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Abstract.

Abstract

Triaxial and hydrostatic deformation experiments have been conducted on

Darley Dale sandstone, Penmaenmawr microgranodiorite and Gypsum, to

investigate,

(i)

(ii)

(iii)

(iv)

(v)

compaction and dilatant mechanisms occurring during
deformation under a variety of stress conditions, (triaxial and

hydrostatic),

the effect of confined fluid flow conditions (undrained), on

triaxial deformation characteristics of sandstone,

the effects of varying the Upstream Reservoir Volume - URV,
(necessary to measure pore fluid pressure), under undrained
conditions on the deformation characteristics of sandstone. The
different volumes are analogous to different permeabilities of
surrounding (capping) rocks in the crust, since a degree of fluid

flow is permitted into the URV depending the URV size.

the effects (mechanical and chemical) of fluid (water) on
deformation by varying pore fluid pressure and temperature
during suites of drained and undrained triaxial deformation

experiments, and,

the mechanisms occurring during drained dehydration of
gypsum, and during the triaxial deformation of undrained

dehydrating gypsum.

Results from drained and undrained hydrostatic compaction of Darley Dale

sandstone show a smooth concave hydrostat indicating no pore collapse up

to a confining pressure of ~450MPa. The unloading curves indicate restricted

fluid outflow - a consequence of compaction induced low permeability. The

elastic and inelastic components of pore volume loss under this pressure
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range is determined. Mean stress induced compaction is shown to be chiefly
elastic below 500MPa confining pressure. Analysis of the data using
established poro-elasticity theory shows that from experimental and published
rock bulk moduli data, and corrected Skempton B co-efficients (from
undrained compaction data), drained pore fluid volume loss under a uniform
mean stress can be predicted. Drained compaction results on Penmaenmawr

microgranodiorite are also presented.

Drained pore volume compaction data is also used in conjunction with pore
volume data from triaxial deformation experiments to examine the
components of pore volume change attributable to compaction and to
dilatancy. The results indicate that under cataclastic flow the majority of
compaction is deviatoric stress induced and is largely inelastic. The form of
the dilatant pore volume increase curve during brittle faulting deformation at
the onset of acoustic emission is found to be exponential, corroborating its

connection with acoustic emissions which also initially increase exponentially.

Results on drained and undrained triaxial deformation experiments on Darley
Dale sandstone indicate that a confined fluid mass environment (low
permeability in surrounding/capping rock) causes a variation in effective
confining pressure during deformation which can change the deformation
mode from brittle faulting failure to cataclastic flow. A large fluid system
volume necessary to monitor fluid pressure (the Upstream Reservoir Volume -
URV) causes transitional deformation behaviour between that expected under
completely undrained conditions and drained conditions. Extrapolation of the
URV variation data has allowed an attempt at determination of a URV
correction factor to predict pore fluid pressure change under zero URV. The
pore fluid pressure change due to the initial application of differential stress
(divided into deviatoric stress and effective mean stress) is presented in three
dimensional space. The plot allows compaction as a function of either of
these stresses to be viewed. The result is valid only for the suite of tests
used, although the method is valid for all conditions, and indeed is used in this

study for a large suite of experiments.
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A suite of drained and undrained triaxial deformation results are analysed in
3-D space of pore fluid volume, deviatoric stress, and effective mean stress.
The results show how the effect of the URV on effective and deviatoric stress
causes the rock to behave with different apparent poro-elastic properties.
The drained surface (plotted independently of undrained data), confirms that
deviatoric stress causes compaction (under constant effective mean stress)
during cataclastic flow, and dilatancy during brittle faulting failure.
Quantification of the surface has implications for rock poro-elastic behaviour

prediction under any stress field.

The effect of elevated temperature of the deformation on sandstone and
microgranodiorite is presented, and a decrease in the brittle/cataclastic
transition pressure with temperature of 1MPa/11°C is found. The effect is
attributed to thermal cracking of the rock matrix.

Finally, results of a study on the factors affecting the dehydration of gypsum
is presented. The results indicate a complicated interaction of chemical
dehydration, compaction assisted fluid flow, and pressure assisted
permeability increase restricting fluid flow, as found by other workers.
Disentanglement of this interaction is not attempted since it requires further

experimentation.

The experimental programme necessitated the modification of a high pressure
triaxial deformation cell to allow pore fluid volume and pressure measurements
to be made simultaneously with acoustic emissions and axial stress and strain
on deforming rock specimens. The modifications, and associated equipment

and technique developments are described.
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Section 1.1.

CHAPTER 1. INTRODUCTION.

1.1. Introduction and Objectives of the Study.

The behaviour of crustal rocks as cracked porous fluid filled media under the
influence of imposed lithostatic and fluid stress conditions is of vital
importance to industries and researchers concerned with understanding and
controlling rock deformation in fields such as hydrocarbon extraction, mining,
civil engineering, radioactive waste storage, and understanding earthquake
nucleation & crustal evolution processes. Furthering the understanding of the
mechanisms responsible for brittle deformation is a goal of researchers around
the world, and this project makes a contribution to that goal through improved
experimental capabilities and examination of dilatancy and compaction
mechanisms during deformation under crustal stress and temperature

conditions.

Polycrystalline rock is comprised of a matrix of mineral particles, spherical
pores, and microcracks. It is the presence of voids in rocks, their effect on
local stress concentration due to far field stresses, and the subsequent
nucleation, growth and eventual interaction of microcracks, which is
responsible for brittle rock deformation. In the laboratory, specimens of rock
can be subjected to conditions of confining pressure, pore fluid pressure, and
temperature in an attempt to reproduce crustal conditions and study these
complex micro-mechanisms. Imposing full triaxial crustal conditions allows
the material properties of the rock to be analysed in a natural sub-surface
state. Scaling problems often encountered with rock strength analyses
(laboratory specimen to crustal scale) are less significant with material
property analysis, and so the results obtained are of direct relevance to the

earth science industries mentioned above.

The study uses pore volumometry and acoustic emissions to monitor damage
accumulation and changing crack and pore volumes in saturated deforming
porous crustal rocks to study the effect of fluids on rock deformation through
mechanical and chemical processes. Complex feedback mechanisms occur

24



Section 1.1.

in rock under undrained conditions concerning the growth of microcracks (pore
volume increase); crack growth reduces pore fluid pressure, increases
effective stress and hence changes the stresses upon which the mechanisms
of microcrack growth depend. Combined with other factors also influential in
controlling the deformation process, (i.e. temperature, rock permeability,
mineral fracture toughness, fluid flow conditions - i.e. drained or undrained),

the mechanisms of fluid/rock interactions are complex.

In order to conduct the experimental programme, the development of
equipment capable of controlling and monitoring fluid pressure and volume
changes in deforming rock specimens was necessary (section 1.3.). This has
allowed a comprehensive experimental study to be conducted to elucidate
aspects of fluid/rock interactions in the deformation process, and to examine
changing pore and crack volume (due to axial deviatoric stress (o,-0,,
hereafter referred to simply as deviatoric stress), and effective mean stress),
during deformation under a range of crustal stress and temperature conditions.
The results are analysed and interpreted in terms of established poro-elasticity
theory and the behaviour of a cracked porous solid in which cracks/pores may
change both elastically and inelastically. Results are presented in detail in

chapter 6 and general conclusions are contained in chapter 7.

1.2. Experimental Programme.

Throughout the study 199 separate experiments were conducted, logged and
analysed. Of those, =140 yielded sufficiently complete data sets to be of use.
The range of experiments conducted address a variety of fluid/rock

deformation problems. These are described below.

> A comprehensive series of drained and undrained triaxial deformation
experiments on Darley Dale sandstone up to confining pressures of
375MPa and fluid pressures of 350MPa. The results describe the effect
of a changing fluid pressure (undrained) on the deformation of porous
sandstone compared with constant fluid pressure (drained), and

changes in pore volume/pressure during cataclastic flow of porous
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sandstone. Analysis of mean stress, deviatoric stress, and pore fluid
volume for the suite of experiments has been undertaken to examine
deviatoric and mean stress induced changes in pore volume through

mechanics of dilatancy and compaction.

> Extension of the above programme to investigate the effect of
temperatures of up to 400°C on the deformation of Darley Dale
sandstone and Penmaenmawr microgranodiorite under both drained and

undrained conditions.

> An analysis of drained and undrained hydrostatic compaction on both
Darley Dale sandstone and Penmaenmawr microgranodiorite under a
variety of stressing rates and cyclical peak stresses up to 450MPa. This
isolates the mean stress induced compaction component of pore fluid
volume loss for analysis independently and in comparison with triaxial

deformation resuits.

> A suite of undrained triaxial deformation experiments varying the fluid
system volume outside the vessel (necessary to monitor changing fluid
pressure, called the Upstream Reservoir Volume - URV). The effect of
a variety of URV’s on pore fluid pressure change is observed, and
results allow prediction of pore fluid pressure changes under zero URV

to be attempted.

> A suite of dehydration experiments on gypsum monitoring the increase
in fluid volume. Factors affecting dehydration rates and triaxial

deformation of dehydrating gypsum are investigated.
1.3. Equipment Development.
The extreme crustal conditions possible using the high pressure gas medium
rock deformation cell at the Rock and Ice Physics Laboratory are 1400MPa

confining pressure, 1000°C temperature, and 700MPa pore fluid pressure. At

the outset of the study, the equipment was set up to measure acoustic
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emissions and either, (i) P- and S- wave velocity or, (ii) pore fluid volumometry
(pore fluid intensifier sited remotely from pressure vessel). For the proper
investigation of dilatancy and compaction under undrained triaxial stress
conditions the c/ose coupling of the pore fluid intensifier with the deformation
cell was vital. The integration of previously independent logging systems, a
redesigned pore fluid upper ram, a ram-leak testing device, and extensive
modifications to the pore fluid supply and pressure transducer arrangement
was an integral part of this equipment development programme. The existing
high temperature furnace was also recommissioned for the study. The overall
equipment development work demanded extensive calibration testing
programmes. Prior to the experimental programme, modifications were also
carried out to the manufacturing technique of the soft copper jackets (required
to protect rock specimens from confining pressure gas), to computer logging
software, and to the 1400MPa confining pressure pump. The present study
used the equipment to limits of 450MPa confining pressure, 400°C temperature,
and 350MPa pore fluid pressure. Details of the equipment development

programme are contained in chapter 4.

1.4. Arrangement of the Thesis.

The thesis is divided into six further chapters following this introduction.

They discuss in turn;

(i) the micro-mechanisms by which dry and fluid filled porous rocks
deform and theories describing rock deformation,

(i) the effect of fluids in the crust,

(ili)  equipment used and modifications undertaken during the study,

(iv)  techniques developed in the study,

(v) the experimental programme undertaken, results, discussion and
conclusions, and finally,

(vi)  conclusions and comments on the results of the study, and

future work possibilities.

The contents of each chapter are presented in more detail below.
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Chapter 2 forms the background to rock deformation studies. It begins by
describing the microstructure of polycrystalline rocks. Rock, considered as
a matrix of mineral grains, spherical pores, and microcracks, is then discussed
in terms of poro-elasticity theory. Deformation mechanisms (for rocks with
and without fluids) based on empirical data is then considered, and the
theories of brittle crack growth in rock is reviewed. Recent continuum
damage models are then reviewed, and the chapter concludes with holistic
view of porous rock deformation and the evolution of crack damage as

monitored by measurement of changing rock physical properties.

Chapter 3 briefly describes the role of fluids in the crust. Fluid sources are
considered along with fluid driving forces. The effect of fluid both
mechanically and chemically on the behaviour of rocks under crustal pressure
and temperature conditions is discussed. This chapter attempts to connect

problems of fluid in the crust with the experimental rock physics research.

Chapter 4 describes the equipment used in the study. Calibration of
equipment, and modifications to the pore fluid pressure intensifier, to the high
temperature furnace, and to the logging system are described. Acoustic
emissions technology and techniques are discussed, and new component

design and commissioning is presented.

Chapter 5 describes specimen preparation techniques, experimental

procedures, and research techniques developed throughout the study.

Chapter 6 describes, discusses and analyses the results. It is divided into 6
discrete sub-sections, each of which deals with a certain aspect of rock
deformation as monitored by pore volumometry. Each sub-section is self
contained with a relevant review section, discussion, analysis, and a note on
pertinent future work possibilities. Section 6.1.1. describes these sub-sections

in more detail.

Chapter 7 contains the general conclusions of the study and future work

possibilities.
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CHAPTER 2. MI TRUCTURE OF ROCK RACKS A
POR MICRQ-MECHANI F FAILURE
FLUID/ROCK INTERACTIONS, AND DAMAGE
M A - VIEW.

2.1. Introduction.

The deformation and failure of rocks under stress is complex and depends on
many environmental factors such as, confining pressure, pore fluid pressure,
temperature, applied differential stress, and rate of stress change. Internally,
the porosity and pore structure of the rock affects pore fluid pressure change
during deformation and hence alters the deformation characteristics of the
rock through the law of effective stress. Whilst much is understood about the
response of porous materials to internal fluid pressure and external confining
pressure, (presented here), much remains outstanding and the need for

experimentation continues.

In order to assist the understanding of this complex interplay of mechanisms,
Chapter 2 addresses the physical processes of deformation leading up to rock
failure -rock compaction, microcrack nucleation, crack extension & linkage,
and coalescence of microcracks. Theoretical models based on these
concepts, from the earliest to the most recent, are reviewed, and the
application of some of these processes with respect to earthquake fauliting
and fluid flow in the crust are reported. Finally, experimental methods used
in this study and elsewhere, to examine fully these processes during

deformation are presented.

2.2. Micro-Structure of Rocks.

Rocks are formed from an assemblage of minerals of different chemical and
physical composition. [t is the behaviour and interaction of these packed

mineral particles, and moreover the pores and microcracks between the

grains, that dictate the gross behaviour of the rock. The mode of formation
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of a rock has a large effect on pore and crack micro-structures, and hence on

the gross behaviour of rock under stress.

Igneous rock crystallisation occurs either on the surface of the Earth (volcanic
igneous) or beneath the surface (plutonic igneous). Different cooling
temperatures and durations control crystal grain size - a smaller grain size
resulting from rapid cooling. Because igneous rocks crystallise in-situ, a tight
structure without pores generally resuits (the exception is rock containing
dissolved gases - e.g. basaltic magmas - which generate pores from enclosed
bubbles). The tight matrix created causes porosity to be as low as 0.1%
which is often comprised of fully or nearly closed intergranular cracks.
Fractures in igneous rocks generally occur subsequent to rock formation, and
although they are often of low aspect ratio (minimum dimension < < maximum
dimension), their interconnecting nature can allow a permeability that is

surprisingly high for such a low porosity.

Sedimentary rocks are most commonly a collection of previously weathered,
eroded and transported (rounded) particles, and the energy of the depositional
environment (water or wind blow) dictates the grading of the rock particles
(grains). A high energy environment causes only one particle size to be
deposited at a given location, resulting in a we// graded rock (high porosity -
0.4-0.45), whilst a low energy environment allows many particle sizes to be
deposited at one location, resulting in a poorly graded rock (lower porosity).
Initial porosity is controlled by three main factors, (i) grain size, through
enhanced gravity assisted settlement of the larger grains - smaller grain sized
sediments do not compact until pressure assisted, (i) grain shape, through
frictional resistance to gravitational settlement from rough surfaced grains,
and, (iii) grading, poorly graded sediments allow smaller grains to fit between
the larger grains, therefore reducing porosity without decreasing overall
packing of the large grains.

Upon gradual burial, overburden pressure and elevated temperature

overcomes grain friction and cohesive forces in the sediment to cause

consolidation, compaction and diagenesis.
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> Consolidation is the rotation and rearrangement of particles reducing
the void ratio and expelling interstitial fluid. @ The amount of
consolidation possible is limited by the grain size; larger grains
consolidate more up to a minimum porosity of ~0.4. For grains
< 100pm, minimum porosity increases sharply, (Guéguen & Palciauskas
1994) consolidation is less important in sandstones than in other
sediments such as shales, due to the high grain friction and large

particle size of sandstone.

