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Abstract

The deformation of mud rocks has previously been extensively investigated in the
low (0 to 1 MPa) pressure range but, due to the long consolidation times required,
there is a paucity of data on these materials under higher pressures (1 MPa to 70
MPa). Use has been made of state-of-the-art triaxial testing equipment, based on
soil mechanics technology, to investigate the mechanical behaviour, under high
effective strsesses, of a number of mudrocks from both the UK and overseas. The
deformation experiments have demonstrated that
critical

state

model

of material behaviour,

mudrocks broadly obey the

although

some modifications

are

necessary.
Rapid changes in the deviatoric component of stress acting upon mudrocks tend to
be accompanied by undrained deformation because of their low permeabilities. This
condition is simply emulated during laboratory testing

using undrained loading

following consolidation. Shear deformation experiments conducted at a range of
consolidation pressures on a range of mudrocks demonstrated that these materials
define a failure envelope, although the gradient of the envelope appears to reduce at
very high

pressures when the materials are deforming in a ductile manner.

moderate

pressures

previously unreported

(>4 MPa),

the London

Clay samples

demonstrate

At
a

bifurcation in behaviour, representing the brittle - ductile

transition. As undrained deformation proceeds the samples reach a stable state
during which strain accumulates with no increase in stress. This continues until at a
critical strain (dependent upon consolidation pressure), sudden weakening occurs,
when the stress path drops to a residual value. These residual stresses define a
second failure line with similar properties to a residual critical state line. The nature
of this behaviour is investigated and deformation is compared with that of other
geological materials and artificial substances. Some examples are given of the
influence of this transitional behaviour in geological environments.
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Chapter 1
Introduction

Chapter 1: Introduction

1.0 Background to Research
Prior to the mid 1980s, the study of the mechanical behaviour of natural materials was
polarised into two distinct disciplines: Rock Mechanics and Soil Mechanics.

The

former discipline concentrated on the mechanical behaviour of strong intact rocks
(Donath etal., 1971; Jaeger and Cook, 1976; for example) and fractured rock masses
(Paterson, 1976, for example) whilst the latter was concerned with the behaviour of
weak, porous, particulate materials (Schofield and Wroth, 1968; Skempton and Petley,
1967; Atkinson and Bransby, 1978, for example).
increasing realisation that

Since 1985 there has been an

strong rock and weak, remoulded clay represent end-

members of the geotechnical spectrum (e.g. Addis,

1987; Vaughan et a!., 1988;

Leddra, 1990). Between the two extremes of strong intact rock and weak particulate
soil there is a wide range of porous rocks that cannot be adequately characterised by
the standard models of either soil or rock mechanics.

Extensive experimental

investigations of the behaviour of chalk (Addis, 1987; Leddra, 1990, Kageson-Loe,
1994; for example) and sandstone (Rutter and Hadizadeh, 1991; Coop and Atkinson,
1993; for example) have allowed the formulation of detailed conceptual models for the
rheology of these materials.
inadequately understood.

However the behaviour of mudrocks remains

The principle reason for this poor understanding is the

extreme difficulty that these weak, poorly cemented, low permeability materials
present to the experimentalist.

It is extremely difficult to collect and prepare

unweathered samples of mudrocks for triaxial testing and, due to the low permeability
of these materials, consolidation times are extremely long.

As a result, mudrock

experiments are extremely expensive and are prone to equipment failure.
Consequently there is a lack of a detailed constituitive model for mudrocks.

The

global volume of argillaceous materials is extremely large at about 4.12 x 10® km®
(Blatt etal., 1980), representing about 63% of all sedimentary rocks. These materials
will often constitute the weakest member of a geological system, rendering the
mechanics of their behaviour important if an understanding of the system is to be
gained. The following three specific examples may be used to illustrate the
importance of the mechanical behaviour of mudrocks.
19

i) Hydrocarbon Reservoirs
Most hydrocarbon reservoirs are overlain by a thick layer of argillaceous rocks that,
due to their low permeability, act as the reservoir seal.

In consequence, the

exploitation of hydrocarbon reservoirs usually requires the penetration of a thick layer
of these materials. Drilling through mudrocks is fraught with problems related to wellbore instability, which may induce bore hole breakouts and casing failures (Hottman,
1979).

The prevention of casing failure often necessitates the use of high mud

weights during drilling, increasing costs and decreasing rates of penetration (Archer
and Wall, 1986). Clearly therefore it is desirable to reduce the occurrence of wellbore instabilities, but as the mechanics of the breakouts must in part be dependent on
the behaviour of the mudrocks, which is poorly understood,

such problems have

proven extremely hard to avoid.
The increasing economic and political requirements for the maximisation of
hydrocarbon recovery from reservoirs has led to the removal of greater volumes of
fluid from the reservoir.

One possible consequence of hydrocartx)n recovery

is

compaction of the reservoir rock due to volumetric changes and to changes in the
effective stresses acting within

the reservoir.

Compaction may lead to surface

subsidence problems that may ultimately require expensive remedial work on the
recovery infrastructure, such as the jacking operation conducted on the Ekofisk
platforms. Subsidence of land surfaces may also occur as a result of the withdrawal
of various fluids in addition to hydrocarbons, most notably groundwater, but also as
a result of rock mining, methane in water wells, dewatering of coal mines and
the exploitation of geothermal resources (Coates, 1983). A number of notable
major on-shore subsidence events are summarised in table 1.0.1.
Studies of subsidence problems tend to concentrate on the deformation of the
reservoir rocks and either

ignore the behaviour of the overburden materials

(Abulraheem eta/., 1992, for example) or assume that deformation mechanisms
are described by simple models (for example Leddra, 1990; Hamilton et al., 1992).
However, the surface expression of the compaction of reservoir rocks will depend
upon the manner in which the overburden rocks transmit the strain. The extensive
data sets for the behaviour of chalk (Addis, 1987; Leddra, 1990; Kageson-Loe, 1994;
for example) suggest that It is unlikely that the behaviour of these materials can be
explained by using simple models such as Mohr-Coulomb failure criteria.

The

experiments undertaken during the current study included samples of Eocene shale
from the central North Sea, and S.E.M. examination has also been undertaken on
overburden core material from other North Sea oil fields (Petley et a/., 1994). These
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data-sets should allow for the development of better

models for the transfer of

displacement above compacting reservoirs, complementing the new generation of
models currently being developed elsewhere (Jones and Mathiesen, 1993).

Locality

San Joaquin, Ca ifornia
Houston, Texas
Tokyo, Japan
Nobi Plain, Japan
Po Valley, Italy
Santa Clara, California
Osaka, Japan
London, England
Niigita, Japan
Debrecen, Hungary
Las Vegas, Nevada
Raft Valley, Idaho
Taipei, Taiwan
Mexico City, Mexico
Victoria, Australia
Long Beach, California
Balden Hills, California
Wairakei, New Zealand

Maximum
Subsidence
(metres)
9
2.75
4.6
1.5
3
3.9
3
0.35
2.6
0.42
1.7
2.8
1.9
8.7
1.6
8.8
3
4.8

Area
Affected
(km2)
13,500
12,170
2,400
900
780
650
500
450
430
390
300
260
230
225
102
78
5
1.3

Cause
(see key)

a
a
a
a
a
a
a
a
c
a
a
a
a
a
e
b
b
d

Estimated
Damages
($ millions)
100
>1000
225
>25
>20
-

500
-

200
25
-

Key
a: Groundwater wells
d: Geothermal wells
b: Hydrocarbon wells
e: Dewatering coal mines
c: Methane in water wells
Table 1.0.1: Major instances of land subsidence and their causes and costs (after
Coates, 1983).

ii) Deep-Seated Mass Movement Phenomena
A second major application for research Into the high pressure deformation of
mudrocks is in the mechanics of mass movements that are seated at depth. Such
phenomena range from deep-seated landslides to large-scale listric faulting in deltaic
environments. Whilst deep-seated landslides are relatively rare, they generally have
a large surface extent and consequently may be highly destructive. Slip surfaces
may occur at depths of 150 m or more (Pasuto and Soldati, 1990) which implies,
assuming lithostatic and hydrostatic pressure gradients, that the

mean normal

effective stresses at the shear surface are in the range of 1.5 MPa to 2.5 MPa.
Models developed in soil mechanics for the description of mass movements do not
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examine the behaviour of rocks at pressures greater than about 0.8 MPa. Thus these
models may not be applicable to the mechanisms operating at the base of deepseated landslides, making any description of the landslide mechanics somewhat
tenuous. Similarly the development of large fault systems in deltaic environments for
example must, at least in part, be controlled by the mechanical properties of the rocks
(Dailly, 1976; Jones and Addis, 1984).

The development of large listric faults may

occur at depths beyond which the sediments are adequately described by models
developed in soil mechanics but equally they may not be characterised by the
principles of the behaviour of fractured rock masses.

Hi) Accretionary Prisms

Accretionary prisms are structurally complex bodies of sediments associated with
continental - oceanic plate interactions. During subduction the oceanic plate is downthrust beneath the continental plate. As a result sediments are off-scraped from the
surface of the under-thrusted plate and are deposited on the over-riding plate to form a
large accumulation of sedimentary material (figure 1.0.1) (Page and Suppe, 1981;
Moore et a i, 1986, Westbroke, 1975). The accreted sediments are generally largely
comprised of argillaceous material that has accumulated on the sea floor.

The

accretionary process is highly complex and may be accompanied by thrusting and
changes

in horizontal and vertical stress as overburden material is forced over

underlying rocks or eroded from the top of the sediment pile. Accretionary prisms
are frequently characterised by extensive internal deformation and the formation of
melanges and diapirs and are sometimes associated with mudrocks with pervasive
scaly fabrics (scaly clays) (Yassir, 1989; Enriquez-Reyes and Jones, 1991; Brown,
1993).

Such fabrics infer complex deformational histories but the actual nature of

their formation is the subject of intense controversy.

Enriquez-Reyes and Jones

(1991) suggest that they are the result of bifurcating shear mechanisms similar to
those observed in the low pressure range during shear-box testing (Skempton and
Petley, 1967). This hypothesis has not previously been tested in the high pressure
range.
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Sediment deformation has also been observed in areas in which high
pressures

over

have developed (Yassir, 1989). Over pressures may be a result of

subduction / off-scraping systems but
hydrocarbon maturation,

clay-fluid

may also form as

interactions, rapid bu/ial,

a

consequence

of

and aqua-thermal

systems (Rieke and Chillingarian, 1974; Archer and Wall, 1986). Over-pressuring
may lead to mud vulcanism and diapirism, in which mud is mobilised and moves
upward though the overlying strata (Yassir, 1989). The latter phenomenon has been
observed in various environments and inevitably leads to the pervasive deformation of
the mudrocks. Diapirs are frequently associated with sedimentary melanges (e.g.
Yassir, 1989) and often the matrix of the resulting melange displays scaly foliation
indicating intense internal deformation. The pressure regime at which the deformation
occurs is probably in the 1 MPa to 70 MPa range, constrained by the large total
(overburden) stresses and the high pore pressures.
The geological importance of mudrock deformation is therefore clear. But despite
the extensive information on their behaviour in the 0 - 1 MPa pressure range, their
behaviour in the 1 - 70 MPa pressure range is poorly understood.

1.1 Research Objectives
The small amount of previous research into the shear deformation of mudrocks in the
1 MPa to 70 MPa confining pressure range has frequently concentrated on remoulded
(Yassir, 1989, for example) or reconstituted (Burland, 1990, for example) materials.
The research presented in this thesis differs fundamentally from these studies by
testing samples in an undisturbed state.
The objectives of the research reported in this thesis can be summarised as follows.
•

To investigate the behaviour of mudrocks under isotropic compaction and
undrained shear deformation in the geologically - important

1 - 70 MPa stress

range.
•

To examine the transition between brittle and ductile behaviour during undrained
shear deformation in natural mudrocks.

•

To study the nature of natural fabrics in mudrocks and explain their inter
relationship with deformation processes.
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Analyse the deformation mechanisms that operate within mudrocks during high
pressure shear.
To extend the

models of material behaviour developed for low pressure

environments (Atkinson and Bransby, 1978; Muir-Wood, 1990; for example);
other sedimentary rocks (e.g. Leddra, 1990; Leddra et al., 1993; Kageson-Loe,
1994; for example); and remoulded clays (e.g. Yassir, 1989) to the behaviour of
mudrocks in geologically - relevant stress ranges.

1.2 Methodology
The experiments reported in this thesis represent a detailed examination of the
mechanical behaviour of a number of natural and remoulded mudrocks in the 1 MPa
to 70 MPa stress regime. Experiments were conducted on four state-of-the-art triaxial
deformation cells which allowed accurate control and measurement of states of stress
and strain in the sample.

Carefully prepared cylindrical samples were compacted

along isotropic stress paths to different confining pressures before being subjected to
undrained shear deformation at constant confining pressure.

At the end of each

deformation experiment the samples were examined in a scanning electron
microscope (S.E.M.) to explain rheological processes. The experimental programme,
combined with data from previous studies reported in the literature, has allowed the
development of a detailed model of the deformation of mudrocks. in particular, the
experimental programme has allowed a description of the transition between brittle
and ductile response during undrained shear deformation.
Table 1.2.1 describes the materials studied in the current study and the analyses
performed on them.
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Material

Sample
Status

1

2

3

4

5

London Clay
Joe's River
Lichi Melange
Lichi Melange
North Sea Eocene Shale

UD
UD
RM
UD
UD

X

_

X

X

X

X

-

X

X

X

X

X

X

-

X

X

-

X

X

X

X

X

X

1:
2:
3:
4:
5:

X

Key
S.E.M. of natural fabric
RM: Remoulded
Low pressure uniaxial compaction UD: Undisturbed
High pressure isotropic compaction
Undrained Deformation
Post-deformation S.E.M. of sample fabric

Table 1.2.1 Samples and experiment types utilised in the current study.

1.3: Terminology
Geology as a discipline is plagued with problems of terminology. Definitions frequently
are not clear and there can be several differing interpretations in the use of some
terms. Soft sediment deformation is no exception and it is thus necessary to explain
the use of various terms whose meanings might otherwise be ambiguous.

1.3.1 Fabric, Structure and Microstructure
There have been many variations in the use and assumed definition of the terms
fabric', 'structure' and 'microstructure'. In some instances the term 'structure' has
been used in a general sense relating solely to the arrangement of the particles (e.g.
Baver, 1948). In other instances the use of the term has been widened to include
complex assemblages of particles and inter-particle spaces or pores, with the term
'microstructure' being applied to the arrangement of individual clay particles (Brewer,
1964, for example). Mitchell (1956) included interparticle (electrostatic) forces within
the scope of the term 'structure'.
Similar confusion surrounds the term fabric'. Lambe and Whitman (1979) do not
differentiate between fabric and structure and use the terms inter changeably. The
common interpretation in structural geology of fabric' is "the appearance of pattern
produced by the shapes and arrangements of mineral grains" (Mitchell, 1956) and
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has been used by some authors (Rice, 1954; Mitchell, 1956; Pettijohn, 1975; for
example). Brewer (1956) also used the definition of Mitchell (1956) but included
larger assemblages of particles, inferring that fabric is a subset of structure which
deals with the arrangement of soil particles. There is a clos : similarity between the
definition for fabric of Mitchell (1956) and that for structure used by Baver (1948). A
rather different definition for
excludes particle

fabric

is given by Rowe (1972), who

orientation, using the term to

describe

specifically

larger, domainal-type

structures within the soil.
In view of the confusion, the definitions adopted for fabric and structure for the
current study are those defined by Collins and McGown (1974):
Structure: The property of a soil which provides for its integrity.
Fabric: The physical arrangement of the soil particles, including the particle
spacing and pore-size distribution.
Thus structure must include all physical components of a rock including the shape
and arrangement of the constituent particles, their chemistry and mineralogy, the
organic content, pore fluids, and the inter-particular forces. Collins and McGown
(1974) recognise that under this scheme fabric must be a sub-set of structure and
can be recognised on two levels:
i) Macrofabric: the level of fabric which may be observed with the naked eye
or a hand lens.
il) Microfabric: the level of fabric which requires at least the magnification of a
polarising microscope for identification.
In this research, the existence of the hierarchy of shear surfaces seen in the scaly
clay materials must be classified as macrofabric. The reorientation of clay particles
that leads to the formation of the shear surfaces is within the scope of microfabric.
Thus the current study is an investigation of both elements of fabric.
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1.3.2 Compaction and Consolidation
Compaction and consolidation are processes related to the flow of fluids from a rock
due to the application of stress.
geological

There has been considerable confusion in the

literature as to the process that each term represents.

Geologists

frequently use the term consolidation inter changeably with compaction whereas soil
engineers draw a distinction between the two.
When a saturated rock is subjected to an increase in stress, it will expel pore fluid until
there is no excess pore pressure.

It is different aspects of this process that

consolidation and compaction describe. To the soils engineer, consolidation is a time
related function resulting from the application of an increment of stress. If a saturated
sample is loaded, an excess pore pressure will be generated. If the sample is allowed
to drain it will expel fluid and undergo deformation at a rate that is determined by the
permeability of the sample and the magnitude of the excess pore pressure.

The

expulsion of fluid can be represented graphically in the form of a consolidation curve
(figure 1.3.1), which will have an exponential form under primary consolidation.
Primary consolidation is terminated when the pore pressure returns to hydrostatic
conditions, although a small amount of creep or secondary consolidation may continue
to occur. Thus consolidation is a time related function that describes the dissipation
of excess pore pressures within the sample.
Compaction is a closely related, but not identical, process. Primary consolidation is
terminated at a porosity determined by the magnitude of the applied stress. The
greater the applied stress, the lower the void ratio at the end of primary consolidation.
If a set of identical samples are allowed to consolidate under different applied
stresses, at the end of primary consolidation they will have a range of void ratios. The
void ratios may be plotted against the mean effective stress (figure 1.3.2). They will
define a curve again with an exponential form, defined as the compression curve. If
the sediment is buried under natural conditions at a rate sufficiently low that its pore
pressures remain in equilibrium, the void ratio / stress conditions of the sediment will in
theory follow the compaction curve. Thus in effect, the compaction curve represents
the end points of an infinite number of consolidation curves.
In low permeability sediments, such as mudrocks, the relationship between
consolidation and the compaction is more complex.

Whilst loading of natural

sediments may not be instantaneous, it is also unlikely to be linear. Loading will
occur through burial that may involve a combination of gentle, rhythmic and

28

Void Ratio

Application
of load

End of primary
consolidation

Time

Figure

1.3.1

Plot of void ratio against time, illustrating consolidation for natural
sedimentary materials.
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Void Ratio

Mean effective stress

Figure

1.3.2

Plot of void ratio against mean effective stress, illustrating compaction
for natural sedimentary materials.
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catastrophic sedimentation. Sedimentation will often be too rapid for the pore fluids to
remain in an equilibrium condition.

As a result the sediment may expel fluid whilst

generating pore pressure, the relationship between the two being related to the
permeability of the sediment and the rate of increase in applie :! stress.
If a sample is undergoing burial it will be on the compaction curve related to its void
ratio and mean effective stress. Thus during burial a permeable material will always
be undergoing compaction due to the expulsion of pore fluid under pore pressure
gradients.
In summary the following points can be made.
•

Consolidation is the time related process whereby excess pore pressures are
dissipated by the expulsion of fluid. Consolidation can be graphically represented
in a plot of excess pore pressure against time.

•

Compaction is the process whereby the pore volume of a rock is decreased as
pore fluids are expelled under applied stresses. Compaction can be graphically
represented on a plot of void ratio against mean effective stress. Each point on
the curve represents the termination of a primary consolidation curve.

•

During burial in natural materials the relationship between compaction and
consolidation may be complex as low permeability sediments may not be able to
expel pore fluid at a rate sufficient to balance the increasing total stress. Under
these conditions the rock will undergo consolidation, and thus compaction, whilst
generating increasing pore pressures.

1.3.3 Critical States
The concept of the critical state is fundamental to soil mechanics and has been widely
adopted within soft rock engineering geology. However the critical state has a precise
definition and is frequently applied to materials that are not at a critical state.
A critical state may be defined as a state 'in which unlimited deformations can occur
without changes of stress or volume' (Muir-Wood, 1990). Thus in a triaxial sample,
critical state will be the end-state deformation in which the sample will continue to
strain indefinitely at constant pore pressure and deviatoric stress. By performing sets
of triaxial experiments on samples of remoulded soil, Schofield and Wroth (1968)
demonstrated that a straight critical state line can be defined, allowing prediction of
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the strength of that remoulded soil at any confining pressure.

The critical state

concept was developed to allow provide a theoretical framework for the description of
soil behaviour. However many sedimentary materials define linear failure and residual
strength envelopes, and are therefore said to reach critica.1 state.

For example,

critical state lines have been defined by Addis (1987) and Leddra (1990) for chalk,
Yassir (1989) for remoulded clays and Leddra et al. (19?2) for mudrocks. Yet in all
these cases deformation was not necessarily at constant pore pressure or deviatoric
stress. Leddra at al. (1992) state that in the Kimmeridge Shale 'deformation at the
failure line is not at constant volume'. Despite this the failure envelope is labelled as
the critical state line.
Therefore in this study the use of the term 'critical state' will be reserved for end-state
deformation at constant volume and stress.

It is undoubtedly true that some

materials, most notably soils, reach critical state at large strains. However

other

materials behave at failure in a manner that is similar to, but not the same as, critical
state, and might otherwise be defined as being at a critical state. However they are
continuing to undergo minor changes in volume or deviatoric stress, and so technically
are not at a true critical state. For the purposes of this study, such a condition will be
termed 'stable-state' deformation. The description of samples as at 'critical state', and
the description of failure envelopes as 'critical state lines', should not usually be made
in natural materials. The terms failure envelope' and 'residual strength envelope' are
much more accurate ways in which to describe critical state lines.

1.4 The Organisation of this Thesis
This thesis Is organised In two parts. In part 1 (chapters 2 and 3) existing knowledge
of the nature of mudrocks, their fabrics and the deformation processes affecting them
is outlined, in chapter 2 , a brief review is provided of the principle of effective stress
before the mechanics of mudrock deformation are outlined using the stress path
concept as developed in soil mechanics.

The spectrum of deformation modes is

described, from isotropic compaction at one extreme to shear deformation at the
other. These deformation modes are related to the processes acting during sediment
burial and under conditions of exhumation.
outlined, and models

that

have

The rheology of shear deformation is

been developed to explain the behaviour of

mudrocks, and those for other sedimentary rocks, are reviewed.
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In chapter 3 mudrock fabrics are reviewed as deformation processes are controlled in
part by fabric. The first part of chapter 3 outlines the formation of fabrics under
sedimentation and burial.

The

modification of fabrics by geological processes is

reviewed in the subsequent sections and the mechanisms by which mudrocks
undergo shear deformation are assessed.

Finally the formation of scaly clays, which

have a pervasive shear fabric, are reviewed.
In part two (chapters 4 - 1 0 )

the experimental investigation is outlined and a new

model to explain the behaviour of mudrocks during the brittle / ductile transition under
shear stresses is proposed.

Chapter 4 outlines the techniques utilised in the

experimental element of the research, including those used for sampling, storage of
the mudrocks, preparation for testing, laboratory analyses and subsequent S.E.M.
examination. In chapter 5 the various mudrocks examined in the current study are
described, and their geological histories, where known, are reviewed.

Chapter 6

contains a description of the results of the deformation experiments performed for
this study. Chapter 7 comprises a short description of the effects of sample handling
and preparation on the measured mechanical behaviour of mudrocks.

Chapter 8

provides a general description of the behaviour of mudrocks, in relation to the results
of this research. Special emphasis is placed on the nature of the brittle / ductile
transition in these materials. The behaviour of mudrocks in this transitional regime is
compared with that of concrete and limestone, allowing a model to be proposed for the
rheology of these materials in the transitional regime. The geological significance and
applicability of the results are considered in chapter 9. The nature of the behaviour of
mudrocks in the transitional regime is applied to the formation of faults,

the

mechanics of deep-seated landslides, the subsidence of land above compacting
hydrocarbon reservoirs and the formation of scaly fabrics.
Finally, in chapter 10 some general conclusions are drawn as a result of the current
study and some suggestions for future research are proposed.
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Part One
The Deformation of Mudrocks

Chapter 2
The Mechanical Behaviour of
Mudrocks
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Chapter 2: The Mechanical Behaviour of Mudrocks

2.1 Introduction
This chapter comprises a description of existing knowledge of the mechanical
behaviour of sedimentary rocks in the high pressure environment. As the current
study comprises principally an investigation into the mechanical behaviour of
mudrocks in the 1 MPa to 70 MPa pressure range, it is important to outline the breadth
of existing knowledge of the behaviour of these materials. A considerable amount of
research has been previously conducted into the behaviour of these materials at lower
stresses and into the behaviour of their remoulded equivalents. In addition there is a
wealth of information into the behaviour of other sedimentary rocks, most notably
chalk, that may be used to interpret the behaviour of mudrocks. There are a number
of detailed text books that outline deformation mechanisms in sedimentary materials.
These include Atkinson and Bransby (1978) and Muir-Wood (1990) for the behaviour
of remoulded materials and Farmer (1983) for the behaviour of sedimentary rocks.
Consequently an exhaustive description of the behaviour of sediments is not provided
in this study. Instead this chapter will outline the basic principles by which the
behaviour of sedimentary rocks may be interpreted. The principle of effective stress
is outlined (section 2 .2), followed by a review of the stress path approach to
understanding deformation processes (section 2.3). A description of the processes of
compaction and shear deformation, and the effects of over-consolidation and over
pressuring on undrained shear response, based on the behaviour of remoulded soils
are presented. In section 2.4 the behaviour of sedimentary rocks, and in particular
mudrocks, in the high pressure environment is described.

The nature of yielding in

mudrocks is discussed in section 2.5, and a brief summary is provided in section 2.6.
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2.2 The Principle of Effective Stress
The principle of effective stresses is the fundamental basis for the theoretical models
of soil and rock mechanics.

The effective stress equation, first proposed by Karl

Terzaghi In 1925, states that:

G ' = G - |1
where:

G'

=

effective stress

G

=

total stress

|1

=

pore pressure

Equation 2.2.1

The effective stress is the stress that is acting to drive deformation and is equal to the
total stress less the pressure in the pore fluid, which acts in all directions and thus
opposes the total stress. The effective stress equation assumes that:
• the rock is saturated with a single phase fluid;
• the pore fluid is incompressible;
• the grains of the rock are incompressible;
• the system is in a static equilibrium.
The law of effective stress may be modified to allow for any of these assumptions.
For example Skempton (1960) proposed a formula to allow for grain compressibility
(equation 2 .2 .2) whilst Bishop (1959) introduced a modification to allow for multiphase
pore fluids.

G
where:

=

G-(1-C/Cs)|l

C

=

compressibility of mineral grains

Cg

=

compressibility of rock skeleton
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Equation 2 .2.2

Evaluations of the term C/Cg for mudrocks have shown that its value is very close to
zero. For example, Bishop et al. (1975) demonstrated that C/Cg = 0.04 for London
Clay at 62.1 MPa. Thus as the value of the term C/Cg is close to the level of normal
experimental error the correction is not usually applied. The affective stress equation
may be similarly modified to allow for other assumptions but again as the corrections
are so small these factors are usually not applied. As a result, the basic form of the
effective stress equation (equation 2 .2 .1) is usually applied.
The pore fluid in sedimentary rocks is usually brine, but exceptionally it may be fresh
water, in the upper layers of the continents for example, liquid hydrocarbon, in
reservoir rocks, or methane, after the maturation of organic matter. The pore fluid
may also be a combination of one or more of these fluids, the nature of the mixture
being complex and subject to variations according to the pore pressure.

2.3 Deformation In Sedimentary Rocks
in soil mechanics a notation has been developed for the

description of the

deformation of a material based on three parameters: the void ratio (e), the mean
effective stress (p') and the deviatoric stress (q). This notation has been successfully
used to describe the behaviour of other sedimentary rocks in geologically - relevant
stress regimes (Addis, 1987; Yassir, 1989; Leddra, 1990; Leddra et a!., 1992; Petley
et a!., 1993; Taylor and Coop, 1993; Horseman et a!., 1993; Petley et a!., 1994; for
example) and Is used in this study.
The mean effective stress (p') is the normal stress that opposes shear deformation
(equation 2.3.1).

p' = ( (T-|'+ 2 (T3 ' ) / 3
where:

p'

=

CTi'

=

greatest effective principoi stress

(Tg

=

least effective minor stress

mean effective stress
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Equation 2.3.1

Deviatoric stress, which is the stress that drives deformation, Is defined thus:

q = (Ti - CJ3
where:

q
(J3

=

deviatoric stress

=

greatest principal total stress

=

least principle total stress

Equation 2.3,2

Void ratio is a measure of the pore volume of the sample and may be related to
porosity:

e = n / (1 - n)
where:

e
n

=

void ratio

=

porosity

Equation 2.3.3

Using these parameters the state of stress in a material can be represented in a three
dimensional plot, allowing easy interpretation of the deformation state of the sample.
Deformation in sedimentary rocks is the result of changes in the state of stress.
According to the effective stress equation, such changes In state of stress may occur
by altering:
• the total vertical stress through burial or exhumation;
• the total horizontal stress due to tectonic or other processes;
• the pressure in the pore fluid.

In natural materials deformation may occur during burial (or exhumation) as the weight
of overburden material is changed. However if the rocks are unable to drain, due
perhaps to a layer of impermeable material, deformation will be prevented as the pore
fluids become pressured such that the effective stress is not changed.

Thus for

deformation to occur the pore fluids must be able to dissipate their excess pressure.
The process of pore pressure dissipation by the expulsion of fluid is dependent upon
the permeability of the rock and thus has a time-related function. Such expulsion of
39

excess pore fluid induces compaction. A discussion of the nature of this process is
provided in chapter 1.
It is a common misconception in geological studies to consider compaction and shear
deformation as separate, if closely related, processes. By considering the state of
stress using the notation outlined above, it is clear that isotropic compaction and shear
deformation

are end-members of a spectrum of deformation types. All types of

compression can be illustrated on a plot of deviatoric stress (q) against mean effective
stress (p') (figure 2.3.1a and b). Isotropic compaction, which is a state in which a rock
is subjected to the same stress in all directions (figure 2.3.2), is by definition
represented by an increase in the
increase in the deviatoric stress.

effective stress state of the sample with no

Consequently isotropic compression will trace a

stress path that follows the x-axis on a q / p' plot (figure 2.3.1a).
Uniaxial compaction represents deformation in which radial strain is prevented, all of
the deformation occurring along a single axis (figure 2.3.2). The stress path followed
by a sample undergoing uniaxial compaction is sometimes termed a kg stress path.
Such deformation may occur in a material undergoing burial under a static stress
system where all increases in horizontal stress result from the increases in vertical
stress. It thus represents burial in a sediment in which there is no active tectonic
compression or extension. A uniaxial compaction stress path has a complex form as
the sample undergoes yield and fabric densification (figure 2.3.1b).

A uniaxial

compaction stress path also shows an increase in the deviatoric stress acting on
the sample.

Thus a material following a uniaxial compaction stress path will be

experiencing shear stresses, but may not undergo shear failure as the kg stress path
does not approach the failure envelope.
Compaction can also occur along an infinite number of stress paths, representing a
fixed relationship between the increase in horizontal and vertical stresses (figure
2.3.1a). In natural materials, burial will normally be along a path approximating to the
kg stress path. Even when horizontal stresses are high it is likely that deformation will
follow a path that is close to kg (Jones et al., 1992).
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isotropic compaction
Mean effective stress
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Figure

2.3.1 Stress Paths for Compression

Compaction may also be Illustrated in terms of a plot which shows the change in void
ratio with increasing mean effective stress (figure 2.3.3). As the sample compacts its
void ratio will decrease, tracing a curved path. If this path Is plotted with the log of
effective stress the sample is seen to follow a linear path. This path is sometimes
termed a normal consolidation line (n.c.l.), which clearly illustrates the confusion with
terminology discussed in chapter 1. A material whose stress-state corresponds to the
n.c.l. is frequently termed 'normally-consolidated'.
Geological processes can cause materials to be exhumed as well as buried. Such
exhumation may be the result of denudation of the overburden or tectonic uplift (due to
thrusting for example).

Exhumation will result in a decrease in the total stress acting

on the rock and may consequently lead to a reduction in the mean effective stress.
Materials that have been compacted to a greater effective stress than their present
stress state are termed 'over-consolidated'. Over-consolidation may be induced by
increasing the pore pressure, thereby reducing the effective stress. In such cases the
rock is over-consolidated and over-pressured. Such excess pore pressure generation
may occur by a number of processes, outlined below.

i) Clay diagenesis

Studies of the Texas Gulf Coast have suggested that the transformation of clays
during diagenesis may induce pressure increases (Powers, 1967; Bruce, 1973, 1984).
The lattice structure of smectite allows water to be stored between the molecular
layers. During diagenesis, smectite may be transformed to lllite which is unable to
store the large volumes of inter-lattice water (Powers, 1967).

This water must be

released during the phase transition and may induce a volume increase of 12% (Burst,
1969). However, this theory is as yet unproven (Yassir, 1989). Data from Magara
(1975) faiis to show the required density of natural in situ clays.
Plumley (1980) suggests that during the phase transitions the clay structure itself
collapses, transferring some of the total stress onto the pore fluid and inducing raised
pore pressures.

Yassir (1989) suggests such a collapse may induce raised pore

pressures in weakly bonded clays and Jones (pers. comm, 1994) has indicated that a
similar process may occur in chalks during yield in a material following a kg
compaction stress path.
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2.3.3

Plot of void ratio against mean effective stress, illustrating compaction
for natural sedimentary materials.
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ii) Hydrocarbon Generation

Hedberg (1974) suggests that many argillaceous rocks contain organic matter which
may undergo biochemical alteration to produce large volumes of methane.

This

methane may increase pore pressures by building up interstitial pressure.

Field

evidence from the Gulf Coast (Milliken et al., 1981; Swanson, 1984) supports this
theory. Additionally,

gas hydrates may be responsible for the generation of pore

pressures. Hydrates in equilibrium conditions can store large volumes of gas which, if
the equilibrium is disturbed, may be released to fill even greater volumes. However
hydrates increase in stability with depth, suggesting that they are only responsible for
excess pore pressures at shallow depths (Yassir, 1989).
Yassir (1989) suggests that the sudden release of gases into formation waters may
induce an increase in the pore pressure once the water is saturated. However, mud
volcano areas show little evidence for this mechanism of over-pressuring, even though
gaseous hydrocarbons are usually present.

iii) Osmosis
Osmosis could induce over-pressuring as high salinity clays may act as semipermeable membranes which allow the influx of less saline waters (Young and Low,
1965; Peril, 1976). However most clays have low salinity, suggesting that the general
trend would be for the expulsion of pore fluid inducing abnormally low pore pressures
(Magara, 1978).

iv) Tectonic Activity
Yassir (1989) proposed that tectonic activity may be the cause of high pore pressures.
Mud volcanoes are always situated in areas of tectonic activity in which there is a
large amount of internal deformation of the local sediments.

Through a detailed

experimental programme, Yassir (1989) demonstrated that shear deformation in
normally-consolidated and over-consolidated sediments can induce high pore
pressures. Yassir (1989) therefore proposed that the tectonic activity leads to shear
deformation of the sediments which in turn induces the development of high pore
pressures. It is the high pore pressures that induce the mud vulcanism.
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This mechanism may be responsible for the generation of high pore pressures in
tectonically active regions but should probably be seen as a special case as the
majority of rocks with high

pore pressures are not subject to sufficient tectonic

deformation to induce such over-pressures.
It is likely that any of the above factors may be responsible for high pore pressures,
depending on location. It is, for example, extremely unlikely that tectonic activity is
responsible for the high pore pressures found in the North Sea basin, but it is probably
the cause of the high pore pressures found beneath Trinidad. Whatever the cause,
high pore pressures are frequently found in sedimentary sequences.

For example

prior to production the Valhall oilfield in the Norwegian sector of the North Sea had
over-pressures of 26.5 MPa at 2.4 km depth (Jones et al., 1992). Therefore the
vertical effective stress acting on the reservoir rocks was little more than 3.45 MPa (AN
and Alcock, 1994).
If, after compaction, the effective stress acting on a rock is reduced, the path traced in
void ratio / log mean effective stress space is less steep than that of the initial loading
as only the elastic strains will be recovered (figure 2.3.4).

Subsequent increases in

effective stress will lead the sample to approximately follow the unloading line back to
its highest previous effective stress state. Thereafter increases in effective stress will
cause the rock to follow the compression curve. The point at which the loading curve
rejoins the compression curve represents the greatest effective stress that the rock
has sustained.

This inflection point in the curve is sometimes termed the pre

consolidation pressure. Many studies have used odeometric loading to determine the
pre-consolidation pressure. As the pre-consolidation pressure represents the greatest
effective stress that the sample has sustained, the greatest depth of burial that the
sample has undergone in its geological history can be determined, assuming that the
sample has fully dissipated all excess pore pressures.
Shear deformation represents the opposite end of the deformation spectrum from
isotropic compaction.

Shear stresses are mobilised in a rock by increasing the

deviatoric stress relative to the mean effective stress.
keeping Gg constant whilst increasing

This can be achieved by

G^. Therefore all stress paths, with the

exception of isotropic compaction, impose shear stresses on a rock.
Behaviour under shear stresses depends on the consolidation state of the rock
(Atkinson and Bransby, 1978). Basic models of the shear behaviour of argillaceous
materials

are

based

on

experiments
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conducted

on

soils.

The

ncl
unloading

Figure

2.3.4

Void ratio / log mean effective sress plot for a sediment during
unloading
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following description concentrates initially on these models, but is then expanded to
explain the behaviour of natural, undisturbed materials.
As has been previously described, shear deformation and isotropic compaction
represent opposite ends of a continuum of deformation mechanisms (figure 2.3.1). At
one end of the continuum is isotropic compaction in which the rock is subjected to
directionally equal increases in total stresses. Pure shear deformation represents the
other end of the spectrum, in which only the major principle stress (a^) is changed.
In between are an infinite number of stress paths In which the rock is subjected to
compaction and shear stresses. Whilst shear deformation under experimental
conditions is usually associated with increases in

whilst (J3 is kept constant, it is

important to appreciate that shear failure may be induced in a sample that is following
any stress path other than isotropic compaction.

With the exception of the latter, all

stress paths induce an increase in deviatoric stress (a^ - (Tg) which represents an
increase in the shear stress acting on the rock.
In a saturated rock, the increase in the deviatoric stress will induce a change in the
pressure in the pore fluid. Thus shear deformation may be undertaken in two basic
states; drained and undrained.

In drained shear deformation, any excess pore

pressures that are developed during deformation are allowed to dissipate, whereas in
undrained deformation they are trapped within the sample.

