the Ryde site. ¢ is the angle of inclination between the
laminations and shear load direction. This was taken into account Dby
preparing core samples in two directions (6= 0 and 90°) from the block of
shale from Moorebank, and conducting direct shear tests in these two
directions. By comparing the results of tests on samples with lamination angle

of §= 0° from these two sites, a correlation factor between the two shales was
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obtained. Values of the shear strength and shear stiffness at 6= 90° for the
Ryde shale were estimated by applying the appropriate correlation factors to
the test data for the Moorebank shales (#= 90°). The data presented in the
remainder of this chapter for all directions except 90 degrees are from Ryde

samples and for = 90° are from Moorebank with the scale factor applied.

6.5 TESTING PROCEDURE

In order to assess the degree of anisotropy in the shearing behaviour of the
shale, a series of tests has been carried out in which the angle of inclination
(§) between the direction of the shear load and the bedding planes in the
specimen has been varied between -90 and +90 degrees. A second series of
tests has been carried out with the shear force applied in a number of
directions within the plane of the laminations, i.e. all corresponding to 6= 0.
A third set of tests was also conducted to study the influence of shearing rate
on the peak and residual shear strength. In the latter set of tests all

parameters except the shear rate were kept constant from test to test.

In the first series of tests, eight different orientations (i.e. eight values of 8)
were investigated and these have been divided into two categories with respect
to the shear load direction. Specimens with a value of @ in the range from O
to 90 degrees, i.e. 8 positive, were deemed to be in category I, while those with
# in the range from O to - 90 degrees, i.e. # negative, were deemed to be in
category /1. These orientations are shown schematically in Figure 6.3. Note
the convention that & is measured positive anti-clockwise from the vertical
direction. The samples in category / have laminations in directions which,

intuitively, might be expected to be associated with lower shear strengths.

The samples tested in category / had laminations that were oriented at

either 0, 30, 45, 60 or 90 degrees to the direction of the applied shear load. In

220



Chapter 6 - Direct shear tests

category II the laminations were oriented at O, - 30, - 45, - 60 and -90 degrees

to the direction of applied shear load.

Because of the relatively high stiffness of the Ashfield shale specimens, the
system compliance must be determined. To do this a stainless steel dummy
sample with the same diameter as the shale specimens was set up in the direct
shear test apparatus and the relevant normal stress was applied. The system
compliance was obtained from a plot of the shear displacement versus the
shear stress after allowing for the known shear stiffness of steel.  An
approximately linear relationship between shear displacement and shear stress
was obtained, once full contact between the components was completed. The
initial non-linearity seems to have resulted from the seating and contact of the
components involved. The shear displacements reported in this chapter have
been corrected assuming the system compliance given by the linear part of the
relationship between shear stress and shear displacement. The measured

stiffness of each sample was corrected based on this observation.

6.6 EXPERIMENTAL RESULTS

To measure the shear strength parameters, several tests at different normal
stresses {¢) have been carried out. For each test graphs of shear stress (7) and
normal displacement (V) against shear displacement (#) have been plotted.
Summary plots of the peak and residual strength data have also been prepared.
For brevity, only selected test results are presented in the figures of this
chapter. However, all selected test data are included in the analysis of the

results.

6.6.1 Typical results

The results of constant normal stress tests for different orientations of the
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laminations are summarised in Table 6.1 and typical results are presented in
Figures 6.4 and 6.5. Figures 6.4 and 6.5 show representative plots of the shear
stress and normal displacement against the shear displacement for core
specimens containing laminations oriented at 0 and -45 degrees to the shearing
direction, respectively. It can be seen from the plots of shear stress against
shear displacement (Figures 6.4a and 6.5a) that the shear behaviour can be
divided approximately into three zones. In all cases in the pre-peak zone, an
almost linear elastic response up to a pronounced peak shear strength was
observed, followed by a rapid reduction in the shear strength with further
relative displacement beyond the peak (second zone). A distinct rupture
surface was formed close to tﬁe peak response and subsequent shearing
occurred along this surface. With further displacement, a third zone was
finally defined when the shear stress reached an approximately constant value

(the residual strength).

The peak shear strength occurred at an early stage of shearing at relatively
small shear displacements that were usually in the range from 0.1 to 0.2 mm.
This did not change significantly with increase in normal stress. The residual
response was reached generally at a shear displacement in the range from 1 to
2 mm. The results presented in Figures 6.4 and 6.5 were obtained from tests
carried out with different normal stresses, as indicated by the labels on the
curves, It is clear that increasing the normal stress generally increases the
peak shear strength. The value of the shear displacement at which the
residual strength was obtained varied with the orientation of the laminations
and depended mainly on the magnitude of the normal stress and the nature of
the failure surface. The shear displacement at which the residual strength was
obtained increased with the normal stress. Similar trends to those evident in

Figures 6.4 and 6.5 were observed for most of the core samples tested.

Figures 6.4b and 6.5b present the variation of normal displacement as a

function of shear displacement. The figures show that shearing is accompanied
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by a significant amount of dilation at the shearing surface after the peak. It is
clear that increasing the normal stress generally decreases the dilation that
occurs along the rupture surface. In all cases dilation was observed for the

second and third zones of behaviour.

6.6.2 Peak and residual shear strength envelopes

In order to define the shear strength parameters, the peak shear stress and the
shear stress at 3 mm displacement were plotted against normal stress for each
test. Typical plots of this type are shown in Figures 6.6,6.7 and 6.8 for cases
where the laminations were inclined at -45, 45 and O degrees to the direction
of shearing, respectively. It is evident from these figures that the peak and
residual strengths appear to debend on normal stress and that the Mohr-
Coulomb strength criterion provides a reasonable fit to the test data over the

normal stress range from 0.3to 1.6 MPa.

The peak shear strength predicted by the Mohr-Coulomb criterion is
defined by the equation

T = ¢ +otang, 6.1)

and the residual shear strength is defined by

T = ¢, +otand, (6.2)
in which: ‘
¢, = cohesion at peak shear strength,
¢, = friction angle at peak shear strength,
¢, = cohesion at residual shear strength, and
¢, = friction angle at residual shear strength.

The peak and residual values of ¢ and ¢ obtained from the test results are
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listed in Table 6.2, which indicates the effects of bedding plane orientation on
the shear strength parameters of the Ashfield shale. The peak friction angles
varied between 31 and 62 degrees and the residual friction angles varied
between 15 and 37 degrees. The interpreted average strength envelopes at
peak and at 3 mm shear displacement for the two categories of samples are
presented together in Figure 6.9, which shows the variation in the peak and
residual strength envelopes with the orientation of the laminations. Clearly,
the samples were strongest in the case where the angle 6 was 90 degrees, i.e.
when the rupture plane formed entirely through intact material in a direction
perpendicular to the laminations, a result which could have been anticipated.
Curiously, the peak strength envelopes corresponding to 6 = 0, 30, 45, and 60
degrees are quite similar to each other but are well below the peak envelope
for @ = 90 degrees. The peak strength envelopes for negative values of ¢
(category /I samples) are also above the envelopes for most cases of positive §
(category I samples). The failure patterns also depend on the direction of the
laminations relative to the shearing direction. The failure surface observed for
category I samples was smoother than for category /I samples. Figure 6.10

shows examples of the failed specimens for category I and /L.

The interpreted peak friction angles for & = -45 and -60 degrees appear to
be unusually large. However, it should be noted that these results are from
best fits to only a few data points and so they may be inappropriate because of
experimental error or sample variation. Nevertheless, the trend in the results

for all samples is clear and is also consistent with expectations.