> Compaction is the principle porosity reduction mechanism, and involves
the deformation of grains through physical damage and chemical
alteration; a mixture of different particlés under compressive stress and
in a potentially foreign pore fluid creates an environment in
disequilibrium which is then the subject of grain fracturing and mineral
dissolution/precipitation. The latter process moves mass locally and/or
great distances, and is the cause of siliceous and carbonaceous grain

cements in sandstones.

> Diagenesis is a form of low-grade metamorphism involving the growth

of new minerals from fluids leading to the cementation of grains.

The most significant effect of tectonic stressing in the crust is the
development of microcracks within rock. Microcracks are openings with two
dimensions much larger than the third. They are categorised in groups

dependent upon their location and path.

> Grain Boundary or Intergranular cracks run between grains, sometimes
entering grains at high angles (non-coincident cracks) or remaining
between the grains (coincident cracks). They are long, thin, and often
closed. Their aperture is usually greater than for intra-granular cracks,
and their orientation may vary approaching a grain boundary. In porous
sedimentary rocks they may follow stress paths passingbetween grains
at the grain contact points. They are the result of mechanical loading

or thermally induced fracturing.
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> Intra-granular Cracks occur within grains. They are slot like cavities
with blunted ends, often tortuous, with an aspect ratio of 102 to 10™.
Crack aperture is as low as 1um. They are often known as cleavage
cracks, which are cracks confined to a particular plane of the crystal
lattice, extremely sharp, and parallel except where they merge with

uncracked material.

Cracks can have a significant effect on rock mechanical and physical
properties - e.g. elastic and inelastic strain under load, peak stress,
permeability, elastic wave velocity. Crack population orientations are often
anisotropic, in response to an anisotropic stress field, and when considering
certain physical properties such as elasticity, permeability and electrical
conductivity, values are often directional and scale dependent (within a
certain range). For this reason, effective properties are often used to describe
the mean macroscopic properties of rock for three directions, whilst mini- and
microscopic variations are neglected, (Paterson 1978). The internal surfaces
of cracks and pores also strongly affect physical behaviour, i.e. surface

roughness is particularly important.

The importance of surface roughness concerns the ability of a crack to open
and close elastically with having to crush mismatched asperities and debris;
this affects porosity loss under hydrostatic load. Roughness can be
characterised by the distribution of asperity maxima. This can be

characterised by the use of fractals (Main et al, 1990).

The relationship between rock microstructure and rock physical properties is
complex, and requires knowledge of the shape, structure and inter-
connectivity of the pores and cracks. This information has to be inferred
indirectly from measurements such as porosity, specific surface area,
electrical conductivity, and permeability, These physical properties can be

measured during deformation, (section 2.7.).

2.3. Poro-elasticity of Rock.
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In describing the behaviour of porous media under the effect of stress,
elasticity must be generalised to poro-elasticity, and when considering the
effect of a fluid phase on porous media the question of drained or undrained
conditions must be considered; i.e. whether fluid pressure or fluid mass is the
independent variable, (section 2.4.3.4.). Explanation of the effective stress

law is necessary before further analysis.

2.3.1. Effective Stress Law for Undrained Hydrostatic

Compression.

Considering fluid in the pores and cracks of a rock with fluid mass (m), and
fluid density ('), and fully saturated when fluid volume equals pore volume
(v=®); compressibility of the fluid component of the two phase (fluid filled)
rock system will depend upon the bulk modulus of the fluid (K,), and pore fluid

pressure (p). The effective confining pressure (P.’) is defined as;

P =P, -ap (2.3.1.a.)

Where p is the pore fluid pressure, and a is a constitutive relation of poro-
elasticity - the effective stress co-efficient. When a =1, the effective pressure
is equal to the difference between the confining pressure and the pore fluid

pressure. Otherwise a is found by;

a=1-K/K, (2.3.1.b.)

where K; is the bulk modulus of the solid part of the rock, and K is the bulk
modulus of rock with pores - the rock "skeleton” or "frame". This equation
is derived from an analysis proposed by Nur & Byerlee (1971), presented

below.

Considering a single pore within a medium subject to external pressure P, and
internal pressure p as per the illustration in fig. 2.3.1.a. The volumetric strain
is a function of the bulk modulus of the frame of the rock with empty pores

under the effect of the simple effective pressure (P, - p). i.e.
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When subject to an
internal fluid
pressure equal to
the applied
hydrostatic
pressure (P,=p),
volumetric strain is
governed by the
bulk modulus of
the solid part of the
rock, ignoring the
pores as full with
fluid and of equal
pressure to the
external applied
pressure. Because
the modulus of
solid without pores

is K,
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{6VIV}een = (€wdiem = - (P-P)/K (2.3.1.c.)

y

(c)

Fig. 2.3.1.a. Solid with pore subject to pore fluid pressure (a)
effective confining pressure (b), combined in frame (c), (After
Guéguen 1994).

{6V/V}(pc=p) = (ekk)(Pc=p) = 'p/Ks (2.3.1.d.)

As linear theory is used, the two conditions can be superimposed when

different external and internal pressures exist, such that;

{6V/V}(Pc=/=p) = (ekk)(Pc=/=p) = - (Pc - p)/K - p/K, (2.3.1.e.)

or;

€« = - (P;ap)/K = - P, /K, (2.3.1.f.)

where a is as per equation 2.3.1.b.
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For porous rocks when K,>>K, and a-0.9. However, for rocks of low
porosity where K—K,, a can approach 0.6. For Darley Dale sandstone a=

0.75-0.85 dependent on the effective confining pressure.

2.3.2. Poro-elastic Constants for Drained and Undrained

Hydrostatic Deformation.

For drained conditions, the fluid mass in the rock remains constant whilst its
volume varies with deformation. Stress/strain relations are the same as in
ordinary elasticity and the law of effective stress applies. Under hydrostatic

compression the strain € is proportional to the stress o by;

€= 0'/K (2.3.2.a.)

Where 0’ is the effective hydrostatic stress.

Under undrained conditions the value of pore fluid pressure change is
determined by the internal deformation of the medium. In this instant
effective constants (denoted by subscript u), are used to describe the
behaviour of the rock/fluid system under stress. Such that K is replaced by

K, - the bulk modulus due to the combined fluid and solid phases, hence;

e= o/K, (2.3.2.b.)

The concept of effective pressure is of little use because the pore fluid
pressure is unknown and changes in response to volumetric strain of the rock.
The change in pore fluid pressure (dp), is a function of the bulk modulus of
the fluid/rock system K,, the bulk modulus of the solid rock matrix K, and a,

by;
op = -{(K, - K)/a}.€ (2.3.2.c.)

Combining 2.3.2.3. and b., introducing an independent co-efficient B called the
Skempton B Co-efficient, (Skempton 1954), and rearranging for B results in;
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B = 1/K,.{(K, - K)/a} (2.3.2.d.)

l.e., the fluid pressure increase can be expressed in terms of an increase in
hydrostatic confining pressure for undrained conditions, and the Skempton co-

efficient.
ép = -B.(o) (2.3.2.e.)

Linear poro-elasticity, therefore depends on the independent rock constants;
K, K,, and a, (with g - the shear modulus - used in shear stress analysis,

although y,=u).

K can be obtained through drained (or dry) hydrostatic experiment, and K,
obtained through hydrostatic undrained experiments measuring the pore fluid
pressure generated. K, is a function of K, K, and ¢. Without explicitly
deriving K,, it can be related to K when under the special case of P,=p. Under
these conditions the rock is subject to a homogenous pressure, "appears”
homogeneous and without pores, and of bulk modulus K,. Based on equation

2.3.1.g., after rearranging for K ;
K, = K + &/l(@/K) + ((a - p)/K,)] (2.3.2.f.)

It should be noted that physically, K, is dependent on pore shape although a

term accounting for this does not appear in the above relation.

In the drained case, the fluid mass will change during hydrostatic stressing as
a functior::bulk strain of the rock and pore fluid pressure. From an internal
energy analysis of the rock under infinitesimal strains, (Guéguen 1994), the
change in fluid mass can be expressed as;

om=m-m, =a.nN.e + Ap (2.3.2.g.)

The constant A is obtained from the conditions that when ém=0, p=p, (p,is

the pore fluid pressure rise under undrained conditions). The fluid volume

36



Section 2.3.

change is found by considering the change in density (6N) as a function of
p, where dm=nN.48v + v.dN, (8v is the change in fluid volume). When fluid
volume (v) equals porosity (¢), the equation for change in fluid volume with

bulk moduli of rock is found;
ov = a.€, + /(K K) - (¢/K)].p (2.3.2.h.)

K, can differ substantially dependent upon the relative values of K,. If K0,
then KK, whilst if K~infinity, then K~ K+ ((a’.K,)/(a-@)). The practical

analogy is when rock is saturated with a gas compared with a liquid. Theory

predicts a lower K, for a gas, and this is important for oil and gas industries.

The variations of B between 1 and 0 concern these two cases; when B-1,
K-0, i.e. for a porous, unconsolidated medium, and when B—0, K-K, under

circumstances of a very compressible fluid.

2.4. Deformation Mechanisms and Brittle Behaviour.

2.4.1. Introduction

Rocks deform by a variety of different micro-mechanisms. Environmental
conditions are prominent factors in dictating which mechanism is prevalent at
any time. Deformation behaviour in rocks as a consequence of these
mechanisms can be broadly divided into macroscopically brittle, (faulting
failure), macroscopically ductile flow (cataclastic flow), and ductile
deformation. The micro-mechanisms operating during these different modes
of deformation are outlined below. This section reviews work which
describes the brittle microscopic and macroscopic deformation of rock under

crustal conditions.
2.4.2. Deformation Mechanisms.

2.4.2.1. Brittle Mechanisms.
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Brittle crack initiation and growth in poly-crystalline material resuits from local
tensile stress exceeding local tensile strength. This can be mechanically or
thermally induced. The multiphase nature of rocks produces stress and
strength heterogeneity even under a uniform macroscopic stress. Stress
concentrations arise from crack tips and grain contacts geometries (which
dictates the location, magnitude and orientation), which then leads to the

initiation and propagation of cracks, (fig. 2.4.2.1.a.).

IDEALIZED STRESS- MORE COMMONLY

CRACK GEOMETRY : OBSERVED CASES
kLR

(a) ISOLATED QUARTZ

(A)

QUARTZ ‘ HEALING

\\/
(b) SHEAR 1004

v RELATED

\ , QUARTZ
\COMPLIANT,
N

(/VT;-T-—-f """" " (8)
/ \ ‘ PREEXISTING
T CRACK

STIFF (b) QUARTZ

INTERFACE RELATED

7 QUARTZ
Su QUARTZ

Fig. 2.4.2.1.a. Idealised and observed microcrack nucleation
mechanisms, (After Tapponier & Brace, 1976).
> Movement between twin lamellae generates stress when in contact
with grain boundaries and causes crack growth at the twinning site
(Olsson & Peng 1976).

> Microcracks develop normal to kink band boundaries as a result of
deformation accommodation problems either side of a kink band,

(Carter & Kirby 1978).

> Cleavage planes represent planes of greatest crack growth

vulnerability.
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> Point and line contacts at grain boundaries cause stress concentrations

and usually initiate mode / extensional cracking.

> Stress concentrations around cavities, dependent on crack geometry

and orientation, initiate cracking.

> Stiffness mismatch between adjacent minerals under a common stress
field can initiate cracking due to differential strain and consequent
stress concentration (Dey & Wang 1981). Calculations have shown

tensile stresses of the order of 100MPa are possible.

> Grain rotations and translations can occur under deviatoric stress
causing intergranular cracks. The interface strength of quartz and
feldspar bonds has been found to be under 10MPa, (Savanick &
Johnson 1974). In crystalline rocks rotations and translations are
found to be more difficult because of tighter interlocking, although they

can occur during cataclastic flow.

> Wing crack nucleation and growth at the tips of favourably inclined pre-

existing flaws, (see fig. 2.7.2.a.).

2.4.2.2. Ductile Mechanisms.

Ductile deformation is prevalent at elevated temperatures and low strain rates
(=600°C+, and <10%/s”, depending on rock type), and the transition from
brittle to ductile behaviour is positively correlated to grain size. Whereas
brittle fracture results in differential strain in the rock, ductile mechanisms
tend to cause uniformly distributed strain throughout the rock. Brittle
mechanisms exists up to much higher temperatures in tension than in
compressive failure, indeed up to melting point at high strain rates (Murrell
1990). A number of creep mechanisms for ductile flow have been identified
in rocks despite most of the research, for commercial reasons, being applied

to metals. Different ductile mechanisms can act together or independently,
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and a brief synopsis of those mechanisms is presented below; for a

comprehensive review see Barber (1990).

> Dislocation Gliding. Dislocation in material arises from the migration of
a flaw by transfer of atomic bonds. By this method the dislocation
travels and causes material strain. Dislocation migration inevitably
interacts with obstacles (grain boundaries, precipitates), and it is the
rate with which the dislocation can overcome these obstacles that

governs overall material creep.

> Diffusion Creep. This mechanism is predominant at high temperatures
and low stresses and can be found in conjunction with Grain Boundary
Slippage (GBS). Deviatoric stress causes gradients in chemical
potential giving rise to diffusive fluxes of vacancies and atoms. This
allows grains to change shape and sliding to occur at grain boundaries.
If creep occurs by this process without opening intergranular cracks,

material integrity is maintained.

> Grain Boundary Slippage. This often occurs in conjunction with
diffusional creep, especially when the grain size is small. GBS is not
self-sufficient because it produces excess material and voids which

must be accommodated by other processes.

> Pressure Solution. This is the migration of solids by solution.
Dissolution in regions of high pressure, followed by fluid migration and
deposition in regions of lower pressure causing mass transfer and

resulting in creep behaviour in the rock.

The combination of any or all of these processes causes fracture free strain

in geological materials.

2.4.3. Brittle Deformation under Compressive Triaxial

Stress.
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2.4.3.1. Overview of Deformation Modes.

g, -d0,

- -

€4 25-15%
€

(a) (b) (c)

Fig. 2.4.3.1.a. Brittle failure modes under differential axial stress and increasing
confining pressure, see text. (After Ashby and Hallam 1986).

The application of confining pressure on rock during deformation has the
effect of increasing the ultimate strength of the rock. A number of different
deformation modes occur in the rock as the confining pressure is increases.
These are briefly described below before a more detailed review in later

sections. See fig 2.4.3.1.a.

> Under uniaxial compression (zero confining pressure) the rock fails by
tensile crack growth parallel to the axis of maximum principle stress,

called s/abbing or splitting.

> A low confining pressure is all that is required to change the mode of
deformation from the above to a shear band inclined to the maximum
principle stress at 20°-30° on which all post failure displacement is
accommodated. The developments leading to the formation of this
fault plane involve the initiation, extension and coalescence of tensile

microcracks, and the localisation of displacement on the embryonic
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fault plane. Singular dilatant tensile crack growth is inhibited by

confining pressure.

> Higher confining pressure inhibits tensile crack growth to the extent
that the development of a shear band is inhibited This occurs when the
shear strength becomes less than the frictional strength (Murrell 1965),
and no stress drop occurs. Strain is accommodated throughout the
specimen. This is cataclastic flow - macroscopic ductility although
internal mechanisms are brittle involving the nucleation but minimal
extension of microcracks. Dilatancy and strain hardening is reported

to occur throughout deformation, (Jones 1988).

> Finally, when confining pressure and temperature are sufficiently high
dilatancy and its associated mechanisms are largely inhibited, and non-
dilatant mechanisms such as crystal plasticity and

dissolution/precipitation dominates, (Murrell 1990).