The increased pore

pressures may lead to a decrease in mean effective stress acting on the rock.
As argillaceous materials have an extremely low permeability it is frequently assumed
that shear deformation will occur in the undrained state (Jordan and Neutsch, 1989;
Ibanez and Kronenburg, 1993; for example). This assumption is probably reasonable
in all scenarios in which the strain rate is high. It may be unrealistic if pore pressures
are dissipated, which may occur in permeable sediments or when strain rates are
extremely low.

However as the

materials in the current study have a very low

permeability all shear deformation experiments were conducted in the undrained state.
The behaviour of a rock during undrained shear deformation depends upon its
consolidation state. Materials that are over-consolidated show a different response to
those that are normally-consolidated. The following sections describe the behaviour
during deformation, which has been divided into numbered deformation 'regimes'.
These regimes are used throughout this thesis to describe behaviour under different
conditions. As a result the numbering may not be strictly chronological; for example
over-consolidated soils do not have a phase IV deformation regime.
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2.3.1 The Behaviour of Over-Consolidated Soils
The typical behaviour of an over-consolidated soil during undrained shear deformation
in a triaxial cell is illustrated in figure 2.3.5. The sample undergoes a number of distinct
stages of deformation.
I:

The sample undergoes a phase of elastic (recoverable)

strain, typified by a

straight path.
II: At point a (figure 2.3.5), the sample begins to yield. The gradient of the path
traced by the deformation decreases as the sample accumulates a combination
of elastic and plastic (irrecoverable) strains, and the sample strain hardens.
IV: Stress peaks at point c (figure 2.3.5), when the sample undergoes brittle failure
and rupture. Upon rupture a shear surface develops and the sample undergoes
strain softening.

As the sample ruptures and strain softens, the fabric dilates

and pore pressures decrease. Upon initial formation the shear surface is not
planar, and the phase of strain softening occurs whilst the shear surface becomes
planar and the local fabric is altered.

The strain softening continues until a

homogeneous shear surface is developed.
V: At the end of the strain softening phase (point d on figure 2.3.5), the shear surface
and surrounding fabric has been fully altered.

The shearing mechanism has

allowed the development of a damage zone of reorientated fabric around the
shear surface. Shearing in the final regime occurs as a result of sliding on the fully
developed shear surface. As the sliding process occurs on a planar surface, the
accumulated strains are plastic. Deformation is at constant volume as the fabric is
fully developed and is at constant deviatoric stress as the shear surface is fully
evolved.
During phase V deformation, the soil is in a residual critical state, represented by
deformation at constant volume, and therefore pore pressure, and at constant
deviatoric stress. However, the exact nature of this residual critical state is not the
same as that shown by the residual strength in a shear box.

Under triaxial

conditions, the stresses acting on the shear surface are not those indicated by the

48

a
Legend
I:
II:
IV:
V:

Initial elastic phase
Elastic-plastic phase
Strain weakening phase
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Axial Strain
Figure

2.3.5

Stress strain plot of the typical behaviour o'
soil during undrained shear deformation.

q.

I

Figure

2.3.6

Stress strain plot of the typical behaviour of an over-consolidated
soil during undrained shear deformation.
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load cell as the shear plane is angled relative to the direction of the applied axial
stress. In addition, the contact surface area of the shear plane is constantly changing
through time as the sample accumulates strain. So, whilst phase IV deformation
represents a residual critical state, the measured deviatoric stress is probably not the
true residual deviatoric stress as measured in a large displacement shear box.
Measured values of residual stress from the triaxial cell are usually greater than for the
shear box (D.J. Petley, pers. comm., 1994).
The behaviour of over-consolidated soils can also be represented in q / p' space
(figure 2.3.6). An over-consolidated remoulded soil will follow a straight, vertical path
to the yield point (a), indicating that 5p' = 0. Since G-\ is increasing the pore pressure
must also be increasing to allow the soil to remain at constant mean effective stress.
At yield, the stress path will follow a yield surface, called the Hvorslev surface, to
failure at the critical state line.

Natural particulate materials may vary from this

idealised model by undergoing premature shear failure due to inhomogeneities within
the structure. This will lead to the strain weakening event until residual strength is
attained.
The Hvorslev surface represents a state boundary which may not be crossed during
deformation.

Internal deformation of the rock structure will ensure that the state

boundary is not be crossed. Attempts to increase the deviatoric stress beyond the
value prescribed by the Hvorslev surface will lead to increased strain in the sample at
constant stress.

2.3.2 The Behaviour of Normally-Consolidated Solis
The response of a normally-consolidated soil to undrained shear deformation is
illustrated in figure 2.3.7. As with the over-consolidated soils, the response of the soil
can be subdivided into a number of distinct phases.
I:

The soil has an initial phase of elastic deformation similar to that of an over
consolidated soil;

II: The sample yields at point a (figure 2.3.7). The gradient of the path traced by the
soil decreases as the sample undergoes a combination of elastic (recoverable)
and plastic (irrecoverable) strains;
III:

At point b (figure 2.3.7) the sample undergoes failure in a ductile manner. Shear
strains remain evenly distributed throughout the soil, which does not
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2.3.7

Stress strain plot of the typical behaviour of a normally-consolidated
soil during undrained shear deformation.

q.
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Figure

2.3.8

Stress path plot of the typical behaviour of a normally-consolidated
soil during undrained shear deformation.
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undergo strain hardening or softening, remaining at constant deviatoric stress.
Dilation of the sample exactly equals compaction so the sample deforms at
constant volume and pore pressure. Thus in phase III the sample is at a critical
state.
Ductile deformation may be represented in deviatoric stress / mean effective stress
space (figure 2.3.8). Phase I deformation is purely elastic, with the stress path rising
almost vertically. At yield, the fabric of the soil begins to density. As a result, the pore
pressure will begin to increase. This increase in pore pressure is usually greater than
the increase in deviatoric stress, resulting in a decrease in the mean effective stress.
As a result the stress path followed by the soil will curve (phase II in figure 2.3.8).
Failure is reached at point b but as the failure is ductile, phase III deformation is at
constant deviatoric stress and pore pressure. Thus, on these axes the stress path
terminates in a single point, the critical state point, at which the sample will remain
throughout the remaining deformation (figure 2.3.8).
The curved surface that the sample follows prior to failure is termed the Roscoe
surface. The Roscoe surface is a yield surface representing a state boundary surface
that defines the limit of possible deformation states for the material. In theory there is
no possible stress state that can induce a sample to cross this boundary.

2.3.3 State Boundaries
Both over-consolidated and normally-consolidated soils reach an ultimate state
characterised by deformation at constant volume and deviatoric stress, although the
actual deformation mechanisms acting at the final state are different, with sliding on a
shear plane for over-consolidated soils and pervasive ductile deformation for normallyconsolidated soils. Plotted in deviatoric stress / mean effective stress space, the final
states can be shown to lie on a single line, termed the critical state line (figure 2.3.9).
The critical state line is linear in form for remoulded soils and, like the Roscoe and
Hvorslev surfaces, it represents a state boundary.

Thus for any material a three-

dimensional plot can be constructed showing the boundaries between possible and
impossible deformation states (figure 2.3.10). Under normal (virgin) compaction, the
sample will follow the normal consolidation line. Unloading will lead to the sample
moving to some point within the state boundaries.
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The relationship between the critical state line and stress paths for
undrained deformation
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2.3.10

3 dimensional plot of possible and impossible states for deformation
(from Leddra, 1989).
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Under undrained shear deformation the rock will deform at constant pore volume,
characterised by a plane on figure 2.3.10.

The initiation of undrained shear in a

normally-consolidated or lightly over-consolidated sample will be characterised by a
stress path which rises vertically to strike the Roscoe surfac ; at yield. Once the soil
has reached this state boundary, the stress path with follow the boundary to failure at
the critical state line.
Heavily over-consolidated soils will rise vertically to strike the Hvorslev surface at yield,
thereafter following the surface to failure at the critical state line.

2.3.4 Summary
During undrained shear soils show a duality of behaviour depending on their stress
state.

Figure 2.3.11 illustrates the idealised behaviour of a remoulded soil under

undrained shear deformation (Atkinson and Bransby, 1978). When soils are normallyconsolidated and lightly over-consolidated, the stress path rises vertically to the
Roscoe surface, which it then follows to failure at the critical state. The stress path of
a heavily over-consolidated sample rises vertically to the Hvorslev surface, which is
followed to failure at the critical state line.

Failure at the critical state line is, by

definition, at constant volume and deviatoric stress. The Hvorslev surface and Roscoe
surface, and the critical state line, represent state boundaries between possible and
impossible stress states.

Critical state line
Roscoe
surface

Hvorslev
surface

Normal consolidation
line

Increasing R

Figure

2.3.11

P

Expected undrained test paths for samples at different over
consolidation ratios (Atkinson and Bransby, 1978).
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2.4 The Critical State Model for Sedimentary Rocks
The critical state model, (section 2.3), has been used to interpret the behaviour of
sedimentary rocks by a number of authors.

Most notable is the large body of work

on the deformation of chalk (for example Addis, 1987; Leddra, 1990; Loe et al., 1992;
Andersen eta!., 1992; Petley eta!., 1993; Kageson-Loe, 1994; Petley eta!., 1994). In
addition, some research has been undertaken into the application of critical state
models to remoulded clays (Yassir, 1989), mudrocks (Horseman et a!., 1993) and to
sandstones (Taylor and Coop, 1993).
In chapter 1 problems with the use of terminology with respect to the critical state
model were outlined. In particular it was noted that whilst a clear failure state can
frequently defined for a material, deformation in this state will frequently not precisely
fit the definition of 'critical state'. End-state deformation is frequently not at absolutely
constant

pore pressure (or volume) and / or stress.

However deformation is

frequently defined as at 'critical state'. This is probably mainly due to the existence of
linear failure and / or residual strength envelopes, which tend to be termed 'critical
state lines'. This section will therefore outline the relevance, and short-comings, of the
critical state model to sedimentary materiais.
In broad terms the critical state model describes the behaviour of materials in the 1 70 MPa pressure range reasonably well, but some modifications are necessary to
account for the particulate nature of sedimentary rocks and for bonding.

At lower

confining pressures sedimentary rocks generally behave in a manner similar to that of
heavily over-consolidated soils, displaying a brittle response to undrained loading
(figure 2.4.1). Failure and residual strength tend to define linear envelopes, with the
residual envelope frequently being termed the critical state line. Deformation is usually
similar to a critical state, but due to the particulate nature of these materials is rarely at
absolutely constant pore pressure and / or deviatoric stress.

At higher confining

pressures the behaviour of sedimentary rocks is similar to that of normallyconsolidated soils, displaying ductile failure during undrained shear deformation (figure
2.4.1). Again end-state deformation is rarely at critical state sensu stricto. Between
brittle and ductile response there is a poorly-described transitional regime.
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A plot of the mechanical behaviour of samples of Butser Hill and Stevn's Klint chalk
under undrained shear at different consolidation stresses (from Leddra et al., 1993)
is illustrated (figure 2.4.2). Undrained behaviour is dependent upon the magnitude of
the initial consolidation stress (po') in a manner that is simile ' to, but not the same as,
soils. Samples at the lower consolidation stresses fail in a brittle manner after
following a post-yield Hvorslev surface. It can be seen that the peak strength of the
sample consolidated to the lowest effective stress fails at a peak strength greater than
that predicted by the

Hvorslev surface. Therefore at the lowest confining pressures

the stress path is able to cross the state boundary surface. Vaughan et al. (1988),
Leddra (1990) and Loe et al. (1992) suggest that such behaviour is due to the bonded
structure of chalk. The bonds provide chalk with a strength that enables the material
to exceed the strength of the equivalent chalk powder. Under low confining pressures
failure may be described by Mohr-Coulomb failure criteria. The failure line described
at the low confining pressures, when the rock is still bonded, will be equivalent to a
Mohr-Coulomb envelope. Once the rock has undergone failure, it will strain weaken to
the residual strength envelope. Thus materials that have a bonded structure are able
to exceed the strength suggested by the Hvorslev surface.
Beyond yield under compaction, bonded materials behave In a manner similar to that
of remoulded soils. Failure is intrinsically ductile in nature, having followed a Roscoetype surface to the failure envelope.
Figure 2.4.1 also illustrates that end-state deformation is not at a true critical state for
many of the samples. For example samples 1 and 4 show sustained strain hardening
after yield whilst samples 3, 6 and 7 continued to strain weaken at axial strains of
20%. The only sample that is at a state that is similar to critical state is sample 8,
which appears to be at constant deviatoric stress.
Such behaviour is also demonstrated by the chalk illustrated in figure 2.4.2. The
shape of the Hvorslev surface is clearly shown. However, even in the ductile regime
failure is not described perfectly by the critical state model. If compacted to lower
effective stresses, the chalk will remain at constant deviatoric stress after failure, but
at higher effective stresses it tends to strain soften. When compacted to higher
effective stresses the chalk follows a Roscoe-type surface to failure, but it undergoes
strain hardening once the failure line is reached.

It is interesting to note that the

sample compacted to the highest stress never reaches the linear failure envelope.
This is attributed to inaccuracies In the determination of the
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as the sample strains radially (M. Leddra pers. comm., 1993) and to mechanical
breakage of grains causing changes in grain size and pore volume (Petley et al.,
1994). The failure envelope for these materials was labelled as the critical state line
despite the lack of a critical state in most samples.
Similar behaviour has been demonstrated for other sedimentary materials, such as
cemented carbonate sands. Therefore, natural materials are described reasonably
well by the critical state model, except for the following qualifiers.
•

Deformation in bonded materials that have not undergone yield may be
characterised by failure at a deviatoric stress greater than that suggested by the
Hvorslev Surface. Failure occurs on a Mohr-Coulomb envelope that may have a
straight or curved form. The residual strength of the material may lie on the
critical & te line of the material;

•

Stable state deformation, which is sometimes erroneously described as the
critical state, may not be at constant

pore pressure (volume) or deviatoric

stress.

2.5 The Mechanical Behaviour of Mudrocks during Undrained
Shear Deformation
The volume of data available for the mechanical behaviour of mudrocks in the 1 MPa
to 70 MPa stress regime is extremely limited. In this section existing data-sets on the
behaviour of mudrocks during undrained shear are interpreted in terms of the models
for the behaviour of sedimentary materials as outlined in the previous sections.
Yassir (1989) examined the effects of compaction path on the behaviour of weak
mud volcano clays under shear stresses

(figure 2.5.1).

Sample

ISO

consolidated along an isotropic stress path whereas sample K50 followed a

was
kg

stress path. During shear the samples showed a similar response. Strain hardening
was accompanied by a reduction in mean effective stress induced by the generation
of pore pressure by compaction of the structure of the samples.
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Failure occurred on a single failure envelope, although samples compacted to
highest confining pressures showed dilation and

strain

hardening

at

the

failure

(Yassir, 1989). Thus the failure envelope should not be termed a critical state line.
The behaviour of materials compacted to different initial effective stresses (p^) may
be compared by normalising the stress paths (figure 2.5.2). All of the stress paths
start at p' / p'^ = 1 but whilst the isotropically consolidated samples start at q / p'
= 0 the Kq samples start at q / p' = 0.6 because Yassir (1989) assumed that uniaxial
compaction followed the k = 0.6 stress path.
Yassir (1989) notes that the results do not normalise particularly well, indicating

that

deformation style is sensitive to stress magnitude. Especially notable is sample IS,
which dilates at failure, whereas K15 and K25 reach a true critical state,
remaining

at the same critical state point

pressure samples display dilatancy

at

upon failure.

failure. Conversely the highest
Yassir

(1989) suggests that

dilatancy in the lowest pressure samples is a consequence of the high proportion
of coarse particles which induce behaviour similar to that of sand. In the higher
pressure experiments (K15 and K25), deformation is accompanied by particle
crushing, overprinting dilatant behaviour with a structural breakdown similar to
that shown by sensitive clays (Skinner, 1975) and chalk (Leddra, 1990).
In the highest pressure samples (e.g. K50 and ISO), particle crushing occurs
contemporaneously with dilatant behaviour.

Yassir (1989) proposes that such

behaviour is a result of volume changes after failure. Propagation of cracks in the
sample induces dilatancy and expansion of the rock matrix,

progressively

dissipating pore pressure. Unfortunately the mechanisms operating have not been
investigated in detail due to the

difficulty

of observing

local

pore pressures

accurately. Consequently the explanation remains speculative.
The deformation experiments of Yassir (1989) are especially interesting as they
were conducted over a wide range of confining pressures and provide an
unusually comprehensive data-set for the behaviour of a weakly bonded mudrock.
The results can be compared with analyses

performed on stronger materials,

including the Boom Clay, Kimmeridge Shale and London Clay, although generally
the latter materials have been studied less rigorously and at lower pressures.
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Taylor and Coop (1993) undertook deformation of undisturbed samples of Boom
Clay from Belgium under triaxial compression at confining pressures of up to 2.3
MPa to replicate their current in situ stress state. However, this stress is less than the
estimated previous maximum stress state that the mudrock has encountered (6
MPa), implying that deformation was within the over-consolidated regime.

Indeed

deformation was inherently brittle (figure 2.5.3), but the two samples show a markedly
different response to loading.

Sample

A shows brittle failure at 7% axial strain

whereas G shows failure at 1.5% axial strain.

The difference In response is not

discussed in detail in Taylor and Coop (1993), but is considered in detail in chapter 7
of this study. Residual behaviour may be seen to settle to an approximately constant
stress, representing a state similar to critical state.
The mechanical behaviour of Boom Clay was also described by Horseman et al.
(1993). Behaviour was similar to that of Taylor and Coop (1993) (figure 2.5.4), with
predominantly brittle response due to the over-consolidated nature of the material.
One sample at the higher end of the stress range (sample C on figure 2.5.4) showed
a similar response to that of sample A of Taylor and Coop (1993),

with slower

development of brittle failure than would be predicted in the conventional models.
Again behaviour in the residual regime is characterised by deformation at
approximately constant stress.
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Unfortunately the data presented by Taylor and Coop (1993) and Horseman et al.,
(1993) is limited both in the number of tests conducted and the range of pressures
considered. In neither case are a stress path plot provided, which would allow more
detailed analyses of the results. However a plot of stress ratio (q/p’) against axial
strain is provided by Taylor and Coop (1993) (figure 2.5.5).

Use of this data,

combined with the deviatoric stress / axial strain plot (figure 2.5.4), allows the
construction of a stress path (deviatoric stress / mean effective stress) plot, (figure
2.5.6). Examination of the plot shows that the accuracy of the calculation of p' is
probably poor as resolution of stress ratio at low strains is difficult. At the higher
strains this is easier, and the plot suggests that both samples failed on a similar failure
line despite the greater magnitude of axial strain in sample A. The two samples are
also seen to reach the same residual strength envelope.
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Triaxial deformation of samples of Kimmeridge Shale was undertaken by Leddra et al.
(1992).

The Jurassic Kimmeridge Shale outcrops in Dorset and elsewhere in the

British Isles. The Kimmeridge Shale displays brittle failure due to the presence of
interparticular bonding (figure 2.5.7). Such behaviour is not represented by the true
critical state model because the

natural fabric and

presence

of

inter-granular

bonding imparts a brittleness and high stiffness to the sample at low stresses
(figure 2.5.8). Behaviour becomes similar to that of a critical state-type material only
at high stresses when destructuring (yield) of the material has occurred due to the
breakage of the interparticular bonds. This is likened by Leddra et al. (1992) to
remoulding of the

material, with

the

result that it will begin to behave as an

unbonded, homogenous rock. However care is needed with such a hypothesis as the
fabric of a material after yield is very different from that of a remoulded material,
meaning that behaviour will be different. The behaviour of the Kimmeridge Shale at
peak strength is not that of a material at critical state. The sample compacted to the
highest effective stress (kiso4) shows a phase in which peak strength is maintained
before brittle failure occurs(figure 2.5.7). Upon brittle failure the sample undergoes
pronounced strain softening to a residual strength. The peak strength behaviour is
similar to that displayed by the Boom Clay of Horseman et al. (1993) and Taylor
and Coop (1993), but is also not described or explained by the authors. This strain
softening behaviour suggests that the labelling of the failure envelope as a critical
state line by Leddra et al. (1992) (figure 2.5.8) is erroneous.
Also of note is the behaviour of sample kiso4 (figure 2.5.7). This sample, which was
consolidated to the highest effective stress, shows a delay in the brittle failure
with respect to axial strain.

The behaviour of London Clay under high

pressure conditions is described in an extensive study by Bishop et al. (1965).
Whilst stress / strain plots were not provided, the samples were described as having
failed in a brittle manner in all experiments up to 7 MPa, thereafter displaying a
ductile failure mode. Samples of destructured London Clay consolidated from a slurry
were also tested. The difference between the failure envelopes is clearly illustrated
(figure 2.5.9).

After failure the samples do not reach the critical state line for

remoulded materials as suggested in the Cam Clay model and by Leddra et al (1992).
In addition. Bishop et al. (1965) showed that at higher stresses the failure line is not
linear but shows a decrease in gradient towards the remoulded line (figure 2.5.9).
The curve fitted through the failure points appears to have a strange form, with a
subsequent increase in gradient at the highest stresses. This reason for the shape of
the curve is not
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outlined in the text,

and it appears to have no physical explanation except to

ensure that the failure envelope is parallel to the failure envelope for the remoulded
material. Despite this, the curvature of the failure envelope is clear. The decrease in
gradient is predicted in theoretical terms by Schofield and Wroth (1968) but has
rarely been described.
Cu = Undrained shear strength
Pc = Effective consolidation stress

I?(MPa)
Figure

2.5.9

Non-linear failure envelope of London Clay from Bishop et al (1965)

Curvature of the failure envelope is also suggested by the results of Ibanez and
Kronenberg (1993) (figure 2.5.10).

Drained triaxial deformation experiments were

conducted on a low porosity (2.5% - 15%) shale at confining pressures in the range
50 MPa to 400 MPa.

At confining pressures of less than 100 MPa the samples

behaved in a purely brittle manner, and in this regime the failure envelope has a linear
form.

At higher confining stresses, Ibanez and Kronenberg (1993) found that the

deformation occurred through a mixture of brittle failure and other processes including
micro-cracking.

In this regime the failure envelope showed a marked decrease in

gradient, especially where the experiments had been conducted on samples cut at 45*
to bedding.

The change in gradient is attributed to the change in deformation

mechanism in the brittle - ductile transitional regime.
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Failure envelopes are displayed by all of the materials described above. Generally the
form of the failure envelope for a bonded material appears to be similar to that
described by Loe et al. (1992) for the chalk. At higher stresses, failure occurs on a
linear envelope that passes through the origin. At low stresses, materials are able to
sustain higher stresses than would promote failure in remoulded materials due to the
presence of inter-particle bonds (Vaughan et a!., 1988; Burland, 1990). As a result,
failure occurs above the failure envelope at a brittle failure line. The general form of
the failure envelope for sedimentary rocks is given in figure 2.5.11.

a

t

Figure

2.5.11

General form of the failure envelope
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2.6 Yielding in Mudrocks
The concept of a pre-consolidation pressure was introduced in section 2.3, and is
defined as the stress at which the gradient of the void ratio / mean effective stress
curve changes (figure 2.6.1). At the pre-consolidation pressure, the behaviour of the
rock changes from elastic to elasto-plastic. Hysteresis in the unloading / re loading
loop can sometimes be observed, but this is generally sufficiently small as to be
negligible (Atkinson and Bransby, 1978).
also

be seen

Such changes in behavioural style can

in compression experiments, and occur in all sedimentary rocks

(Yassir, 1988; Leddra, 1990; Kageson-Loe, 1994; for example).

Legend
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The yield envelope for a remoulded soil may be determined by stress path testing.
Identical samples are tested along different stress paths in the low (0 MPa to 1 MPa)
environment. The yield point for each sample may be determined, and thus a locus of
yield points deduced, representing the yield envelope. Thus 7or any stress path the
yield point, representing the boundary between elastic and elasto-plastic behaviour,
may be deduced (Muir-Wood, 1990). Such plots have been produced for soils in the
low pressure environment by Wong and Mitchell, (1975) for example.
Studies of the yield behaviour of chalk in the high pressure regime have been
undertaken (e.g. Leddra, 1990; Kageson-Loe et al., 1993). Yield in this case is a
different process to that described for the low pressures. Yield in the high pressure
regime generally describes the breakdown of cement bonds in a material as opposed
to the change in behaviour from normally to over-consolidated. Loe et al. (1992)
examined the yielding behaviour of chalk by testing identical samples along stress
paths with different k-ratios (the k-ratio is the ratio between lateral and vertical stress;
Loe et al., 1992).

Figure 2.6.2 illustrates the stress paths derived from that study,

with the yield envelope included. Of note is the shape of the yield envelope which
has a complex form and, most notably, yields at higher mean effective stresses if
an isotropic stress path is followed than if the sample is tested along a uniaxial stress
path.

This is in contradiction of the results of Elliot and Brown (1985), who

suggested that for sedimentary materials the magnitude of stresses at yield
were...stress path independent'.
The yield behaviour of an artificially bonded material deformed under uniaxial strain
conditions (from Vaughan etal, 1988; redrawn by Leddra, 1990) is illustrated (figure
2.6.3). Vaughan et al (1988) suggest that yield is a more complex process than the
simple breakdown of cement bonds described by Loe et al. (1992). The sample is
seen to have two yield points during compaction. Yield is thus seen as a double
process, representing different failure mechanisms.
The first yield is the point at which some of the bonds begin to fail. Up to this point, the
bonds are able to sustain the applied stresses and there is no reduction in void ratio.
Thereafter the bond strength of the sample (i.e. the stress that a sample can sustain
without loss of void ratio) decreases as applied stress, the so-called bond stress of
Vaughan et al. (1988), increases (Kageson-Loe et al., 1994).
represents the point at which
increasing

bond

The

second yield

decreasing bond strength becomes equal to the

stress.

Thereafter
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decreases and thus the bond stress must also decrease. The sample will thereafter
behave in a destructured manner, and the stress-strain curve will tend towards the
compression curve for a remoulded material.
Vaughan et at. (1988) emphasise that first and second yield do not represent complete
destruction of bond strength, and verify this with examination of the tensile strength
of samples that have yielded. Vaughan ef a/. (1988) describe the shear behaviour
of samples that have undergone first and second yield. Samples that have remained
within first yield show full strength under undrained shear. However, a sample that
has exceeded the first yield point has incurred some irreversible loss of strength and
may not reach the ultimate strength otherwise expected. Yield beyond the second
point induces substantial damage to the bond structure of the sample and large strains
accumulate before failure.
In addition to the double yield in compaction described by Vaughan ef a/. (1988), all
undisturbed materials, whether in the brittle or the ductile regime, show an initial
elastic response to undrained deformation (figure 2.6.4). This deformation is termed
phase I in section 2.4.

This suggests that in the early phase of loading the

deformation is dominantly elastic. This supports the assertion of Vaughan ef ai
(1988) that first' and 'second' yield do not represent the point at which breakdown of
all of the bonds within the sample occurs. Yield in compaction must be viewed as the
progressive breakdown of the bonds within the material and should not be seen as
an instantaneous event, or one which occurs throughout the sample. Yield envelopes
should be viewed as the point at which bond breakage is initiated rather then the point
at which all bonds fall. The yield in shear represents the
particulate shearing is mobilised in the sample.
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2.7 Summary
In chapter 2, the main mechanical properties of mudrocks in the geologically-relevant
1 - 70 MPa stress range have been described. The compaction of mudrocks has been
outlined and the behaviour of these materials under shear stresses detailed. It has
been shown that at low confining pressures, shales behave in a brittle manner when
subjected to shear stresses. A few studies (most notably Ibanez and Kronenberg,
1993) have suggested that at higher pressures behaviour of undisturbed mudrocks will
be ductile in the same manner as remoulded mudrocks and other sedimentary
materials.

The results of Bishop et al. (1965) and Ibanez and Kronenberg (1993)

suggest that as the deformation mechanism in mudrocks changes from brittle to
ductile the gradient of the failure envelope will also change.
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Chapter 3
Mudrock Fabrics

Chapter 3: Mudrock Fabrics

3.1: Introduction
Fabric, as defined in chapter 1, has a fundamental control on the behaviour of a
mudrock. In this chapter, the inter-relationship between fabric and
behaviour is reviewed.

mechanical

Initially the nature of mudrocks is described to provide a

framework for the subsequent sections. The basic control of a mudrock fabric is that
resulting from initial sedimentation, and this is briefly described. Alteration of initial
fabric may be the result of bioturbation, burial or shear deformation. The stress paths
relating to burial and shear deformation are described. The manner in which
alterations in fabrics are responsible for changes in material behaviour response
are also outlined. Finally a review is provided of formation scaly fabrics in mudrocks.

3.2 The Nature of Mudrocks
Mudrocks are sedimentary rocks that consist predominantly of clay particles, but
may also include detrital materials including particles of quartz, feldspar, carbonate,
amorphous silica and alumina, and pyroclastics (Rieke and Challingarian, 1974) and
they may include some organic material, such as the carbonate shell fragments in the
Kimmeridge Shale (Swan etal., 1989; Leddra et al., 1992).
Mudrocks consist predominantly of clay minerals, the chemistry and mineralogy of
which is extremely complex. A detailed description of the chemistry or mineralogy
of these materials is not provided in the current study, but may be found in Blatt et al.
(1980).
Briefly, clays are hydrous silicates (principally of aluminium or magnesium). Their
structure is based on composite layers built of components of tetrahedrally and
octahedrally co-ordinated cations. The principal clay mineral groups are:
•

Kandites, including kaolinite and halloysite;

•

IHites, including illite and glauconite;

•

Smectites, including montmorillonite and hectorite;
81

•

Vermiculite;

•

Palygorskite.

Clay minerals are formed as a result of weathering of parent materials. IHites and
kaolinites are the dominant clay minerals in mudrocks.

For example 90% of the

clay-sized fraction of Atlantic sediments is illite (Rieke and Challingarian, 1974).
Kaolinites are formed primarily from the weathering of silicates, principally feldspars.
Illites are formed from the same materials or from the alteration of other materials
during diagenesis.
Kaolinites, illites and smectites have a platy particulate nature, with a long-axis of
approximately 5-10 p and a thickness of approximately 0.1 p. A good analogy for their
appearance is that of 'cornflakes' with their platy, though not totally planar, nature.
Whilst most clay minerals have a platy character, a few other forms may be seen,
including crystal (vermiculite, for example) or tubular (halloysite, for example).

3.3 Mudrock Fabrics: Basic Models
Models

of soil fabrics were initially developed by soil engineers. Especially

notable is the early work of Terzaghi (1925) who proposed the 'honeycomb' model of
oarticle arrangement in which clay olates are in edge-to-edge contact with a large
pore space between them. The Terzaghi model was adapted in the classic work of
Cassagrande (1932), who recognised that three types of particle association are
possible in a platy material (figure 3.3.1); face-to-face (P.P.), edge-to-face

(E.P.)

and edge-to-edge (E.E.).
Cassagrande suggested that a material may consist of any of the three contact
types, or a combination of two or more. Lambe (1958) proposed that many clays and
shales have a 'cardhouse' structure consisting primarily of

E.P. contacts (figure

3.3.2). Notably, an identical analogy has been proposed for the fabrics of chalk by
Andersen et al. (1992) (figure 3.3.3). Progress in the development of fabric models
was limited by the lack of an instrument capable of resolving particles in the 5 \i size
range. This was overcome with the development of electron microscopy. Rosenqvist
(1962) utilised the replication

technique of transmission electron microscopy

(T.E.M.) to examine mudrock fabrics for the first time, demonstrating that cardhouse
structures can exist. Minor alterations to the cardhouse structure, principally involving
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E.F. contacts, were proposed by Von Englehardt and Gaida (1962) who renamed this
structure the 'aggregate structure'.

Edge-edge

Figure

3.3.1

Edge-Face

pQce-fQce

Particle associations In platy materials

Aylemore and Quirk (1963) proposed a new and Important concept In fabric studies,
known as the domain (figure 3.3.2). This Is a microscopic area of the material in
which all the particles have a preferential orientation. It was suggested that clays
consist of randomly distributed and oriented domains, forming what was termed a
turbulent

array'.

Smart (1969) examined clay fabrics in the S.E.M. and

demonstrated the existence of both cardhouse and turbostratic (domainal) structures
and demonstrated that many natural mudrocks comprise domains In a cardhouse
structure (figure 3.3.2).
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Cardhouse

«
Domainal

Domains in Cardhouse

Figure

3.3.2

Types of fabric arrangement in mudrocks
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Figure

3.3.3

Diagrammatic representation of Andersen's cardhouse analogy for the
fabric of chalk.
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3.4: The Generation of Fabrics by Sedimentation
The basic control on mudrock fabrics inevitably lies in their initial deposition. Generally
mudrocks are deposited in saline marine environments and thus the basic control on
fabric is in the initial sedimentation (Tchalenko, 1968). The process of sedimentation
has been studied in some depth and is known to be extremely complex (Whitehouse
et al., 1960; Goodwin, 1971; for example). In particular the spatial arrangement of
the sedimented particles

is dependent upon the chemical environment, including

factors such as pH and ionic activity (Goodwin, 1971).
Sedimentation may occur as individual grains or as aggregates of particles formed
as a result of flocculation in electrolytic solutions. The degree of flocculation itself
depends upon the chemical environment (Moon and Hurst, 1984), the

particle

mineralogy (Whitehouse et a!., 1960) and the particle shape and size (Kranck,
1975). As groups of particles are less easily carried in suspension, sedimentation
occurs in the form of flocculated particles and the floes tend to retain their form in
the immediately post-depositional environment (Moon and Hurst, 1984).
The nature of clay sediments has always presented the researcher with problems of
sample preparation.

The problems are greatly exacerbated in the case of freshly

deposited sediments which are essentially slurries and are therefore weak and have
high porositys. Generally the problems have been circumvented

by examining

sediments that have undergone small amounts of burial and compaction, and
extrapolating

to

the

unconsolidated state (Moon and Hurst, 1984).

As a

consequence the fabrics of fresh, naturally sedimented materials are poorly
understood.
Lambe (1958) examined the fabrics of freshly deposited clays from three different
environments. The same clay was used for each environment but the chemistry of
the fluid mixture was changed. This allowed the description of three fabric types,
namely:
•

Salt flocculated;

•

Non-salt flocculated;

•

Dispersed.
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A dispersed fabric is one in which fluid content is sufficiently high that there is little
inter-particle contact, the material being akin to a highly fluid colloid.

The fabrics

of the flocculated samples were essentially the same. Such fabrics were termed
cardhouse' in form and consist predominantly of platy cla> particles with edgeface (E.F.) contacts. Edge-edge (E.E.) contacts are occasionally observed, but
face-face (P.P.) contacts were not present.
Bowles et al. (1969) demonstrated the existence of domains

within freshly

sedimented, uncompacted clays. Examination of laboratory induced

sedimentation

demonstrates that these materials consist primarily of randomly-oriented domains with
P.P. contacts (Smart, 1969; O'Brien, 1971). Domains have been demonstrated in
freshly sedimented clays in a number of other environments including quick clays
(Pusch, 1966), deltaic sediments (Moon, 1972) and marine alluvium (Burnham, 1970),
suggesting that after sedimentation floes may survive to form domains. In all of these
sediments a domainal structure with P.P. and E.P.contacts, sometimes with inter
linking chains of particles, was noted. These findings prompted Barden (1972) to
suggest that fabrics consisting of non-flocculated plates (i.e. cardhouse) are only to be
found in dilute clay suspensions and that domainal structures are the sole component
of dense clays. This view was reiterated by studies of young sediments by Osipov
and Sokolov (1978). However this appears to be rather a presumptuous statement
and is indirect contradiction of Smart (1969) who demonstrated that domains and
cardhouse structures could co-exist in natural sediments. In addition, Hyne et al.
(1979) demonstrated the presence of cardhouse structures in deltaic sediments.
The evidence is therefore that in freshly deposited, natural sediments the domainal
concept is generally valid but in some, poorly understood, circumstances cardhouse
structures may also exist. O'Brien et al. (1980) investigated the fabric of freshly deposited sediments in relation to their physical depositional environment. Turbiditic
sediments were found to generally have a lower

degree of

preferred

particle

orientation than hemipelagic sediments, probably as a consequence of the greater
deposition rate.
A final interesting suggestion that must be considered in the initial formation of
fabrics, and possibly during burial, is the role of biotic activity (Zabawa, 1978).
Evidence of biotic activity is frequently seen in lithified sedimentary rocks and must
therefore be an important factor in fabric alteration. Large scale fabric alteration may
occur due to the influence of

macro-organisms, such as

burrowing but micro

organisms may also be important. Notably, the decomposition of organic matter may
lead to the generation of methane gas, which may bubble to the surface through the
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sediment, possibly altering the fabric. Unfortunately the influence of organic matter
has rarely been studied and requires further investigation.

3.5 Processes affecting mudrock fabrics after burial
3.5.1: Introduction

After deposition, the mudrock will undergo burial as sediments are sedimented on
top of it. The rate of burial depends on the rate of sedimentation of the material
above. The rate of sedimentation is

not necessarily constant as environmental

conditions change. A good example occurs in deltaic environments in which sediment
deposition may occur in pulses or cycles as the river undergoes seasonal changes in
flow rate.

In other environments, such as continental slopes, sediments can

experience rapid burial as slumping or turbidity currents move down the continental
slope, depositing material along their track.

In addition tectonic activity, such as

regional subsidence, may alter sedimentation, and therefore burial, rates.
Burial may be accompanied by a range of processes that affect the sediment fabrics.
Burial is accompanied by an increase in total vertical stress and a corresponding
increase in total horizontal stress. However the increase in deformation-inducing
stresses is limited by the effective stress, which is dependent on pore pressure
dissipation.

Deformation induced by the accumulation of overlying sediments is

principally compaction.

As the sediment is

buried,

it

may

also

experience

increases in horizontal tectonic stresses which can induce shear deformation.
Finally

the sediment may be affected by the chemical and

physical changes

associated with diagenesis.

3.5.2: Diagenesis

Diagenesis may be defined as the 'processes affecting a sediment whilst it is at or
near the earth's surface' (Whitten and Brooks, 1972). However, for the purposes of
this thesis, diagenesis is considered to be the cementation of a sediment and chemical
changes in the rock minerals, such as the alteration of clay minerals. A detailed
review of diagenetic changes may be found in Rieke and Challingarian (1973). The
materials studied in this thesis have undergone little diagenesis, although the addition
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of cements

to mudrocks

is inferred in some quarters (Leddra et al., 1992, for

example). Cementation is generally derived from two sources. First, the deposition
of dissolved material from fluids percolating through a rock; second the redeposition
from pore fluids of material sourced from the rock itself.
Care is needed to avoid confusion between cementation and bonding. The two
terms are frequently used inter changeably but a distinction between them should be
made. Cementation is the physical addition of a mineral which binds the particles
together. Bonding may include the cementation of the particles, but may also involve
chemical and electronic forces that attract the particles and the locking together of
particles due to their morphology.