When evaluating the stability of rock construction, it is important to
analyse the residual strength and the residual friction angle (Hoek and Bray,
1977). As indicated in Table 6.2,the residual cohesion for most cases appears
to be almost zero. It is possible that the shearing was not continued far
enough in cases where the residual cohesion appears to be non-zero. The

residual friction angle appears to be in the range from 15 to 34 degrees.
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6.7 SHEAR STIFFNESS

Before the peak shear force is mobilised, there is some prior shear
displacement across the shear zone of the specimen. The slope of this rising
part of the load displacement curve is defined as the shear stiffness (K,). In all
tests the response up to the peak shear strength was observed and three
different shear stiffnesses were measured. These were the initial tangent shear
stiffness, the secant shear stiffness at the peak and the secant shear stiffness at
50% of the peak shear strength. The average values for initial tangent shear
stiffness (K,), secant shear stiffness (K,) and peak shear stiffness (K,,) were
calculated for each test and each level of normal stress. These values include

a correction for the compliance of the testing apparatus.

The shear stiffnesses found for samples of Ashfield shale tested at
different normal stresses are presented in Table 6.3. A typical set of results, at
a normal stress of 580 kPa, is presented graphically in Figure 6.11. As Figure
6.11 shows, the orientation of the lamination with respect to the shear force
direction has a significant effeét on the measured shear stiffness of the
Ashfield shale. The shear stiffness appears to be smallest when ¢ is in the
region of 60 degrees. A comparison of the results in Figure 6.11 indicates that
the initial tangent shear stiffness is typically 2 to 3 times the secant shear
stiffness at the peak, and that the secant shear stiffness at 50% of the peak
shear strength is approximately midway between the peak and the initial value.
The shale displays a limited truly elastic response, but the pre-peak response

can still be reasonably described by a set of elastic parameters.

To show the effect of the normal stress on the shear stiffness of the
Ashfield shale, the secant shear stiffnesses at 50% of the peak shear strength
are plotted against normal stress in Figure 6.12. As this figure shows, the
magnitude of the shear stiffness varies with both the lamination direction and

the of normal stress. The magnitude of the shear stiffness increases
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significantly with the normal stress.  Table 6.3 shows that the same
observations can be made for the initial tangent shear stiffness (K;) and the

peak shear stiffness (K,).

6.8 ANISOTROPY OF SHEAR STRENGTH AND SHEAR STIFFNESS

It is obvious that the orientation of the laminations to the shear force has a
significant effect on the shear strength of the Ashfield shale. The peak shear
strengths obtained in the direct shear tests have been plotted against the
direction of the laminations in polar co-ordinates in Figure 6.13. This figure
shows that the peak shear strength takes small values in the region of ¢ = 30
degrees and the highest values in the region of 6 = 90 degrees. Figure 6.13
shows that the shear strength of the bedding planes in the Ashfield shale
samples is higher in the case of negative values of § (category II) than positive
values of @ (category I), as discussed previously. The pattern of the results is
similar to that obtained by Hayashi (1966), Kawamoto (1970), and also
Kobayashi and Sugimoto (1981), when they conducted direct shear tests on

specimens containing artificial discontinuity planes.

The secant shear stiffnesses at 50% of the peak strength have been plotted
against the direction of the laminations in polar co-ordinates in Figure 6.14.
This figure shows that the shear stiffness takes highest values in the region of
@ = - 30 degrees and the smallest values in the region of § = 60 degrees.
Figure 6.14 shows that the shear stiffness of the bedding planes in the Ashfield
shale samples is higher in the case of negative values of 6 (category II) than
positive values of & (category I), as discussed previously. Generally the shear
stiffness increased with the normal stress. It is worth noting that this result
would not be predicted by the theory for a cross anisotropic elastic material
(described in Chapter 7). For this ideal material the elastic stiffness is

symmetric about 6 = 90°.
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From this experimental study of the influence of the lamination angle 6, it
can be pointed out that the ratios of maximum to minimum shear stiffness and
maximum to minimum shear strengths are very similar, i.e. both are
approximately 3. However the angles at which they occur are different. The
maximum and minimum shear strengths correspond to § = 90 and 30 degrees
respectively, but the maximum and minimum shear stiffness correspond to 6 =

-30 and 60 degrees, respectively.

6.9 EFFECT OF ORIENTATION WITHIN THE BEDDING PLANE

The shearing resistance of the Ashfield shale was also measured in one
quadrant from O to 90 degrees along the lamination planes. Direct shear tests
were conducted in the plane of the lamination at 22.5 degree intervals.
Figure 6.15 shows a complete set of results of shear stress and dilation against
shear displacement for angles within the bedding plane from 0 to 90 degrees.
A constant normal stress of 580 kPa was employed in all cases. The peak and
residual shear strengths along the lamination plane have been plotted against
the direction of shearing in Figure 6.16. The values of residual shear strengths
and the dilation appear to be constant (Figure 6.15) within the order of scatter
of the peak values. The actual variation of peak shear strength is shown in
Figure 6.16 where the strength is obtained for different directions along the
bedding plane. Except at the 90 degrees direction, the values of peak shear
strength do not change markedly with the direction of shearing in the plane of
the lamination and the strength appears to be constant within the order of

scatter of the peak values measured at O degree direction.

6.10 EFFECT OF RATE OF SHEARING

In order to investigate the effect of the rate of shearing on the behaviour of
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Ashfield shale in the direct shear test, some tests were carried out under
conditions of constant normal stress. In this way all parameters except the
shear rate were kept constant from test to test. The range of rates of shearing
for the tests was varied from 0.1to 1| mm/minute. A constant normal stress of

580 kPa was employed in all cases.

Figure 6.17 shows the results for tests carried out with the various rates of
shearing. The rtesults in Figure 6.17a show that the peak shear strength is
noticeably affected by the rate of shearing. The peak shear strength generally
increased with increasing rate of shearing, whereas the residual strength
remained more or less constant. The curves in Figure 6.17b indicate that the
dilation under low shear rates is slightly higher than for the sample under
higher rates of shearing. To show a clearer indication of this effect, the peak
and residual shear strength and the stress ratio at peak (shear stress divided by
normal stress) versus rate of shearing are also shown in Figure 6.18. As Figure
6.18a shows the peak shear strength increases with increasing rate of shearing.
Figure 6.18b shows that the stress ratio at peak increases with increasing rate

of shearing, but the stress ratio at residual strength is relatively unaffected.

6.11 EFFECT OF WIDTH OF GAP BETWEEN COLLARS

In this study, attempts were also made to investigate experimentally the effect
of gap width on the direct shear behaviour of the Ashfield shale specimens
under constant normal stress, The gap width used in this study was either 2, 3
or 4 mm. The results are plotted in Figure 6.19. As this figure shows, the
peak shear strength was found to decrease slightly with increasing gap width.
The shear stiffness also decreases with increasing the width of the gap between
the two collars of the shear device. Since the gap width is a factor affecting
the shear resistance of the specimen, it is important to maintain a consistent

gap width so as to eliminate the effects of gap width variation. A gap width of
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3 mm is therefore used consistently in the other series of tests.

6.12 DISCUSSION OF THE RESULTS

The direct shear test is capable of detecting the nature of the anisotropy of
shale. The experimental results confirmed the existence of anisotropy In the
shear strength parameters and shear stiffness of shale with lamination planes.
The orientation of the lamination planes to the applied shear force and the
magnitudes of normal stress have a great influence on the overall shear
strength and shear stiffness. The lowest stiffness in direct shear was observed
when the bedding planes were inclined at 60 degrees to the applied shear
force. The largest shear stiffness generally occurred when the bedding was

inclined at about -30 degrees to the applied force.
6.12.1 Comparison of the shear strength parameters

The Ashfield shale exhibits distinct anisotropy. The triaxial and direct shear
experimental results confirmed the existence of anisotropy in the shear strength
parameters as a consequence of the lamination planes. To understand further
the shear strength parameters of the Ashfield shale as a function of the
lamination orientation and confining pressure, Mohr-Coulomb envelopes were
constructed for both triaxial and direct shear tests. The shear strength
parameters for both triaxial and direct shear tests results are shown in Table
6.4.

