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ABSTRACT

Cataclastic deformation of quartz-ricﬁ rocks has been

investigéted both theoretically and experimentally. Specific

experimental investigations were made into the prdblems of
peak stress development, fault localization, the brittle-
ductiletransition, cataclastic flow and the effects of water-
saturation and strain rate on the strength of a pure ortho-

quartéite (Oughtibridge ganister, mean grain size = 0.112 mm).

The mechanical properties of this rock were
established by means of 150 uﬁiaxial and triaxial deformation
experiments, carried out at room temperature using four
different types of apparatus. Microstructures within the
deformed samples were studied in relation to the mechanical
properties, employing higﬁ voltage transmission electron
microscopy, scanning electron microscopy and optical micro-

SCOpY. Specimens were testéd,both water-saturated and oven-

dried, at varying strain rates ranging from 10”1 to 10=7 571

and over a range of confining pressure from 1 bar to 10 kilo-

bars employing both liquid and solid medium techniques. The

distribution of cracks was mapped in a set of samples, loaded

progressively to their ultimate strengths. Measurements were
also made of the length, number and density of cracks.

The main conclusions are:

l) The peak stress (sﬁrength failure) was not determined by
the structural instability of the specimen and failure
was a post peak stress event, It seems that most of the
work expended in creating permanent strain is dissipated
against friction during microcrackiﬁg and that the
permanent strain is a function of the sum total of crack

length.



2) Localization of deformation in ganister occurred when
grain boundary cracks formed at a fairly early stage,
augmeﬁted by late-forming, load parallel axial cracks.

3) ' The onset of ductility in ganiéter is in agreement with
Byerlee's (1968) criterion. From the microstructural
viewpoint, it can be demonstrated that ductility arises
from work-hardening of the rock caused by cataclastic
erosion of grain boundaries. Comparatively higher con-
fining pressures were needed to induce ductility in wet
rock. This was interpreted in terms ofiwater-
facilitated sliding along internal surfaces of the rock,
especially within the gouge zones.

4) As for the combined effects of water and strain rate, it
was found that contrary to materials such as Pennant
and Tennessee sandsﬁones, there was ﬁo water-weakening
at higher strain rates over the full range of applied
pPressure. Slight but ill-defined weakening occurred
towards the lower strain rates employed. The lack of
water-weakening effects in ganister is thought to arise
from the role of friction in determining the peak

strength.

The brittle behaviour of rocks seems to be largely dependent
upon the way in which the initial microstructure in the‘
undeformed state is arranged, Two dominant initial types
of microstructures were recognised and these exhibit
different mechanical behaviour in respect of peak strength,
localization of deformation and water-weakening effects.

It would appear, therefore, that variations in the brittle
behaviour of rocks may result from variations in their

initial microstructure.
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1.1 STATEMENT OF THE PROBLEMS AND THE PURPOSE OF THIS STUDY

A great'deal of attention in'recent years has been paid to

the process of brittle deformation in rocks (Cataclastic

deformation) . This is not only because of short term

engineering applications, but also because of growing

‘interest in the reduction of the effects of earthquake

hazards.

It is now acceptéd that there are three broad classes

of rock deformation mechanisms:

a)

b)

c)

Cataclastic which involves the fracturing of grains

and the gliding and rotation of the fragments with
respect to one another. This is particularly
important over a wide range of pressures at low

temperatures. (For a review see Paterson 1978).

Dislocation process in which shape change of the

polycrystal occurs due to inferred distortion of the

crystals by dislocation—domihated, intracrystallinev
processes. It is facilitated by.elevated pressure and
témperature, both of which tend to suppréss cataclasis
(for a reviewkSee Nicolas & Poirier 1976).

Diffusive mass transfer in which shape change of a

polycrystal is achieved through intergranular or

intragranular stress-induced diffusion (dry or water-
assisted). Material diffuses away from relativeiy
highly stressed crystallite boundaries and is re-
deposited on cfystallite boundarieé which aré under
conditions of lower stress. Under this heading, we
inciude Nabarro-Herring creep, Coble creep and
pressure solution.A A frictionless grain boundary

sliding is in general geometricaly necessary

25



(Nicolas & Poirier 1976).
This thesis is concerned entirely with some aspects of the
cataclastic deformation of rocks. A review of the
literature on cataclastic deformation leads to the
identification of the following outstanding p;oblems:

(1) There exists no satisfactory failure criteria which
fully take into account the microstructural
development of a biittle rock towaras and through
the peak strength. In particular, it has too often
been implicitly assumed that one failure criterion
might be found to apply to all rocks, irrespective
of starting mierostructure. Many purely empirical
failﬁre criteria exist, but these ere merely
phenomenological descriptions of mechanical

..behaviour, and are not concerned with how failure of
a rock occurs.

(ii) The problem of the localization of a shear fault in
a brittle rock and its relationship to peak strength
requires further investigetion. ‘This problem has
recently received much attention in the earthquake
literature, but there exists a scarcity of
experimental and microstrucﬁural studies of the
problem. |

(iii) The problem of the brittle-ductile (in the sense of
cataclastic flow) transition has received slight
attention previously, but there are virtually no
studies of the process in silicate rocks, especially

- from the point of view of microstructural

development.

26



{(iv) It is well established that the presence of water
in the pores off;ock, in addition t§ the mechanical
, Eressuré it exerts( influences its mechanical
behaviour. Although the pressure effecﬁ is
described rather well by the effective stress
principle, the effects due to the presence of pore
fluid (physio-chemical effects at grain boundaries)
are less well understood.
" In this project, various asEects of these problems
are addressed, principally by reference to a set of
experiments on one particulat rock type. The results and
their interpretation serve to shed further light on the
above problems. Defiﬁitive answers can rarely be
expected in a field of study such as briﬁtle failure of
rocks, and often the experimental results serve only to
raise more questions than they answer.

1.2 THE EXPERIMENTAL TECHNIQUES

Four different types of rock deformation machines were
employed during the course of this study:
i solid confining medium
ii liquid confining medium
iii servo-hydraﬁlic |
iv 15-ton cree? tester
Confining pressure ranges of 1 bar to 3 Kilobars (Kb) and
4 to 10 Kb were respectively applied in liguid and solid
medium machines. Thé resulﬁs indicate that the change
over was relatively smooth. The servo machine was used
to evaluate some basic mechénical characteristics of the
test material such as uniaxial compressive strength whilst

more extensive uniaxial testing was carried out using the
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conventional 15-ton creep tester. The machines and
experimental techniques are described fufther'in the
appendix.
The structural microscopy of the deformed specimens
involved'the following techniquéé:
i Optical transmitted and reflected light,
ii Scanning electron microscopy, SEM,
iii High voltage transmission electron microscopy,
HVTEM. |
Techniques used for sample preparation were conventional
and have been discussed in several other works (e.qg.
Rutter 1970, Jones 1978). Most of the data processing
was carried out with the help of computer programs (see
Appendix) . |

1.3 STRUCTURE OF THE THESIS

An early introduction to the experimental observations and
results (the following chapter) has made it possible for
these to be referred to during the course_of the reﬁiew of
the literature in Chapter 3. For example, the brittle-
ductile transition data are evaluated further while Byerlee's
criterion is being reviewed.

The thebreticél and experimental background to
problems of brittle rock deformation, relating to the
purpose of this study,is reviewed in Chapter 3. Most of
the liferature discussed, especially that of an experimental
nature, is generally related to the study of either pure
quartz (single crystals or silica glass) or qﬁartz—rich
rocks.

The analysis and discussion of the experimental
results and the observations are made in Chapter 4 and the
conclusions are drawn in Chapter 5.
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CHAPTER TWO

EXPERIMENTS AND RESULTS
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2.0 INTRODUCTION

In order to obtain microstructural and mechanical information
about the matefial under study, a total of 150 rock
deformation eXperiments'were carried out over a period of

two years. Experiments were basically either triaxial or
uniéxial, all at room temperature.

2.01 UNIAXIAL TESTS (o3 = o, = 0.0, Compression)

The purpose of these experiments may be summarized as

foildws: |

(1) the determination of strength, plus axial and volumetric
strain vs. axial stress,

(ii) to study the effeétS-of stress rate and water
saturation on strength,

(iii) to study the process of crack.growth'in the rock prior
to failure.

Two types of machines were employed to carry out the

experiments: 1) A servo-hydraulic machine was utilized to

perform 20 tests, 13 of which were aimed to characterize the

volumetric strain and elastic constants of the fock under

study. More details and results of these experiments are

given in Section 2.2. The remaining seven experiments 'the

Hold Series' were designed to try to "freeze open" microcracks

whilst the rock was held at a pre-specifiéd load level. The

'crack freeze' experiments, as we may call them, failed to

achieve the desired purpose. The methodology of these

tests and the reasons for their failure are explained in

Section 2.3. A description of the servo-hydraulic testing

system and its usefulness in evaluation of ﬁechanical

behaviour of the rock material is given in appendix AP.1.4.
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2) A 15-ton créep tester} described in the appendix
AP.1.3, was used to study the effects of 'Wetting‘ and
stress rateion the strength of the nghtibridge ganister.
Stress rates ranged from a time to failure of about

0.5 secbndsto over 3 days on a total of 50 oven-dried
and water—saturatéd.specimens, more details and results
are givenin Section 2.5.  Study of the rate and wetting

effects were extended over to the triaxial tests.

2.02 TRIAXIAL TESTS (o1 > 6, = o,, Compression)

These tests were divided into two pressure ranges, 1 bar

to 3 Kb and 4 to 10 Kb, carried out on liquid mediﬁm and

solid medium apparatus respectively. |

They were aimed at:

(1) Revealing the brittle—ductile transition
and pressure dependent features of the rock,

(1i) Studying the textures produced at different pressure
levels,

(iii) Studying the effects of strain rate and water satu-
ration, following the uniaxial results,

(iv) Studying the microstructural changes with progressive
loading at fixed pressure.

Specimens were tested wet and dry over constant strain

rates ranging from 1073 .sec™! to 108,sec™!. In other words,

over a time span from about 20 minutes to 35 days.

Results from the tests on liquid medium and solid

medium machines are given in Section 2.4. .

The solid confining medium technique was chosen to

admit relatively easy and safe access to high pressures,

this point is discussed further and the apparatus is

described in Appendix AP.l.1. The liquid confining
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medium machine is referred to in Appendix AP.1.2. A
general flow chart of the data acguisition is shown

in Figure 2.1.

2.1 CHARACTERISATION OF THE STARTING MATERIAL

2.11 General description and mineralogy-

Oughtibridge(ganister*, a pure orthoquartzite rock, was
used élmost e#clusiveiy as the testing material. From
optical and in some cases electron microscopy the
following estimate of the constituent material per
-unit volume may be inferred.

98 - 99% Quartz

7 Hematite and Limonite inclusions

(tiny red and yellow-brown particles
as observed under reflected light
Remaining 1-2% J microscope)

Plant remains (may be observed as thin

dark grey bands on the surface of the

\. hand specimens)

Large fallen blocks of the rock were taken from a small
abandoned quarry horth west of Sheffield (SE 317928
~National grid reference). Rock texture was slightly

different from block to block.

*
Ganister is a local name (Yorkshire) for certain very

pure quartzites of the upper Carboniferous system -
'Dictionary of geological terms' Dolphin books,
New York 1957 (Pub. ref. C360) |
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All specimens, however, were cored from two blocks

with reasonably similar textures. Oughtibridge génister
appears fine grained, uniformly texured, and light grey -
both in hand specimens and cored pieces. Due to the
nature of the work we may alternati?ely be referring

to the Oughtibridge ganister as Undeformed material,

Starting material or simply Ganister, hereafter.

2.12 Determination of the porosity and density

To determine the porosity and density of the ganister,
the dimensions of three cylindrical specimens of the rock
were accurately (within * 0.00025 mm) measured and

then weighed dry with a precision balance. The mean
density was then found to be 2.449 g/cm?®. The effective
porosity was determined through ﬁhe following procedure:
The density of similarly sized samples of rock were
determined saturated with water after évacuation. From
the dry and saturated determinations of density, the
mean effective porosity was determined to be 6.48% x
0.13% (range) in three samples. The total porosity
was found to be 7.4% (Atkinson 1978). The comparison of

these two figures shows that the pores in ganister

are relatively well interconnected.

The shape and the nature of the pores, due to the sign-
ificant role they play in deformation processses, will be

discussed = later in this section.

2.13 Determination of the mean grain size

The mean grain size of the undeformed material was found
' the
using a GP series 6gonic digitizer andAcircle area/

equivalent diameter method. The area of the total

number of 170 grains on a clean photomicrograph of a

34



typical reéion were digitized and simultaneously fed into a
computer where a ShOrt prcocgram based on the abové-method
computed the mean grain size. The equivalent cifcle method
was found feasible since the grains pOSSess high sphericity;
The mean»grain sizevmeasured'in this way was‘found to be
0.112mm with a standard deviation of O.18mm. The computed
mean and standard deviation is in very good agreement with
the appearance of the texture under optical microscope. A
typical photomicrograph of the undeformed texture is shown in

Plate 2.1.

2.14 Measurement of the length and number per unit area of

the microcracks present in the undeformed Oughtibridge.

ganister

Grain boundary microcracks were observed in close examination
of the polished surface of the undeforméd rock. The length
and ﬁumber of the type of microcrack indicéted in Plate 2.2
was measured on a selected known area using a reflected light
microscope. A square grid With 100 sub=-areas was placed in
the eyepiéce of the microscope and the lengths of the observed
microcraéks were measured with the aid of the length scale in
the eyepiece. Measurements below lengths of 10 microns were
made by'interpolation. The surface was viewed at.3C) times
magnification during the measurements. The total area
searched for microcracks was 8.4mm2 which statistically
contains about 860 average grains. 60 microcracksAwere
counted and their lengths were measured. Results are
plotted in a histogram in Figure 2.2; From the histogram

we obtain:
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a) Craék_length mode ~ 10um-

b) Mean crack length 20.2um

c) St. dev. of mean 14.4pm

2.15 Microscopic observations

"Electron microscopy in addition to optical microScopy was
carried out to charactérise the starting material more
comprehensively. Optical transmitted and reflected light
and transmission and scanning electron hicroscopy were
utilized.  Pore spaces, microfissureskand, td a certain
degree, the grain boundaries were best observed under the
optical reflected light (R.L. hereafter) andHSCanning
electron microscope (SEM hereafter), Transmission electron
microscopy (TEM) was partiéularly valuable for revealing the
contrasting>features of the detrital grains and the diagenetic
quértz overgrowths. Thin foils for High Voltage TEM (HVTEM)
were prepared by standard ion beam thinning techniques. The
following is a combined account of the observations made.

As seen in Plate2.l the undeformed material is
characteristically equigranular with sub-rounded grains. The
grain boundaries are often apparently straight lines and the
shape of individual grains may be described as polygonal in
two,and polyhedral in three dimensions and this is due to the
presence of an optically continuous diagénetic quartz cement
overgrown on rounded detrital quartz grains. Grain polyhedrons
are clearly shown on the SEM micrograph of the fresh broken
surface of the material (Plate 2.3). Brazilian twins, typical
of quartz overgrowth, are occasionally observed in the
overgrowths but best revealed in TEM micrographs as is shown
in Plate 2.4. Diagenetic overgrowths are the most striking

microscopic feature of the Oughtibridge ganister seen in HVTEM.
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‘The host grainfovergrowth boundary is frequently a sharp
feature with growtﬁ cells and dislocations oriented normal
to the bouﬁdary of the old clastic grain. From the
observations én average'overgrowth thickness of about 0.1
mean grain sizé may be estimated. VGrowth bands due to
inclusions in the overgrowths may be seen aﬁd the overgrowth
quartz characteristically damages faster in fhe electron
beam than the quartz of the detritél grains;A Typical'
overgrowth-~host grain boundary is shown in Plate 2.5.

The observed dislocation density in the overgrthhs
is . generally lower than those in thé host grains and méy
be estimated to be around 10%°/cm? or less whilst densities
of around 109/cm? or more can be found in the host grains.
The dislocation density in the old clastic grains, however,
varies from grain tovgrain, in some cases fairly low
densities are observed (PléteZ.S). These variations may bé
“due to the fact that the old clastic grains may originate
from different sources. The dislocation pattern within a
clastic grain shown in Plate 2.6 suggestsa creep type of

history with a density of about 107/cm2.

2.16 The distribution and geometry of pores and grain

boundaries

The pore spaces and grain boundaries were observed under
the SEM and RL. These features in the microstructure play
a decisive role in the process of brittle deformation of
rocks, as was confirmed from the experiments with Oughti-
bridge ganister. Plate 2.2 shows a general view of the
optically polished surface of the material as seen through
R.L optical microscope. In a close-up view in plate 2.7

the trace of grain boundaries is clearly seen. Using the
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same procedure as for the grains, the meaﬁ pore siée was
found to be ©.0267 mm with a standard deviation of 0.0127 rm.
The typical shapes of the pore spaces as they appear in the
plane intersection of the microstructure are narrow lozenges
or narrow triangles and are obviously fqrmed as a result of-
the incompiete overgrdwth of the silica on the old clastic
gréins and represent a substantial reduction in the volume

of theipriméry pore spaces. The regular geometric form of
the pore spéces resulﬁs from the termination of thé over-
growth by crystailographically controlled facets. Plate 2.8
shows SEM cloée—up of an éxposed (broken surface) overgrowth
surface. Aggregates of very small ¢ 1 ym in length quartzvv
crystals are commonly seen in pores during close inspection
of the broken surface of the ganister. As shown schematically
in Figure 2.3, this grain surface feature may cause the grain
boundary to appéar as seen in Plate 2.8 and may be called

"interlocking grain boundaries".

2.17 Solid impurities and bubbles

?A small numbef of anguliar to sub-rouﬁded opaque particles of
unknown chemical composition were observed under HVTEM
(Plate 2.9). Dark tone patches and thin bands seen in the
hand specimens (see Section 2.11) appear to represent

trace fossils and organic debris may be related to the
observed particles. In the case of such relationships, it
may be suggested that the opaque particles seen in Plate 2.9
are of carbon composition. On the other hand, in close
examination of the polished surfaces of the ganister such as
shown in Plates 2.2 (particularly dense) solid inclusions

within the body of the grains are clearly observed, These

inclusions (also see section 2.11) reflect a brown-yellow or
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PLATES CAPTIONS

Pl.

Pl.

Pl.

Pl.

Pl.

2.1

Undeformed texture of Oughtibridge ganister.
Note the pore traces. XP, scale bar = 70u.
Reflected light (RL) micrograph of the
polished surface of the undeformed ganister.
A grain boundary microcrack is indicated.
With interferometer, scale bar = 70u.

SEM micrograph of the undeformed fresh sur-
face of the ganister. Magnified view of the
area in the square is shown in Pl. 2.8.
Scale bar = 60y.

Trace of the grain boundaries in the un-
deformed ganister, indicated Gb. Note the
boundary interlocks. Reflected light, scale
bar = 5y.

Magnified view (rectangle shown on Pl. 2.3)
of the fresh surface of the undeformed
ganister. S is a plucked overgrowth
surface, Breakage surface with grooves is

indicated. SEM, scale bar = 25yu.






PLATES CAPTIONS

Pl. 2.4

Pl. 2.5

Pl.

Pl.

2.10

2.6

2.9

Brazilian twin, typical of the quartz overgrowth,
indicated. TEM, scale bar = 0.6y

Typical overgrowth-host grain boundary, labelled b,
where C is the overgrowth and g, the old grain;
note the dislocation along the overgrowth fibres
(undeformed ganister). The grain shows typically
low_dislocation density. TEM, scale bar = 1l.4u
Dislocation pattern within the old clastic grain.
Estimated dislocation density is around 107/cm?.
TEM, scale bar ~ 0.6 qn

Opaque plucked fragments of solid impurities
(indicated), most probably hematite or limonite.
Sample deformed at 9 Kb pressure. TEM, scale
bar =1.4u

Concentration of bubbles around twin boundaries
(healed crack?) in the undeformed ganister. TEM,

scale bar = 1.4u






red-orange colouf and have a spherical shape, sﬁggeéting
- that they may be hematite or limonite. Thefe is a possi-
bility, therefore, that the observed opaque particles are
thé same minerals, and not the plant remains, loosened upon
crushing (plate 2.9 is from a specimen deformed at high

pressures) .

Sub-micron size bubbles (voids) were also found during exam- -
ination by HVTEM. Bubbles were observed in groups formed

around twin boundaries or healed cracks as shown in plate

2.10.

2.2 MECHANICAL CHARACTERISTICS OF THE OUGHTIBRIDGE GANISTER:

2.20 Introduction

It was desired to study the mechanical characteristics of

the material under controlled failure conditions. A servo-
}hyafaulic testing system, described in appendix AP 2.4, was
‘used to carry out 21 uniaxial experiments. Due to the €reors in
the Scale selectio-n,héaHy kal{’v the tests e were not
suitable for complete processing and were discarded from the

final representation here.

Results will be presented in two parts. The first part
comprises the mechanical data such as stress-strain and volu-
metric strain behaviour and in the second part the results

of the 'Hold Series' (see Section 2.3 ) is reported.

2.21 The uniaxial compressive strength

The peak viress supported by the 2 cm. diameter by 6 cm. long
over. dried cylindrical specimens of Oughtibridge ganister
was taken as its compressive strength under uniaxial condi-

tions. As shown in Table 2.1 the deviation from the average
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value, 3.35 Kb (748000psi), is.not greater than 100-150
‘bars or 4%. Results of the experiments in which the
specimens were resin (Aréldite epoxy resin) saturated, is
shown at the bottom of the table and their average is shown

separately.

A considerable‘drop, of about 35% relativé to the oven.
dried stfength,‘is cbserved, and‘the interpretation of

this 6bservation is discussed in Section 2.3. The experi-
ments were all carried out at constaht strain rate of about
107° sec . Specimens were wrappéd up in thin nylon foil
during the tests to avoid thé loss of frageménts after
failure. The ambient temperature and humidity were fairly

constant throughout.

TABLE 2.1

Test No. Uniaxial Compressive Strength, kb

oG

101 3.14

103 3.33

104 3.49

105 3.49  Oven dried at 110°C

106 3.24

107 3.39

110 3.37 Average = 3.35

113 2.16‘ Liquid resin satur-
ated during loading

115 2.23

Average = 2.19
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2.22 The Young's modulus

Young's modulus of a material, E is defined as the ratio
of the acting longitudinalstress to the corresponding

longitudinal strain or

E = c/e Egn. 2.1

where ¢ and e are longitudinal stress and strain respec-
tively. In order to obtain the Youncg's modulus for
Ouéhtibridge ganister, this value was found by drawing the
tangents to the stess-strain curve at 20 KN load intervals
for each test. It was observed that the Yogng's modulﬁs

was increased and rose to a higher level immediately afﬁer
the specimen was loaded and then there was a rather gradual
decrease of the value as the rock approached the'peak load.
When compared with the stress-strain curve (inset in Figure
2.4),>the highest values correspond to the region of behav-
iour»inferred to be dominated by the purely elastic behaviour
.of the constituent particles (the elastic regioﬁ) of the |
curve. This effectkis demonstrated by plotting the Young's

modulus vs axial stress in Fig. 2.4.

The average Young's modulus for the "elastic" region was

found to be 230 Kb.

2.23 The Poisson's ratio and the shear modulus

The Poisson's ratio v, is defined as the ratio of the lateral
expansion strain Ad/d, to the longitudinal contxaction Al/l,

or e
v = °r/%z Eqn. 2.2

where e, and e, are radial and axial strains for a cylinder ,
respectively. It was observed that the Poisonn's ratio was

generally increasing throughout the loading and a maximum was
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reached at the peak load.

Having obtained E and VvV, the shear or rigidity modulus, G

may be calculated through the egquation.

5T15v) Eqp. 2.3

subject to the assumption that the material is mechanically

isotropic during loading.

Evolution of mechanical anisotropy is reflected in the
steady variation of v with load. The calculated values
of shear modulus along with the Poissen‘s ratios and the
related parameters are given in Table 2.2. The Young's
modulus and poisson ratio used to calculate G, are average
values.

TABLE 2.2

The Poisson's ratio and the shear
modulus

TS NoJLOG eleo-2 erxlo'-3 v G Kb

103 1.37 3.2 0.23 93.49
104 1.39 1.84 0.132 101.77

105 1.53 3.37 0.22 94.26

Average vy = 0.194 Average G = 96.95 Kb MP

2.24 The stress- axial strain and stress - volumetric
strain curves

A typical complete stress-strain behaviour is shown in Fig.
2.5. There is a small region of concave upwards non-
linearity at the beginning and then elastic region is
reached. A small concave downwards non-linear portion pre-

cedes the failure.

The post failure behaviour is more complex. There are
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two sets of friction-sliding events and this is frequently
the case in the complete servo~controlled behaviour of the

Oughtibridge ganister.

Because of the violent release of the stored elastic strain
.energy in the system at the point of failu:e these events

are usually obscured in a conventional uniaxial machine.

If observed carefully, there are two distinct events marked
with different slopes that have quickly restored to the
general elastic unloading slope. These probably correspond
to the accumulation of the greafer part of the permanent
strain which develops on unloading. Total stress drop is
associated with small permanent axial strain. The perma-
nent axial shortening for the particular experiment represen-

ted in Figure 2.5 is 0.07% and is typically below 1%.

The wvolumetric strain eV is defined as:
e, = eyteztes Egn. 2.4

where e,, e, and e; are strains in 3 principal directions,
If a cylindrical specimen is being deformed the e;= e3 = e,
or radial strain, as opposed to the e; = e; or axial strain.