As such, cementation

should perhaps be

considered to be a sub-section of bonding. It is frequently very difficult to ascertain
whether a bonded material is cemented and the processes involved in bonding remain
unclear.

Ageing processes involve the development of bonding but the nature of

bonding has yet to be fully ascertained.

In natural materials, the use of cathode-

il uminesence may indicate the presence of carbonate cements.

3.5.3 The Effect of Compaction on Mudrock Fabrics

During burial sediments undergo increases in total stress. As natural sediments are
constrained by the surrounding rock mass, and in the absence of tectonic stresses,
the sediments must follow a kg stress path (Yassir, 1989). The increases in total
stress will induce increases in pore pressures which will be dissipated during
consolidation. Thus the sediment will undergo compaction, which my induce a change
in the fabric.

As compaction involves a reduction in

pore volume

it must be

associated with particle movement and hence alteration of the fabric.
Sloane and Kell (1966) identified domains in naturally compacted sediments and
coined the term 'bookhouse', a concept similar to the domains In a cardhouse
structure as described by Smart (1969).

However there Is contradictory evidence

about the effects of burial on domains. Barden and Sides (1970) and McConnachle
(1974) show that domains are able to withstand some burial without modification,
whilst Hesling (1970) concludes that burial leads to the breakdown of domains to form
larger areas of preferential particle orientation In a plane perpendicular to the
applied stress. Such conflicting evidence Is not surprising If the materials have
been consolidated to different effective stresses as the deviatoric stress will be
different.
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Using laboratory investigations Smart (1967) and McConnachie (1974) demonstrated
that domains could still exist under directionally - isotropic stresses of up to 100 MPa,
and that the domains do not have a single alignment.

Conversely, the application of

uniaxial stresses does appear to induce the breakdown of domains (Krizek et al.,
1975).
The number of studies directly examining the nature of particle orientation in natural
argillaceous materials can be seen to be relatively limited. However the development
of fissility in mudrocks has also been the source of considerable research (Ingram,
1953; and Baldwin, 1971; for example). Fissile mudrocks are abundant and have a
high degree of particle orientation parallel to the plane of the fissures (Ingram, 1953).
Conventional theory holds that fissility results from

the development of preferred

orientation during compaction along a k^ stress path (Ingram, 1953; Baldwin, 1971).
The development of preferential particle orientation has been attributed to a depth
related function whereby burial below approximately 350 m leads to the breakdown of
the cardhouse or domainal structure and the production of a strong degree of
preferential particle orientation which develops into fissility through time (Rieke and
Challingarian, 1974). Whilst there can be little doubt that degree of particle
orientation and fissility are linked, the existence of fissile shales stratigraphically
above non-fissile mudrocks
involved in the

(White, 1961) strongly

suggests that the processes

production of fissility are more complex than stress-induced

reorientation.

3.5.4 Summary

It is clear that burial influences the fabric developed in a material. The increases in
total and effective stresses involved in burial induce fabric reorientation as pore
volume reduces.

This is achieved by shearing the particles against one-another.

However, the manner in which stress affects fabric is complex. There is no single
threshold depth at which fabric reorientation occurs, and domains appear to be able to
withstand certain stresses in some materials and not in others. Generally, anisotropic
stresses are more efficient at disrupting fabrics than isotropic ones.
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Fabric evolution during deformation

3.6 The influence of Shear Stresses on Mudrock Fabrics
Shear stresses in mudrocks may occur at any point in the stress history. Immediately
after deposition, shearing may be induced by gravitational ‘'lumping on submarine
slopes, whilst at depth shear may be induced by tectonic stresses. Shear stresses
may also be induced by burial along any non-isotropic stress path.
The response of a material to the modilisation of shear stress will depend upon the
state of the material and the position on the stress path. In figure 3.6.1 the evolution
of fabrics associated with different types of shear deformation are illustrated. The
lower path illustrates brittle deformation. The sample is seen to undergo a rapid strain
weakening event. The strain weakening is related to brittle failure when a sample
undergoes the development of a shear surface or exceptionally a conjugate pair of
shear surfaces. When the shear zone develops deformation becomes localised and
concentrates on a zone of damage in the vicinity of the surface. The mechanical
shearing action will cause reorientation of the particles parallel to the shear plane,
clearly causing major alterations to the fabric.

Away from the shear surface

deformation is limited to a reduction in porosity resulting from the early, pre-failure
phases of semi-ductile deformation (the phase II deformation of chapter 2).
The size of the damage zone depends upon the rate of strain (Moon and Hurst,
1984). In addition, a number of complex micro and macro features may develop in the
vicinity of the damage zone (Morgernstern and Tchalenko, 1967; Tchalenko, 1968)
including reidel shears, thrust shears and, in some cases, tensional fractures. Thus,
if a shear surface is examined microscopically it is seen to consist of a number of
parallel or sub-parallel shears. Particle orientation in the vicinity of the shears is
parallel to the local shear.
It is important to understand the significance of the concept of a shear zone. Whilst
on a macro-scale the expression of shear displacement may appear to be a planar
surface of preferential orientation, microscopic analysis demonstrates that it is a
zone of fabric disruption. In general the fabric will be reorientated to lie parallel to the
shear plane but there may be secondary shear zones in which subsidiary shear
surfaces have formed, and particles may be aligned with these. Kink bands may
also be present, in which the domains have been rotated to lie at 40° to 50° to the
shear surface (Moon and Hurst, 1984). The size of the damage zone depends upon
the material and the rate of shearing, greater rates of strain generally being associated
with narrower shear zones. This type of shear zonation has been observed in
both naturally deformed materials (Tchalenko, 1968, for the London Clay for
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example) and in experimentally deformed
Kimmeridge Shale; and Petley

samples (Leddra et al., 1992; for the

et a!., 1993 for

North Sea

Eocene Shale for

example). At very large strains, other features may begin to appear including fabric
rolls, in which the fabric appears to form large swirls of partLles. These features are
likened to drag folds in large-scale structural geology (Moon and Hurst, 1984).
The stress - strain curve for deformation under shear stresses in the ductile regime
is shown in figure 3.6.2.
brittle material.

Pre-failure deformation phases are the same as for the

Deformation

in phase

III (chapter 2) is

ductile

in

nature,

representing a stable state. Ductile deformation involves the slippage of particles
past one-another as cataclastic flow. Such deformation is distributed throughout the
sample and induces breakage of the inter-particular bonds. The shearing of the
particles is at constant volume and appears to cause little fabric change (Petley et
a!., 1994).
Legend
Initial elastic phase
Elastic-plastic phase
Steady-state plastic deformation phase

Axial Strain
Figure

3.6. 2

Stress strain plot of the typical behaviour of a soil in
the ductile regime.
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3.7 Biological Influences on Mudrock Fabrics
The influence of biological factors on mudrock fabrics is poorly understood, but is
possibly an important factor in their formation and subsequent alteration. The
activity of burrowing animals is often clear in geological sections. This burrowing
activity may have the effect of altering the particle orientation, possibly moving and
breaking domains. In addition, biotic activity post-burial by the action of bacteria for
example, may lead to changes in fabrics. Bacteria may break down organic matter
within muddy sediments, releasing methane gas which

may travel through the

mudrock, disrupting the fabric en route.
Two studies of the biological influence on mudrock fabrics have been made. Byers
(1974) examined the difference between highly fissile shales and non-fissile
mudstones. The mudstones were found to be highly bioturbated, leading to the
conclusion that fissility was a result of a lack of benthic fauna. The lack of fissility in
mudstones was attributed to the action of benthic fauna

acting to rework the

sediment. This is confirmed by the work of Barrows (1980), which suggested that
clay sediments that lacked fissility had been influenced by bioturbation.
These results are interesting and suggest that there is a need for an in-depth study of
the role of biological agents in the alteration of fabrics. At present there is insufficient
evidence to prove that biological influences on fabrics are widespread, and it is
likely that other influences may over print biologically altered fabrics.

3.8 Scaly Clays
Scaly clays are natural mudrocks

with an intense and pervasive fabric of scaly

partings. In this section, as an example of natural mudrock deformation, and to
provide a basis for part of the current study, the nature of scaly clays is described. A
description is made of the scaly foliation and various theories for its origin are
outlined.
Scaly clays are defined as mudrocks that have a texture comprising of a high density
of anastomising, curved, polished surfaces of low shear strength (Enriquez-Reyes
and Jones, 1991). The surfaces are pervasive and appear to be fractal in nature.
Scaly clays are associated either with areas of subduction - related tectonism
(Barber et al., 1986) or w iti intense seoiment dewatering
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(Cowan et al., 1984).

Petley ef a/. (1994) describe scaly mudrocks in core from the southern North Sea
gas basins.
The pervasive surfaces in scaly clays are usually interpreted as having undergone
shear deformation as they are polished and have slickensides. Their initial formation
and the cause of the shear deformation is less clear. Many authors believe that they
are the result of simple shear stresses, whilst others suggest that their origin lies in
compaction - induced dewatering. Exceptionally, Cowan (1982) interprets the
surfaces as the result of extensional brittle failure, with the development of fabric being
the consequence of water flow through the fractures. The various theories are briefly
outlined below.

i) Sediment Dewatering Theories

Arthur etal. (1980) and Cowan et al. (1984) examined cores from the DSDP leg at
the edge of the Japan Convergent Margin. Within the cores they noted an extensive
scaly foliation, which they termed veins and described as "dark, linear, curved or
anastomising features (planar in geometry) crossing the face of the cut core at an
oblique angle" (Arthur etal., 1980, page 576). The foliation was noted in cores from
a number of different sites. In view of this, the following model was proposed.
The argillaceous sediment is buried to below about 200 m and is subject to both
tectonic and lithostatic stresses. Under such stresses, the sediment consolidates
and compacts.

The depth of burial indicates that the sediment

has

a low

intergranular permeability, such that it is unable to accommodate the fluid loss.
As a result preferential paths of fluid movement develop, orientated in response to
the local stress field. If the sediment is subjected to tectonic stresses, the lines of
weakness will induce strain localisation and deformation will be concentrated. If the
material is buried

below

a layer of fresh,

fine-grained

sediments, over-

pressuring may develop which will lead to an opening of the fractures and the
development of secondary porosity. Further burial, or the removal of the overlying
permeability barrier, may lead to closure of the fractures and ultimately healing may
occur. Cowan et al. (1984) argued that other mechanisms may also lead to the
development of such fabrics. In particular dilation of the sediment mass due to
shearing, tension or slumping could lead to fracturing which would reduce pore
pressure, causing water to be drawn in. Cowan etal. (1984) rejected this hypothesis in
favour of the dewatering theory in light of evidence from geophysical analysis of high
pore pressures within the in situ material.
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Thus Cowan et al. (1984) and Arthur et al. (1980) interpreted the surfaces

as

features resulting from compaction-induced de-watering. The slickensides and the
polished surfaces were considered to be the consequence of shearing along the
surfaces under tectonic stresses.

ii) Extensional Brittle Failure Theories

Cowan (1982) examined hemipelagic muds from the DSDP cores recovered from
sites 496 and 497, from the inner slope of the middle American trench off Guatemala.
These materials contained a set of "parallel, planar to curvi-planar
discontinuities", described as veined zones.

The discontinuities

structural

contained fine

grained platy phyllosilicates orientated parallel to the vein boundaries. They were
interpreted as localised zones of brittie deformation in response to

imposed non

hydrostatic stresses (Cowan, 1982) and not as shear zones due to "a lack of evidence
for vein-parallel slip" (Cowan, 1982, page 648). An analogy is drawn between the
geometry of the surfaces and extensional fractures in terrestrial hard rocks. Hence
the model that is suggested is that these features form as a result of slow, downslope creep of part of the blanket of slope sediments which results in a relaxation in
horizontal effective confining pressure. The fractures formed by this extension (figure
3.8.1) became conduits for water flow caused by this reduction in pressure. The
flow of fluids through the fractures leads to the re-orientation of the phyllosilicates on
the surface of the fractures.

Hi) Direct Shear Theories

Direct shear theories for the formation of scaly clays suggest that the fabric is a
consequence solely of the action of shear stresses. Under laboratory conditions,
conjugate pairs of polished surfaces can be induced under conditions of triaxial
shear, although it must be noted that the pervasive shear fabric has not hitherto been
generated.
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Figure

3.8.1

The formation of fractures during simple shear (Cowan 1982).
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Direct shear as the result of slumping was proposed by Audley-Charles (1968) and
considered by Cowan

et al.

(1984). Audley-Charles (1968) examined the Bobonaro

scaly clay of Timor,

East Indonesia and ascribed

it to a large block that had

slumped southwards into a trough occupied by deep-wa.ur volcanogenic muds.
The existence of a pervasive shear fabric within the matrix, an unconformity at the
base of the unit and the inclusion of random, unsorted blocks within the material, was
used as evidence to support the argument. Subsequent attempts to find the
unconformity during detailed mapping of the area have been unsuccessful (Barber
ef a/., 1986). The existence of unsorted blocks within a matrix is not adequate as
an indicator of the mass slumping hypothesis. In addition, this model does not
adequately explain the origin of multiple shear surfaces, with slickensides orientated
in different orientations. The mass slumping concept would
surfaces and slickensides

should

be orientated

imply that the shear

in a single, common direction,

namely the direction of motion of the slumped mass. However in scaly clays the
shear surfaces and slickensides are not orientated In a single direction.

Scaly fabrics have been described In several deep sea drilling programmes. Sites
have included Guatemala, Southern Mexico, Marianas (Moore et a!., 1986), and
the Barbados Ridge (Cowan et a!., 1984). Micro-scale observations of the fabric
developed in these materials show that the polished surfaces are formed by the re
orientation of individual clay particles (Cowan et al, 1984, and Moore et a!., 1986).
The degree of preferential particle orientation was noted to become less prevalent
with increasing distance from the polished surface. Thus the following model was
developed for the development of scaly clays (Moore ef a/., 1986)
1.

Tectonic stresses induce shear failure in the sediment.

2.

During shear deformation, the sediment undergoes de-watering which induces a
decrease in the pore fluid pressure. As a result, there is an increase in the angle
of friction for the material, raising the coefficient of friction and hence the shear
strength.

3.

The increase in shear strength in the materiai causes it to 'lock' in the area of the
shear.

4.

The continuing high stresses cause failure to occur elsewhere.

The continuing action of this mechanism would cause the scaly fabric to become
pervasive throughout the material.
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Cores from the Barbados fore-arc during drilling of ODP leg 110 suggested that the
deformation may have occurred as a consequence of more complex brittle
deformation (Moore

et al.,

1986). The basal decollement zone of the accretionary

prism was marked by a 40 m thick zone of scaly mudstones. This scaly foliation was
seen to be a result of preferred clay orientation and the shear surfaces were polished
and striated. This indicates that deformation was certainly of the brittle type. However
scaly fabrics were observed parallel to the axial surface of an isoclinally folded calcite
vein. In disrupted mudstone, scaly fabrics were found orientated parallel to the long
axes of clasts. Finally, some local evidence was found for an overprinting of the
scaly fissility by a secondary set of shear surfaces. This is used as evidence that the
scaly surfaces may form as a result of ductile deformation, in which strain dependent
flattening occurs.

Examination of the Bobonaro scaly clay of Timor in Eastern Indonesia (Barber et
a/., 1986) resulted in a model for scaly fabric using diapirism as the driving
mechanism. Under-consolidated clay materials have become burled by normallyconsolidated sediments. Stacking of the over-lying sediments

due to

repeated

thrusting, possibly combined with maturation of organic matter and smectite de
watering, may lead to over-pressuring in the clays. The over-pressured, low-density
shales are 'metastable'. Vertical wrench faults may have broken through the overlying
sediments, leading to release of excess pressure in the form of pore fluids, oil, water
and gas. Adjacent to the fault, clays are liquefied and rise towards the surface as a
mud diapir. The pore pressure release in the underlying clay leads to collapse with
massive loss of pore volume, forming a compacted shale with increased viscosity
and friction angle. If movement is to continue, shear failure is necessary,

leading

to the formation of sub-parallel, polished shear surfaces.
Enriquez-Reyes and Jones (1991) propose a further model for the formation of scaly
fabrics using previous studies of the shear behaviour of mudrocks and a detailed
study of the fabric of the Joe's River Formation.

Skempton (1966) and Skempton

and Petley (1967) subjected samples of stiff or over-consolidated clays to shear
stresses and produced a simple fracture pattern, with a principal displacement
shear surrounded by riedel and thrust shears to form a shear zone. Examination of the
shears shows that they define lens-shaped bodies with curved, polished surfaces.
Examination by Enriquez-Reyes and Jones of the Joe's River Formation showed
that the shear surfaces also contained these structures. Thus they proposed that the
Joe's River Formation had been over-consolidated or bonded due to tectonic loading,
smectite dehydration and / or hydrocaiton maturation before being tectonically
sheared, forming the characteristic scaly fabric.
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The various models that have been developed for the description of the genesis of
scaly clays

differ

considerably

from

one another. None of the models can be

rejected out of hand, although some of the models do not appear to be applicable to
some of the examples cited (for example the olistrostrome ..todel does not fit the
materials described in Enriquez-Reyes and Jones, 1991). It is possible that the scaly
fabrics that have been described do not have a common origin and that more than
one of the models is applicable.

3.9: The Generation of Fissility
The generation of fabrics under undrained shear conditions Is examined in detail in
chapter 7. However, this study did not investigate the generation of fabrics under kg
stress paths.

Nonetheless, it is relevant to briefly discuss this aspect of fabric

generation.
The key to the generation of fabrics under compactional (non-shear) stress paths may
lie in the nature of fissile shales.

Fissile shales typically have a low porosity,

suggesting that they have undergone considerable compaction.

Crucially,

examination of the fabrics of such materials indicates that the platy particles are
aligned parallel to the plane of fissility and this plane is horizontal or sub-horizontal,
perpendicular to the plane of vertical (burial) stresses (Baldwin, 1971).

However,

fissile shales have been observed stratigraphically above mineralogically similar, but
non-fissile, shales (White, 1961). This strongly suggests that the origin of the fissility
is much more complex than a simple stress-induced reorientation of the particles
during burial.
It is likely that these non-fissile shales have been rearranged by biotic activity
immediately post-deposition.

Such biotic activity may be in the form of macro

organisms such as burrowing animals, or due to the activity of bacteria which would
cause a more gradual alteration in the fabric, possibly due to the passage of gas
bubbles through the sediment. The biotic activity would disrupt the original bedding
and reorientate the domains from their sub-horizontal alignment to a produce a
random fabric. The initial random fabric may also be induced by internal disruption
by slumping. In the fissile shales, the original bedding and the sub-horizontal
particle orientation remains intact.

During burial, the increasing vertical

compact both shales, inducing particle rotation.
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stresses

This is considerably more easily

facilitated in the undisrupted shales, producing the fissility compared

with

the

disrupted shale which has a random fabric.
This model explains why fissile and non-fissile shales may he found alongside oneanother, and explains the origin of fissility in shales.
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Chapter 4: Methodology

4.1 introduction
To Investigate the behaviour of mudrocks in the high pressure regime, an
experimental programme was undertaken.

The

aim of the programme was to

undertake a series of undrained shear deformation experiments on various mudrocks
at different confining pressures.

Particular attention was paid

between brittle and ductile deformation

regimes.

to the

transition

Chandler et al. (1992) have

demonstrated that methods used in handling and testing of samples may affect their
behaviour.

Most notably,

disturbance and changes

mudrock fabrics
in

fabric may

are very

sensitive to mechanical

lead to modifications in engineering

behaviour (Chandler ef a/., 1992). Mudrocks are generally unable to withstand the
torsional stresses imposed by coring or drilling. In addition, any desiccation of a
sample leads to an alteration in the

pore chemistry,

which

may in turn alter

mechanical behaviour (e.g. Moore, 1991), and mobilise stresses from capillary forces
(Rieke and Chillingarian, 1974). As a result, specific, carefully - selected techniques
are essential for the collection, preparation and testing of mudrocks. A full description
of the methods used in this study for the collection, preparation and testing of the
experimental materials studied is therefore provided. However the triaxial equipment
utilised in the current study is not fully described as detailed descriptions are provided
in Jones et at. (1992).
Four different mudrocks were utilised In the current study. These were:
»

London Clay from the British Library excavation. King's Cross, London;

•

The scaly mudrock matrix of the Lichi Melange from the coastal range of south
east Taiwan;

•

The scaly mudrock matrix of the Joe's River Formation from

the Scotland

District of Baitados;
•

An Eocene shale, recovered intact from a deep core from the Nonwegian sector of
the North Sea.
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The reasons for the selection of each of these materials are not simple. The project
was commenced with a limited quantity of the Joe's River Formation material that
had been collected on a previous sampling expedition by Dr Robert Allison and
Maria de Pillar Enriquez-Reyes. However, it proved to be ey.remely difficult to make
high quality samples from the Joe's River formation due to its strong scaly fabric.
Consequently another, less strongly developed scaly clay was sought. Outcrops of
a suitable material were documented in Taiwan (Barrier and Muller, 1984), so a
sampling trip was undertaken.
The London Clay was chosen due to the ease with which samples may be prepared,
the extensive documentation on its mechanical properties, the uniformity of its texture
and its wide availability in London. Fresh, undisturbed samples were collected by the
author from the deep excavation for the foundations of the British Library at King's
Cross in central London.
Finally, samples of Eocene shale were obtained from the Norwegian sector of the
North Sea. These sahiples were cored from a depth of approximately 3300
metres. Consequently, their collection and preparation is described separately from
that of the other

three materials.

This material was chosen as there are few

documented studies of the behaviour of shale that has remained buried throughout
its history, allowing comparison of its behaviour with that of outcrop material.

4.2 The Collection, Transportation and Storage of the Outcrop
Samples
4.2.1 Sample Site Selection

An essential part of any experimental study is the collection of appropriate samples,
in this study sample sites were chosen on the basis of their

accessibility,

the

opportunity to collect samples that had not been weathered and that were not
mechanically damaged, and that had not undergone major changes to the pore fluid.
Weathering and pore fluid chemistry changes are difficult to ascertain but chemical
analyses on the oxidation of iron performed on identical samples of the Lichi melange
and Joe's River Formation by Fan (1994)
minimal in the samples used in this study.
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indicates that

weathering had been

Sites were chosen after detailed reconnaissance surveys of all available outcrops of
the material. Visual examination of the nature of the material in situ was performed to
investigate the

disruption of the sample by non-geological means.

When

the

optimum site was found, sampling was undertaken as below.

4.2.2 Sample Collection
It was essential to collect samples whose natural properties had not been altered.
Soil samples have traditionally been collected by driving a U100 tube into the
sediment (Chandler et a!., 1992). Thereafter, the sample core is sealed within the
tube and may be stored. For harder sediments sampling is undertaken either by
the collection of a large detached block of the material or by coring with a rotary
core drill.

After consultation with others (Leddra, Allison and Jones, pars comm,

1990), doubt was cast on the appropriateness of these methods to undisturbed
mudrocks. In particular, the sensitivity of mudrock fabrics to mechanical disruption
(section 4.1) suggests that these two sampling methods would fundamentally alter
the behaviour of the

materials. The insertion of a U100 tube Into a mudrock is

accompanied by plastic deformation of the sediment around the tube (Chandler et ai,
1992). Such deformation could break any bonds within the sediment and reduce
porosity in the vicinity of the tube. Reduction of pore volume in the vicinity of the
tube could induce an

increase in the pore pressure, which

may then be

dissipated throughout the sample, altering its effective stress state. Coring with a
high speed, rotary core barrel may reduce the amount of plastic deformation as the
drill cuts the sample, but may lead to a number of problems, which include.
•

Alteration of the pore fluid chemistry as the drill lubrication fluid penetrates the
sample.

•

Cracking or micro-cracking of the sample due to vibration of the drill or sample.

•

Alterations of pore pressures due to vibration (representing dynamic loading) or
cracking.

These problems may be reduced with the use of a sharpened, well balanced and
aligned drill with a lubrication medium of the same chemistry as the pore fluid.
However it was felt that a better sampling technique was needed to collect high-quality
samples.
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For the all the outcrop samples a block sampling technique that reduced disturbance
of the sample material to a minimum was adopted. The methodology following was
used;
i.

For convenience sampling was usually undertaken into a near vertical slope. The
slope was excavated back to remove the upper zones of weathering.
unweathered material

In the

a vertical face was excavated and cleaned to allow

determination of stratigraphie variations In the material. If there were no such
variations

in the excavated zone, sampling was undertaken.

Such an

examination ensured that the samples collected were devoid of any

major

discontinuities, were homogeneous and had minimal weathering.
II.

A slope was cut Into the face (figure 4.2.1) and, using a machete, two slots
about 30 cm apart were excavated Into the slope to a distance of about 60 cm.
A further slot was dug linking the rear of the two slots, leaving an undisturbed
block Isolated within the slope. This block was gently trimmed with the machete to
leave

a cylindrical shape slightly smaller than the tin used to transport the

material.
ill. A thin plastic layer was wrapped around the sample and surrounded with a
layer of muslin.
iv. The muslin was coated in a layer of molten wax which, once cooled, provided an
air-tight coating around the sample.
V.

A clean 25 cm diameter cylindrical tin was placed over the sampleand thedate,
time, sample type, number, depth and orientation was recorded on Its side.

vi. The base of the sample was sliced with a cheese-wire. The tin and sample was
carefully inverted.
vii. A thin plastic layer was placed over the end of the sample and covered with a
piece of muslin.
viii. The remainder of the tin was filled with wax which, when set, provided a
waterproof coating and fixed the sample in place.
ix. The lid of the tin was positioned and molten wax was used to seal the lid in place.
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Face

Figure

Sample

4.2.1

Diagrammatic representation of the proceedure for collecting a
sample, a) Slope cut into face for sampling, b) Sample excavated by
cutting trenches around it's perimeter.

By using this procedure, samples were collected that had undergone the minimum possible fabric disruption and mechanical damage.

The layer of waterproof wax

around the sample prevented desiccation during transport. The sample was sealed in
a robust tin with a wax 'shock absorber' around It to p‘ avide protection against
mechanical damage. The thin plastic layer ensured that wax did not penetrate the
fabric.

Two sources of potential damage to the sample are evident with this

technique.

First the use of hot wax may induce desiccation or pore

pressure

changes. Second the sample is exposed to the atmosphere for much of the
sampling period. To reduce the impact of these problems, the outermost 20 mm of
the sample was discarded in the laboratory.
This sampling process is relatively laborious and time-consuming. Depending upon
the depth of excavation needed to penetrate the weathering layer, collection of each
sample took approximately 10 man hours. Sampling was usually undertaken by two
people. All of the samples for each material were taken from the same location at
the same depth, to ensure that samples were as similar as possible.

4.2.3 Sample transportation and storage

The mudrock samples were transported back to the laboratory and stored in an air
conditioned, constant temperature room.

For

each of the London Clay, Lichi

melange and Joe's River Formation samples, one tin was opened and examined for
the effects of wax penetration. The sample was sliced and physically examined for
signs of desiccation or thermal damage from the heated wax. Moisture content was
determined at various points within the sample to determine

the amount of

desiccation. In all cases it was found that removal of the outer 2 cm of the sample
would minimise fabric alteration during the sampling process. Periodically during
storage, the wax seals of each tin were examined and replaced if any degradation
was Indicated.
The

degree

of saturation of each sample was determined

in

the laboratory.

Sampling was usually undertaken above the water table to prevent flooding of the
excavation. For each material, the initial saturation was the same in all samples
because they were taken from the same stratigraphie position. To ensure that all
samples were fully saturated, an initial saturation phase was undertaken in the
triaxial cell.
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4.3 The Collection, Transportation and Storage of the North Sea
Eocene Shale Samples
The North Sea Eocene Shale was sampled from approximate'v 3300 m below the sea
bed. The sample was collected by coring into the sea bed during the drilling of an oil
well. The process of core drilling is extensively documented (Archer and Wall, 1986,
for example) and is not described here. Clearly the sample will have undergone
some mechanical damage during the coring process. However, physical examination
of the sample showed that

the

number

of fractures

within it was low.

It is

impossible to estimate the amount of damage that the sample sustained during the
coring process.

Immediately upon reaching the surface, the sample was surrounded

by saline drilling mud and sealed in a core barrel. Some alteration of the pore fluids
may have occurred, but again this is impossible to estimate. The core barrel was
transported back to the UK by helicopter and transported to the laboratory by surface
means. The sample was stored unopened in the same environment as the other
samples.

4.4 Undisturbed Sample Preparation
Three methods of sample preparation for triaxial testing are frequently used in soil
and rock mechanics:
i) Rotary core barrels are used to cut a plug of material from the sample block.
Coring Is associated with a number of problems but It Is used In materials which
are too hard to be prepared by any other technique. In the current study, coring
was used only In the preparation of the North Sea Eocene shale samples, which
were too hard for any other technique. Coring was undertaken with a high speed,
25 mm Internal diameter core barrel with a brine lubricating fluid.

Lapping

of the ends of the sample was not required as the strong bedding-parallel
fissility within the shale provided a suitable flat surface.
II) The use of rotary workshop lathes for sample preparation has been

recently

described (Winter and Horseman, 1993). Using a band-saw the sample Is cut
Into rectangular blocks. These are mounted

on the lathe and rotated at high

speed. A cutting tool Is used to pare the sample to a cylinder of the correct
diameter. Such a system is able to manufacture samples with accurately
determined diameters.

In addition, production time Is short, reducing
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sample

desiccation. However, the high torsional stresses applied in this method may
be damaging to smaller diameter samples and to those with existing planes of
weakness.
iii) The soils lathe is documented in B.S.1377 (part 1, 1990) as the least disruptive
method of preparation of soft sediments. The soils lathe is a manual method in
which slivers of the sample are removed using a cheese-wire, guided by a frame.
The sample is placed on a rotating pedestal within the frame and the sample
may be accurately cut. The ends of the sample are trimmed with the cheese-wire
using a V-block of the correct dimensions as a guide.
The soils lathe Is the least disruptive method of sample preparation and It does not
physically damage the bonds through the Imposition of torsional loads. However the
process takes approximately 316 hours per specimen.

It Is therefore extremely

operator Intensive and can expose the sample to desiccation. The moisture content of
each sample was calculated at the end of the preparation process and compared with
that of undesiccated material from the tin. If the moisture content varied by more than
±1%, or If It was misshapen or had any cracks,

the specimen was discarded.

Approximately 35% of London Clay and 75% of Joe's River Formation samples were
discarded on these grounds.

4.5 Preparation of Remoulded Samples for Testing
Four samples of LIchI Melange were tested In a remoulded state. Remoulding was
undertaken by gently disaggregating the dried sample with the manual use of a
mortar and rubber-tipped pestle. Care was taken not to crush or grind the clay
grains. The resulting material was sieved to remove the coarse fraction (>0.125
mm) and the remaining powder was stored in an air-tight container.
When the sample was required, It was mixed with de-lonlsed water to form a paste
at a water content greater than its liquid limit (71%). Thorough mixing was achieved
with the use of a mechanical stirrer designed to ensure that air was not mixed
with the sample. The sample was mixed for 24 hours and examined to ensure that
there were no air bubbles present and that It formed a smooth paste without any
lumps of unmlxed powder.
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The mixed sample was placed in one of four identical Rowe-type oedometers. The
top cap was positioned and the sample was left to stabilise under its own weight until
primary

consolidation

had been completed. Thereafter, loading was applied

incrementally to an effective stress of 548 kPa, using the uchnique described in
B.S.1377 (1990). After the application of each increment of stress, the sample was
allowed to deform

until

primary consolidation had been completed. Strain was

measured using a dial gauge.
At the end of the consolidation phase unloading was undertaken in three Increments
and creep was monitored. Once unloading had been completed, the
carefully

removed

and

samples were

weighed before being stored In a sealed, refrigerated

environment.
The compacted samples were In the form of disks of clay with a diameter 120 mm and
a thickness of 15 mm. A cylindrical tool was used to cut 25 mm diameter disks of the
clay. Three of the disks were placed upon each other to produce a triaxial test
sample.

Whilst this leads to the sample having two

horizontal discontinuities, the

effect of these on the compaction behaviour of the remoulded material was assumed
to be minimal.

4.6 Triaxial Testing
4.6.1 Equipment
Triaxial testing was undertaken in four high pressure triaxial cells (plate 4.1). A full
description of the equipment is provided in Jones et al. (1992).

Each

system

comprises of a pedestal type triaxial cell, pressure rated to 70 MPa (figure 4.6.1).
The cell is mounted in a load frame, allowing an axial load to be applied to the
sample, measured with an external, 250 KN, load cell. The sample was mounted in
the cell enclosed in a neoprene membrane and sealed to the pedestal and top-cap
with

'O' rings.

The sample

was connected to a drainage system, the general

arrangement of which is illustrated in figure 4.6.2. In the normal arrangement, valves
b, d and e (figure 4.6.2) were kept closed, whilst a and c were opened. Thus pore
pressures could be monitored at both ends of the sample via linkage to the drainage
board, on which

pressure transducers were mounted.

In the standard system,

drainage from the sample is allowed from either the top or the bottom line to
Imperial College-type volume gauges (see Addis, 1987)
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which were capable of

providing a back-pressure of up to 1.2 MPa (figure 4.6.2). Confining pressure is
provided via servo-hydraulic

intensifiera and monitored via a pressure transducer

plumbed to the cell. Pressures, loads and axial displacement are monitored via a
dedicated, variable interval, data logging system controlled by a micro computer.
Similar

triaxial testing systems, configured as described above,

have been

extensively utilised to investigate the behaviour of chalk (Addis, 1987; Leddra, 1990;
Kageson-Loe, 1994) and

weakly cemented clays (Yassir, 1989).

In order to

undertake the current study, some modification of the systems as described above
was necessary. The reasons for these modifications were as follows:
1)

The consolidation time for geological materials is dependent upon their

permeability and is proportional to the square of the length of the drainage path
(Atkinson and Bransby, 1978). The length of time required for isotropic compaction is
a major problem in the testing of argillaceous materials as

permeability

is

extremely low (typically 10"® -10'® Darcys). Solutions to this problem have included
the use of side drains (e.g. Fan, 1994) or drainage from both ends of the sample
(Leddra et al.,

1992).

Both methods lead to a reduction in the quality of

the

compaction data as there is no measure of changes to sample pore pressures,
preventing analysis of the characteristics of sample compaction. Additionally, when
both ends of a sample are drained, it is difficult to know the state of the pore
pressures in the centre of the sample. This could lead to problems associated with
failure to dissipate high pore pressures in the centre of the sample while pore
pressures at each end remain high.
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Plate 4.1

One of the 70 MPa triaxial cells used in this study
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Top
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Bottom drainage line

Figure

4.6.1

Diagram of the triaxial cell
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Legend
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Figure

4,6.2

Diagram of the modified drainage system

Waste

The problems were avoided by reducing the sample size for some of the experiments.
Table 4.6.1 illustrates the sample sizes used in the current study, and the materials
tested with each sample size.

Sample
length
(cm)

Sample
diameter
(cm 2)

Sample
volume
(cm3)

Materials
tested

7.60
5.08
2.54

3.80
2.54
1.27

86.2
25.7
3.22

LC
LC. OB. JR, LM
LC

LC: London Clay; OB: North Sea Eocene Shale;
JR: Joe's River Formation; LM: Lichi Melange.
Table 4.6.1: Sample sizes and materials tested

All of the samples utilised the same 1:2 diameter to length ratio as specified

in

BS1377 part 1 (1990). The influence of varying sample sizes on the behaviour of
mudrocks is discussed in chapter 7. The reduction in sample size decreased the
average experimental duration from approximately 11 weeks for the 38 mm diameter
samples to 7 weeks for the 19 mm samples and 5 weeks for those with a diameter of
12.5 mm.
2) Linder the standard system (as described in Jones et al., 1992), back pressures
are

restricted to a maximum of 1.5 MPa.

For the current study, there was a

requirement for back pressures in the range 1 MPa to 10 MPa. To facilitate this, the
back pressure system of one machine was modified. The cell pressure intensifier
system was redesigned to provide back pressure and a Wykeham Farrance 70 MPa
dead-weight pressure controller was used for control of confining pressure (plate 4.2).
Thus in figure 4.6.2 valves a, c and e were closed and b was opened, connecting the
bottom pore pressure line to the sample. Thus back pressures of up to 70 MPa could
be maintained. Drainage from the sample was allowed into the intensifier. Valve d
was opened, allowing control of the confining pressure via the dead weight pressure.
The radial strain device described in Jones at a! (1992) was removed from all of the
testing systems. Such radial strain devices are susceptible to over - straining, and as
such would be liable to breakage if used on mudrock samples.
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Plaie 4.2

Wykeham Farrance Dead Weight Pressure System
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4.6.2 Methodology

After preparation, each sample was placed in a single neoprene membrane. A piece
of filter paper, to prevent fines entering the drainage system and a sintered porous
disk, to distribute fluids evenly, were positioned at each end. The sample was placed
on the pedestal of the triaxial cell (figure 4.6.1) and three 'O'-ring seals located to
provide a seal with the pedestal and the top cap (figure 4.6.3). Thus the sample was
sealed against the confining fluid and connected to the

de-aired and saturated

drainage system (figure 4.6.2). The cell was lowered and filled with hydraulic oil by
means of a hand pump.

Top cap
O rings
Filter
paper

Porous disc

Membrane

Strain belt

Sample

Porous
disc
Filter
paper

0 rings

Pedestal

Figure

4.6.3

Schematic diagram of a sample, with strain belt, assembled in the
triaxial cell (Leddra, 1990).
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A

small confining pressure was applied to the undrained sample whilst pore

pressures were monitored, allowing calculation of the sample saturation. Once the
pore pressures had stabilised, a small back pressure was applied and the top and
bottom pore pressures were allowed to equilibrate. At this p ,int It was assumed that
the sample was fully saturated.
4.6.2.1 Experimental Types
The main aim of this study was to investigate the undrained shear behaviour of
mudrocks. Special emphasis was placed on the transitional behaviour of the materials
between brittle and ductile response. To allow this, several different experiments were
conducted. These were:
I)

Isotropic compaction.

II)

Isotropic compaction and pore pressure relnflation.

ill) Isotropic compaction and undralned shear.
Iv) Isotropic compaction, pore pressure relnflation and undralned shear.
The first two of the experiment types were only conducted on remoulded samples of
the Joe's River Formation. The rationale behind these experiments was to provide a
data-set for the compaction of remoulded materials In the high pressure regime that
would complement the remoulded data-set of Yassir (1989). The original Intention
had been to undertake undralned shear deformation on the samples, but the
extremely low shear strength of the remoulded materials meant that the devlatoric
stress could not be detected by the load cells on the testing systems. The Isotropic
compaction experiments approximated to burial under natural conditions, although the
compaction stress path followed was not

kg path.