The peak friction angles in direct shear tests on samples with § = 0 to 90
degrees varied between 31 and 47 degrees. The smallest values of friction
angle were obtained for ¢ = 90° and the highest values in the region of § =
30°. The cohesive strength varied between 0.93 MPa for 8 = 30° to 3.37 MPa
for 8 = 90°.
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In triaxial tests, all the envelopes obtained were approximately parabolic
towards the origin. For the purpose of comparison, two series of shear
strength parameters were calculated, i.e. the shear strength parameters from
the linear parts of the envelopes, over the range of normal stress from 5 to
30 MPa, (¢, ¢) and the shear strength parameters from initial parts of the
envelopes. The maximum cohesive strengths for both cases occur at § = 90
degrees and the minimum at 8 = 30 degrees. The cohesive strengths derived
from the linear parts of the Mohr-Coulomb envelopes are approximately twice
the cohesive strengths derived from the initial tangents to the Mohr-Coulomb
envelopes. The initial tangent cohesive strength varied between 1.5 MPa for 3
= 30° to 3.5 MPa for 8 = 90°. The friction angle from the linear part of the
envelope varied only slightly between 30 and 34 degrees, except close to 8= 30
degrees, where it dropped to 24 degrees. The friction angles derived from
tangent to the initial part of envelope varied only between 56 to 63 degrees,
except for 8 = 30 degrees, where it dropped to 47 degrees. A comparison of
the results shows that the friction angles derived from initial tangent to the

envelopes are approximately twice the friction angles derived from linear parts

of the envelopes.

The maximum cohesive strengths for both cases, triaxial and direct shear
tests occur at # = 90 degrees in direct shear and 8 = 90 degrees in triaxial
compression test and the minimum at § = 30 and 8 = 30 degrees. There is
close agreement between the cohesive strengths derived from the initial
tangents to the Mohr-Coulomb envelopes in triaxial test and the cohesive
strength derived from direct shear test. The friction angles derived from
tangent to the initial part of envelope in triaxial test are more close to the

friction angles derived from direct shear test.

In triaxial test the minimum strength occurs at an orientation of = 30
degrees and the failure always occurred as a shear slip on the lamination

planes. In direct shear test the shear strength and mode of failure of the
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sample in the case of negative and positive directions (e.g. -30° and +30°,
Figure 6.3) is different. The shear strength of the sample is higher in the case

of negative values of # than positive values of 8, as discussed previously.

6.13 CONCLUSIONS

To evaluate the engineering response of Ashfield shale, which is intrinsically
anisotropic in nature, direct shear tests were carried out at a variety of normal
stresses within the range from 0.3 to 1.6 MPa. The peak and residual shear

strength parameters were determined for the Mohr-Coulomb sirength criterion.

From the experimental results, it was found that the shear strength of
laminated Ashfield shale depends not only on the applied normal stress but
also on the lamination directions with respect to the direction of shear loading,
i.e. the shale exhibited strength anisotropy. The peak shear strength was
highest for category II samples (negative values of §). The shear strength was
also a function of the applied normal stress. The amount of dilatancy

accompanying the shearing decreased with increasing normal stress.

The peak shear strengths were usually mobilised at relatively small shear
displacements which range approximately from 0.10to 0.20 mm. The shearing
resistance was reduced abruptly with further shearing beyond the peak. At

bigger shear displacements the residual strength was obtained.

It was also found that the peak and residual shear strengths were
practically independent of the direction of shearing whenever the shear force

was applied parallel to the laminations (8 = 0).

The results of the testing show that there is a wide range of shearing

orientations (e.g. # = 0 to 60 degrees) for which the strength parameters are
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approximately constant and equal to about the minimum measured values. It
might therefore be appropriate to use such values in geotechnical designs
requiring shear strength parameters for the intact shale. However, if the shale
mass in the field contains significant jointing (a feature that is often difficult to
determine in practice), the strength of the rock mass may be better
characterised by the residual strength values measured as part of this study.
High values of cohesion and friction angle (31 to 62°) are generally observed
for the peak condition. The residual shear strength parameters that are mainly
obtained from direct shear tests, show very low apparent cohesion (almost

zero) values with lower friction angles (15 to 34°).

From this study of the influence of the lamination angle 8, it can be
pointed out that the ratios of maximum to minimum shear stiffness and
maximum to minimum shear strengths are very similar, i.e. both are
approximately 3. However the angles at which they occur are different. The
maximum and minimum shear strengths correspond to 6 = 90 and 30 degrees
respectively, but the maximum and minimum shear stiffness correspond to 8 =

-30 and 60 degrees, respectively.
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Table 6.1 Summary of results of CNL direct shear test for Ashfield shale

Sample 3 (degree) a Conditions at peak Conditions at &= 3 mm
No. (kPa)
7 (kPa} 1 () v () 7 (kPa) v (mem)
ASR1 0 580 1728 0.107 0.001 249 -0.22
ASR2 0 580 1749 0.128 0.000 262 -0.26
ASR3 0 580 1760 0.107 0.003 266 -0.61
ASR4 0 580 1821 0.117 0.014 280 -0.27
ASRS 0 800 1886 0.096 0.009 321 -0.57
ASR6 0 800 2022 0.096 0.026 362 -0.86
ASR7 0 800 2068 0.107 0.013 427 -0.63
ASRS 0 1100 2230 0.096 0.025 544 -0.57
ASRY 0 1100 2263 0.096 0.000 556 -1.25
ASR10 0 1100 2289 0.096 0.019 596 -0.50
ASR11 0 1640 2347 0.093 0.004 598 -0.25
ASR12 0 1640 2547 0.099 -0.097 713 -1.70
ASRI13 0 1640 2573 0.101 -0.023 782 -0.22
ASR14 30 580 1366 0.107 0.008 285 -0.60
ASR13S 30 580 1396 0.118 0.043 378 -0.78
ASR16 30 580 1487 0.128 0.014 382 -0.45
ASR17 30 800 1764 0.353 0.002 398 -0.45
ASRI18 30 300 1814 0.128 0.029 412 -0.92
ASRI19 30 800 1895 0.128 0.014 497 -0.61
ASR20 30 800 1928 0.128 0.000 555 -0.84
ASR21 30 800 1954 0.139 0.029 556 0.97
ASR22 30 1100 2025 0.118 0.005 51 -0.42

7 = Shear stress

u = Shear displacement

v = Normal displacement
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Table 6.1 (continue)

ASR24 30 1100 2125 0.118 0.028 590 -1.32
ASR25 30 1100 2181 0.460 0.021 685 -0.29
ASR26 30 1100 2186 0.128 0.009 685 -1.28
ASR27 30 1640 2451 0.106 0.016 929 -0.38
ASR28 30 1640 2602 0.110 0.026 970 -0.52
ASR29 30 1640 2857 0.120 -0.005 1136 -1.14
ASR30 -30 580 2311 0.160 -0.002 593 -0.46
ASR31 -30 580 2509 0.460 0.014 603 0.12
ASR32 -30 800 2793 0.160 -0.119 647 -0.69
ASR33 -30 800 2883 0.139 -0.007 783 -0.05
ASR34 -30 1100 2961 0.139 -0.064 823 -0.79
ASR35 -30 1100 3006 0.113 -0.182 902 -0.37
ASR36 -30 1640 3381 .107 -0.420 982 -0.34
ASR37 -30 1640 3772 0.118 0.019 1108 -0.66
ASR38 45 580 1775 0.182 0.000 317 -0.78
ASR39 45 800 1880 0.171 0.048 414 -1.08
ASR40 45 800 2102 0.1 0.008 430 -1.23
ASR41 45 1100 2205 0.203 0.002 491 -0.89
ASR42 45 1100 2418 0.150 0.001 618 -0.91
ASR43 45 1640 2761 0.165 0.005 753 -0.40
ASR44 -45 580 2069 0.128 0.041 124 -0.72
ASR45 -45 580 2492 0.160 -0.058 449 -0.72
ASR46 -45 800 2554 0.150 -0.088 708 -1.12
ASR47 -45 800 2693 0.502 -0.078 37 -0.56
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Table 6.1 (continued)