Taking the shortening or contraction as positive and the

expansion as negative the equation 2.4 takes the form:

e, = e, - Zer Eqn. 2.5

This relation is uséd to draw the volumetric strain curves
shown in Figure 2.6, for 6 experiments. Associated with
each volumetric strain curve are the corresponding axial and

radial strain curves. As demonstrated in these figures the
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- volumetric strain curve does not start from the origin.
This 1s because extremely low values of radial strain were

recorded at low loads.

Figure 2.7 is the volumetric strain diagram including data
points of all individual experimeﬁts cited previously.

An overall volumetric strain curve is fitted to the data
peints in this diagram. The slope of the linear part of
this curve (the elastic volume change»region) may also be
obtained by calculating the average bulk modulus of the rock
through the eguation:

K = E — » Eqn. 2.6

3(1-2y)
Average E and y were found earlier in sections 2.22 and 2.23
The average bulk modulus for the ganister using Egn. 2.6, is

found to be 95.42 Kb.

The dashed 1line in Figure 2.8 thus show the elastic volume
change characteristic of the Oughtibridge ganister.  The
non-elastic volume changes can now be evaluated relative to
the bulk modulus (the relative dilation) as shown in the

schematic figure below.g/A
A

Figure 2.8.

Determination of the
relative dilation.

"STRESS
=

VOLUMETRIC STRAIN
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The physical significance assinged to the various regions
of the volumetric strain curve and its relationship with
other mechanical parameters of deformation is discussed in

Section 3.54 of Chaptér 3.

The average stress at point C found for six tests (on Fig.

2.8) was 2.2 Kb or 0.650, if the average uniaxial strength

(3.35 Kb) is taken as unity. Point C' marks the start of accel-
erated non-linear dilation (region IV). Average Figure shows

that C' occurs at about 0.950u.

The value of the relative dilation in Figure 2.7 shows that

the Oughtibridge ganister undergoes a relatively émall (relative
to the Pennant sandstone for example) amount of non-linear volu-
metric strain prior to its loss of strength.

2.3 THE 'HOLD SERIES', AN ATTEMPT TO FREEZE THE MICRO-

CRACKS AS UNDER LOAD

The name 'Hold' for this set of experiments comes from the com-
mandvfor which the response of the servo-hydraulic system (AP.
1.4) is to hold the specimen at a prescribed state of stress.
This feature was utilised in the design of series of experi—
ments aimed at inVestigating the dynamié&?iack growth. It

was assumed that if the rock, saturated with a temporarily
stable liquid or semi-liquid such as an epoxy resin, was held
loaded, the actively growing cracks would become froéen in |
the open state as the epoxy solidified, thereby inhibiting

the dilatancy recovery which normally occurs upon offloading

a brittle, microcracked rock. fifgiactice, the epoxy

s@ould exhibit negligible or no volume change during the course
of hardening. Aroldite epoxy resin AY1l8 with hardner com-

ponent HZ18 in standard miXture (100 to 75, by weight was

used asS the saturating material. The resin was expected
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to show little if any volume change upon solidification.

In order to obtain a reasonable degree of saturation and

also longer pre-experiment fluidity the resin was diluted

25% with acetone. It was assﬁmed that the bulk of the
diluting acetone would vaporize as the specimens were
awaiting testing and the rest vaporize during the short
hardening period. The resin would have hardéned in about
15-20 hours at room temperature. This time interval could
be shortened if the resin was heated. Taking into account
the operating temperature limits of the axial and radial
transducers, the temperatufe could be raised safely up tob
60~70°C. Two preliminary normal uniéxial experiments were
carried out on resin saturated specimens of Oughtibridge
ganiter to reveal the effect of resin on the strength of the
rock (stress-strain curvesin Figure 2.9) the results of which
are given in Table 2.1.  The other purpose for which these initial
experiments were conducted was to find the effect of temper-
ature on the rate of hardening of the resin. It was found
that a temperature range of 40-60°C would reduce the hardéning
period from 15-20 hours to about 4-6 hours. - Because there
was a possibility of drift in the output of the transducers
due to the temperature effects, the only way of controlling
the hold level was to set up load as the variable side of

the feedback loop (see Appendix AP 1.4).

2,31 Description of the experiments and results

After saturating a number of specimens with the resin, they
were left in refrigerator (+2 to +4°C) for ten days (the
resin was slightly more viscous at the end of this period).
Individual specimens were then taken out at appropriate

times, surface-cleaned, wrapped in thin nylon foil and their
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dimensions - measured. The time elapsed as specimens were
prepared for the experiment was not more than 40 minutes at-
maximum. The'hold' level (in KN) was selected and the machine
_Was’started. To ensure of the constancy of the control level,
the heating elements (ordinary high wattage lights with re-
flecting mirrors in the back) were brought close to the speci-
men assembly some 10 minutes after the 'Hold' command was
executed by the system. The temperature was monitored at
a position between the heatihg source.and specimen surface.
~Table 2.3 is a summary on the conditions and events after the
'hold' level was reached. As expected, soon after heating
was started, the axial ahd radial transducers began to regis-
ter specimen lengthening at constant lead and radial expansion
at constant load respectively. vHOWever, before heating was
started, the axial transducers registered small axial

shortening in all three experiments, whilst radial strain

C

TABLE 2.3
SpecificationSof the 'Hold series'
experiments
OG' - Loal level frac~ C° - Total times, - Comment

_u,Test Number tion of the ulti- . Resin Curing hrs. that the
L ‘ ~ mate strength, au temperature specimen en- »
o o dured the specd-
fied load level

116 0.82 oy 61-70 0.71 . Explo-
sive
, ‘ failure
118 0.60 94 40-45 4,71 "
119 0.37 ¢ 40-45 1.41
: u o some lar
pieces

recovere
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remained exactly the same. The effect of temperature on
the linear differential transformers pfecluded any further
information being acquired on the true axial or radial dimen-
sions of the specimen. The stress-strain curves for the
complete behaviour of resin saturated samplé and three experi-
| ments that wefe 1oaded'to the specifiedvlevels are shown in
Figure 2.9. All tests were terminated by unexpected
Viélent failure of the specimén, under load conditions which
| would not normally result in failure of a dry or water wet

specimen.

2.32. The probable causes of explosive failure

Except for test 119 the rest of the specimens were not recovered
as they exploded to small fragments. Microscopic examination
- of a large piece remaining from the specimen uséd in test 119
~did not show.any interesting features.v Traces of resin could
be seen in some of the pores, especially those occurringnear
the outer surface of the specimen. Although it is not known
7;Ema¢t1y how the resin saturated specimens failed so violently
' umdef;1oads as low as 40% of the short term strength, it may
 f b§ sPeéulated that crack propogatiéh wvas enhanced through the

'.;aimEnsion charges, however small, of the saturating resin.

2.4 THE STUDY OF MICROSTRUCTURE AND MECHANICAL BEHAVIOUR

" 'OVERO0.5-10 Kb PRESSURE RANGE

2.40 Introduction

Confining pressure was varied from less than 1.0 to 10 Kb in

53 experiments deforming at constant Straih rate of about 10_4ﬂhc.
to 10_%¢at room temperature. To compaie these results
especially from the point of view of microstructure with the rock

deformed at lower strain rates, a set of 3 experiments at 4
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7 and 10 kilobars were carried out at strain rates of

about 10“8 secf% To carry out experiments with confining

pressure up to 3.5 Kb a liquid medium machine was used

(see appendix AP 1.2) while pressures above 3.5 Kb were

achieved in a solidbmedium apparatus (see appendix AP 1.1).

Experiments were carried out in two series:

(a) water saturated at zero pore fluid pressure, and

(b) oven dry. o |

small size cylindrical specimens 0.63 'x 1.3 cm. (0.25 x 0.5

inch) were used'throughout the experiments reported in this

section. Most of the deformed specimens were recovered intact,

impregnated with epoxy resin and sectioned for'optical and
,; eiectronhmicroscopy. Results are presented in two parts,
dr'dealing respectively with mechanical and microstructural

observations. | |

"2 41 Variations in mechanical behaviour with pressure:

S 2, 411 Stress Strain Curves

Ti;Sets of stress-strain curves in order of change in confining
’Liﬂpressure for wet and dry experiments are given in Figures

: ;32 10 and 2 11 At low and intermediate pressures (.5 to 4.

h'atfxb), wet and dry stress—strain curves appear very s1mi1ar.'

‘C'Sharp load peaks occur, and re1ative1y 1arge stress drops

follow ‘the peak load. The’stress drop following peak load
*decrease in dry tests as pressure is taken ahoye'4 Kb, whilst
thisvdoes not seem to be true for thevWater saturated speci-
"mens’of Oughtibridge ganister. In wet specimens,even at
“the highest applied pressure, there continues to be a large
drop in the stregss level following the peak load. 1In two
h,cases (0G 37 and 0G 42) at 7 and 8 Kb pressures, wet tests,

there is sharp stress release again after the typical peak
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FIGURE 2.1,  STRESS-STRAIN CURVES
FOR WET OUGHTIBRIDGE GANISTER
(confining pressures in KB) |
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stress drop, marked with two sharp troughs in the post

failure region of the stress-strain curves.

As expected in both dry ahd wet experiments, at pressuresvup

to 5 Kb, the curves have a post-peak friction sliding |
feature, especially distinctive in the wet experimenﬁs persis-
ting up to 6 Kb pressures. The post-peak behaviéﬁr of the

wet Oughtibridge ganister at 10 Kb resembles the dry experi-
ment at 5 Kb. On the other hand, the dry rock showsa high
degree of ductility above 5 Kb and probably undergé?é cata-
clastic flow with initial strain hardening. Iﬂ?gase of experi-
ments 0Gl0, OG ll which are both at 6 Kb confining pressure,

pseudo steady-state flow is reached (Dry rock) after a sharp

yield region is passed.

The pre~yield or pre-failure regions of the curves look alike
in both wet and dry tests. Curvesvcommonly show an initial
bnonlinearity followed by linear elastic behaviour and finally
‘ a mo£e gradual deflection from linearity towards . the peak
7,ldad;
An.incféase in percent strain at peak strength, or yield, was
- 6bserVed as pressure was augmented. The increase was more
.nof;ceable as pressure was raisedvfrqm zero to about .5 Kb.
- Above this pressure, the strain at failure remains more or
1esé constant or probably very slightly rising with rising
pressure. This is revealed when the relevant data for the
uniaxial experiments for the earlier section is combined with
,thevprésent data and plotted in a percent strain-confining

pressure diagram shown in Figure 2.12.

2.412 The variation of strength with confining pressure

-

As the confining pressure was increased from zero to 2 Kb a
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sharp increase in strength was observed, rising from about
3 Kb at zero pressure to around 13 Kb 8% 2 Kb pressure.
Further increase of pressure causes further incfease in
strength but at a lower rate (see Figure 2.13). The
pressuré strength daté in Figure 2.13 dOeslnot show a great
difference between the water-saturated and oven-dry
‘experiments. The solid lines below and above the points
envelope a rather uniform range bf scatter.

However, as shown in Figure 2.20 if all wet results are
presented, é distinctively separate cluster of points appears
at rélatively.low strength leveis. This set of points
appears as if it belongs toa different matérial. This

phenomenon and_its significance is discussed in Chapter 4.

- 2.413 * The brittle-ductile transition -

Complete stress-strain behaviour of dry and wet Oughtibridge
_ganister over .5 to 10 Kb pressure range is presented in
Figures 2.14 and 2.15 respectively.

As was noted when describing the'individual stress-strain
curves, there are marked differences in the appearance of
the stress-strain curyves related to wet and dry

experiments especially above 5 Kb.

Thé dry Oughtibridge ganister shows a good degreg of
ductility above 5 Kb preSsure. Dry specimens deformed at
6 Kb pressure, and above,were all barrelled in the middle
with faint impressions of multi-fracturing on the jacketing.
Below 5 Kb, the brittle behaviour gradually takes over as
may be inferred from the form of the curves as well as

deformed specimens.
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The wet Oughtibridge ganiSter behaves noticeably differently,
especially over the upper range of the confining pressure.

The form of the stress-strain curves indicates a more brittle

behaviour generally. In fact the same relative degree of

ductility as was observed in dry experiments was not achieved
in‘thé wet experiments over the same range of pressure.
Development of a single fault is still the prevailing mode

of failure at pressure as high as 7 Kb. It cah'be stated,
from the diagram in Figure 2.15, that for.the wet Oughtibridge
ganister, the transition to.felative ductility was completed
above 8 Kb confining pressuré. The specimen deformed wet at

10 Kb confining pressuré suggests fairly homogeneous ductile
type of deformation although the related stréss—strain curve

shows a slight post yield depression.

2.42 The effect of strain rate

Three experiments were carried out at reiatively low strain
rates of under 167860?}- Due to the time restriction (37 days
‘were taken to complete each test) these experiments could only
belpérformed at 4, 7 and 10 Kb confining pressures, with‘oven
 dried specimens. The resulting set ofstress-strain curves
is éhown'in Figure 2.16. The general forms of the curves
“bééiéélly remained much the same as thosereported earlier
(Figure 2.14) with higher strain rates except that these tests
were left to accumulate more strain. It is however noticeable
~that there is an increase of about 5 percent in the total

strain at yield.

The past yield behaviour of the Oughtibridge ganister at low
strain rates and medium pressures consists of series of stress

build up periods each followed by a slow stress drop. These
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fluctuations may be somehow related to the development of -
the fractures that were observed on the deformed specimens.
It is not possible, however, to identify a particular set

of fractures on the épecimen ﬁith a particular feature on
the stress-~strain curve. Similar post—yieldbstress fluc-
£uétions, though with a lower amplitude, appear on the stress-
strain curve at 7 Kb-confiningApressure. The deformed

specimen also showed less marked discrete fault impressions

on the jacketing.

The post yield stress fluctuation amplitudes were also low
on the trace for the experiment perfomed at 10Kb pressure,
and the rélated deformed specimen showed very little signs of

faulting on its surface.

The effect of strain rate on the fracfure and yield strength
of Oughtibridge ganister is shown in Figure 2.17. The result
of the present number of experiments indicate that on average,
the rock was.weakened as much as 25% as strain rate was lowered

from 10-4/sec. to around 10—7/sec., over three orders of mag-
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TABLE 2.4 \
Specifications of the low strain rate
tests
KB Strength KB @
Test No.!| Confining -4 -1 -7 -1 | Percent decreas
oG pressure 10 Sec 10 sec in strength
139 10 22.5 ©19.0 15.5
121 7. 17.5 12.2 30.0
120 4 15.0 9.8 34.6
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2.43 The microstructural observations

2.430 Introduction

- Specimens deformed at various confining pressures in liquid

ahd solid medium machines were-removed from the pressure -
vessels at the end 6f.each test and were impregnated with
epoxy resin while still jacketed. Impregnated deformed
Specimens were usually cut longitudinally into four slices
and normal thin sections (mounted lakeside if required for
HVTEM) were prepared. Polished_surfaces were prepared on
some specimens. High voltage transmission electron micro-
scopy (HVTEM) was used to reveal details ofrﬁxzostrﬁcfufés
in specimens deformed at high pressures whilst the optical

microscope was utilized to study the whole range of samples.

A series of séanning electron micrographs were also prepared
from the fresh fracture surfaces of the deformed specimens

in order of increasing pressure.

Microstructuresare described here from samples deformed in

three pressure ranges,

(a) low (0.0 to 3 KB),
(b) intermediate (4 to 7 KB)

and (c) high pressures (8 to 10 KB) .

- Typical features were hand-sketched as they were observed under

the microscope or groups of features characterising one oOr more
specimens were schematically merged to make a typical hand
sketch. Dréwings were often used to describe the features
observed in the specimens deformed at low pressures while at
higher pressures, photomicrographs proved more useful. Size
estimations in the following descriptions are given as multi-
ples or fractions of mean grain size. The size of the

crushed fragments in gauges produced in the faults or micro.
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shear zones were described according to the following arbi-

trary size classification.

Coarse fragments 5 to 50 microns.
Coarse microfault gouge, where
individual fragments are still
distinguisable under optical
micro%;pe 1l to 5 microns. Fine

and very fine gouge under 1 micron.

2.431 Description of the éxperimentally produced miéféstruc-

tures at low pressures, wet and dry.

Specimens studied in this section inélude the experiments that  o
were carried out in the 1 Bar to 3 KB range both wet and dry.
The observed deformed micro-structures were found to be quite
similar for water saturated and over dried tests over the

entire range.

The texture Produced at 1 bar (Jacketing only) resembles the
undeformed texture shown in Plate 2.1 except fo;fgumber of
'throughgoing fractures that in some cases split the specimen
axially or diagonally. A typical optical micrograph of
deformed structure at 1 Bar is shown in Plate 2.11. The
fauit plane usually contains little gouge,-that generally
consists of coarse fragments of crushed grains. The grainsadja—
cent to or at the edges of the sliding surfaces were commonly
affected by axial cracks but these cracks were mostly confined
to the area adjacent to the fault. In the case of axial
splitting, it is not clear where the axial fractures origin-

ate from, these fractures run through 3 or 4 grains freely

without being deflected. 1In some cases axial fractures run
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parallel to each other and then join. The axialrfracture
indicated in Plate2.1l branches out and diminishes after
running through about 1/5 of the whole specimen;. The type
of axial fractures and splitting described above was only

observed in samples deformed at atmospheric pressure.

In specimens deformed at 1 Kb as shown in Plate 2.12, axial
microcracks concentrate around the fault zone and are more,
widespread than were described for the 1 Bar experiments.
The number of grains, mostly adjacent to the fracture, affec-
ted by axial cracks is considerably'higher'at 1 Kb relati?é,
to l’Bar pressure. Also the material alohg the fault plane
consists of finer fragments, althoﬁgh o¢cupying a very‘narrow

zone of about one or two average grain widths.

The microshear zone widens as the pressure is increased to
around 2 Kb. A high magnification micrograph of a typical
microshear zone producea at 2 Kb is shown in Plate 2.13.

" The degree to which the grains adjacent to the zone are frac-
tured was not significantly higher than was observed in Plate
2.12 but the width of the gouge was markedly higher, more than
four average grain diameters. Plucked and heavily fractured

grains were seen in a finer grained gouge.

A notable feature was the occurrence of long streaks of coarser
gouge, varying in thickness (10-20 um), streaked along the

zone within the fine gouge. One such streak is indiéated

in Plate 2.13. More details of the microfractures in the
graihs adjacent to the fault and part of the zone are shown

in the SEM micrograph in Plate 2.14.

a
It was observed that the above c@gacteristics were further

enhanced as confining pressure was raised to 3 Kb.
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A typical fault zone produced at 3 Kb confining pressure
is shown in Plate 2.15. Traces of the pulverized plucked

grains could be seen as large axially orientated_sliverSin

the middle of a fine gouge.

The intergranular cracks in the grains adjacent to the fault
zones have characteriStically an akial orientaﬁion. In all
cases‘that were observed and described so far, the anially
orientated intragrannular cracks were found to be the domin-
ating form of microfracturing in the Vicinity of the eliding
surfaces or fault zoneé. In contrast, away from the zones

of high concentrated deformation the axial eracks ﬁere viftually

absent andbthis mode was replaced by grain boundary eracks.

Signs of optical strain in quartz grains away from the fault
planes and zones were found to increase with increasing con-
fining pressure, nevertheless they were not volumetrically
significant and were limited to shadows around the grain
boundaries. Plate 2.16 is part of the microstructure away from
the intensely deformed areas showing strain shadows around the

| grain boundaries, also traces of grain boundary cracks are

élearly observed.

Except for the experiment at 1 bar pressure which was faulted
through several fractures at different directions, specimens |
tested at 1, 2 and 3 Kb confining pressure characteristically
developed one major throughgoing fracture at an oblique angle to the
long axis of the specimen and limited fractures parallel or
sub-parallel to the laﬁter. Drawings in Figure 2.18 illustrate
the progressive intensification of deformation at the fault
planes with systematie increase in confining pressure for the

low pressure (zero-3 Kb) range.. The mode of microscopic
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failure as was observed in each case is also shown.

2,432 Description of the experimentally produced micro-

structures at intermediate pressures, wet and dry.

The intermediatehpressure range include experiments carried
out at 4, 5,6 and 7 Kb confining pressures'and constantfstrain
rate of about 10-4,sec-1. A smooth transition in behaviour
was observed between the 1ower and 1ntermediate ranges.'vat

the lowest pressure of the range (4 Kb), some differences

between the behaviour of samples defurmed wet and dry emerged [_,&j“

tand became more marked as pressure ‘was increased to the upper L
| level of this range (7 Kb) Compared W1th the low pressure -
: range, the deformed microstructures at intermediate pressure
range are marked with a general widening of the fault zones.
Within the range, however, the wet specimens were found to be
generally less deformed for the same levels of pressure, although
the fault gouge in’both dry and wet specimens exhiblted much

- the same colour hue, indicating more often the same degree

:pof refinement of the constituent material. Another feature
common to both wet and dry specimens were the subSidiary faults
that often run parallel to the main fault within the gouge

as was first observed in 2 Kb pressure samples (Plate 2.13).
‘Grain relicts and extensively crushed and plucked grains were
also observed in the gouge band in both wet and dry samples.

| Plates 2.17 and 2.18 compare the typical fault zones in dry

and wet samples resPectively.

Particulars of dry-deformed samples

In samples deformed at 5, 6 and 7 Kb pressures, the cataclasis
was found to be progressively more distributed (relative to
dry, low pressure) as is clearly demonstrated in Plates 2.19

and 2.20. The boundaries of the crushed grains tend to round
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off as the pressure is incrased to around 7 Kb. This

effect is best observed in Plate 2.19 (deformed at 6 Kb).

The fracture surface of the same specimen is shown in the

SEM micrograph in Plate 2.21;. In high magnification view
(Plate 2.22), cdnqgidal fracture marks and details of trans-
gran ular cracks as well as clumps and fragments of gouge are
observed. The damage to the grain boundaries that has
resulted in 'rounding' of the grain is clearly observed in the
large grain indicated in Plgte 2.21. The same»plate may be
compared with close}up»view of the fracture surface of‘the'
'sample deformed at 3 Kb'(Plate 2.23); bearing conébidal frac-
tures and grooves similar to those observed in the 6 Kb case.
The presence of the britfle fracture marks such as cohéoidal
fréctUres in both 3 and 6 Kb samples suggests that the brittle
deformation at microscopic levels has been taking place '

throughout.

Away froﬁ the fault zones, in Plates 2.18, 2.19 and 2.20, dark
areas around the grains suggest that gouges may bé present.
This in turn would indicate intensive sliding and friction

at grain boundaries. There are areas, (near to the ends of
the samples) however, that much less deformation is inflicted
(not shown) and the usual grain boundary microcracking is the
predominant feature.

Particularsof wet-deformed samples

Unlike the dry specimens, the fault zones in wet specimens
are narrowerband fractured grains‘often appear at only one
side of the zone (Plate 2.18), whilst grains on the opposite
side look much less deformed. The latter effect indicates
that part of the sfructure stood rigid while the other paft

accommodated most of the total slip on the fault surface.
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The sequence of fault zones produced at 5, 6 and 7 Kb

Pressures is shown in Plates 2.24, 2.25 and 2.26.

2.433 Description of the experimentally produced micro-

structures at high pressures, wet and dry.

Results of the experiments at 8, 9 and 10 Kb confining: pres-
sures are described below. In general compérison wiﬁh they
textures deformed at lower pressure ranges, more.pervasiQe
cataclasis was observed wiﬁh the retention of tﬁe textual
diffefences between wet and dry samples at optical aﬁ& maéro—.

scopic levels.

Particulars of the dry-deformed samples

Plates 2.27, 2.28 and 2.29 respectively aemonstrate textures

developed at 8, 9 and 10 Kb pfessures, and clearly illuétraté
the extent of the grain size reduction through cataclsis.

It should be pointed out, however, that although grain bound-
ary plucking was observed in the intermediate range samples;

néticeable grain size reduction was only observed in thé upper

level of the high pressure range (9 and 10 Kb).

if viewed under plain polarized light, the outline of the
relict grains maywbe seen often orientated in regular arrays
separéted by conjugate shear bands of intense cataclasis
(Plates 2.30 and 2.31). At this stage (9 and particularly
10 Kb) the microstructure in fact consists of the colonies
(relicts themselves are often shattered to fragments) of
lozénge~shaped relicts bounded by fine gouge. The progression‘
towards the typé of microstructure described above can be seen
in a sequence shown in Plates 2.32, 2.33 and 2.34. | The
sequence basically shows the stages through which the edges

of a grain is microfractured and subsequently turned into

a more or less fine gouge, it is shown that the body of the
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grain is also affected by microfractures originating at the
grain boundary. In closer inspection of the intergrahnlér
gouge by HVTEM, it was found that it noticeably consisted of
thin long slivers and very fine sub-micron size gouge. The
mosaic of electron micrographs in Plate 2.35 shows details

-~ of a group of such sliVers bardering a mass of fine gnge.

Microfractures bqunding the slivers run through and cut across
the original microstructural features like dislocatiqn.walls
with no apparent disruptive effects on them. Plates2.36

and 2.37 show that microfractures cut through part<ifakdief:
genetic quartz ovetgrowth,croes cutting the Qrbwthbfibef 1
dislocations and growth'layering without any apparent‘effect

on or by them.