The reinflation experiments

simulated decreases in mean effective stress that may be associated

with

exhumation.
The

latter

two experiments (iii and iv) were undertaken on

the

undisturbed

materials. The isotropic compaction and undrained shear experiments provide
the range of rheologles from brittle to ductile response to undralned shear. The
relnflation experiments were

undertaken to investigate the effect of

consolldatlon on the transitional behaviour.
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a) Isotropic Compaction

In a conventional isotropic compaction experiment, the cell pressure is increased in
increments by doubling the cell pressure with a constant back pressure. At each
increment, the sample is allowed to consolidate before the addition of the next
increment of confining pressure.

This method was used

in the remoulded

experiments but, in keeping with Yassir (1989) and Leddra et al. (1992), was not used
in the experiments on undisturbed materials. For these samples, cell pressure was
set at the maximum required pressure, and the pore pressures monitored to ensure
sample saturation. The sample was then allowed to consolidate against a constant,
0.5 MPa, back pressure. The volume of fluid expelled by the sample was monitored
using the volume gauge or intensifier. The pore pressure transducer attached to the
undrained end of the sample was used to monitor pore pressures within the
sample. Compaction was assumed to be complete when the pore pressures at both
end of the sample had equilibrated.

b) Pore Pressure Reinflation

Pore pressure reinfiation was undertaken at the end of the isotropic compaction
phase. To achieve reinflation the pore pressure at the drained end of the sample
was increased In 0.5 MPa steps, and the pressure at the drained end monitored. As
the pore pressure in the sample increased, the voiume of fiuid forced into the sampie
from the drained end was monitored.

When the pore pressures at the drained and

undrained ends had equilibrated the sample was assumed to be at constant pore
pressure throughout and the next increment of increased pore pressure was applied.
The

reinflation process was continued until the

required effective stress had

been reached.

c) Undrained Shear Deformation

Under natural conditions, shear deformation usually occurs in the undrained state as
mudrocks have low permeabilitys.

Thus undrained shear deformation is probably

representative of natural shear deformation. By undertaking shear deformation in the
laboratory, the

failure envelope of the material can be determined and the

deformation processes can be elucidated.
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At the start of the undrained shear deformation phase the drainage valves at the
ends of the sample were closed. In this state drainage from the sample is prevented
but pore pressures may be monitored. The ram was gently lowered so that it was in
contact with the sample, the relevant-position having been cc \,ulated from the sample
height. The load frame was utilised to drive the ram down at a constant rate so as to
load the sample. The load applied was measured using a load cell and the ram
displacement and hence sample strain was monitored using an L.V.D.T. The sample
was loaded until it had undergone failure and. where possible, had reached a residual
state. At the end of the experiment, data-logging was terminated, the ram withdrawn
and the cell pressure slowly reduced. The cell was drained and the sample removed
and immediately wrapped In protective layers of plastic before being sealed in wax
for storage prior to S.E.M. examination.

4.7 Examination of Fabrics in the Scanning Electron Microscope
Examination by scanning electron microscopy was undertaken on undeformed
samples of all the materials tested in the current study and compared with the
fabrics of deformed samples. A Jeol Microprobe was used for the S.E.M. work,
allowing working magnifications in the range 140xto4600x. Samples for S.E.M.
examination must fit a number of requirements;
1) They must have enough strength to withstand the low pressures within the
S.E.M.
2) They must be totally desiccated.
3) They must be coated with a conducting layer of gold to avoid surface charging.
Preparation of weak samples for S.E.M. examination provides a formidable challenge.
There is a wealth of literature on this subject. Preparation techniques commonly used
include freeze drying (Barden and Sides, 1970; Gillott, 1969; for exampie), air and
oven drying (Osipov, 1983, for example), and resin impregnation (Tovey and Wong,
1980, for example). Experiments were made with both resin impregnation, in which
the sample was placed a vacuum and gradually surrounded with layers of epoxy
resin, and oven drying at 80®C for 24 hours. Comparison of the samples prepared
using both of the techniques showed iittle difference in fabric, so for simplicity oven
drying was adopted.
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Sample surfaces were prepared for examination by the fracturing method of Tovey
(1973). A 3 mm deep notch was cut into the sample and a lever was used to
fracture the sample. The fractured samples were mounted on a 1 cm specimen
stub using epoxy resin and were sputter coated with a thir. ,ayer of gold to prevent
charging of the sample surface and to encourage electron emissions. Samples were
examined in the S.E.M. in batches of 3 or 4, and images were recorded using a
standard black and white film.
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Chapter 5
The Experimental Materials

Chapter 5: The Experimental Materials

5.1 Introduction
in order to investigate the behaviour of mudrocks in the brittle - ductile transition
regime the mechanical behaviour of four mudrocks was investigated under triaxial
conditions. In this chapter a brief review is provided of the nature of each material.
Included in the review is an outline of the geological origin, the sedimentology, the
stress history and the engineering properties for each material, where known. The
materials used in the experimental study were;
•

The Joe's River Formation from east Barbados

•

The Lichi Melange from south-east Taiwan

•

North Sea Eocene Shale

•

London Clay from King's Cross, London

The geological history of some of these materials is better documented than that of
others.

For example the sedimentology of the London Clay has been extensively

investigated whereas that of the Lichi Melange and Joe's River Formation has been
relatively poorly studied. The North Sea Eocene Shale was obtained from core
material via an oil company, and the exact origin of this material is classified.
However some general comments may be made about the sedimentology and stress
history of argillaceous rocks in the North Sea.
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5.2 The Joe's River Formation, Barbados
5.2.1 Introduction
Experiments were conducted on samples of mudrock matrix from the Joe's River
Formation, Barbados. The Joe's River Formation is a diapiric melange (Barrier and
Muller, 1984), the matrix of which consists of a stiff mudrock with an intense scaly
foliation.

5.2.2 The Geology and Geography of Barbados
Barbados is a West Indian island situated at approximately 59° 30' West and 13°
10' North (figure 5.2.1) in the central Caribbean. In this part of the Caribbean, the
Atlantic oceanic plate is undergoing subduction beneath the Caribbean plate.
Barbados is situated on the leading edge of the Caribbean plate on the structural high
of the exceptionally Wide (300 km)

and deep (>20 km) (Westbrook

1975)

accretionary prism of the Lesser Antilles arc. The size of the accumulation is believed
to indicate that evolution has occurred in extremely favourable conditions, with a large
sediment influx over a considerable time, possibly more than 40 million years (Karig
and Sherman, 1975).
The island of Barbados is 37 km long and 23 km wide and reaches a maximum
altitude of 340 m. The general geology of the island is comparativelysimple (figure
5.2.1). Eighty-five percent of the island consists of a veneer of Pleistocene coral rock
which has a thickness of up to 90 m (Cleary et al., 1984) and youngs progressively to
the west.

The Pleistocene reef cap forms a south-west trending arch which is

believed to have been uplifted at a rate of approximately 0.45 m / 1000 yrs in the
centre of the arch, reducing to approximately half that figure to the north and south
(Bender eta!., 1978).
In the north-east of the island there is an erosional window down to the folded and
faulted Tertiary rocks known as the Scotland District. These strata have been sub
divided into 3 groups; the Scotland Group, the Oceanic group and the Joe's River
Formation. The Oceanic group consists of interbedded pelagic

marls and

volcanogenic turbidites in the form of nappes, originating from an outer fore-arc
basin in the Eocene to early Oligocene (Speed and Larue, 1982; Torrini et a!., 1985).
The basal complex, known as the Scotland group, outcrops in the north-east of
Barbados (figure 5.2.1), and is structurally complex. The group comprises a
number of faulted packets (figure 5.2.2), each consisting of hemipelagic rocks,
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melange and terrigenous turbidites. The hemipelagic rocks are thought to be abyssal
plain and / or distal trench wedge deposits, whilst the terrigenous rocks are thought to
be trench-wedge deposits or trench-wedge fans of sediment from

the

South-

American province (Torrine e ta i, 1985).
The evolution of Barbados has been the subject of considerable research.

Early

concepts envisaged Barbados to be the result of under-thrusting of the westward
moving Atlantic Ocean plate beneath the Caribbean plate (e.g. Davies, 1971). It
has been suggested (Chase and Bunce, 1969) that the fill of sediments in the trough
are. autochthonous, deriving from continental South America, pelagic sedimentation
and volcanics from the Lesser Antilles arc. Davies (1971) suggested however that
these sediments are allocthonous, derived from

the

eastern border of the

Caribbean block. The sediments were believed to have slid down the walls of the
Puerto Rico trench as an olistrostrome.
There is now considerable evidence from geophysical sources that the ridge is an
accretionary prism, developed in conjunction with the Lesser Antilles arc (Speed,
1981; Biju-Duval et a!, 1982; for example). Larue and Speed (1984) give a temporal
synthesis for the evolution of Barbados (figure 5.2.3) using the accretionary prism
concept. The basal complex is inferred to have been deposited before the late
Eocene. The age constraints for

the basal complex

are

the youngest dated

terrigenous beds and the deposition of the Bissex Hill nappe. The melanges are
interpreted as being a part of the basal complex but must have been subsequently
remobilised by diapirism.
The temporal framework for the attachment and deformation of the packets within
the basal complex is known more accurately. The boundaries of the packets are
generally less deformed than the material within them, and the packets vary in their
deformation histories. The two phases of folding appear to have occurred before
the faults became active, although some contraction due to second phase folding
appears to have occurred after the assembly of the packets. In addition to the two
major phases of folding and faulting, minor phases

appear to have

occurred

throughout the history of these materials.
The faults between the packets are interpreted as being accretionary surfaces
against which sediment packets have been successively flattened and faulted at
their trailing edges to become attached to the growing complex (Larue and Speed,
1984). This process has caused the deformation of the materials in the packets,
the flexural deformation of the layered terrigenous beds and the flattening and
simple shear of the melange matrix.
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Larue and Speed (1984) suggest an alternative explanation for the packet boundaries
which may represent faults cutting a deformed sedimentary
explanation is however disregarded due to the inherent

succession.

This

differences between

neighbouring packets and the absence of co-deformed terrig nous and hemipelagic
beds and melange within a single packet.
The time-scale of Larue and Speed (1984) is not concordant with that of Torrini et al.
(1985). In the latter time-scale, bathymetric shallowing and resedimentation is used
to argue that first deformation of the Oceanic beds occurred in the Miocene. This
deformation is attributed to the westward migration of the
accretionary prism (figure 5.2.4).

However in most

inner flank of the

other details

the

two

interpretations coincide, most notably the emphasis on the north-south shortening
trend. This is used to imply that the basal complex and attached nappes were
undergoing north-south contraction at the same time as the inner flank was migrating
west which is possibly due to contemporaneous subduction of the Atlantic slab below
the Caribbean, although the explanation of a large melange diapir (Speed and Larue,
1982) is more credible. The Bissex Hill nappe has a multi-stage movement
history (figure 5.2.4). The Oceanic beds were deposited in the mid to late Eocene.
Between deposition and the late Oligocene the beds

were tilted

as limbs of

overturned first folds with northerly trending axes. There is a strong possibility that
some easterly over-riding occurred at this time. An unconformity was created above
the Oceanic beds after the first deformation. Above the unconformity, a layer of
limestone was deposited followed by sedimentation of the Bissex Hill formation in
the early

Miocene. The limestone is thought to be a shallow marine deposit,

inferring that substantial uplift occurred between the Eocene and the Miocene.
Folding of the nappe units occurred in the Miocene to mid Pleistocene. Folding
moved the Bissex Hill nappe north to its present situation and caused internal
thrusting and folding and was responsible for the second phase of deformation of the
Oceanic beds. At the same time, melange packet 18 (figure 5.2.2) moved
northwards on a reverse fault to over-ride the south flank of the Bissex Hill nappe.
This caused warping on an east-trending axes and a north wards displacement of the
nappe.
The melange of packet 18 forms an easterly trending diapiric ridge. Its situation
compared to the Bissex Hill nappe and Bissex Hill formation (figure 5.2.2) suggests
that uplift has occurred since the early Miocene and the upwarping of the Pleistocene
reef-cap suggests that it is recent.

The cleavage is taken to imply that the

shortening has been solely north-south. The over-all structure possibly implies that
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the whole of the Barbados pedestal has been under north-south compression. The
melange in packet 8 is less clear, but it is also probably diapiric. Its age is taken to
be greater than that of packet 18 as its emplacement ended before the advection of
the Bissex Hill nappe.
Thus the basal section of Barbados is probably a result of progressive accretion
of sediment packets at a propagating front between the Barbados accretionary prism
and the Atlantic Ocean sediment
1984).

This accretion

is

believed

(Speed and Larue, 1982; Larue and Speed,
to have occurred

in

the

late

Eocene.

Deformation of the packets occurred through-out the Oligocene and the Miocene,
with easterly transport of the Oceanic beds and uplift

in the region during the

Oligocene. A second phase of deformation occurred in the Miocene and Pliocene,
including the emplacement of the two melange packets and their deformations.

5.2.3 The Joe's River Formation

The Joe's River Formation, which was investigated in the

current study,

is

a

melange consisting of exotic blocks of palaeocene limestone, and other sedimentary
rocks, set in a dark grey silt matrix. The origin of the formation is interpreted as
being trench deposits from lower slope debris flows (Larue and Speed, 1984).The
melange comprises three components.
1)

A massive breccia with a matrix of foliated mudstone and sandstone and
mudstone clasts.

2)

A layered breccia with a foliated sandy mudstone matrix with scattered blocks
of quartzite turbidite, radiolarite and calcareous pelagic rocks.

3)

Turbidite beds.

In addition, the melange contains some solid hydrocarbon, known as Manjack. The
melange appears from pollen analysis to be Eocene - Upper Palaeocene, although
reworking is possible (Larue and Speed, 1984). It is likely that the origin of the
melange is diapiric (Larue and Speed, 1984; Enriquez-Reyes and Jones, 1991)
The scaly foliation in the melange matrix is noted by Larue and Speed (1984) and is
likened in orientation to the folding in the local terrigenous rocks. However the
different nature of the deformation, with folding in the terrigenous rocks as opposed
to shear surfaces in the melange, is taken to imply that the melange deformation
represents progressive rotation towards maximum shortening in the axial plane. The
different responses of the two packets of
133

rocks are attributed to differences in

anisotropy; bulk constuitive flattening and simple shear In the melange as opposed to
cylindrical flexural slip In the terrigenous beds.
The moisture contents and Atterberg limits for unweathered samples collected at the
same time as those used In the current study (Enrlquez-Reyes et al., 1993) are given
In table 5.2.1.

The low moisture contents of the material are similar to those

measured In the current study. As the moisture content Is below the plastic limit,
the sample would be expected to behave as a stiff clay (Enrlquez-Reyes et a!.,
1993).

Location

Moisture
content

Liquid
lim it

Plastic
lim it

Plasticity
index

Turner's Hall
Saddleback
Senior's
Mean values

21

51
53
53
52

27
26
27
27

24
27
26
25

18
17
19

Table 5.2.1: Moisture contents and Atterberg Limit results for the Joe's River
Formation samples (from: Enriquez-Reyes e ta i, 1993).

The

mineralogy of the Joe's River

Formation

was

investigated using

X-ray

diffraction by Enriquez-Reyes ef a/. (1993) and is outlined in table 5.2.2. All of the
samples contained clay minerals, but the presence of swelling clays,

specifically

montmorillonite, was only detected in two samples. The samples containing swelling
clays have a higher plasticity index than those without.

Mineral

lllite
Montmorillonite
Mixed illite/mont
Chlorite
Kaolinite
Mica 2M

Turners
Hall

Saddleback

Seniors

*
*
*
*

Table 5.2.2: Mineralogy of Joe's River Formation (from Enriquez-Reyes etai., 1993).
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5.3 The Lichi Melange, Taiwan
5.3.1 Introduction
Two experiments were conducted on samples of Lichi Melange material from Taiwan.
The original intention was to undertake a detailed experimental programme on this
material, but it is so clast rich that sample preparation proved impossible. As a result
the author conducted just two compaction experiments on remoulded samples of the
Lichi Melange.

The synthesis of the Geology of Taiwan presented in this sectionis strongly based on
the review presented in Ho (1975).

It is supplemented with information taken from

more recent papers to provide a review of contemporary thought (Barrier and Muller,
1984: Ho, 1986).
Taiwan is an island province of China, located at about 121°E and 23°N (figure 5.3.1).
It lies 300 km of the East coast of mainland China and is approximately 300 km long
by 160 km wide, aligned approximately north-south.

5.3.2 The Tectonic History of Taiwan

Taiwan is situated on an active tectonic collision zone (figure 5.3.2). To the west
of Taiwan is the Eurasian Plate, which is in collision with the smaller Philippine
Sea Plate to the east. The Taiwan area is atypical of plate collision in the Western
Pacific. Deep seismic

and geophysical investigations have failed to identify a

Benioff zone, no deep sea trench appears to exist and the arc structure is convex
towards the continent, unlike the other arcs in the Western Pacific.
Two principal tectonic events are known for Taiwan (Ho, 1986).
I) Mesozoic Arc Trench Event

Evidence of this collision is found in the basement complex of the Tananao schist on
the east flank of the Central Range. Two belts of metamorphic rocks are seen
(Figure 5.3.1). The westerly Tailuko belt consists of a high temperature / low
pressure belt which is believed to represent landward continental slope deposits,
converted to a volcanic / plutonic arc. The Yuli belt to the east also consists of high
temperature / low pressure rocks, believed to represent an ocean-ward trench
subduction system, composed originally of argillaceous sediments and melange units,
with some ophiolite material (Ho, 1986). The plate convergence at this time appears
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(Yassir, 1989)

to have been a westward underthrust of the oceanic Yuli belt beneath the
continental Tailuko belt on the Asiatic margin (Ho, 1986).
ii) Cainozoic Plate Tectonic Event
Present tectonic activity is focused on the convergence and collision of the
Eurasian Plate with the Philippine Sea

Plate (Ernst, 1977). Measurements have

indicated that the latter is moving in a north-westerly direction at about 7 cm per year
(Seno, 1977). Initial collision is believed to have begun in Taiwan about 4 million
years B.P. (Ernst, 1977) and has spread southwards towards the Philippines.
There are unusual changes in polarity and continent-arc collision between north-east
Taiwan and the main body of the island, thought to be related to the Cainozoic
event.

In

subduction

north-eastern Taiwan
of the

the convergence Is marked by the northward

Philippine Sea Plate beneath the continental plate. This

is

evidenced by a 50 km thick east-west planar seismic zone near to Hualien, which
dips at about 45° to a depth of about 150 km, and may represent a north dipping
Benioff zone of the subducting Philippine Sea plate (Ho, 1986).
Near to Hualien in eastern Taiwan the subduction changes polarity.

Plate

convergence is represented by the eastern subduction of the Eurasian plate
beneath the Luzon Arc system. The Eastern Longitudinal Valley which runs the
length of southern Taiwan between Hualien and Taitung is the surface manifestation
of the subduction event (figure 5.3.1).

Plate convergence is believed to have

commenced in the Miocene and to have gradually spread southwards. There is no
volcanism associated with the convergence.
The oceanic crust of the South China Sea was subducted beneath the Luzon Arc,
leading to direct contact between the latter and the predominantly continental crust of
the Eurasian plate. The strongly sialic plate was unable to be subducted beneath
the Luzon arc and was consequently structurally compressed, thickened and uplifted
to form the backbone of Taiwan (Ho, 1986). An enlarged accretionary prism
formed to the east of the Central Range.
The tectonic complexity of the Taiwan area is not fully explained by the model outline
above.

Ho (1986) suggests that the complexity may in fact be

explained

by

amending the way in which the collision is considered. The tendency has always
been to explain the collision in terms of a simple plate boundary, such as is found
around the rest of the western Pacific rim. Ho (1986) suggests that the collision may
in fact be represented by a broad, distributionary shear system which moved
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westwards through time. Eventually this led to the formation of a belt of deformation
extending over more than 100 km to the east of the west coast of Taiwan. This
idea is supported by the widespread distribution of shallow focus earthquakes to
the east of Taiwan.

5.3.3 The Geology of Taiwan
The general trend of the tectonic provinces of Taiwan as defined by Ho (1975) is
shown in figure 5.3.1. It can be seen that all the rock formations of Taiwan occur
in narrow belts orientated north-east to south-west, approximately parallel to the
axis of the main Island. The following provinces can be defined:
•

Flood basalts of the Penghu Island Group.

•

Alluvial cover of the Western Coastal Plain.
Predominantly Neogene clastic sediments forming the fold thrust belt of the
Western Foothills.

•

Miocene and Palaeogene argillate-shales forming the fold thrust belt of the
Western Central Range.

•

Pre-Tertiary Metamorphic complex of the Eastern Central Range.

•

Eastern Longitudinal Valley.

•

Fold-thrust belt of Neogene volcanistic and turbiditic sediments, lying on a
magmatic arc to form the Eastern Coastal Range.

As the Lichi Melange is situated In the Eastern Coastal Range, the geology of this
province is reviewed below.
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5.3.4 The Eastern Coastal Range

The Eastern Coastal Range comprises relatively low hills that run down the east side
of Taiwan. The hills are an extension of the Luzon volcanic arc, which dates
from the Neogene, and they predominantly consist of andesitic volcanic units and
flyschoid and turbidite sediments. The core comprises extrusive and pyroclastic
igneous rocks and volcanigenic sediments, dating from about 25 million to 8 million
years B.P. These rocks are typical of an arc massif and are related to a Cainozoic
subduction

event In east Taiwan.

During the late Miocene, following the

emplacement of the igneous complex, there was the accumulation of about 1500 m
of igneous elastics eroded from the complex itself.
Above the c astics there is a Pliocene volcanic,astic unit, possibly separatee by an
unconformity.

The unit consists mainly of agglomerates, with some turbidites. It

grades up into a Pliocene unit, the Lichi Melange which is believed to

be an

olistrostrome with detritus from both the Asiatic coastal plate and the Luzon arc.
The muddy matrix contains extensive ophiolitic blocks, some of which are many
hundreds of metres in extent, derived from the uppermost mantle of the South China
Sea (Page and Suppe, 1981).
The Lichi Melange is overlain by Pleistocene piedmont gravels at the southern end
of the

Coastal

Range,

containing

material derived from the pre-Tertiary

metamorphic basement of the Central Range.
Structurally, the Coastal Range is characterised by

north-north-easterly trending

anticlines and synclines and low-angle, easterly-dipping, imbricate thrust faults (Ho,
1986).

5.3.5 The Lichi Meiange

The Lichi Melange comprises the southern part of the Coastal Range, and is
composed of a scaly mudstone matrix containing blocks of various origins. Block
dimensions vary in size from less than 1cm to more than a kilometre (Page and
Suppe, 1981), and consist of the following.
•

Siltstone and mudstone blocks.

•

Miocene calcarenitic limestone .

•

Andesitic biocks from the Tuluanshan Formation (Barrier and Muller, 1984).
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•

Ophiolitic blocks, including the East Taiwan Ophiolite, turbiditic and laminated
quartzoze

micaceous

sandstones,

and

consolidated,

ophiolite

bearing

sandstones.
The Lichi Melange outcrops in a number of places in south-east Taiwan (figure
5.3.3), and is generally marked by the development of 'badland' topography. The
matrix has a strongly developed scaly foliation, marked by a high degree of parallel
particle orientation (Cowan ef a/., 1984). The origin and evolution of the Lichi
melange is described by Barrier and Muller (1984).
The Lichi Melange is believed to be olistostromal in origin, with disruption of the
original beds by slumping. Age is given as being from the Nanoplankton zone
NN15 of the

Pliocene,

meaning that the formation took place in a short pulse

between 3.2 million to 4 million years B.P. This probably marks a time of tectonic
instability as there was a change in direction of the plate motions. Deposition was in a
basin environment, bordered to the east

by

an emergent portion of the Luzon

Volcanic Arc and to the west by an uplifted land-mass, from which the ophiolite blocks
were sourced. After deposition, deformation of the buried melange occurred as a
result of deformation of the Luzon Volcanic Arc in the Pleistocene. During this time,
the melange is believed to have been thickening, but the depths of burial are not
known.
The nature of scaly clays is discussed in relation to the

Joe's River Formation

(section 5.2), and will not be described further here. However, the origin of the scaly
foliation in the Lichi Melange is, according to Barrier and Muller (1984), from the re
orientation of particles during compaction, producing the scaly foliation. Subsequent
shearing by tectonic activity in the Luzon Volcanic Arc led to the accommodation of
strain on the shear surfaces and the polishing of the shear surfaces.
The olistrostrome concept of Barrier and Muller (1984) is strongly rejected by
Hsu (1988), partly on the evidence of deep-sea investigations, which have never
shown olistrostromes in their 'actualistic setting' (Hsu, 1988, p87). Melanges are
formed where an oceanic plate is thrust under a continental plate or in collision zones
where continental crust is thrust over another portion of continental plate. The Lichi
is thus the result of oceanic sediments being thrust under the (Asian) continental
plate. As thrusting occurred, disruption of the competent . beds lead to the
fragmentation of ophiolitic and sedimentary rocks, which became incorporated into
the muddy matrix. Shearing is a mixture of brittle and ductile, and it is hypothesised
by Hsu (1988) that disruption occurred at one or more kilometres of overburden
pressure.
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Outcrops of the Lichi Melange (Yassir, 1989).
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It can be seen therefore that there are two contradictory explanations for the
origin of the Lichi Melange. However, the in view of the level of disruption of the
melange, the sedimentological origin of the melange is not
Both of the explanations for the origin

of the

of

great importance.

melange require deformation and

shearing of the matrix at a depth of greater than 1 km (Hsu, 1988) under tectonic
stresses, producing the scaly foliation that pervades the matrix.

5.4 London Clay
5.4.1: Origin and Paiaeogeography

Experiments on samples of London Clay comprise the largest single data-set in the
current study. London Clay is a stiff, dark or bluish grey shale which weathers to
brown (Sherlock, 1960). It was deposited in the Eocene (37.5 million to 53.5 million
years B.P.), during a major marine transgression from the North Sea that covered an
area from East Anglia to Dorset, and spread southwards to the low countries (figure
5.4.1). At this time, Britain probably lay at about 45°N, where climate is likely to have
been warm and frost-free, with high humidity in low lying areas (Sellwood and
Sladen, 1981). As a result, London Clay contains an abundance of molluscs
and terrigenous vegetable matter, as well as crustaceans, fish and reptiles. The
London Clay was probably deposited as a result of gentle sedimentation in shallow
seas (Tchalenko, 1968).
After the deposition of the London Clay, marine and freshwater sedimentation
continued through the Eocene to the
uplifted and erosion was

middle Oligocene, when the area was

initiated. Figure 5.4.2 illustrates a map of the original

thickness of London Clay (Fookes, 1966). The maximum thickness was about 180
m in Essex and a minimum of about 100 m at the basin margins. The London
Clay forms a gentle syncline with a maximum dip of 3°, apart from a small amount
of local folding (Skempton ef a/,1969). Most of the overlying late Tertiary and
Pleistocene sediments have been eroded away, but maximum the depth of burial was
probably 150 - 400 m (Cripps and Taylor, 1981), implying a maximum effective stress
of 1.4-4.2 MPa.
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Figure 5.4.1

The Eocene London Clay Sea (Fookes, 1966)
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Discontinuities in the London Clay have been examined in detail (Skempton et al.,
1969). Joints and fissures occur widely. The joints are predominantly normal to
bedding and have two preferred strike directions N60°W and N30°E, whilst some of
the fissures have polished or slickensided surfaces,

"he formation of the

discontinuities is ascribed to stress release of the overlying strata.
The London clay has escaped any major phase of tectonic deformation. The
effects of the Alpine tectonic event were not experienced by the London Clay in the
London Basin except for the formation of some gentle folding. In other locations
more severe tectonic effects are noted, such as the steep folding found on the isle of
Wight.

5.4.2: The Engineering Behaviour of London Ciay
The engineering behaviour of London Clay has been extensively Investigated due to
its presence at shallow depths throughout much of the London Basin. Table 5.4.1
summarises the engineering properties of unweathered London Clay (Cripps and
Taylor, 1981).

Water Content;

19

28%

Liquid limit:

50

105%

Plasticity Index:

40

65%

Clay fraction (<2u):

40

72%

Porosity:

37

59%

U/D Shear Strength (range):

80

800 kN/m2

U/D Shear Strength (ave):

100

400 kN/m^

Effective Cohesion:

31

252 kN/m2

Eff. angle of friction:

20

29“

Residual Shear Strength:

10.5

22®

Coefficient of Consolidation:

0.3

60 nfi/yr.

Table 5.4.1 : The engineering properties of unweathered London Clay

Generally London Clay behaves as a brittle material In the unconflned form and
obeys the critical state model extremely well under low pressure testing (Atkinson and
Bransby, 1978).
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5.5 The North Sea Eocene Shale
Four experiments were conducted on samples of North Sea Eocene shale from the
Norwegian sector of the North Sea. The samples were collected by coring during the
drilling of an oil well into a hydrocarbon reservoir in the south-western part of the
Norwegian sector of the North Sea.

5.5.1 The Tertiary History of the North Sea

The North Sea has been a relatively stable environment throughout the Tertiary. The
widespread uplift that marked the end of the Cretaceous in much of Europe is not
observed in the central North Sea basins, with continuous sedimentation through the
Cretaceous / Tertiary boundary. Throughout the Tertiary the elongate North Sea
basin appears to hâve undergone steady subsidence, such that in the centre of
the basin there are over 3,500 m of sediments, indicating a mean subsidence rate of
approximately 53 cm /1000 years. However, subsidence does not appear to have
been constant, with stiil-stands in the lower Eocene, lower Oligocene and lower
Miocene.
In the early part of the Tertiary much of the sedimentation appears to have been of
carbonates, which today form large chalk deposits. The Danian (early Tertiary) chalks
have a thickness of over 140 m the Ekofisk field in the Non/vegian sector of the North
Sea.
In post-Danian times,

the dominant sedimentation was of fine-grained elastics.

Eocene sediments in the North Sea are predominantly monotonous grey or brown
shales, clays and siltstones, sometimes with thin interbeds of limestone.

In the

central North Sea, the Eocene rocks have abundant organic content and an early
hypothesis

suggested

that they may be the source rock

for

the Ekofisk

hydrocarbons, a suggestion that has now been refuted. The source of the Eocene
sediments would probably have been the exposed land masses of the UK and
continental Europe.
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In the Oligocene, sedimentation continued. Extensive tectonic activity in the upper
Oligocene, resulting in the formation of the Alps, was not felt in the central North Sea
due predominantly to the Hercynian massifs that stretch from Cornwall through
Germany

to Poland.

Throughout the Alpine orogeny, s.jjsidence of the basin

continued, although variations in the rate of movement may relate to Alpine events
(Kent, 1975). Minor phases of warping may have occurred in the Oligocene as a
consequence of the Alpine tectonic events (Kent, 1975). Sedimentation appears to
have occurred in the Miocene, with 280 m of sediments accumulating in the Forties
area.
Thus sedimentation in the North Sea has been dominated by regional subsidence,
allowing a great thickness of Tertiary deposits to accumulate. The sequence has been
little affected by Alpine tectonics, although a small amount of fault reactivation does
appear to have occurred.

5.5.2 Tertiary Mudrocks in the central North Sea
The nature of the Tertiary shales in the area under study is poorly known.

Most of

the data from coring of these rocks remains confidential (Leddra, 1990), and there is
little published information. The published stratigraphy suggests that the Eocene
rocks consist of monotonous, grey mudstones, similar to those in much of the rest of
the central North Sea.

5.5.3 Geopressures In the Tertiary rocks
Data on the geopressures within the Tertiary shales suggests that they are over
pressured (Leddra, 1990). However this may be because much of the geopressure
data for the North Sea originates from above the hydrocarbon-bearing Danian chalks
(figure 5.5.1) (Leddra, 1990).

For example figure 5.5.2 suggests that the amount of

over-pressuring is in the region of 19 MPa in the Eocene shale, meaning that
these rocks are at an effective stress of
pressures start

at

a depth

of

approximately 16 MPa.

approximately 1300 m.

Such over

It is likely that these

geopressures are at least in part due to the presence of hydrocarbons, and the
associated gas cloud, in the underlying Danian chalks. It is impossible to estimate to
what degree, if any. these high pore pressures are derived from rapid burial (Leddra,
1990), and it is therefore difficult to estimate geopressures in mudrocks throughout the
North Sea basin.
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5

5.6 Summary
This chapter has briefly described the nature of the mudrocks used in the current
study.

It demonstrates that the mudrocks studied come from a wide range of

geological backgrounds and include

outcrop and overburden material.

Results are not quoted for the Atterburg limits of these materials, although a table of
liquid and plastic limits and moisture contents is provided in Appendix 1.

Whilst

Atterburg limits may be relevant for soils, it is felt that their significance for bonded
mudrocks is extremely limited. During the preparation phase the particle size and
shape is greatly altered and all bonds are broken.

It is unlikely therefore that the

'reference state' has any significance for bonded materials.
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Chapter 6
Experimental Results

Chapter 6: Experimental Results

6 .1

introduction

Mudrock deformation mechanisms were investigated by undertaking a series of triaxial
deformation experiments.

This chapter presents a review of the results of

the

deformation experiments. The results are presented using the parameters developed
in soil mechanics (e.g. Atkinson and Bransby, 1978) which were used by, for example,
Addis (1987), Yassir (1989), Leddra (1990) and Kageson-Loe (1994) to describe the
behaviour of sedimentary rocks.
The triaxial testing of mudrocks is extremely difficult. Whilst extensive data-sets have
been obtained for the mechanical behaviour of other sedimentary rocks such as chalk
(Leddra, 1990, Kageson-Loe et al., 1993) and sandstone (Coop and Atkinson, 1993)
similar data-sets are much harder to compile for argillaceous materials.

The low

matrix permeability of mudrocks necessitate long experimental durations, with the
greatly increased risk of experimental failure. Such failure, usually resulting from
problems with the equipment or from perforation of the neoprene sample membrane,
was a common problem in the current study, resulting in the premature termination
of approximately 20% of all experiments. The preparation and handling of mudrocks
for triaxial testing Is an important problem, and is specifically discussed in chapter 7.
A full listing of the experiments conducted in the course of the current study is
presented in table 6 .1.1a & b.
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Sample
Number

Experiment
Name

Experiment
Type

P’o
(MPa)

North Sea Eocene shale
OBI
OBI
OB2
OB2
OB3
OB3
OB4
0B4

10
10
10
10

UDS
UDS
UDS
UDS

1.9
19
8.9
1.9

Lichi Melange
TUI
TUIS0UD1
TRIS01
TR1
TRIS02
TR2
TR3
TRIS03
TR4
TRIS04
TR1
TRISOUD1
TR2
TRIS0UD2

10
UO
UO
UO
UO
10
10

UDS

4.0
0.55
0.55
0.55
0.55
4.0
4.0

10
10
10
10
10
10
10
10
10
10
10

UDS
UDS
UDS
UDS
UDS
UDS
UDS
UDS

London Clay
LOI
LUUNCUD1
LC2
LUUNCUD2
LOS
LUUNCUD3
LC4
LUUNCUD4
LOS
LUUNCUD5
LOG
LUUNCUD6
SLC1
SLUNCUD1
SLC2
SLUNCUD2
SLC3
SLUNCUD3
SLC4
SLUNCUD4
SLC5
SLUNCUD5
(continued)

UDS
UDS

19
6.4
2.2
7.0
30.3
5.5
13.9
31
1.2
5.7
1.5

Notes

Followed Trisol
Followed Triso2

Membrane failed

Membrane failed
Membrane failed

Key
1C:
Isotropic compaction
UC: Uniaxial compaction
UDS: Undrained Shear
Triso tests conducted in the Cassegrande-type oedometer.
All other tests conducted in the high pressure triaxial cell.
Table 6.1.1a: Deformation experiments on mudrocks
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Sample
Number

Experiment
Name

Experiment
Type

Po
(MPa)

London Clay (continued)
L0NPART1
LC7
LONPART2
LC8
L0NPART3
LC9
L0NPART4
LC10
LONPART5
LC11
L0NPART6
LC12
LUIS0UD2
LC13
LUIS0UD2
LOI 4
LUIS0UD3
LOIS
LUIS0UD4
LOIS
LUNI1
LOI 7

10
10
10
10
10
10
10
10
10
10
UO

UDS
UDS
UDS
UDS
UDS

6.3
6.2
6.0
6.2
6.2
6.0
4.0
4.0
4.0
5.5
30

Joe's River, Barbados
BUIS0UD1
BUI
BUIS0UD2
BU2
BU3
BUUN0UD1
BU4
BUUN0UD2
BUUN0UD3
BU5
BUUN0UD4
BUS

10
10
10
10
10
10

UDS
UDS
UDS
UDS
UDS
UDS

UDS
UDS
UDS
UDS

2.7
4.0
3.5
4.1
9.5
4.0

Key
10:
Isotropic compaction
UO: Uniaxial compaction
UDS: Undrained Shear
Triso tests conducted in the Cassegrande-type oedometer.
All other tests conducted in the high pressure triaxial cell.
Table 6.1.1b: Deformation experiments on mudrocks
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Notes

Membrane failed

Membrane failed

Membrane failed

6.2 Pore Pressure Response
Pore

pressure was

monitored

during all stages of the compaction, allowing

calculation of the degree of saturation and the stress state of the sample.

This

allowed the calculation of Skempton's pore pressure parameter 'B', given in equation
6 .2 .1.

B

where:

p

=

=

du
dp

Equation 6 .2.1

total stress

Skempton's *B' parameter relates increases in pore pressure to the increase in total
stress and, as the pore fluid is assumed to be incompressible, the parameter
should be equal to 1 in a perfectly saturated sample. In an unsaturated sample, the
value will be less than unity, and the parameter is therefore a measure of the degree
of saturation of each sample. This is confirmed by typical values for clays calculated
from compressibility's, (table 6.2.1) (Lambe and Whitman, 1979). The Boulder Clay
data-set (table 6 .2 .1) shows that the parameter is enormously sensitive to the degree
of saturation.

Material

Saturation
(%)

Pore Pressure
Parameter 'B'

Dense sand
Loose sand
London Clay
Gosport Clay
Vicksburg Clay
Kawasaki Clay
Boulder Clay

100
100
100
100
100
100

0.9921
0.9984
0.9981
0.9998
0.9990
0.9996
0.69
0.33
0.10

93
87
76

Table 6.2.1: Values of Skempton's pore pressure parameter'B'for a range of
materials (after Lambe and Whitman, 1979).
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Skempton's pore pressure parameter 'A' relates a change in the pore pressure to
the increase in deviatoric stress in a triaxial experiment with constant confining
pressure. Skempton's 'A' Parameter is given by equation 6.2.2.

A

=

dp.

Equation 6 .2.2

dq

Parameter 'A' is an indication of the nature of the internal structure of a sample at
failure. Table 6.2.2 illustrates typical values of parameter 'A'for saturated soils (after
Lambe and Whitman, 1979).