ASR49 -45 1100 3520 0.171 -0.01 2887 -0.49
ASRS0 -45 1640 3738 0.160 -0.047 1080 -1
ASRS1 -45 1640 4721 0.203 0.00% 1414 -1.01
ASRS52 60 580 1612 0.214 -0.034 324 -028
ASRS53 60 580 1703 0.192 0.057 435 -1.06
ASR54 60 800 1891 0.192 -0.09 465 -0.66
ASRS5S 60 800 2024 0.2i4 0.024 492 -0.38
ASR56 60 1100 2044 0.192 0.028 726 -0.60
ASRS7 60 1100 27 0.214 0.023 875 -0.05
ASRSS 60 1640 2661 0.185 -0.014 1088 -1.34
ASRS59 60 1640 2820 0.182 0.017 1100 -0.36
ASR60 -60 580 1837 0.214 -0.02 141 -0.96
ASR61 -60 580 1886 0.160 0.071 247 -1.13
ASRO62 -60 300 2165 0.160 -0.027 375 -0.28
ASRO63 -60 800 2166 0.150 -0.014 417 -1.34
ASR64 -60 1100 2654 0.160 -0.071 498 -0.96
ASR65 -60 1100 2927 0.171 -0.059 554 -0.33
ASR66 -60 1640 3250 0.171 0.022 785 -0.10
ASR67 -60 1640 3887 0.203 -6.005 907 -0.90
F51 GO+ 580 ;3075 0.256 -0.122 1108 -0.77
F52 90* 580 3024 0.246 -0.026 930 -1.73
F53 90+ 300 3356 0.246 -0.07 1448.55 -0.78
F54 90* 800 3355 0.214 -0.026 1428 -1.02
F55 90* 1100 3528 ¢.192 0.057 1487 -0.88
F56 90* 1640 3650 0.186 0.06 1702 -1.05

*  Scaled values for this direction
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Table 6.2 Peak and residual shear strength parameters for Ashfield shale

|-— Ashfield shale 61 Peak Residual
core samples
®, c, P, ¢,
degrees MPua degrees MPa
degrees
Category | 0 34 1.42 24 0
30 47 0.93 31 0
45 43 .23 22 0.116
+ - ]
60 45 .11 34 0
. | |
00* 31 3.37 ) 0.503
Category I - 30 46 .89 23 0.374
l - 45 62 1.16 37 0
l - 60 59 0.91 26 0

*  Scaled values for this direction
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Table 6.3 Shear stiffness from direct shear test

8 Normal stress Initial Lan.genl Secant at 50% of peak Secant at peak
(kPa/mm) (kPa/mm) (kPa/nniy
{Degree) (kPa)
0 580 45823 23389 17258
0 580 37713 i9510 14449
0 580 46829 23863 46329
0 580 43872 22465 16591
0 800 58033 29037 21311
0 800 63271 31392 22988
0 300 56878 28512 20936
0 1100 71633 35071 25593
0 1100 73001 35665 29012
0 1100 74087 36133 26342
0 1640 85128 41108 28052
0 1640 87359 42041 28660
0 1640 86209 41561 24347
30 580 36152 25291 13449
30 580 33152 23265 12415
30 580 32476 22808 12180
30 800 40777 28390 15018
30 800 42909 29808 15731
30 300 43786 30390 16022
30 800 40395 28135 14890
30 1100 51127 35216 18418
30 1100 54196 37213 19398
30 1100 50830 35023 18323
30 1640 63772 49877 25464
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30 1640 65922 51259 26013
30 1640 66503 48241 26298
-30 580 41690 28892 15320
-30 800 52188 35900 18760
-30 800 64530 43842 22600
-30 1100 66740 45245 23270
-30 1100 84148 56080 28344
-30 1640 113566 63300 36141
-30 1640 115495 64615 36620
45 580 28805 18873 10146
45 800 32953 21480 1490
45 800 37423 24261 12620
45 1100 38505 29200 14352
45 16400 51641 32800 17124
45 1640 53838 34219 17926
-45 580 60079 34980 17275
-45 580 57390 33540 16603
-45 800 64100 37132 18263
-45 1100 81860 46315 22422
-45 1640 97175 53900 25755
-45 1640 965659 53600 25626
60 580 21330 14753 7770

60 580 25490 17554 9190

60 800 28633 19644 10255
60 800 27369 18806 9830
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Table 6.3 (continued)

60 1100 31230 21368 11110
60 1100 31120 21295 11078
60 1640 44131 29759 15256
60 1640 43220 - 30587 16509
-60 580 24592 16951 8880

-60 580 35050 23487 12360
-60 800 41082 27800 14309
-60 300 44330 29889 15315
-60 1100 52298 34952 17750
-60 1100 54320 36229 18357
-60 1640 61790 40877 20555
-60 1640 62373 41230 20722
90> 580 28000 16919 12602
90* © 580 28769 17346 12920
90* 800 32328 19394 14412
SO 800 37880 22551 16712
90+ 1100 45592 26850 19818
90+ 1640 44599 31906 21274

*  Scaled values for this direction
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Table 6.4 Direct shear and triaxial shear strength parameters for Ashfield shale

Lamination Direct shear test Triaxial test resuits
Direction results
(degree) Cohesion | Friction | Cohesion | Cohesion | Friction | Friction
angle angle angle
, ¢, c c,. ¢ ¢
(MPg) | @egress) | (MPa) | (MPa) (degrees) | (degrees)
0 1.42 34 7.2 35 34 56
15 - - 5.95 2.5 30 57
30 0.93 47 3.78 1.5 24 47
45 1.25 43 5.51 2.5 31 63
60 1.1 45 6.76 3 34 63
75 - - 7.5 33 32 58
90 3.37 31 7.81 3.5 33 63
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Figure 6.1 Direct shear device



Shear Plane

i
L]
i
i
]
|
i
I
I
i
I
i
1
i
I
|
|
i
!
i

| —"_ e
]
l 3
! A Al
7N = (T
| & .
| i
: -
| '-t —
]
: il (K)
o
b . B
-_.1{' .' I,f;
i = W - "'
r—r%
'Y | Ted
| ¢l =
CRE =
'3 3] 5 J
:L“.‘ i
(N) |
L —

625 mm ~
Note : Drawing is not to scale

Item Description

A Cylindrical roller bearings

B Straight connecting rod of right collar : connected to testing
machine for application of shear load

C Left collar which only can slide in the slider J

D Cylindrical specimen

E Normal load cell

F Spherical seat : allow application of initial normal stress

G Hydraulic jack to apply initial normal stress (for CNL test only)

H Reaction frame

I Movable knife edge support (for CNS test only)

J Slider to allow only normal displacement

K Position of bolts for fastening to testing machine base plate

L Long bolts to stiffen reaction frame
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N Base plate of device

Figure 6.2 Schematic Layout of the direct shear
device for CNL test (after Boey, 1990)
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CHAPTER 7

NUMERICAL MODELLING OF ASHFIELD
SHALE IN THE
DIRECT SHEAR TEST

7.1 INTRODUCTION

An extensive experimental investigation into the anisotropic behaviour of Ashfield
shale has been carried out and the results have been presented in previous chapters.
This chapter addresses the pre-failure behaviour of anisotropic rock during direct
shear tests. The study has investigated the effect of the orientation of the bedding
planes to the shearing direction, and the boundary conditions imposed in the test on
the behaviour during shearing. A cross-anisotropic elastic model has been used to
represent the pre-failure stress-strain behaviour of the rock. An extensive parametric

study has been carried out of the behaviour of this material in direct shear.
The numerical solutions have been compared with the results of the physical

experiments carried out on core samples of Ashfield shale. A detailed description of

the test setup and the measured strength anisotropy has been described in chapter 6.
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Chapter 7 - Numerical modelling of Ashfield shale in the direct shear test

The deformation anisotropy deduced from the direct shear tests is also compared to
that which was measured in the more conventional uniaxial and triaxial compression

tests on core samples of the shale (Chapter 5).