TEM observations did not indicate noticeable differenees .

between the fine details of the wetand dry textures (i.e. in
the zones of concentrated deformation). Slivers, fine and
coarse gouge were found in the gouge gones : of both wet and

dry samples.

Despite TEM,observations of insensitivity of crack path to
pre-existing crystal defects microstructures, it must be
_emphasized'that the larger scale (optical) observations of
concentration of cataclasis into grain boundary regions is
strongly suggestive of preferred microfracturing of the

(perhaps) weaker diagenetic overgrowth quartz.

Other typical features of the experimentally developed
cataclasites are shown in TEM electron microgréphs in Plates

1 2.38 to 2.42 (with caption descriptions).

SEM of the fault surfaces with preserved gouge in Plates
2.43 and 2.44 )coupled with the same features at 6 Kb pressure

to show the effect of increase in confining pressure) show
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clumps 0f fine gouge. Concoidal fractures, grooves, shock
marks and cracks are clearly observed on the surfaces of
the fractured graine in high magnificaﬁion SEM micrographs.
shown in Plates 2.45, 2.46, & 2.47. No glass melt was
observed.

Particulars of the wet-deformed samples

Alﬁhough the deﬁails of the micrbstructure ..as observed in TEM
do not disclose any specific differences betweenvmﬂ:and dry
deformed samples, considerable’differences appear atéthe _
optical microscope level, particularly the way that defdréf
mation is accommodated in each case. Typically most df,the'
strain was contained along multiple fracturés running thfoﬁgh '
the entire wet SPecimen even at 9 and 10 Kb pressures'whilg' |
regions away from the fracture zones remained fairly intaét-
with slight trangranular fractures as shown in Plate§ 2.48, 2.49

and 2.50.

Much less intensified omin boundary cataclasis was observed
away from the fault zones. Near to the fault zone, however,
some degree of grain and grain boundary cataci%is was observed
as shown in the high magnification optical micrographs in
Plates 2.51 and 2.52. TEM electron micrographs of regions
away from the crush zone in the same sample (OG 40), showed
that coarse gouge is present along the grain boundaries and
also that grains are affected by the microfractures originating
from grain contacts (plates 2.53 and 2.54). No melt was
observed in the gouge or along the grain boundaries. In
broad terms, it may be concluded that at inﬁermediate and

high pressures, the ductility of wet specimens is less than

that of dry omes.

2.44 pPreferred orientation features within the gouge.

In a number of wet and (exceptionally) one dry deformed speci-
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men, a consistent preferred ofientation within the gouge zone
was obserﬁed. The preferred orientation appears as tightly
spaced but usually discontinuous patches of tiny fragments of
gouge within a matrix that is apparently made of much finer
gouge. :The shape of these fragments variesbetween elliptical
to long thin rectangles, giving the impression thaﬁ.fhey might
be plastically deformed. Plates 2.55 to 2.59 show tYpicai
exampies of the described feature (termed ﬁlemihation fabrie").
The drawings in Figure 2.19 show the typical kind of macro-
fracturing that occurred in four samples, including the edd
dry specimen. As indicated in the drawings the specimeqs_i
have developed a relatively wide band of gauge ueualiy with

a curved segment. The gouge band runs through the width of
the samples .with the exception of the dry-defbrmed-specimen.in
which the band is terminated half way. As was shown in the
optical micrographs and in all cases that'Were studied, the
trend of_the geuge zone was transected by the orientation ef
the developed fabric which is always normal to thebdirection
of the load. It was alse observed in all cases that, even

at high pressures, the grains bordering the gouge zone were
relatively free of cracks and remained totally intact. Table
2.5 depicts some mechanical information concerning the group

of the samples that reveal gouge preferred orientation.

A limited number of TEM observations were made on the above-mentioned
gouge zones. Most of the electron micrographs show an

extremely fire gouge (©.21m). However, gouge crYstalliteS have
random gouge fabric. In some of the electron micrographs,
however, slight lamination of the coarse andAfine gouge was
observed (best shown in Plates 2.60 & 2.61). - Other electron
micrographs shown in Plates 2.62 and 2.63 also show areas in

the gouge zones that contained preferred orientation features.
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FIGURE 2.19

DEFORMED SPECIMENS SHOWING LAMINATION
FABRIC. THE PERCENT SHORTENING AS
MEASURED ON RECOVERED SPECIMEN IS INDICATED.
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TABLE 2.5

The mechanical specifications of the samples
with ‘'lamination fabric'

Test Stress, KB Confining ¢ finite shortening Wet
No at yield pressure measured on the or
oG or fracture KB recovered specimen dry
34 3.90 5 . 17.0 W
41 6.01 5 18.5 W
38 7.41 g 22.0 W
44 11.45 8 - W
39 11.14 9 22.0 W
48 11.48 10 14.0 W
40 12.73 10 22.0 W
18 16.74 9 25.8 D

-4
All tests at 10 " /second constant strainrate,zooc.

From the mechanical point of view, it was noted that in all
experiments listed in Table 2.5 the rock'strength was anoma-
lously 1low. The odd dry experiment which exhibited a gouge
preferred orientation at 9 Kb confining pressure (although
not as much as in wet samples) also exhibited relative weak-
ness. These data are shown in Figure 2.20, in whic¢h the
results of all experiments described in this section are
included in a strength-confining pressure plot. Eight of
the ten wet sample data points that are ciustered in the

low strength group (referred to in section 2.412) belong

to the samples that had developed very fine bands of gouge
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PLATES CAPTIONS

Pl. 2.11 Microstructure of ganister deformed at 1 bar con-
fining pressure (jacketed only). Note the axial
transgranular fractures. The direction of o,
is indicated by an arrow. Optical, XP, scale
bar = 0.4mm.

Pl. 2.12 Shear fault in the specimen deformed at 1Xb
pressure. A zone of approximately one grain
width is intensively affected by microcracking
and grains in it are crushed. Note the intact
grains immediately outside the crush zone.

Arrow shows the direction of o¢;. Optical, XP,
scale bar = 70y.

Pl. 2.13 Part of the shear zone developed at 2 Kb
ﬁressure. A (arrowed) is the fracture within
the gouge. B (arrowed) is a streak of coarse
gouge within the finer gouge. Optical, XP,
scale bar = 0.1 mm.

Pl. 2.14 Details of the grain boundary cracking. Cracks
around the}edge of a grain are indicated by the
arrow. Micrograph is taken from the crush
zone, SEM scale bar = 30yu.

Pl. 2.15 Fault zone produced at 3 Kb pressure. Axially
oriented slivers of crushed grains within the
gouge are indicated by the arrow. Optical, PP.,
scale bar = O.lmm.

151. 2.16 Part of the microstructure (0f the specimen shown
in P1. 2.15) away from the fault zone. Note the
strain shadows around the grains (indicated by

- the arrow). Optical, XP, scale bar = 50u.






PLATES CAPTIONS

Pl. 2.17 PFault zone produced at 4 Kb pressure. Dry.
Direction of o; is indicated by the arrow.

O.l6mm.

1]

Optical, XP, scale bar

Pl. 2.18 Fault zone produced at 4 Kb pressure. Wet.

Optical, XP, scale bar 0.l6mm.

Pl. 2.19 - Relatively well distributed cataclasis in the micro-
structure, deformed dry at 6 Kb pressure. Note
that grains are more rounded than shown in Pl. 2.17
and 2.18 above, also alternating bands of fine
(narrow) and coarse (wide) gouge. Optical, XP,
scale bar = O.2mm.

Pl. 2.20 Same features, described for Pl. 2.19, enhanced at
7 Kb pressure (dry). Part of the rock away from
the fault zone can be seen on the top right corner
of the micrograph. Note the trace of a conjugate
shear set (direction of o; is indicated by the
arrow). Optical, XP, scale bar = 0.2mm.

Pl. 2.21 SEM of the fault surface (of the sample shown in

T Pl, 2.20). The ash-like material is the gouge.

Note the rounded grains. Scale bar = 20u.

Pl. 2.22 Part of the-area shown in Pl. 2.21 at higher
magnification. g, gouge. Conchoidal fracture

marks are indicated by the arrow. SEM, scale

bar =~ 2u.
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PLATES CAPTIONS

Pl. 2.23 SEM micrograph of the fault surface in the sample
deformed at 3 Kb pressure. This is to be
compared with the fault surface shown in Pl. 2.21
(7 Kb). Conchoidal'fractures are indicated.
Scale bar = 1lOu.
Plates 2.24, 2.25
& 2.26
Sequence of micrographs showing the fault zoneé
in wet samples produced at respectively 5, 7 and
7 Kb pressures. The direction of o; is
indicated. Optical, PP. (Pl. 2.24), XP, scale
bar in all cases = O,lmm.
Plates 2.27
& 2.28
Textures developed (centre of the sample) at 8
and 9 Kb pressures. Note the greater degree of
cataclasis compared with lower pressures. Dark
bands are fine gouge. Direction of o, is

indicated. Optical, XP, scale bar = 0.lmm.






PLATES CAPTIONS

Plates 2.29, 2.30
& 2.31
Extensively developed cataclasis at 9 (Pl. 2.29)
and 10 (2.30, 2.31) Kb pressures. Note the
lozenge~-shape texture of therelict grains
surrounded by conjugate bands of fine gouge.
Also note the axial cracks invthe relicts.
Optical XP. (2.29), PP. (2.30 and 2.31), scale
bar in all cases = O.lmm.
Plates 2.32, 2.33
& 2.34
Show the stages in the erosion of grain
boundaries through cataclasis and the
development of gouge around the relict grains
(shown in the plates described above).
Optical, XP, scale bars, 2.32 = 20u, 2.33 and
2.34 = 5y.
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PLATES CAPTIONS

Pl. 2.35 Mosaic of the TEM micrographs. Showing details
of the intergranular gouges, consisting of slivers
(labelled S) and very fine gouge (labelled g)
(sample deformed at 10 Kb wet). Scale bar = 1.4
Plates 2.36 &
2,37
Microfractures cutting through the diagenetic
overgrowth without any apparent effect on or by
them. The direction of growth fibres within the
overgrowths is indicated by the dashed lines
(sample deformed at 9 Kb wet).

Scale

bar in 2.36 = 0.8uw and in 2.37 = 0.6u"
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PLATES CAPTIONS

Pl.

Pl.

Pl.

P1.

Pl.

2.38

2.39

2.41

2.42

Fractures through an old clastic grain. Note the
high dislocation density (samp;e deformed at 10
Kb wet). TEM, scale bar = l.4y

High magnification view of the grain-overgrowth
boundary away from the highly deformed areas of
the sample (deformed wet at 9 Kb). TEM, scale
bar = 0.6y

Apparently displaced coarse fragments of gouge.
In the sample deformed at 10 Kb pressure. TEM,
scale bar = l.4dp

Slivers at the edge of a grain. It can be seen
the paths of the fractures are not affected by
the pre-existing crystal defect microstructures

(e.g. dislocations). TEM, scale bar = 1l.4 u

vHigh magnification view of the fractures

(labelled f) in the overgrowth. Again note

that the fractures are not affected by the growth
fibres (away from crushed zone in the wet
specimen deformed at 10 Kb pressure). TEM,

scale bar = 0.6 u






PLATES CAPTIONS

Plates 2.43 & 2.44
Fault surfaces of the samples deformed dry at 8 and
10 Kb respectively. Note the clumps of gouge on
the surface of the heavily crushed and rounded
grains., SEM, scale bars = O.lmm (Pl. 2.93) and =
50y in P1l. 2.44,

Pl. 2.47
Close~-up view of part of the area shown in Pl.
2.44. Microfractures around a grain are
indicated. SEM, scale bar = 20u.

Plates 2.45 & 2.46
High magnification views from the éreas shown in
2.43, 2.44 and 2.47. A clump of gouge in Pl.
2.45 is labelled g and conchoidal fractures are
indicated in Pl. 2.46. SEM, scale bars = 1Oy

(2.45) and = 5p (2.46).






PLATES CAPTIONS

Pl. 2.48

Pl. 2.49

Pl. 2.50

Fault zone in the sample deformed wet at 8 Kb
pressure. Note the relatively intact grains
adjacent to the zone. Optical,XP. Scale bar =

O. lmm.

General view of part of the sample deformed wet
at 9 Kb pressure. Note the narrow zones of
relatively fine gouge and wide bands of crushed
grains.. Most of the grains at the bottom left are
fairly intact. Optically, XP, scale bar = O.8mm.
Close-up view of the narrow zone of fine gouge in
a sample deformed wet at 9 Kb. Note the sharp
contact of the crushed grains with the gouge zone.

Optical, XP, scale bar = 0O.15mm.

Pl. 2.51 & 2.52

Pl. 2.55

Some details of the crushed grains and grain
boundaries near the fault zone. Plucking of the
overgrowths labelled a and b in Pl. 2.52

(deformed wet at 10 Kb) can be seen. Optical, XP,

vscale bar in both cases = 30y.

General view of the fault zone in a sample
deformed wet at 10 Kb pressure. Note the
orientation of the fragments within the zone of

fine gouge (dark).






PLATES CAPTIONS

Plates 2.56 to 2.59 |
Following the feature described in Pl. 2.55 (10 Kb,
wet sample). Micrographs showing the fault zones
in the samples deformed wet at 9 Kb pressure. In
all cases a macrofracture zone of fine gouge is
developed within which consistent fabric normal to
the direction of o; (indicated by the arrows) can
be observed. Note that the grains are relatively
intact outside this zone (e.g. in Pl. 2.58).
Optical, XP, scale bars: in 2.56 and 2.57 =~ O.5mm,

in 2.58 ~ 0.8 and in 2.59 = O.5mm.






PLATES CAPTIONS

Pl.

2.53 and 2.54

The development of gouge around the grain
boundaries away from the fault zone in a sample
deformed wet at 9 Kb pressure. Crushing of the
grain boundaries is clearly seen in these TEM
micrographs. The grain and the gouge are
respectiveLy labelled G and g on Pl. 2.53 and in
Pl. 2.54 the body of two grains and the zone is
indicated by the dashed lines. Note the
transgranular fractures originating from the edge

of the grains. TEM, scale bars in both cases = 15y

Plates 2.60, 2.61, 2.62 & 2.63

Show some details within the gouge zone where
lamination fabrics were optically observed (Pl.
2.56 to 2.59). Alternating coarse and fine gouge
can be seen in Plates 2.60 and 2.61 labelled C and
f. The diffraction pattern along with Pl. 2.62
and 2.63 indicates random cuartz fabric

TEM, scale bars Pl. 2.60 ~1.4yu, Pl. 2.61 =1.4y,

Pl. 2.62 = 0O.8pand Pl. 2.63 = 0.8y
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showing preferred orientation.

2.5 THE EXPERIMENTAL STUDY OF THE INTERRELATION BETWEEN

STRAIN RATE AND THE EFFECT OF WATER ON THE MECHANICAL

PROPERTIES.

'2.50 Introduction

Possible interrelations between the effects of strain rate and
the presencc;of water on the mechanical properties of the
Oughtibridge ganister were searched for using triaxial liquid
medium and uniaxial creep tester apparatus. Experiments were
carried out in the strain rate range of 1 x lO-l +0 about

1l x 10-7/sec. with water saturated and oven dried specimens
all at 20°C. Results will be described separately for uni-

- axial and triaxial experiments.

2;51 Uniaxial'experiments

A total of 46 uniaxial tests on water saturated and oven dried
,specimens were carried out using a 15 ton uniaxial creep

>ntéSter (see appendix AP 1.3). Stress rate was varied through-

6

“':6u£-£he experiments ranging from aboutletb 8.x 10 Kb/sec to

: 51_~ihvé$tigate the combined effect of rate and water saturation

",aﬁa'éémparison with the dry behaviour over the same range

'af;beSEréss EatesE 5.0 cm. diamter x 2.0 cm. long cylindrical

Hépééimené Weré, almost ih ail cases, loaded to 40 to 50 percent
of their ultimate strength (3.5 tons, higher initial load in
case of low stfess rate testé) and then were loaded to failure
~at various rates. The ultimate strength was not likely to

.be affected by the initial load (Law, 1977) since similar
results were produced without the application of the initial
‘load. ' The stress-rate ¢°calculated, over the time-controlled
part of the load assuming that the cross-sectional area of the

specimen remained unchanged, using the following relationship
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¢° =kic egqn. 2.7 where:

F is the load

A is the cross-sectional area of the specimen

t is time to failure and k is the unit conversion constant
k = 0.154, if F is in tons, A-is in square inches and time is
in seconds. This gives the stress rate in kilobars per second.
In case of fast stress rates, no initial load was applied and
the specimen was deformed in one stroke of the poise-weight
beam. Stress rates of up to about 1.5 Kb/sec were achieved
this way. Most of the oven dried specimens were covered on
their exposed surfaces by rubber gum tohprevént absorption of

atmospheric moisture.

Duration of the test to the point of failure and the load was
recorded as a time-force trace on a chart recorder. The
accuracy of the strength data was estimated to fall within

+0.1 Kb. Failure in all cases was violent and samples exploded
into several small pieces with usually one or both end cones
remaining as the largest. Audible omissions were heard moments
before failure occurred. Except for a very small amount of

rock powder, it was usually possible to reconstruct the deformed
specimens by assembling the shattered pieces together.

Skematic drawings of typical macrofracturing modes shown inPigure
2.21 next page, were made on the basis of these reconstruc-
tions.

Tabie 2.6 summarises the data that was obtained from these

experiments. Data from this Table was used to make the stress-

rate versus uniaxial strength diagram in Figure 2.22.

The upper envelope to the points on this diagram is shown, as

is the line which separates data points from wet and dry tests.
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TABLE 2.6

The specifications of the rate-wetting effect experiments

~ OVEN DRY WATER SATURATED
Test No. KB/second KB, ag uni- Test No. KB/second KB. 0, uni=
stress rate axial strength stress rate axial strength

56 1.54=exp 0 1.83 66 9.92-exp 1 2.33
60 6.75 1 2.24 61 4.05 1 2.11
54 2.55 1 2.60 65 2.57 1 "3.35
57 1.06 1 2.85 94 1.90 1 2.68
53 8.80 2 2.61 96 1.63 1 2,19
67 6.78 2 2.47 63 9.28 2 3.09
51 2.66 2 2.39 64 6.94 2 3.04
88 1.93 2 2,05 52 1.47 2 2.58
89 9,28 3 1.53 62 5.95 3 1.96
97 6.68 3 2.83 93 2.81 3 2.22
96 3.52 3 2.0 92 7.64 4 2.23
68 3.17 3 2,98 87 - 3.37 4 2.30
90 2.16 3 2.48 86 2.84 4 1.55
91 1.11 3 2.09 84 5.95 5 1.82
72 3.57 4 3.02 85 5.22 5 1.84
58 .13 4 2.07 80 1.05 5 1.82
59 1.63 4 2.45 82 1.03 5 1.99
69 1.42 4 *2.26 81 8.30 6 1.68
70 6.66 5 2.51 79 3.44 6 1.51
7 6.04 5 2.68 78 2.23 6 1.40
73 3.13 5 2.40 77 2.20 6 1.93
83 1.16 s 2.28

74 6-70 6 2.46

75 6,20 6 2,04 |

76 2.25 6 2.02




Figure 2,21
Typical macrofracturing modes in uniaxial deformation of ganister.
- Based on the reconstruction of the sample fragments.

The diagram indicates that although a general teduction in
strength, shown by the negative slope of the dashed line, was
observed as a result of lowering the stress-rate, the average
uniaxial strength of the wet and dry Oughtibridge.ganister
remains more or less the same for about three orders of magni-
tude of the stress-rates. The large scatter of uniaxial
strength values is ascribed to heterogeneity of the pore
structure of>this material (seevPlate 2.1). The relatively more
pronounéed weakening of the wet specimens start at stress-

rates slower than 10-4Kb/sec. (equivalent to ”10-6/sec. strain
rate) per second and thereafter the wet data points group up

at a definitely lower level. On the basis of this qescription,
if the strengths of wet and dry rock were assumed to be the

same 3S 1 - 01 Kb/sec stress rates,the percentage reduction

in strength at the lowest applied rate is 15 and 25 for dry

and wet respectively. Discussion of these results is given

in Chapter 4.

'2.52 TRIAXIAL EXPERIMENTS

Because of the small difference observed in the uniaxial
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strength of wet and dry ganister, and because of the large
scatter of results,triaxial experiments at elevated confining

| pressure were attempted in the hope that a clearer distinction
be tween wet and dry behaviour might be made and that the effect

of radial confinement would reduce the scatter of strength values.

To this end a confining pressure of about 0.5 kilobar was applied
and five experiments were carried out at 10_'5 and 10_7 strain
rates, the stress-strain curves of which are shown in Figure
2.23. The results of the tests at 0.5 Kb pressure is also

shown in a strength-strain rate plqty in Figure 2.24., An appar-
ent slight increase in the strength for both wet énd dry rock

was observed as the strain rate wés lowered at 0;5 Kb pressure.
Although it was probable that the general trend was still obscuré
after only five experiments, it was however, decided to increase
the confining pressure to two kilobars.A total of 20 experiments
(with one case of leaking jacket) were then conducted in a liquid-
medium machine at 2 kilobar pressure and strain rate ranging
from 10-4/sec. to 10_7/sec., using small size 0.63 x 1.3 cm.
cyiindrical specimens. Stress-strain curves are shown in
Figure 2.23. The strength-strain rate plot in Figure 2.2.4
shows a definite general weakening trend indicated by a dashed
line for both wet and dry'rock. The data points for wet and
dry results are however so spaced that no definite distinction,

even less so than for the uniaxial data, may be made.

A single shear fracture at 25-30° to the direction of principal
stress was observed in all cases for the set of expériments at
2 Kb pressure and the onset of failure with the exception of the
tests 130 and 131 (see figure 2.23), was marked by an audible
emission but failure took place gently in all cases. The

interpretation of these experiments is deferred until section
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2.6 THE EXPERIMENTAL STUDY OF THE MICROFRACTURING PROCESS

WITH PROGRESSIVE LOADING

2.60 Introduction

Thé mechanical and microstructural information obtained earlier
through the course of the experiments préviously described

were used to design'series of experiments with a view to

- observe and possibly quantify some aspects of the micro-
fractufiﬁg process that takes place when the rdck is loaded
through failure.-‘ It was not feaéible, however, to observe
microfracturing as it was taking pléce within the rock sample,
unless the course of the events‘were somehow monitored or
interrupted. Peng & Johnson (1972) and Hallbauer et.al. (1973)
have studied the progressive development of'miérostructure
during the failure of granitic rocks by optical microscopy of

- samples loaded to different stages in the failure process.

Teng Wong (pers. comm. 1980, via E.H.Rutter) is currently
extending this approach using SEM on Westerley granite. Studies
of this type do not appear to have been carried out previously

on sandstone(ﬁe ganglm el.al. 1974 /n{. J. Rock Meeh. PA fo7. ;/3),

Major problems in the appliéation of this type of technique

are: |

fa) Closure of soﬁe cracks on offloading and opening of others.
It was to investicate this problem that the 'hold' series
of experiments, described earlier, were devised.

(b) Inhomogeneities and microstructural differences between
different rock samples, may lead to variations in micro-
fracture development history. This problem may be par-
tially circumvented by ensuring that sufficiently large
areas of individual samples are examined. |

(c). Optical examination alone of polished surfaces does not
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reveal all microcracks present, particularly closed

ones (Sprunt & Brace, 1974). SEM examination of ion
beam etched samples reveals mdre microcracks. However ,
ease aﬁd cheapness of examination Qf large areas opti-
cally must be set against cost and time involved in the
use of the SEM/ion etch technique. Optical examination

only, of large areas was used in this study.

2.61 THE EXPERIMENTAL PROCEDURE

The specimens, 0.63x 1.3 cm., weré cored from a carefully
inspected piece of rock 15 cubic cm. in volume. Samples were
then oven dried for over 24 hours at 110°C. Five experiments
wefe_carried out of which three wefé unloaded before reaching
their ultimate strength and the other two which passed the
point of peak strength, were subjected to different post failure
“strains. _All tests were performed at lo_ssec. rate and 2

kilobar confining pressure, because consistent strength data‘

was obtained earlier at the same pressure.

The first sample (143a) was taken to its post-failure region
and-términated at over 6 percent total strain. A through going
shear fault at just over 30 degrees to the direction of princi-
pal stréss was observed to have developed. The second experi-
ment (143b) was also taken beyond its strength failure but wés
shortly terminated at about 3.5 per cent total sfrain, apparently
without developing a through going fault. It is probably
because this rock often unloads itself in a series of short
jerks in the post-peak region (see uniaxial servo machine data
Figure 2.5) that it was possible to recovei still unfaulted
samples which had been loaded post-peak strength in a relatively

soft testing machine.
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At this stage a compressive strength value at 2 kilobars con-
fining pressure had to be established because the rest of the
experiments were to be unloaded with reference to this value,
' before reaching their ultimate strength. Samples 143a and
143b failed at 14.15 and 13.97 kilobars respectively. The
average value of 14.06 kilobar was.taken as the reference
compressive strength at 2 kilobar confining pressure (dry,
10f5/sec strain rate and 20°C temperature) for the selected
volume of Oughtibridge ganister. If the reference strength
is taken as unity (au), thus the three subsequent samples
were loaded to 0.83 o, .994.ou and .999s, (o = 14.06 Kb).
Upon reaching the desired load level the driving motor was
switched to reverse and the specimen was unloaded at the same
rate (10-5 sec ) while the confining pressure was held con-

.stant.v A summary of the test conditions and the stess—strain

curves is given in Table 2.7 and Figure 2.25.