Peak strength is slightly strain rate dependent in the brittle

field; an increase in strain rate of two orders of magnitude causes a 10%
increase in strength, although with the presence of fluid, dilatancy hardening
must be considered (section 2.4.3.4.). Elevated temperatures affect
deformation through partial rock melting or high temperature embritt/lement.
The latter is due to mineral phase changes releasing fluid and affecting the
effective confining pressure of the rock. A good overview of brittle

deformation can be found in Paterson (1978).

2.4.3.2. Effect of a Hydrostatic Stress.

Under the influence of a purely hydrostatic load, existing pores and cracks
tend to close causing a reduction in rock porosity. Studies have shown that
thermally induced microcracks with well matched but irregular crack faces
close easily and fully, whereas mismatched crack faces suffer only partial
closure (Batzle et al. 1980). The same study also found that whilst some

cracks close, cracks of a different orientation nucleate due to grain rotation
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and rearrangement. Kranz (1983) postulated that differential crystal
compressibility should produce differential crystal strain, inducing cracking,
and Todd (1973) found AE during hydrostatic loading of rock, although he
attributed it to grain crushing. In a hydrostatic loading study on sandstone,
Zhang et al. (1990), found an inflection point on the stress/strain curve at a
certain critical hydrostatic pressure signifying pore collapse (grain crushing).
The mechanism suggested as responsible was Hertzian cracking at grain
contacts. After this point rock porosity fell rapidly under subsequent loading.
This critical pressure was found to be inversely related to porosity and grain

size, (see section 6.3.1.1.).

2.4.3.3. Effect of a Deviatoric Stress Field.

Under a macroscopic deviatoric stress field, a complex microscopic stress
system occurs as a results of structural and mineralogical heterogeneities.
Local crack tip stress intensities can be much higher in magnitude than the
macroscopically applied stress field, and the principles of fracture mechanics
apply for the consideration of crack growth, (section 2.5.5.). Observations
show that the realities of crack growth deviate somewhat from model
idealisation, (Swan 1975): the vast majority of micro-cracks appear to be
extensional mode | cracks - section 2.5.5. although this may be because shear
displacements (modes // and /Iy are too minimal in magnitude to be noticed

or preserved for post-deformation analysis.

2.4.3.4. Effect of Pressurised Pore Fluids.

Fluids affect rocks both mechanically and chemically. The early theory of

effective stress of Terzaghi, concerned the mechanical effect.

A fluid saturated body of rock sufficiently large that its grains and pores do
not detract from its being considered homogeneous, under natural conditions,
is subject to both a macroscopic stress field and a pore fluid pressure. Both
these components are effective in describing the material’s gross mechanical

behaviour be it elastic, inelastic, shear or consolidation. Dependence on the
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separate stress

components can
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stress, (see

8

section 2.3.1.).
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Terzaghi’s Fig. 2.4.3.4.a. Influence of pore fluid pressure on differential stress at
fracture under various confining pressures. (After Murrell 1965).

principle. Fig.
2.4.3.4.a. shows results of experiments on sandstone at various pore and

confining pressures.

It clearly indicates the consistency with which the effective stress law is
obeyed. In this situation a is 1. However, exceptions to this have been noted,
for example the value of a equals four for permeability in Berea sandstone
{Zoback & Byerlee 1975a). These anomalies prompted Handin (1963) to note
that for a =1 in the effective stress, the following criteria must be obeyed: (i),
that the interstitial fluid is inert, therefore ensuring the fluid/rock interaction
is purely mechanical, (ii), that rock permeability is sufficiently high to ensure
even and full distribution of pore fluid pressure throughout the rock, (iii), that
the rock is a "sand-like aggregate” with connected pore space, ensuring
complete fluid circulation and full pressure transmittal throughout the solid

phase, and (iv) the rock is fully saturated and the fluid incompressible.

It is pertinent at this stage to briefly explain two modes of triaxial testing

involving pore fluid pressure control and measurements;

> Drained conditions permit fluid to pass into and out of a specimen of

rock during deformation as pore fluid volume varies with crack closure
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(compaction) or dilatant crack growth. In this mode pore fluid pressure
is kept constant and changes in pore fluid volume are measured
(section 4.4.2.). Under natural conditions this mode of experimentation
is analogous to deforming rock being surrounded by a highly permeable
rock. Hence deformation induced porosity changes prompt fluid flow

rather than fluid pressure changes.

Undrained conditions prevent flow of fluid into and out of the rock
during deformation, and cause fluid pressure to change under crack
closure or dilatant crack growth. In the field this mode is analogous to
a highly impermeable surrounding rock hence fluid pressure may

accumulate and induce weakening of the rock due to a reduced

effective stress.

The two experimental conditions above represent extreme conditions of an

infinite fluid reservoir connected to the deforming rock (drained), and an fully

impermeable capping rock preventing fluid flow (undrained). In natural rock

conditions exist somewhere between these two extremes - on compaction

porosity reduction induces high pore fluid pressure followed by fluid flow from

the region of high fluid pressure to regions of low pore fluid pressure (seismic

pumping - Sibson et al. 1975).

A limit to the law of effective stress
was found by Rutter (1972a), (and
Bernabé & Brace, 1990), in a study
on Limestone of 5.3% porosity. At
a strain rate above 10°/s”, using
both a chemically active pore fluid
(water) and a chemically inactive
pore fluid (acetone), rock
strengthened relative to lower
strain rates. The given strain rate
at which a rock was found to

strengthen wunder these

- =

With Pore Pressure
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Fig. 2.4.3.4.b. Concept of dilatancy hardening
and critical strain rate derived from
observations, (After Brace and Martin, 1968).

circumstances is named the critical strain rate. This phenomenon, found
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under drained conditions, is called dilatancy hardening. Its mechanism is
dependent on permeability, pore fluid viscosity, and strain rate. It is a
consequence of sudden increases in dilatant crack growth occurring whilst
adequate fluid flow required to equalise fluid pressure throughout the rock is
inhibited by permeability limitations. This causes a reduction in pore fluid
pressure within zones of the rock and an increase in the effective confining
pressure acting on that region. The rock therefore strengthens. Fig. 2.4.3.4.b.

schematically illustrates the concept through experimental results.

2.4.3.5. Effect of Elevated Pressure on Deformation.

Apparent macroscopic ductility is the result of intense microscopic brittle
activity and relative particle movement within the rock. Similar processes
(particle movement and associated dilatancy), are found in soils and
aggregates. Above certain confining pressure specific to a given rock type,
dilatant tensile microcracking is inhibited. The microcracks fail to reach a
critical length at which interaction commences (crack length = crack spacing
- section 2.6.2.), and strain becomes uniformly distributed throughout the
material as cracks initiate pervasively throughout the rock. The material then

deforms without gross brittle fracture.

e
g 3
5 =
- [}
<
5 ¢
! . P R |
b <——bnttle———>]<—ductlle-—> <-———brittle—-)l<—duclile——>
(&)  Contining Pressure © Confining Pressure

fig. 2.4.3.5.a. Simple model for the brittle/ductile flow (a), and brittle/cataclastic
flow transition (b), (After Paterson 1978).

From a purely macroscopic analysis it can be said that the shift from
macroscopic faulting to macroscopic ductility occurs "when the confining

stress is sufficiently high for the differential stress for faulting failure to equal
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the differential stress for frictional sliding”, (Murrell 1965). This is illustrated
in fig 2.4.3.5.a. The observed effects on deformation of a confining pressure
great enough to induce cataclastic flow, when compared to brittle faulting is
to increase the strain at which peak stress occurs and the differential peak
stress. It is further signified by intense post peak AE generated through

microcracking, coincident with work hardening under increasing strain.

Broadly, since pressure inhibits dilatancy, confining pressure impedes the
formation of a fault plane. Under even higher confining stresses dilatancy
associated with cataclastic flow is inhibited and crystalline plasticity becomes
dominant: crystal plasticity being a non-dilatant process and therefore non-
pressure dependent. Post-peak behaviour under cataclastic flow involves
strain hardening - rising resistance to load under increasing strain. A
phenomenon known as high-pressure embrittlement has been noted by a
number of workers; after large cataclastic flow strains (15%), the rock
behaves in a brittle fashion. This is thought to be due to a critical rock

density after which unstable behaviour begins.

The interplay between dilatant crack growth and cataclastic rock compaction
is one that makes the transition from macroscopically brittle to
macroscopically ductile deformation a gradual one. In this study,
experimentation has elucidated details on this interplay, the results of which

are in section 6.4.3.

2.5. Brittle Crack Growth in Geological Materials.

2.5.1. Introduction.

The pursuit of a physical explanation behind brittle behaviour has led to a
number of developments. Engineers interested in the behaviour of rock
masses have concentrated on the joints and bedding planes (planes of
weakness) to describe the behaviour of the mass as a series of blocks.
Material scientists on the other hand, have concentrated on the behaviour of

the material matrix -a poly crystalline aggregate - to investigate physical
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processes occurring in rocks which are then used to describe macroscopic
material behaviour. Analysis of material behaviour ranges from the empirical
approach to recent models based on the physical processes of deformation.
Empirical models describe the maximum load a material can withstand before
failure with no attention paid to internal physical processes, whilst later
models employ damage mechanics - the mechanics of the growth and
interaction of populations of microcracks - to determine material behaviour

and strength.

This section is a review of the initial developments behind the determination
of the strength of solids, and an examination of damage mechanics as a tool
for describing and predicting the behaviour of geological materials under
stress.

2.5.2. Empirical Models.

These models are based on a limiting stress or strain that a solid is able to
withstand prior to failure. Their function is to provide a basis for calculating

the peak strength of a material.

Coulomb (1773) and Mohr (1900) were the first to develop criteria to describe
rock behaviour, and their methods are still used extensively. Peak stress is
given as a function of maximum and minimum principal stresses (o0, and o,
respectively), whilst the intermediate principle stress is disregarded. The
Coulomb criterion is based on two variables; the cohesion, and the angle of
internal friction, which are material specific and describe the maximum shear
stress a material can withstand. The Mohr criterion can be easily visualised
on a graphical plot connecting o, and o, in shear stress/normal stress space,
each point lying on the circumference of a single circle - the Mohr Circle
(Jaeger & Cook (1979) for more details). Graphically the angle of faulting
failure in a specimen of rock can be found from the plot (see fig 2.5.2.a, b, &
c.), along with an experimentally derived Mohr envelope describing material
behaviour under a variety of stress conditions. As can be seen from the

figure, the Mohr envelope is concave downwards and describes an increasing
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angle between the maximum principle stress and the failure plane - this is

borne out experimentally.
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Fig. 2.5.2.a. IHustration of the Coulomb fracture criterion by means of a Mohr circle. Right
diagram shows the angular relation between fracture planes and principal stresses, (After
Scholz 1990)
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Fig. 2.5.2.b. Coulomb criterion in principal stress space, (After Rist 1989).
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Fig. 2.5.2.c. Mobhr failure envelope. (After Rist 1989).
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With respect to Mohr Circle rock mechanics analysis the introduction of a
pore fluid pressure reduces the maximum and minimum principal stress to the
effective maximum and minimum principle stress, shifting the Mohr circle
towards lower values of compressive normal stress. It can easily be observed
that at sufficiently high pore fluid pressures the Mohr circle touches the
fracture envelope, hence the rock fails. By considering pore fluid pressure
prior to a Mohr’s circle analysis the maximum pore fluid pressure sustainable

by a body of rock can be obtained.

2.5.3. Single Crack Analysis Approach.

The Griffith Theory was the first attempt at describing the physical processes
occurring within materials as a cause of failure. Based on experiments on
glass, Griffith (1920, 1924) explained the weakness of glass compared to its
theoretical atomic bond strength by the existence of flaws and cracks in the
glass. Considering a 2-D case in a tensile stress field, stress concentrations
around flattened elliptical cracks whose tips have a finite radius of curvature,
caused the most favourably orientated crack in a random crack population to
propagate. The criterion for crack extension is based on minimising the
Gibb’s potential energy. That is, a crack will propagate if the sum of, (i), the
surface energy of the new crack (Us), (ii), change in elastic strain energy of
the body (), and {iii), change in potential energy of the loading system (u,),
is equal to or less than zero. In macroscopic tension local crack tip stress is
enhanced by initial crack growth, so that crack growth velocity accelerates,

leading to material failure.

Considering rock in compression, crack extension in its own plane can no
longer be assumed and indeed evidence to that effect is now available (Brace
& Bombolakis 1963). Hence, knowledge of crack growth direction is
necessary for precise energy balance analysis. To tackle this Griffith’'s
approach changed from an energy criterion to a tensile strength criterion; this

allowed accurate analysis to be conducted for crack growth in any plane.
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The Griffith Criterion applied to a compressive stress state comprises, (i),
establishing the tensile stress in the surface of a cavity in the solid, (ii),
determining the crack orientation to yield the greatest local tensile stress and
calculating the applied stress for the critical local tensile stress, and (iii),

expressing the critical tensile stress as uniaxial tensile strength, (T,).

The form of the Griffith Criterion is as below.
(01 - 03)2 - 8To(01 + 03) = O if 01 > '303 (2.5.3.8.)
03 - —TO if 0'1 < '303 (2.5.3-b.)

The criterion predicts a compressive strength to tensile strength ratio of 8:1
which is rather less than that found experimentally. However, it accurately
predicts propagation of cracks away from the major axis of the existing flaw,
towards the axis of major principal stress. Fig 2.5.3.a. represents the above

criterion graphically.
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Fig. 2.5.3.a. The two dimensional Griffith criterion expressed
graphically, (After Rist 1989).

2.5.4. Modifications to Griffith Criterion.

A 3-D modification of the Griffith criterion by Murrell (1963), considers the

effect of an intermediate principal stress (o,) on rock strength, and gives a
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more realistic compressive : tensile strength ratio of 12:1. The complete
solution for a randomly orientated population of flaws is found in Murrell &
Digby (1970). The solution also considers the phenomena of cl/osed cracks,
and pore fluid pressure. The Griffith criterion considers only open cracks and
therefore avoids problems relating to inter-crack-face friction and normal
forces being transferred across crack faces. In reality, cracks close under a
moderate confining pressure and on closing change the physical conditions
of deformation. The problem of what force is required to close the cracks,
and the transition between the open state and closed state for a population
of cracks, is one which has generated much attention over the years. Murrell
(1964) calculated the crack closure stress for the 2-D case and Murrell &
Digby (1970) did it for the 3-D case.

Whilst the Griffith theories and their subsequent modifications are the first
attempts to describe rock fracture on the basis of the microscopic physical

processes involved, they do suffer from a number of short comings;

(i), uniaxial compressive : tensile strength ratios are too low unless an

unrealistic value for crack face friction is adopted,

(i), the observed effect of 0, is not fully unaccounted for,

(iii), the predicted and actual Mohr envelopes do not agree.

These deficiencies are better appreciated when one considers that the models
consider only the micro-mechanical behaviour of single micro-cracks. In
reality rock failure in compression involves the complexities of the growth and
linkage of multiple populations of cracks, with crack growth in compression
beginning at deviatoric stresses far lower than the final macroscopic failure
stress. This last simple fact helps explain why rocks in compression are so

much stronger that in tension.

The following points are not addressed in the above criteria but are important

considerations for more rigorous analyses of rocks failure in compression.
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(i), propagating microcracks in a compressive stress field grow out of plane
due to rock heterogeneities and so lose the most favourable orientation
for growth,

(ii) as the deviatoric stress increases, less favourably orientated flaws will
undergo crack extension and the final rock structure will be a matrix of
assorted cracks lengths - the fault plane will be the result of the

interaction of an ensemble of cracks under their modified stress fields,

(iii)  cracks perpendicular to o, are inhibited under the influence of o,, and

(iv), initial crack size variations and random orientations will contribute to
anisotropy and specimen size effects. These points are the basis for
a later generation of deformation models covered in section 2.7.

As mentioned above, the energy balance approach meant that the energy
gained by the creation of a new crack surface (), equalled the strain energy
lost in the material and in the loading system (U,) as a consequence of the
growth of the crack. In reality, much more mechanical energy is absorbed
through irreversible processes involved in separating the material, i.e.

materials displayed different degrees of brittleness, (Lawn 1993).