Material

Parameter
'A' at failure

Very loose sand
Sensitive clay
Normally consolidated clay
Lightly over-consolidated clay
Heavily over-consolidated clay

2.0 - 3.0
1.5 - 2.5
0.7 -1.3
0.3 - 0.7
-0.5 - 0.0

Table 6.2.2: Typical values of pore pressure parameter 'A' at failure (after Lambe
and Whitman, 1979).

A value of pore pressure parameter A of greater than 1 is usually associated with
materials that collapse on loading, developing large pore pressures. A value of less
than i/3 indicates that the sample has dilated during loading, inducing negative
pore pressures, typical of heavily over-consolidated materials. Values of both of the
pore pressure parameters for the experiments conducted in this study are given in
table 6.2.3.
Table 6.2.3 shows that parameter'B'varies between 0.454 and 1.000, with an
average of 0.929. The majority of values (85%) are in the

range 0.88 - 1.00

indicating that the degree of sample saturation is generally high. The lowest values
of Skempton's pore pressure parameter 'A' were gained in the smallest samples of
London Clay (SLUNCUD series). This is probably due to desiccation during sample
preparation as the ratio of surface area to volume of a small sample is large (table
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6.2.4), leading to a high capacity for moisture loss. The remoulded samples have
near perfect total saturation due to the mixing process.

Experiment
Name

Pore Pressure
Parameter "S'

P(
Pi

OB-1
OB-2
OB-3
OB-4
TUISOUD1
TRIS0UD1
TRISOUD2
LUUNCUD1
LUUNCUD2
LUUNCUD3
LUUNCUD4
LUUNCUD5
LUUNCUD6
SLUNCUD1
SLUNCUD2
SLUNCUD3
SLUNCUD4
LUIS0UD1
LUIS0UD2
LUIS0UD3
BUUNCUD4
LUNI1
LONPART1
LONPART2
LONPART3
LONPART4
L0NPART5
L0NPART6

0.911
0.911
0.882
0.973
0.990
0.999
1.000
1.000
0.907
0.904
0.960
1.000
0.956
0.824
0.875

0.10

0.931
0.986
0.973
0.962
0.968
1.000
0.882
0.944
0.862
0.971
0.874
0.963

——

0.17
0.05
0.10
--—0.28
0.25
0.26
0.70
--0.21

0.16
0.23
0.17
---0.05
---0.44
0.44
-- --0.44
----

Table 6.2.3: Skempton's Pore Pressure Coefficients 'A' and 'B' for the experimental
study

Table 6.2.3 shows that in this study the values of 'A' at failure range from 0 - 0.5,
indicating that all of the samples were behaving in a manner similar to a lightly over
consolidated remoulded soil.
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Sample
Diameter
(cm)
1.25
2.50
3.80

Sample
Volume
(cm^)

Sample
Surface
Area (cm^)

Area:
Ratio

12.27
49.09
113.41

3.1
24.5
86.2

4.00
2.00

1.32

Table 6.2.4: Sample surface areas and volumes.

6.3 Compaction of Remoulded Mudrocks
The behaviour of argillaceous rocks under odeometric conditions has been extensively
studied in the low pressure environment (Atkinson and Bransby, 1978; Lambe and
Whitman, 1979; Been and Sills, 1981 ; for example) and to a lesser degree in higher
pressure environments (for example Bishop et al., 1965; Yassir, 1989) as discussed
earlier in this thesis.
Four oedeometric consolidation experiments were performed as a part of the current
study, principally to investigate fabric changes during the early stages of consolidation.
The four experiments were

conducted

on identical samples of remoulded Lichi

melange (Taiwan), and the samples thus produced were subsequently used for high
pressure compaction experiments.

Figures

6.3.1

and 6.3.2 illustrate the

consolidation characteristics of the four samples.
The initial void ratio of the four samples was in the range of 1.1 - 1.25, which is
relatively high for a remoulded clay.

Yassir (1989)

used a similar technique to

examine remoulded clays from Taiwan and Trinidad. The initial values of void ratio
recorded in that study were in the range 4 - 5. The anomaly between the results is
probably explained by the mineralogy of the materials. The samples examined by
Yassir (1989) had a high proportion of smectitic clays which trap large volumes of
water in the inter-lattice spaces, whereas the Lichi Melange clays examined in this
study consist predominantly of illite and kaolinite which do
moisture.
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Figure 6.3.1 illustrates the void ratio / mean effective stress curve for the four
samples. Soil mechanics theory states that a remoulded clay should produce an
exponential curve during one-dimensional compaction, with an initially high volume
loss per increment of stress,

decreasing as stress accumulates.

This pattern is

clearly demonstrated in this figure. If the same data is plotted using the log of mean
effective stress, a straight line should be the result. For this data (figure 6.3.2) the
main body of the plot is a straight line, although the point representing the lowest
mean effective stress lies slightly below the curve.
The slope of the compaction curve in e - Inp' space is -0.169. The oedometer data
allowed the calculation of the coefficients of consolidation, permeabilities and
compressibilities, which are listed in table 6.3.1.

Cv
log ,
(m2 s"1)

Permeability

Compressibility

(kPa)

Cv
root
(m2 s"1)

(m s-1)

(N m-2)

9
18
36
76
167
348
548

1.85E-09
1.66E-09
2.19E-09
2.41 E-09
2.31 E-09
2.68E-09
2.57E-09

3.76E-09
1.77E-09
1.92E-09
2.27E-09
2.64E-09
3.73E-09
1.99E-09

1.50E-10
6.50E-10
5.69E-11
6.57E-11
1.53E-11
1.00E-11
4.44E-12

1.81E-5
8.09E-6
5.17E-6
2.16E-6
1.18E-6
6.23E-7
2.68E-7

p'

Table 6.3.1: Experimentally measured coefficients for the remoulded Lichi
samples.

Figure 6.3.3 illustrates the variation of permeability with increasing effective stress.
The plot shows a general trend that as effective stress increases the permeability of
the sample decreases. The general trend appears once again to be exponential. This
also fits with soil mechanics theory (Atkinson and Bransby, 1978, for example) and is
due to fabric re-arrangement and densification as compaction proceeds.
Compressibility (figure 6.3.4) shows a similar trend, due to the increasing strength
of the fabric

as rearrangement occurs. Figures 6.3.5 and 6.3.6 show plots of

permeability and compressibility against void ratio, illustrating the

relationship

between these parameters. As the fabric of the sample densities, so it strengthens,
inducing an decrease in compressibility and permeability.
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At the termination of oedeometric compaction the samples were unloaded and
stored in water-tight containers in a refrigerator. Two of the

samples were

subsequently isotropically compacted in the triaxial cell to p' = 4 MPa to investigate
the behaviour under high effective stresses (plate 6 .1). Figure 6.3.7 illustrates the
compaction data from one of the tests on void ratio / mean effective stress axes.
Initial

compaction follows

a straight

line,

representing

reloading

after

the

oedeometric loading. Thereafter the path follows a gentle convex path with void ratio
decreasing to approximately 0.6 at 2.4 MPa. In void ratio / log mean effective stress
space (figure 6.3.8) the change in slope of the path is clearer. Theory dictates that the
path should be two straight lines in this space, with the point at which the path
changes slope representing the pre-consolidation pressure. This is the case for this
set of samples.
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6.4

Results

of

the

Isotropic

High

Pressure

Compaction

Experiments
6.4.1 Introduction
Compaction in the triaxial cell was undertaken on a large range of samples in the high
pressure cell. The stress path was in all cases isotropic as such stresses allow more
rapid compaction than may be attained on uniaxial or fixed k-ratio stress paths. A
summary of the results that are presented in this section is given in table 6.4.1.

Experiment

Material

0B1
OB2
OB3
OB4
TUIS0UD1
LUUNCUD1
LUUNCUD2
LUUNCUD3
LUUNCUD5
LUUNCUD6
SLUNCUD1
SLUNCUD2
SLUNCUD4
LONPART1
LONPART2
LONPART3
LONPART4
LONPART5
L0NPART6
LUIS0UD1
LIUS0UD2
LUIS0UD3
LUIS0UD4
BUIS0UD1
BUIS0UD2
BUUNCUD1
BUUNCUD2
BUUNCUD4

North Sea shale
North Sea shale
North Sea shale
North Sea shale
Lichi Melange
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
London Clay
Joe's River
Joe's River
Joe's River
Joe's River
Joe's River

Max. Effective
Stress (MPa)
1.9
19.0
8.9
1.9
4.0
19.0
6.4
2.2
30.3
6.5
13.9
31.0
5.7
6.3
6.2
6.0
6.2
6.2
6.0
4.0
4.0
4.0
5.5
2.7
4.0
3.5
4.1
4.0

Table 6.4.1: Details of Compaction Experiments
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6.4.2 Com paction of the North Sea Eocene Shale

The void ratio / effective stress plot for the four North Sea Eocene shale samples
are illustrated in figure 6.4.1. Figure 6.4.2 illustrates the same data using the log of
mean effective stress. The results show that due to the high strength of this material,
the samples never went through 'yield' (Jones, 1993; Vaughan, 1993), remaining
on a straight compaction path in void ratio / log mean effective stress space. The
slope of this line in void ratio / log mean effective stress space is -3.6 x 10*^. All of
the samples follow a similar stress path. There is no evidence of a change in
gradient that would represent a pre-consolidation or yield point.

6.4.3 Compaction of the Lichi Melange

Isotropic

compaction

was performed on one

Melange clay from Taiwan (plate 6.1).

sample

of undisturbed Lichi

The sample was compacted principally to

allow a comparison with the results of the remoulded compaction experiments
described in section 6.3 to be made. Figure 6.4.3 illustrates the stress path followed
by this sample in void ratio / mean effective stress space. The path followed is similar
to that of the North Sea Eocene shale samples, although decrease in void ratio is
steeper. In void ratio / log mean effective stress space (figure 6.4.4) the stress path
is basically straight. The lack of a clear break of slope in void ratio / log mean
effective stress space indicates that the sample had not reached yield. This is
supported by the re-inflation data as the stress path followed was the same as that of
the initial compaction curve. In theory, the path followed by a sample that is behaving
in an over-consolidated manner should be the same, whereas in a normallyconsolidated sample they will differ. Thus the sample is clearly behaving in an
over-consolidated manner. The slope of the stress path in e / Inp' space Is -0.0187
and the void ratio at 1 MPa is 0.44.
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6.4.4 Compaction of the London Clay

Isotropic compaction was performed on 19 London Clay samples collected from
central London. The large quantity of data from this site rllowed a very accurate
measure of the compaction behaviour to be gained, although the results from the
smallest (12.5 mm diameter) samples are not included

due to

the difficulty in

accurately determining volumetric strains with samples of this size.
Figure 6.4.5 iliustrates the plot of void ratio against mean effective stress for the
London Clay compaction experiments. The data follows a distinct exponential curve,
starting with a void ratio of approximately 0.65 and decreasing to a void ratio of
about 0.47 at 25 MPa. Plotted against a scale of the log of mean effective stress
(figure 6.4.6), the sampies trace an approximately straight path. The slope of the
line in void ratio / mean effective stress space is -0.026 and the void ratio at 1 MPa is
0.59.
The yield point of London Clay from Central London is believed to be 2.145 MPa
(Skempton and Henkel, 1957) and should appear on

the void ratio / log mean

effective stress graph as a change in slope at Inp' = 0.76. No clear change in slope is
evident however. The reasons for this are not clear as samples were compacted to
over 20 MPa without clear evidence of a change in slope. It is probable that this is
due to the compaction being along an isotropic, as opposed to uniaxial, stress path.
Natural sediments would have compacted along a ko stress path, and the evolved
fabric would reflect this. Compacting the same material along a different stress path
(i.e. isotropic) will mean that this fabric is loaded in a different way and may thus
behave differently. This alteration in behaviour may possibly mask the effects of the
pre-consolidation pressure.

6.4.5 Compaction of the Joe's River Formation

Compaction experiments were conducted on five samples of Joe's River Formation
clays under isotropic conditions. The sample size utilised in this study was 25 mm
diameter.

Experiments BUUNCUD3 and BUUNCUD4 failed

to produce reliable

compaction data due to a leak in the volume gauge, so those results are not included
in the plots. Figure 6.4.7 illustrates the void ratio / mean effective stress plot

for

the four experiments. Initial void ratio's were in the range 0.29 - 0.3, reducing to
approximately 0.25 - 0.32 at 5 MPa.

The four plots follow an approximately

exponential path, although the paths are less coincident than in the other materials
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tested. This Is probably due to wide variability in the samples due to variations in the
porosity of the melange matrix.
In figure 6.4.8, the void ratio is plotted against the log of the mean effective stress.
Whilst the results at low values of

Inp' are

unreliable, the paths are generally

straight at Inp' > -2 through-out the range of pressures used. This suggests that the
sample had not passed through their yield point.

The slope of the stress path in

e/lnp' space is -0.0117 and the specific volume at 1 MPa is approximately 0.3.

6.4.6 Summary
The data collected from this study of isotropic compaction indicates that most of the
materials studied were behaving in an over-consolidated manner. The London Clay
would be expected to be normally-consolidated at the higher pressures, but a change
in gradient of the stress path was not evident, suggesting that during isotropic
compaction the change in gradient becomes masked.
The compaction data collected is illustrated in table 6.4.2, with data from Yassir
(1989). The gradient of the compaction paths for the natural materials are generally
lower than for the remoulded materials, although the void ratios are similar. This is a
clear indication that the natural materials are behaving

in a over-consolidated

manner.

Material

Slope of
e /ln p ' line

Void Ratio
at 1 MPa

North Sea Eocene Shale^
Lichil
London Clay'*
Joe's River '
Lichi (remoulded) 1
Lagon Boueff^
Taiwan mud volcano^
Devils Woodyard^
Kimmeridge Shale^

-0.0036
-0.019
-0.026
-0.012
-0.080
-0.05
-0.075
-0.12
-0.056

0.28
0.44
0.59
0.3
0.65
0.39
0.42
0.87
0.62

1: Data from this study
2; Data from Yassir (1989) on naturally remoulded mud volcano clays
Data from Leddra ef a/. (1992)
Table 6.4.2: Compaction data for mudrocks.
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6.5 Results of Undrained Shear Experiments on London Clay
A large number of triaxial experiments were undertaken on the London Clay to
investigate the high pressure shear behaviour of this materia'. London Clay has been
extensively tested in the low pressure environment (e.g. Skempton and Henkel,
1957; Bishop et al, 1975; Skempton et al.. 1969; Atkinson and Bransby, 1978;
Schofield and Wroth, 1968) and most of the mechanical properties under these
conditions are extensively documented. However there is a paucity of data in the
higher pressure range.
Seven experiments were used to investigate the general shear behaviour of the
London Clay (table 6.5.1; plates 6.2 and 6.3). In addition to a set of experiments,
performed with 25 mm diameter samples designed to examine the characteristics of
London Clay at different over-consolidation ratios (section 6 .8) and a set of
experiments designed to examine the behaviour of London Clay in the transition from
brittle to ductile behaviour (see below).
Sample
number

Sample
diameter
(mm)

LUUNCUDI
LUUNCUD2
LUUNCUDS
LUUNCUD5
SLUNCUD1
SLUNCUD2
SLUNCUD4

38.0
38.0
38.0
38.0
12.5
12.5
12.5

Maximum
Strain
(%)

Po'
(MPa)
19.0
6.4
2.2
30.3
13.9
31.0
5.7

20
22

9
21

16
9
9

Table 6.5.1 : Experimental parameters for the London Clay samples.

Thus three different sample sizes were utilised during the testing of the London Clay,
allowing an analysis to be made of the effect of sample size on mechanical behaviour.
Figure 6.5.1 depicts the results of these experiments in deviatoric stress / mean
effective stress space. It is clear that the experiments in the 0 MPa to 10 MPa
range define a common failure line with gradient 0.88. Examination of the detailed
plots for each sample in this pressure range (figure 6.5.2 for example) indicates
that

each sample reaches this point and maintains approximately

deviatoric

stress

whilst

constant

strain accumulates (note the density of points at peak

strength on figure 6.5.2, indicating that the sample remained at this state, or close to
it, for a relatively large strain).
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20.00

The gradient of the failure line is 0.88, which corresponds to the critical state line for
lower pressures for London Clay (Atkinson and Bransby, 1978; Schofield and
Wroth, 1968). Thus the failure line defined in the 0 MPa to 1 MPa pressure range
may be extended to at least part of the higher pressure range.
Sample SLUNCUD1 appears not to reach this line at the termination of the test.
However, this is slightly misleading as the test had to be terminated prematurely due
to membrane failure. This was a frequent problem in the small diameter tests
because

of movement

of

the

'O' ring seals during

the

axial

shortening.

Examination of the deviatoric stress / axial strain plot (figure 6.5.3) demonstrates
that the sample had begun to strain at approximately constant stress, suggesting that
a stable state had been

reached although pore pressures were

continuing to

increase slowly (figure 6.5.4). Physical examination of the sample indicated that
the sample had not developed a shear surface. The result of increasing pore
pressures would be to cause the stress path to move along a path with decreasing
mean effective stress and approximately constant deviatoric stress. It is reasonable
to suppose that the path would eventually reach the critical state line indicated by the
other samples.
An interesting change in behaviour may be seen with sample LUUNCUD5 (figure
6.5.1). Although this sample attains a peak strength in a manner similar to the other
samples,

this does not correspond to the failure envelope defined by the other

samples.

Failure envelopes are unlikely to remain straight ad infinitum as at low

porosity (i.e. high effective stresses) deformation can no longer be controlled by
changes In pore geometry (Schofield and Wroth,

1968).

Additionally at higher

effective stresses the clay particles may undergo breakage and fracture, which will
change the deformation properties of the material. Figure 6.5.1

indicates that the

failure line for London Clay begins to reduce in gradient between 15 MPa and 30
MPa. The pre-consolidation pressure of the London Clay is 2.145 (Skempton and
Henkel, 1957) suggesting that this change In gradient is not due to the alteration in
behaviour from cemented / over-consolidated to normally-consolidated (section 6.4)
and must therefore represent a fundamental change in material behaviour in this
region.
All of the 38 mm samples, except LUUNCUD5, behave in an interesting manner
at peak strength (figure 6.5.5). The samples appear to strain at constant stress and
could be described as being at a stable state similar to that of a critical state,
deformation is therefore similar to that seen in materials that are behaving in a ductile
manner.

However, after an

accumulation
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upon the confining pressure, the material undergoes rapid strain weakening, similar to
brittle failure. At the termination of this strain weakening event a new stable state
appears to be reached and the sample is able to accumulate strain without further
large changes in deviatoric stress. Figure 6.5.6 depicts this in deviatoric stress / mean
effective stress space, and shows that the samples reach a failure envelope, at
which they remain whilst strain is accumulated.

However they ultimately strain

weaken to a common residual stable state, represented by a straight line with a
gradient of approximately 0.5. Interestingly, sample SLUNCUD4 also hits this line,
suggesting that it is the residual envelope.
The characteristics of this peak strength behaviour can be examined in the pore
pressure / axial

strain plot (figure 6.5.7).

The sample remains at constant pore

pressure during this phase of deformation. Constant pore pressures indicate that
the sample is not attempting to undergo volumetric strain. The definition of a critical
state is that the sample accumulates strain at

constant

stress with no volume

changes and the sample is therefore in a stable state that is similar to a critical state in
a ductile material.

When the sample undergoes

rapid

strain weakening, pore

pressures rapidly decline, indicating that dilation of the sample is occurring. Once the
residual state is reached, pore pressures once settle to an approximately constant
value and the sample strains at constant stress.
After a literature review had indicated that other data-sets included behaviour of a
similar form at high pressure without describing a mechanism by which it may occur
(Bishop et al., 1965; Leddra et al., 1992, Taylor and Coop, 1993, Horseman et al.,
1993), an experimental program (the LONPART series of experiments) was initiated
to investigate this

behaviour in

detail. Identical samples of London Clay were

isotropically compacted to a pre set effective stress and subjected to undrained triaxial
deformation. Loading for each sample was terminated at a different strain during
the development of

deformation, and the sample was removed for examination
i

both visually and in the S.E.M. ^ve experiments were used in this experimental
programme (table 6.5.5 and plate 6.4). This procedure allowed detailed information
to be collected on the mechanisms operating to
behaviour.
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Sample
number

L0NPART1
L0NPART2
L0NPART3
L0NPART4
L0NPART5

Sample
size
(mm)

(MPa)

38
38
38
38
38

6.3
6.2
6.0
6.2
6.2

Maximum
Strain
(%)

Po"

21.0

15.0
7.6
2.5
10.0

Table 6.5.2: Experimental data for the London Clay partial shear samples.

The initial effective stress chosen for the series of LONPART experiments was 6.2
MPa. This was firmly within the range of experimental data for the London Clay,
gave good resolution during the development of deviatoric stress during undrained
deformation

and

kept compaction

times

within

a reasonable

time-frame of

approximately 45 days per experiment. Tests were terminated at the end of the
elastic phase of deformation; at the end of the first critical state phase of
deformation; immediately after the rapid strain hardening event; and at two stages
during residual deformation. Some small variation in the pre-shear mean effective
stress may be seen due to problems with accurate control of the isotropic compaction
(see section 6.4).
The results of these experiments in deviatoric stress / axial strain space are illustrated
in figure 6.5.8. The experiments are seen to have a high degree of reproducibility.
Variations in the paths are accounted for

by sample variability and the small

differences in confining pressure. The deformation parameters of these experiments
are summarised in table 6.5.6. The stress paths for the undrained shear component
of these experiments are shown in figure 6.5.9. It is clear from this figure that the
stress paths rise with almost no change in mean effective stress to a failure point.
Such behaviour is similar to that of cemented carbonate sands during undrained shear
deformation (Coop and Atkinson, 1993). The sample will remain in a critical state for a
certain accumulation of strain before brittle failure and strain weakening to a residual
strength.
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Experiment
number

Amax
(MPa)

Ea
(%)

P'
(MPa)

Afin
(MPa)

Ea
(%)

P'
(MPa)

L0NPART1
L0NPART2
LONPARTS
L0NPART4
L0NPART5

5.0
4.9
5.0

4.0
4.5
3.5

5.5
5.6
5.5

4.2

3.5

5.4

---------

. . . .

4.1

6.5

—

---------

---------

. . . .

5.0

5.4

. . . .

-

5.0

5.6
---------

. . . .

- - —

Table 6.5.3: Values of maximum and residual deviatoric stresses and the
effective stresses and strains associated with them for the London Clay partial
shear experiments. Note: a blank indicates that the experiment was terminated
before this criteria was reached.

Figure 6.5.9 and table 6.5.6 indicate that each sample behaved in a similar manner,
showing a pronounced peak and the development of an initial critical state before a
large strain weakening event. Peak and residual strengths are similar, allowing for
sample variation. Sample L0NPART2 undergoes strain weakening slightly earlier
than the other samples (5% rather than 7% axial strain), but attains the same residual
strength.
Each sample was examined in detail at the cessation of shear deformation. Sample
LONPART4, which was terminated at 2% strain, had undergone axial shortening, but
little other deformation was evident. Sample LONPART5, which was terminated at the
end of the strain weakening event, had a clear shear plane developed within it but
little evidence of displacement along it. Samples LONPART2 and L0NPART1 were
deformed until residual strength had been attained and upon examination showed
either a clear shear surface or a pair of conjugate shears. This pattern of behaviour
is as one would expect. Examination of sample LonpartS holds the key to the
deformation process. Deformation in this sample was terminated at the end of the
first critical state phase. Examination of the sample immediately after removal from
the cell showed that It had a distinct barrel shape with a multitude of small cracks
throughout its form. No shear surface was evident. The data allowed the formulation of
a model for the behaviour of the clays in this pressure range which is discussed in
chapter 7.
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Summary
In summary the results of the London Clay experiments indicated the following:
•

In the medium 1 - 1 0 MPa effective stress range, London Clay has a failure
envelope that is an extension of the critical state line suggested for the low
pressure range by Atkinson and Bransby (1978).

•

In this pressure range, the sample does not undergo immediate brittle failure at
this failure envelope, but deforms laterally due to the formation of numerous
small shear zones.

•

At a strain determined by the magnitude of the confining pressure, the sample
undergoes coalescence of some of the small shear zones and develops a
discrete shear surface (or pair of conjugate shears), whereupon it undergoes
rapid strain weakening.

•

At the termination of strain weakening the sample attains a residual stable state.

•

At high (>15 MPa) effective stresses the critical state line begins to reduce in
gradient.
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6 .6:

Results
Experiments

of

Joe's

River

Formation

Undrained

Shear

The aim of the Joe's River Formation experimental programme was two fold. Firstly,
to investigate the shear deformation of a rapidly uplifted, pervasively sheared clay
and to compare the mechanical behaviour of this material with other experimental
data. Secondly, to investigate the impact of over-consolidation on the mechanical
behaviour of such a material. To accomplish this, five experiments were undertaken
(plate 6.5). The parameters of these experiments are listed in table 6.6.1.

Experiment
name

BUISOUDI
BUISOUD2
BUUNCUDI
BUUNCUD2
BUUNCUD4

Sample
diameter
(mm)

Po'
(MPa)

25
25
25
25
25

2.7
2.7
3.5
4.1
1.7

Stress
State

Maxim
Strain
(%)

Normal
Over
Normal
Normal
Over

8.5
10.5
10.5
15.0
13.0

Table 6.6.1: Experimental parameters for the Joe's River samples.
The Joe's River Formation consists of a heavily sheared stiff clay with few impurities
(Enriquez-Reyes and Jones, 1991).
sample production
experiments

and

This presented dual problems with

long consolidation times. For this

were completed on this

material,

although

reason

difficult
only five

a further two were

terminated mid-term.
Figure 6.6.1 depicts the deviatoric stress / mean effective stress plot for the five
Joe's River Formation experiments. A linear failure envelope is defined by four of
the experiments with a gradient of 0.87. The exception is experiment BUUNCUD2
which attained stable state at a stress of approximately 50% that which would be
expected from the other results (figure 6.6.2).

Pore pressure response in this

sample was similar to that displayed by many of the samples, with a rapid rise
during initial loading, and then remaining approximately constant as the sample
strained at approximately constant stress (figures 6.6.3). The mechanistic explanation
for this behaviour is not clear, but it was possibly due to the strong and pervasive
shear fabric of the Joe's River Formation. Preparation of samples in the soils lathe
induced an unconfined vertical stress on the sample which may have sheared along a
pre-existing shear plane.
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Alternatively, the behaviour may be explained by variations in the material.

The

sample appeared to be relatively sand-rich compared with the other samples.
The plot of the results in deviatoric stress / mean effective stress space shows a
distinct pattern of behaviour (figure 6.6.1).

If the results of sample BUUNCUD2 are

disregarded as unreliable, all samples reached a common failure line by following a
stress path that indicated that the material was over-consolidated, adding evidence to
the pore pressure parameter data (section 6.2). The sample consolidated to the
highest confining pressure (sample BUUNCUDI) followed a stress path that suggests
dilation occurred within the sample, possibly suggesting that the sample was behaving
in a normally-consolidated manner.

However failure in sample BUUNCUDI was

inherently brittle whilst the other samples appear to display ductile behaviour (figure
6 .6 .2), although examination of each sample after deformation showed that a shear

surface had developed. Behaviour after shear differed according to the effective
stress state at the end of isotropic compaction and the stress history.

Sample

BUUNCUDI, which was deformed at the highest effective stress, showed a distinct
peak strength followed by gentle but continuous strain weakening (figure 6.6.2). In
deviatoric stress / mean effective stress space this is reflected
movement down from the failure line (figure 6.6.1).
remain approximately constant (figure 6.6.3).

by

a gradual

Pore pressures in this phase

This behaviour is similar to that

observed In chalk (Leddra, 1990).
Sample BUISOUDI was compacted to a lower effective stress before shear. In this
case the sample exhibited strain hardening after the formation of the shear surface.
No clear peak strength was observed. In deviatoric stress / mean effective stress
space this Is represented by the progression of the stress path along the failure line.
Pore pressures continually reduce after peaking as the shear surface formed. Implying
that the post shear behaviour was not at constant volume. Leddra et al (1992)
suggest that sedimentary rocks will differ from the idealised behaviour of remoulded
soils because post shear behaviour will not be at constant volume, due to particle
breakage. The behaviour of the Joe's River Formation appears to conform to this
model.
The second aim of the experimental programme was to examine the effect of the
direction of the compaction stress path on the shear behaviour of mudrocks. Sample
BUISOUDI was sheared at the same initial effective stress as sample BUIS0UD2.
However the stress path that the sample had followed prior to the initiation of shear
was different. Whilst sample BUISOUDI was isotropically compacted to 2.7 MPa
before the initiation of shear, sample BUIS0UD2 was
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compacted to an effective

stress of 5.4 MPa. Once compaction to this effective stress was complete, the pore
pressure was increased to 2.7 MPa, such that at the initiation of shear the sample
was at the same effective stress as sample BUISOUDI.
The

two

samples followed the same stress path to

failure,

but subsequent

behaviour was notably different. Sample BUISOUDI strain hardened after the
development of the shear surface whereas sample BUIS0UD2 underwent minor strain
weakening (figure 6.6.2). Pore pressure response is different (figure 6.6.3). Sample
BUISOUDI showed a rapid increase in pore pressure to failure, with a subsequent
rapid decline back to close to the pre-shear value. Whilst sample BUIS0UD2
shows

a similar response, the magnitude of the increase in

pore pressure

is

markedly lower. Other minor fluctuations are attributable to minor fluctuations in the
voltage output from the pressure transducers.
Sample BUUNCUD4 was consolidated along a similar stress path to that of sample
BUIS0UD2, but pore pressures were increased to produce a lower effective stress
(1.7 MPa).

The sample displayed strain

hardening post-shear unlike sample

BUIS0UD2 (the other 'over-consolidated' sample) but in a similar manner to sample
BUISOUDI (the 'normally-consolidated' sample). Pore pressure response is however
similar to

that

of BUISOUD2 (figure 6.6.3), showing an initial rise and then

subsequent decline, during strain hardening.
Richardson (1988) and Stallebrass (1990) demonstrated that in the low pressure
range (0 kPa to 600 kPa), soils behave differently at low strains according to the
direction of the compaction stress paths. This led to the formulation of a model for
low strain behaviour of clays by Simpson (1992) called the 'bricks on strings model'.
The model was found to be applicable to strains of up to 1% strain, but that beyond
this samples will behave in a similar manner regardless of the direction of the
compaction stress path.

The results of experiments BUISOUDI and BUIS0UD2

suggest that there may be some change in material behaviour after shear according
to the direction of the stress path. Experiment BUISOUDI, In which the sample was
compacted to a 'normally-consolidated' state, strain hardened after shear, whilst pore
pressure reduced. Experiment BUIS0UD2, in which the sample had been compacted
to a higher effective stress before the pore pressures were Increased, maintains an
approximately stable state, although the reduction in pore pressure indicates that the
sample was attempting to dilate.
These results imply that the direction of the stress path has an affect on material
behaviour not only in the low strain, elastic regime (Simpson, 1992) but also in the
post-shear region. This is probably a result of volumetric changes in the sample
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during compaction. Whilst the samples had been to the same in situ effective stress
(both behaved in an over-consolidated manner) and were

sheared at the same

effective stress, the sample that had been consolidated to a higher effective stress in
the triaxial cell had a reduced pore volume compared with th.. other sample. This is
probably due to breakage of some of the weaker bonds,

leading to irrecoverable

strain. The densification of the fabric, and the resulting rearrangement, presumably
leads to the different post-shear behaviour.

6.7: Results of Undrained Shear Experiments on North Sea Eocene
Shale
Four triaxial deformation experiments were undertaken on samples of North Sea
Eocene Shale obtained from cores from the North Sea. The aim of the experiments
was to investigate the undrained deformation behaviour of this material in the 0 MPa
to 20 MPa pressure range. Table 6.7.1 outlines the experimental parameters of
these tests.

Experiment
name

OBI
OB2
OB3
0B4

Sample
diameter
(mm)

(MPa)

Maximum
Strain
(%)

25
25
25
25

1.9
8.9
19.0
1.9

13.0
13.0
6.5
8.0

Po'

Table 6.7.1: Experimental parameters for the North Sea Eocene shale

experiments.

Figure 6.7.1 illustrates the stress paths followed by the North Sea Eocene shale
experiments in deviatoric stress / mean effective stress space. The behaviour of the
samples is complex. A failure envelope is plotted and appears to be attained by
three of the

samples,

but

the

204

highest

pressure

sample does

20-1

DDQBG O B I

AAAAA 0 8 2
# # 0 083
084

o
0_

cr
m
cn
(D

0

-

00
u
L_

o
o

>

CD

ir
5-

I

Û

0.00

5 .0 0

10.00

Mean effective stress
Figure

6.7.1

20.00

15.00

p'

25 .00

(MPa)

Plot of deviatoric stress against mean effective stress for the eocene
North Sea shale experiments.

205

not reach this line. Sample 0B1 follows an approximately linear stress path to a
peak strength which is interpreted as the point at which a shear surface formed. The
North Sea Eocene shale is much harder than the other clays tested in this study,
which accounts for this

linear stress path.

Failure is almost instantaneous,

suggesting that the mechanism is similar to the house of cards failure mechanism
suggested for chalks by Andersen et al. (1992). Post failure, deviatoric stress rapidly
declines to a constant value, which is held whilst strain accumulates for about
5% axial strain (figure 6.7.2). Pore pressure, which had peaked at the same time
as deviatoric stress before rapidly declining, increased slightly during this phase of
constant deviatoric stress (figure 6.7.3). At about 7% axial strain, rapid strain
hardening commenced and continued to the termination

of the test. This was

accompanied by a reduction in pore pressure. The strain hardening did not follow the
failure envelope, but followed a stress path with a steeper gradient.
Experiment OB4 was an attempt to replicate this result with an identical sample at
the same effective stress. This sample followed the same initial stress path and
attained a peak strength at approximately the same deviatoric stress and axial
strain. However the post-shear drop in deviatoric stress was less. Initial strain
weakening was accompanied by a rapid decline in pore pressures leading to an
increase in mean effective stress (figure 6.7.2). In deviatoric stress / mean effective
stress space (figure 6.7.1.) this is represented by the simultaneous decrease in
deviatoric stress with an increase in mean effective stress. Pore pressures stabilised
close to atmospheric pressure which is coincident with a point on the strain hardening
stress path followed by sample OBI.

Sample 0B4 showed strain weakening,

following the same path but in the opposite direction.
The two experiments demonstrate that this shale fits within the critical state model in
general terms but that certain differences are apparent. These are as described by
Leddra ef a/. (1992) for the Kimmeridge Shale in that strain hardening or weakening
may occur after deformation and that post-shear behaviour is not at constant volume.
The volume changes that occur however do not at present seem to fit into any easily
identifiable pattern, with similar samples experiencing either strain hardening or strain
weakening for no apparent reason.
Development of the shear plane occurs at a stress greater than that defined by the
residual envelope. Petley ef a/. (1993) compared the envelope defined by the
North Sea Eocene shale and the Kimmeridge shale with
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chalk (Leddra, 1990) (figure 6.7.4.). At low effective confining stresses the
critical state line defines a residual strength envelope but at high effective stresses
this becomes a peak strength envelope. This implies that at high pressures the
material in shear behaves in a manner similar to that of c remoulded material,
which is supported by the London Clay data (section 6.5). However the fabric
that evolves during shear deformation is different from that of a remoulded material, so
the residual envelope has a different gradient from that of a totally remoulded material.
At low confining pressures, the undrained deformation behaviour is dominated by
the intact cement bonds which break at a stress greater than residual strength.
Once these bonds have broken, the fabric adjacent to the shear surface is rearranged
by the shearing action and the material attains a different style

of

behaviour.

Sample OB2 supports this idea as shear was initiated above residual envelope,
the sample strain weakening to
accumulating strain with little

the

increase

residual envelope

and subsequently

in deviatoric stress or change in pore

pressure.
The strain hardening and softening response is harder to understand. Strain
hardening and softening behaviour has been observed in the chalk (Leddra, 1990),
and fits a simple pattern. At low mean effective stresses the chalk strain-softened
whilst at high confining pressures it strain-hardened. The strain-softening behaviour
can be attributed to breakage of the platy coccolith grains leading to equant-shaped
calcite laths (Leddra, 1990; Petley et ai, 1993). Friction on the laths is presumably
different from that of the whole coccoliths, inducing the different behaviour. In clays,
disaggregation also occurs, producing platy clay mineral grains. Why this should
lead to strain hardening in some samples and softening in others is not clear, but may
be due to the presence of clastic-type impurities.
Experiment 0B3 sought to investigate the behaviour of the North Sea Eocene
shale in the >15 MPa pressure range. This experiment had to be terminated as soon
as shear had been initiated due to failure
behaviour could not

of the membrane. Thus post shear

be investigated. However peak strength was recorded.
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The gradient of the stress path traced by this higher pressure experiment is similar to
that of the lower pressure experiments. The peak strength that this sample attains is
not on the failure line predicted by the three lower pressure tests. Indeed the peak
strength attained is only about 63% of this value. Unfortunately it is not possible to
state whether this is an anomalous result or an indication of a pronounced decrease in
the gradient of the failure envelope.

6 .8

Over-consolidated Shear Behaviour of London Clay

Four experiments were undertaken to examine the effect of compaction stress path on
the undrained shear deformation of London Clay (table 6.6.1 and plate 6 .6). These
experiments were similar to the BUISOUD experiments conducted on the Joe's River
Formation.
Experiment
number
LU1SOUD1
LUISOUD2
LUISOUD3
LUIS0UD4

Sample
diameter
(mm)

Po'
(MPa)

25
25
25
25

2.4
2.4
2.1
2.2

Consolidation
State

Maximum
Strain
(%)

over
normal
over
over

10
11

15
15

Table 6.6.1: Experimental parameters for the London Clay over-consolidation
samples.

The aim of the four over-consolidated experiments was to provide a data-set
which the samples

had been

in

compacted to an over-consolidated state along

different stress paths. Sample LUIS0UD1 was compacted to 4 MPa before over
consolidation was induced by increasing the pore pressure to provide an effective
stress of

approximately

2.3 MPa.

This

simulated a sediment in which pore

pressures are increased, which may occur, for example. If the maturation of
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organic matter in the clays leads to the production of hydrocarbons. In experiment
LUIS0UD3 the sample was also compacted to 4 MPa before over-consolidation was
induced, but this time the mechanism of over-consolidation was to reduce the
confining stress with constant back pressure to produce an effective stress

of

approximately 2.3 MPa. This simulated rapid uplift of a low permeability sediment in
which pore pressures were unable to dissipate.