The deformed specimens were sliced into halves and optical
1_surfaces (£ine polished surfaceiof the rock used with reflected

ﬂ,light microscope) were made. . ihe same surfaces were also

'Vused as SEM samples.

TABLE 2 7

flfLMechanical specifications of the stages in progressive :
. Toading of samples. , ‘ e

- All tests at 2 Kb pressure, 20 C, Dry and 10 /sec. strain
'lrate, table in order of increasing load.

: Testogumber Maximﬁg Stress .- - Tbtal Fi:ite Strain
146  11.68 2.3
145 » 13.21 o 2.13
144 : 13.94 o 2.52
*143b 13.97 R 3.60
*143.a 14.15 | ‘ 6.45

*Passed the peak stress, given stress values correspond
to the point of peak stress.
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2.62 THE MICROSTRUCTURAL CHANGES WITH PROGRESSIVE LOADING

- The state of the microstructure in each deformed specimen is

presented in the followihg respects:

1 - the number and distribution of the microcracks,

2 - the length of the microcracks,

3 - the description of the microscopic observations.

For the first and second account, a map of the microcracks were

prepared for each sample and length of the cracks were measured

in selected areas. The information about the length and number

of microcracks were then used to plot frequehcy-length histograms

for each deformation stage and also to acquire the crack density

and mean crack length which in turn were plotted against stress-

strain parameters.

- As for the description, the reflected light and SEM techniques

were employed throughout and the description is aided with photo

and electron micrographs taken during the observations.

2.621 The length measurements and mapping of the microcracks -

(a) microcrack, lencgth measurements

‘The same method and procedure described in section 2.14

was used to measure the length of the microcracks. The

selected area in this case was located in the centre of

e’aﬁf#he de formed spedimen and amounted to 2.109 mm2 divided

(b)

finto 15 sub-areas and viewed at 80 times magnification

to enable a more detailed observation. The area mentioned

above would statistically contain 215 grains and is about

- 2.6 percent of the total surfacearea of the cut specimen in

" the central part.

Preparation of microcrack maps

One half of the total cross sectional area of each deformed

sample was mapped for the microcracks (approx. 36 mmz).
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A square grid with 100 sub-divisions was placed in the
eye piece of the microscope (A Reichert KAM.5 reflected
light microscope fitted with a Reiehert Nomarski inter-
ferometer was used for all measurements and observations)
and microcracks were carefully mapped manually on to an
accordingly graded chart as the sample was scanned grid
by grid. The surface was viewed at 30 times magnifi-
cation during the mapping. Each grid square covered an
area of about 0.48 mm2 which would statistieally contain
around 50 grains.
Due to microcrack density in sample 143a which was most de-
formed (over 6 per cent), its map was exceptionally prepared
from a mosaic of microphotographs covering lé of the total
area (100 photographs) The complete mosaic'was a x 84 mag-

nified image of the original area which was then successively

reduced to match the size of the other maps.

- Maps and histograms are presented with the description of the
, -deformed samples. The other statisticalvresults are summar-
| flized in Table 2% .8. The Erack density, p for each sample is

~the number of ‘discrete microcracks per unit area. The plot of
”vfcrack density versus permanent and total strain respectively
ii;is shown in Figures 2.26 and 2. 27. ~The permanent strain e

o BEREN p
“"Ton each sample ‘was found by measuring deviation from elastic

TABLE 2.8

Statistical Analysis of the'MicrOSCOpic Measure-
ments (in order of increasing crack density)

. Test WNo, Cm v ' s s*
LR OG , Mean crack length ym Standard deviation N Variance, N-1
undeformed 20.160 14.04 208.73
145 20.166 13.44 191.44
144 31.72 18.44 ' 306.21
146 27.10 19.62 405.568
143b 49,23 32.48 1080.08
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strain, as schematically shown in Figure 2.28 below:

/
7/
7

/

b ;
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¢,
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Figure 2.28
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n permanent strain value _ep.
wn
uy
oz
-
wn
e, e
STRAIN p

Curves fitted into the points of the crack density vs strain
diagrams in Figures 2.26 and 2.27 show that the crack density
in the rock increases with increasing strain, but the increase
in crack density takes place at different rates depending on
the nature of the strain. = The variations of crack density |
with total strain takes the form of a concave upwards curve
whilst the variations of crack density with permanent strain

follows a concave downwards curve.

The arrow indicates the point of peak strength on the two
curves. The crack density increases rapidly with the first
ihgfements of permanent strain, but as the rock approaches its
.ultimate strength, the rate of increase reduced and the curve

becomes more or less linear.

It was found, as also shown in Table 2.9, that the mean crack
length is a strain dependen£ property. For instance, although
Saﬁple 145 is loaded to 0.94 O its mean crack length C, =
20.16 uym, while mean crack length for Sample 144, loaded to

only 0.83 Y is Cm“= 27.10 pm. Discrepancy is eliminated in
terms of strain which show lower percentage of strain for the
sample with lower mean crack length. This is further supported
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Values of the crack parameters; table in order of increasing

TABLE 2.9

crack density

oG o, /Kb e, st epr c m oo Ne/ 2 ®p/p Co
Sample number Maximum stress Finite total Finite permanent Meall’crack Crack % permanent
strain length density strain/mm of
crack
Undeformed - - - 0.02 7.0 -
145 13.21 2.13 0.14 0.02 11.0 0.63
144 13.94 2.52 0.20 0.031 13.0 0.49
146 11.68 2.31 0.18 0.027 18.0 0.35
143b *13.97 3.60 1.45 0.049 37.0 0.79
143a *14,15 6.45 4.95 0.56%* 80.0 1.10

* Peak stress. Note that strains measured for 143a and 143b do not correspond to the peak

stress values.

*x Cm for 143a is estimated (see Figure 2.29 and the text) to be equal to

% mean grain siZe0.056mmn.

Average'eP and e, at the peak stress for 143a and 143b is found to be 0.3 and 0.28% respectively.
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by the same trend for all other samples. The plot of the mean

crack length versus total and permanent,strain is shown in

Figures 2.29 and 2.30. Crack length measurement was not carried
- out for sample l43a since most of the observed cracks in this

case tended to partlally or completely encircle the grains.

The extrapolation of Cm vs ep”and Cm vs et'data were used to

estimate the mean crack length forvsample 143a and it was

found to be a figure between 50 to 65 microns. This figure

was then rounded off to % mean grain size, that is, 56 microns.

The same graphs show that the‘mean crack length does not grow
with the early increments of load. The point i and p are
the onsets of deviation from elastic hehaviour. The non-.
k coincidence of point pvwith y axis shOWS’thatvthe mean crack
-length remains constant for the;starting incrementsiof,perma-
- nent”strain as well as thronghOut the elasticllaoding of the
rock The state of mean crack length during the elastic
R loading does not necessarily mean that no microcracking is
fg;taking place over this period.;i»It was explained earlier that
nﬂglexperiments could not- reveal the elastic microcracking events ‘
hif{and therefore the diagrams in which the crack parameters are

;f.plotted against permanent strain are certainly more reflective

”';fffof the microcracking events that take place during the pro-_‘wsg

lf'gressive loading.

Using the permanent component of strain, it 1s possible to
.calculate the percent permanent strain per unit crack length,
>‘Cé (crack strain) Permanent strain reached at each stage
’kof loading 1s divided by the product of crack density and the’
: mean crack length to give the permanent strain that was caused
' as a result of the growth of unit length.of{ascrack, or

Ce = ee/pc;cm o -A:' - Egn.2.8
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The plot of C, vs e, is shown in Figure 2.31. It can be shown -
that G Cm is equal to the tdtal length of the measured cracks.
The distribution of points on this_diagfam is such‘thét the
.simplestinterpretation is the Ce is very gently incréasing

(the thick dashed lines). | |

2.622 Description of the deforﬁed’microstructures

The sequence of microcrack maps in order of total and pérmanent
strain is‘shown in Figures 2.32 to 2.36. The corresponding.
histogram is also given with each map. The maps were originally
drawn in a 30 cm x 20 cm frame, and it should be noted thét a
mode:ate amount of detail of small cracks has been lost in
reducing them to the 10 cm x 12 cm size used in this thesis.

It should bé noted that the stress level figures such as are

in fact values relatib. to an average figure (ou=l4.06 Kb) .
Imcompatibility of the stress figures with that of strain for

a sample within the sequence may be explained assuming that

the failure for that particular sample would not occur at the
average value (14.06 Kb). The déformed microstructures there-
fore are described below in order of strain rather than stress.
Midfostructures of the undeformed material have been described
in seétions 2.14 and 2.15.

' Sample 145, 2.13% total strain, taken to 0.94 o (13.21 Kb) Fig.232

”In élose examination, a limited number of grain boundary micro-
cracks appear and in some cases it is hard to differentiate between
a microcrack developéd as a result of loading and the grain boun-
dary typical of the starting material shown in Plates 2.64

and 2.65 and described in Section 2.15. The tiny welding bridges
indicated in Plate 2.64 were taken as evidence of pre-existing |
cracks. If the grain boundary was cracked these bridges were
broken as shown in Plate 2.66. It was observed that microcracks

at this stage always originate from the triple points of the
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grain boundaries and the corners of the interstitiél pores and
extended for only short distances. Cracks join two pores along
the grain boundary as shown in Plate 2.67 but‘this usually occurs
in case 0of closely spaced pores. The feature indicated in Plate
2.68 and 2.69 was frequently observed andvis believed to repre-
seht'healed grain boundary cracks. There are areas in which

the grain boundary microéracks cluster but no transgranular frac-
tures were observed. These cluéters also appear clearly on the
map but they dd‘not form a lineéf feature and seem to be randomly
distributed. The apparently crack free areas on the map define
a type of cellular pattern with large relatively equant shape
cells mostly occuiring in the central region, and surrounded by micrc

crack arrays that do not appear to follow any definite pattern.

Samplebl44, 2.52% total strain taken to 0.99 o, (13.94 Kb)

Typical examples of the development of the microcracks in
- Sample 144 are shown in Plates 2.73 and 2.74. The intensity
of microcracking was noticeably higher than in sample 145 and

2). The grain boundary

more cracks were mapped (p_, = 13 mm
‘crébks were in many instances seen to close around the fairly
iérge grains. Again no transgranular crack of any orientation.
_:wésiobserved and all observed cracks were confined to the
v:'gféih_boundaries with the exception of one or two at the edges
.of the specimen. Thé colonies of craék-free grains are
smaller than thos= observed in Sample 145. Large crack-free
areas could be seen at the top end of the map (Figure 2.33).
A long sub-horizonatal cluster of cracks is observed in the

central region of the map. The mean length of the cracks

-is higher than in 145.
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Sample 146, 2.31 % strain, taken to 0.83 9y (11.68Kb)

Longer grain bbundary cracks were observed in Sample 146,.this
is alsQ reflected in the corresponding histogram, (Figure:2.34).
In close microscopic view the form and patﬁern of the cracks

are the same as described for Sample 144'with the exception
that in some parts denser clusters of grain boundary'cracks were
observed, an example of which is shown in Plate 2;72. The
cracks appearing in this'photomicrograph‘surround a grain of
about 1/3 mean grailn size which seem to have héaled (completely
closed) in places (indicated). The type of short cracks des-
cribed in 145 were also frequently observed in 146. Two
typical short grain boundary cracks are éhbwn in Plates 2.73 and
2.72. The tip of the grain bbundary crack shown in Plate 2.73
is blunted but the uncracked grain boundary ahead of it could

be observed.

A relatively dense and extensive cluster of grain boundary
cracks appeared on the top left corner'of the microcrack map.
The'clﬁster.showed»a consistent direction along the potential
f’sheér féult orientation over a short distance and then dispersed
' aé it aéproached the central region of the map (top centre

- of the specimen). The cellular pattern with some relatively
~smaller cells is observed on the map. The cells in the top
right corner of the map are as large as those observed in the
Sample 145. A

Sample 143b, 3.60% strain, taken to 0.994 ou(l3.97 Kb)

This sample was taken to its ultimate strength (at 2.75%

total strain; see the stress-strain cﬁrve in Figure 1.25)

and was further strained by 0.84%. Despite passing the point
of peak stress, a through going fracture did not develop and

deformation was confined to intensive local fractures shown
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in Plate 2.75 and SEM micrographs in Plates 2.76 to 2.79.

Transgranularvaxial cracks are abundantly observed in the
vicinity of a locally crushed area of the specimen (see Pl. -
2.80). In some cases a coarse gouge is formed along relatively
wide, ill definied fault zones. In the SEM high magnification
view of tﬁe Plate 2.78 second order_cracke branched from a

‘grain boundary crack that is iﬁdicated in Plate 2.80. The
branching of a grain boundary crack into the body of‘a grain

is shown in a less deformed grain near the crush zone in SEM micro-
graph (Plate 2.77)Intensive axial cracking from the same area is
also shown in Plate 2.77, where the cracks form thin rectangular
slabs parallel to the direction of the principal shortening
direction. Away from this intensely fractured zone the grain
boundary cracks are the dominant form of deformation as was de-
monstrated in the earlier micrograph. A clear preferred orien-
tation of the cracks in this specimen as a whole is not yet
bevident despite the specimen having passed its peak strength,
but‘the cells or colonies of the crack-free grains (see Figure

2.35) are much better defined and noticeably reduced in size.

Sample 1.43a, past the point of peak stress (14.15 Kb)

”1Samp1e 143a failed at 3.05 per cent total strain and a shear
’tfaﬁlt orientated at about 30° to the specimen axis developed.

The test was terminated at 6.45% total strain.

'Away from the vicinity of the fault zone, that was typically
characterised by microstructures described for the crush 2zone
in the previous sample, the dominant modes of deformation are
grain boundary cracks and transgranular micro-fractures which
are mostly axially orientated. Plate 2;81 is a typical de-
formation microstructure in such regions away from the main

- fracture. Grain boundary cracks are frequently continuous
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around the single grains as well as sending branches inside

the body of the graih (Figure 2.36). . Plate 2.82 shows that
the paths of the indicated transgranular cracks are relatively
planar compared with the sinuous_serrated'path taken by grain
boundary cracks. The transition-of grain boundary cracks into
axial transgranular orientations may also be seen in this
micrograph. ‘Another example of _thev coalescence of the grain

boundary and axial cracks is shown in-Plate 2.83.

The cellular pattern could again be observed on the crack map,

- in this case the average size of the crack-free colonies is the
lowest relative to thosedescribed previously and usﬁally enclose
less than 10 grains. Crack length measurements were not carried
out (see Section 2.521) for this sample because most of the cracks
‘were observed toclose around the grain boundary or were simple
transgfanular microfractures. However, a mean crack length

of about half the mean grain size was inferred for the purpose

of the preparation of Figures 2.26 and 2.27.
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Plates Captions

All polished surfaces viewed through reflected light
microscope,

Plates 2.64 and
2.65 Grain boundary typical of undeformed
ganister (a pore is labelled P).Scale
bars 10 p(2.64)and 5up.,

Pl. 2.66 A cracked grain boundary(indicated).
Scale bar 401u.

Pl. 2.67 Grain boundary cracks joining pores.
Scale bar 40y .

Pl. 2.68 and
2.69 Indicated healed grain boundary

cracks.Compare with uncracked
boundaries in plates 2.64 and 2.65.
Scale bar 20p .






" PLATES CAPTIONS

All polished surfaces viewed through reflected light

microscope.

Plates 2.70 to
' 2.72

Pl. 2.73

Pl. 2.74

Pl. 2.75

Grain boundary cracks linking up around
the grains.Note the broken welding bridges
on the grain boundary in Pl. 2.71(also
indicated on Pl.2.72).Scale bars (un-
known on P1.2.70) 10u in Pl.2.71 and

40u 2.72 .

A short grain boundary crack terminating
at some distance from the pore.Scale bar
10u , .

Short crack connection between two pores
Scale bar 1l0Ou.

Intensive microfracturing of the grains
(mostly parallel toaidirection).Note'
that the paths of transgranular cracks
are more regular than grain boundary
cracks.Scale bar 40u.
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Plates Captions

P1.2.76 General view of a local crush zone.
Note the arrays of axial cracks to the
left and dominantly grain boundary
cracksto the right of the micrograph.
'SEM,Scale bar 0.1 mm .

Pl.2.77 Magnified view of the area indicated
on pl. 2.76,showing more closely the
cracks that link up around the grain
inthe center of the micrograph.Note the
crack branching into the body of the
grain.Crushed fragments of the rock
are seen at the bottom of the micro-
graph .SEM,scale bar 20 u.

P1.2.78 High magnification view of a crack
(grain boundary crack?).Cracks sub-
normal to the main crack are indicated

Note their regular paths.SEM,scale bar
o 2y .

P1.2.79 High magnification view of a crack
started at a triple point . Again note
the sub—-normal cracks branching from
the main crack.SEM,scale bar 2u .

P1.2.80 Closer view of part of the area shown
in plate 2.76 . Axial cracks (indicated)
break the grains into thin rectangular
slabs adjacent to the crush zone.SEM,

scale bar 30u .
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PLATES CAPTIONS

(All polished surfaces viewed through reflected 1light

microscope)

Pl.

Pl.

Pl.

2.81

2.82

2.83

Typical post failure microstructure of a
ganister specimen (sample 143a - see the text),
showing extensive grain boundary cracking away
frém the developed fault. Transgranular cracks
originating at the grain boundaries (one
indicated) are often observed. Scale bar = 20u.
Regular paths of the transgranular cracks (axial
cracks in this case - indicated). Note the
rectangular slab formed between the coalesced
set of cracks seen on top and bottom of the
micrograph. Scale bar = 1Op.

Example of the coalescence of grain boundary
(labelled Gec) and axial cracks (labelled a).

An uncracked grain boundary is labelled Gb and
indicated in the far right of the micrograph.

Scale bar = 30u.
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CHAPTER THREE

PRELUDE TO DISCUSSION:

A REVIEW OF THE THEORETICAL-
AND EXPERIMENTAL BACKGROUND
TO BRITTLE DEFORMATION WITH
PARTICULAR REfERENCE TO

QUARTZ-BEARING ROCKS
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3.0 INTRODUCTION

- The objectives of this chapter are:
i) to_felate this study to previous work in the field

of brittle deformation of rocks
ii) to provide a background for the interpretation of

the experimental results of this study
Attempts are madg to achieve the required objectives through
thé classificatioﬁ and deséription of the postulated brittle
deformation mechanisms and failufe criteria for rocks. A
failure criterion, ideally, is a function relating the
level of maximum stress supported by the material to the.
variables representing the deforming forces (i.e. the stress
tensor), the strain tensor and some description of the micro-
structure. Failure criteria based purely on stress or
purely on strain have been proposed but‘there does not yet
exist a criterion which adequately takes account of all the
variables§mdch might be expected to determine brittle
failure.

'a"A criterion may be derived empirically or may be based
on a particular deformation mechanism, or a combination of
thése two methods. Table 3.1 is a classification of the
' bfittle failure criteria which have been proposed by various-
‘authors.

The remainder of the chapter begins with a brief
description of the empirical theories and theories based
on the concept of the behaviour of pre-existing cracks.
Some basic concepts of fracture mechanics are then intro?
duced. The effects of pressure and water saturation on
the brittle deformation of rocks are discussed next, and

friction parameters and brittle-ductile transition for the
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Oughtibridge ganister are also evalﬁated. At the end, the
chapter is bridged back to Table 3.1 and the failure criteria
based on é mechanism are described.

Throughout the sections dealing with rock and
fracture mechanicsconcepts, an attempt is madé to relate
each concept to the résults of an experimental study,
particularly those carried out on quartz-bearing rocks, such
as granite, or on single crystals'bf gquartz. It is also
intended that the Griffith energy balance~and the Griffith
_semi-empirical approaches to the problem of the development
of brittle failure criteria should be viewed separately
throughout the chapter, in ordei to avoid complication of

the arguments presented.

TABLE 3.1
/Empirical Coulomb (1773)
theories | yonr (1900)
Griffith (1921 & 1924)
Based on the concept . R
et an s Modified Griffith
of pre-existing cracks McClintock & Walsh
(1962)
FAILURE  (Wiebols & Cook
CRITERION (1968)
/.
Essentially ) -
Griffith-type |orace (1960)
» Bieniawski
Based on the (1967)
idea of a . \ .
single strength-< (Beam buckling model
controlling Peng & Johnson (1972)
\mechanism
Localization models

@thers {Brady (1974)
Rudnicki & Rice (1975)

Tipping element model
Janach (1977)
\
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3.1 COULOMB CRITERION OF BRITTLE FAILURE

The Coulomb criterion (Coulomb 1773) also known as the
vmaximum shear stréss theory states that failure occurs at

a point when the maximum shear stress is equal to some
definite value which is called the shear strength of the
‘material. -If O1s Op, O3 are'Ukaprincipél stresses at a
point it may be shown (Jaeger & Cook 1969 545 that the maximum

shear stress has the magnitude:

Ty = 5(c; - o03) egn. 3.1

and occurs across a plane whose normal bisects the angle
between the greatest and least principal stresses. This
implies that if C; is the compressive strength of the
material in a pure compression test in which o = o3 = O and
g1 = Cp, the material may fail across any plane inclined

at 450 to the direction of compression.

The angle is in fact usually less than 459 but
there are more serious difficulties, notably that the theory
implies that the tensile and compressive Strengths are
'eqﬁal (Jaeger & Cook 1969). This theofy has. been modified by
Navier into a form which qualitatively fits‘most of the
‘facts. Instead of assuming that fracture takes place
' across the plane over which the shear stress first becpmes
equal to a constant S; (the shear strength of the medium),
it assumes that this shear strength is increased by'a
constant p times the normal pressure across the plane.

This is analogous to ordinary friction in which the
tangential force is u times the normal reaction, so that u

is frequently called the coefficient of internal friction.

If ¢ and 1 are the normal and shear stresses across a plane,

the criterion states that fracture takes place for the
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plane at which the magnitude of t first becomes equal to
Sgp = uo (o is taken positive in the case of extension) and
thus:

[t] = 8¢ = wo eqn. 3.2

The above relationship is known as the Coulomb criterion
although the terms Coulomb-Navier and Coulomb-Mohr have
also been used. Using the modified Griffith theory
{McClintock & Walsh 1962), Brace (1960) proposed a failure

condition in the form of the following relationship:

t7 = 2To - uo | eqn. 3.3

where Tg is the tensile strength and obis the normal stress.
He suggested that for a coefficient of friction of 0.8 to
1.0 at the sliding crack surfaces, this failure condition
is nearly identical with the empirical Coulomb law observed
for rocks. |

Handin (1969) has argued that u cannot be
interpreted directly as a coefficient of friction in a real
vphysical sense, although it does have values that usually
__lie in the range 0.5 to'1.5, in general agreement with but
often slightly higher than the coefficient of friction for
sliding between rock surfaces. However yu is identified
wi#h a real coefficient of friction in the modified
é;iffith theory of failure (see Section 3.4) or in similar
interpretations of brittle behaviour in terms of micro-
cracks by Mogi (1974). . The Coulomb criterion and its
modifications are generally based on empirical grounds and
do not explain the mechanism by which the rock loses its
strength. The criterion, however, remains important

because of its mathematical simplicity and applicability
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as a first approximation, especially over a limited range
of pressure (Paterson 1978), and particularly the range

of pressures of interest to geological engineers.

3.2 MOHR CRITERION OF FRACTURE

Mohr (1900) proposed‘that when shear failure takes place
across a plane, the normal stress ¢ and shear stress =t
. across this plane are related by a functional relation

characteristic of the material

It] = £(o) | | ean. 3.4
The relation above will be presented by a curve such as
AB in the o, t plane (Figure 2.la). If we have three
unequal principal stresses, o;, 02; o3, the values of ¢
and 1 can be found by the Mohr Construction (see Jaeger
1969) and failure will not take place if the‘values of ¢
and 1, so found, lie below the curve AB. Failure will

take place if the circle of centre C, ¢; and o3 as diameter,

‘just ‘touches line AB. q

o ’ Normal
o to the =7 ‘\f plane
R plane of . . of
o shear fracture AN shear

| ‘ > fracture

|172]

@ 5 a3, | 93

=3 v

n P /

o A \

<t ] 1

w) \ -

I \ A

n | » o

26
0 ; : oa L to the plane of the paper
O3 O’zc g1
(a) NORMAL STRESS © )

Figure 3.1. Illustration of Mohr Circles and the Fracture

Angle Parameters
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It is concluded, thérefore, that v
i) the.value‘bf_the intermediate principal stress o,
does not affect failure |
ii) the plane of shear fracture passes through the
direction of the intermediate principal stress, and
its normal makes an angle 8 with the direction of
maximuh principal stress, where 28 is the angle
PC0 which the normal to the curve APB makes with
the o-axis as shQWn in Figure 3.1b.
The curve in Figure 3.1a is based on the noﬁ—expliciﬁ
function t = £(0), but assumed to be obtained experimentally
as the envelope of the Mohr circles corresponding to
failure under a variety of conditions and for this reason

it is called the Mohr envelope.

Mohr envelope

It is shown (Jaeger & Cook 1969) that the equation of the Mohr
enﬁélope AB is |

-t = 8p + otan ¢ = Sy + uc. ' ~ eqn. 3.5
Tﬁe Coulomb criterion is thus equivalent to the assumption
-of a linear Mohr envelope. As implied by the Mohr
fracture theory cited above, the actual shear failure
sufface is usually observed to have an orientation roughly
equal to that of the plane inclined at an angle B = i7m * ¢
(minus for compression and plus fof extension) to‘the
direction of the maximum principal compressive stress,
where tan¢ is the slope of the MohrAenvelope, equal to the
coefficient of internal friction in the particular Coulomb

case.
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Recent studies, summarised by Paterson (1978), revealed

that the macroscopic shear fault usuélly only develops after

the point of maximum stress has been passed and any relation

of the fracture orientation to the slope of the Mohr

.envelope at the maximum stress must be an indirect one.