2.5.5. Linear Elastic Fracture Mechanics (LEFM).

The theory of Linear Elastic Fracture Mechanics relies on analysing stress
levels in the immediate vicinity of a given crack from the macroscopic stress
field through classical linear elasticity theory, and the resistance of the
material body to this level of stress. The following assumptions are made
when analysing the crack tip stress intensity; (i), any zone of non-linear
behaviour around a crack tip (process zone) is negligibly small compared to
crack length, (ii) the crack tip has a radius of atomic dimensions, and (iii) the
crack walls are traction free. A full treatment of this subject is found in Lawn
(1993). This analysis yields equations 2.5.5.a. and 2.5.5.b., which show near-

field material stress and displacement respectively about a crack tip where in
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polar co-ordinates; i and j are components of the stress tensor, r and O are
radial distance and angle from the crack tip, and f(©) is a well defined

function of © that depends on loading geometry.
o; = K,.(2m)* £(O) (2.5.5.a.)

u, = K_.(2E)*.(r/2m)* .§(©) (2.5.5.b.)

The term K, is the stress intensity factor and describes the intensity of the
stress field at any point about the crack tip. The subscript (m) denotes one
of three modes of fracturing - /, /I, or /l/l. These refer to, (i), simple tensile
loading of a crack, (ii) shear in the plane of crack propagation, and, (iii} shear
normal to the plane of propagation. Fig 2.5.5.a. illustrates these modes
pictorially.

I it

Fig. 2.5.5.a. Basic modes of distortion at a crack tip. Mode | - tensile, mode Hf - in-plane
shear, mode llI - antiplane shear, (After Lawn & Wilshaw, 1975).

Crack tip Stress Intensity is found by equation 2.5.5.c. below.

K = Yo(ma)™* (2.5.5.c.)
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Where o0, is the remotely applied stress, a is the crack half length, and Y is a
well defined dimensionless geometry and edge effect modification factor.
Using the three modes of propagation and converting stress intensity factor
to crack extension force G, superposition of the modes can describe any
combination of modes of propagation. Conditions for crack propagation are
met when the stress intensity factor exceeds the critical stress intensity factor
K.. After which crack propagation occurs at sonic speeds, i.e. when K> K|,
propagation in mode | will occur, and the same for modes Il and lll. The value
of K. is material specific and denotes the ease with which fracture can

propagate.

In reality, polycrystalline materials

present a highly complex situation

in which the basic assumptions of ;; A |
LEFM (the limiting size of the ~§ :
region of non-linear deformation), § :
cannot be fully satisfied. If the | © !

non-linear region at the crack tip Crack Length (a)

(the process zone) is >2% of the Fig. 2.5.5.b. Schematic diagram illustrating the

crack half lenath a), the rising A-curve behaviour observed in many
9 (a) polycrystalline materials, (After Barber & Meredith
magnitude of the crack tip stress 1990).

field is not completely

characterised by K. A detailed consideration of the breakdown processes
must then be made - resistance to propagation being increased by the
presence of the process zone. In this case the term K, is used to account
this process zone of non-linear behaviour. The zone comprises, (i) intense
microfracturing ahead of the crack tip, (ii) crack interface interlocking and
traction, and, (iii) ligamentary bridging behind the crack tip. Experimental
evidence for this has been obtained from wave velocity measurement across
and about a crack tip during propagation, Swanson (1987), and
photomicrographs, Freiman & Swanson (1990). A more detailed analysis of

process zones and crack propagation is found in Ingraffea (1987).

A final consideration concerns a change in fracture toughness (K.} with crack

extension. As a crack grows its resistance to growth increases with length
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until K, stability is reached (fig. 2.5.5.b.). The value of K, can then be
assessed as a material property, the process zone having become fully
developed, and a portion of the resultant crack having become traction free.
This phenomenon is known as the R-curve. Prior to this stabilisation, K is a
variable dependent not only on the material but on crack length (a) hence

process zone development.

2.5.6. Chemical Effect of Pore Fluids - Sub-critical Crack

Growth Mechanisms.

Under the influence of temperature and a reactive fluid (e.g. aqueous),
environment the assumptions of LEFM (that of K> k) break down. Grenet first
observed the process that has become known as sub-critical crack growth in
glass in 1899. Since then its presence has been found in many other
materials including polycrystalline rocks (Murrell 1965, and Atkinson 1982).
Many different mechanisms can be responsible for this behaviour, and each
can occur independently or together depending on specific environmental

conditions. The mechanisms are highlighted below:

> Stress Corrosion is the preferential weakening of strained atom bonds
(e.g. Oxygen-Silicon bonds) in materials (e.g.silicate rocks), by a
chemically active fluid.

> Diffusion and Dissolution (mentioned in section 2.4.2.2.).

Stress corrosion has received attention as the most likely cause of subcritical
time dependent failure. Most of the developmental work investigating this
theory has centred on tensile crack growth, and "there is no obvious physio-
chemical reason why the form of the law used to describe subcritical crack
growth, but not necessarily the parameters, should depend on mode", (Das
& Scholz, 1981). It is therefore considered applicable to the compressive
Ioading case. It has been employed in many holistic theories for the initiation
and propagation of earthquake ruptures and other previously puzzling
phenomena, Das & Scholz (1981).
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The rate (crack propagation |

velocity) of stress corrosion
cracking is dependent on many
factors. Fig. 2.5.6.a. | C
schematically represents the |
relationship between crack
propagation velocity (v) and
normalised crack tip stress
intensity factor (K). The

normalised K/k, axis on the

logw crack  velocity

figure indicates crack tip stress

intensity between K, and K, -

which are, respectively, the 1

K /K,

crack tip stress intensity below

. . Fig. 2.5.6.a. Schematic crack velocity/normalised
which sub-critical crack growth  gyress intensity factor diagram for stress corrosion
ceases, and the crack tip stress cracking, see text, (After Atkinson & Meredith 1987)

intensity above which crack growth becomes dynamic. There are three
regions within the relationship, depicted as region 1, 2, and 3. In region 1
crack velocity is controlled by the stress corrosion reaction rate, in region 2
the rate of propagation is limited by the rate at which corrosive fluids can
replenish spent fluids at the crack tip, and in region 3 the approach to critical
crack velocity is dominated by mechanical processes, so is unaffected by
chemical species. The figure indicates where other mechanisms take over
from stress corrosion at low crack tip stress intensities or low crack velocities;
V, indicates the crack velocity threshold due solely to dissolution, and K,
indicates the crack growth limit below which below diffusion creep

dominates.

The effect of temperature on the crack growth rates and hence on the
diagram shown in the figure is to shift the curve up the crack velocity axis,
i.e., for a given crack tip stress intensity, crack growth velocity is increased.
This effect is most marked in region 1 where the heated corrosive fluid are
given easiest access to the crack tip, and least marked in regions 2 and 3.

Increasing the activity of the corrosive fluid significantly effects crack growth

rates in a manner similar to that of temperature - but the effect is sustained
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into region 2. Region 3 is unaffected by temperature or chemical activity
because it is governed solely by mechanical processes. The effect of
confining pressure acts to impede crack velocity in region 2 (limiting active
chemical species access to crack tip), increasing the value of K, by
suppressing the crack tip process zone formation, and has the normal

effective stress faw influence over region 3.

At the microstructural level, as crack velocity decreases, crack growth
becomes more intergranular, hence the grain boundary geometry detail

controls cracking at geological strain rates.

In this study strain rates were of the order of 10®°/s’. The results found rock
to be far more susceptible to the mechanical effects of pore fluids than
chemical effects under these conditions. A programme to isolate sub-critical
mechanisms was not specifically conducted, although the effects of chemical
activity on pore fluid volume was found during triaxial deformation under high

pore fluid pressure, (see section 6.4.3.1.).

2.6. Damage Mechanics and Continuum Damage Models.

2.6.1. Introduction.

Previous sections in this chapter have concentrated on elucidating individual
microcrack growth processes. Based on this, damage mechanics attempts to
relate the physical processes of individual crack growth with gross
macroscopic rock behaviour and contemporaneous physical property changes
during deformation. In order to achieve this laws concerning the
accumulation of damage must consider various mechanisms governing the
changing microstructural state of the rock as it deforms. Costin (1987),
pointed out that a model to describe the physical state of rock under the
accumulation of damage must contain three components; (i), a definition of
the state of damage, (ii), an equation to describe damage evolution, and (iii),

a constitutive law that relates the state of damage to rock stress and strain.
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Section 2.6.

(where L = //a, /=wing crack length, a =existing flaw length). When L = 0,
(no growth), the stress intensity factor, kK, is governed by shear on the
existing flaw imposing mode | stress on the wing crack tip. When L
approaches unity, K is governed by the wedging open of the crack by shear
strain on the existing flaw. When L >> 1, K is governed by the confining
stress 0,. If g, is large it acts across the entire area of the crack and inhibits
further growth, hence crack growth is stabilised. If o, is zero or tensional,
the mode | stress intensity factor will be enhanced and the crack will run-
away, i.e. it becomes unstable. Once cracking has become ubiquitous
interaction becomes inevitable. In the experiment beams or /ligaments occur
between the existing flaws bounded either side by the extended wing cracks
(see fig. 2.6.2.b.), and bending of these ligaments adds an additional term to
the stress intensity expression. This process leads to axial splitting and
slabbing. With the application of only a slight confining pressure, wing crack
growth is inhibited, axial splitting prevented, and a transition occurs from
slabbing to macroscopic shear failure. The model, whilst addressing the
effect of confining pressure on deformation, does not specifically predict the
shift to shear failure. Sammis & Ashby {(1986) analysed compressive failure
of poro-elastic materials by considering tensile crack growth from spherical

pores.

The models by Kemeny & Cook (1987), and Horii & Nemat-Nasser (1986)
employ wing crack propagation from existing flaws in a similar fashion for
their experimental and numerical studies. Kemeny and Cook’s model,
however, accounts for the curved path the microcracks take during extension
(displaying a varied angle to o, during extension), which is observed
experimentally. The model also addresses the interaction of cracks by the
formation of ligaments between the wing crack which support the
compressive load through bending and axial compression. Failure then occurs

within a single column (axial) or across adjacent columns (shear).

Dilatancy is a fundamental feature of rock deformation and any viable model
must be able to reproduce its features. Wing crack growth has been
purposed as a mechanism responsible for dilatancy. Models employing this

mechanism as an explanation for dilatancy have, however, been criticised for
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Section 2.6.

(i) crack interaction effect, (ii), the effect due to the mean stress acting on the
matrix to inhibit crack growth, (iii), the deviatoric stress, and (iv), the
diminishing stress intensity due to crack extension. Assuming cracks are

penny shaped, kK associated with each crack is given by;
K, = {(2.(17.a.n)'/‘)/77}.{0m + F(a.n,d, di).S.n} (2.6.2.a)

The relation can be considered in two parts. The term on the right is an
expression for local tensile stress, where F is the proportionality factor
between crack driving mechanisms of crack interaction and deviatoric stress
(see equation 2.6.2.b. below), d the nominal size of the tensile region, d, is
the initial spacing between interacting cracks, S is the applied deviatoric
stress, and a.n (=a) is a vector whose magnitude a is proportional to the
mean size and density of cracks with normal n. The other values are also to
be thought of as averages. The term on the left is due to the presence of the

mean compressive stress, 0,,.

Fig 2.6.2.d. illustrates the changing normalised stress intensity factor «
against crack growth and hence spacing reduction. Initially, ¥ decreases for
an increasing crack length - stable crack growth - a consequence of crack
extension relieving crack growth driving force. A certain critical microcrack
length is then reached afterwhich the effect of crack interaction dominates
and K increases with increasing crack extension causing unstable crack
propagation. The effect of a decreasing deviatoric stress increment required
to maintain K, means that damage accumulation (overall crack population
extension), can continue under a decreasing compressive stress, leading

eventually to failure. Strain softening is found experimentally.

Later developments by Costin (1987), consider time-dependent damage
accumulation by stress corrosion cracking. The conclusion to the work
involves the development of constitutive equations relating stress to strain

through the state of rock damage during deformation. These relations are also
useful in mapping damage surfaces in a (o, - 0,)/o, space, or a s/o,, space.

That is, an iso-damage line in this space connecting points of equal
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damage accumulation for a variety of stress conditions based on experimental
data indicating damage (e.g. onset of AE, dilatancy). From eq. 2.6.2.a., the
gradient of these straight lines was predicted to be 1/the proportionality factor
(F), where;

F = £ {d/a}.{1/ [1 - (a/d)1*} ]

(2.6.2.b.)

Where f is an empirically derived scaling constant. So, as damage increases,
F decreases, and the iso-damage lines become steeper.

Peak strength data
be

WESTERLY GRANITE
to DAMAGE SURFACES
2000 —T T T T

can used

construct a fracture
envelope (replacing a,
with a; (failure)),
although this is not

necessarily a surface

1500

1000

500

T

240 (NCREASING
UNIAXIAL
COMPRESSION

200 STRESS

STRESS DIFFERENCE, 03~ 0, (MPa)

of constant damage in
the

INITIAL DAMAGE

model
the

sense, o

1 L ' 1
[»] 50 100 150 200 250

CONFINING PRESSURE, 0 (MPa)

because real

Fig. 2.6.2.e. Lines of constant damage as a function of

stress state in a rock
differential stress vs. confining pressure, {(After Costin, 1985).

i s v e ry
Holcomb & Costin {(1986) and Stuart (1992), used the

Kaiser Effect (The effect relies on the fact that AE only occurs when new

inhomogeneous.

fractures are formed. Thus AE will only begin after a previous stress level has
been exceeded.), to monitor the commencement of damage accumulation for
a variety of stress conditions, and found the loci of points for a variety of
stressing states were, indeed, straight lines, see fig 2.6.2.e. confirmed Costin’s
predictions. Stuart (1992) pointed out that the damage state was also

dependent on the stress path.
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All the models developed to date utilise a simple array of uniform sized
microcracks in order to handle the compiex problem of failure in geological
materials in compression. However, observation of rocks (Kranz 1983), and
experimental AE and earthquake seismicity data (Meredith, Main & Jones
1990), indicate a power law crack size distribution. Clearly, modelling rock
deformation in compression is complex and has much development work
outstanding. Shortfalls to date lie with the description of an initial distribution
of crack populations, with time dependent cracking effects, and with a
realistic model of the interaction of extending microcracks. Nevertheless,
attempts so far have gone some way to describing the nucleation and growth

of microcracks which then coalesce to bring about macroscopic rock failure.

2.7. Holistic Studies of Interaction Between Stress, Rock
Deformation, and Evolution of Crack and Pore

Microstructure.

2.7.1. Introduction.

Directly observing microstructural developments during rock deformation is
a desirable although extremely difficult task to undertake. Some SEM studies
have been done (Swanson 1987), although they are possibly rather
unrepresentative due to the vacuum environment required (no chemical
activity), and very small samples size necessary. Another direct observation
techniques involves removing the specimen after a certain amount of
deformation, preparing a section of the sample, and examining it under either
optical or electron microscope. This method has been used extensively and
has yielded some interesting results. It does, however, suffer problems
concerning the preparation technique (cutting, grinding), affecting the state
of damage in the sample, and the unknown effect on rock microstructure of

removing the rock from the stress field.

Hence a number of techniques have been developed over the years which are

capable of monitoring internal microstructural processes contemporaneously
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with deformation through remotely monitoring the physical changes in the
rock. They include (i) acoustic emissions, (ii) elastic wave velocity, (iii) pore
fluid pressure or volume changes, and, (iv) permeability. The following sub-
sections address these techniques. Some recent experimental results are
described, and attempts to use these external indicators of internal
microstructural change to describe rock deformation are reported. in the

present study acoustic emissions and pore fluid volumometry are used.