7.2 NUMERICAL MODELLING

7.2.1 Stress-strain model

It has been demonstrated from the results of the triaxial and UCS tests that the pre-
peak behaviour can be reasonably described by a cross-anisotropic elastic model. The
definition of elastic constants for shale is shown in Figure 7.1. Taking the bedding
planes (or the plane of isotropy) parallel to the x and y-axes and the z-axis
perpendicular to the plane of isotropy as shown in Figure 7.1, the stress-strain
relationships for a cross-anisotropic rock unit are given by equations (5.16) to (5.21).
The transversely isotropic system is therefore completely described by five

independent elastic parameters, E,;, E,, v,, »,, and G, (see section 5.7 for detail).

7.2.2 Finite element model

Finite element modelling has been carried out of samples of an ideal cross-anisotropic
material subjected to direct shearing. The test configuration and the relevant
boundary conditions are illustrated schematically in Figure 7.2a. The test set-up
modelled is similar to a conventional soil mechanics shear box test. The specimen
has a height L and a width D. The top portion of the specimen is loaded horizontally
through a rigid plate of height 0.5(L-7) and the bottom portion is restrained
horizontally by a rigid plate of the same height. The specimen sits on a smooth rigid
base and the interfaces between the loading and restraining plates are perfectly
smooth. A vertical "gap" of width T exists between the two vertical rigid plates, so
that most of the shear deformation will occur in the specimen in the region between

the plates. It is assumed that a horizontal shear force is applied to the upper left-hand
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loading plate at a height X above the base of the specimen. The magnitude of this
shear force per unit length is denoted by F. With this configuration there may be a
tendency for some bending to occur in the specimen (as well as shearing) resulting
in a rotation of its top surface and the left-hand loading plate. The right-hand rigid
plate is restrained against rotation. Figure 7.2b shows an exaggerated deformed
shape. Additional analyses have been performed with both halves of the shear box

restrained from rotation, with the bottom half rigidly restrained.

Conditions of plane strain have been assumed in the model. Parametric studies
have been conducted to assess the influence on the shearing behaviour of the
anisotropic material properties, and the geometry of the loading. For each parameter
the angle (9) that the plane of isotropy, i.e. the bedding planes in the shale, makes
with the direction of the shearing force has been varied. Analyses similar to those
described here, but for an isotropic malerial, have been presented previously by
Noonan and Nixoen (1972).

The finite element calculations were conducted using the program AFENA
(Carter and Balaam, 1990). The anisotropic sample was represented using 8-noded
isoparametric elements. A fine mesh, composed of 1735 nodes and 540 elements,
was used. Most of the elements were located in the region of the gap where high
stress gradients were expected. The analyses, based on the theory of linear elasticity,
were used to predict the pre-peak stresses and displacements throughout samples of
anisotropic rock subjected to direct shear. In particular, the shear stiffness of the
sample was of interest, and the results of the analyses have been expressed in non-

dimensional form, using the dimensionless shear stiffness

K= (7.1
ED

in which E, is the Young’s modulus of the rock in the plane of isotropy, i.e. in the

direction of the laminations.
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7.3 PARAMETRIC STUDY

In this section the results of the numerical study for assessing the influence of the
model parameters on the shearing behaviour of the anisotropic material properties are
presented. The important aim of this study is the determination of the parameters

which have the greatest influence on the shear stiffness of the Ashfield shale.

7.3.1 Effect of material properties

In most of the calculations presented in this chapter it has been assumed that
v, = », = 0.1, and that the independent shear modulus is given by G, = 0.6675 E,
(This can be compared to the value of G = 0.4545 E; that would apply in an
isotropic material with » = 0.1). These values have been selected because they are
consistent with the values determined independently for Ashfield shale in the

unconfined compression tests that were presented in chapter 5.

7.3.1.1 Effect of modulus ratio

Figure 7.3 shows the effect of the modulus ratio E./E, on the predicted shear stiffness
for the case where the aspect ratio is D/L = 0.67 and the size of the gap is given by
7/L = 0.033. Values of the modulus ratio less than or equal to 1 have been
investigated. As seen in this figure, the material anisotropy and the orientation of the
laminations to the shearing direction both have a large effect on the shear stiffness.
As expected, materials with a smaller ratio E;/E, show higher anisotropy in the
overall shear stiffness of the test sample. It is obvious from Figure 7.3 that the
prediction for the case where E,/E; = | is not independent of the orientation 6. This
is because the material is not isotropic, even though the two independent Young's
moduli have the same numerical values in this case and the two independent Poisson’s
ratios are also equal. The reason for the anisotropy is that the independent shear
modulus has been assigned a value that is not consistent with isotropy, as described

previously.
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7.3.1.2 Effect of shear modulus ratio

Further analyses have been performed to investigate the effects of variation in  the
ratio G,/E,. Figure 7.4 shows the effect of varying the ratio of the independent shear
modulus G, to Young’s modulus E;, on the predicted shear stiffness for different
angles of laminations to the shearing direction. These results are for cases where the
aspect ratio is D/L = 0.67 and the size of the gap 7/L = 0.033 and the modulus ratio
E,/E; = 0.333. These analyses have shown that for reasonable values of the ratio
G,/E,, i.e. 0.86, 0.66 and 0.46, the effects on the shear stiffness are less pronounced
than the effects of the modulus ratio E,/E,;, (Figure 7.3). As figure 7.4 shows,
materials with larger values of the ratio G,/E, show higher anisotropy in the overall
shear stiffness of the test sample. The largest shear stiffness occurred when the
laminations were inclined between 15° and 35° to the applied force, and the smallest

shear stiffness for 8 = 60 to 75 degrees.

7.3.1.3 Effect of Poisson’s ratio

Figures 7.5 and 7.6 show the effect of varying the two independent Poisson’s ratios,
v, and v,, on the shear stiffness. For these cases the aspect ratio, D/L= 0.67, and
the size of the gap is given by 7/L= 0.033. The modulus ratio, E,/E;= 0.333, and
G,/E,= 0.66. Tn Figure 7.5 »,= 0.1 for all curves.

Figure 7.5 indicates that the anisotropy is more pronounced as the ratio v,/v, is
increased, as might be expected. However, it is also interesting to note from Figure
7.6 that the anisotropy is also more significant as the value of Poisson’s ratio itself
increases, even when the two independent ratios », and », have the same value. As

in other cases, the largest stiffness occurs in the range 15°< 6 < 30°.

7.3.2 Influence of boundary conditions

Figure 7.7 shows the effect of the sample width to height ratio (D/L) on the shear
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stiffness, for different angles of the laminations to the shearing direction. As seen

in this figure, the sample shape has only a small effect on the shear stiffness, at least

for the range of aspect ratios investigated.

Figure 7.8 shows the effect of gap width on the direct shear behaviour of the
anisotropic material for the case where D/L = 0.67 and E,/E;, = 0.333. The gap
width selected for these analyses is given by either 7/L = 0.022, 0.033 or 0.044.
The shear stiffness for different angles was found to decrease with increasing gap

width, but for the range of widths investigated the variation was not large.