With the assumption that the intermediate principal
stress does not influence the failure, the following explicit
forms of non-linear failure criteria were proposed by
Murrell (1971): |

12 = Cp + Cjo0 ‘ egn. 3.6

T = Cp + Cool | ' éqn. 3.7

and similarly by Franklin (1971 a&b) and Mogi (1972a) as

o1 = Cqo + C303n1 eqn. 3.8
01 = 03 = Cg + Cyo3™? eqn. 3.9
061 - 03 = Colo; + o3)n3 , egn. 3.10

where in these expressions Cy is the uniaxial compressive
strength of the material and C;, C3, C3 and n;, n; and nj;

are empirical constants.

3.3 THE GRIFFITH THEORY OF BRITTLE FRACTURE

. 3.30 Introduction

 Prior to the work of Griffith, Inglis (1913) set forth the

results of his analysis of the stress concentration around an
eiliptical hole in a unifbrmly stressed plate. This analysis
showed that the local stresses about a sharp hotch or corner
éould rise to a level several times that of the applied
stress. Using the Inglis analysié, Griffith (1921)

proposed a basic criterion for the brittle fracture of the
materials. Griffith suggested that the strength of

brittle materials is governed by the initial presence of

small cracks. The existence of such microcracks within
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grains and grain boundaries of rocks has been well
established. Thé Griffith hypothesis provides a
satisfactory criterion for fracture initiation in an
isotropic medium but assumes that the fracture initiation
‘and strength loss occuf simultaneously. Heterogeneoué
materials like rock, however, under certain conditions
exhibit a definite procéss of fracture propagation that
leads to partial or total dissociation of their micro-
'strﬁcture. The hypothesis is thus based on a genetic
concept, namely the existence of small cracks or flaws but
is not a complete description of the failure process,
although it offers possibilities in this respect.

h The theory of failure that Griffith proposed
(Griffith 1925) has been intensively studied and developed
(Orowan 1949, Irwin 1960) including modifications (McClintock

& Walsh 1962).

‘3.31 The nature of the 'Griffith cracks'

',from his studies on the stfengths of 'real materials',
Griffith concluded that the typical brittle solid must con-
- tain a profusion of submicroscopic flaws, microcracks or
other centres of heterogeneity, too small to be detected by
dfdinary means. The ‘effective length', Cf,-of these so-
célled Griffith cracks was calculated (see Lawn & Wilshaw
1975) for glass specimens and found to be about 2um.
Although Griffith, originally, rejected the possibility
that the flaws might be real microcracks (because it was
observed that the fibre strength of glass decreases with
time which requires the system's energy to increase
spontaneously by the amount of surface energy of the

generated crack faces), some workers, however, identified
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the 'Griffith crack' with the maximum grain size in rocks
(Skinner 1959, Brace 1961, 1964 & Hoek 1965) and found no
reasoh why the Griffith theory should not be apﬁlied to the
behaviour of much larger cracks using a scale in which rock
can be regarded as homogeneous, thereby'providing an
approach to the growth of fractures in rock (Jaeger & Cook

1969).

3.32 'Griffith crack' based approaches to failure criteria

(1) A semi-empirical approach to a failure criteria has

been widely applied to rock mechanics. This provides a
criterion of the form o1 = £(o3).
(ii) The most significant contribution of Griffith to

mechanics of materials was his Energy Balance concept, which

is the basis of modern fracture mechanics. This predicts
- the conditions for the propagation of a single crack under

tension.

’f’3.321 (1) The Griffith semi-empirical approach

 f-Griffith determined the relationship betWeen the applied

‘stress field and the tensile stress at the crack tip assuming
_ thé crack to have the shape of a flat ellipse. He further

' pgétulatéd that the crack would start to extend (using the
Gfiffith criterion as a macrofracturihg strength criterion,
_sbme authors take this as the onset of crack»growth) when the
ténsile stress at or near its tip attained a certain critical
~ value. This latter value may be expresSed4(Hoek & Bienawski
< l965)'in terms of a corresponding critical value of the
applied stress for failure under uniaxial tension. This
yieldsv o

2 .
(0'1 - 0'2) / (01 + 02) = -8T0 eqgn. 3.11
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providéd g1 > 302, and o = Ty when o; < 305.0; and o, are
the major and minor principal components of the applied stress
and To is the uniaxial tensile stréngth of the material.
Because this criterion requires T; torbe determined
experimentally, we can term this the Griffith semi-empirical
failure criterion.

A lucid and detailed review of the Griffith analysis
is given by Hoek & Bieniawski (1965). In this analysis it
is assumed that failure of the material will occur through
the caﬁastrophic propagation of the most critically oriented

, single crack. The fact that microscopic observation shows

that rocks do not fail in this way clearly illustrates that
~although this approach is of historical importance, it is

of limited practical applicabiiity to rocks.

3.322 (ii) The Griffith energy balance approach

- The doncept of the Qriginal Griffith hypothesis for‘the
‘i'fpropégation of a single crack under uniaxial tension is

" 'f bé$edvﬁpon the condition that the energy W, applied by

7ﬂfiééding'the structure, is balanced by the elastic strain

‘-f,ffenérgy W ~stored in the structure,and the surface energy

s in the free faces of the preeexistihg crack, thus

W= W+ W egn. 3.12
'If the load is increased, the corresponding‘increase dw in
'éppiied energy, W, may be balanced in one of the following
wéys:

1) By an increase dwe in strain energy We

2) By an increase dWs in the crack surface energy Ws"

or 3) Partly by an increase dWe and partly by an increase

dws -
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In the first case, dW = dwe and dws = 0, the crack does not
extend. In the other two cases, dWs # 0, the crack surface
energy can only increase if the crack extends, that is, if
the half-length of the crack increases from C'to (C + dc)

the balance for the energy increases and therefore becomes

i

aw dWé_+ dw egn. 3.13

s

or W dWg + dwg eqn. 3.14
dC  dc dc '

]

It can be shown that

dw
dw _ e
a-(-:- = ch egn. 3.16
Substituting 3.15 into 3.14 Yields
aw aw
e _ .S
T ~a o - 8. 3.16

For a thin plate subjected to uniaxial tension under plane
stress conditions the elastic strain energy stored was
calculated by Griffith (1921) as:

Wy = wCzoz/E : egn. 3.17

and the crack surface energy

Wy = 4C _ egqn, 3.18
where

';ﬂébis the applied uniaxial tensile stress,

j Ebis the modulus of elasticity,

y is the specific surface energy, that is the surface
energy per unit crack length.

Differentiating equations 3.17 and 3.18 with respect to C

and substituting the results in equation 3.16 yields:

o = “(ZyE/nC) egqn, 3.19
This is in fact the condition for the onset of crack

extension. The corresponding condition may be derived for
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multiaxial states of stress and when substituted in equation
"3.17 will yield the same Griffith eriterion for fracture
initiatioh as that obtained from the semi-empirical approach
as given by equation 3.14.

The application of the originalvGriffith‘hypothesis,
represented by equation 3.14 and 3.19, as a failure criterion
to rock material under anyistress condition other than
uniaxial tension is not justified since

1) The theory implies that the fracture initiation

and loss of strength occur nearly simultaneously
(also a limitation of the semi-empirical
approach). |

2) Equation 3.19 would penmit the calculation of

the increase AC in crack half-length resulting
from an increase +A¢ in the applied stress, but
a,decrease in stress, -Ac, would not yield a
decrease in -AC (Irwin 1960) . _

3)  On the same basis, therefore, the theory does

‘not make provision for the effect that closure
- of the cracks might have_on the tensile stress

at the crack tip.

;fo combining equations 3 19 and 3. 11 a purely theoretical

.Griffith failure criterion could beoobtained, but it would
still be subject to the limitations inherent in the
assumption that failure of the material resuits from

propagation of a single, most critically Stressed flaw.
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3.4 THE MODIFIED GRIFFITH CRITERION

It has been shown that cfack closure occurskif the applied
stfess field is compressive (McClintock & Wélsh 1963;
~ Bieniawski 1967). McClintock and Walsh proposed a
modification to Griffith's hypothesis accounting for crack
closure by introducing a coefficient of internal friction u
between crack faces thus modifying equation 3.13 to

oy = o3 (VY(1 + u2 + p)/V/(1 + p2 - p)) + oc eqn. 3.20
where‘oC is the uniaxial compressive strength of the
material. Note that this criterion is subject to the same
limitations as the other Griffith criteria applied to rooks,
that they describe only the conditions for propagation of a
single crack, and take no account of the fact that failure
of rocks in compressive regimes involves growth of many

' oracks and their interactions.

3.5 THE APPLICATION OF ASPECTS OF ENGINEERING FRACTURE

MECHANICS TO THE PROBLEM OF FAILURE OF INTACT ROCK

- 3.50 Introduction
In the previous section, the process of brittle deformation
' 1was viewed from the point of the phenomenon of macro-

fracturing of rock material. The theories described were

" attempts to obtain a law defining the relation between the

material properties and the applied external forces without
‘eXPIaining the operative mechanism.' It was understood,
howéver, throughout the historical evolution of the subject
that the establishment of such a relationship for rock
material might not be achieved unleés deﬁails'of the failure
process were understood.

Fracture mechanics is universally employed as a

powerful tool to define the details of the process of brittle
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failure involving the propagation of a single crack and

hence in describihg the failure behaviour of brittle
materials under largely tensile conditions. It is widely
held that the application of fracture mechanics to the
problem of development of microcrack arréys in brittle
rocks approaching failure will be essential to the further
development of physically meaningful failure criteria.
Before moving on to the description of attempts to
produce failure criteria based on observed miéroséructural
developments (Section 3.8), a review of some aspects of
fracture mechanics is therefore considered useful.

3.51 Crack nucleation

In'rocks as opposed to other engineering materials, crack
nucleation is not generally considered as a first priority,
since it is usually assumed that due to the presence of
heterogeneity and structural defects typical of a rock
material (e.g. pore spaces and grain boundaries) the stage
of crack nucleation need not be ﬁreated any further than
the description of these microstructural defects.

However, it is reasonable to imagine that while
pre—-existing cracks undergo propagation, new microcracks
are also nucleated. It has been observed that one of the
principal sources of such nucleation is grain contact
indentation. In an aggregate of grains, initially, the
nucleation of cracks at grain contacts is very much a
function of cementing material strength, grain shape and
packing geometry of the structure. It was shown that
grain contact microfracturing is facilitated in sandstones
with a weak matrix or a matrix which has about the same

elastic modulus as the grains (Gallagher et al. 1974). 1In
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the case of a stiff Cement, it was noted, however, that the
major‘part of the load is transmitted by the ceﬁent. The
microstructure of the Oughtibridge ganister described in
Section 2.15 may well be considered of the latter type and
therefore a great‘deal of the microcracking process might
take place in the absence of any significant grain contact
indentation; thﬁs the development of transgranular
fractures iskinhibited (contrary to observations in .Pennant

Sandstone by Law 1977).

Iﬁ spite of a stiff matrix, contact damage may still
occur under some conditions. = If as a result of, say,
extensive intergranular microfraéturiﬁg the initial
arrangement of the grains effectively transformed into an
’ array of sﬁbspherical grains (observations of Section 2.622
then the new configuration might be expected t§ lead to
grain contact-controlled cracking, producing transgranular’
microfractures.

’ The contact damage may occur statically between two
‘ﬁéighbouring Qrains or alternatively the indenting grain
 may,be sliding. A simple model of each case is shown in

‘,Figure 3.2 for a SPHERICAL INDENTER:

() S () : Figure 3.2:

o P
ot Contact Damage Models.

After Lawn & Wilshaw

1975.
0.05
)
0.005~ 0.005
a) Static (Hertzian contact) b) Sliding
R, radius of the particle f, coefficient of surface
P, normal force friction (fP = tangential

force)
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At some critical load, PC, the elastic limit of the surface
will be exceeded and a crack initiated. The critical event
for the static condition is marked by a sudden development

of the so-called Hertzian cone crack. As for a sliding
indeﬁter, it is shown (Lawn 1966, La Fountain et al. 1975, Bethune
1976) that the stress fields and consequent fracture path
within the solid are dependent upon the coefficient of
friction at the interface. Figure 3.3 indicates the
influence of the coefficient of friction on the fracture

path. A series of partial cone cracks tend to develop

- Schematic variation of the sur-

.---- £.£1 @ face (a) and subsurface (b)
CIK (C_C (\ _ fracture paths due to a sliding
Y --— - - indenter as the coefficient of
- friction ( ) changes. The
shear tractions modify the shape
shape of the cracks such that
//// // / 1 } l [ the cracks become more normal
b'and even obtuse to the surface
- as the coefficient of friction
<04 'UQO'Z'O'B }J =~0.5 ' increases. Arrow indicates
; dlrectlon of slider movement.

F1gure 3.3. After La Fountain et al.’ 1975

'It is suggested (Gilory & Hirst 1969) that the sliding load

“tb,cause fracture, Ps' is approximately of the form

PS/P « — L1 ' egn. 3.21

@+ ew?d

where Pc is the critical load to form the crack

k constant

u is the coefficienf of friction.
The critical load to cause a Hertzian cone in the static
case is found to be proportional to the surface energy of
the material and is expressed by the relation

P/r = vy ~ eqn. 3.22

where r is the radius of the indenter and y is the fracture

surface energy of the solid.

154



Lawn and Swain (1975) have demonstrated that in a
cycle of static loading and unloading by a POINT INDENTER
the following'sequence occurs

i) Initial loading

‘ii} Irreversible deformation about the contact point
ii) Critical zone formation
At some critical indenter load a crack suddenly
inditiates below the contact area
iii) Stable crack growth
Increasing the load causes further, stable
extension of the median vent
iv) 1Initial unloading
The median vent begins to close

v) Residual stress cracking

| Relaxation of the material superimposes intense
residual tenSile stress upon the applied field
and lateral vents begin to appear

vi) Complete unloading
Causes the extension of lateral vents and may
cause chipping

’.The process described above is schematically represented in

¥

T -

ta.

Figure 3.4 - (a) The schematic drawing of (B) Model of brittle
the cycle of loading and unloading by a chipping. After Lawn &
point indenter (After Lawn & Swain 1975). Wilshaw 1975. '
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A schematic model of brittle chipping by attrition in an
irregular particle under localized crushing is shown in
Figure 3.4b.

3.52 Stresses around the tip of a crack

It was noted earlier that the local stresses about a sharp
notch or any such volume defect witﬁin a solid materiél
could rise to a level several times that of applied stress.
This subject has received extensive treatmént since Inglis
laid its analytical foundation in 1913. For the review of
the craék tip stress field the reader may be referred to
Jaeger and Cook 1969 (p.253-272), Murrell & Digby 1970 (in
applied triaxial conditions) and Lawn & ﬁilshaw 1975. It
should be noted, however, that in most cases the following
simplifying assumptions were made:
i) a linear elastic solid that contains an isolated
crack or cavity
ii) shape of the stress cohcentrator is uéually an
extremely eccentric elliptical cavity or the
"mathematical flat crack" (Jaeger & Cook 1969)
of engineering fracture mechanics. - The flat
crack, when the material is treated as a
Hookean solid, leads to a stress singularity
at the crack tip. It can be shown that the
somewhat simpler analytic results for a flat
crack are an extreme case of the elliptical
cavity.

3.53 Crack propagation

A comprehensive account of the process of crack propagation
is given by Lawn & Wilshaw in 'Fracture of Brittle Solids'

(1975). The background coverage given in this study is
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basically aimed at microstructural aspects of crack
propagation and is specially focussed on the results of
the experimental studies carried out by other workers. An
introductory review of the mechanical aspects is, however,
‘considered necessary.

~3.531 The energetics of én extending crack

The crack extension force is derived by relating the Irwin

(1958) theory of fracture to the Griffith energy-balance
concept for an elastic crack system, that is
U= (-W, + Up) *t Ug | | ~ ean. 3.23

where

U 1is the total mechanical energy of the static system

Wy, the work done through displacement

UE the potential strain energy stored in the elastic
| medium and |
s the free surface energy required for creating new

surfaces.

The elements of such a system are shown in Figure 3.5.

A'Figuré 3.5. (After Lawn & Wilshaw 1975). The elements of a static plane-
crack system, E, elastic medium; S, crack surface; L, applied loading.

Applied
tractions

——

Lo e System boundary |
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Having expressed that, further formulation is needed for the
surfaée énergy variations to account for all the terms in
the Griffith energy ekpression (egn. 3.23). The cutting
and healing of the crack element CC' shown in Figure 3.6
involves the supply and recovery of'an amount of energy
GUS = ZYGC» egn. h2.24

per unit width of thé crack front, at the crack surface, or

| -2y = - dU./dC o egn. 12.25
the term - dUS/dC, associated with the éurface énergy Y

is the generalized surface tension force per unit width of

the crack front, which opposes crack extension. This
inherent quantity thus characterizes the resisting forces

- for the crack.

After Lawn &
Wilshaw 1975

]

e s e € el J¢ —

i

‘Figuféh3,6. ‘Opening and closure of crack increment CC' in plate of unit
thickness

Irwin (1958) proposed the relation:

- d{(- w. + U_.)
G = L E , egn. 3.26
dac

where crack-extension force G is defined as the derivative
of the mechanical energy (equivalent to the term W, in
egn. 3.13) release with respect to crack length (in plates

with unit thickness). Writing eqn. 3.23, the Griffith

158



energy balance for a static crack in differential form, and

substitute ean. 3.25 and eqn. 3.26 which gives

11

§U 6("WL +'UE) + 68U

s

—G6C + Zyac ' egn. 3.27

Crack extension occurs when G = G., the critical strain
energy release rate and §U = O. Ge is related to the

fracture surface energy through
Go = 27 | - eqn. 3.28
‘Incorporating the dissipative terms arising from non-
linearities aﬁ the very crack tié a new ferm I was
proposed

Go = 2T N | | eqn. 3.29
so that as I' + y the assumed dissipative terms in the
energy balance tend to zero (ideally brittle solid).  This

statement is often called the Irwin-Orowan extension of the

Griffith energy balance concept.

- 3.532 Modes of crack extension and the stress intensity

e factor
‘ 'Three basic 'modes' of crack-surface displacement are

o distinguished. These are shown in Figure 3.7

o Figure 3.7 (after Lawn & Wilshaw 1975). Basic modes of crack surface
o displacement.
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Mode I‘ (opening mode) corresponds to normal separation

of crack walls under the actién of tensile stresses,
Mode II (sliding mode) corresponds to mutual shearing of

the crack walls in a direction normal to the

crack front,

Mode III (tearing mode) correspdnds to mutuai shearing
parallel to the crack front.

If linear elastic behaviour is assumed, all more general

cases of distortion around the crack tip can be treated as

combinations of these basic modes.

Either starting ffom the idea of an extremely
eccentric elliptic crack (see Jaeger & Cook 1979 - p.274)
or the mathematical flat crack (Erdogan & Sih 1963) the
stress componeﬁts_at a point P (r, 8) near the crack tip

(Figure 3.8 below)

)
W O
PN

)

can be shown to be of the form

o o, £1(6)
' o _ Ki £,(8)
o - Y2rnx z
' T . £3(8)
_ re

labelled « according to the

The parameter « or «

' 11 III
" mode of loading (see above), contains information about the

il

applied stresses and 'specimen' geometry and is known as
the STRESS INTENSITY FACTOR. In order to allow
comparability between experimental results obtained using

different specimen geometries, stress intensity factors must
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be used to describe the intensified stress field around the
crack tip. This is one of the most importantisimplifying
concepts in fracture mechanics. The energy release rate
G, derived earlier, is related to the stress intensity
factor by

G = }--;—-li.ci ' eqn. 3 .30
for the mode I plane strain where E and v are Young's

modulus and Poisson's ratio respectively.

3.533 Dynamic effects of crack propagation (unstable crack

propagation)

Propagating cracks can accelerate to high velocities,
comparable to the velocity of sound. To analyse these
situations the kinetic energy terms must be included in the
énefgy balance of the system described earlier.

There are two ways in which a crack éystem may
become dynamic:

l) When a crack reaches a point of instability in its
length the system acquires kinetic energy by virtue
of the inertia of the material surrounding the |
‘rapidly separating crack walls.

2) When the applied loading is subject to a rapid time
variation, as in impact loading.

A 'running' crack is typified by a rapid acceleration
towards a 'terminal velocity' governed by the speed of
eléstic waves. Including the kinetic energy term in eqn.
3.23 gives

U= (=W, +Up) +0Ug+ U eqn. 03.31

where UIc is the kinetic energy of the material surrounding |

the unstable running crack.
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Mott (1948) has shown that on dimensional grounds

U, = xpC2V262/2E2 eqn. 3.32

where

k is a‘numerical constant

p is the density of thebmaterial

C, the crack half length

Ve crack velocity |

¢ applied stress and E is the modulus of elasticity.
The maximum velocity of crack extension o is then found to |
be: |
V= (20E/xp)* - | eqn. 3.33
for a large crack. The qﬁantity k was evaluated by Wells
(1954) and thus the terminal velocity Vp is

Vg = 0.38VE/p : A : egqn. 3.34
which is a mechanical property of the material. Applying

equation 3.34 to the Oughtibridge ganister for

E 24 x 10° Pa = 24 GPa and

Section 2.22 & 2.12
" p = 2.5 x 103 kg/m3 = 2.5 g/cmd

yields: |

VT = 1189 m/s. If the observed variations in Young's
m@dulus (Figure 2.4) be allowed for, the terminal velocity
fdr Oughtibridge ganister is 1100 <Vi <1200 m/s, which is
about 1/4 the velocity (around 5000 m/s for quartz) of P-
waves,

3.534 Crack branching

Crack branching (bifurcation or forking) is when a
propagating crack ceases to propagate as a single crack.
The causes and mechanisms of crack branching are not yet
fully understood but there appeér to be two distinct
situations under which crack division takes place (Field
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1971):
_' 1) when the crack reaches a high velocity (high
velocity branching)
2) when stress waves interact with the stress field at
the crack tip

1) _High velocity branching: (Stress-wave branching)
.The theoretical work of Yoffe (1951) showed that the stress
field at the crack tip changes with velocity and that
tensions at angles on either side of the crack direction
build up. At a threshold velocity (= .6 to .7 Up) these
tensions exceed the one acting at the crack tip ahd thus
 bifurcation takes place. In an isotropic material; crack
branching is predicted as a natural consequence of the
dYnamical nature of the field. Crack branching in
énisotropic materials may be delayed, depending on the
degree of anisotropy, until higher velocities are feached.
Stress wave branching occurs when a tensile pulse passes
over a propagating crack. When a stress wave reaches a
 boundary, it is partly reflected and partly transmitted.
If the acoustic impedence (acoustic impedence = stress wave
velocity x density of the material) of the first solid is
greater than that of the second, a compression wave changes
to‘a wave of tension and vice versa. Therefore this type

- of crack branching is more likely in polycrystalline aggregates.

3.54 The development of microstructure in brittle rocks

Mechanical effects of microcracking

The ideas of fracture mechanics described above were developed
to describe the behaviour of a single crack. The failure of

initially intact rock involves the progressive development
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of a microcrack microstructure over a range of stress.
Previous studies of such microétructural developmeht will
be described below.

Using the acoustic emission technique, Scholz (1968c)
- concluded that microfracturing activity in brittle rock could
be.divided into the following successive stages:

1) At‘low stresses, microfracturing activity was
attributed to frictional sliding on pre-existing
cracks and the crushing of pores

2) At‘stresses from about 30 - 50% of fracture strength,
the rock was nearly linear elastic and few events
could be detected |

~ 3) At stresses above 50% of fracture strength, micro-

fractuiihg resuﬁes and steadilyviﬁéréases until
macrofracturing and strength failure of the rock
occurs.

‘Thé described stages were consistently observed for various

' féék types inclduing grénite, quartzite, marble, tuff and

"éaﬁdstone (Scﬂolz, 1968a). in Figure 3.9, the close relation

'betweenAthe frequency, n, of pccuffencé of microfracturing

events and the stress-strain curves'fér uniaxial deformation
.ibf:Wesﬁerly granite énd Célorado:rhyolite tuff is clearly

 demonstrated.
: Figure 3.9 (after

o - , Scholz }968a. Stress
: vs strain and micro-
fracturing frequency
vs strain for a)
Westerley granite and
b) for Colorado
rhyolite tuff.

%’40“ U'BVS €,

of Events, sec’

Stress Differsncs, Kb

204

nvs, €, Oy ¥s €,

Frequency

novs €,

A0 VY ,r"r»-/\’/

) ax109 2x10°3 . 6x 10"
Atlal Stroln, €, Axlal Strais, €,

A " ,\/\J‘/J

A

164



Figure 3.11 (adopted after Bieniawski 1967 II).  Stages in the complete
stress/strain behaviour of the rock, defined in terms of microfracturing
events, variations in crack velocity and elastic constants.