2.7.2. Microstructural Monitoring Techniques.

2.7.2.1. Acoustic Emissions.

Acoustic activity during deformation was first noticed by Obert & Duval
(1942) when they loaded rocks in compression. They attributed the activity
(correctly) to micro-cracking. The obvious similarity between AE and field
micro-seismicity has led to laboratories throughout the world making
significant advances in the pursuit of AE research. Being a natural by-product
of brittle crack formation and growth, it presents itself as a useful tool for

investigating the mechanics of brittle failure in rocks.

The study of brittle processes has developed in a number of directions and
these are briefly covered below. Section 4.6. discusses the terminology and
AE phenomena that are used to monitor damage accumulation.

Fracture Event Location. Employment of four or more transducers and
analysis of elastic wave arrival times allows the 3-D location of cracking
events to be mapped. Fifteen or more transducers are commonly used for
greater accuracy, allowing the source event to be located to within 2mm.
The method is analogous to seismic networks for locating earthquakes. Using
an AE feedback system to control axial stress and hence AE event rate (to
slow down the localisation of events and strain), Lockner et al. (1992)

successfully mapped fault nucleation and development, (see fig 2.7.2.1.a.).
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Section 2.7.

began at about one third to two thirds of peak stress, initially randomly
distributed, followed by rapidly increasing micro-fracturing prior to the
formation of the fault. Cumulative AE gives an indication of the total damage
accumulated in the specimen through dilatant cracking, and can be used to

correlate brittle crack growth with dilatant volume increase.

A statistical model devised by Scholz successfully predicted the pattern of
micro-cracking in laboratory specimens. The Griffith criterion for failure was
deemed inapplicable to crystalline rocks on the basis of this work due to
rocks’ heterogenous nature and hence its microscopically heterogeneous
stress field. These internal stress fluctuations cause microcrack growth at
much lower macroscopic stresses than in homogeneous materials, and arrest
cracks shortly after they have initiated. Hence, unstable runaway microcrack
propagation and material failure does not occur until higher stresses. In 1968
Scholz also related the commencement of fault formation within a stressed

and fractured medium to it reaching a critical crack density.

From statistical analysis of the numbers of AE events of different magnitude
a microseismic b-value can be determined, (section 4.5.). It has been used to
correlate earthquake activity with laboratory specimen behaviour (Mogi
1962b, Main et al. 1989). Mogi’s hypothesis regarding the striking similarity
between b-values in earthquake ruptures and laboratory specimens was
further upheld by Scholz (1968b). Scholz, however, also found b-values to
be closely dependent upon stress levels, and Fonseka, Murrell & Barnes
(1985), showed the b-value to decrease to a minimum at failure.

Meredith & Atkinson (1983) found a good correlation between AE data and
crack tip stress intensity factor in tensile crack growth experiments on Whin
Sill dolerite. They conclude that stress intensity factor and crack growth rate
have and an identical functional relation to AE (see fig. 2.7.2.1.b.), and hence
AE event rate can be used as a remote monitor of crack velocity (in tensile
mode | fracture mechanics tests). It was further found that because the size
distribution of AE events obeys a power law function, Meredith, Main & Jones
(1990), showed that this implies that a power law distribution of crack sizes

produces the AE, characterised by the fractal dimension, D, (N(a) =C.a”), and
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D varies with stress. [In compressive tests, however, AE events prior 'to
ultimate sample failure come from cracks which eventually stabilise, and

subsequent AE is due to the growth of new cracks.

Physically, a high b-value represents emissions dominated by small events and
a low b-value represents emissions dominated by large events. Test
conducted in water showed consistency higher b-values in the lower K range
(0.4>Kk/Kk,>0.8) when compared with dry experiments. SEM studies indicate
a predominance of transgranular cracking at high crack velocities and in low
humidity (high k), and intergranular cracking at low velocities and high
humidity (low K). This is attributed to chemically induced cracking at grain
boundaries, since grain boundaries provide the main conduits for fiuid
movement. Good correlation has also been found between inelastic strain,
cumulative AE, and rock damage. Hatton (1992), found sudden jumps in

strain during creep tests on granodiorite correlated well with bursts of AE.

Cox & Meredith (1993) related AE
Ky (MPa.m™%)

data to microcrack forming events. s 20 25 10 3s
T T M5

The data is used to represent a M
damage state variable. Damage
accumulation models by Bruner
and Walsh are then used to
successfully predict physical
property changes in the rock
during deformation. Whilst the

log crack growth rate (m.s-!)
(.-ww) aer asaa 3y Boy

work leaves one or two details

outstanding (e.g. an independent

crack velocity

o
.
4 AE event rate

calibration of the scaling relation

between the acoustic emission

-9 N L 1 i L L L
20 30 -40 *50

parameters and the microcrack log Ki (MPa.m%)

geometry), the work demonstrates Fig. 2.7.2.1.b. The dependence of crack growth

rate and AE event rate and crack tip humidity on
how quantitative analysis of AE K, see text, (After Meredith & Atkinson 1983).
data may be used to infer the

mechanical behaviour of rock experiencing damage in compression.
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Fig. 2.7.2.1.c. Differential axial stress and dominant AE magnitude changing through dynamic
failure, (After Read et al. 1995).

Read et al. (1995) investigated the AE event magnitude and frequency
changes that occur in water saturated samples of Darley Dale sandstone
during triaxial deformation. By recording the waveform of individual events
signal, a Fourier transform was made which aliowed the examination of the
event's component frequencies. Fig 2.7.2.1.c. shows the change in dominant
frequency and magnitude that occurs at peak stress, and fig. 2.7.2.1.d. shows
the frequency distribution of each waveform just prior and just after peak
stress. Based on the assumption that "a larger effective source dimension
leads to an increase in the amplitude of seismic wave and a concurrent
decrease in dominant frequency” (Savage 1972), the change in AE
characteristics suggests a change from small crack growth increments to large
growth increments. In making the above assumption, consideration is given
to the fact that increased heterogeneity in the sample through extensive
damage accumulation leads to the attenuation of higher frequencies (although
this does not explain the sudden change shown in fig 2.7.2.1.¢.), and a shift
in the dominant frequency (600kHz. and 200kHz.). These frequencies
correspond to wavelengths of haif the width and half the length of the
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Another approach for
indirectly monitoring | 54 , : .
microstructural changes —— 1105
. 7 -
is the measurement of V4 N 3
. —_ AR i 15, ~
P- and S-wave velocities | & N ooz
£ 200} « N\ \< z
in a rock specimen |g \ \ 8
. . g Vo 4095 9
during deformation. @ - \ —_—- o
2 [ 1 g
The amount of damage | § \ 3
. ] 'S 100 | . 4090 B®
in the specimen (crack |% \ 2
. : . E
density) affects the | B \ S
. . f . -10-85
wave velocity; different Vs
waves being affected i : ; ; 4
by different crack Strain (%)
orientations  whether

Fig. 2.7.2.2.a. Variations in vVp and Vs during the triaxial
cracks are dry, or deformation of dry Darley Dale sandstone, (after Sammonds
et al. 1989).
partially, or fully

saturated. V, and v, are related to elastic moduli by well known equations.
The variation of P- and S-wave velocity parallel with the maximum principle
stress during triaxial deformation of dry Darley Dale sandstone is shown in fig.
2.7.2.2.a. V, initially increases more than Vs due to the closure of cracks with
their planes orientated perpendicular o,. At the onset of dilatancy (= 1/2 peak
strength), Vs is more affected by the opening of dilatant crack perpendicular
to 0,, and hence falls off relative to vp. Post dynamic failure both vp and Vs
remain constant due to a constant stress level in the rock and hence no

change in crack density.

Ayling et al. (1995), conducted experiments on dry Darley Dale sandstone
measuring both compressional and shear wave velocity (Vp and Vs) parallel to
the maximum principal stress. This allowed the calculation of dynamic elastic
moduli, crack density parameters, and Seismic Quality Factor (Q). Crack
density parameters were calculated using the methods by O’connell &
Budiansky (1974), and by Soga et al. (1986). O’connell and Budiansky’s
method considers high density arrays of randomly orientated cracks, whereas

the method by Soga et al. (1986) considers orthogonal arrays of non-
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interacting penny shaped cracks and yields crack density parameters in three

orthogonal directions.

The values for crack density

__‘,
3
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parameters in directions

parallel and perpendicular to

o
o
o

the direétion of maximum

5

principal stress (€, and ¢,

throughout deformation are

o
o)
o

given in fig 2.7.2.2b. The

s
5

aoaaaa sl lassasaabsian

b
o
1

figure shows a slightly falling

Changs in Crack Density Parameté}

€, throughout deformation

o
—

2 34 5 6
Axial Strain (%)

indicating continually closing

cracks with normals parallel to

Fig. 2.7.2.2.b. Variations in crack density in two
orthogonal directions (€, and ¢,), during deformation,
(After Ayling et al. 1995).

05, and a rising €, from the
onset of dilatancy until peak
stress indicating the extension of dilatant cracks with normals perpendicular

to o,.

Work by Jones (1989) further illustrates the use of changes in v, in
elucidating deformation mechanisms not apparent from inspection of only the
stress/strain data. In experiments on Solnhofen limestone at temperatures
ranging from 20°C to 300°C, the stress/strain curve shows little concerning a
change in mechanisms during deformation throughout the temperature range,
(see chapter 4., fig. 4.3.2b.). V, data, however, illustrated that at 20°C
microcracking was ubiquitous throughout deformation, whereas at the
highest temperatures V, increases throughout deformation indicating that
crystal plasticity was responsible for deformation rather than microcracking.
In this study Vp and Vs results from dry experiments have been used to
determine the dynamic Young’s modulus (E), of Darley Dale sandstone
throughout deformation for poro-elastic analysis of drained hydrostatic

deformation, see section 6.3.4.1.

2.7.2.3. Pore Fluid Volumometry.
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The first accurate measurements of rock volume changes during deformation
were made by Brace, Paulding and Scholz (1966), using the strain gauge
method. The method involves attaching a number of strain gauges to the
surface of a rock specimen and measuring linear strain along different axes,
from which total specimen volume change can be found. A second
technique, used by Edmond & Paterson (1972) uses a dilatometer. The
apparatus is capable of externally measuring the total specimen volume
change by volumetric displacement of fluid from a sealed chamber
surrounding the sample. The system is also confining pressure compensated.
A third method, the pore fluid method, has been developed more recently and
is used in this study. The system relies on no attachments to the surface of
the sample, and thus can be used under elevated confining pressures and
temperatures. Fluid flow into and out of a specimen is monitored during
deformation, and hence specimens are required to have adequate permeability
during deformation. The method is advantageous as it allows pore fluid
pressure under either drained or undrained conditions to be introduced to the
sample, which, combined with elevated temperature and confining pressures,

more accurately simulates crustal conditions, see section 4.4.

Edmond & Paterson (1972), used the dilatometer to investigate the
deformation of a number of rocks at different confining pressures up to
800MPa. Gosford sandstone showed some initial compaction at all confining
pressures. The change from compaction to dilation was also present under
all conditions. Volume changes (compaction and dilatancy) were attributed
to micro-structural changes - grain rearrangement and the development of
internal cracking, respectively. Dilatancy is thought to occur simultaneously
with grain rearrangement, otherwise unnecessary work would be done against
the confining pressure. Finally, dilation during stress release is attributed to
the general loosening of the granular structure, leading to fracturing under the
influence of contact stresses established during deformation. Similar results

are discussed in section 6.4.

Fischer & Paterson (1989), used pore volumometry to investigate dilatancy
during deformation at elevated pressures and temperatures in Gosford

Sandstone. Positive dilatancy was observed to be qualitatively similar under
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all conditions, although the onset of dilatancy became more marked and
began earlier at higher pressures. This earlier commencement is a consequent
of initial compaction occurring under the application of the elevated confining
pressure. All specimens showed some barrelling with the superimposition of
a shear zone. The effect of temperature is to reduce strength (at 10% strain),
under all conditions, this effect being markedly reduced with greater effective
confining pressure. A number of different mechanisms are cited to account
for the volume changes; (i) opening or closing of microcracks, (ii) relative
movement of grains causing changes in intergranular void space, (iii) collapse
of initial porosity due to high confining. pressures, and (iv) changes in

connectivity.

Microstructural changes have implications
for permeability, and hence permeability
was investigated by Fischer & Paterson |- | !
(1992) using a sinusoidal fluid pressure T T
pulse technique. A sinusoidal pulse is

applied to one end of the sample, the ’

attenuation and phase retardation recorded
at the other end is related to permeability
and storage capacity. Results found
permeability to be closely related to

porosity within and between rock types -

permeability increasing as pore fluid - L ‘

pressure increases. Storage capacity

o ) . Fig. 2.7.2.3.a. Schematic diagram
initially decreases under an increasing pore showing how crack aspect ratio

increases with crack throat closure,
see text, (After Paterson & Fischer

pressure), responding to a decreasing 1992).

fluid pressure (for a fixed confining

compressibility of the pore fluid (argon), and then increases with a further
increase in pore fluid pressure, responding to increasing porosity and
increasing volumetric compliance of the pore space. Modelling the resulits
with reference to the pore structure yields an decrease in aspect ratio with
increasing pore fluid pressure. The opening of a closed throat between two
cracks under an increasing pore fluid pressure would have the effect of

increasing aspect ratio markedly, see fig 2.7.2.3.a.
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Pore fluid volume data is used in conjunction with previously obtained crack
density measurements by Read at al. (1995), to yield the aspect ratio of
deforming Darley Dale Sandstone. By subtracting the pore volume change
due to compaction (assumed to have a linear relationship with applied stress -
initially the result of elastic pore closure), from total pore volume change, the
pore volume change due solely to dilatancy is obtained. Assuming a narrow
range in aspect ratio at any given time within the crack and pore population,
the aspect ratio (c/a) during deformation is calculated from the crack density
ratio (€) and crack porosity (®) as below.

®/e = (4m/3).(c/a) (2.7.2.3.a)

The results (fig 2.7.2.3.b.) for the
experiment under an effective @
confining pressure (Cp’) of 50MPa
show the aspect ratio starting
comparatively low (reflecting the

component of porosity comprised of

Crack aspect ralio (c/a)

cracks), increasing slightly as the

cracks initially bow with the

0.00 Ry r——r ey

application of differential stress, then ° ? strain (,;) L
decreasing under crack extension. 120

. b)
For the experiment under g(m

Cp’ = 100MPa, the aspect ratio starts

80

higher than at Cp" =50MPa, reflecting

the fact that under this higher »
confining pressure many of the

cracks have closed, hence pores 20

Change in crack aspect ratio

make a larger component of rock M

[¢]

T .
porosity. Upon the application of Strain (%)

Fig. 2.7.2.3.b. Changing aspect ratio (a), and
normalised aspect ratio (b), during triaxial

elastically (no AE detected), followed deformations under (1) Cp'=50MPa, (2)
Cp’ = 100MPa.

differential stress cracks initially open

by new crack extension. Absolute

pore volume change data indicates dilatant porosity increase in experiments
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at Cp’ = 100MPa of four times that for experiments under either Cp’ =50MPa or
Cp’ =20MPa. The higher differential stress supported by samples subjected to
higher confining pressure confirms that the application of confining pressure
encourages crack growth of a small distributed nature, and prevents runaway
growth and crack coalescence. Whilst the reservations of combining results
from two separate experiments is noted in this study, the work illustrates the
use of pore fluid volumometry in understanding certain aspect of the micro-

mechanics of rock deformation.

2.7.2.4. Permeability.

The measurement of Permeability (K) is achieved by measuring fluid or gas
flow (for low permeability measurements), through rock samples.
Permeability is perhaps one of the most important rock characteristics,
affectinghydrocarbonrecoveryrates, geothermal energy extraction efficiency,

and subsurface radioactive storage efficacy.