To study the effects of the point of application of the shear load, analyses were
carried out for several loading points on the upper half of the sample, i.e. several
values of the ratio X/L (see Figure 7.2). Figure 7.9 shows the influence of the
loading point on the shear stiffness for different angles of the laminations to the
applied shear force. Generally, the further the point of application of the shear force
from the "gap" at the mid height of the specimen, i.e. the higher up the specimen
(Figure 7.2a) and the larger the lever arm, the more compliant is the response and
the greater is the tendency for rotation of the top portion of the specimen. However,
even when the load was applied almost at the mid-height significant rotation of the
top half of the sample occurred. When analyses were performed in which rotation
was prevented the normalised shear stiffnesses were approximately 4 times greater
than for the case with X/L = 0.51 shown in Figure 7.9, but the same variation with

# was observed.

7.4 DIRECT SHEAR TESTS ON SHALE

To evaluate the engineering response of laminated Ashfield shale, which is
intrinsically anisotropic in nature, direct shear tests were carried out on cylindrical
core samples at a variety of normal stresses. The direct shear tests and the results

were presented in detail in Chapter 6. The length of each core sample was 90 mm
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and the diameter was 61 mm (D/L = 0.678). The width of the gap in the loading
apparatus was 3 mm (T/L = 0.033), and the loading point was at the mid-height (X/L
= 0.51). The experimental boundary conditions were such that some rotation of the
two halves of the shearbox could occur, although any rotations were expected to be
small.

For each test specimen a graph of shear stress against shear displacement was
plotted. Figure 7.10 shows a representative plot for a core specimen containing
laminations orientated at 60 degrees to the shearing direction. The data from all tests
have been corrected to account for the compliance of the apparatus, which was found
to be small. The shear stress versus shear deformation curve (Figure 7.10) shows
some non-linearity. The portion of the curve before the peak shear strength rises
steeply, and measures of the slope of this curve were used to calculate the overall
shear stiffness of Ashfield shale. A detailed description of the measured strength

anisotropy and analysis of the test results has been described in Chapter 6.

7.4.1 Shear stiffness of Ashfield Shale

In all direct shear tests the response up to the peak shear strength was observed and
three different shear stiffnesses were measured. These were the initial tangent shear
stiffness (K,;), the secant shear stiffness at the peak (K,,) and the secant shear stiffness
at 50% of the peak shear strength (K,). Although the average corrected shear
stiffnesses were calculated for each level of normal stress, only the values found for
samples tested at a normal stress of 1.6 MPa are listed in Table 7.1, and a typical set
of results is presented graphically in Figure 7.11. Similar results corresponding to
a normal stress of 580 kPa were presented previously in Figure 6.11. Figure 7.11
shows that the orientation of the laminations to the shear force has a significant effect
on the measured shear stiffness of the Ashfield shale. The shear stiffness appears to
be smallest when @ is in the region of 60 degrees. A comparison of the results in
Figure 7.11 indicates that the initial tangent shear stiffness is typically 2 to 3 times

the secant shear stiffness at the peak, and that the secant shear stiffness at 50% of the
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peak shear strength is approximately midway between the peak and the initial value.
The shale displays a limited truly elastic response, but the pre-peak response can still

be reasonably described by a set of elastic parameters.

7.5 COMPARISON BETWEEN PREDICTIONS AND EXPERIMENTAL RESULTS

Independent uniaxial and triaxial compression tests have been carried out on Ashfield
Shale. A description of the tests and results were presented in chapter 5. The
following deformation parameters for Ashfield shale from Ryde-interchange site have

been estimated from the results of these UCS tests:

E, = 9600 MPa
E, = 3100 MPa
v, = 0.1
v, = 0.1
G, = 6600MPa

These values are based on the secant values measured at an axial stress of
approximately S0% of the peak strength. Value of the deformation at =0 (E,) for
the Ryde shale were estimated by applying the appropriate correction factor to the test
data for the Surry Hills shale (6=0). Using these values, predictions have been
made of the stiffness of Ashfield shale in the direct shear tests, and these are
compared with the experimental results in Figure 7.12. This figure shows a graph
of non-dimensional shear stiffness, K, against the angle of the laminations to the shear
load direction. The normalisation of the experimental results has been achieved by
dividing the measured stiffness in direct shear by E, (= 9600 MPa) and multiplying
it by D, the diameter of the core sample (= 0.061 m). The predicted direct shear
stiffness shows good general agreement with the secant shear stiffness measured at
50% of the peak strength in the direct shear test. Good agreement exists across the

full range of @ values. This implies that the direct shear test is capable of detecting

263



Chapter 7 - Numerical modelling of Ashfield shale in the direct shear test

accurately the nature of the anisotropy of shale in the direct shear test. Furthermore,
the secant values of the moduli determined from uniaxial and triaxial compression
tests (Chapter 5) are consistent with the secant shear stiffnesses measured in direct
shear tests. However, in view of the sensitivity of the shear stiffness to the degree
of rotational restraint imposed in the numerical analyses, that is there was a factor of
4 between these analyses and analyses with no rotation permitted, the excellent

agreement may be fortuitous.

7.6 INTERPRETATION OF DIRECT SHEAR TESTS

It is not possible to use the data from a single direct shear test alone to deduce the
full set of elastic properties of a cross-anisotropic rock. In the direct shear test
essentially only one measure of stiffness is made. If the rock were isotropic,
characterised by only two independent constants, then it might be reasonable to
assume a value for Poisson’s ratio-(say), and then to use the stiffness measured in
direct shear to deduce Young’s modulus of the rock. This procedure has already
been suggested by Noonan and Nixon (1972). However, for a cross-anisotropic rock,
there are five independent elastic constants and these cannot be determined simply
from the measured shear stiffnesses. Nevertheless, by performing tests with the
laminations at different orientations 8, an indication of the extent of the anisotropy
can be obtained, and in principle a curve fitting procedure could be used to find
reasonable sets of parameters that match the observed variation of shear stiffness with
6. The magnitudes of the estimated elastic constants could vary by an order of
magnitude depending on the assumed boundary conditions, and in particular the
rotational restraint, imposed by the shear box. This suggests that the shearbox test
is of limited use if the pre-peak behaviour of anisotropic materials is required, but if
the results can be calibrated against sets of elastic constants determined from other
types of deformation test, such as the uniaxial and triaxial compression tests (Chapter

5), it may be possible to obtain useful data on anisotropic materials.
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7.7 CORRELATION BETWEEN TRIAXIAL AND DIRECT SHEAR STIFFNESS
7.7.1 Deformation parameters

Two techniques, triaxial and direct shear tests have been described and compared.
The experimental results on the Ashfield shale with laminations at different
orientation 6, from both the direct shear and triaxial tests confirmed the existence of
anisotropy in both the modulus ratio and shear stiffness. In principle a curve fitting
procedure has been used to find reasonable sets of parameters that match the observed
variation of shear stiffness with 8. The secant values of the moduli measured, at a
deviator stress of approximately S0% of the peak strength, from triaxial compression
tests (Chapter 5) are consistent with the secant shear stiffnesses measured at 50% of
the peak shear strength in direct shear tests. The trend and the shape of both shear
stiffnesses versus @ curves (Figures 5.39, 7.12) are the same. The lowest modulus
ratio and shear stiffness was observed in both the physical and theoretical experiments
when the lamination planes were inclined at between 60 to 90 degrees to the direction
of applied load. The largest modulus ratio and shear stiffness generally occurred

when the lamination inclined between 0 and 35 degrees to the applied force.