_ Terminal velocity Strength
Vv 7 fail
R, Rupture C _! _______ t_ _ failure
]ﬂI Unstable"
- ;_:____E___r_ — > crack
8 propagation
I f Stable crack
n o “propagation
175 I R S o A v I .
w Crack Length
fa'd
= Elastic
n E a“dcgnggaﬁﬁe rock deformation
] Crack closure

0 LINEAR STRAIN 0 VOLUM. STRAIN

it was found that the events detected at low stresses, that
is prior to the linear elastic behaviour, have little or no.
effect on the ultimate strength of .the rock (Brace et al.

1 1966). It was also demonstrated, in the same study, that
deviation from linearity on the stress-strain curve is due
to;the onset of microcrack dilatancy of the rock.  These

| ﬁésults also confirmed the experimental work of Obert &
 Duvall 1942, Walsh 1965, Brace & Bombolakis 1963 and
Bieniawski 1967 I, II, and showed that dilation and deviation
froh linear elastic behaviour resulting in a decrease in the
elastic modulus of rock is directly related to the development
of new surfaces within the rock caused by the propagation

of microcracks. It was found (Brace ét al. 1966) that
confining pressure does not generally affect dilatancy
although it noticeably‘sﬁppresses the microfracturing
activities detected at low stresses (the élosing of cracks)

- this is demonstrated in Figure 3.10.
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Stress Uifference, kb

S Y, s Figure 3.10 after Scholz
L . 1968a. Microfracturing

frequency vs strain and

stress vs strain for

Westerley granite at

4 Kb pressure.

n vs €,

| M/\A/\V\h

6x10™ e
Axigt Stranm €,

Bieniawski (1967 I, II) observed two main phases of crack

n, Frequancy of Events sec

propagation within the non linear dilatant region of the
stress-straih curves for quartzite and norite, namely
stable and unstable phases.‘ The stable crack propagation,
he stated, follows a stage of crack initiation {(end of linear
elastic portion of the curve) and at this stage the pre-
dominant direction of propagation is parallel to the
direction of major compressive stress. It was noted that
}the transition to unstable propagation was marked by a
sudden change in the microcrack pattern towards higher
crack densities, a rise in crack velocity and volumetric
strain. The latter was found to be a result of considerable
damage taking place in the rock through shattering of its
gfains.‘ The strength failure coincides with a transition
which takes place within the process of unstable crack
propagation and is marked by successive forking and coalescence
of the microfractures and culminates in rupture of the
material.

It was found (Bieniawski 1967 II) that in triaxial
compression for a certain ratio of the applied stresses,
k = 01/03, the process of unstable fracture propagation will

not take place at all (see effectsof pressure, Section 3.6 ).
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Figure 3.11 adopted after Bieniawski (1968 I) is a com-
prehensive explanation of the mechanical behaviour in terms
of microfracturing processes. The variations in crack
velocity as a function of crack length throughout the two

final stages is also shown on the same diagram.

3.55 Crack péth and craék interactions

Fracture mechanics establishes that as long as the stress
field is uniform and the material is isotropic, propagation
after initiation is towards the maximum compressive stress
direction. There are three basic theories concerning the
direction of crack propagation:

1) a crack tends to propagate in a direction which is
perpendicular to the maximum tensile stress in the
region surrounding the crack tip

2) a crack will propagate in a direction which
maximises the subsequent energy release rate

3) a crack will propagate in the direction along which
the straih energy density is a minimum.

Stress intensity factor, k, is used as a governing para-
- meter in the first theory while a crack extension force,

G, is associated with the second and strain energy density,
S, with the third (summary by Kranz 1979). Based on the
.widely accepted first and second theories and experimental

observations on Barre granite, Kranz suggested the
following principles for the interacting cracks:
1) Looking out from the crack tip of a propagating
crack, further propagation will generally be towards
the local maximum principal stress and normal to

the local minimum principal stress.
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2) If a crack is not aligned with a principal stress,
it will be subjected to a combination of Mode I, II
and III stresses, as will the surrounding region.
To a good approximation, the propagation path
responds to the tensor sum of.the stresses
associated with all modes.

3) A crack will propagate in its own plane unless
subjected to shear stresses. If K1 is the
intensity factor applicable to Mode I and kIIvfor
Mode II, in a given crack system, then the ratio_
KII/KI is a measure of the force capable of
deviating the crack from its instantaneous

propagation plane. The smaller KiI/KI is, the

more symmetric the forces acting on the crack will

be.

4) The zone of influence around a cavity will change
in extent and/or orientation if the stress applied
to the cavity is changes.

Basic types of crack-crack and crack-pore interaction after

Kranz (1979) are shown in Figure 3.12:

Figure 3.12 (after Kranz
1919). Basic types of
EN ECHELON  EN PASSANT CRACK-PORE interactions., Dashed lines
’ } indicate extensional links
¢ ~—_ or branch paths; dotted
4{{: , N lines indicate strain-
< ! ) relief due to offloading.
‘ C::) Stresses applied
a /)> c 2 vertically at some remote
i
1

boundary is assumed.

b

/

-y em e -
-~
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It is suggested (Lawn & Wilshaw 1975) that in
polycrystalliné ﬁonomineralic rocks, as the angular mis-
orientations between crystallites increase (grains are
considered to consist Qf single crystals) there is an
increasing tendency for cracks to propagate around instead
of through grains. The typical intergranular fracture is
thereby characterised by a tortuous crack path. While the
resistance to fracture may be intrinsically low along the
grain boundaries, the abrupt changes in crack path at each
grain (typically = 60%) will lead to substantial reduction
in local mechanical energy release rate. The overall
effect may be an increase in the apparent fracture energy.
This tendency to an increased resistancermay be further

enhanced at larger grain sizes.

3.6 THE EFFECTS OF PRESSURE

A btief review of the effects of confining pressure on the
Béhaviour of brittle rock material will be carried out in
. tﬁis section. The following effects are generally observed
_és therconfining pressure is increased: |

‘l) An’increase in pre—-failure strain and post-failure

strain hafdening,

~.2) An increase in the strength,

--3) Transition from brittle failure to‘ductile flow.
Thé effects mentioned above are usually included in a
discussion of the process of brittle-ductile transitiom.
.The brittle~ductile transition may itself be evaluated from

mechanical or microstrusctural viewpoints as follows:
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3.61 Macro and microstructural aspects of brittle-ductile

transition

Various aspects of brittle-ductile transition in different
rock types were studied and described hy several researchers
(Von Karman 1911, Griggs 1936, Heard 1960, Byerlee 1968,
Donath 1970, Mogi 1972a, Rutter]372bhanvaater50n 1978).

The changes in the appearance of the deformed specimens

with increasing confining pressure were the earliest

effects to be noticed. As pressure was increased from zero
to.intermediate values for a given rock, the'purely brittle
‘modes of failure such as axial splitting or throughgoing
shear fractures were suppressed (these macroscopic modes of
fracturing are known to be malnly due to the types of end
':restraints put on the specimen during the loadlng - PaterSOn
1978). At confining pressures in the upper part of the
H:'brittle range, a conjugate'pair of shear fractures sometimes

forms (also observed in this study,vfor the Oughtibridge

) =f;ganister, at about 4vKilobars confining pressure). The

‘5fimain7effects towards the'upper end of-the‘brittle range are

5f¢the broadening of the shear zones and the appearance of

imﬂiconsiderable deformation outside the zone as opposed to the

Q{}?sharply defined shear fault at zero or}low pressures. -

: Narrow zones of'intense deformationvat'intermediate pressures
_:were described by Donath (1971) as_"ductile,faults". Upon
.'tranSition from the brittle‘to ductile ﬁode of -strength =--
failurethheseeterms will,be}definedifully later in this
ﬁsection) the deformation occurring outside.the‘shear zone is
evident macroscopically in bulgrng or barrelling of the
kspecimen. Its existence, Paterson (1978) states, suggests

that distributed deformation precedes the locallzed shear
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failure; The effect is presumably also reflected in the
stress-strain curQés by the substantial strain reached |
before the marked downward plunge of tﬁe curve at final
failure.

As the ductile field is entered further with
increase in confining pressure, the macroscopic deformation
~ becomes more uniformly distributed throughout the volume
of the specimen. In a highly brittle roék such as
Oughtibridge ganister, however, the complete disappearance
of shear fractures, even when the rock may mechanically be
deécribed asvductile, does not take place and 1ln general
the extent of macroscopically visible brittle deformation
featufes (faults) is marked in the central parts of the
_séecimen after éome degrée of strain. Donath (1970)
studied the same effect and observed that the pattern of
deformation depends on the amount ofbstrain; in particular
the macroscopic shear failure zone appears after an amount
.of strain that increased with increase in confining pressure.
It was also found that the deformation was essentially
uniform except for some restriction due to frictional end
effécts. The effect of increasing confining pressure on
the typical appearance of the deformed specimens of

Oughtibridge ganister is schematically shown in Figure

- Observations of acoustic emission and of decrease in elastic

 ane~ve1ocities while the specimens are deformed at confining
:  pfessures'in the ductile field provide evidence that micro-
cracking occurs on both the brittle and ductile sides of
the transition (Till 1973). As pressure is increased the
pre-failure microcracking takes place more extensively.

This observation is also well in agreement with the higher
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pre-failure strains that occur at increased pressure.
Olsson (1974) showed that in limestone the micro-

scopic shear zones were developed from coalescence 6f

inclined or shear microcracks rather than from axial micro-

cracks. This may‘not be confirmed in the case 6f Oughti-

bridge ganister since the axial cracks were observed in

the relict grains of the rock deformed at 10 kilobar

pressure (Plate 2.31).

Figure 3.13. Effect of increasing confining pressure on
the types of fracture or flow in Oughtibridge ganister.

Test pressure is shown with the drawing of each sample.

- -
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Paterson (1978) stated that near the transition the
essential difference between brittle and ductile fields
in respect to microcracking; lies mainly in the non-uniformity
or uniformity of ite distribution, although changes in crack
density alse occur. Handin et al. (1963) showed that in
sandstone the zone of concentration of microcracking
broadened as the ductile field was approached.

3.62 The effect of pressure on the mechanical stability of

the rock microstructure

The question central to models of brittle-ductile transition
is considered (Byerlee 1968, Paterson 1978) to be the_
stability of the microstructure during deformation. The
rock behaviour is defined as brittle if.at a certain level of
iload the micfostructure, as a resultyof the microfracturing
process; becomes unstable and the load-bearing capacity
sharply drops beyond a maximum. By the same criterion,
therefore, the behaviour is defined as ductile when such

instability does not occur. The term ductile flow is

uSually used to describe the behaviour.
Two extreme types of ductile flow are known, Plastic

and Cataclastic flow. .Plastic flow is a process in which

" éraine are deformed by intracrystalline processes
(homogeneously or inhomogeneously) whilst in cataclastic
flow the elements of microstructure are permanently
deformed through an entirely brittle process, i.e. through
‘distributed fracturing whereby the grains or clusters of
grains are broken into fragments but without distortion of
the crystal structure.

It is therefore coﬁcluded that an increase in pressure

in brittle rock stabilizes the microcracking process within
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the rock. At a certain level called the transition pressure,
the brittle failure resulting from unstable crack propagation

is totally inhibited. This process is called brittle-

ductile transition.

Paterson (1978) pointed out that important properties
of cataclastic flow arise from two factors:

1) the friction between the sliding parts and
2) the changes in porosity and hence in specimen

volume associated with the re-arrangement of the

fragments.
He adds that because the confining pressure contributes to
the normal forces acting on the sliding interfaces or cracks
and hence to the frictibn, the resistance to cataclastic
flow 1s strongly pressure-sensitive. The second factor
mentioned above is somewhat controversial. If the initial‘
porosity of the rock is low the cataclastic flow will be
marked by a dilatancy or a permanent volume increase.
Alternatively, the porosity may accommodate the dilatant
effects or they may be counter-balanced through collapse of
initial pores during the deformation. Increase in
~confining pressure not only makes microcrack growth difficult
but the growth that is produced under the higher stresses
now applied tends to be stabilized. This development
eventually leads to sufficient disintegration or frag-
mentation of the specimen by proliferation of stable micro-
cracks so that a purely cataclastic .mode of flow becomes
possible. Moreover, the cataclastic flow itself will tend
to be stable and distributed because of work-hardening
arising both from impediments to continued sliding on the

microcracks and from dilatancy.
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3,63 The Byerlee criterionvfor determination of transition
‘Ere'ssﬁre .

As was pointed out in the previous section, a physcial
explanation for the brittle—ductilé transition in brittle
rock should take friction as bne of its imﬁortant elements.
Orowan (1960) suggested that at high confining pressure,
friction may increase to such an extent that it requires as
much stress to overcome friction as it does to cause
faulting, hence the strength does not drop after faulting.
Maurer (1965) studiéd the friction of rocks and proposed
that the brittle-ductile transition may océur when friction
along the fracture surface exceeds the shear strength of
the rock. Mogi,(1966) assuming that thé coefficient of the
friction of rocks is independent of confining pressure,
found that the'frictional hypothesis was at least falid for
silicate rock;::;ggesting that the brittle-ductile transition
pressure for weaker carbonate rocks may not be determined
by a friction-based criterion.

Byerlee developed a theory of friction based on
brittle fracture (Byerlee lQG?),jgfudied the brittle-
‘ductile transition in limestone, gabbro and dunite and
adcordingly concluded that brittle-ductile transition
occurs when the stress required to form a fault surface is
eqﬁal to the stress required to cause sliding on that fault
(Byerlee 1968). He explained the phenomenon in terms of
normal and shear stresses acting on the sliding surfaces
as pressure was increased. At low normal streéses,
surfaces may slide by lifting over the irregqularities on
the surfaces. A stage is reached, however, at which it

is easier to slide by breaking through the asperities than
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by lifting over them. The transition behaviour (neither
brittle nor ductile) is therefore when the most steeply
inclined (larger shear stresses required for more steeply

inclined and vice versa) asperities break, but the surfaces

may -1lift over the less steeply inclined ones. The change
with confining pressure of the stress for the sliding is
therefore the required criterion. This is shown by the
simple model in Figure 3.14.
Adopted after Paterson
- 1978. Simple model for
brittle-ductile trans-

/Y\ELD ition (tramsition to

cataclastic flow).

 STRENGTH 61_63

t__BRITTLE__.l,__ DUCTILE—

CONFINING PRESSURE

xiThe vertical line passing through the point of intersection
i.of the two curves, T, nominally specifies the transition
' 'pressure. This is because at points such as A, occurring
abéve the frictional sliding curve,.the inclination and
roughness of the fracture surface is such that the
frictional stresses may still be overcome. At point B,
_ below the frictional sliding curve, the stresses for sliding
on the same surfaces are obviously higher than those required
for its displacement (i.e. causing a fracture). From his
experimental studies and comparison with the existing data,
Byerlee concluded that the friction on smooth surfaces on

rocks was almost independent of the rock type and had a value
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of around O.lf He élso dismissed Mogi's assumptioﬁ énd
showed that the coefficient of friction (the ratio of shear
to normal stress) was dependent on.the-confiningbpressuré
so that smaller values of the coefficient were expected at

higher pressures.

3.64 The brittle—-ductile transition'in Oughtibridge ganister
Byerlee (1968) developed a simple method for the determination
of the shear and normal stressés acting across a surface
inclined to the direction of principal stress. It was
proposed that at a given,confining pressure, the stresses

on the major fracture surface, o*, were balanced by the
'frictional sliding stresses, Oggr ON the same surface so

tha£ when a brittle fracture occurred'(displacement on the
siiding surface) the minimum on the stress-strain curve was

in fact equal to o*. This concept is illustrated in

Figure 3.15.

Figure 3.15.
Determination of
frictional sliding
stress on the
stress-strain

-
g = dfs = Ao curve.

STRES S

STRAIN
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The determined component of o*, Ac was then resolved to

shear 1 and normalkon stresses using the relationships:

T = (Ao/2) sin 2§ eqn. 3.35
o, = (A£—§~EE) - (%f) cos 2a ’ egn. 3.36

where o is the angle that the fracture surface makes with
the axis of.the specimen and P is the confining pressure.
The described procedure was followed for the Oughtibridge
ganister. The shear fracture angle Varied between Zl‘to
45 degrees with an average of 26 degrees. It was found,
in agreement with the observations of Byerlee (1968), that
the fracture angle increased with increased pressure.

The plot of shear versus normal stresses separately
for wet and dry, and combined, is given in Figures 3.16,
3.17 and 3.18. A curve fitted into the t vs &n data
points from Byerlee (1968) is also drawn along with each
diagram. It should be noted that Byerlee's data is
acquired through experiments on Limestone, Gabbro, Dunite
‘Serpentinite and Westerly granite. The ganister results
. are in general agreement with those of Byerlee but it yields
a higher coefficient of friction of 0.9 (coefficient of
friction, p, is defined as the ratio of shear, 1, to normal
stress, O,r SO that p = T/cn Orowan 1960) for pressures up
to 2 Kb, The value of the coefficient decreases as normal
stresses increase and a marked effect is observed at normal
stresses above 5 kilobars (corresponding to confining
pressures of around 2 kilobars). It may be suggested from
the diagram that the wet rock exhibits a generally lower

‘value of friction,
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The decrease in friction is pronounced for the
normal stress valueé above 5 kilobars in the case of wet
samples (again corresponding to the pressures of around 2Kb).
The friction data in Figures 3.16, 3.17 and 3.18 may be
transfefred onto a differential stress—-confining pressure
space to test the applicability of the Byerlee's criterion
~ to the Oughtibridge ganister. This is carried out using
the following relationships derived from equations 3.35 and
3.36 for average a = 26 degrees

Ao

2.561 eqn. 3.37

P

o0 ~ 0.51 eqn. 3.38

where Ac is the friction sliding stress and P is the confining
pressure, The transformed data points for the ganister and
also the transformed Byerlee curveare superposed on the
fracture and vield stress versus confining pressure data
points in Figures 3.19 and 3.20 for wet and dry rock
respectively. The upper envelope for the friction sliding
data points (shown by a dashed line) predict a transition |
‘pressure of just above 6 kilobars excluding two 'ductile

. points' from the ductile field. The stress/strain curves
given in Figures 2.14 and 2.15~suggést a brittle-ductile trans-
_ition for dry ganister at between 5—6.kilobar confining
pressure, therefore the friction sliding data predicts the
transition pressure within a fairly small error (about 1
kilobar). The friction sliding data from Byerlee, obtained
for different rock types would predict anventirely brittle
behaviour if applied to the dry gaﬁister results. At low
preSsﬁres the data of Byerlee and of this study are

consistent, however.
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The wet frictional sliding data are slightly
different from the dry and may be more closely
comparable with Byerlee's curve. If'the anomalously low
strength results (circled) are neglected, the Byerlee curve
intersects the ultimate strength ourue (dashed line) to
predict a transition pressure similar to that of dry rock
(about 6 kilobars).

Even_neglecting the anomalously low strength points,
the wet frictional.sliding data do not permit a reliable
teSt of Byerlee's hypothesis. Indeed, the samples of
Oughtibridge ganister'exhibited‘a high degree of
brittleness in the presence of water eveu well above 7

-jkllobar confinlng pressures and 51gns of transition

lifappeared only towards the upper llmits of the pressure range-

(8—10 Kb). In view of the physical evidence it might be
,_'suggested that the predicted transition pressure for the wet

7ufﬁsamples by the Byerlee curve was purely a coincidence.

fjf3 7 EFFECTS oF INTERSTITIAL WATER

-”?fkarustal rocks are known to contaln amounts of various
l"lfaéinterstltlal fluids. It ie believed that in the vast
ﬁimajority of rocks, this fluid is water (Price 1975).
5'm,,fGenera11y, water, effectrve in the deformation of rocks,

:zjdmay be considered to either orlginate from the environment
lﬁfdror'from within the rock microstructure, _ ( the structure-

‘.djbound water) The water from the environment usually
'll;?aoo;ﬁuxlates in the microcavities, mlcrofissures and grain

'i‘boundaries in two ways:

v_il) As phy51cally—bound water. Solid particles of rock -

"absorb the water by molecular forces of attraction and

are enveloped by it in a thin film (wetting). The
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absorption capacity of rocks increases when they contain
soluble salts and clay minerals and also with increase
of the overall surfacérﬁf the solid phase. An increase
-of the absorption capacity is observed with decrease of
the particle size (Rzhevsky 1971). Quartz is strongly
wetted by water and wetting is accomplished by strong
chemical absorption (chemisorption) of the liquid by

the negatively charged quartz surfaces (Gaudin 1957).

2) As free water. Water may be held in fine pores of the
rock by capillary action, and water may fill coarse pores
and move within the'rock - from the force of gravity or

rrof pressure head. | | o

It has been observed by a great number of workers that the

k".presence of water in the microstructure of rock affects Ve

its mechanical behaviour (e. g. Hubbert & Rubey 1959 Heard
>,1960 Griggs 1967 Rutter 1972a, Scholz 1972 Martin 1972,
Q'Murrel & Ismail 1976). k. |

. o The release of structure-bound water usually .
“:ﬂ;involves high temperature dehydration of minerals and its
1fieffects on the mechanical behaviour of rock is not v7::¢'

’;relevant to this study. The effects~of structure-bound

l”}f:water on quartzluwe been studied by Griggs (1967 & 1974)

~‘and Jones (1978), amongst others.

_ The effects of water from the environment may be
.~genera11y divided into two categories (although a com-
A'Lbination may also be considered:.

1) mechanical effects

2) physico-chemical effects
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3.71 Mechanical effects of water
It has been shown that when rock is subjected to a pore
pressure p, provided that the rock has a connected system

of porés, failure is controlled‘byvthe effective stress

o'  (Jaeger & Cook 1969) so that d!.='o?.—fp egn. 3.39

8,
i3 ij ~ ti3 0 i3

where Uij is the applied stress, p is the poré pressure and
Gij is the Kroneker delta. This 1is known as the law of
effective stress. Originally proposedbby Terzaghi (1945)

it haé been repeatedly verified in connection with the
failure of brittle rocks (Brace‘& Martin 1968). However,
dilatancy during rapid loading may drop the pore pressure
to zero. The resultant strengthening of the rock is known

"as dilatancy hardening, and is the basis of the dilatancy-

diffusion theory of earthquake faulting (}Nur'1972 & 1975)
From their experiments on various rock types (granite,
 diabase, fine~grained dolomite, gabbro, dunite and silica
cemented sandstone) Brace & Martin (1968) concluded that the
law of effective stress holds for rocks of low porosity as

~ long as loading rates are kept below certain critical values.
‘_Geﬁeralizedvdependence of strength on strain rate according

‘to Brace and Martin is shown in Figure 3.21,

Figure 3.21 after
Brace & Martin 1968.
Generalized

dependence of strength
on strain rate for a
WITH POSC PRESSURE given pore fluid.
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Similar rate—dependent behaviour was obse;ved by Rutter
(19725) for Solenhofen limestdne.

The effect of pore pressure on the ductility of
rocks may be eonsidered again on the basis of the effective>
stress law. The transition pressure (see Section 3.62) .
is controlled by the effective cbnfining pressure, c; ;, in
the presence of pore pressure p so that

g3 = 03 = P ' : : eqn. 3.40
This implies that a rock, ductile at a given confining
_ ptessure, may become brittle if it is subjected to
sufficiently high pore pressures so that oj' fells beloW
the transi tion pressure of the rock. The various aspeets
ef pore pressure effects and particularly the varieeks of
the effective stress iaw may be followed in the articles by
Price 1966, Jaeger 1967, Murrell 1967, Nur & Byerlee'1971,

Brace,& Byerlee 1972, Rice 1975, Paterson 1978.

- 3.72 Thebphysé;—chemical effects of water
An active role of interstitial,Water,through chemical
-or other processes independent of pore pressure has often
been observed (Paterson 1978). It has been widely
observed, especially in quartz=-rich rocks, that water
‘including even that absorbed from a humid atmosphere; has
a weekening effect relative to behaviour of the same dry
rock. | |

The observed effects could be broadly grouped

together under the Rehbinder effect (Rehbinder 1957). The

effect applies to all substances and includes the effect of
surfactants, surface coatings and dissolution of surface
material. The surface energy effect, specifically, applies

to brittle solids. The f£luid environment alters the
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surface energy of the latter throﬁgh absorétion or desorption
of éurface molecules and ions. The absorption is inferred
to feduce the surface energy and since much of the fracture
strength is dependent upon £his parameter, the strength is
lowered. Orowan (1944) studied tﬁé static fatigue in glass
and related the phenomenon to the weakening effects of
water, absorbed from the atmosﬁhere.'

Griggs (1967) studied the strength reduction of
rocks at high temperature and pressures, and suggested that
weakening may be caused by the partial dehydration of
silicate components of the microstructure. The water
released from such reactions could, he proposed, hydrolyze
the Si~-0-Si bonds of the silicate structure and lead to the
enhanced mobility of crystal dislocations)resulting in the
enhanced plasticity of the rock. This effect has become

known as hydrolytic weakening.

Wiederhorn (1968) experimentally studied the static
fatigue of glass and found that small cracks grow slowly
‘ unéer stress, the rate of which was inferred to be controlled
by corrosion reactions between the surface of the glass and

the water vapour in the air (stress corrosion cracking).

The stress corrosion cracking was found to be a result of
hydrolysis of Si-0 bonds, basically the same type of chemical
reaction proposed by Griggs for the hydrolytic weakening of
quartz rocks. An atomistic model of stress corrosion
cracking was described by Lawn & Wilshaw (1975), where the
basic crack-tip reaction (studied in siliéa glass) is given

as:

(H-0-H) + (-Si-0-8i-)  (-Si-OH  egn. 3.41
weak hydrogen - ||
bonds OH-Si-)
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Thus an incident water molecule hydrolyses a siloxane
bridging bond at the crack tip to form £wo terminal silannl
groups. Under stress it is now much easier to grow the
crack tip, since the newly formed hydrogenvvbonds are much
less strong than the original covalent Si-0-Si bond. A
two-dimensional representation of the prdcess is given in
Figure 3.22. | The rate of crack propagation is thus
proportional to the rate of the chemicai reaction. Stress

corrosion cracking may be regarded as a Rehbinder effect.