Measuring K in the
35 -

laboratory can tell much

30
about the shape of pores \
25 L

and cracks making up
rock porosity. Whether 20 \‘ Pp=10 MPa
low aspect ratio cracks, S

equi-dimensional pores,

PERMEABILITY (m darcy)

or a mixture of both

-3 I U NS VU DN YU NS U N SR S S S

make up the connected o 20 30 40 50 60 70 8O
CONFINING PRESSURE (MPa)

porosity markedly

Fig. 2.7.2.4.a. Variation of K with cp for Fontainblue
sandstone {¢ = 12%) consisting mainly of pores, (After David
& Darot, 1989).

affects the response of
permeability to changing
stress conditions. The
resistance to rock fluid flow depends on viscous drag supplied by rough crack
walls (hence to crack aperture), and the tortuous pass followed by fluid in
flow. Flow studies have shown that crack aperture has a much greater effect
on K than tortuosity, (Walsh 1981).
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Increasing confining | ] .
| o \
pressure reduces K | _ 2| ]
)
through porosity | S i
£ 18}
reduction, but the | > -
i - Y
- | d ~
nature of K reduction | & \ o :
v 1er D\ix\g 20 MPa
initi i S | ~40 MPa
depends upon the initial | z D\D§°“3° Mpe
oo . & qqb : ©=20 MPa
porosity and its micro- | -0 MPa
structure. Fig. 2.7.2.4.a., [
: 1.2 2 1 IS | " 1 1 | 1 1 L J
. !
& b. illustrate the | 10 20 30 40 80 60 70
. . . ‘ CONFINING PRESSURE (MPa)
reduction in K with

. . . Fig. 2.7.2.4.b. Variation of K with Cp for different pore fluid
increasing confining pressures on Fontainbleau sandstone (P@=6%) consisting

mainly of pores, (After David & Darot, 1989).
pressure for sandstones

of low and medium porosity, respectively. Permeability clearly responds to
the different components of porosity (cracks and pores) for each rock type -
cracks closing easily, pores offering greater resistance. Permeability reduction
also depends upon whether the fractures being closed are required to maintain
pore inter-connectivity. Another consideration is that crack closure is
governed by two processes; initial elastic closure, followed by final closure
governed by surface roughness. Permeability reduction becomes increasingly
difficult with increasing confining pressure due to the latter mechanism.
Furthermore, cycling the application of confining pressure quickly resuits in
permanent microstructural rearrangement and porosity reduction, (see section
6.3.3.3.).

Permeability increases in response to a pore fluid pressure rise. Fig. 2.7.2.4.b.
illustrates K reduction under an increasing Cp for different pore fluid pressures
(indicated in the body of the graph). It can be seen that the effective stress
law (eq. 2.3.1.b.) applies, but the value of @ does not equal unity. Indeed, a
varies for a given pore pressure, rock type, and confining pressure. Often a
is found to increase during confining pressure increase. It seems the
efficiency with which pore pressure maintains porosity /increases with
confining pressure; after the closure of the weakest component of porosity,
deformation of the porous network becomes more and more sensitive to

internal pressure (David & Darot, 1989). Whilst permeability is not measured
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in this study, knowledge of how its magnitude responds is important for

analysis of the pore volumometry resuits (e.g. section 6.3.3.2.).

2.7.3. Summary - The Brittle Deformation Cycle and
Physical Property Changes.

The measurement of all these changing physical properties is schematically
summarised for the deformation of a porous sedimentary rock under
conditions conducive to brittle faulting failure in fig 2.7.3.a. Differential axial
stress, cumulative AE, permeability, normalised Vp and Vs, and Pv, against
strain are shown. The axial strain axis is divided into five regions. Each
characterises particular macro- and micro-mechanical deformation behaviour.

These regions are described below.

Region / is the highly non-linear region of initial compaction. The closure of
pre-existing microcracks under the influence of an increasing differential stress
causes the material to becomes stiffer with increasing stress. The
stress/strain curve displays this through an upwards concave shape. The
elastic wave velocity increases; Vp increases proportionally more than Vs due
to its sensitivity to the above mentioned cracks. Pore volume decreases,
indicating sample compaction (although this is partially due to reduction of
ram/sample interface volume), and a slight decrease in K occurs as connected
porosity is decreased. Acoustic emission activity is low throughout the

region.

Region Il is known as the region of linear elastic deformation. Deformation is
thought to be elastic and recoverable. Actual behaviour depends largely on
rock porosity - the higher the porosity the larger the initial compaction region
(region |) relative to the linear elastic portion. Inelasticity through cracks
reopening and closing, and grain sliding is illustrated by stress/strain curve
hysteresis is found in this zone, and static elastic moduli measurements have
indicated that the region is not purely elastic and an amount of inelastic
deformation does occur (Bernabé et al. 1994). Walsh (1965) attributed this
to frictional sliding on the surfaces of the grains. Batzle (1980), described

79



how cracks with
mismatched surfaces
(mismatched asperities)
partially close or crush
debris lodged inside
cracks, during closure.
This increases the
energy requirement
during compression
which is then
irrecoverable on
unloading.
Furthermore, pore fluid
volume measurements
(this study), show
continued pore and
crack volume reduction
during this stage of
deformation, indicating
continued porosity
reduction and perhaps
crack closure, adding

further weight to
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Fig. 2.7.3.a. Schematic illustration of changing physical
during triaxial loading of a porous sandstone, see text.

Batzle's observations, (see section 6.4.3.2.). AE output is still low during this

period, and Vp and Vs increase slightly as porosity decreases and rock density

increases. Permeability and electrical conductivity gradually decrease in this

region.

Region Il begins at the onset of AE (usually between %2 and 2/3 of peak

stress), and continues until peak stress. Deviatoric stress is sufficient at this

stage to initiate microcrack growth primarily parallel to the maximum principle

stress. Initially dilatant crack growth is distributed throughout the volume of

the specimen (although this is absent at the ram/sample interfaces), and of

small growth increments. The growth of both intergranular and intragranular

cracks occur in response to local crystallographic heterogeneity. It can now
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be seen from the broad, smooth minimum in the pore fluid volume curve at
the change from region Il to lll, that a gradual change from compaction to
dilatant crack growth occurs. After this change the pore fluid volume (Pv)
curve becomes linear, increasing steadily. Vs, being more sensitive to cracks
aligned parallel to g,, decreases more during this region compared to Vp . AE
increases exponentially with dilatant cracking. At ~80% of fracture stress K

increases markedly.

Studies using holographic interferometry have elucidated precursory bulging
of the rock associated with eventual faulting zone at stresses as low as 60%
of peak stress (Spetzler et al. 1974), however most studies have found the

majority of dilatant cracking occurs very near to peak stress.

Region IV. As deviatoric stress peaks, the driving mechanism for crack
growth (crack tip stress intensity) also peak and the crack population (or
accumulated damage) reaches a point where crack growth cannot occur
without interaction with other nearby microcracks; crack linkage begins, and
Vp and Vs continue to decrease. Cracking and interaction now undermines the
integrity of the rock to the extent that only a decreasing load is sustainable
under increasing strain - strain softening. Growth between zones of extensive
crack coalescence on the embryonic fault plane begins decreasing the average
Young’s modulus of the rock even further. The failure plane now forms and
the rock fails suddenly. Cumulative AE continues with a maximum rate of

change indicating maximum damage accumulation.

Region V. Once strain has localised, stress in the body of the rock away from
the fault zone decreases and strain is accommodated through rotation and
further fracturing of grains within the fault plane. A zone around the fault
plane, the size of which depends upon confining pressure, then suffers the
majority of the strain. From this point onwards the residual shear strength of
the fracture surface is responsible for resistance to strain. Pore volume, V,,
V,, K, and AE stabilised to a low level indicating overall damage in the rock at
this stage remains stable. Under a higher confining pressure, behaviour shifts
from strain softening accompanied by faulting, to strain-hardening marked by

homogeneous deformation, (see section 2.4.3.5.). The explanations for this
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lies in consideration of the processes of crack initiation and growth. Brittle
microcrack linkage associated with faulting results in run-away cracks
creating zones of weakness which then localise strain. Under triaxial stress
conditions conducive to cataclastic flow, confining pressure is small compared
to fracture initiation stress at crack tips (brought about by the applied
deviatoric stress), hence microcracks nucleate. However, microcrack growth
is inhibited through inter-crack-face friction on the pre-existing flaws from
which the microcrack nucleate, (Francois & Wilshaw, 1968). Deformation
occurs under these condition by the rotation and rearrangement of the
resultant rock fragments into pre-existing pore spaces. It is this mechanism
that is responsible for stabilising the distribution of deformation within the
rock and inhibiting localised strain.

Consideration of the stages of crack growth with respect to an increasing
confining stress sheds further light on the matter. Initially resistance to
intragranular crack growth is greater than /ntergranular crack growth, hence
crack growth is unstable - jumping around from grain to grain. At higher
pressures intergranular crack growth is more inhibited than intragranular crack
propagation, hence crack growth is stabilised at grain boundaries.
Furthermore, under this mechanism once full compaction has been achieved
the rock may exhibit brittle characteristics; this is comparable to high pressure

embrittlement.

This chapter shows that whilst much is known about the deformation cycle
with respect to internal micro-mechanisms and changing physical properties
(potentially of use for far field rock deformation monitoring - Ayling 1991),
much remains hypothetical, requiring more experimental data. In the present
study a series of experimental programmes have been undertaken using new
equipment (described in chapter 4), to further explain the mechanisms of
compaction and dilatancy that occur under a variety of crustal stress and
environmental conditions. The next chapter (chapter 3) describes the sources
and role of fluids in the crust, and attempts to relate some of the mechanisms
uncovered from rock physics experimentation to real crustal processes of

faulting and fluid flow.
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CHAPTER 3. ROLE OF FLUID FILLED CRACKS AND PORES
IN T.
3.1. Introduction.

This chapter reviews the role of fluids in the crust and research which
explains the behaviour of the crust under the influence of tectonic loading, in
terms of rock physics principles. Most polycrystalline rocks contain fluid filled
pores and cracks (usually filled with water, aqueous solutions, CO,, or
hydrocarbons), and it is recognised that they play a fundamental part in the

evolution and formation of the crust.

Crustal rock porosity may be formed by several processes;

(i) by burial, compaction and diagenesis of water saturated

sediments leading to an interstitial fluid phase,

(ii) by burial/heating, and uplift/cooling leading to thermal
decomposition (e.g. dehydration - releasing water into the rock)

or thermal cracking, and,

(iii) by tectonic processes leading to fracturing.

Rock fluids may originate from magmas or from surface processes. Fluid
phases may combine with rock forming minerals to form hydrates, and
geochemical interaction between water and rocks can lead to the formation
of ore deposits, (Murrell 1989).

Surface exposures show the effects of fluid/rock interactions at all crustal
levels, and geophysical studies (electrical resistivity and electromagnetic
surveys), borehole analyses (Kola Peninsula 12km deep borehole), seismic
reflections, and low seismic wave velocity zones give evidence of fluid

activity (hence microfracturing) at depths of up to 10-15km.
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Fluid pressure and flow in the crust are the most likely factors in initiating
change in rock. The primary dependent variables dictating equations of state
for the behaviour of fluids are fluid pressure, chemical composition, and
temperature, and the characteristics of a flowing fluid system are determined
by the bulk rock permeability, hydraulic pressure gradient, fluid chemical

composition, temperature, and available fluid volume.

3.2. Fluid Driving Forces.

The driving forces governing fluid flow in the crust are the result of either (i),
topographical relief, (ii), tectonic dilation/compaction, (iii), diagenesis, (iv),
heat, and (v) the nature of an external fluid source. These are summarised

below.

Topographical relief flow occurs throughout the upper regions of the crust.
Boundaries of fluid flow regions include natural drainage divides and the upper
level of the water table (normally between 50m and 100m below ground level).
The lower boundary is at some depth in the crust. This type of flow is found
in most mature sedimentary basins and is often responsible for elevated fluid

pressures in confined aquifers, (Toth 1963).

Tectonic Dilation and Compaction of rock alters pore volume and hence has
a profound effect on the pressure of a confined mass of fluid. Fluid pressure
generated by this process is dependent on the permeability of the rock and
the rate of deformation, as is the fluid flow resulting from the elevated pore
pressure. Changes in permeability and porosity due to precipitation from
mineral rich fluids during flow (crack sealing) can cause a drastic permeability
and porosity reduction. Subsequent changes in fluid pressure within the
confined fluid mass can then produce a complex alteration of the rock stress
state as the magnitude of the effective macroscopic stress field and the pore
fluid pressure changes. This then has an effect on deformation behaviour.
At a cessation of tectonic loading fluid flow dissipates the elevated pressure
as a function of permeability. This mechanism has been suggested for the
deposition of hydrothermal ore formations (Sibson et al. 1975), and
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outpourings of warm ground water along fault traces following normal faulting

and water drawn in during thrust faulting (Muir Wood 1994), see fig. 3.2.a.
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Fig. 3.2.a. Variation in mean and shear stress on faults, and associated fluid flow. Dotted
line indicates possible time dependence (After Sibson 1994).

Diagenesis causes the closure of pore spaces under burial and compression
through heating, sealing, stress induced compaction, and chemical reactions
causing loss of fluids into new solid phases (e.g. hydration). Depending on
permeability the crust may either dry out or develop elevated fluid pressure.
The latter situation exists in the Gulf of Mexico where low permeability
sediments (due to clay minerals) are being buried quicker than fluid can
escape. In this situation the fluid pressure generated equals the lithostatic
stress and results in zero effective stress, hence zero compaction. Once

burial ceases elevated fluid pressure becomes a mechanism for fluid flow.

Heat as a cause of fluid flow is described in section 3.3.1. One result in this
case s intense fracturing around magma bodies and temperature induced pore
fluid pressure imbalance. This heat source and the resultant micro-fracturing

is of interest to geothermal extraction industries.
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Fluid source regions are often the locations of elevated fluid pressures. The
top few kilometres of the crust are likely to receive fluid through precipitation
and topographic flow. Other sources are mantle degassing events, or

mineralogical phase changes.

3.3. Crustal Effects on Fluids and Fluid Movement.

3.3.1. Heat Sources and Fluids.

Practical examples of fluid/rock interactions are numerous. The introduction
of a magma body into a rock system initiates heating of the surrounding
country rock causing fluid flow through localised elevated fluid pressure. The
flow of pressurised heated fluid away from a heat source exerts a strong
effect on the cooling of the body and on the mechanical stress state of the
surrounding rock. In regions of low permeability hydro-fracture can occur
allowing rapid fluid flow and a sudden reduction in pore fluid pressure. As
chemical activity (increased under high temperatures) begins to reduce
permeability through crack healing and sealing, flow ceases. A cyclical

system of flow or "pumping” can be established.

3.3.2. Earthquakes and Pore Fluids.

Fluids are known to play a large part in the nucleation processes of
earthquakes. Indirect evidence of elevated pore fluid pressures is found
throughout most of the world’s active tectonic areas, at or well above
hydrostatic pressure and often approaching lithostatic pressure. Evidence is
accumulating that major faults are weak not only in relation to the surrounding
country rock but also in relation to the frictional strength of the appropriate
geological material (Scholz 1992). Two schools of thought are developing in
response to this. One which states the faults are lined with a material of low
intrinsic frictional strength, and another that attributes fauit weakness to
anomalously high pore fluid pressure. Under either condition frictional
resistance to sliding is reduced and over-thrusting can occur under much

reduced tectonic stresses (Hubbert & Rubey 1959).
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Recent experiments by Cox (1993), compared sliding characteristics of quartz
rich sandstones under conditions of 1200K temperature, 300MPa confining
pressure, and employing different pore fluids at a pressure of 200MPa. Under
these conditions the pore fluid (water) is extremely reactive whereas the inert
pore fluid remains unreactive. Results show how the chemical effect of the
reactive pore fluid effects the frictional resistance of the rock to sliding.
During sliding, dissolution and precipitation of the asperity structure, stress
corrosion cracking of the asperities, and lubrication of the surface resulted in
a co-efficient of friction (#) on the slip surface of 0.3. In the experiments
using the inert pore fluid (argon), the material slip hardened during straining
and later observations indicated no chemical activity. The co-efficient of

friction in the latter case was 0.5.