7.8 CONCLUSIONS

This chapter has presented the results of an investigation into the pre-failure
behaviour of anisotropic materials in the direct shear test. A numerical study was
conducted to investigate the effects of parameters such as the degree of anisotropy,
the shape of the test specimen, and the boundary conditions of the shear test on the
shear response. This chapter has also described some of the results of direct shear
experiments on Ashfield shale (Chapter 6). It was found that the nature of the
anisotropic response of the shale in direct shear tests was in close agreement with that
observed in independently conducted, uniaxial and triaxial compression tests (Chapter
5).
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For the range of parameters investigated it can be concluded from the numerical
study that the shape of the direct shear specimen and the gap allowed in the loading
apparatus have only small influences on the direct shear response. However, the
orientation of the bedding planes to the applied shear force, the inherent anisotropy
of the material, and the point of application of the shearing force each have a much
greater influence on the overall shear stiffness. The lowest stiffness in direct shear
was observed in both the physical and numerical experiments when the bedding planes
were inclined at between 60°to 75° to the direction of the shear force. The largest
shear stiffness generally occurred when the bedding was inclined between 15° and
35° to the applied force. In the experiments, the Ashfield shale was about twice as
stiff when the sample was sheared parallel 'to the bedding compared to the case where
shearing was conducted orthogonal to the bedding. Good agreement between the
predicted and experimental shear stiffnesses was observed for all inclinations of the

laminations.
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Table 7.1 Shear stiffnesses from direct shear tests with a normal stress 1.6 MPu

6 Initial tangent Secant at 50% of Secant at peak
peak

*) (MPa/mm) (MPa/mm) (MPa/mm)
0 86.2 41.6 28.3
30 66.5 ' 48.2 26.3
45 53.9 34.2 17.9
60 43.2 30.6 16.5
90 44.5 31.9 21.2
-30 113.5 63.5 36.1
-45 96.6 53.6 25.6
-60 62.4 41.2 20.7
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 INTRODUCTION

In this chapter, the work performed in this research is summarised and
conclusions are made and some suggestions for further study are described.
The main purpose of this research was to study the engineering behaviour of
Ashfield shale, especially the effects of lamination direction on the shear
strength and deformability of this rock. A comprehensive series of tests has
been carried out on Ashfield shale. Correlations between different mechanical

and physical properties have been made.

8.2 SUMMARY

A review of publications concerning the mineralogy, classification and
engineering behaviour of shale has been presented. The various factors
influencing the strength and deformation of shales have been described and
conclusions drawn which influenced the direction of the present experimental

work on the Ashfield shale.
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The mineralogy and petrofabric have been studied by X-ray diffraction,
scanning electron microscopy and optical microscopy, and various physical
properties of the Ashfield shale have been measured. The study of fabric
concludes that lamination in shale is a significant feature that is useful in
interpreting  sedimentary processes invelved in shale formation. X-ray
diffraction analysis of the Ashfield shale confirmed the absence of chlorite,
mixed-layer clays, and smectite in this shale, and showed that kaolinite and
micaceous clay minerals (illite) were the dominant clay minerals. On average
kaolinite was more abundant. éuartz was the major non-clay constituent of
the Ashfield shale, and typically constituted about 50% of the non-clay mineral
in this shale. Microscopic investigations were also conducted with the optical
and scanning electron microscope on shale samples to identify the composition
and texture of this rock. A number of large mineral grains (Phosphate) were
found within the platy fine-grained matrix. Siderite was found to be finely
dispersed in the Ashfield shale and no significant feldspars were detected in
the samples used in this study.

The natural moisture content has been found to be a good predictor of
the durability, strength, index properties and clay content of the shale.
Correlations between the durability, strength and natural moisture content of
the Ashfield shale have been demonstrated, with durability and strength
increasing with decreasing moisture content. The effect of weathering is to
increase the clay and moisture contents. However, different fresh unweathered
shales had different moisture contents. The variability of the natural moisture
content can be correlated with mineralogical factors. Increasing moisture
content was associated with increasing clay content (particles less than 2
micron) and in turn this was associated with an increase in plasticity index and
plastic and liquid limits. The clay size fraction, as determined from
sedimentation analysis indicated clay fractions of about 30% whereas the
mineralogical studies indicated clay fractions of about 50% in all samples.

This discrepancy presumably reflects the presence of significant quantities of
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large kaolin particles. This could be caused by cementation (fusing of the clay
particles at high temperature and pressure). The process of weathering causes
a breakdown of the cementation. Thus clay mineral content remains constant,
but clay particle size fraction increases. This could aiso explain increasing of
the liquid limit, J,, and durability of Ashfield shale. In terms of the plasticity
chart the Ashfield shale specimens used in this study fall in the low plasticity

range.

Following the classification scheme established by Gamble (1971) and
Franklin and Chandra (1972), based on the slaking characteristics of shales,
the results indicate that the durability of Ashfield shale varies from high, for
fresh intact material, to low for highly weathered material.

It was found that the porosity ranges between 5% for fresh Ashfield shale
from Surry Hills and Moorebank sites to about 13% for Ashfield shale from
the Ryde-interchange site. It was found that all samples of the Ashfield shale
were close to being fully saturated in-situ, so the natural water content gives a
direct measure of the porosity of the shale. Because the samples of the
Ashfield shale were nearly fully saturated in-situ, it can be assumed that the

changes in moisture content mostly reflect changes in porosity of the shale.

Plots of uniaxial compressive strength of all samples with laminations
perpendicular to loading direction versus moisture content indicate that
uniaxial compressive strength decreases with an increase in the moisture
content, which is consistent with previous findings for other shales. It was
found that the relationship between uniaxial compressive strength and moisture
content was exponential. A small increase in moisture content causes a large

reduction in UCS. The variations are described well by the following equation:
UCS = 600p, e 1" ®.1)
in which
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1

m, moisture content (%), and

p, = atmospheric pressure (0.1 MPa or 14 [b/in’).

Because of the closeness of the correlation and because the natural moisture
content of a shale sample is a relatively simple parameter to determine in practice,
equation (8.1) provides an indirect but very convenient means of estimating UCS
for Ashfield shale.

The point load test is widely used to determine the uniaxial compressive
strength indirectly. Correlations have been made between the point load strengths
and the measured values of uniaxial compressive strength in directions
perpendicular to the laminations. Average correlation factors of 24.1 and 38.2
have been found between the axial and diametral point load strengths and the
uniaxial compressive strength, respectively. However, owing to the scatter in the

data the point load tests do not appear to be reliable for estimating UCS values.

The strength anisotropy, I,, the ratio of point load strength in the strongest
and weakest directions was measured for the samples tested in these two
directions. The mean strength anisotropy index considered here was calculated to
be 2 with a standard deviation of (.5, However, from the correlations with UCS a
ratio of I, = 1.6 can be determined. The difference between the anisotropy ratios
from the individual point load test resuits and from the correlations with UCS
results indicates the difficulty of determining the anisotropy from point load tests.
This is probably caused by natural variability in the samples which can be

expected to be more significant in the smaller point load tests samples.

A series of uniaxial and triaxial compression tests and direct shear tests was
performed on the Ashfield shale to study the influence of the orientation of
lamination planes on the shear strength and deformation of Ashfield shale. The
orientation of the plane of anisotropy was varied between 0 and 90 degrees relative

to the axial load.
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The maximum strength, and the shear strength parameters, ¢ and ¢, have
been found to be functions of lamination orientation, with respect to the axial
load direction, and confining pressure, o, The specimens showed the highest
compressive strength in the direction perpendicular to laminations. The lowest
value of strength occurred for 8 = 30 degrees. The strength anisotropy ratio in
compression {040/d,5) has been found to be approximately 3.1. An increase of
the confining pressure increases the maximum strength and decreases the ratio of
anisotropy of the Ashfield shale specimens for all values of 8. The rate of
increase in the maximum strength is approximately the same for all orientations.
The shear strength parameters, cohesion intercept and the angle of friction, were
obtained from the linear and initial parts of the Mohr-Coulomb envelopes. The
variation of cohesion intercept, ¢, with lamination orientation, 8, is similar to that
for the maximum strength at various confining pressures.  The variation of the
friction angle, ¢, as a function of the lamination direction at a particular confining
pressure is not very significant, so a constant value can be assumed, of confining

pressure .