 Figure 3.22. After Lawn & Wilshaw 1975

"fwé-dimensionél representation of water-induced bond rupture
‘in silica glass. Large circles, oxygen intermediate circles,
hydrogen solidbcirclés denote species originally from the

~ environment.

Scholz (1972) studied the stress-corrosion cracking of
- single crystals of quartz. Using an ultrasonic detector he
monitored the microfracturing events as water entered the
environment in which an originally dry quartz crystal was
already under constant load.

It was found that the number of microfracturing
events promptly increased by an order of magnitude as soon as

the sample was submerged in water (Figure 3.23).
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- Figure 3.23 (after Scholz 1972)

Frequency of microfracturing events per unit time as a
function of time, with C-axis 25°C, 18.25 Kb. The sample
was initially stressed in air; water was added at t = 600

secC.

The time-dependent axial crack growth in quartz as

a function of partial pressure of water (Py2g) in the
atmosphere surrounding the crack, temperature and applied
stress was studied by Martin (1972). He concluded that if
these were the only effective variables, the same
dependencies for an isolated crack in quartz should closely
approximate that in rocks, especially quartzites. One of

- the remarkable differences, however, between the observed
microfracturing during the static fatigue of quartz and of
rock, noted by Scholz (1972) was that no premonitory
increase in activity occurred before complete failure in
single crystals of quartz‘(see Section 3.54 for a discussion
of pre-failure microfracturing events in rocks). He stated
that lack of any such build-up before fracture suggests that
only a very few (or perhaps one) critical cracks cause

failure of a single crystal.
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Atkinson & Rawlings (1979) studied thé'tensile cracking in
Black gabbro both in‘éir and water and found thét stress
intensity-crack velocity (K—V_diégram) curves for the wet
gabbro were similar to those for glass; tested in a mbist
environment, obtained by.Wiederhorn (1968). A generalized

K~V diagram, for wet and dry conditions is shown in Figure

3.24.

LOG (V) CRACK  VELOCITY

LOGK) STRESS INTENSITY FACTOR

- Figure 3.24 , Generalized K-V diagram for various ceramics and rocks

tested under stress corrosion conditions, wet and dry.

- Wiederhorn (1968) found that in region I the crack motion
is exponentially dependent on the applied force and on the
.»amount,of water present in the environment. In region II
»the crack velocity is nearly independént of the applied
:’fofce, but is dependeﬁt on the amount of water present.
‘The plateau shifts to lower velocities as the amount Qf water
ih‘ﬁhe environment decreases. In region III the crack
veloéity is again exponentially dependent on the applied
force, however the slope of the curve is greater than in
region I and the data is independent of the water content
of the environment.
In region II thebmechahism of fracture changes from

the reaction rate limited process of region I to a transport

191



rate limited process. The reason for this change is that
the stress-activated process at the crack tip haé become
faster than the rate at which water can diffuse to the
crack tip from the surroﬁnding envirénment. According to
Atkinson}(1979) Lawn & Wilshaw (1975) considered a two-
stage model of stress corrosion.in which reactive species
must be transported to the crack tip befofe reactions can
occur there to facilitate the subéritical crack extension.
The slowest of the two steps, reaction and transport, will

control the rate of the overall process.

3.73 Effect of water on the sliding characteristics

The effects of water on the friction of the internal surfaces
of a deforming rock have been studied by only a few authors
and are not well known. Observations are conflicting.
According to Byerlee (1967), increased p, with the addition
of water to the environment was observed by Perman (1953) and Horn
& Deere (1962). The reverse was observed by Byerlee (1967). He
found that for slidingvof rough surfaces, p decreased when
water was'added. This was . observed for quartz porphyry
(at 03 = 1 Kb) and for bgranite over a normal stress range of 1

to 10 Kb. Swolf»(1972) studied the effects of chemically
aétive»fluids, including water, on the deformation of
Coconino sandstone and found that the coefficient of sliding
friction in dry and water-wet precut specimens remaiﬁed
essentially the same for a given effective confining pressure.
In the case of ganister tested for this study, as shown in
Figure 3.17, a noticeably higher scatter of the friction
datavpoints was observed for the wet rockf It may be
inferred, however, that the friction of ganister generall§

remains unaltered after the addition of water at low to

192



medium pressures and there is a tendeﬁcy towardsvlower u
values only at higher pressures. -

To explain the observed effects, Byerlee (1967)
argued that the change in p for brittle materials with
relative humidity is very similar to the changé of surface
tension with humidity for physicélly absorbed water between
polished surfaces. His analysis shows that for polished
surfaces, u will depend on the area surrounded by the
meniscus of the.fluid. Thus for a large contact area an
_increase and for a small contact area, a decrease in u
would be expected. The analysis also predicts that Ehe
effect of fluids on p should decrease with an increase in
aéperity height and become insignificant when surfaces
reach a critical roughness,

3.74 Observation of stress rate and wetting effects in

Pennant sandstone

From a review of the literature in the earlier sections it
may be concluded that the mere presence of water in the
microstructure could affect the strength of rock, provided
that water could gain access to the rapidly deforming areas
such as crack tips and accelerate the failure through stress
corrosion processes.

If the rate of transport of the environmental water
to the crack tips is affected by the rate of loading, it
may be assumed that by varying the stressAor sﬁrain rate,

a threshold rate of loading for a given rock type can be
found above which water is unable to produce any weakening
effectf The presumption was first propounded by Rutter and

tested on Pennant sandstone‘by,Law (1977).
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Law (1977) carried out a number of wet and dry uni-
axial compression experiments on Pennant sandstdne at a
constant stress rate rangihg‘from 4.3 Kb/sec. to 6.1 x 10-6
Kb/sec. (and correspondingvstrain rates of 10-2/sec. to
2 x 10”8/sec.). The following description of the material

was given:

Grains:
50% Quartz up to lmm grain size
| (feldspar
‘Remaining 50%, : sandstone and mudstone clasts
equal proportions of _4 (angular shapés)
flakes of muscovite
Matrix: \

25% of the rock, ¢omposed of clay minerals locally
cemented by ferruginous, calcareous

or quartzose material

The effective and total porosity of the rock was found to
be 1.489% and 2.5% respectively.

A significant reduction in uniaxial strength was
vdbserved in water-saturated specimens compared with oven-
dried specimens. A similar rate of reduction of uniaxial
strength of both oven-dried and water-saturated specimens
was observed with decreasing stress rate. It was also
found that dilatancy begins at a higher percentage of the
uniaxial strength in oven-dried specimens compared with
water-saturated specimens, Figure 3.25.showé the uniaxial
strength of wet and dry Pennant sandstone as a function of

log stress-rate obtained by Law (1977).
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These results may be compared with those of Oughti-.
bridge ganister shown in Figure 2.22, The effects of water-
saturaﬁion and loading rate on the strength of Oughtibridge
ganister in view of the points made in this Section, will

be discussed in Chapter 4.

3.8 BRITTLE FAILURE MODELS BASED ON EXPERIMENTAL OBSERVATIONS

Empirical criteria of rock failure were presented in Sections
3;1 to 3.4. Also, some aspects of experimental rock
deformation and fracture mechanics were introduced in
preceeding'séctions. ' Finally in this chapter, before we
move to a discussion of the results of this study, some
remaining proposed failure models and mechanisms of brittle
deformation, based on direct observations of experimentally

deformed smaples will be briefly described.

3.81 Mechanisms of rock fracture based on the Griffith

concept of the pre-existing crack = Bieniawski 1967

'The brittle deformation of a quartzite and a norite ﬁnder
.different loading conditions (uniaxial and triaxial) and on
,vafious types of machines was comprehensively studied by
.Bieniawski (Hoek & Bieniawski 1965 and Bieniawski 1967 II).
Also, for a_better understanding of some observed features,
various crack configuration models were simulated in thin
glass plates deformed biaxially.

The microscopic examination of the undeformed rocks,
particularly quartzite, showed that cracks along the grain
boundaries and between the constitutent minerals existed.
These cracks were taken as the equivalents of the Griffith

pre-existing cracks within the rock.
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Following the analysis of the mechanical behaviour
(Bieniawski 1968I) in relation to the Griffith theory
(Section 3.3) and the modified Griffith tﬁeory (Section
3.4) and also the observation of the deformed micro-
structures, a five-stage mechanism covering the entire
deformation process of a rock leading to brittle failure
is proposed. A failure criterion was not derived but it
was concluded that although the originalvand modified

Griffith criteria may be used for the prediction of the

stresses at the fracture initiation stage (points A and C
in Figure 2.10), the same criteria canno£ be applied to the
ultimate failure strength of the rock. The proposed
stages are listed below and will be followed by an outline
of the experimental observations made at each stage. The

diagram in Figure 3.1l shows the same sequence of stages.

. '1-= Closing of cracks
I. Crack closure
2 -‘Linear elastic deformation
II. Fracture initiation
3 - Stable fracture propagation
ITI. Critical energy release
4 - Unstable fracture propagation
IV. Strength failure (maximum stress) - onset of forking
5 - Forking and coalescence of cracks

V. Rupture (maximum deformation)

1 - Closing of cracks
During the crack closure an increase iﬁ modulus of
elasticity takes place

2 - Linear elastic deformation

It was believed that cracks initiate during this stage..
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The behaviour of single closed cracks was studied in

- glass platesbloaded biaxially.

It was observed that

when a uniformly distributed compressive load was

applied to the plate, short tensile cracks were formed

along the crack length due to friction effects in

relative movements of the crack faces.

These small

cracks were multiplied with increasing load until those

closest to the tip of initial crack started to grow,

thus marking the fracture initiation; at this stage the

formation of the short vertical cracks ceased.

This

process is shown in Figure 3.26.

Figure 3.26 (after Bieniawski 1968II).

. Diagrammatic representation of

the sliding mechanism in a closed crack.

N
"-L——---——Q-———-'———-—-————q—'

Phase I: Crack extension from
open cracks separated by sections
with high functional resistance
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It was found that the coefficient of friction between crack
faces, determined from the Mohr envelépe for fracture
initiation (stress value at point C or A in Figure 3.11)
was lower than the friction coefficient on the rupture
surface, determined from the Mohr envelope for strength
failure.
3 - Stable fracture propagation
The linear compressibility fests# reveéled that the
predominant direction of stable fracture propégation
was parallel to the direction of major compréssive stress
and that fracture propagation ceased (crack arrest) when
the crack path had become parallel to the major
principal stress direction
4 - Unstable fracture propagation
Also from the results of the linear compressibility tests
it was concluded that the principal mode of unstable
fracture propagation at this stage, was in the direction
parallel to the major compressive stress and that con-
siderable damage in rock structure was caused by shattering
of grains, a phenomenon which was not observed during .
~stable propagation.

*:*‘Linear compressibility test:

Tt may be expectedvthat narrow cracks, perpendicular to
the stress will close under the applied 1bad while those
parallel to the direction of compression will not close
and consequently the latter will experience considerably
less deformation. Thus if there is a preferred orientation
of crack propagation, once the fracture initiation occurred
the linear compressibilities in the axial and lateral
directions should provide this information'. (Bieniawski
1968 IT)
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Bieniawski believed that once unstable fracture
propagation commences, the influence of the type of
loading and loading platens is the governing factor in
the final mode of’specimen fracture. In triaxial
tests, however, it was at this stage that the confining
pressure became instrumental in causing the final shear
fracture mode of the specimen. 'Further, during the
process of unstable fracture propagation, crack velocity
increased asymptotically to a maximum value (the terminal
velocity, see Section 3.533). Itvwas found that once
terminal velocity was reached, forking of the cracks
took place. | | | | |

Strength failure and rupture

" The strength failure (peak in the stress/strain curve)

and rupture of the specimen were envisaged as two

separate processes. The strength failure occurs right

.at the end of the process of unstable crack propagation

(details not explained) whilst the specimen still retains

a certain strength and cohesion, until rupture occurs.,

b ja;qumding on the deformation apparatus, the rupture stage

'may occur apparently simultaneously ‘with the strength ‘

'“”f:ffailure (soft machine) or subsequently (stiff machine).

"p Rupture is not, however, a fundamental property of the

material but one of the structure;,it» limits the

stability of the structure.

‘.3 82 - Beam buckling’ theory cf‘failure *’PEng'&‘Johnson 1972

Uniaxial and triaxial deformation of Chelmsford granite (31%

Quartz/volume with an average auartz grain size of 0.27 cm)

was carried out by Peng & Johnson (1972) They found that )
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regardless of end~boundary conditions of Specimens, cracks
in Chelmsford granite propagate parallel to the direction

of axial loading and that under uniéxial conditions the
granite failed by axial splitting whilst in triaxial loading,
the specimen tends to fail along planes or faults, inclined
to the long axis of the specimen.,

Upon close examination of the inclined fault surfaées,
it was observed that the surface consisted of many tiny steps
and were roughly perpendicular to the direction of applied
load, whereas the risers were parallel to the same direction.
It was presuméd that the vertical risers were surfaces of
the axial cracks and the horizdntal steps were partly cracks
that formed at the time the gross failuré plane developed.

Based on these observations, it was suggested that the
assumption may be made that at the moment of étructural
instability the areas between the parallel cracks behaved as
tiny columns or beams of rectangular cross section. The
lateral deflection and failure of such tiny columns or beams
‘could account for the development of the commonly observed
faults in the deformed rock specimens. It was further
assumed that columns could be treated as cantilever beamé
with one end or both ends "buiit in" and considered failure
through buckling to be the céuse of the development of the
observed steps on the fault surfaces.

Following certain prescribed observations and
assumptions, the beam theory was adopted to predict
buckling of the tiny thin columns of the granite across the
potentially favourable fault planes and thus the failure of
the specimen. The idealized failure model based on this

theory is shown in Figure 3.27. It is assumed that
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failure occurs when the lOngitutidinal, or "fibre" strain

in a buckling axial column reaches some critical value.

. ,\ ' Figure 3.27 (after
% i}« Peng & Johnson 1979).

Idealized concept of

S development of

l faults in eylindrical
’]' specimens. 'Simple
if _ shear' fault plane in

(c) develops. Cone-

ey {» . in-cone or 'pure

- shear' fault planes

~occur in (d).

It was claimed that the theory was supported by the
jexperimental results from:the Chelmsford granite. The

: theoretical pressure-strength calculation was in good

i

| o.égreement with the experimental data points when "fibre"

: f3stra1n ef and the friction angle across cracks were
assumed to be 10~* and 45 degrees respectively. The

'faﬁtheory further predicted that the axial stress required

"fiffor faulting increases rapidly with shear stress if initial

deflection of the beams is small. That is, the smaller
~the initial tilts of the thin rectangular slabs, the more
marked is the effect of confining pressure on the average
axial stress required for faulting.

3'83 Inclusion theory of rock failure = Brad271974

| The basic aim of this theory was to unite the results of

_ the 1aboratory tests on rocks and observed earthquake data
through a scale-independent theory of rock failure;'
Following the proposition ofra mechanica;tequation of state
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for brittle rock (Brady 1970 & 1973) and the related
analysis, Brady studied the brittle deformation of granite
and marble (uniaxial and triaxial, o3 = 100 bars, strain
rate of about 10~%/sec.).

It was observed that the rock failure in compression
was not due to the development of uniform microcracking
(or dilatancy) but was a consequence of clustering of micro-
cracks within certain zones and that microcrack clusters
devéloped when the rock was within a few percent of its
ultimate strength. It was also observed that the microcrack
density was significantly greater than the background micro-
crack density which formed throughouﬁ the rock at a time
prior to cluster formation.

It was found that the slabbing failure, that is, growth
of macrocracks parallel to the direction of maximum stress,
a common observation in uniaxial compression, was inhibited
by confining pressure. The study of fault growth, using
a stiff loading condition, revealed that fault growth in
either uniaxial or triaxial compression occurred after the
strength failure and was distinguishable from it. Generalized
stress~strain behaviour of rock in pre-failure and post-

failure regions, as observed by Brady, is shown in Figure
a a ’
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Based oﬁ these observations and further analysis
of the results (including finite element simulation of the
deformation process) it was postulated that highly localized
zones of intense crack concentratiOns, or inclusions, would
form just before the ultimate strength of the rock was
reached. Inclusions tend to have lower elastic moduli than
their surroundings, and this would lead to the rotation of
the local prihcipal stress axes and thus to a change in the
magnitude of the local stresses. It was conciuded that
eventually a shear fault would develop within a favourably .
orientated inclusion and lead to rupture.
| .From the laboratory data, three distinct phases
were distinguished before 10 slightly after the ultimate
strength of the rock was reached:
1) Pre-dilatant phase
| Begins with closure of open cracks throughout
the rock volume. Once most of the open cracks
have closed, the axial stress-strain curve
becomes linear
2) Dilatant phase
New cracks form uniformly throughout the rock
and growth is parallel to o; direction. Phase
starts at stresses typically in the order of
Y to 2/3 ultimate stress, SR
3) Inclusion phase
Clusters of microcracks develop within the rock
usually within a few percent of Oy As a
result of the development of such inclusions,

elastic contrast develops and there is both

rotation and change in magnitude of the principal
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stresses in the focal region (see Figure 3.29) of the

inclusion.

g1

(a)

(c)

Figure 3.29
adopted after
Brady 1974.

(a) Schematic
illustration

of the
inclusion and

focal region. O and o, are

the local tensile and compressive
components; (b) and (¢) the
sequence of macrocrack growth
within the inclusion. Note the
direction of the local stress field.
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The following two phases weré further postulated as

necessary and sufficient conditions in initiating fauit

grthh;

1 - Closure phase
There is closure of cracks in the focal volume and
focal region (thé immediate vicinity of the inclusion)
in particular due to a decrease in the local differential
stress (and subsequentAincrease in relative magnitude
of the confining pressure). Once all cracks within
the inclusion are closed, the tranéverse tensile stress
in the interior of the inclusion also reaches a
maximum value. Macrocrack growth within the inclusion
due to microcrack formation in response to tensile
stress in the inclusion begins.

2 - Growth phases
Fault grthh commences during this phase. The relative
stiffness of the loading system and the failing region
determine which type of growth process prevails. Re-
opening of the previously.closed micfocracks occurs.
The system becomes unstable and rapid growth of the
‘macrocrack (see Figure 3.29b), in its owh_plane, occurs
once the length of the macrocrack exceeds a critical
value.

Thus the structural instability (fault development)occurs

when:
1) the elastic contrast between the inclusion and host

approaches a maximum

2) the aspect ratio of the inclusion approaches a

critical wvalue.
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Rudnicki & Rice (1975) and Rudnicki (1977a, l977b)
proposed an alternative p01nt of view of the locallsatlon
of deformation. It was suggested that locallzatlon of‘_
deformation couldvbe,envisaéed asta'smOOth continuation of
the response for homogeneous-deformation; vthat is, the
homogeneous deformation of an initially uniform material
leads to a bifurcation poiﬁt, at which non—uniform
deformation can develop:in a planar band onder oonditions-
-of contlnulng equlllbrlum and contlnulng homogeneous
deformatlon out51de the zone of localization. - ‘The main
’dlfference,therefore, between inclusion concepts descrlbed
so far is in the way the compat1b111t1es of the state of
stress~of the inclusion and surround;ngs is expressed.

The type of theoretical assumption made by Rudnidki B
& Rice (1977a) and Rudnicki (1977) on the boundary‘conditions
- 0of a localized zone of deformation is probably more sultable
for the treatment of large scale earth faulting whilst the
'same assumptions may impose some scalelllmlts on the
.t:application of this theory to. the 1aboratory tests. For
~example, what would be the role ofbgrain boundaries in a
test specimen, in relation to'the incrementally decreasing‘
(towards'an iholusion site) elastic moduli? = This dlfflculty
may be overcome by assumlng that the dimensions of an
1nclu51on in a laboratory rocktspeCLmen.is always
substantially greater than that of a single grain of r0ck.
If this assumptioh.is made, however, the applied stresses
may not be regarded as ‘'remote' for a mechaﬁical test

specimen as is assumed by Rudnicki (1977).
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3.84 The 'tipping element' model of rock failure - Janach

1977
Deformation of'various types of granite_(Westerly, Swedish
and Bohus granites) under uniaxial and triaxial compressive
stress were carried out by Janach. Strong-presSure-
dependence and non-linear volume:increase prior to failure
was}observed. It was also found thatvat about % of_peak
stress, axially orientated microcracks_formed and that this
direction was a.predominant form of microcracking in the
rocks tested. ,

| The plotted preSsure—strength data for Westerly
granite was found to be best fitted by a quadratic relation
- of the general form:

o? = aos ‘ ; . egn. 3.41

'-vTo explain the observation of such a simple empirical

;'relationship, Janach represented a simplified model of the

:”31trock microstructure. It was- proposed that a polymineralic

-f}rock such as granite, consisting of minerals with different

:;elastic constants (quartz and biotite for example) could be

fﬁflimagined to behave as elastic columns consisting of stiff

"particles in a compliant matrix when subjected to an axial

';ioad as shown in Figure 3.30

Figure 3.3( after
Janach 1977.

; o Distortion of an
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Loading of such a structure would lead to a
certain degree of_geometrical mismatch (shown by laterai
distortion, £, and the axial shortening, g, in Figure 3.30).
The axial cracks are therefore assumed to be a producﬁ of |
this process, where each crack-producing unit is called a
'tipping element'. The role of confining pressure is,
however, to wofk against the formatidn of axial cracks and
to postpone their formatioﬁ until higher axial loads are
reached. The formation of a diagohal array of tipping
elements, shown in Figure 3;31, throughout the. specimen would
thus lead to a structural ihstability and eventual failure

of the rock specimeﬁ.

Figure3.31. After
Janach 1974, Formation
of a diagonal array
of tipped elements.

It was assumed that the point of instability of a whole
structure coincides with the condition for propagation of a

diagonal array of tipped elements, and that this corresponds

- to the peak strength. The criterion for p;opagation of a

diagonal array, based on the balance between the work done
by axial stress o1 through the contraction.g, and the
expansion work agaihst confining pressure o3, through £,

but neglecting frictional dissipation and creation of
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surface area in the energy'balance (shown in Figure 3.30)
was developed and the relation'c% « g3 is derived,in‘
‘agreeﬁent with the-empirical relation'(eqn 3. 41);

It is further stated that the ax1al 'stress o beglns
to decrease as soon as the array goes across the entire
specimen. The propagatlon crlterlon, therefore, is at the

same time the criterion for the max1mumeax1al stress o;

" that the rock can support at a given cohfining‘pressure C3e
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DISCUSSION
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4.1 ANALYSIS OF THE OBSERVATIONS RELATED TO THE PROCESS

OF BRITTLE FAILURE IN OUGHTIBRIDGEvGANISTER

4,10 Introduction

The analysis in this seétion‘is confined to the results of
the experiments under’dry unia#ial and low confining pressure
(zero to 2Kb) conditions,vwhere loss of strength is followed
by an instability that léads to the macroscopic rupture of

.the test specimens. Analysis‘of the effects of higher
pressures, wetting and rate of loading is carried out
separately in_fbrthcoming sections.

4,11 Summary of observations related to uniaxial

deformation

From a review of the experimental results in Sections 2

of Chapter 2, the following generalisations concerning the
process of brittle deformation under uniaxial coﬁditions
may be made.

i) Stress—-strain curves

a) There is a small initial hon-linear region,

b) An apparently linear elastic region forms most
of the curve.

c) A non-linear region appears again, starting with"
a slight deviation from the elastic trend which
quickly reaches a peak (the ultimate strength
cu). See Figure 2.6 for the axial strain curves.

d) Post peak region. Stress drops sharply and the
curve acquires a negative slope. In servo-
controlled tests, the drop takes the place
relatively gently and is usually accompanied by
audible emissions,but structural instability

usually occurs after a series of post peak (i.e.
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ii)

always lower than_ou) stress_fluctuations. - Most

of the permanent strain is accumulated at this

time (Figure 2;58ec§ion 2.2). In a conventional

loading machine, however,"the stress drdp is

instantaneous and associated with explosive

structural disruption of the specimens (tests

described in Section 2.51). VIn such cases,

audible em1551ons are ‘heard moments before the
failure.

Stress-volumetrlc strain curves

Four distinct regions werevobServed oﬁvtﬁese

curves as.desefibed in Figure.z;é;

a) Small initial,non-lihearity (region.I).

b) The eiasticvfegion lasting shorter than the
apparently'elastic region in the axial stress-
strain curve (region II). .I

c) The non—lineer part, the beginning of which
is marked as point C in~Figure 2.8 Chapter

two. This part could~be'divided‘into two
regions III and IV, marked . as c ¢’ andec’—'
¢’ where C”is coincident with du. ¢ - is
the region marking the period during which
the relative dilaﬁion‘of the roekjincreases
relatively slowly, whilSt in C'-C”(region IV)
the saﬁe effect is accelerated. It was
found that with only a small variability(
the average stress va;ues at C and C‘_were
to 0.650, and O,950u respectively (Sectidﬁ'
2.23) . ‘It was also noted that the‘materiai-

undergoes relatively small amounts of non-
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linear volumetric strain prior to its loss
of strength (e.g. relative to Pennant sand-
stone tested by'Law 1977).

iii) Inspection_of the_deformed specimens

: The dominant mode of failure was found to be
the axial splitting bf_the specimens, élthough
failure surfaces inclined to the long axis:
of the specimens were also observed (see
Figure 2.21). The servo-controlled

. deformation usually fesultéd in failure
surfaces at very small angles to the o,
direction (in the rangé of:5°v- 180) as well
as perfect axial splitting.
Microscopic.examination of the deformed
specimens revealea that deformation was
mainly confined to narrow failure zones. The
test pérformed at 1 bar (1iquid medium
machine -~ specimen only jacketed) confirmed
this observationv(see Plaﬁe 2.11) and showed
that axial and grain boundary cracks were
localized around the narrow fault 2zone.