LUIS0UD4 was compacted to 6

MPa before pore pressures were increased to induce an effective stress of 2.3 MPa,
similar to experiment LUIS0UD1. This set of four experiments allowed undrained
deformation to be undertaken on identical samples at the same effective stress but
which had followed different stress paths.
Figure 6 .8 .1a and b illustrates the stress path followed by the four experiments in
deviatoric stress / mean effective stress space. Three of the four samples appear to
hit the failure line defined in section 6.5, the exception being sample LUIS0UD1
which failed below this value. The four paths are very similar, although post failure
behaviour differs. Sample LUIS0UD2 and LUISOUD3 attained an approximately
constant residual

value, defined by a line of

gradient

0.65, whereas samples

LUIS0UD1 and LUIS0UD4 underwent steady strain softening. This is illustrated in
the deviatoric stress / axial strain plot (figure 6.8.2). The immediate post failure
behaviour of samples LUIS0UD2, 3 and 4

are very

similar, but LUISOUD4

continued to strain-soften for considerably longer than the other two and eventually
followed the same path as LUISOUD1.
The pore pressure data indicates that all of the samples underwent initial increases
in pore pressure during undrained loading (figure 6.8.3), but that the magnitude of this
rise is less in the most heavily over-consolidated sample. This is characteristic of
over-consolidated clays, which generally dilate during loading (Atkinson and Bransby,
1978).

The other three samples underwent rapid reductions in pore pressure at

failure, thereafter maintaining constant pore pressure.
The data is not as clear as was hoped, but the following general trends may be noted:
•

The most heavily over-consolidated sample did not undergo the same pore
pressure response as the other samples.

•

The two high pore pressure samples strain weakened after failure whilst the two
low pore pressure samples maintained a critical state.

•

The four samples followed the same stress path prior to failure.
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6.9 Summary of the Main Results
6.9.1 Pore Pressure Response
Skempton's pore pressure parameter 'B' provides an indication of the degree of
saturation of each sample at the start of compaction. Values were generally in the
range 0.88 - 1, indicating that the samples had a high degree of saturation and thus
that the compaction data collected is reliable. The highest values for Skempton's
pore pressure parameter 'B' were measured for the remoulded clays, which were
artificially saturated, and the lowest values were for the small (12.5 mm diameter)
samples which had the highest evaporation capacity during preparation.
Skempton's pore pressure parameter 'A' was measured at the initiation of undrained
shear. Values generally lay in the range 0 - 0.5, indicating that the samples behaved
in a manner similar to lightly over-consolidated or normally-consolidated soils. The
shape of the stress paths confirm this behaviour, rising showing little change in mean
effective stress during deformation. The highest values for parameter 'A' (up to 0.7)
were measured for the London Clay samples compacted to the highest effective
stresses.

6.9.2 Compaction
Compaction of the remoulded Lichi Melange samples showed a response that fits
within the framework described by Yassir (1989) for virgin compaction. The stress
path generally followed a straight line in void ratio / log mean effective stress
space.

Calculation of permeability and compressibility indicated that these

parameters are greatest at low effective stress, decreasing as effective stress
increases.
The undisturbed clays followed less steep stress paths than for the remoulded
materials (-0.17 for the remoulded clays against-0.004 t o -0.08 for the undisturbed
mudrocks). No clear yield point was noted in any of the mudrocks tested, possibly as
a result of the use of isotropic rather than uniaxial compaction.
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6.9.3 Undrained Shear Deformation

Undrained deformation indicated that the failure envelope for London Clay described
by Atkinson and Bransby (1978) may be extended into the 0 MPa to 10 MPa
pressure range. In this range the material attains this state boundary and remains at
critical state without the activation of a shear plane. Deformation appears to
occur on a large number of micro-cracks. At a stress partly determined by the
effective stress state, some of the micro-shears coalesce to form a single shear
plane, or a conjugate pair of shear planes, at which point the

material

strain

weakens until strength is determined by friction on these shear surfaces. At this
point a residual stable state Is defined.
The North Sea Eocene shale and Joe's River Formation samples show a linear failure
envelope,

although shear deformation is not

at

constant volume.

Above

approximately 15 MPa the critical state line for the London Clay reduces in gradient.
The experiments designed to investigate the effect of compaction stress path on
undrained deformation behaviour of the Joe's River Formation and the London Clay
samples were not conclusive. Changes in initial stress paths were not evident, but
post-shear behaviour appears to be affected.
These results are discussed in detail in chapter 8 .
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Chapter 7
The Effect of the Handling and
Preparation of Samples on
Mechanical Behaviour

Chapter 7: The Effect of the Handling and Preparation of
Samples on Mechanical Behaviour

7.1 Introduction
The

results presented in chapter 6 Illustrate the importance of the handling and

preparation of samples for experimental investigation. It has been shown previously
that mudrock fabrics are highly vulnerable to mechanical disturbance (Barden and
Sides, 1971, for example).

Such fragility presents the

experimentalist

with the

following problems in the production of samples that are representative of natural
materials:
• The collection of samples of natural materials, and their subsequent transport and
storage, without disturbing their fabric.
• The manufacture of representative samples without altering the natural fabric.
•

The production of samples of a sufficient size such that their behaviour is not

dominated by edge- and end-effects.
This chapter investigates the problems faced by the experimentalist in the production
of representative samples.

7.2 The Sampling, Transport and Storage of Mudrocks
Chandler et al (1992) and Clayton (1986) investigated the effects of sample
disturbance on samples of London Clay. Samples were collected either as blocks or
cores using U100 tubes, and pore water contents and pressures were monitored.
The data indicated that the mechanical action of coring with a U100 tube induced an
unacceptable level of sample disruption. Whilst problems with block sampling were
recognised (the intense use of resources and problems of sample dessication, for
example) the technique was recommended as the most reliable way of producing
representative samples.
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The block sampling techniques utilised in the current study are similar to those of
Chandler et al. (1992). Samples were cut by hand and rapidly preserved in wax,
producing samples that have undergone minimal disturbance. Long-term storage of
the wax coated samples was viable, although small amounts of fungi tended to grow
on the exterior surfaces. Careful removal of the outer 20mm of the sample ensure that
any material that had been affected by aerobic biological activity was discarded.
It is impossible to quantify the amount of disturbance that was induced in the sampling
process.

However the techniques utilised in the current study ensured

that the

disruption was minimised.

7.3 The Manufacture of Representative Samples
The soils lathe has been widely used in soils testing and is the recommended
technique for the manufacture of triaxial samples from weak materials (BS1377, part
1, 1990) whilst in rock mechanics studies the soils lathe has been rarely used as
coring Is the favoured technique (Donath et al., 1971; Swan et al., 1989; Taylor and
Coop, 1993; for example). Other techniques have also been suggested, including the
use of mechanical workshop lathes (Horseman et al, 1993) and thin walled
samplers (Clayton, 1986). Chandler et al (1992) demonstrated that coring imparts
a torsional stress on the sample which mechanically damages the weak fabric and
induces plastic deformation ahead of the cutting edge. The use of standard workshop
lathes induce a torsional stress gradient though the sample which is also disruptive.
Due to the cutting action, all preparation methods will induce a zone of damaged fabric
around the periphery of the sample. For experimental behaviour to be representative
of natural materials, it is clearly preferable to keep the size of the zone of fabric
disruption to a minimum. The soils lathe will induce the minimum fabric disruption in
the sample as the mechanical cutting action is the least energetic (Chandler et al.,
1992).
Thus the soils lathe should always be used were possible for the preparation of
samples. Some materials are inevitably too hard for this technique, so it is suggested
that in these such rotary coring is used. The cutting edge should be sharpened and
coring speeds kept high. This will ensure that the core barrel cuts cleanly through
the sample rather than plastically deforming the material ahead of the cutting edge.
Lubrication of the walls of the

core

barrel should be maximised, but the

experimentalist must ensure that the chemistry of the lubricating fluid is the same as
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that of the pore fluid to avoid chemically-induced changes in material behaviour
(Moore, 1991; Vaughan, 1991).

7.4 The Effects of Sample Size
In some experimental studies the effects of sample size on mechanical behaviour has
been assumed to have no effect on the behaviour of materials (e.g. Swan et al.,
1989).

In the current study samples of London Clay of three different sizes, but all

having the same 2:1 length to diameter ratio, were tested. The results in chapter 6
suggest that sample size may induce some essential changes in mechanical
behaviour. The most widely used sample size in rock and soil mechanics is 38 mm
diameter by 76 mm length (BS1377, part 1, 1992). The current study used this size
as a bench mark and compared the behaviour of samples of diameter 25 mm and
12.5 mm diameter.
In table 7.4.1 the sample sizes and their volumes are shown. It is clear that the 12.5
mm diameter samples have only approximately 3.5% of the volume of the 38 mm
samples. Thus during compaction the smaller samples will expel much less fluid,
inducing a decrease in precision in void ratio measurements.

Sample
diameter
(mm)

Sample
length
(mm)

(cm2)

Proportion of
38mm sample
(%)

12.5
25.0
38.0

25
50
76

3.1
24.5
86.2

3.5
28.4
100.0

Sample
volume

Table 7.4.1: Sample sizes and volumes used in the current study

Two factors are important during undrained shear deformation in relation to sample
size. Firstly, during the operation of the soils lathe, the wire will damage the adjacent
fabric, leaving to a zone of fabric disruption around the sample.

Secondly as a

consequence of the trimming process, at each end of the sample there will be a
damage zone and, in addition, the end plates will modify the drainage behaviour of
material proximal to them, known as end effects. The depth of damaged fabric will be
the same for all sample sizes (figure 7.4.1).
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Thus sample

size

needs to be

-y—

pr38mm

y 76mm

Figure

7.4.1

Sample disruption in different sized samples
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p12 5mm

sufficiently large that the volume of material whose behaviour is modified is small
relative to the total volume of the sample.
The experimental results (chapter 6) suggest that there is no discernible difference
between the behaviour of the 38 mm and the 25 mm diameter samples. However, the
smallest (12.5 mm diameter) samples behave in a distinctly different manner (figure
7.4.2). Although peak strength is approximately the same for all sizes, the stress
path before failure differs considerably. In the 12.5 mm diameter samples, peak
strength is attained at substantially greater strains. Peak strength in standard
sized

samples

can,

under certain

conditions, be maintained whilst strain

is

accumulated, but in the smaller samples strain weakening occurs instantaneously
after peak strength. The sample does not appear to settle to a residual strength,
continuing to strain soften to the termination of the experiment.
The change in behavioural response may be attributed to three possible factors.
1:

The proportion of . damaged fabric is large in relation to the undamaged
fabric, and hence behaviour is dominated by the altered fabric and by end
effects. It must be stressed that fabric damage will not necessarily weaken a
material. Indeed It appears that in some cases alteration of fabric, by weathering
processes, for example, may lead to an increase in shear strength (Fan et al.,
1993).

2:

The sample size may be too small in relation to the particle size. In this case
behaviour would be modified to that of a granular material.

In reality, the

behaviour is probably a combination of these factors. The slower development
of stress with respect to axial strain indicates that the smaller samples have
less stiffness than the larger samples, which would imply that some of the
bonds have been damaged during preparation. However, peak stress is the
same regardless of size. Peak stress in standard sized samples is attained
after some plastic deformation (i.e. the breakage of some bonds) (Simpson,
1992). As the peak strength is the same, the proportion of broken bonds in the
various sample sizes is probably the same, suggesting that whilst a small
sample has more broken bonds at the initiation of the experiment, the rate of
bond breakage in the early phases is less, with the consequence that the various
sample sizes have the same proportion of broken bonds at peak strength. As
the small samples do not reach a constant residual strength, it may be
suggested that during

preparation the particles themselves have been

damaged. Once deformation has localised to a distinct shear surfaces, this
results in grain breakage in the vicinity of the shear surface and a resulting
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drop in strength. The relative size of the particles in relation to the sample size
may also be a factor in the residual strength regime, but it is difficult to quantify
the importance of this factor at present.
3:

Skinner (1975) suggested that any sample must be sufficiently large to
incorporate a large number of domains. If the sample is small and therefore has
a limited number of domains, behaviour might be dominated by individual
domains. However if the sample is large, and thus contains a large number of
domains, the behaviour might be controlled by their interactions. In addition if the
sample contains a large number of domainal structures, the behaviour may also
be affected by the possibly weaker links of inter-connecting particles.

Whatever the cause of the behaviour, the implications of these results are simple. If
the aim of an experiment is simply to calculate the peak strength of a material, in a
uniaxial compression test, for example, then sample size is will not alter the strength
value obtained and small samples will be adequate. To examine the stress path
behaviour of a material, in a triaxial deformation experiment, for example, the
minimum sample size that may be safely used has a diameter of 25mm. Larger
samples have been shown to give a good representation of the behaviour of
natural materials (Leddra, 1990, and Loe e ta l, 1982, for chalk, for example) and
may be used with confidence.

7.5 Conclusions
Mudrock samples are very susceptible to fabric damage during storage and
preparation. Such damage may induce significant changes in the behaviour of the
material. As a consequence sample collection, storage and preparation must be
conducted with

great care

to minimise fabric disturbance and to avoid bond

breakage. The current study has demonstrated that stress path behaviour

is

dependent upon sample size and, although small samples may be used to gain an
estimate of peak strength, if information on deformational response is required, the
minimum sample diameter that may be used is 25 mm.
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Chapter 8: Discussion

8.1 Introduction
The behaviour of mudrocks under compression in the 1 MPa - 70 MPa pressure
range is reviewed in this chapter.

Emphasis is placed on the compactional

characteristics of mudrocks and on the transitional behaviour between the brittle and
ductile deformation regimes.
Field evidence shows that the deformation of mudrocks can occur under a wide range
of natural conditions (Chapman, 1974; Morrow et a i, 1982; Jordan and Nuesch,
1989; Ibanez and Kronenberg, 1993). Extensive replication of such deformation in the
low pressure regime has been undertaken in the triaxial cell and the behaviour of
natural mudrocks under these conditions is well documented (Schofield and Wroth,
1968; Atkinson and Bransby, 1978). Behaviour under high pressure (1 - 70 MPa)
conditions is less well documented, but a duality in the behaviour of mudrocks,
represented by brittle (bonded / over-consolidated) behaviour at lower pressures and
ductile (unbonded / normally-consolidated) behaviour at higher pressures is proven
(Bishop et al, 1965; Atkinson and Bransby, 1978; Yassir, 1989). Previous high
pressure testing programmes have concentrated on either the brittle regime (for
example Bishop e ta i, 1965; Leddra e ta i, 1992; Horseman e ta i, 1993) or the ductile
regime (for example Ibanez and Kronenberg, 1993; Wang etal., 1979). The nature of
the transition between the brittle and ductile regimes in mudrocks is poorly described
and is not documented in the geological literature. The results presented in chapter
6 provide a detailed data-set on the behaviour of a range of mudrocks in this

regime. This chapter provides a description of the nature of the transitional
behaviour, and compares the rheology of mudrocks in the transitional regime with that
of limestone and concrete. It is shown that similar transitional regime behaviour is
displayed by these diverse materials. However the transitional regime for chalk, an
extensively investigated material in the high pressure regime, does not display similar
behaviour. Possible explanations for the anomalous behaviour of chalk are presented
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and discussed.

Finally, evidence for the occurrence of transitional behaviour under

natural conditions is outlined.

8.2 The Compaction of Mudrocks
The compaction data (chapter 6) represents a detailed examination of the behaviour of
clays and shales under isotropic stress conditions. The compaction of clays and shales
under uniaxial strain stress paths has been extensively studied (Gibson et al., 1967;
Atkinson and Bransby, 1978; Been and Sills, 1981), and Yassir (1989) compared the
effects of isotropic and uniaxial stress paths on strain behaviour. The experimental
results of the current study is also considered in the context of the

extensive

experimental data-set and mechanistic models for chalk (e.g. Addis, 1987; Leddra,
1990; Loe ef a/., 1992, Kageson-Loe et al. 1993; Petley ef a/., 1993; Petley ef a/.,
1994; Kageson-Loe, 1994) which includes data on compaction at different k-ratios
(ratios of horizontal to vertical stress). The similarity in behaviour

in compaction

between chalk and that of the Cam Clay model has been described previously (for
example Jones and Addis, 1986; Leddra et al., 1992; Petley et al., 1993), and is
discussed further below. As an introduction, a brief description of chalk behaviour is
required.
Loe

et al. (1992) presented a detailed description

of

a series

of

compaction

experiments that were conducted on undisturbed samples of chalk using the same
equipment as in the current study, but modified to allow measurement and control
of radial deformation. Compaction was undertaken along various stress paths
representing different k-ratios. The results are presented in figure 8.2.1, contoured
for axial strain. Isotropic compaction is represented by the k=1 stress path, which
follows the x-axis from the origin. A uniaxial strain experiment was also undertaken
(figure 8 .2 .1) in which the k-ratio varies as the sample yields and densities.
Undisturbed chalk is a bonded, dominantly elastic material (Leddra, 1990). Early
interpretations of the behaviour of chalk (Loe ef a/., 1992, for example) indicated
that a yield envelope could be constructed that represents an end-cap to the MohrCoulomb envelope for the intact chalk. More recent studies (Kageson-Loe et al.,
1993; Kageson-Loe, 1994) have suggested that the behaviour of chalk is more
complex. Using uniaxial strain stress path experiments, Kageson-Loe et al. (1994)
demonstrated that the change in behaviour from bonded to unbonded is complex
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(figure 8,2 .2).

During initial loading the stress path

will rise to the brittle failure

envelope, at which point the sample is undergoing pervasive micro-fracturing.

To

prevent lateral deformation in the sample there must be an increase in G3. This
increase in G3 matches the increase in

so the sample fol’ ws a k = 1 stress path.

This is terminated when the sample reaches the yield envelope where the sample
reaches a critical point at which pervasive ductility is initiated, with grains sliding into
the pore spaces. Such deformation represents pervasive cataclastic flow, and is
accompanied by increases deviatoric stress.
When mudrocks are subjected to oedometric compression they show a change in
gradient of the loading curve (figure 8.2.2).

This change in gradient

has been

compared with the re-loading of over-consolidated clays, which show a similar change is
slope at the point that they re-join the normal consolidation line (Schofield and Wroth,
1968; Skempton, 1970; for example).

As a result the change in gradient has

traditionally been interpreted as a pre-consolidation pressure, indicating the greatest
stress that a sample has experienced during its deformation history (Schofield and
Wroth, 1968; Atkinson and Bransby, 1978; for example).
However the compaction of mudrocks may also be compared with the yield behaviour
of chalk (figure 8.2.3). Yield in chalk occurs when the inter-particulate bond structure
begins to breakdown, although the data of Kageson-Loe et al. (1992) suggests that
this is a complex process.

The similarity in behaviour during the compaction of

mudrocks and chalk have led to the suggestion that the pre-consolidation pressure in
mudrocks also represents yielding of the inter-particulate bonds (Vaughan, 1985;
Vaughan et al., 1988; Burland, 1990;

Leddra et al., 1992; Petley et al., 1993;

Vaughan, 1993; Jones, 1993; Barton, 1993; Petley et al., 1994).

During burial a

mudrock will undergo compaction which induces densification of the structure
(chapters 2 and 3). However, the mudrock may additionally experience diagenesis,
lithification and cementation, which could involve complex chemical and physical
changes.

These complex alterations will change the behaviour of the mudrock,

masking the compaction-derived pre-consolidation point (i.e. the change from over
consolidated to normally-consolidated behaviour). A yield point may thus represent
the initiation of the breakdown of the inter-particular bonds within the mudrock. and
would therefore be a fundamental change in the intrinsic properties of the material.
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Figure

8.2.3

The compaction of chalk along a kg stress path (modified from
Kageson-Loe et al, 1994). B: Brittle failure envelope;
: Elastic limit;
Y: Yield envelope.
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This study has examined the compaction of a number of different mudrocks under
isotropic stresses,

in most of the compaction experiments the pre-consolidation

pressure / yield point was not detected, even at confining pressures of 30 MPa.
However the pre-consolidation pressure for the London Cl&y is well-documented at
approximately 2.1 MPa (Skempton and Henkel, 1957, for example). Therefore it is
difficult to attribute the non-detection of a pre-consolidation pressure / yield point to
the non-existence of such a point. Rather, the data-set suggests that under isotropic
stress conditions the pre-consolidation pressure / yield point is difficult to detect,
even when the stress at which this is found was known in advance. An alternative
explanation is that the experimental methodology had been insufficiently rigorous and
alterations to the behaviour of the sample had occurred. However, as the experiments
were conducted to standards laid down in BS1377 (1992), and sample handling was
rigorously controlled, this may be discounted. Instead the failure to demonstrate a
yield point / pre-consolidation pressure is attributed to the stress path followed during
compaction.

It is likely that

under isotropic

loads

the volumetric

changes

associated with the yield point / pre-consolidation pressure are sufficiently small that
they are not detectable with the apparatus used in the current study even where
standard sized samples were used. The use of radial strain transducers similar to
those used by, for example, Loe et al. (1992) may have Improved the resolution of the
yield data as radial strain transducers are more accurate than volume gauges. In
addition, the results of Loe et al. (1992) for chalk suggest that under an isotropic
stress path, the onset of yield may be delayed, but the degree to which this lag will
occur is not sufficiently great to explain the lack of yield in the data of the current
study. The data of Loe et al. (1992) also suggests that the mean effective stress at
yield in an undisturbed material will be dependent upon the stress path.

This is

presumably a result of fabric alteration during burial which produces preferential
particle orientations perpendicular to the applied (vertical) stresses.

Under natural

conditions, mudrocks will follow a stress path that is close to kg (Yassir, 1989). Thus
in order to estimate the yield point / pre-consolidation point of undisturbed mudrocks a
ko stress path should be followed during testing.
A detailed literature review has been undertaken to ascertain yield points for various
mudrocks as measured in uniaxial strain experiments. Figure 8.2.4 presents a plot
of burial depth for each material, as estimated in the geoiogical iiterature, against the
experimentally-determined pre-consolidation / yield

points.

In most geological

applications, the geostatic pressure gradient is assumed to be in the range 18.8 kPa 23.0 kPa / m, with an average value of 22.6 kPa / m (Archer and Wall, 1986; Addis,
1987). If the pore fluid is assumed to be brine, the hydrostatic pressure gradient is
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approximately 10.5 kPa / m (Archer and Wall, 1986). Thus a zone can be plotted on
figure 8.2.4 representing the range of effective geostatic stresses for any depth.
If a mudrock is normally-consolidated it will lie within the effective geostatic stress zone
when the pre-consolidation / yield point is plotted against depth of burial on figure 8.2.4.
If the rock has been over-consolidated the point should also lie within the effective
geostatic pressure zone. An under-consolidated mudrock (i.e. a mudrock whose stress
state was normally-consolidated but which had not dissipated all excess pore fluids and
was therefore over-pressured) will fall to the left of the effective geostatic pressure zone
in the over-pressured zone. Therefore if the change in gradient of the loading curve
under oedometric conditions represents a pre-consolidation pressure, rocks should not
fall to the right of the effective geostatic stress zone.

If the change in gradient represents a yield point rather than a pre-consolidation point
then mudrocks may be plotted in the region in the bonded zone to the right of the
effective geostatic stress zone. Mudrocks that lie within this zone must have been
strengthened by some other effect such as cementation or ageing. The distance from
the effective geostatic stress zone is presumably related to the strength of the bonding.
Material within the effective geostatic stress zone may still be acting in a normallyconsolidated manner, or may have been weakened by the experimental process.
Finally material in the over-pressured zone may still be over-pressured, or may have a
set of bonds that are weaker than a pre-consolidation point, the inflection representing
the transition from cemented to over-consolidated.
The data in figure 8.2.4 has come from a range of sources. In some cases a range of
pre-consolidation pressures or burial depths are quoted, represented on the graph by a
bar indicating the range of values. Great care must be taken in the interpretation of the
data as in some cases the estimated burial depths have been calculated from the preconsolidation points using the effective geostatic stress gradients outlined above. This
explains the linearity of the data in the vicinity of the steeper of the effective geostatic
stress lines.
Two notable results become apparent when figure 8.2.4 is examined in detail. Firstly,
there are a number of materials which clearly display yield in the 'bonded' zone. These
include the Oxford Clay (although there is a range of values for this material), the Gault
Clay and the Lias Clay. In all of these cases the burial depth has been calculated from
estimates of the depth of over burden that has been eroded through geological time.
Assuming that the estimates are correct this data-set suggests that the yield point for
these materials is definitely a result of the break-down of inter-particulate bonding rather
than a pre-consolidation point.
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Secondly, only one data-set falls firmly into the over-pressured zone. This is a set of
data for the Kimmeridge Shale from Leddra

et al.

(1992). This data-set indicates that

the yield occurred at a stress approximately 10 MPa lower than would be expected
from the burial depth and the Kimmeridge Shale data of Sw:: <i ef a/. (1989). The data
of Leddra

et

al

(1992) was collected on the same equipment as was utilised in the

current study. The author has acquired this data (Leddra,

p e rs com m .,

1993) and

has re-examined it in light of the findings of the London Clay experiments and figure
8.2.4.

The Kimmeridge Shale data-set of Leddra et al. (1992) consisted of four isotropic stress
and one uniaxial strain compaction experiments. Leddra et al. (1992) indicate that all
five experiments displayed yield at approximately 3.4 MPa effective stress. The void
ratio / mean effective stress plot for this data (figure 8.2.5) shows no clear evidence of
a yield point. Yield is usually displayed more clearly if the data is plotted using the
natural log of mean effective stress on the x-axis (figure 8.2.6).

However, for the

Kimmeridge Shale data, no definitive inflection is displayed. Leddra et al. (1992) also
conducted one uniaxial strain experiment which should, according to the chalk data of
Leddra (1990) and Kageson-Loe etal. (1992), display yield clearly as large changes in
volumetric strain occur as the material begins to yield. Examination of the data
(figure 8.2.7) indicates that a change in slope of the volume strain / mean effective
stress plot does

occur,

although some

recovery

is

indicated

subsequently.

Unfortunately the experiment was terminated almost immediately after this point, so the
result is not definitive.
Behaviour under undrained shear deformation may also be used to indicate whether
yield has occurred.

Generally, yielded materials will display ductile rather than brittle

behaviour. The data of Leddra ef a/. (1990) (figure 8.2.8) displays brittle response
to undrained shear in all of the four experiments, suggesting that yield had not occurred.
The behaviour of the Kimmeridge shale under undrained shear is discussed in greater
detail in section 8.4.
Therefore whilst the data-set of Leddra et al. (1992) suggests that the Kimmeridge
Shale has a pre-consolidation pressure / yield point of 3.4 MPa.

the burial depth

information would suggest that this is about 10 MPa lower than expected. Thus If the
data-set of Leddra etal. (1992) were correct it would have been over-pressured by 10
MPa through-out its history. However the data of Swan et al. (1989) suggests that this
is not correct. Re-examination of the Kimmeridge Shale data-set, and comparison with
data from other mudrocks suggests that the observed yield point of Leddra et ai
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(1992) is not correct and thus it is reasonable to assume that this one data point on
figure 8.2.4 is probably not representative of yield in the Kimmeridge shale.
In conclusion, the compaction data-set of the current study suggests that:
• three natural materials (Oxford Clay, Lias Clay and Gault Clay) display evidence of
bonded rather than over-consolidated behaviour;
• The conclusions of Leddra et al. (1992), which suggest that the Kimmeridge shale is
heavily over-pressured, are unlikely to be reliable.

8.3 The Effect of Stress History on the Undrained Shear Behaviour
of Mudrocks
As a part of the current study, a number of experiments were undertaken to
examine whether sample behaviour during undrained shear deformation was altered
according to the compaction stress path. Such alteration in behaviour is important
for the following reasons:
•

It will allow prediction of the nature of deformation processes according to

alterations in the stress states in geological systems. For example, knowledge
of stress

path dependence will allow more accurate modelling of the effects of

changing stress states in oil reservoirs;
•

It may permit a diagnostic approach to the interpretation of macro- or micro-

structural features.
Atkinson and Bransby (1978) describe the sensitivity of remoulded soils to their
compaction history. Generally soils were shown to behave in a brittle manner when
over-consolidated and in a ductile manner when normally-consolidated.

This is

explained in the critical state model by differences in the void ratio as over
consolidated soils have a lower porosity. This means that

they have

a denser

structure and are therefore liable to dilate during the initial phases of

undrained

loading.
In chapter 2 the applicability of this model to mudrock behaviour has been briefly
outlined. It is shown that remoulded mudrocks broadly follow the same pattern as
remoulded soils. Stress path dependence has been demonstrated at both low and
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high pressures (Skinner, 1975; Yassir, 1989). In these cases remoulded materials
were compacted along isotropic (k=1) and uniaxial (kg) stress paths prior to the
initiation of undrained shear deformation at constant confining pressure. Generally it
has been shown that samples that have

been

consolidated isotropically are

stronger than those that have consolidated along a uniaxial strain (kg) stress path.
This is attributed to the instability of the anisotropic structure resulting from (kg)
stress paths (Gens, 1982; Yassir, 1989). Anisotropic stress leads to the re
orientation of the fabric such that it lies perpendicular to the applied stress. Such a
fabric will be more able to withstand applied deviatoric stress during undrained
deformation and will be stronger. This is supported by the experiments on chalk of
Loe et al. (1992), although chalk fabrics are substantially different from those of
mudrocks.
A further approach to the problem has been undertaken by Richardson (1988) and
Stallebrass (1990). Working

In

the

0 to 1 MPa confining pressure range, they

Investigated the effects of the direction of the stress path on the undralned deformation
of soils. Experiments were conducted by compacting Identical, reconstituted samples of
soil along Isotropic stress paths (figure 8.3.1). Each sample was compacted to point A
on figure 8.3.1. Each sample was subjected to shear deformation at constant confining
pressure (200 kPa) along path OX. However the stress path that each sample followed
to reach point O was varied. Stress paths Included AGX, AOBOX, AOCOX, AODOX.
In each case low strain stiffness was greatest for samples that had previously followed
path DOX and had therefore undergone a 180® reversal In stress path (figure 8.3.3)
Stress paths that had undergone 90® change In direction on figure 8.3.1 (I.e. paths
COX and AOX) showed a lower stiffness, whilst samples that had followed path BOX on
figure 8.3.3 showed the lowest stiffness of all. In all cases, changes In stiffness were
only observed In the first 0.5% of shear strain. Simpson (1992) suggested that the
effect Is akin to the sample continuing to strain In the direction of the previous stress
path.
The data-sets of Richardson (1988) and Stallebrass (1990) clearly demonstrate that
the low strain behaviour (stiffness) of the sample (I.e. the behaviour of the soil In the first
1% of strain) was affected by the direction of the compaction stress path. However
beyond approximately 1% strain there was no affect on the undralned shear behaviour.
These results led to the formulation of the 'bricks on strings' model for low strain
behaviour of soils by Simpson (1992). In this model, soils show an alteration In stiffness
behaviour that may be likened to a lag from the compaction stress path. The model
was found to be applicable to soils during undralned deformation to 1% strain, but that
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beyond this sample behaviour will be unchanged regardless of the direction of the
compaction stress path, but still being influenced by the stress state.
The current study aimed to investigate the effect of stress path on

two materials

(London Clay and Joe's River Formation). Small strain measurement in the equipment
used in this investigation is not as accurate as that used in the low pressure
investigations of Richardson (1988) and Stallebrass (1990), so it is difficult to interpret
any change to the nature of stress paths in the low strain range. Therefore it is not
surprising that the low strain effects observed by Richardson (1988) and Stallebrass
(1990) were not observed in the current study.

However, Enriquez-Reyes and Jones

(1991) suggest that stress path direction might alter the behaviour of mudrocks.
In the current study, stress path dependence experiments were conducted on two
mudrocks; London Clay (figure 8.3.2) and the Joe's River Formation (figure 8.3.3). The
stress paths followed by the samples before failure did not appear to be dependent
upon stress path direction in either the Joe's River Formation nor the London Clay
experiments.

However post-shear behaviour does appear to be dependent upon

compaction stress path direction.
Examining the Joe's River Formation data (figure 8.3.3), experiments BUIS0UD1 and
BUISOUD2 suggest that there may be some change in material behaviour post-shear
according to the direction of the stress path. The increasing compaction stress path
sample (BUISOUD1) strain hardens after shear, with declining

pore pressures,

whilst the decreasing stress path (BUIS0UD2) maintains constant stress, although
declining pore pressures indicate that the sample is experiencing volumetric changes in
the form of pore dilation. Similar results are shown by the London Clay samples (figure
8.3.3).
The results imply that the direction of the stress path has

an effect on material

behaviour not only in the low strain (elastic) regime (Simpson, 1992) but also in the post
shear region. This is probably a result of volumetric changes in the sample during
compaction.

Both samples behaved in a brittle manner during undrained shear,

suggesting that they had not been compacted to the yield / pre-consolidation point.
Whilst both of the samples where subjected to undrained shear deformation at the
same effective stress,

one sample

had been

artificially compacted

to a higher

effective stress than the other. As a result it had a lower void ratio than the sample that
had been normally-consolidated in the laboratory. Previous natural compaction would
have followed a kg stress path such that all of the strain would have occurred along a
single axis. Thus the laboratory induced loading has led to a reorganisation of the fabric
which appears to induce different behaviour in the sample immediately after rupture in
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undrained shear deformation. This is manifested by the higher post-shear strength of
the 'over-consolidated' sample.
In conclusion, the current study was unable to discern that the change In behavioural
style suggested by Simpson (1992) is a result of stress path direction. However, the re
loading of natural samples along isotropic stress paths appears to alter the post-rupture
strength of a sample.

8.4 The Brittle - Ductile Transition for Mudrocks under Undrained
Shear Deformation
8.4.1 Introduction
One of the major aims of this study has been to investigate the behaviour during
undrained shear deformation of undisturbed mudrocks in the transitional regime
between brittle and ductile deformation.

The aim was to integrate this data with

existing models of low pressure soil behaviour (e.g. Atkinson and Bransby, 1978), high
pressure remoulded clay behaviour (e.g. Bishop et al., 1965; Yassir, 1989) and high
pressure chalk behaviour (e.g. Leddra,

1990; Kageson-Loe et a!.. 1992).

In this

section, the behaviour of mudrocks is interpreted.

8.4.2 The Transitional Regime for London Clay
A comprehensive suite of experiments were undertaken using London Clay to
investigate the nature of the transition between brittle and ductile response during
undrained shear deformation.

The results indicate that in this regime the London

Clay deforms in a manner that is not described by either purely brittle, in which the
sample shows a distinct peak and residual response, or purely ductile, in which the
sample deforms at constant deviatoric stress, behaviour. The London Clay samples
show a phase in which they deform in the ductile regime before undergoing a strain
weakening event that is similar to that of the brittle samples. Figure 8.4.1 illustrates
the stress path for one of these experiments. Five phases of deformation can be
recognised, using the same notation as in chapter 2.
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Brittle

Residual
critical
state

I:

Initial

elastic

response

to

loading,

representing the accumulation

of

recoverable strain. At point a, the sample undergoes yield.
II;

The accumulation of a combination of plastic and elastic deformation as the
sample strain-hardens.

Ill:

Deformation at constant deviatoric stress, akin to a stable state in a ductile
sample.

IV:

Dramatic strain weakening as the sample undergoes brittle failure in a manner
similar to brittle samples.

V:

Deformation at a constant deviatoric stress, representing a residual state similar
to that of the brittle samples.

Such deformation behaviour could therefore be described as brittle in nature as the
sample clearly undergoes rupture and subsequent strain softening associated with the
development of a shear surface. However, it also appears to have similarity with ductile
deformation as phase III is inherently ductile in nature.

The sample

constant deviatoric stress and volume throughout this phase.
into

the rheology

of

deforms at

Most previous studies

London Clay under undrained shear deformation at lower

confining pressures (Skempton, 1964; Skempton and Petley, 1967; Schofield and
Wroth, 1968; Atkinson and Bransby, 1978; for example) have not identified this phase
of ductile deformation followed by brittle failure.
It is proposed here that the ductile / brittle failure behaviour represents the transition
between brittle and ductile response during undrained shear deformation. Such
behaviour is not described in geological literature on the mechanics of

mudrocks.

Analysis of the London Clay data suggests that this behaviour is observed in samples
deformed at Po' = 2 MPa (figure 8.4.2). However the five phase behaviour was not
observed in the sample tested at pg' = 30 MPa or in the small (12.5 and 25 mm
diameter) samples.
Undrained shear experiments on other mudrocks in the current study did not show this
deformation style. The North Sea Eocene shale (figure 8.4.3) and the Joe's River
Formation samples (figure 8.4.4) behaved in a
experimental programme.
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The LON PART series of experiments (chapter 6) represent a detailed investigation
into the nature of this transitional behaviour. By terminating each experiment at a
different strain (figure 8.4.5) during undrained shear deformation, an insight was
gained into the mechanisms of the phase III deformation by physically examining the
deformed sample.
Sample L0NPART1 was deformed to an axial strain of 24% and was used to calculate
the strains at which the subsequent experiments should be terminated (figure 8.4.5).
This sample demonstrates the five phase behaviour, with a distinct phase of
deformation at approximately constant deviatoric stress before brittle failure. Sample
LONPART2 was deformed to about 3% axial strain, representing the yield point. Upon
physical examination the sample showed axial shortening but no evidence of barrelling.
Experiment L0NPART3 was allowed to proceed to the end of phase III deformation.
Physical examination of the sample showed that it had developed a pervasive fabric of
micro-fractures and had become barrelled in form. The development of a shear surface
had not occurred, indicating that the sample was deforming in a semi-ductile manner,
with deformation evenly distributed throughout the sample but occurring by strain on a
multitude of pervasive micro-cracks.