Sleep & Blanpied (1992) propose a model to explain the reasons behind weak
crustal faults in the San Andreas system. The model is based on results of
frictional strength experiment by Blanpied, Lockner & Byerlee (1991), which
identified failure at anomalously low frictional strengths. In the model
compaction of porous fault core material through ductile creep mechanisms
during strike slip fault strain elevates fluid pressure. Pore fluid is trapped
within the fault zone by an impermeable seal derived from solute laden fluid
driven from the fault zone (chemically active mineral deposition) during
compaction. Compaction and associated pore fluid pressure rise progressively
weakens the fault core until eventual failure occurs at low shear stress.

After faulting fluid pressure falls as a result of faulting induced rock fracture
and compaction relaxation. Although /ong term fluid pressure within the core
of the fault is in equilibrium with the surrounding rock, short term fault fluid
pressure varies cyclically with faulting. Repeated faulting creates a fine
grained gouge material which is then more prone to further ductile

compaction.

Chester et al. (1993) after extensive geological studies, arrive at similar
conclusions. Their model postulates that the strength of a given fault (within
the San Andreas System) is dependent upon the thickness of an
"ultracataclasite zone of multiply reworked vein material in the faulting zone

testifying to repeated episodes of high pore fluid injection™. However, both
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of these models suffer from a similar restriction; that of the maximum fluid
pressure attainable within a rock being limited to the lithostatic pressure -

beyond which hydrofracture soon occurs, dissipating fluid pressure.

The models rely on very high fluid pressures to explain movement on fault
plane which lies at an angle of between 60° and 80° to the maximum principle
stress. Based on these hypotheses, it can be imagined that injection of fluid
into the =~ 1m thick fault core bounded by the impermeable seal could reduce
fault strength sufficiently to induce continual ductile creep and aseismic

movement.

These two examples of the effect of fluids on crustal faulting merely touch on
a broad and complex problem. They do, however, illustrate both the chemical
and mechanical involvement of fluids in the mechanisms of faulting in the
crust. This is an area of active interest with attention being paid to both field
analysis and laboratory work. Studies are explaining the effect of fluid rock
interactions on rock fracturing, permeability and porosity, and the effects of
both chemical active and chemically inert fluids on rocks under the full

spectrum of crustal stress and environmental conditions.
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Section 4.1.

compressor stresses the rock hydrostatically whilst a servo-controlied
actuator mounted above the vessel superimposes an axial stress on the rock.
The actuator can be controlled in either load, displacement, or displacement
rate control. Pore fluid pressure in the specimen is provided and measured
through a 1/8" (3.2mm) diameter high pressure (hp) tube passed down the
centre of the loading piston. Fiuid pressure up to 700MPa is generated by a
pore fluid pressure intensifier connected to the hp tube. Confining pressure
gas is prevented from entering the specimen by the use of an annealed copper
jacket surrounding the specimen. The jacket also serves to keep the pore
fluid from escaping. This arrangement allows a specimen of rock to be
triaxially stressed under precise control whilst pore fluid parameters and
acoustic emissions are monitored. These physical properties are logged and

stored on a personal computer.

4.2 Main Triaxial Testing System.

The triaxial deformation cell is described by Edmond and Murrell (1973),
Ismail (1974), Jones (1989), Ayling (1991), and Sammonds et al (1991).

The main body of the vessel, a thick-walled open ended cylinder of =~64cm
0D, =8cm ID and = 110cm long, is of a dup/ex type construction, the design
details of which can be found in Ismail (1974). The ends are sealed using
closures or end plugs. These cylindrical plugs use modified Bridgman type
seals comprising "O" rings backed by two wedge shaped anti-extrusion rings
in addition to the Bridgeman unsupported area seal. Originally, an
investigation by Ismail (1974) isolated Hall and Hall Silicone "O" rings backed
up by anti-extrusion rings as the best arrangement. This functioned well until
a new gas compressor was fitted after which they proved insufficient. Jones
(1989) further investigated the problem and settled on the modified Bridgman

seals.

4.2.1. Lower Closure.

The lower closure features a number of high pressure sealed electrical outlets.

They allow the passage of three furnace power conductors, three furnace
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pressure balanced. This balancing is achieved by an annulus along the main
shaft of the piston, (fig 4.2.2.a.) above and below which are situated two
chambers, A and C. Confining pressure gas is fed to the upper chamber (A),
and atmospheric pressure is allowed access to the lower chamber (C). The
area of the shoulder of the annulus upon which the confining pressure acts
is equal to the area of the ram exposed to the working volume of the vessel
(B). The net effect is true triaxial hydrostatic stressing under the application
of the confining pressure. It also means the load required to axially deform
a rock specimen is the differential stress alone, thus the actuator need not be
so powerful and the load cell can be more sensitive, see Jones (1989). This
complex arrangement requires six modified Bridgman "O" ring seals in order

to function.

4.2 3. Servo-Controlled Actuator.

The axial load is supplied by a servo-controlled actuator. Its maximum load
is 20 tonnes which translates to over 1100MPa differential axial stress on a
15mm diameter sample. The actuator controller includes a ramp generator
which is used to set rates of change of control signals. Usual settings include
load control, displacement control, and displacement rate control. By taking
a feedback signal from either a strain gauge built-in to the actuator, a load
cell, or two externally mounted Linearly Variable Differential Transducers

(LvDT’s), one of three loading regimes can be employed;

(i) constant stress (displacement occurring as necessary as the

specimen deforms),

(ii) constant displacement (load decreasing as the specimen deforms

under a fixed displacement), or
(iii)  constant displacement rate (the piston moves at a fixed rate and

load is monitored as the specimen resists deformation). With

this mode strain rates as low as 1x107s™" are possible.
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A detailed description of the actuator, its commissioning, and operation is
found in Ayling (1991).

4.2.4. Loading Piston.

The axial load piston discussed above is constructed in two parts. The upper
part (piston) comprises the main shaft with annulus, the lower part (ram)
comprises the end cap (rock/ram interface and transducer housing), and pore
fluid connection. A full description of the design of the original 10mm ram is
found in Ismail (1974). Since the original design the rams have been rebuilt
for 15mm specimen size and for a variety of experimental conditions (e.g. high
temperature, AE monitoring, P- and S-wave velocity measurement, and pore

fluid volumometry experiments), see Jones (1989) and section 4.4.

4.2.5. Load and Stress Measurement, Correction and

Calibration.

Differential load (and therefore stress), is measured directly by virtue of the
balanced ram system. However, the load cell, positioned between the
actuator and the piston, records the force on the sample and the resistance
force provided by the seals and the copper jacket. These components of the

measured force are functions of confining pressure and temperature.

Seal friction has been dealt with by Jones (1989). Experimentally seal friction
correction is quite straight forward; the load required to push the lower-
ram/sample/piston assembly the final few millimetres before the lower ram
makes contact with the inside base of the pressure vessel is equal to seal
friction. This value is recorded and subtracted from all subsequent load
readings before differential stress is calculated. The moment of contact is
readily recognised on the load displacement record by a sharp change in

slope.

Resistance from the copper jackets has been covered by Ismail (1974). He

used an equation previously determined by Murrell and Chakravarty (1973).
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These values were

recalculated for 15mm " ]

jackets by Jones (1989). E?Sj /J]

Fig 4.2.5.a. graphically |2 Strenght at 20¢

displays the strength of %50 ] /

copper jackets under a | & 1 trength ’t_:gz’qg&

variety of temperatures and o

axial strains. Based on this § 25 // Strength [at 520C
| & =

computer software adjusts Gt

the axial stress during data 00 o 1 o 2 S ;r' ' 4 o 5

processing, (see section Strain (%)

4.6.2.). Fig. 4.2.5.a. Strength of annealed copper jackets

against axial strain and furnace temperature.

in order to ensure reliable load values during the experimental programme the
load cell required calibrating after a maintenance service. A proof ring was
employed for this purpose. Siting the ring in-line with the actuator and the
newly serviced load cell, readings were taken from the proof ring and load cell
at various axial load settings. The results proved to be within allowable limit

of 1% of full range. A graph of the calibration is shown in fig. A.1., appendix
A.

4.2.6. Strain Rate Correction and Machine Stiffness.

Along with allowing the precise control of deformation conditions, servo-
controlled equipment can also analyse and potentially control machine
stiffness. Traditional soft testing machines have an inherent problem when
testing strong rocks; the stiffness of the rock is greater than that of the
machine. The result is that during strain softening the system also unloads,
transferring its accumulated strain energy to the sample. This strains the
sample more than would otherwise be the case with a loading system that
had less or no accumulated strain energy. [t can lead to dynamic failure in
specimens that would otherwise unload more slowly. This has been analysed
by Hudson et al (1972), Cook (1981), Rist et al. (1990), and with direct
reference to this equipment by Ayling (1991).

93



Section 4.2.

Servo-controlled equipment allows the actuator to change displacement rate
depending on the rate at which the loading system absorbs or releases strain
energy, and this allows the specimen to deform at a constant strain rate.
Precise control of specimen strain rate can be achieved by either of two
methods; (i), by measuring strain directly at the specimen, or, (ii) by
correcting for the apparent elastic strain included in the LVDT signal using
electronics in the actuator controller unit. The two methods have been
experimentally compared by Rist et al. (1990). The electronic method (ii)
involves taking a portion of the load signal and feeding it back in an outer
feedback loop which reduces the LVDT inner feedback loop signal by a
proportion representing ram deformation. The proportion was found
experimentally (Ayling 1991), for the present apparatus with the servo-

hydraulic system.

Neither of these systems is applicable to the test apparatus used in this study.
The first method is impracticable since the specimen is surrounded by the
confining medium, and the electronic method proved unsuitable (Ayling
(1991); negative strains and instability resulted when large loads were
required to overcome seal friction without specimen strain. Thus, although
the present apparatus is servo-controlled it does not simulate a stiff machine.
In the present work ram strain was removed during data analysis. The
machine behaved "softly” with some stiff rocks as is seen in section 6.5. on

triaxial experiments on Penmaenmawr microgranodiorite.

Fig 4.2.6.a. shows the variation in specimen strain rate throughout a drained
experiment on Darley Dale sandstone at Cp’ =20MPa. Immediately obvious is
the peak in specimen strain rate during specimen failure. It is also interesting
to note that once new dilatant crack growth begins and rock elastic stiffness
decreases (at €=~0.5% & 1/2 peak stress), the specimen strain rate increases.
Post peak specimen strain rate is constant and as set on the actuator
controller because differential stress is constant and therefore the piston

strain energy absorption rate is constant.

In order to ensure reliable and repeatable readings the LVDT’s were periodically

calibrated using a micrometer. A mechanical micrometer is employed as it is
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reading and Fig. 4.2.6.a. Specimen strain rate against axial strain, differential
servo-controller Stress also shown.

unit voltage

reading. Whilst the LVDT is more accurate at monitoring small displacements
than a micrometer, the procedure confirmed, over a 5mm range, that the LVDT

was producing reliable large scale displacement measurements.

4.2.7. Three Stage Harwood Compressor.

The Harwood compressor, as summarised by Jones (1989), consists of three
stages. The first two (reciprocating) stages of the pump run automatically to
a pre-set pressure of up to 350MPa. The single acting third stage is manually

operated and takes the maximum pressure up to 1400MPa.

At the start of this project the pump and vessel system was incapable of
containing a pressure greater than =~120MPa. This problem prompted
extensive work re-grinding and reseating all high pressure seals and junctions,
and overhauling or replacing the electrical outlets in the bottom closure of the
vessel. Finally, a 1400MPa valve was installed downstream of the pump as
close to the vessel as possible. This reduced the number of joint and valves

required to maintain confining pressure from 24 to 4. The leakage rate was
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considerably reduced as a consequence of this work and allowed the

experimental programme proper to commence.

To improve recording accuracy and allow the confining pressure reading to be
logged automatically a 700MPa Intersonde HP28 pressure transducer and
650MPa safety burst unit was installed in the hp tubing system adjacent to the
pressure vessel. Accuracy of the pressure measurement system was then
increased to 0.25% of full transducer range, (+ 1.75MPa). The voltage output
from the transducer was fed to the data logger to be recorded on the logging
computer, (section 4.6.). The modified system allows accurate monitoring of
confining pressure and leakages, and tests involving pore volume changes
under a changing confining pressure can be logged accurately and

automatically.

4.3. High Temperature Furnace.

4.3.1. Furnace Arrangement, Operation and Background.

The high pressure triaxial deformation vessel is equipped with an internal
furnace capable of 1000°C. Itis contained within a steel cylinder which slides
into the internal chamber of the pressure vessel after the removal of the top
closure. Six electrical sockets at the bottom of the furnace make contact with
six pins situated in the bottom closure. The contacts provide power for two
heating coils and the output from two R type thermocouples. The original
furnace was designed for 10mm diameter specimens and a full description the
main design criteria, design details, diagrams and photographs is given in
Ismail (1974). Jones (1989) modified the furnace for 15mm diameter
specimens. Following their coverage only a short description is presented

here.

A Viscount three-term thyristor controls and powers the furnace coils. The
two thermocouples measure furnace temperature 10mm apart axially in the
furnace, which allows the temperature gradient within the working volume

around the specimen to be monitored. Temperature gradients result from
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greater convection due to increased nitrogen density when under pressure.
This was originally identified by Ismail, and controlled by minimising the
working volume around the furnace and using baffles to inhibit the convention
of gas from the hot zone. The later 15mm diameter specimen size furnace
design results in a larger working volume around the specimen and hence a
greater convection problem. To counter this, power to the upper coil is
reduced compared with the lower coil. This adjustment is carried out by the

operator and is dependent on N, pressure and furnace temperature.

The three term controller allows power output to be automatically controlled
based on the thermocouple feedback signal. The three terms refer to the
integral, the derivative, and the proportion of the temperature error (difference
between set point and furnace temperature). Furnace temperature is
maintained as close as possible to the set temperature based on these
functions. The millivolt/temperature relationship for the Pt/Pt 13%Rh (R type)
thermocouples employed is well documented and used as the basis for
selecting the thermocouple feedback millivolt setting on the controller. The
setting for the three terms is found by trial and error based on an established
procedure detailed in the Viscount operating manual. An apparently
complicated system works well once settings are established.

The specimen/ram arrangement used for this study (pore fluid ram and AE
transducer lower ram), allows a maximum temperature of = 350-400°C before
the upper ram begins to temper and soften. For higher temperatures a
different, high temperature ram manufactured from Nimonic 105 (for
temperatures up to 700°C, although limited to 500MPa confining pressure and
750MPa axial load - Jones, 1989), must be employed. The electrically
conductive paint used in the lower ram’s piezo-electric transducer
arrangement is also affected by elevated temperatures. This, combined with
the problem of electrical furnace noise affecting the AE signal, renders high
temperature experiments (300°C+) involving AE monitoring difficult to

conduct.

4.3.2. Commissioning and Logging Modifications.

97



Section 4.3.

Before high temperature experiments could be executed the furnace and
controller system required servicing and extensive modifications. This work
was executed by the author. Servicing involved replacing the Kanthal
windings where they had burnt out (see Ismail (1974} for details of winding
hot spots), and checking the power and thermocouple extension cables. The
original thermocouple monitoring arrangement is illustrated schematically in
fig. 4.3.2.a.

As can be seen from
PRESSURE

fig. 4.3.2.a. the upper VESSEL

thermocouple cables FURNACE

Upp T/C

feed directly to the f

Low TIC

Power. Furnace

Voltmeter
Conrtroller

A

furnace controller.
This feedback |

ensures the set point

temperature is

TF/C return

maintained at the

upper thermo-couple.

Whilst both upper Fig 4.3.2.a. Schematic diagram of original wiring system for
furnace temperature control and monitoring.
and lower

thermocouples monitor temperature, only the upper thermocouple is used as

a signal return to the temperature controller.