Because of its sedimentary origin, Ashfield shale shows anisotropic
behaviour. The theory for a cross anisotropic elastic material has been used to
analyse the deformation behaviour of this shale.  Five independent elastic
parameters describe this cross anisotropic system. These five independent elastic
parameters have been obtained by performing uniaxial and triaxial compression
tests on samples with different orientations of the laminations (8) to the principal

stress direction,

Four independent elastic parameters (£;, E, v, and »;) were determined by
performing uniaxial and triaxial compression tests on samples with § = 0 and 90
degrees. The independent shear modulus, G, was determined from a series of
tests on samples with different lamination angles to the axial load direction.
Experimental results were fitted to the equation (5.27). The value of shear

modulus was estimated by a curve fitting procedure using the variation of E; with
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B and the values of E;, E,, v; and »; determined previously.

The modulus of elasticity was a maximum when the load was applied parallel
to the laminations (3 = 0) and a minimum when the load was applied
perpendicular to the laminations (8 = 90°). The modulus of elasticity in the
direction parallel to the laminations, E,, compared to the modulus of elasticity in

the perpendicular direction, E;, is more influenced by the confining pressure.

From the study of the influence of the lamination angle B, it can be
concluded that the ratios of maximum to minimum Young’s modulus and
maximum to minimum compressive strengths are very similar, i.e. both are
approximately 3. However the angles at which they occur are different. The
maximum and minimum strengths correspond to 8§ = 90 and 30 degrees,
respectively, but the maximum and minimum Young’s modulus correspond to 3=
0 and 90 degrees, respectively. Furthermore, an increase in the confining
pressure tended to reduce the strength anisotropy ratio, defined as the ratio of
maximum to minimum deviator stress at failure, but caused an increase in the
deformation anisotropy ratio ( defined as the ratio of maximum modulus E; to

minimum modulus E).

Some of the advantages and disadvantages of the existing strength criteria and
their limitations when applied to Ashfield shale have been described. For practical
purposes a single criterion that overcomes many of these criticisms and limitations
has been suggested. This criterion is capable of accurately predicting the strength
of Ashfield shale over the full range of 8 values, and therefore capture accurately
the anisotropic nature of the strength. In essence, if moisture content is
adequately addressed then variations from one location to another within the
Sydney basin should also be taken into account, since it has been demonstrated
that changes in the quality of thé shale are largely reflected by changes in the

moisture content,
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In triaxial and uniaxial compression tests failure of the laminated specimens
occurs through extension fracture on the lamination planes for specimens with
lamination angles of § = 0 to 15 degrees. For samples with Jaminations angles 3
= 30 to 45 degrees failure occurs as a slip on the lamination planes. For § = 60
to 90 degrees shear fracture occurs across the laminations with failure planes at 20

to 30 degrees to the axial stress direction.

Direct shear tests were carried out at a variety of normal stresses within the
range from 0.3 to 1.6 MPa, and peak and residual strength parameters were
determined for the Mohr-Coulomb strength criterion. The peak strengths were
usually mobilised at relatively small shear displacements which range
approximately from 0.10 to 0.20 mm. The shearing resistance was reduced
abruptly with further shearing beyond the peak. At bigger shear displacements the
residual strength was obtained. The orientation of the lamination planes to the
applied shear force () and the magnitudes of normal stress had a large influence
on the overall shear strength (peak and residual), the shear stiffness and dilation,
i.e. the shale exhibited strength anisotropy. Increasing normal stress generally
increased the peak shear strength ahd shear stiffness but decreased the dilation that

occurs along the rupture surface.

The results of the testing show that there is a wide range of shearing
orientations (e.g. § = 0 to 60 degrees) for which the strength parameters are
approximately constant and equal to about the minimum measured values. It
would therefore be appropriate to use such values in geotechnical designs requiring
shear strength parameters for the intact shale. However, if the shale mass in the
field contains significant jointing, the strength of the rock mass may be better

characterised by the residual strength values measured as part of this study.

The shearing resistance of the Ashfield shale was also measured along the
lamination planes in various directions from dip to strike. It was found that the

peak and residual shear strengths were practically independent of the direction of
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shearing whenever the shear force was applied parallel to the bedding planes
(6 = 0).

A numerical study was conducted to investigate the effects of parameters such
as the degree of anisotropy, the shape of the test specimen, and the boundary
conditions of the shear test on the deformation of anisotropic rock, such as shale,
in direct shear tests. The analyses, based on the theory of linear elasticity for a
cross-anisotropic material, were used to predict the pre-peak stresses and
displacements throughout samples of anisotropic rock subjected to direct shear. In
particular, the shear stiffness of the sample was of interest. Implications for the
interpretation of actual test data have been discussed, and illustrated by
comparison of the theoretical predictions with experimental results for Ashfield
shale.

From this study it was found that it is not possible to use the data from a
single direct shear test alone to deduce the full set of elastic properties of a cross-
anisotropic rock. In the direct shear test essentially only one measure of stiffness
is made. For the range of parameters investigated it can be concluded from the
numerical study that the shape of the direct shear specimen and the gap allowed in
the loading apparatus have only small influences of the direct shear response.
However, the orientation of the bedding planes to the applied shear force, the
inherent anisotropy of the material, and the point of application of the shearing
force each have a much greater influence on the overall shear stiffness. The
lowest stiffness in direct shear was observed in both the physical and numerical
experiments when the bedding planes were inclined at approximately 75 degrees to
the direction of the shear force. The largest shear stiffness generally occurred
when the bedding was inclined between about 15 and 35 degrees to the bedding.
In the experiments, the Ashfield shale was about twice as stiff when the sample
was sheared parallel to the bedding compared to the case where shearing was

conducted orthogonal to the bedding.
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In particular, for Ashfield shale, the results presented in Chapter 7 indicate
that the secant stiffness in direct shear, measured at 50% of the peak strength,
gave results that were most consistent with the secant values of the moduli
determined from uniaxial and triaxial compression also at 50% of peak. The
experimental results and the theoretical results in both cases (direct shear and
triaxial tests) confirmed the existence of anisotropy in both the modulus ratio and
shear stiffness of Ashfield shale.

The maximum cohesive strengths for both cases, triaxial and direct shear tests
occur at # = 90 degrees and the minimum at § = 30 degrees. There is close
agreement between the cohesive strengths derived from the initial tangents to the
Mohr-Coulomb envelopes in triaxial test and the cohesive strength derived from
direct shear test. The friction angles derived from tangent to the initial part of
envelope in triaxial test are more close to the friction angles derived from direct

shear test.

In triaxial test the minimum strength occurs at an orientation of 8= 30
degrees and the failure always occurred as a shear slip on the lamination planes.
In direct shear test the shear strength and mode of failure of the sample in the case
of negative and positive directions (e.g. -30° and +30°, Figure 6.3) is different.
The shear strength of the sample is higher in the case of negative values of ¢ than

positive values of 8, as discussed previously.

8.3 SUGGESTION FOR FURTHER STUDIES

It would be useful for engineers and geologists, to be able to correlate the slaking
durability values with relative slaking and weathering rates in the field. Long
term field studies of the durability of Ashfield shale are therefore recommended.
The field test results could then be correlated with the slake durability

experimental results presented in this study.

283



Chapter 8 - summary and conclusion

Only a limited number of samples of shales was tested for their Atterberg
limits. Therefore, many additional specimens from different locations should be
tested to define the distribution on the classification plot. The results would be

useful for the correlation of shale from different sites.

It is suggested that a database and statistical model for Sydney shales in the
metropolitan area be developed, by collecting and including additional data,
especially those data that allow better correlation with mechanical properties of
these shales. This database would be a basis for reviewing Pell’s foundation

design chart for shales, for construction projects and for further investigation.

To define the behaviour of laminated shale and the mode of deformation
under triaxial loading, a theoretical three dimensional model is suggested. The
data obtained in this experimental study could be used as a input data for such a

model.

For the design and construction of underground structures built in shaly
rocks, knowledge of the time-dependent deformation is essential, so the study of
the time-dependent deformation behaviour of the Ashfield and Bringelly shales

is suggested.

To improve the database for shales within the metropolitan area, the study

of the engineering behaviour of Bringelly shale is recommended.
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