Experiment LONPART4 was deformed to the

termination of the strain softening event (phase IV deformation). Physical examination
of the sample showed that it had developed a conjugate pair of shear surfaces on which
deformation was concentrated. The barrelled form that had developed during the semiductile phase III deformation was still visible but was less pronounced than In sample
LONPART3, presumably due to unloading of the sample during strain weakening.
Finally, sample LONPART5 was deformed to 16% strain, during which time the shear
surface had become fully developed. Physically the sample was similar to LONPART1.
The LONPART experiments demonstrated that deformation response is similar to that
of the brittle samples except during the phase III deformation. During phase III the
sample undergoes a form of ductile deformation that is similar to, but not the same as,
critical state deformation in the purely ductile regime. During phase III deformation the
sample undergoes barrelling as shear strains

remain distributed throughout

the

sample. Pore pressures remain approximately constant, indicating that the sample
is deforming at constant volume. As deformation is proceeding at constant deviatoric
stress and volume, the sample is at a relatively stable state. Detailed examination of
the samples immediately post-deformation indicated that
network of micro-cracks.

they

have

a pervasive

Deformation appears to occur through a combination of

growth of the micro-cracks and very small shear displacements across them. Phase
III deformation is terminated by a catastrophic strain weakening event in which the
sample undergoes brittle failure leading to the development of at least one fracture.
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LONPART

At brittle failure the sample undergoes the transition into phase IV deformation and
sudden, catastrophic strain weakening, identical to the

strain

observed in brittle (over-consolidated / bonded) mudrocks.

weakening phase

It is proposed that the

formation of the shear surface occurs as a result of the g.owth and coalescence of
the micro-cracks during strain accumulation. It is suggested that the amalgamation
of individual micro-cracks will eventually lead to the formation of a single crack that
bisects the sample. Before this point the strength of the sample has been controlled by
breakage of internal bonds. At the point at which the crack becomes linked across the
sample the strength will be determined solely by the friction on the surface of the
crack, which will be less than that of other cracks which still have some intact structure.
As a result, the sample undergoes strain weakening and deformation will be localised to
the main crack. The form of the crack will develop through time as asperities are worn
away by friction. Eventually the sample will settle to a residual strength controlled by
the shear resistance of the now-polished surfaces on either side of the crack.
In deviatoric stress / mean effective stressspace (figure 8.4.6), the form of the stress
path is similar to that of a lightly over-consolidated soil. The samples remained at a
single point on the failure line during the phase III deformation as pore pressure,
confining pressure and deviatoric stress are constant. At the onset of brittle failure
(rupture), the sample strain weakens to a residual strength stable state line.
The peak and residual strength envelopes measured for the London Clay in the current
study can be compared with those measured for the same material in low pressure
deformation experiments on both remoulded and undisturbed samples (Atkinson and
Bransby, 1978). The peak strength envelope in the current study is similar to that of
London Clay in the low pressure environment. However, the residual envelope has
a lower slope than that of the remoulded London Clay. Thus deformation in the
residual (phase V)

regime is

not the same as stable state deformation in

the

remoulded (ductile) samples. S.E.M. examination of the fabrics of the two materials
explains the anomalous behaviour. The low pressure material is deforming In a ductile
manner and as such retains most of Its original fabric, although the structure Is
changed as Inter-partlculate shearing breaks the bonds.

In the case of materials

deforming In the brittle or transitional regime, the fabric In the vicinity of the shear
surface (where strain is localised) Is highly modified. The particles are mechanically
rotated to lie parallel with the shear surface in addition to the mechanical breakage of
some of the particles. Thus during stable state deformation in the ductile regime the
samples contain

particles with many

face - edge (F.E.) and edge - edge (E.E.)

contacts, whereas in the brittle samples the contacts are predominantly face - face
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(F.F.). It is therefore not surprising that a ductile sample has a different residual
strength from that of a brittle sample.

Examination of the extensive and detailed literature on the behaviour of London
Clay shows that phase III deformation behaviour is not observed in low pressure
(over-consolidated) experiments (Bishop et al., 1965; Bishop and Garga, 1969, for
example). However in the high pressure regime similar transitional behaviour has
been demonstrated previously (Bishop eta!., 1965), although the mechanics of the
behaviour are not described or explained. Figure 8.4.7 illustrates the behaviour of the
London Clay observed by Bishop et al. (1965) plotted on axes of deviatoric stress / axial
strain. Samples that had been compacted to the lowest confining pressures deformed
in the brittle regime during undrained shear deformation, and their behaviour is very
similar to the low pressure samples of this study (figure 8.4.7). At the other end of the
scale, the samples compacted to the highest confining pressures display a purely
ductile response. The samples compacted to an intervening stress regime display the
same duality in behaviour displayed by the London Clay in the current study.
Thus five phase deformation behaviour has been independently displayed by samples
deformed in both the current study and in the experiments of Bishop et al. (1965).

8.4.3 The Transitional Regime for Other Mudrocks

As the

transitional behaviour is clearly displayed by

the

LondonClay, a detailed

literature search was undertaken to investigate whether similar transitional behaviour
had been displayed in high pressure shear deformation of other mudrocks. In addition
to the London Clay, two mudrocks appear to display such transitional behaviour.

Leddra et al. (1992) report the results of undrained shear deformation experiments on
samples of undisturbed Kimmeridge shale from Westbury, Dorset, UK.

Four

experiments were undertaken on 38 mm diameter samples at confining pressures
between 3 MPa and 9 MPa. The results of these experiments are illustrated in
figure 8.4.8. The plots illustrate that whilst the lower pressure experiments display a
brittle response, the highest pressure Kimmeridge shale experiment (kiso3) displayed
transitional regime deformation behaviour, with strainaccumulation
deviatoric stress, foliowed by rapid strain weakening.

In

at

constant

light oftheseresults, the

original data-set was obtained (Leddra, pers comm., 1993), and re interpreted. The
results are illustrated in figures 8.4.9 and 8.4.10. The sample clearly displays the
five phase deformation showed by the London Clay samples.
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constant during the two stable state phases (figure 8.4.11), with a marked reduction
during the strain weakening (brittle failure) event.

The second example of transitional - type behaviour has be^n found in two separate
studies of the Boom Clay from Mol, Belgium (Horseman et al., 1993; Taylor and Coop,
1993). Taylor and Coop (1993) undertook stress-path testing of the Boom Clay
under triaxial conditions (figure 8.4.12). The two experiments shown were deformed
at a constant confining pressure of 2.3 MPa. Whilst experiment G displays brittle
response, sample A displays the transitional (phase III) behaviour, maintaining a
constant peak deviatoric stress before strain weakening at approximately 7.5%
strain. Unfortunately, Taylor and Coop (1993) do not provide a plot o f q/ p' , but figure
8.4.14 illustrates a plot of stress ratio (q : p') against axial strain that was provided.
This allowed a rough calculation of the q / p' stress path (figure 8.4.14). Whilst the
values for the early part of loading will Inevitably have a high margin of error, the
accuracy will improve at about 2.5% strain when the slopes of the deviatoric stress
and the stress ratio paths in the axial strain plots reduce. Thus the position of the
failure and residual state line on figure 8.4.14, and the path that the sample
followed post-rupture. Is a reasonable model of actual behaviour. The plot shows that
the samples achieve an Initial stable state before strain weakening to a residual stable
state. This behaviour Is wholly consistent with the London Clay and Kimmeridge
Shale

results. Interestingly,

Taylor and Coop (1993) comment on the duality

In

behaviour, suggesting that the development of polished shear surfaces 'may have
been rather gradual' In the case of sample A.
Horseman et al. (1993) also undertook triaxlal

deformation experiments on the

Boom Clay from the same locality. Figure 8.4.15 Illustrates a plot of deviatoric stress
against axial and lateral strain for the highest pressure experiment, undertaken at 5.4
MPa

effective

confining pressure. It can be

seen

that

the sample

displayed

transitional phase deformation as described above. Interestingly, during phase III the
sample accumulated radial strain at a rate that is slightly greater than the
application of axial strain. Once the rapid strain weakening occurred, accumulation of
radial strain was agalri more rapid than that of axial strain. Unfortunately data are not
provided for the changes In pore pressures or the q / p' relationship during the
experiment, although a value for the slope of the residual stable state line In q / p'
space is quoted as 0.81, as compared to 0.85 for the experiments of Taylor and Coop
(1993).
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Thus in addition to the London Clay results of the current study, and that of Bishop
al.

(1965), similar behaviour has been observed in the Boom Clay by Horseman

(1993) and Taylor and Coop (1993) and the Kimmeridge Shale by Leddra

e ta l.

et

e t al.

(1992).

8.4.4 The Generalised Transitional Regime in Mudrocks
It

has been demonstrated in the previous sections that several different mudrocks

display the transitional regime (phase III) behaviour. This section comprises a definitive
account of deformation in this regime, and discusses why some mudrocks, such as the
Joe's River Formation and the Tertiary Shale, do not display such a response.
Using the same notation as in previous sections, figure 8.4.16 illustrates the undrained
shear deformation behaviour of a typical undisturbed mudrock in the transitional
regime during undrained shear deformation. The following phases of deformation are
displayed:
I.

An

initial elastic response to loading in which the

accumulated strain is

recoverable (i.e. unloading at any point in this phase would allow the sample to
follow the same stress-strain curve to the origin). Pore pressures during this
phase will usually increase slightly as the sample densities, leading to a
reduction in effective stress, but in some cases the sample may dilate
slightly, reducing pore pressures and increasing effective stress.
II.

At point a the sample undergoes yield and starts to accumulate permanent
deformation

(plastic

strain).

Yielding during undrained shear deformation

represents the mobilisation of inter-particular shearing within the sample. The
pores begin to collapse inducing a rise in pore pressures and a decrease in
effective stress.
III.

At point b, the sample enters a phase of semi-ductile deformation, characterised
by the growth of micro-cracks which pervade the entire volume of the sample,
indicating that strains do not become localised to any restricted area.
Deformation is not truly ductile as strains are localised to the micro-cracks.

As

dilation, induced by crack growth, is balanced by continuing compaction of the
sample, pore pressures remain constant.

The deviatoric stress remains

constant, suggesting that micro-crack growth occurs at a constant rate. The
sample undergoes radial deformation (barrelling). The deformation processes
are similar to the critical state, but are a combination of brittle failure
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(deformation on one shear surface) and ductile failure (deformation uniformly
distributed throughout the sample).
IV.

At point c, the micro-cracks have grown sufficiently large that a set have
become connected across the sample, forming a single fracture (or conjugate
pair of fractures). The formation of the fracture(s) represents brittle failure
(rupture) and, as the sample is bisected, strength is dependent on the (lower)
frictional resistance to shearing of the fracture rather than on the resistance of
the mudrock structure to cracking.

As the micro-cracks will not have grown in

a linear form, being diverted by the presence of domainal structures, the
coalesced micro-cracks do not initially form a uniform, planar shear surface.
The non-planar nature of the surface, and the presence of asperities on it, may
induce dilation and a consequent decrease in pore pressure (figure 8.4.17). As
strain continues to accumulate, the mechanical action of the shearing leads to
the smoothing and polishing of the shear surface and the wearing down of any
asperities. In addition, particles in the vicinity of the shear surface will be re
oriented by the shearing to lie parallel to the shear surface (plate 8.4.1) (Leddra
et al., 1992).

Thus the sample will develop at least one planar shear surface,

with a surrounding 'damage zone' in which the platy clay particles have been re
oriented to lie parallel to the shear surface (plate 8.4.2), and some particle
breakage has occurred (plate 8.4.3). During the development of such damage
zones after brittle failure, there may be the development of intersecting riedel
shears and kink bands (Morgemstem and Tchalenko, 1967; Skempton and
Petley, 1967) and slickensides (plate 8.4.4). It is possible that the position of the
riedel shears is determined by planes of weakness resulting from the micro
cracking.

Further research is needed to investigate this process.

It is clear

however that once brittle failure has occurred, the strength of the sample is
determined by the shear zone.

Such strength will be a combination of the

following factors (figure 8.4.18):
•

friction on the shear surface due to roughness;

•

the resistance of the micro-structure to particle rotation (bonding);

•

inter-particle friction on the rotated particles.

•

The resistance of the particles to breakage

During the development of the shear surface friction will change as particle
rotation occurs, transferring resistance from bonding to inter-particle friction and
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Dilation

Figure

8.4.17

Dilation induced by the development of a shear surface
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Plate

8.1

Particles aligned parallel to a shear surface

b=d
Plate

8.2

A damage zone in a mudrock sample
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Plate

8.3

particle breakage in a mudrock damage zone

3

Plate

8.4
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Slickensides on a shear surface

Q

b

Figure

8.4.18

Residual shear strength is a function of: a) interparticular friction; b)
friction across the shear surface; c ) Particle breakage; and d) particle
rotation.
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inducing particle breakage as the shear surface becomes smooth and
polished.Consequently

the

sample undergoes

strain

weakening as the

damage zone develops. The strain weakening will continue whilst the fabric is
being modified, mostly by the rotation of proximate p .Holes such that they lie
parallel to the shear plane.
V.

At point d (figure 8.4.15), the sample enters a residual stable state.
Development of the shear zone has now ceased. The shear surface is planar in
form and has become polished and smoothed by the shearing action.
Deformation in the sample has ceased as all
displacement across the shear surface.

strain is accommodated in

Surrounding the shear plane is a

'damage zone' in which particle reorientation has occurred such that the plane of
preferential orientation lies parallel to the shear plane. The damage zone may in
some cases have intersecting reidel shears and kink bands resulting from the
shearing action. The size of the damage zone appears to be related to the rate
of strain and the mean effective stress (Tchalenko, 1968), the size of the
damage zone being increased by lower strain rates and greater mean effective
stresses.

As the fabric of the sample is fully developed, deformation is at

constant stress and pore volume, such that deformation represents a residual
stable state.

Care must however be exercised in the interpretation of the

deviatoric stress measured in the triaxial test in this residual state. As the shear
plane is oriented at an angle to the measured applied load, the value of
deviatoric stress is not representative of the true shear stresses as measured in
a shear box experiment (D.J.Petley, pers. comm., 1994).

Thus whilst

the

sample is at a residual stable state, the deviatoric stress measured should not
be used to interpret the shape of the residual shear strength envelope.
This model for the development of the deformation of mudrocks is supported by
the data-sets for the London Clay (this study and Bishop et al., 1965),

the

Kimmeridge Shale (Leddra et al., 1992) and the Boom Clay (Horseman et al., 1993;
Taylor and Coop, 1993). Physical examination of the LONPART samples support the
micro-cracking theory, and the stress paths and pore pressure data all support the
model. Additionally, the radial strain data of Horseman et al. (1993) showed that
phase III deformation is accompanied by an increase in the rate of accumulation of
radial strain due to barrelling of the sample (figure 8.4.15). The rate of accumulation
of radial strain further increases after brittle failure as the strain transducers measure
the horizontal displacement that occurs across the sample due to sliding on the shear
surface (figure 8.4.19).
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Sample

Strain
belt

Figure

8.4.19

Diagram of twisting in a strain belt as a result of the formation of a
fracture.
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The transitional regime model applies to the mudrocks within certain stress ranges.
The lower threshold is the stress at which deformation changes from purely brittle to
brittle / ductile and the upper threshold is the point at which behaviour changes from
brittle /ductile to purely ductile. The lower threshold for the L . ndon Clay is between 2
MPa and 4 MPa, for the Kimmeridge Clay between 6.5 MPa and 11.5 MPa and for
the Boom Clay between 1 MPa and 2 MPa. The upper limit is not accurately
defined for any material, but the data-set of Bishop et al. (1965) suggests that It is at
about 15 MPa for London Clay.

The

current study was unable to determine a

definitive upper limit for the London Clay.
It is notable that in both the London Clay and the Boom Clay the transitional regime
(phase III) behaviour is not observed in all of the samples tested in the relevant
pressure range. This is particularly well illustrated by the Boom Clay data-set of
Taylor and Coop (1993) (figure 8.4.12). Sample G displayed a distinct peak and
residual strength (brittle response) whereas sample A displayed the transitional
regime behaviour. In addition, the Joe's River Formation and North Sea Eocene
Shale experiments of the current study, and the weak clays of Yassir (1989), did
not display the

transitional

behaviour. Therefore,

any

model

of transitional

behaviour must account for these behavioural responses.
An explanation for the differences in behaviour must lie in the nature of the samples.
Phase III deformation is characterised by the growth of micro-cracks that are
uniformly distributed throughout the sample. It is therefore a requirement for phase
III deformation that the stresses are uniformly distributed. Any heterogeneities in the
sample may induce concentration of the stresses. Such an inhomogeneify may
include, for example, the presence of large grains within the sample, an existing
plane of weakness or damage to the fabric due to poor sample preparation. If such
a stress concentrator is present, the stress will be localised. Such stress localisation
may mobilise inter-particle shearing, that may be sufficient to

induce the

formation of a shear surface and subsequent brittle failure. This mechanism Is the
same as that suggested by Farmer (1983) for the premature brittle failure of samples
on the Hvorslev Surface.
The behaviour of the Tertiary shale and the Joe's River Formation can therefore
be explained in two ways:
•

Each of the materials may contain inhomogeneiti^
brittle failure.
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that induce premature

•

The experiments undertaken in this study on these two materials were in the
wrong pressure range to display the transitional behaviour.

Whilst the latter reason may apply to the North Sea Rocene shale, which is
exceptionally strong, it is unlikely

to apply to the Joe's River Formation.

The

pervasive shear surfaces in the Joe's River Formation are the probable reason for the
lack of transitional behaviour in this material.

These factors may also explain why

some previous studies of mudrocks in the high pressure range have not displayed
transitional behaviour. If the sample has been damaged in collection or preparation
the altered fabric may induce premature brittle failure. This will be especially pertinent
if the damage has induced cracking by, for example, mechanical impact or
desiccation.
The basic cause of the transitional behaviour is not at present clear. Yassir (1989)
performed undrained deformation on naturally remoulded and weakly bonded clays
but failed to observe this type of

behaviour in any sample. The majority of the

samples behaved in a true ductile manner, although brittle failure was observed in a
few samples. In the current study, the transition is not seen in the Tertiary Shale,
although it appears that the samples remained in the brittle regime throughout the
deformation. The

London

Clay samples

appeared

to display the transitional

behaviour above the yield point reported in, for example. Bishop et al.

(1965)

although no yield was observed in the compaction experiments. The Boom Clay of
Taylor and Coop (1993) and Horseman et al. (1993) displayed

the transitional

behaviour at confining pressures below the yield point measured during compaction.
In the Kimmeridge Shale, Leddra etal. (1993) observed such behaviour significantly
below the yield point observed by Swan etal. (1989).
Thus a mechanistic explanation for the transitional behaviour remains elusive. Clearly
it is a behavioural response that is seen in undisturbed mudrocks. Remoulded
materials apparently do not show such behaviour (the data-set of Yassir, 1989, for
example). This would suggest that it is a behaviour associated with ageing or with
bonding, but more research is needed into the causes. What remains ciear however
is that the behaviour is not shown if the sample is disturbed in preparation or if there
are pre-existing of planes of weakness, or bodies that may act as

stress

concentrators, within the sample.
Thus assuming that a sample does not have any inhomogeneities present that may
induce premature brittle failure, undisturbed mudrocks will show a range of responses
to shear deformation, depending on their confining pressure. The stress range for
each regime depends upon the individual mudrock.
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The range of behaviours at all confining pressures is illustrated in figure 8.4.20. At low
confining pressures, the mudrock will behave in a purely brittle manner, showing a
distinct peak strength, immediately followed by strain weakening to a residual strength.
Physical examination will show that the sample has retained

cylindrical shape, but it

will be bisected by at least one shear surface.
At higher confining pressures the mudrock will enter the brittle - ductile transitional
regime. The mudrock will again reach a peak strength, but in this case the strength
will be maintained as strain accumulates. The initially cylindrical sample will be
changing to a barrel shape.

Eventually brittle failure will occur, inducing strain

weakening to a residual value.
At the highest confining pressures, the mudrock will enter a purely ductile deformation
regime in which the sample maintains the peak strength ad infinitum. Throughout
ductile deformation the sample will become barrel shaped.
This behaviour can be.summarised in a family of curves for a hypothetical ideal
mudrock (figure 8.4.21). At lowest confining pressures the brittle behaviour can be
seen, whilst at the highest stresses ductile behaviour is displayed, the intervening
transitional regime shows the semi-ductile phase III deformation terminated by brittle
failure. The amount of strain that can be accumulated during phase III deformation
ÎA

increases with confining pressure.

It is proposed that even at the highest confirp

p ressures brittle failure, and subsequent strain weakening to the residual strength
line, can be induced if very large strains are imposed.

275

c

Increasing Confining Pressure
FAILURE MODE
Briftle Failure

Brittle-Ducfile Transifion

q

Ductile Failure

q

E

Figure

8.4.20

Six graph representation of the behaviour of mudrocks through the
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Single graph representation of the behaviour of mudrocks through the
brittle ductile transition.
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8.4.5:

The

Behaviour of Other Materials

in the

Transitional

Regime.
8.4.5.1 introduction
In the previous sections, it has been demonstrated that mudrocks may display a
clear, five phase response to deformation in the transitional regime. In this section,
the model for the behaviour outlined above is compared to similar transitional
behaviour in other materials. Transitional behaviour has been described in detail for
both concrete and oolitic limestone, allowing direct comparison of the mechanisms
operating with those occurring in mudrocks.
8.4.5.2 The Behaviour of Concrete
Due

to

the

behaviour and

its artificial

origin and its universal application,

properties of concrete are

the mechanical

well documented.

Experimental

investigations have included studies of unconfined deformation (Chen, 1985, for
example), and confined under both compression and tension into the very high
pressure range (Dougill, 1985, for example).
Chen

(1985)

described

the idealised behaviour

of

concrete

under uniaxial

compression. Figure 8.4.22 illustrates this behaviour, labelled in the same style as
for the mudrock deformation experiments. In figure 8.4.23, this

behaviour

is

compared with that of the London Clay and the Kimmeridge Shale (data of Leddra,
pers comm., 1992). The similarity in behaviour is striking. The following is the
description of the behaviour of concrete as provided by Chen (1985) using the same
format as used for the description of mudrock behaviour (figure 8.4.23):
I.

Initially the concrete follows a linear stress-strain curve indicating that behaviour
is purely elastic.

II. - At point A, elastic deformation is supplanted with inelastic strain, and the stress
path becomes non-linear. Unloading will lead to recovery of the elastic
deformation, for example following the path from point B to the x-axis.
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Idealised behaviour of concrete (Chen, 1985)
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Figure

8.4.23

Comparison of the transitional behaviour of a) Concrete (Chen, 1985);
b) Kimmeridge Shale (Leddra et al, 1992); and c) London Clay.
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III.

The concrete undergoes a phase of plastic deformation. During this phase
the material constitution

is

progressively weakened due to internal micro

cracking up to failure at point D (Chen, 1985). This pattern of behaviour
corresponds exactly to the behaviour of a work-hardening elastic-plastic solid'
(Chen. 1985).
IV.

Failure is by the development and rapid propagation of a fracture. Upon the
development of a fracture, the concrete rapidly undergoes strain weakening.

In concrete there is no phase V deformation as fracturing of the sample induces
complete disintegration.
This style of behaviour is recognised by Chen (1985) as the transition between
purely brittle behaviour, in which the concrete would have a distinct peak and rapid
strain

weakening

phase,

and perfectly ductile behaviour which occurs at high

confining stresses.

The range of behaviour of concrete throughout the high pressure range is illustrated
in figure 8.4.24, which shows a plot of axial stress against axial strain for samples of
concrete under various confining

pressures.

It should

be noted that these

experiments were conducted in an undrained and unsaturated state, but as the
porosity of cured concrete is low, mostly consisting of shrinkage cracks, this
probably

not greatly significant. The pattern displayed corresponds with

frequently attributed to sedimentary rocks.

At low

is
that

confining stresses, failure is

characterised by a peak stress and subsequent strain softening. As confining
stress increases, the difference between peak and residual stress reduces and the
peak stress is maintained for greater strains. At the highest confining pressures,
the sample has no peak and residual strengths but undergoes slight strain hardening.
The latter type of behaviour is characteristic of ductile deformation.
Using this data values of deviatoric and effective stress have been calculated using
standard soil mechanics equations (chapter 2), allowing the construction of a plot in
deviatoric stress / mean effective stress space (figure 8.4.25). Included on the plot
are the peak strength and pre-shear stress states for each sample. The plot shows
that each sample followed a stress path with a gradient of 1 : 3, which is the correct
gradient for a drained triaxial experiment (Atkinson and Bransby, 1978). Notably, the
failure line that the samples attain is not straight, with the most pronounced curve
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Rangeof behaviours of concrete (Dougill, 1985)
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coming in the range 10 MPa to 30 MPa. Maximum gradient is seen close to the
origin, with gradient reducing throughout the range of the experiments.
Thus, the theoretical behaviour of concrete, as described ir Chen (1985) conforms
very closely to the transitional behaviour of mudrocks. The mechanisms operating
during the deformation are also very similar to those operating in the mudrocks.
Measured behaviour of concrete deformation differs from this theoretical model
(Dougill, 1985), probably because the aggregate within the concrete induces stress
concentration and therefore premature brittle failure. Again, this mechanism is the
same as that seen in the mudrocks. Therefore, the behaviour of mudrocks in the
transitional regime and that of concrete are similar.

8.4.S.3 The Behaviour of Limestone
In a classic paper, Donath et a i (1971) describe the deformational behaviour of Crown
Point limestone, which is an exceptionally pure oolitic limestone, and observe that at
low confining pressures (1.5 MPa to 5 MPa) the sample failed in a brittle manner,
developing a distinct shear plane that bisected the sample. At higher stresses (7
MPa to 13 MPa) the behaviour tended towards ductile failure. Stress paths of
deformation experiments (figure 8.4.26) illustrate the form of the deformation. At the
lower confining pressures, deformation is brittle, and the stress path has the same
form as for the brittle mudrocks. At the highest confining pressures, the form of the
stress path is the same as for the ductile mudrock samples. The notable feature is
the transition between brittle and ductile response, which has the same form as the
transitional behaviour in the mudrocks. Note especially the form of the 4.9 MPa
samples, which clearly displays phase III deformation behaviour.
Donath et a i (1971) describe the behaviour of the limestone (figure 8.4.26) thus:
"All of the curves show a nearly linear increase in sustained differential

stress

with increasing strain, representing essentially elastic, or recoverable, deformation.
Further strain causes permanent deformation, or yielding. At 200 p.s.i. [1.4 MPa]
confining pressure, yielding is followed almost immediately by an abrupt drop in
sustained differential stress to a level that remains more or less constant with
continuing strain. The drop in differential stress reflects a loss of cohesion in the
limestone during the development of a shear fracture, and the sub horizontal
portion

of the curve

represents the

differential stress

continued displacement along this fracture."
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The stress - strain behaviour of Crown Point limestone (Donath et al,
1971)
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The same deformation modes were observed for the 400 p.s.i. [2.8 MPa] samples.
Donath et ai (1971) continue:
"The modes of deformation are brittle faulting at 600 p.s.i. 14.2 MPa] and ductile
faulting at 700 and 800 p.s.i. [4.9 and 5.6 MPa.]"
Thus deformation in the 4.9 MPa and 5.6 MPa samples is recognised as being
'ductile faulting', in

which

micro-cracks

propagate throughout the sample.

Deformation is pervasive throughout the sample but is composed of the formation of
micro-cracks. Strain weakening results from the growth of these micro-cracks to form
a large fracture. The highest pressure samples also deformed by ductile faulting
but in this case the deformation did not become localised but was evenly distributed
throughout the sample.
It is clear that the behaviour displayed by the Crown Point Limestone is similar to
that of the mudrocks. with a transitional regime indicated by a phase of 'incipient
ductile faulting' (Donath et ai, 1971) before brittle failure.

Figure 8.4.27 illustrates

the pressure ranges for each regime. The fracture flow boundary occurs only to about
10 MPa, thereafter the behaviour being purely ductile or ductile faulting. At confining
pressures greater than 10 MPa, limestone undergoes a transition from uniform flow
to incipient ductile faulting but will never display brittle failure. A similar plot may
be prepared for the London Clay (figure 8.4.28). This plot allows easy prediction of
behaviour at different confining pressures.

8.4.5.4 The Behaviour of mudrocks In relation to that of limestone and concrete
The previous sections have demonstrated that the mechanical behaviour of concrete
and limestone is very similar to that of the mudrocks. The Crown Point Limestone
of Donath et al. (1971) displayed micro-cracking in phase III semi-ductile deformation.
The surface expression of the development of similar micro-cracking and Inelastic
strain was observed In sample L0NPART4 (which was terminated during phase III
deformation) upon physical examination, and the increased development of lateral
strain during this phase noted by Horseman et al. (1993) for the Boom Clay is further
evidence. Phase III deformation is at constant volume, implying that any dilatancy
developed in association with the growth of the micro-cracks exactly equals
compaction in the sample between the cracks, such that pore pressures remain
constant and thus remain in a stable state). In the low pressure range the behaviour
of the clay is clearly brittle (Atkinson and Bransby, 1978, for the London Clay, for
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Graph of deviatoric stress / mean effective stress for the undrained
shear deformation of Butser Hill chalk (from Leddra, 1990).
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example) and Bishop et al. (1965) demonstrate that

at

very high

pressures

undisturbed mudrocks enter the ductile regime. Thus there is a transitional phase,
related to the confining pressure, in which material response changes from brittle to
brittle / ductile (the plastic-fracturing phase of Donath at a. . 1971).
phase the material undergoes an initial elastic

response to

In the latter

loading, followed by

plastic deformation and the development of random micro-cracking. At very large
strains, dependent upon the magnitude of the confining pressure, coalescence of
the cracks leads to the development of a shear surface, with accompanying
strain

weakening to the

residual strength, determined by friction on the shear

surface. Mudrocks that are subjected to very high pressures behave in a purely
ductile manner at the termination of the elastic phase.

8.4.5 5 The Transitional Behaviour of Chalk
in chapter 2 the behaviour of chalk was briefly reviewed. In particular, the behaviour
during undrained shear deformation was described, based primarily on the research
of Leddra (1990) and Kageson-Loe (1994). The chalk data sets clearly show brittle
behaviour at low confining pressures and ductile behaviour at high confining pressures
(figure 8.4.29). Detailed examination of this data demonstrates that the nature of the
behaviour in the purely brittle regime is similar to that of mudrocks, limestone and
concrete, and purely ductile behaviour is likewise analogous with that of the other
materials. However, the shear deformation data-sets for undisturbed chalk does not
display the transitional (phase III) behaviour shown by the other materials. In this
section, explanations are proposed for the lack of a transitional regime behaviour in
the chalk.

Of course without conducting a detailed experimental programme, the

explanations for this different behaviour are speculative.
A possible explanation for the lack of a transitional regime in the chalk lies In the
explanation proposed by Farmer (1983) for the premature failure of brittle samples
whilst on the Hvorslev surface. Farmer (1983) suggests that premature failure may
occur due to the presence of inhomogeneitys or planes of weakness within the sample
which may act as stress concentrators, inducing brittle failure. In section 8.4.3, this
explanation as used to explain the lack of transitional behaviour in some of the London
Clay samples. The presence of similar inhomogeneitys within the chalk samples could
induce brittle failure before micro-cracking may occur, preventing phase III
deformation. This mechanism is thus similar to that which prevents concrete from
behaving as the theoretical model of Chen (1985) suggests (section 8 4.5.2). Whilst
the presence of such asperities is not noted by Leddra (1990) or Kageson-Loe
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(1994), planes of weakness could be induced during coring. In section 4.2, the
problems of sample preparation using coring are reviewed. It is entirely possible that
the coring process has weakened the fabric, leading to premature sample failure.
Indeed, Leddra (1990) notes that the chalk is extremely s’ jceptible to damage by
vibration.

Coring inevitably involves the application of torsional stresses and high

rates of vibration and this is consequently a possible explanation for the damage.
However, chalks are relatively strong despite their high porosity and no evidence
of fabric damage during sample preparation was noted in the S.E.M. examination of
chalk fabrics by Kageson-Loe et al. (1993). The mechanism of Farmer (1983) also
allows for the presence of large grains that may concentrate stress. The presence of
coccoliths and broken laths in the chalk means that it has an extremely uneven grain
size distribution (M. J. Leddra, pers. comm., 1994). Thus the presence of large grains
must act as stress concentrators and may promote premature brittle failure.

It

appears that the transitional behaviour is limited to materials with a relatively low grain
size distribution, such as mudrocks, concrete (which contains sieved aggregate) and
limestone.
A second explanation lies in the high porosity of chalk.

Rutter and Hadizadeh

(1991) describe the transitional behaviour of sandstones. The concept of pore
collapse is introduced, in which high porosity materials suffer collapse of their pore
volume during deformation. In the case of sandstones, such pore collapse prevents
brittle failure by preventing dilation and encouraging cataclastic deformation.
However, if this pore collapse phenomena was locally catastrophic, strain could be
localised and a shear plane could develop. Such behaviour has been observed in
Plaster of Paris, which fails during pore collapse through the formation of conjugate
shear surfaces adjacent to the void (Rutter and Hadizadeh, 1991).
At higher confining pressures, pore collapse may occur in a process that is similar
to that of the sandstones, with the collapse of porosity being sufficient to prevent
dilation. In consequence the sample does undergo brittle failure, and cataclastic
(ductile) deformation occurs.
In

conclusion, the

deformation experiments of Leddra (1990) and Kageson-Loe

(1994) have shown that whilst chalk shows similar behaviour to mudrocks, limestone
and concrete in the purely brittle and purely ductile deformation regimes, it does not
display the transitional behaviour displayed by these materials.
explanations for this phenomena are offered.
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Two possible

The sample has undergone fabric damage during preparation or contains
inhomogeneitys, which may act as stress concentrators which prevent phase ill
deformation.
The

high

porosity

of

chalk

induces localised pore

collapse

which

encourages the localisation of stresses and consequent brittle failure.

8.5 Failure Envelopes
8.5.1: Introduction

The data collected in the present study gives an indication that the form of the failure
envelope for mudrocks may not be linear in the 1 - 70 MPa stress range.

In this

section the form of mudrock failure envelopes is reviewed. Comparison is made with
the Mohr-Coulomb / 'critical state' lines for chalk (Leddra, 1990).

8.5.2: The Form of Mudrock Failure Envelopes

Schofield and Wroth (1968) predicted that the gradient of the failure envelope for
all geological materials must reduce at high confining pressures. This was attributed
to changes in the properties of sedimentary rocks once pore volumes had become
small. At this point, behaviour would start to be dominated by the behaviour of the
rock particles themselves rather than the pore spaces and inter-particle forces.
However there is relatively little data to demonstrate that failure lines are indeed
cun/ed. Atkinson and Bransby (1978) show that the critical state line for remoulded
and undisturbed materials in the 100 kPa to 1000 kPa pressure range is straight,
whilst the study of Yassir (1989) on weakly bonded / remoulded clays also suggests a
linear failure line. A few data-sets do suggest that these envelopes are non-linear.
The data-set of Bishop

e t al.

(1965) showed that the London Clay has a curved

failure envelope in the higher stress range (figure 8.5.1). The form of this failure
envelope is rather strange as it has a decreasing gradient in the middle part of the
stress range but gradient increases again at higher stresses. However there is no
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8.5.1

Non-linear failure envelope of London Clay from Bishop
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et a l

(19 5).

experimental evidence from the data that the gradient of the envelope must increase
at the highest pressures.
Additionally, the extremely high pressure data of Ibanez and Kronenberg (1993)
indicates that whilst the failure envelope of Wilcox shale may be linear up to about 50
MPa. Beyond this it has a distinct curve in form (figure 8.5.2a). The non-linearity is
not accounted for by the authors, but becomes more apparent in samples deformed at
45° to bedding (figure 8.5.2b).

Petley

e t al.

(1993) examined the failure envelope for the North Sea Eocene Shale

and the Kimmeridge Shale described in the current study (figure 8.5.3). It was shown
that failure occurs on two intersecting lines: a brittle Mohr-Coulomb envelope (MCE on
figure 8.5.3) at low confining pressures and a steeper failure envelope (labelled by
Petley

e t a!.,

1993 as a critical state line (CSL)) at higher stresses. The double failure

envelope was compared with that of chalk (e.g. Leddra, 1990), which is also known to
have a double failure envelope (figure 8.5.4).

At the lower stresses, the material

deforms on a brittle (Mohr-Coulomb) type failure envelope which lies above the failure
envelope (laballed EE on figure 8.5.4). These two envelopes meet at approximately
the same effective stress as the yield point in consolidation.

At effective stresses

greater than those at yield, the material behaves in a manner that may be described
by the Cam Clay model. Failure occurs on a linear failure envelope, although it should
be noted that the highest pressure chalk experiment of Leddra (1990) deformed below
this linear failure envelope (figure 8.5.4).
Thus Petley

e t al.

(1993) showed that the shape of the shear failure envelope for both

the North Sea Eocene Shale and chalk are similar. The only notable difference lies
in the fact that post-failure deformation in the North Sea Eocene Shale is not at
constant volume. As the current study suggests that this shale is deforming in the
brittle regime throughout the range of experiments, the

North Sea Eocene Shale

data-set suggests that materials may have a non-linear failure envelope even where
deformation is purely brittle.
The London Clay data-set of the current study suggests, like the data-set of Bishop
al.

(1965), that the failure envelope is non - linear. The data of Bishop

e t al.

et

(1965)

implied that the London Clay failure envelope does not have the dual form shown by
the North Sea Eocene Shale but rather has a gently curved form. This fits with the
data of Ibanez and Kronenburg (1993) who suggest that the Wilcox shale failure
envelope also has a gently curved form, although this is in a much higher stress
range. The current study also suggests that the London Clay has a curved failure
envelope (figure 8.5.5). The data of Bishop
292

e t ai.

(1965) and this study both suggest
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that the curvature in the failure envelope occurs at the same stress range as the
brittle ductile transition. Thus, using the data of Bishop et al. (1965), the failure line
curves as the transitional behaviour is reached (figure 8.5.4).

The data of the current

study also suggests a similar phenomena (figure 8.5.5). Such xn assertion also fits the
data of Ibanez and Kronenburg (1993) who state that in the samples that were
deformed at effective stresses greater than 50 MPa, the samples showed evidence of
micro-cracking.

Thus the curvature is presumably a consequence of the different

micro-processes that are acting during the deformation. It is probably reasonable to
assume that as the main deformation mode transitions from brittle fracture to micro
cracking the strength of the material will change.

It is proposed that this failure envelope can also be likened to that of chalk. At the low
stress the sample is behaving in a truly brittle manner. As such it would be expected
from the chalk data that the sample was deforming on a Mohr-Coulomb failure
envelope rather than on a critical state - type linear failure envelope. The sample
should not reach a critical state - type line until It is in a ductile regime. Thus it would
be expected that the London Clay would not deform on a critical state -type linear
envelope in the transitionai regime.
In the stress range utilised in the current study and in that of Bishop

e t al.

(1965). the

London Clay failure envelopes do not show a trend towards converging with the critical
state line measured for remoulded material.

This suggests that even when the

undisturbed London Clay is behaving in a purely ductile manner the deformation
mechanism is different to that of its remoulded

equivalent.

Thus inter-particular

bonding, and the effect of the different fabric, continues to control deformation at even
the highest stresses,

it is possible that at still higher stresses the envelopes will

converge but the data of Ibanez and Kronenburg (1993) suggests that they will not
coincide unless the gradient of the remoulded stable state line changes.
No attempt has been made to interpret the form of the residual strength envelope in
this section. In section 8.4.4 the problems with interpreting residual strength in brittle
samples under triaxial conditions were outlined. Thus it is not possible to interpret the
form of the residual strength envelope. However, the author does not believe that the
residual strength envelope will coincide with that of the critical state line for the
remoulded material. This is because the fabric of remoulded materials is substantially
different from that in the vicinity of shear surfaces in brittle samples. The fabric of the
latter consists of broken particles that have been reoriented to lie parallel to the shear
surface.

Shear strength thus depends on inter-particle friction

and upon friction

across the shear plane itself whereas the remoulded sample is undergoing pervasive
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cataclastic deformation. Thus as the deformation processes at particle-level are so
different, it is unreasonable to assume that the resultant shear strengths will be the
same.