The furnace was originally designed and commissioned prior to the
introduction of the acoustic emission measurements system and Jones (1989)
was the first to experience problems of furnace noise interfering with acoustic
emissions and P-/S-wave signals. Fig. 4.3.2.b. shows the results of
experiments on Solenhofen Limestone deformed at temperatures between
form 20°C and 300°C, Jones (1989). Clearly the wave velocity signal and the
stress/strain curve are affected by the high temperature. Jones attributes the
oscillating curves to a fluctuating temperature causing expansion and
contraction in the loading ram, and hence a fluctuating load. To a lesser
extent he attributed the disruption to electrical noise from the furnace. My
experiments (see fig 4.3.2.c.), have shown that load fluctuations do not affect

the stress/strain curve. Electrical noise from the furnace, however, was found
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Fig. 4.3.2.b. Limestone deformed at 100MPa and temperatures
0-300°C. Vp and Stress plotted against strain, see text and
section 2.7.2.2., (after Jones 1988).
> For the furnace to switch off periodically to allow AE data to be
collected.
> For the switching to be software driven - hence operating automatically

Section 4.3.

during an experiment.

> For the switching frequency to be variable - allowing high frequency

switching (4 cycles/min) - preventing large temperature fluctuations

during high temperature experiments (=200°C+).

> For the upper and lower thermocouple temperature to be monitored and

displayed on the computer screen - allowing adjustment of upper and
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lower coil power by the operator, hence limiting axial temperature

gradient within the vessel.

The furnace switching system is 200

illustrated schematically in fig.

-
o
=]

4.3.2.d. As can be seen the R
type thermocouple extension

cables are fed from the reference

Differential Axial Stress (MPa)
o
)

junction via a mercury switch to

[]
[«

PR T S WO SN W U T S Y WY U Y S [ T T G

the Viscount furnace controller.

=]

LD B s e s s s e e e s e
1 2 3 4 5
Axisl Strain (X)

The extension cables ensure that

o

only the voltage as a result of the Fg 2.3 2¢. Drained experiments on Darley Dale

sandstone, deformed at Cp'=122MPa,
T=300°C; stress/strain unaffected by short

the furnace and the reference period temperature fluctuation.

temperature difference between

junction only is measured. This is

achieved by virtue of the extension cables having similar thermo-electric
properties to the thermocouple metals. The mercury switching module used
is a Hewlett Packard 44428A 16 Channel Actuator installed in the data
logger. The break-before-make switching system is software driven by a PC
via a Hewlett Packard Interface Bus (HPIB). Operating software was written
by the author and incorporated into the main logging programme. By
activating the mercury switch the return thermocouple signal is disconnected
from the Viscount controller and power to the coils automatically cut. This
permits AE data logging unaffected by electrical noise. The data logger also
records the thermocouple signal (section 4.6.), and software converts

thermocouple voltage to temperature.

A number of details required addressing before fully commissioning the

system.

> Ensuring junctions in the extension cables did not affect the
thermocouple millivolts reading at the Viscount controller.
> Temperature of the cold junction.

> Timing of the switching between furnace and AE recording.
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These problems are discussed below.

1) Thermocouple
PRESSURE
VESSEL

technology requires

that only two | FURNACE |
. . . ‘ Upp T/C- :
junctions exist | F
Low T/C -
between two . Power. Furnace

Controller

Voltmeter/
Datalogger
N

different metals in il

order to accurately .

measure a

T/C return

temperature

difference - the hot

and col/d junctions. Fig.4.3.2.d. Schematic diagram of modified T/C wiring system.
Mercury switch located in Data logger on Upp T/C return circuit
The numerous (arrowed).
junctions in the
extension cables due to the switching and logging system could possibly
affect the thermocouple millivolt output. A calibration test was conducted
whereby the upper thermocouple only was connected to the Viscount
controller and the lower thermocouple output was measured independently.
Readings for furnace temperature were recorded. Subsequently the logging
and switching system was added to the upper thermocouple circuit whilst the
lower thermocouple circuit remained unaltered. Again readings for furnace
temperature were recorded. Results showed that the addition of the extra
junctions in the upper thermocouple extension cables made negligible
difference to the lower thermocouple reading, i.e. the temperature of the
furnace did not change when the extra connections (logging and switching

system) were added.

2) The "cold" junction for the system was physically situated in
uncompensated circuitry of the Viscount controller and was taken as room
temperature (18°C). This was programmed into the computer software,
compensation being made between winter and summer months. Room
temperature could be checked at any time using conventional thermometers.
A potential room temperature error of +3°C is considered satisfactory for the

elevated temperature tests.
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3) The furnace electrical

10° ; Hyvalue threshbld
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distribution for typical Amplitude (dB).

experiment. Spikes at the Fig. 4.3.2.e. Cumulative number of AE events against
AE amplitude (dB). Spikes are a results of furnace
higher end of the amplitude power supply.

range (50dB — 90dB) are a

result of the furnace turning on only seconds before the end of the AE logging
cycle. After further timing adjustments, later tests showed that even the
slightest overlap in AE logging and furnace power (<1sec.) was difficult to
avoid and produced sufficient events to distort the seismic b-value
calculations. For this reason, as will be seen, resuits from high temperature
experiments show AE event rate recorded well, whilst b-value data are

unreliable.

Conclusion.

Operation of the furnace is now such that it is powered and controlled from
the Viscount controller, while the computer keyboard switches the furnace on
or off, or triggers the furnace/AE switching system. The switching system
allows alternate logging intervals to record AE data or energise the furnace.
At temperatures <300°C, the system operates well allowing high temperature
conditions and AE data logging. Attemperature, >300°C furnace temperature
loss during AE logging (perhaps up to 30°C), is such that overall furnace
temperature fluctuation is too great and causes thermal expansion problems
in the ram and pore fluid similar to those experienced by Jones (1989).

Towards the end of the experimental programme, plans were made to adjust
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the software such that 10secs. AE recording periods could be taken every
2mins., thus not affecting furnace temperature at elevated temperature. Time

constraint meant this was not done.

4.3.3. Rock and Furnace Temperature Calibration.
The furnace and 250
Lower Furnace
rock temperature power increased. |
calibration  tests 200 —
were designed to | & 1 ' -
. © 150 T
establish the rock 5 {Temperature Overshoot K
1 Jfrom initial power  f N
temperature/furna 2100 i'”";“se'\ 5 f ’ '
ce temperature E JUPRTRE

2 Upper T/couple.
emmmmmaaan ; — ——— Lower T/couple.
"""""" Internal Rock Temp

relationship. A 50

thermo-couple

was fed down the % +——+r—rr—m—mr—rT—_T T T

. . . 0 1 2 3 4 5 6 7 8
loading piston into Time (hours).

the middle of a Fig.4.3.3.a. Upper and lower furnace temperature and internal rock
temperature calibration test results for a specimen under zero
hollow rock confining pressure, see text for details.

specimen and the

furnace energised. Ismail (1974) investigated the specimen temperature
gradient and the specimen/furnace temperature relationship in the 10mm
diameter specimen size furnace using a similar method, although calibration

of the enlarged furnace had not been done.

Fig. 4.3.3.a. shows data for the upper thermocouple, lower thermocouple, and
rock temperature, for a range of temperatures under zero confining pressure.
It can be seen the value of rock temperature in °C reached =~ 80% of the value
of the furnace temperature. The graph also shows the temperature instability
each time the furnace temperature is raised to a new set point. Experience
has proved that this instability usually requires upper and lower coil power
adjustment. Fig 4.3.3.b. shows a similar experiment. Marked on the graph is
the activation of the Ate/furnace switching system, and the application of a
confining pressure of 100MPa. The introduction of the switching system again

103



C+d

o"0"

o"o"*"

OA-

< &" Q"2vom v

x4

3w8 ::

%

E

4

*+0



Section 4.4.

powered by low pressure hydraulic oil (max. pressure 21MPa), and the small
piston moves in response to the large piston generating fluid pressures of up
to 700MPa - this is the process of pressure intensification. By controlling the
low pressure side of the intensifier, high pressure fluid is controlled. A
detailed description of this arrangement with diagrams can be found in Read
et al. (1989). Low pressure hydraulic oil is generated by a three phase 1.5Kw
motor connected to a hydraulic pump. By connecting the high pressure
system to a rock specimen in the triaxial deformation cell the intensifier can
supply and/or monitor high pressure pore fluid changes during triaxial
deformation. %" (6.4mm) tubing connects the intensifier to the vessel via a

series of valves and pressure transducers.

At the outset of this study the pore fluid pressure intensifier was connected
to a hydrostatic testing vessel for a previous rock permeability study. Before
the commencement of the experimental programme the equipment was

modified and relocated. Details are given below.

4.4.2. Servo-Control and Pressure Calibration.

The intensifier system can operate in one of three modes; pressure control,

volume control, or pressure pulse permeability testing.

> Pressure Control involves taking a feedback signal from a fluid pressure
transducer. If the system volume (rock porosity and tubing volume)
should change as a result of a change in pore and crack volume, a
change in fluid pressure results. The resultant error between actual
fluid pressure and fluid pressure selected on the servo controller moves
the intensifier piston to eliminate the error. This is the drained
condition, i.e. effective pore pressure is kept constant whilst pore
volume changes in the specimen are measured by intensifier piston

displacement readings.

> Volume Control involves taking a feedback signal from an LVDT

attached to the intensifier piston. The piston position is monitored and
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moved, if necessary, to eliminate error between a pre-set value for
piston location and the actual piston location. This is the undrained
condition, i.e. fluid volume is kept constant and any pore pressure
change generated as a result of pore and crack volume change is

monitored.

> Single ended Pressure Pulse Permeability Testing requires the use of a
one-way check valve. A pulse of fluid pressure is applied through the
check valve to one end of a specimen. The check valve ensures fluid
pressure can only drain into the rock specimen, and the decay time of
this pressure drop is monitored and related to rock permeability and

specific storage, (Read et al. 1989).

Two Intersonde HP28 700MPa pressure transducers are employed in the system
and are calibrated regularly; the wheatstone bridge arrangement in the
transducers allows this. Accuracy is +1.75MPa for a 0-700MPa range. The
piston displacement LVDT is regularly checked for maximum and minimum

values directly from readings on the control panel.

4.4.3. Pressure Intensifier Modification.

4.4.3.1. Modification Objectives.

This study requires accurate measurement of pore fluid characteristics during
rock deformation. A system to supply fluid under pressure to rock specimens
is an integral component of the apparatus. Modifications to the intensifier
achieved this by relocating and adapting the pore fluid control & monitoring
equipment and the pressure transducers and valves.

The main objectives of the modifications are given here.

> To close couple the intensifier to the triaxial vessel to minimise the

Upstream Reservoir Volume (URV) of the system.
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> To connect the intensifier control electronics and logging system to the
main data logging system in order to bring all test parameters under

one logging time base for easier data analysis.

> To ensure the system can allow both drained and undrained

experiments.

> To ensure the high pressure tubing system can allow for a variable URV.

> To ensure the system has the capability for syn-deformational pressure

pulse permeability testing.

> Ensure simple connection and removal of the high pressure tubing to
the top axial loading piston, permitting easy emplacement and removal

of rock specimens.

4.4.3.2. Fluid Compressibility and Tube Hoop Strain Analysis.

The close coupling requirement was prompted by results of early undrained
triaxial experiments which displayed small changes in pore fluid pressure with
initial rock compaction and rock dilatancy during deformation. Because the
system was remotely coupled to the vessel the volume of fluid under the
influence of this changing pore volume (System Volume, or URV) approached
25,000mm?®. Water compressibility and hp tubing system hoop strain were
thought to be the causes of the reduced pore fluid pressure response and are

investigated below.

Water Compressibility.

Fig.4.4.3.2.a.shows the relationship between pressure and specific volume of
water for water pressure between 0->700MPa. For fluid pressure between

0->200MPa, a change of 5MPa causes a fluid volume decrease of 0.17% (or
0.034% per Mpa). For the whole system of 25,000mm?® this represents a 50mm?*
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the relationship between pore volume reduction with

increasing fluid pressure, see text.

Analysis.

Using standard equations for tangential strain on the internal wall of a thick

walled tube, the following tube cross-sectional area changes for a 1MPa

change in fluid pressure have been calculated.

For a 25,000mm® URV with perhaps 95% of the fluid volume contained within

hp tubes (the remainder contained in elbows, junctions and valves) an

increase in fluid pressure of 5MPa represents an increase in system volume of

1.5mm*. Tangential hoop strain in the high pressure intensifier cylinder of the
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system was also considered and found to be similarly negligible. This is
expected if the high pressure piston seals are to function correctly under all
working fluid pressures. Table 4.4.3.2.a. below shows the percentage increase

cross-secional area for different Ap tubes.

Tube 0.0.x1.D.  Tube X-

sectional area
Increase/MPa.
" x " 0.00135%
VARSI 0.00130%
'fg" x 0.020" 0.00200%

Table 4.4.3.2.a.

A fluid pressure changes of 40MPa+ in an URV of 25,000mm® represents a
16mm?® increase in tubing volume. The undrained experiments in this study
involved an URV of 1/10™ of this, representing a tubing volume increase of
1.6mm® for a pore fluid pressure change of 40MPa. It can be concluded
therefore that the increase in URV size under increasing fluid pressure due to

hoop strain is negligible.

In conclusion, to fully study the effect of pore fluid pressure change on
deformation the URV size must be minimised. This consideration prompted the
first four bullet points of section 4.4.3.1.

4.4.5. Modified Fluid Pressure Intensifier Arrangement.

This section describes the physical arrangement of the modified apparatus

plus auxiliary equipment designed and manufactured.

4.4.5.1. Fluid Intensifier Modifications.

Fig. 4.4.5.1.a. shows the intensifier cylinder, low pressure hydrauiic oil system
and control manifold located adjacent to the triaxial vessel’s safety cell. The
fluid pressure signals are fed to the main data logger. The logging software

has been re-written to accept more data channels, process extra data and
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When the r.o.v. is closed undrained conditions are established. The desired
starting pore fluid pressure must be established prior to closing the valve, and
once closed, pressure transducer P2 monitors the pore fluid pressure changes.
In this condition the URV amounts to less than 2,500mm®. This is compares
with the pore volume of a sample of Darley Dale sandstone of 1,000mm?; thus
the URV is 2.5x specimen pore volume. The r.o.v. is necessarily remotely
operated because it must be closed after the confining pressure and pore fluid
pressure have been attained and when safety regulations dictate the triaxial
cell must be sealed within the safety cubicle. When the r.o.v. is left open
pore fluid pressure is maintained by the intensifier cylinder. Under these
conditions the fluid pressure remains constant and pore volume changes in
the rock specimen are measured by piston displacement at the intensifier.
This is the drained condition. In this mode the URV is immaterial to the

experimental results as no fluid pressure change occurs.

Between the two pressure transducers (P1 & P2) there are a number of 4-way
junctions, the extra ports these junctions provide allow the installation of a
one-way check valve for syn-deformation single ended pressure pulse
permeability testing (between two points marked A. and B.), and of extra URV
sections (ports C. & D.).

The additional URV sections consist of lengths of large bore high pressure
tubing. The capacity of a one metre length of the HiP 3/8" (9.53mm) 0.D. 1/8"
(3.18mm) I.D. hp tubing is =8,000mm?®, hence only a short length of the tube
can double the URV for an undrained experiment. Sections equalling 3,000mm?,
6,000mm?, and 9,000mm* were manufactured for the experimental programme,
and combinations of these are used to conduct experiments examining the
effect of the URV on fluid pressure change and deformation, section 6.2.2. &
6.2.4.2.

In order to allow the fluid to flow into and out of the specimen, the fluid must
pass down the centre of the piston, through a distribution plate and into the
specimen. The system adopted to achieve this consists of an HiP reducer
coupling allowing the 1/4" tubing to connect to 1/8" tubing. The 1/8" tubing

passes down the centre of the piston and connects directly to the ram only

112






































































































































































































































































































































































































































































































































































