8.5.3: Summary
In this section, the form of failure envelopes has been reviewed. The suggestion of
Schofield and Wroth (1968) that failure envelopes will not be linear is supported, and
the form of the failure lines of different mudrocks are reviewed. It Is suggested that
hard shales such as the North Sea Eocene Shale may have a dual form, with a low
pressure Mohr-Coulomb envelope and a high pressure linear failure envelope,
whereas the softer London Clay may have a curved envelope as a result of the
transitional regime behaviour.
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Chapter 9
Applications of the Results

Chapter 9: Applications of the Results

9.1 Introduction
The previous chapter described in detail the nature of the brittle / ductile transition in
the deformation of mudrocks. It was shown that in some mudrocks this transition may
start at stresses as low as 1.5 MPa to 3 MPa. Clearly if this new deformation style
can occur at such low effective stresses, such behaviour must occur in the natural
environment.

This chapter explores possible applications of these results.

It

concentrates Initially on the generation of mudrock fabrics, which may allow a
diagnostic approach to deformation mechanisms in natural mudrocks. The description
is then focused on a number of specific applications, including the generation of scaly
foliations, applications in faulting and fault gouges and on problems of hydrocartwn
reservoir subsidence. The description of potential applications is not intended to be
exhaustive but allows a representative review of some of the more pertinent examples.

9.2: The Generation of Mudrock Fabrics
In chapter 3, the mechanisms by which mudrock fabrics are generated were
reviewed. Whilst sedimentation was recognised as the basic control on fabrics, the
stress history of the

rock

was

also

shown

to

be

of

great

importance.

Overburden (burial) stresses can alter fabrics by aligning the platy particles such
that they lie in a plane perpendicular to the

principal

applied (vertical) stress.

However, there is a relationship between the reorientation of the particles and the
magnitude

of the applied stresses.

This relationship

is certainly not simple,

illustrated by otherwise identical undisturbed samples that can show a large variation
in the degree of preferred orientation over very small distances (Rieke and
Chillingarian, 1974).
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Under conditions of direct shear stress, the local relationship between orientation
and alignment in failed brittle materials is much more simple.

After the rock has

ruptured particles in the vicinity of the shear surface become aligned parallel to It, the
degree of orientation being dependent on a number of factors ncluding the magnitude
of the shear stresses, the rate of strain and the distance of the particle from the
shear surface (figure 9.2.1) (fVlorgernstern and Tchalenko, 1968, Leddra et al., 1992;
Petley etal., 1993; Petley ef a/., 1994, for example).

The results discussed in chapter 8 suggest a new mechanism for the development of
preferential particle alignment.

In compaction, particle realignment is distributed

throughout a large volume of the rock mass as the strains are not localised.

Under

shear stresses, strains may become localised and particle realignment may thus occur
in the vicinity of the shear surface after rupture. The model for deformation in the
transitional regime outlined in chapter 8 suggests that in the this regime (which is the
same as the incipient ductile regime of Donath

e t al.,

1971), the stresses may be

localised into the formation of micro-cracks, but these cracks may pervade the body
of the sample. Thus a pervasive fabric may be formed that consists of particles
aligned

parallel to the micro-cracks. If the transitional

(pre-rupture, phase

III)

deformation is maintained for the accumulation of large strains (due, for example, to
slow strain rates; see chapter 7), the fabric may mature to form a scaly foliation.
In theory, it should be possible to verify this model by examining the fabric of a
sample that has undergone phase III deformation.
alignment parallel to

the

If the model is correct, particle

micro-cracks should be evident.

An

attempt

at

such

verification has been made by the current author on one of the LON PART samples
(L0NPART4). However the examination of mudrock fabrics in the S.E.M. is notoriously
difficult, mainly as a result of difficulties in the preservation of fabrics during drying and
in the preparation of sample surfaces for S.E.M. examination. The author did not have
access to the complex critical-point drying techniques that are needed, and so it is no
surprise that the results were inconclusive.
An alternative technique lay in a detailed literature review to investigate whether natural
mudrocks show such particle arrangement. Tchalenko

(1968) utilised an unusual

method in the study of the microstructure of London Clay. Polarised light was shone
through a resin-impregnated thin section, and the maximum and minimum intensity
of transmitted light was determined as the sample was rotated. The ratio between the
maximum and minimum transmitted light was termed the bifringence ratio and is a
direct measure of the degree of particle orientation.

Using the bifringence method,

Tchalenko reported the presence of bands within the London Clay from Sewardstone
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and Herne Bay. These bands are likened by Tchalenko (1968) to shear bands in
landslides,

but

these oriented bands

are seen to

appear

in 'parallel

arrays'.

Tchalenko (1968) concludes that these features are the result of shear stresses, but
'no actual marker could be found to indicate the magnitude c. the relative movement'.
As noted in chapter 7, Tchalenko (1968) observed that the microscopic shear bands
are 'often found together with the more usual type of shear plane'.
Tchalenko

(1968)

also examined the larger shear surfaces

that pervade

some

layers of the London Clay from Herne Bay (figure 9.2.2). The matrix of the mudrock
has a series of parallel shears running through it, with a measured displacement of
approximately 500 p. Tchalenko noted that all these features appear to be the result of
some sort of shear deformation, but was unable to offer an explanation for the
mechanisms by which they might form.
It is proposed that the microscopic arrays of aligned particles that are noted, but not
explained, in Tchalenko (1968) are the result of transitional regime deformation under
shear stresses.

As such shearing in the transitional regime represents a new

mechanism for the formation of arrays of oriented particles in mudrocks. Shearing
in the

transitional regime

will induce parallel or sub-parallel lines of

representing stable state deformation.

particles,

In experimental deformation, the period of

transitional deformation was terminated by brittle failure and the further localisation of
strain to one or more major shear surfaces. Thus micro-fractures were accompanied by
the presence of major, polished shear surfaces. It seems likely that the major shear
surfaces that accompany the shear bands in the London Clay as described by
Tchalenko (1968) indicate that large strain induced brittle failure and the subsequent
formation of large shear planes.
The formation of a fabric under such conditions will, as Tchalenko

(1968)

demonstrates, induce regions of strong preferential particle orientation. As such this
process may also represent one of the mechanisms by which domainal fabrics may
form, as the microstructure naturally induced in this manner is domainal in nature.
Unfortunately the author has been unable to verify the validity of this assertion. Clearly
further research is needed into this process of fabric formation.
The model for the development of transitional shear deformation proposed in chapter 8
could explain the microfabric found in samples of London Clay and-may be the cause of
arrays of preferentially oriented particles. Figure 9.2.3 illustrates the fabric development
that may accompany deformation in each regime. In the brittle regime, the mudrocks
have little change in fabric or porosity (as deformation is undrained) but the general
fabric may have undergone some changes as a result of the inelastic (phase II) loading.
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However if the sample has undergone brittle failure the fabric in the vicinity of the
shear surface will be totally altered.

The

action of strain

localisation

and

mechanical shearing will have aligned the particles to lie parallel to the shear plane,
the degree of particle orientation decreasing away from

lie plane of the shear

surface. Some secondary features may also be evident, such as riedel shears and
kink-bands (Skempton and Petley, 1967). In addition, there may be alteration of the
nature of the particles in the shear zone
disaggregation during shearing (Leddra

e ta l.,

due to mechanical breakage and

1992).

Deformation in the transitional regime may induce substantial alterations to the fabric of
the rock, even before rupture has occurred.

The pervasive micro-cracking associated

with phase III deformation will locally align the particles to lie parallel to the cracks.
Between the micro-cracks the fabric will be essentially unaltered, although there will
be a stress induced alteration to the inter-particulate bonding in the sample resulting
from the inelastic (phase II) deformation. Brittle failure will not alter the gross fabric of
the sample. At this point, the stress acting through the unfailed portion of the sample
decreases during strain softening. Thus fabric alteration to the majority of the rock will
cease. However fabric local to shear zone itself will be realigned to lie parallel to the
shear plane in a process that is similar to that which occurs in the brittle samples. It is
likely that kink bands and riedel shears will form in the damage zone surrounding this
shear plane, but It is unclear to what extent their position will be influenced by
weaknesses resulting from phase III deformation.
Samples deformed in the purely ductile regime appear to deform by some form of
cataclastic flow.

The fabric of such samples may display little alteration to the

fabric but will inevitably show substantial changes to the nature of inter-particulate
bonding. At large strains, preferred particle orientation may be induced, but such
strains can not be reproduced in the laboratory. The results of the limestone
experiments of Donath ef a/. (1971) suggest that at large strains the ductile regime
samples may be prone to brittle failure but, as this has yet to be tested in mudrocks, it
is purely speculative. Donath

e t a l.

(1971) also suggested that whilst deformation in the

ductile regime appears to be purely cataclastic, It may in fact occur through micro
cracking. A relationship is suggested in which the size and spacing of the micro-cracks
decreases with increasing confining pressure. Again, the relevance of this assertion to
the deformation of mudrocks is purely speculative.
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In summary, the new transitional regime model proposed in the current study may be
responsible for the pervasive shear bands that were observed in undisturbed samples
of

London Clay from

Herne

Bay and Sewardstone (Tchalenko, 1968).

The

transitional regime deformation mechanism would be liki.-iy to induce arrays of
preferentially aligned particles, with occasional major polished shear surfaces where
brittle failure had occurred.

9.3 Scaly Clays and Diapirism
In

chapter

4, the nature of scaly clays, their

explaining their formation are outlined,
development is presented.

in

occurrence

this section,

a

and various theories
new model for their

This theory is based on deformation in the

so-called

transitional regime between brittle and ductile response, outlined in chapter 8. The
model presented below is also able to explain the formation of scaly clays in all
environments.
Scaly clays are characterised by a penrasive fabric, involving a hierarchy of partings
through-out the body of the rock (Enriquez-Reyes

e t al.,

1993). The scaly partings

generally have a lensoid appearance and are highly polished. The existence of
slickensides, visible under S.E.M. examination, and the preferential orientation of
the surfaces has led to the refuting of the theory that they are formed as a result of
dewatering (Enriquez-Reyes and Jones, 1991). Most workers now accept that they are
formed as a result of the action of shear stresses, but there is little understanding of
the actual mechanism by which this may occur. The most satisfactory explanation
previously Is that of Enriquez-Reyes and Jones (1991), who proposed that the fabric
is a result of shearing in an over-consolidated

material. Skempton

Skempton and Petley (1967) had demonstrated that
evolved in sheared

a

(1966) and

simple fracture

pattern

over-consolidated materials, involving the formation of a

main displacement shear and several intersecting riedel and thrust shears. EnriquezReyes and Jones (1991) compare these simple shear patterns to those of scaly

clays and imply that the scaly fabric is a late stage deformation that has occurred after
some degree of exhumation or pore pressure rise.
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Whilst the model of Enriquez-Reyes and Jones (1991) explains the formation of the
scaly fabrics, the practical reality is that in the laboratory the pervasive scaly fabric has
not been produced. The fabrics of Skempton (1966) and Skempton and Petley (1967)
were limited to small damage zones in the vicinity of the r .djor shear. Whilst other
workers have demonstrated that the physical

magnitude

of the

damage zone is

inversely proportional to the rate of strain (Tchalenko, 1968), even at extremely low
strain rates the damage zone does not appear to pervade the whole sample but tends
to be localised in a discrete shear zone.
Whilst the generation of scaly fabrics has never previously been achieved in the
laboratory, deformation that pervades all of

a

sample has

been

regularly

demonstrated. During initial loading, all samples undergo an initial phase of elastic
deformation in which strain is not localised. One of the key markers for the onset of
brittle failure is strain localisation and the development of a single shear surface or a
conjugate pair of shear surfaces.
materials never display strain

In addition normally-consolidated, remoulded

localisation,

under going

deformation throughout loading. Similar behaviour has
chalk (Leddra, 1990, for example), limestone (Donath

barrelling

and

ductile

been demonstrated for

e t al.,

1971)

and concrete

(Dougill, 1985) at high confining pressures.
The deformation that induces the formation of the

scaly foliation would therefore

appear to be a combination of ductile deformation to induce a pervasive fabric and
brittle deformation to produce polished shear surfaces. In view of this, it is logical
to suggest that the fabrics observed in scaly clays are the result of deformation in the
transitional regime between brittle and ductile response. Examination of the samples
that had deformed in the transitional regime demonstrated that they contained a
fabric of pervasive shear surfaces, which is in essence the same as that which has
been described for scaly clays.
Thus an explanation for the formation of scaly clays requires that the materials are
buried to a depth that they are able to deform in the transitional regime. As the scaly
clays are relatively soft and poorly cemented, such a transitional regime would be in
the range 4 MPa to 12 MPa effective stress, judging by the results of the London Clay
experiments. Using the normal effective geostatic pressure gradient

(chapter 7),

this corresponds to a burial depth of approximately 300 m to 1,100 m, which is within
the range of burial depths estimated for most scaly clays.
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Deformation

in scaly materials appears to have involved a

large component

of

strain. In the laboratory studies the samples underwent brittle failure at low 4 - 5%
strain. If this pattern continues, this is probably not sufficient to display the strains
observed in the scaly clays. This may possibly be due to
possibly a combination of both.

Firstly,

Chen (1985)

ne of two factors, or

suggests

that there is a

significant size factor that affects the brittle failure of concrete. Larger samples are
able to accumulate greater strains before brittle failure than are small samples. In a
rock body, this would allow the development of large strains before incipient brittle
failure and consequent strain localisation and weakening. Secondly, it is possible,
and indeed probably, likely that the scaly clays have undergone deformation phases
IV and V in the transitional regime. This is supported by the strong development and
the presence of slickensides for some of the shear surfaces. Thus it is proposed that
scaly clays may be the result of deformation in the transitional regime, allowing the
development of a pervasive shear fabric.

9.4 Faulting and fault gouges
As many fault gouges are made up of argillaceous materials, mechanisms accounting
for the deformation of mudrocks are extremely relevant to the behaviour of these
materials. A number of studies on fault gouges have been conducted using thin films
of clay, often in an unsaturated state e.g. Morrow
1975; Engelder

e ta l.,

e t a l.,

1982; Byerlee and Summers,

1975). Whilst deformation under natural conditions must involve

similar mechanical conditions, care must be taken to ensure that during the
accumulation of strain the experiment continues to represent natural conditions.
Especially problematic is the use of crystalline rocks, prepared as triaxial samples but
sawn diagonally for the insertion of gouge material. Such samples are tested in the
standard triaxial deformation cell, the strength of the gouge determining the axial
stress measured. However as the assembly undergoes axial shortening there will be a
sideways movement of the sample halves as they slide past each other, resulting in a
misalignment of the sample column. During this motion the ends of the sample will be
induced to slide across the pedestal of the triaxial cell.

The friction between the

pedestal and the sample will be measured by the load cell and may account for the
strain hardening behaviour observed in such gouges (Morrow

e t a!.,

1982). A further

potential problem with the testing of gouges under such conditions lies in the thinness
of the clay layer. In the current study it has been shown that testing small samples
under standard conditions induces an alteration in behavioural response, delaying
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brittle failure and changing the post-shear response (chapter 7). This is probably a
result of end-effects, but similar problems must arise in the clay film experiments.
Finally, many of the fault gouge experiments have been conducted under unsaturated
conditions (e.g. Morrow
1975).

et al.,

1982; Byerlee and Summer;', 1975; Engelder

et a!.,

Thus, whilst such experiments replicate deformation under natural conditions,

it is important to also conduct deformation experiments in bulk samples.
Saturated fault gouges will generate pore pressure under applied stresses, and these
pore pressures may have a fundamental influence on subsequent deformation.

If

stress is increased on a saturated clay, pore pressures are generated. In the case of
fault gouges, the stress path will be anisotropic, as deformation occurs as a result of
increases in tectonic stress. As fault gouges usually have a low permeability (Morrow
e t a!.,

1982, Chu

e t a!.,

1981)

and are constrained within the fault itself,

pore

pressures will probably increase rather than dissipate. As the loading may be dynamic
(Yassir, 1989) the increase in pore pressure may lead to decreasing normal stresses
whilst shear stress continues to increase.

In chapter 2 it was shown that a non

isotropic stress path could induce brittle failure of the clay.

Thus the gouge may

undergo failure in a brittle state. Such failure is predicted by Scholtz

e t ai.

(1972) and

Byeriee and Summers (1975) to be the dominant faiiure mechanism at depth.
if the behaviour of fault gouge at depth is assumed to generaily be brittle, slow
increases in stress will lead to minimum dispiacement initially as the gouge undergoes
the elastic (phase i) deformation.

Eventuaily the gouge will yield and strain will

increase. However the amount of accumulated strain will continue to be low as the
gouge continues to accommodate the strain through internal deformation. Eventually
the stress - strain inter-reiationship will induce brittie failure and there will be
considerable sudden movement on the fault. Thus under brittle conditions the fault wiil
appear to 'stick' for considerabie periods (the locked condition of Morrow

e t a!.,

1982),

with sudden periods of large displacement immediately after brittle failure of the
gouge.
Ductile deformation of fault gouges is
(Morrow

e t a!.,

assumed to occur only at shallow depths

1982). This is attributed to the reduction In porosity that accompanies

compaction. In more compacted samples grains are unable to 'slide over each otheri
(Morrow

e ta l.,

1982), reducing cataclasis. Thus as a gouge is subjected to increases

in iithostatic stresses during burial, behaviour will change from ductile to brittle.
However experimental evidence on argillaceous samples, in both remoulded (Yassir,
1989) and undisturbed (this study and Bishop

e t al.,

1965) states, suggest that whilst

uniithified materials behave in a ductile manner, as depth increases behaviour
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undergoes a transition from brittle to ductile. The data-set of Leddra (1990) suggests
that even strongly cemented rocks (such as chalk) may undergo ductile (cataclastic)
deformation at high confining pressures. Thus during the burial history of a sediment,
behaviour varies according to age and depth of burial. Yoi ‘ ,g sediments at shallow
depth appear to behave in a ductile manner, presumably as a result of the lack of
strong internal bonds (ageing) and the high moisture contents. During burial ageing
and / or cementation occur, inducing inter-particular bonds that induce brittle
behaviour. At even greater depths, the effects of the bonds is not shown due to yield
induced by the increasing Iithostatic stresses and behaviour Is ductile.
If at great depths gouge is able to deform through ductile processes. It Is likely that
the fault will show 'creep' for Indefinite lengths of time. Gouge undergoing deformation
In a purely ductile manner should show constant rates of strain assuming that
llthospheric stress remain constant.

Nason (1973) reports approximately constant

creep rates of 12 mm / year on the San Andreas fault at the Clenega Winery near
Hollister, California. This suggests that the gouge was deforming In a ductile manner
throughout the period of constant movement.
If deformation modes are inherently ductile at great depths but brittle and moderate
depths, there must be some brittle-ductile transition phase

at some Intermediate

depth. As shown In chapter 8, deformation In the brittle - ductile transitional regime
would be characterised by steady movement (creep) for comparatively large
displacements as the gouge undergoes seml-ductlle deformation.

This should be

terminated by the sudden brittle failure of the gouge resulting In catastrophic strain
weakening. Under conditions of constant shear stresses this must be manifested by
sudden slippage on the fault as the decreased strength has to be accommodated by
Increased strain. Under such conditions, movement records on faults should show
constant movement (creep) terminated by sudden large strain episodes. If the fault Is
large enough these sudden movements will result In seismic activity (I.e. earthquakes).
Nason (1973) described the movement on the San Andreas fault at Cienegra Winery
near Hollister. California in the two years leading up to the earthquake of April 1961.
During this period the steady movement on the fault Increased from the steady creep
of 12 mm per year to rates of 20 mm per year.

Sudden movement on the fault

Induced the earthquakes of 1961. Immediately after the earthquakes, displacement
on the fault ceased for 18 months, whereupon It resumed at 12 mm per year. This
may suggest that the fault gouge was undergoing ductile deformation leading to the
constant creep rates.

As failure In the gouge started Its shear strength dropped,

leading to Increased rates of displacement.
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Eventually the fault gouge unden/vent

catastrophic brittle failure, inducing catastrophic straining and releasing a large amount
of stored strain energy (elastic unloading of the local crystalline rocks). At the end of
the brittle deformation phase the gouge was effectively unloaded, and it took 18
months for the build-up of stress on the fault to be sufficient t induce strain (creep) in
the gouge.
Jordan and Nuesch (1989) compared the nature of micro-structures in layers of shale
within deformed evaporites

from Jura, Switzerland with experimentally deformed

samples of shale. The shales utilised in the experimental study had extremely low
water contents (approximately 1.8%) and are thus difficult to compare with the results
of the current study. However examination of the naturally deformed shales indicated
that they had undergone a deformation style that had induced a fabric that was similar
to that of scaly clays (figure 9.4.1).

The fabrics showed a pervasive lensoid

deformation pattern. Jordan and Neutsch (1989) suggest that the development of the
lensoidal fracture is a result of deformation at extremely low water contents, causing
the mudrock to behave in a manner similar to a dry sample. Dry samples may be
unable to deform in a ductile manner due to a lack of inter-particle lubrication, resulting
in deformation under brittle conditions. However the similarity in the fabrics of Jordan
and Nuesch (1989) with the scaly fabrics described in the current study suggests that
deformation may have occurred through similar processes. As the tectonically formed
scaly fabrics seen within the Lichi Melange and the Joe's River Formation are not
formed at low moisture contents, it would seem reasonable to ascribe the same
deformation process to them both. As it is likely that scaly fabrics are formed under
brittle - ductile transitional conditions, it would seem likely that the tectonic fabric seen
within these interlayers in the evaporite were also formed under transitional regime
conditions Jordan and Nuesch (1989) and suggest that deformation of the evaporite
layers occurred at a depth that would induce 'confining pressures' of approximately 45
MPa.

Such pressures are greater than those described for transitional regime

behaviour in the current study, but it is likely that the regime for this behaviour will vary
according to the nature of the shale. In addition, it is possible that high pore pressures
may have induced significantly lower effective stresses than those quoted above.
Thus it can be seen that thin layers of argillaceous rocks in faults or within deformed
rocks may display a response that is similar to the transitional regime behaviour
described in chapter 8.

Such behaviour may have key implications for the

understanding of the behaviour of faults and deformed strata.
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Figure

9.4.1

The formation of scaly fabrics in the hinge of a fold (Jordan and
Neusch, 1989).
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9.5 Deep-seated landslides
The majority of landslides have slip surfaces within 10 m of the ground surface,
allowing accurate description of their mechanics by conventional soil mechanics. At
such depths, which entail normal effective stresses in the range 0 - 1 5 0 kPa, the
deformation behaviour of unweathered mudrocks is dominantly brittle and is described
by conventional soil mechanics.

However deep-seated landslides may occur with

shear surfaces at depths of up to 150 m (Pasuto and Soldati, 1990).

Whilst such

landslides are rare, the extreme depth of the shear surface means that they usually
have a large areal extent and may thus be highly destructive. At 150 m depth, the
normal effective stress would, assuming Iithostatic and hydrostatic stress gradients, be
in the range 2 - 2.5 MPa. The current study has shown that at such stresses mudrock
behaviour may enter a brittle - ductile transitional regime. Behaviour is not adequately
explained by conventional soil mechanics, which may have profound implications for
the mechanisms that operate during deep-seated landslides.

As research into the

nature of deep-seated landslides has been extremely limited, the following section will
describe some of the unusual characteristics

of deep-seated landslides before

examining a specific example, the Vaiont Landslide, to describe the possible
influences of the transitional regime on these features.
One characteristic of deep-seated landslides lies in their movement patterns, which
have been widely investigated over recent years (Pasuto and Soldati, 1991), although
the depth of movement makes investigation of the mechanisms operating difficult. All
deep-seated movements in argillaceous rocks involve long-term creep movements.
These have been variously termed 'creep' (Terzaghi, 1950); 'depth creep' (TerSepanian, 1977); 'deep-seated slope deformations' (Malgot, 1977) and 'gravitational
creep' (Radbruch-Hall, 1978). Such deformations involve slow movements originating
at dept and differ from the rapid phase of deformation that Terzaghi described as the
'landslide' phase.
Pasuto and Soldati (1990) investigated the processes and structures characterised by
these deformations.

Of the deformation processes these studies have shown that

'shear planes are not recognisable in the deepest parts of the slope; the latter, instead,
appear to be affected by plastic deformations along bands characterised by shear
surfaces.'

Thus deformation in this creep phase appears to be characterised by

plastic or ductile deformation.
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Pasuto and Soldati (1990) also describe the landslide phase of Terzaghi (1950) thus:
'In most cases the first deformation phase is naturally followed by a sliding phase
within which shear planes are recognisable.' Thus the phase of plastic deformation,
which occurs at depth but is recognised on the ground surfac as slow creep, may be
terminated by brittle failure and the formation of a shear surface. As the friction on
the shear surface is less than the shear strength of the rocks, rapid deformation
occurs, resulting in catastrophic motion of the landslide mass.
Thus the behaviour of deep-seated landslides appears to behave in a manner that is
identical to that of the mudrock samples discussed in chapter 8. The creep phase of
deformation is identical to the micro-cracking phase of the Lonpart experiments. In
the experiments this phase was terminated by brittle failure and rapid strain
weakening, in the landslides this represents the 'landslide' phase of movement.
Having described the theory behind the movement of deep-seated landslides, the
following section will describe the movements of one particular landslide, the Vaiont
slide of Northern Italy.
The rapid growth of Italy In the period of post-war reconstruction of industry led, in the
mid 1950's, to large demands for hydro-electric power. Between 1956 and 1960 a
large (220 m high) concrete arch dam was constructed in the Vaiont valley of the
Italian Alps to permit the generation of hydro-electric power to supply the demands of
Milan and Turin (figure 9.5.1). The dam was built in a narrow valley situated in the
axis of a gentle syncline of clay-rich Jurassic limestones (figure 9.5.2). During the
planning phase of the project a large, relict landslide was identified in one wall of the
valley. It was thought that this landslide dated from the immediate post-glacial period
and that it was relatively stable.
Filling of the reservoir commenced in 1959. During the initial phase of impoundment
monitoring of movement in the valley walls was undertaken.

In September 1960

movement was detected in the walls of the left bank of the gorge which, by November,
had reached 3.5 cm per day (figure 9.5.3). As a result the level of the reservoir was
reduced (figure 9.5.4) to 600m a.s.l. As water level fell so did the rate of movement.
On 4th November 1960 a major landslide occurred when 700,000 m^ of material
slipped from the left bank into the reservoir in 10 minutes. Simultaneously a long M
shaped fracture opened high on the walls of the left bank. As this area was clearly
unstable, and having determined that a very large volume of rock was involved, the
dam designers undertook a stabilisation programme.

This involved inducing slow

movements of the landslide mass by slowly raising the water level in the reservoir.
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The engineers accepted that the movement of the landslide mass could possibly
bisect the reservoir, necessitating the construction of a by-pass gallery around the
affected area such that the reservoir could be drained.

However It was felt that

movement of the mass could be controlled such that the mass would enter the
reservoir slowly.
In September 1963 the level of the lake had reached 710 m, when rates of movement
rapidly accelerated. In reaction the level of the lake was rapidly reduced. However on
9th October 1963 a catastrophic failure occurred. A mass of rock estimated at 250
million m^ slid into the reservoir at a velocity of up to 25 m / second, displacing a wall
of water which over-topped the dam at a height of 250 m and subsequently killed 2500
people in the valley below.
Whilst Initial investigations of the landslide suggested that failure had occurred in thin
layers of clay within the limestone, subsequent investigations have suggested that this
is not the case (Jaegar, 1980; Pasuto and Soldati, 1990).

The surface of sliding is

described by Jaegar (1980) as 'a zone probably several metres thick'. In the vicinity of
the shear surface clay-rich mylonites have been found. Whilst in places the shear
surface was defined by bedding planes, in other places it had cut through strata.
Analysis of the borehole data collected for the slide mass before the catastrophic
failure suggests that no distinct shear surface had developed during this phase.
Jaegar (1980) suggests that deformation was through a

phase of "visco-plastic

discontinuous rock creep, or flow'. This was terminated on the night of 9th October
1963 by ' a short-lasting brittie fracture on the lower part of the slide'.

Thus the

behaviour of the Vaiont landslide conforms to the two phase movement pattern
described above and suggested by the experimental study. Natural materials in the
base of deep-seated landslides appear to undergo phases of creep in which
deformation is occurring at constant stress.

Such deformation appears to be

dominantly plastic, fitting the behaviour of the laboratory specimens. This phase of
plastic deformation may display changes in the rate of movement as minor changes in
pore pressures occur (as at Vaiont). However deformation can continue at constant
stress and strain. This period of movement will be terminated by brittle failure and
abrupt strain weakening as a fracture is formed, potentially leading to greatly
increased rates of strain. Importantly, catastrophic failure can occur as a result of the
growth of micro-cracks and does not necessarily need any change in the stress state
of the landslide system. Thus a deep-seated landslide that has been creeping at
constant velocity for long periods can undergo catastrophic failure without changes to
the applied stresses or pore pressures.
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Inevitably the above discussion of

the behaviour of the Vaiont landslide and its

relationship to the transitional regime behaviour of mudrocks is speculative.

The

behaviour of the Vaiont slide, and other deep-seated landslides, is similar to that
described by transitional regime behaviour. Additionally, fieic studied of the zones of
deormation suggest that the mechanisms are a combination of brittle and ductile
deformation. If the new model does explain the deep-seated landslide phenomena
then a key consideration in predicting their future movements will be the amount of
accumulated strain, as the model suggests that catastrophic failure can occur with no
change in the stress state.

9.6 Reservoir Subsidence
Subsidence in hydrocarbon reservoirs is a consequence of a reduction in the
pore pressure in the reservoir, which leads to an increase in the effective stress and
a resulting deformation. In chalk, this deformation often induces yield, leading to
pore collapse and a large accumulation of strain. It is this accumulation of strain
that is transferred by the overburden rocks to the surface, leading to subsidence of
the overlying land (Leddra, 1990). Such a compaction mechanism is not limited to
chalk, and has been demonstrated in reservoirs composed of sandstones (Jones et
al., 1992). Whilst there is a potential benefit in allowing reservoir subsidence of
enhanced production due to compaction drive, there are major problems related to
settling of the sea floor or land surface. In the case of Ekofisk, subsidence became so
severe that elevation of the production complexes was required to retain the required
safety margins.
As subsidence may have such a large potential cost there has been a requirement
for

the development of finite element models to simulate the mechanics of the

subsidence problem. Such models allow the prediction of subsidence Into

the

future, and thus permit the planning of production strategies. Such a model is
described in Leddra (1990), in which a detailed finite element model was developed
for the Ekofisk reservoir, allowing analysis of future subsidence problems. This model
was based on the laboratory determined properties of the chalk that constitutes the
resen/oir. However, simulation of the overburden was also required. In the absence of
any mechanical data, the overburden was assumed to be 'an elastic sheet
stratified material properties and limited under-drainage'.
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with

The prediction for reservoir compaction made in Leddra (1990) (figure 9.6.1) has
not been followed by the reservoir, as the model suggests that by the early 1990s
the subsidence would be slowing to almost zero, whereas subsidence at the sea
floor is not reducing (M. E. Jones, pers comm, 1994). Whi!./. some of the difference
between the actual and modelled subsidence is explainable by problems with the
basic rock mechanics, most notably the alteration on the behaviour of chalk due to
the presence of different pore fluids (Jones and Mathiesen, 1993), It is possible that
some of the difference is attributable to unexpected behaviour in the overburden.
This is supported by examination of figure 9.6.2, which shows the models prediction
of surface subsidence compared with that of the reservoir. The difference between
these two graphs is due to the way that the overburden transmits the strain. Clearly
the assumption that the overburden is a purely elastic material Is erroneous, and may
account for some of the differences between real and predicted behaviour.
A further problem arises in the behaviour of the mudrocks towards the periphery of the
reservoir. Due to the spatial variations in displacement as a result of the compaction,
shear

stresses

are induced in the overburden, the magnitude of these shear

stresses are likely to be considerable due to the large shear stresses involved.
Under such shear stresses, deformation is assumed to be elastic by the model of
Leddra (1990). Under the model of Leddra (1990) the compressive and tensile
stresses in the overburden generated by the compaction are in the order of up to
2.5 MPa, although locally they may be greater. These stresses are the same as the
deviatoric stresses in the experiments, and under the normal stresses operating in
the reservoir are unlikely to be sufficient to

exceed the dominantly

(phase I) deformation. However, in the event of the apparently much

elastic
larger

deformations that are being displayed by the reservoir at present, the deviatoric
stresses will be much greater. These stresses may be sufficiently great to induce
failure.
It has been assumed by many reservoir engineers that failure in overburden rocks at
this depth would be through ductile deformation.

The results of the current study

suggest that the overburden shale might still be in the brittle or transitional regime.
If the rock underwent the transitional type of deformation, there would be a
spell of apparently ductile deformation in which the rock accumulated strain at
constant stress. However, this would be followed by rupture (brittle failure) and a
rapid strain weakening event that would lead to the accumulation of large strains and
the sudden development of a discontinuity

(shear plane). This sudden strain

weakening could have two consequences for the reservoir:
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8 0

•

Rapid strain weakening would accelerate the accumulation of strain.

Atthe

surface this could be reflected in an increase in the rate of subsidence.
•

The opening of a discontinuity in the overburden rock could possibly provide a
fluid pathway for the escape of the hydrocarbon into the overburden. Such
fluid escape could reduce the possible yield of the reservoir.

•

Casing failures in the well.

In addition, the opening of the fracture could allow the dissipation of fluids in
the remainder of the overburden rock mass.
large

The overburden is known to maintain

over-pressures (figure 9.6.1) (Leddra, 1990), probably as a

result

of the

maturation of hydrocarbons and the associated gas cloud. The provision of a pathway
for the escape of the fluids may allow the dissipation of some of the pore fluids,
inducing compaction of the overburden rocks. The amount of compaction is difficult
to calculate as the compaction in this case would be virgin consolidation whereas
the experimental data in the current study must represent

reloading, and

the

compaction would be expected to be localised in the vicinity of the fractured rock
mass. However, it illustrates that assuming that the overlying rock mass is elastic and
will behave in a laterally homogeneous manner is potentially dangerous.
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Chapter 10
Conclusions

Chapter 10: Conclusions

10.1 Main Conclusions
There are very few detailed studies of the behaviour of sedimentary rocks in the
geologically relevant 1 - 70 MPa stress regime.

The lack of experimental data is

surprising considering the Importance of deformation mechanisms in the upper 3 km of the
Earths crust.

It is hoped that this study has added significant data to the pool of

information and that, by examining in detail the nature of the transition between brittle and
ductile response in mudrocks, a number of geological phenomena have been explained.
Most significantly, the author has presented an explanation for the formation of scaly
clays that fully explains all of the known occurrences.
The main conclusions of this research are as follows:
Great care is needed in the selection of sample size when testing mudrocks. The
behaviour of mudrocks appears to be sensitive to the size of the sample used..
Some mudrocks appear to be bonded and therefore have a yield point that may be
determined during experimental oedometric compaction. This yield point appears
similar to the pre-consolidation point determined In oedometric compaction of over
consolidated materials, but is fundamentally different. Accurate measurements of
yield and pre-consolidation points cannot be determined from isotropic stress paths.
The Kimmeridge Shale data-set of Leddra et al. (1992) indicated that the yield / preconsolidation pressure for this material was at approximately 3.4 MPa.

Re

interpretation of this data, and comparisons with estimated burial depths and
previous studies of the mechanics of Kimmeridge Shale (Swan et al., 1989) suggest
that this is anomolously low.
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The London Clay displays a five phase response to undrained shear deformation.
This five phase deformation is interpreted as the transitional regime between brittle
and ductile response.
Phase III deformation in the transitional regime is marked by the semi-ductile
deformation of the sample.

In this phase deformation remains

distributed

throughout the body of the sample, but strain is accommodated by the growth of
micro-cracks through the sample body. Phase III deformation Is terminated by the
coalescence of the cracks to form a single fracture, at which point the sample
undergoes brittle failure.
Similar transitional regime deformation behaviour to that described for the London
Clay is also shown by other mudrocks, including Kimmeridge Shale (data of Leddra
et al., 1992) and Boom Clay (data of Taylor and Coop, 1993; Horseman et a!.,
1993).
The growth of micro-cracks In transitional regime deformation is also described for
materials as diverse as concrete (Chen. 1985) and oolitic limestone (Donath et al,
1971).
In the transitional regime, the shape of the failure envelope may change from linear
to curved in form as a result of the different deformation mechanisms that are
operating in the sample. Whilst the author has not interpreted the position of the
residual strength envelope due to problems associated with calculating the residual
strength of brittle samples, it would seem unlikely that the residual stable state line
would have the same gradient as the reference state (remoulded) critical state line
as different deformation mechanisms must be operating.
The formation of mudrock fabrics may be accommodated by the transitional regime
model.
Scaly clays are possibly a phenomena that results from deformation under
transitional regime conditions. Scaly clays show a pervasive pattern of brittle
fractures, similar to that described in the London Clay samples after testing. Thus it
is proposed that scaly clays are the result of tectonically-induced shear deformation
under transitional regime conditions.
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10.2 Suggestions for Future Research
The following Improvements on the research are suggested:
Compaction:
•

The influence of stress path on the yield / pre-consolidation point needs to be
determined by undertaking a detailed set of stress path experiments on a range of
mudrocks.

•

The nature of mudrock bonding needs to elucidated. It is important to discover
whether mudrocks are over-consolidated or whether their strength is derived from
inter-particulate bonding.

Cathode-illuminescence could be used to

determine

whether carbonate cement is present for example.
•

Compaction experiments should be undertaken on a remoulded material with an
artificial cement.

This should allow the nature of yielding in mudrocks to be

ellucidated and should shed more light on the nature of pre-consolidation points.

Shear Deformation:
•

Shear deformation needs to be undertaken on a wider range of materials to
investigate the applicability of the transitional regime model to other mudrocks.

•

Detailed studies need to be undertaken of chalk to investigate the mechanisms for
the failure of this material and to elucidate the nature of the transitional regime
response. In particular, tests should be undertaken on soft chalks that have been
prepared in the soils lathe to if the reason for the slightly unusual behaviour is the
coring process used in sample preparation.

Field
•

Further investigations should be undertaken to investigate the frequency and
occurrence of scaly fabrics, and to try to derive the stress history of them. This
should provide more information on the processes that occur in their formation.
The fabrics of mudrocks within fold structures should be compared with that of scaly
clays to see whether the two are in any way similar.
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Appendix 1: Atterburg Limits for the Samples

Material

Moisture
Content (%)

Plastic
Lim it

Liquid
Lim it

Plasticity
Index

London Clay

28.8 - 33.0

32

67

35

Joe's River Formation

17.1 -19.2

27

52

25

Lichi Melange

21.0-22.4

23

45

22

N.B. Index tests could not be conducted on the North Sea Eocene Shale