4.12 Summary of observations relating to low pressure tri=-

axial deformation

Generally, the increase in pressure does not change the basié
form of the stress-strain relations described above for the
~uniaxialtests. Oughtibridge ganister is still brittle at
-2 Kb confining pressure (see Section 3.62 for the definition
of the terms 'brittle' and ‘ductile' as used in this study).
The triaxial loading of the specimen up to 2 Kb pressure

resulted in the following effects:
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a)

b)

c)

d)

e)

A four-fold increase in the strength (from 3 to
about 13 Kb). The greatest rise invstrength
occurred in the interval 1 to 2Kb pressure;

Figure 2.13.

Change in mode of failure from predominantly axial
splitting to shear faulting; Section42.43l.

More evenly distributed microcracking prior to
failure; Section 2.431and Plate 2.16. It was noticed
that axial cracks were virtually ebsent away froﬁ
the fault zone where Qrain boundary miorocracking
was predominant; plate 2.16. |

A general increase occurred in the number of

observed cracks prior to failure as pressure was

~increased.

Non-violent post peak failure. ' Despite the fact that

tests at 2 Kb pressure were carried out in a con-

- ventional liquid medium machlne, failure occurred

4. 121

without any catastrophic event. It was observed
that in all cases, faulting occurred perceptibly
after the peak strength of the rock (see Section 2. 6).

Summary of the progressive 1oading experiments

 In addltion to the general observatlons described in 3.12,

the results of the observations relating to ‘the study of

the microcracking process with progressive load (Section

_2 6) may be summarized as follows-

a)

" b)

Cracks initiate at the corners of pores and tend

to run around grain boundaries with progressive
loading (Plates 2.14 & 2.81). » ‘

It was found that the 'strength' was not determined

by formation of a throughgoing fault‘plane-(Section
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2.622 and Figure'2.35 ).  The axial cracks (andk
~axial crack'arrays)'doinot develop'until well -

‘ after\post peak and prior to-the localiéation'of
faulting (i. e. formation of the favourably orientated
dense clusters_of microfractures.v " See Plate 2.75,

c) The"crack'density and_mean crack'length_increase o
dramatically with permanent strain (Table 2.19).

d)y The strain per unit crackvlengthV(eqn{'Z 18).
increases gently as a result of the crack growth
(Figure 2.31). B

e) The peak stress does not correlate with any

’ particular occurrence in the evolution of the -
microcrack pattern.

«hcf)»rThe crack maps show that w1th progreSSive loading,
a cellular pattern of microcracks forms. The gglls

; become smaller as the strength of . the rock is

approached (Figures 2. 32 to 2. 36).-

h4;13 The statement of the observed deformation mechanism

for Oug_tibridge ganister

4’130 Introduction

Based on the experimental observations summarized in 3. ll
pand33 12 a deformation mechanism may*be proposed. ' The_
7statement of the mechanism will be followed by a semi-i'
'hiﬁilquantitatiVe model of strength failure and also a model

‘7_fexp1aining the development of structural instability (the -

‘ifpost-peak shear fault) in- the specimens of the Oughtibridge

‘?btganister. | s ig St i
}}“’ | Before proceeding with the description of the
ff!proposed mechanism, the definition of certain terms that .
daare used throughout this section should be given.
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Microcrack:

the term is applied to cracks with a length
smaller than the mean grain size. They may
be inter or intra granular but. not trans-

granular.

Microfracture: applied to a crack that runs through a grain

including the axiél cracks (the transgranular

cracks) such as in Plate 2,75.' A.microfractﬁre
may run through more than one gfain but, however,
still not be visible without optical aids (see

Plate 2.82 for an example).

Macrofracture: this term is applied to the fractures that

The strength

Faﬁlting:

can be observéd by the naked eye, including a
throughgoing fault such as in Plate 2.12.
failure: or loss of strength. This is taken‘
to be a stage in the deformation, coinciding
with the peak stress on the stress-strain curve
(also used by Bieniawski 19681I).

this is a stage in'the brittle deformation that
may  occur post-peak and coincides,with the
onset of structural instability in roék specimens

(the localisation of a fault zone).

In the failure of Oughtibridge ganister we may identify two

major phases:

i) The loading to strength failure phase

ii) The macrofracturing phase

The first phase is completed through three distinctive

mechanical stages, namely

1l) the crack closure (elastic strain)

2) the stage of elastic behaviour (elastic strain

only)
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3) the stage of inelastic behaviour (permanent

pPlus elastic strain) | |
The transition between the two phases is sharply marked
by a stress peak on the stress-strain curve. Phase two
culminates in a localisation stage whereby the existing
cracks rapidly cluster and form localised microfractures
along favourably orientated plane(s) leadiug to the macro-
fracturing and faulting of_the rock.

It is inferred that the effect of confining pressure
on the process is to increase the level of resistance to
frictional sliding on microcrack faces. Small amounts of
slippage on ﬁon-axially oriented microcracks is essential
for the propagation of the microcracks. Thus the rock

Vnstrength would be expected to increase and microcracking
_would be expected to become more widely distributed. The
’;:ﬁet_effect of such "microcrack friction" may be identified

'"*with the Mohr-Coulomb “internal friction“;‘and would be

aexpected to be somewhat different to the "sliding friction"

_yassociated with slippage on a fault surface.

'vi .~ The various stages of the failure process are
.A“described and discussed in. more detail in the following
q*fsection. Figure 4. l overleaf a diagramatic representation

of the proposed stages on a generalised stress—strain curve.
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| PHASE 1 Figure 4.1

{ PHASE IT © . Generalized stress-
4 < Strength failure (oy) ~ strain curve and
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wn ' l ' Lo ' mechanical
v ' : o : behaviour for :
bt | : -~ Oughtibridge
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- | Frictional ‘
W I sliding on
‘ elastic " the fault®
behaviou ' :
the crack |
closure !
4]
STRAIN

4.131 Phase (I), the loading to strength failure

1 - The crack closure

This is a well established stage (Brace 1963, Murrell 1967,
‘Bieniawski 1967I) usually 1ndicated by a short 1nit1al non-
linearlty on the stress-axial straln curve (segment OA in .
‘f Figure 4.1). It is shown ( Brace et et al. 1966)
 that stress-cycling of the rock;durlng this stage has'
virtually no effect on the strength. It was'therefore
argued thatvthe.non—linearity was the result of thegelastic
closure of inherent open microcracks within the micro-

. structure of the roek;

P2 - The stage of elastic behaviour

Once all suitably orlentated cracks close, a relatively 1ong
perlod of apparently elastic loadlng begins (segment AB in
Figure 4.1). The stress~cyc11ng of the rock (Brace gt_al.
1966) during_this‘stage would not_generally affect the
strength; that is for the start, the deformation is rather

purely elastic. Towards the end of the stage, however,
2]L9 :



the stress=-cycling gig weaken the rock. This shows that
some inelastic deformation might have been initiated through-
out the microstructure. Bieniawski,(l968II) in his

proposed model (Section 3.81) suggested thatvslight movements
at the grain boundaries could take place during the elastic‘
loading of the rock (in Norite and Quartzite) resulting in
microcrackihg at the edges of the gréins-across the inter-v
faces (Figure 3.85). _ |

At this point we can usefully iﬂentify two kinds of

initial rock microstructures, which appear'to behave
differéntly during loading to brittle failure:

(a) Type I, in which grains interlock completely and
porosity is very small. This is typified by
igheous rocks or monocrystalline sediments in
which the detrital grains ére well cemented by
epitaxial overgrowths. Ganister‘approximates
to this microstrucﬁﬁre though the overgrowﬁh
cement is incomplete, leading to the inclusion
of cuspate pores (Figure 4.2a).

, (b) Type II, typified by a ?oorly cemented granular
| aggregate. For example, a sandstone with a
clay cement (Figure 4.2b);' Theweésential
difference is that in type II there are more
point contacts between grains than in type I.
Given_the,typical ganister microstructure Shqwn in Figure
4.2.(and‘see'Plates 2.1 and 2.2) localised failure of weak,
favourably oriented grain boundariés‘might bé expected to
- occur at the upper end of the "elastic" region of behaviour.
A small amount of permanent frictional sliding, accommodated

by elastic strain at the crack ends and at asperities;would
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(a)

Figure 4.2,
Schematic drawing of (a) t
st ructures.

(b)

ype I (e.g. Oughtibridge ganister) and (b) type II (Pennant & Tennessee Sandstone)micro-
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lead to the hysteresls commonly observed‘duringvload
'cycllng (Brace et al. 1966). |

| The formation of subs1d1ary mlcrocracks along the
sliding faces as was suggested by Blenlawskl (196011,
‘Eugure3.&Lof this study) was not-observed'to be significant
in ganister speclmens loaded beyond their elastlo stage
t(Plate 2.73). There is, however;.the possibility that such
~microcracks could not be observed-nnder)optical examination
alone. ; ‘The high magnlflcatlon SEM mlcrograph in Plate 2.78
1s a clear indication that this type of mlcrocracklng occurs,
but lt is not known atlwhich_stage.these'microcracks were

formed.

3 - The stage of lnelastlc deformatlon

ThlS stage. (Segment B-C in Flgure 4.1) is marked by an'
easily percept;ble:deflectlon of the stress—straln curve
from its linearvelastic trend. It is also well establlshedf
(Sect10n2354) that this stage is accompanled by relative
dilatancy (see Figure 3.11). Bieniawski (1968 I & IT) has o
divided this stage into a lower stress regime.of 'stable’
microcraok growth, giving,wav'to a regime of,'unstable‘
mlcrocrack growth whlch culmlnates in the peak strength.
There 1s, however, nothlng in the microstructural development
- of ganlster- to suggest structural 1nstab111ty in pass;ng
over_the'peak of the stress-strain curve. The 1mpress1on
"of instability arises from the behaviour of the machine-
kspecimen cOmbination when the machine is not vastly stiffer
than the specimen. ‘} |
It is clear from'this study (Seotiontz 2') that the

inelastlc deformatlon (above 0. 65 0y ) and the assoc1ated

relatlve dllatancy arlse from the slow but acceleratlng
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growth of microcracks. ‘It will be shown below that the
phehomenon of a peak strength can arise purely from the
way in which permanent strain is accumulated by the growing
network of microcracks. | |
~ Assuming that the permanent strainvep is a time-
independent variable (i.e. there is no stress relaxation
when loading is stopped) an enefgy—based approach may_bé
adopted to the problem. Considering an energy balance,
when an increment.of displaqement is applied_to the
specimen, prévided that the loading is axisymmetric
oy > g2 = o3, and the elastic'anisotropy;is ignored:
dw = (o7 = o03) dez + o3dev'= Elastic energy +
frictional hea€T+ surface energy of gracks egn. 4.1
where | |
W, is the work donevby the loading system
o; and o3, are the maximum and minimum principal.
stresses

e is the axial strain and

zl
ey is the volumetric strain

Altérnatively we can write: .
(o7 = o3)de, = 935 deij +pﬂé’g,9§(ﬁ@))+ Yfz(dPg) - o3de,

egqn. 4.2

where .
elastic

o.. and e.., are the stress and strain tensors

ij ij A

u, is a coefficient of friction

v, is the mean specific surface energy for the mineral
species and

do, is the crack density incerement.

It may be generally assumed that the increment of work done

throughout the process is the sum of elastic and permanent
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strains,

d

Wiotal =

that is:

dWelastic *

dWpermanent

considefing only the energy dissipated, that is the

permanent deformation de, we have

de = (01 -03)dep + o3de

where

vp

egn. 4.3

egn. 4.4

e is the permanent component of volumetric strain.

vp

In view of small volumetric strain observed in Oughtibridge

ganister (Section

that

(o1 -oa)d_ep >> o3devp

), the assumption for convenience

, may be,justifiable, bearing

in mind the approximate nature of the data which is to be

manipulated.

Thus by ignoring the volumetric strain

component, edqn. 4.4 may be rewritten as

aw

deP

-——E. = 01=03

eqn. 4.5

In order that ;=03 should have a maximum (i.e. exhibit a

- peak stress), a graph of wp versus eP must be of the form

shown in Figure 4.3a

Figure 4.3. Variations of the work done through permanent strain, Wb,

with the permanent strain
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fThis'gfaph can be envisaged as‘béing composed of inde%-
pendent but continuous ekponential funcﬁidns witﬁ, there-
fore, a continuously varying exponent n. This mé? be showﬁ
- as foilows: | | |
| _if the work done by permanént.étrain_Wé isff
assumed to take the form
n

W_ = Ke
p- P

, n = f(e) ' ‘ - eqn. 4.6
subétituting 4.6 in 4.5 and differentiating with”fesééct
to ep we have

 nel
- = nk
(01=03) n ep

eqn. 4.7
As shown in figure 4.3b, eqn; 4.7.wiil ﬁave'a maximum'if " |
n>1l at lqh ngvalues and - | -

o<n<;kat'high WP values.
The strength faiiure, dorreSponding to a'certaih'value of _vJ
pérmanent.strain; occurs when n=l. |

Using the crack map data (SectiothJQi) we may
linvestigate twobhypotheses. Firstly, that Wb is due
entirely to the creation of crack surface'a;eavand secondly
that W is'dué'entirely’to.ftictional resistance to:slidiné

p .
on microcracks accompanying their propagation.

(a) Hyppthésis that Wp is due to microcrack SurfaCé
v-energx. |
| If”all permaneﬁt’strain'energy Wb goesfintd creating new
crack areas, thus | | |
| dwé = y x @ (total crack area (= f(ep))) eqn. 4.8
Assuming that eqgn. 4.8’holds, the crack sﬁrfgde énergy at
 failure may be only’roughly estimated since it is obvious

that some conSiderable'errorbmay be involved in the measure-
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ment of the number and léngth-of the'crécks. .In the
vicinity of the peak strength the total crack length
changes from 100 to 140 um (see Sectﬂmiz,GZl);(where
this is assumed to be a diameter change), thus thé radius
of the cfacksvchanges from 50 to 70 ym. The total areé
change dA, is thus equal to ~8000um / md

Over the same interval € changes from .02 to .03%
(see-stress—strain cu:ves; Figure 2.25) that is from 2 x 10~
to 3 x 10fu.' Thus .
dA =8000umi/mm3

de,  10”

If the surface energy = 2J/m? then

2% (2 x 107 erg/105mm?) (8000um?2 /mm3)
(01=03) = g5 = : "
| P 10-

- and therefore -

g1=03 = 1,6 bars

' Thus the creation of the observed crack surface areas

| accounts for only a very small fraction of the (01-03)dep
at failure. A density of microcracking 1000 times greater
‘would be required to account for a reasonable fraction of
»peak stress (since other terms in the energy balance,
..eqn.,d.l, should also be accounted forf. Whereas a one
order of magnitude error in the optical estimate of micro-~
erack density may be conceived of, it is considered unlikely that
theré existed 1000x . more microcracks than were actually

‘seen.

(b) Hypothesis that Wp;;s due entirely to frictiop across

microcrack faces.
The total crack length at each stage of progressive loading

is equal to the product of crack density, P, and the mean
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crack length for the same stage, thus

‘lt = Pc,x Cm | v eqn. 4.9

Figure 4.4 is the plot of 1, vs s for the piogressive
loading runs. On the same graph,-the siope_n = 1 is also
indicated. The shape of the cur&e'ié‘independent of true
microcrack‘density provided the,obserﬁed density is
directly proportional to the true density.

Assuming linear elastic behaviour of the mineral
grains around the‘microcracks, the amount of frictional
‘sliding across the surfaces‘of'a microcrack will be
directly-pr0portional to the craek length. Strictly, this
assumes entirely mode II cracking;‘constant eoefficient of
friction (independent of displaeement magnitude) and no

b'microcrackvpreferred orientatioﬁ with straih, Subject
to these assumptions, the plot ofvlt vs ep may be £aken as
a”crude’estimetorkof W, vs e_.

p p .
The curve appears to have the concave downward form

-,expeCted from Figure 4.3b, and the slope n = 1 occurs at
7'ar§una ep =.2%, rather than ep:= 0.3% at which failure
actually occurs. Nevertheless, the overall shape of the

- curve and the variation of its slope are consistent with
the,hypeﬁhesis that the phenomenon of a peak strength arises
from the way in which microcrack arrays accumulafe»permanent
strain and that the resistance to deformation at the vicinity
of peak strength is due mainly to frictional resistance to
sliding on microfractures. In this way the concept of
'internal' friction in the Mohr-Coulomb failure criterion

would take on a physical meaning.

2
If we were to make a plot ofj1t vs ep, in order to
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test further the hypothesis of crack surface area limiting
strength, though the curve remains concave downwards,
(assuming W

P
high value of ep, totally inconsistent with observation.

2 ,
« lt) the slope n = 1 would occur at. a very

The concept that friction_on microcracks is a strength
limiting factor in the failure of brittle rocks is not a new
one. It is, for example, fuﬁdamental to the theoretical
models of McLintockl& Walsh (1962)'and Weibols & Cook (1969).
What is important here is that it is consistent with the
observations of the actual development of crack arrays in
this particular rock. . It would be possible £o measure
energy dissipation by friction during deformation through
peak strength via a calorimetric method, though this has not
to the writer's knowledge been done for any rock ahd has not
been pqssible during the present study. If we assume ep = 1%
’at.IO’Kb‘differential stress and a specific heat of 0.1 cal/
gram, then a temperature rise of about 7°c would be expected.
B It is to be emphasised that the relative rates of

friction vs surface area creation as dissipative-processés
’. wili depénd on initial rock microétructure. In a type I
 (Fig;tL2a ) microstructure friction might be expected to be
| ;incfeasingly significant, from early grain boundary micro-
cracking through anvincreasing role of frictional sliding
in the‘progressively loosened grain bbundary and ihtragranular
microcracks. Therefore, in the vicinity and beyond the peak
strength we might envisage a type I microstructure'to progress
towards a state where it is held together 1argély by friction
across the microcrack surfaces.

In type II (Fig. 4.2b) microstructure the favoured
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development of axially oriented microcracks,_potentially
dilétant or sustaining only low normal stresses (compared
to the more inclined cracks of a type Ivstructure) would
result in a weaker material with a less significant role of
frictionai resistance across micrOcraéks. Finally, during
the development of gouge in a fault zone, surface area

- creation might become the dominant dissipative frocess..
Very large amounts of energy are tequiredvto reduce minerals
- to grain sizes of less than lum. This latter point will be
explored further in connection with theVQUestion of the
brittle-ductile transition (Section 4.2).

4.132 Phase TI - Macrofractufingv

a): A description of the fault localisation phase in

" Oughtibridge ganister

, As has been pointed out above, the occurrence of strength

- failure in Oughtibridge ganister is not associated with a
partiéular stage in microstructure development, but is a
Lconseqﬁence of the way in which the growth of grain boundary
 fmiérocra¢ks produce permanent strain. During the post-peak

'deformation, the granular microstructure becomes progressively

' loosened, so that a type I microstructure may begin to behave

like type II, and the impingementvof the 'granules' induce
axiai cracks within grains. »

From an inspection of the series of crack maps for
ganister (Figures 2.32 to 2.36) it appears that interéction
between the grain boundary cracks may provide a mechanism
for the initiation of a localized zone of deformation. As
pointed out earlier (see Section 4.121) grain boundary cracks
in ganister tend to run around groups of grains and this
process results in the formation of a cellular pattern of
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cracks. It was also observed that these cells tend to

becomé smaller and contain fewer grains,as'deformation
éroceeds. Thus it may be infetréd that at a critical‘crack
density and preferably in orientations of hlgh shear stress
within the mlcrostructure (the favourable shear failure planes)
these cells interact, as shown schematically in Figure 4.5a

<

below:

. Figure 4.5. Stages in localisation of deformation

/
Axial cracks
- produced by
point loading
\ _ of the grains
that occur in
/]  the zone. Trace of
the most
favourably
orientated

cracking produced
by interaction of
—‘the graln boundary

NS s
7 N\

Cel%ular pattern of the Zone of localized e cracks.
| grain boundary cracks. deformation. ' ‘
(a) Coalescence of the grain {b) Formatlon of a high
boundary cracks (cellular net- asperity sliding plane (the’
work of cracks) - potential shear failure plane)
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It should‘be pointed out that'although a critical crack
density (mainly grain boundary-cfacks) mighﬁ result in
strength failure of the rock (sée phase I in 4.131) it
cannot alone (at least in a type I microstructure) produce
a étructural insﬁability. As shoﬁn'in Eigure 4.5b, the
closest approach to.fault localisation produced by the inter-
action of grain boﬁndary cracks (shown in 4.5a) could only»
be a highly interlocking fracture plane at a favourable
angle 6, to oy. Sliding along the trace shoWn in Figure
4.5b requires the shearing of the "asperities" (that are in
fact grains in this case).

It was pointed out earlier thét inlzoheé of intense
~deformation, in a type I microstructure, axial cracks might'
develop through point-loading of the loosened érains (Plate
2.78 ). If this ié correct, axial cracks may preferably
develop all along the zone of dense grain boundary cracks
shown in Figure 4.5b. It is now reasonable to assume that
interaction of the resultant crack and microfracture network
~ would override the asperity problem as shown by the schematic
drawing in Figure 4.6 below, perhaps via the buckling

mechanism proposed by Peng & Johnson (1972).

Figure 4.6. Formation of an axial crack-assisted shear fault (see Plate
2,12). '

Imm

A e Mot e et 2 oo e ot
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Onée the sliding potential is creaﬁed by the interaction
6f‘the crack network, the struétﬁre is no longer stable.
It is assumed here that the deformation machine does nbt
interact (i.e. sufficiently stiff) with the instability

process.

(b) Other viewpoints on the gquestion of localisation
'As has been pointed out in_Section,3J3Peng & Johnson (1972)
and Janachu(l977) have both proposed models for strength
failure which depend on a localisation of shear féilure at
the same time. It is cleaf from (a) above that these models
- are inapplicable to the description of the strength failure
of ganister, though these approaéhes may have relevance to

the development of microstructures during fault develop-

ment. It is perhaps mpét frequently found, that for a
wide range of rock types, fault development is a post-
peak strength phenomenon (e.g. Wawersik and Fairhurst 1970)
as has been observed here for ganister. It may, however,
be‘suSPected that faulting occurs later in the deformatiqn
- history of type I miérostructures than type II, because
of the greater ease of axial microcrack development in
type II structures. | |

‘ Localisation may also be approached from a purely
theoretical (continuum mechanics) point of view. Casey*
(1980) has recently outlined some characteriStics of shear
zones (whether brittle or ductile) following a consideration
of the requirements of strain compatibility at the shear
zone/matrix by Rudnicki & Rice (1975) for post-peak
localisatioqlbut a detailed description Qf these continuum
approacheskis considered outside the scope of this thesis.

. Casey 1980 in press ((:mc, Conf an Shear zones Barcelona .,S?af'h 1979)
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4.2 ANALYSIS OF THE OBSERVATIONS RELATING TO THE BEITTLE-

DUCTILE TRANSITION AND TO CATACLASTIC FLOW

4,20 Intrbduction

As was pdinted out in Chapter 3, the brittlé—ductile‘tran-
sition of'dry.Oughﬁibridge ganister could be'described.by
Byerlee's criterion. However, as Paterson (1978) argued,
this criterion is merely an alternative maéfoScopic

description of the transition, and it does not clearly

4 identify the stabilizihg factors in§olved invcracking_on
the microscopic scale,that are necessary for cataclastic
. flow. | |
Paterson (1978) suggested that crack propagation
is stable if, after reaqhing the stress level for initiating

it, small increments in stress are necessary to cause

definite, limited amounts of crack enlar'gement. - A

further condition for a stable process is also that net

' positive work must be done on the material when extra
.deformation is produced. It follows that in practice this
criterion of stability is met by a material that work-
hérdéns or by one that increases itsvresistance to
deformation as the rate of deformation increases, so that
deformation tends to spread throughout the stressed volume.

The main points of Paterson's criterion of stability

(following Edmond & Paterson 1972) may be summarised as
follows:

i - a stable cataclastic process requires that the
deformation be uniformly distributed throughout
the rock (when uniformly loaded). This
development results in the progressive

communition of the grains.
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ii - Cataclastic flow will tend to be stable if work-
hardening arises from, for example, impediments
to continued sliding on_micrchacks and from
dilatancy. |
In the following Sections we will examine the applicability
of these rether'general points to the observations of

cataclastic flow microstructures in Oughtibridge ganister.

4.21 A sﬁmmary of the mechanical behaviour and observed

microstructures in Oughtibridge ganister deformed at

high pressures.

. 1) The formvof stress-strain curves (Figufe2.14)in dry-
deformed specimens suggest that mechanieal hardening of
rock occurs post-yield. The downward trend in the level

- of apparent differenﬁial étreSS'that follows the hard-
ening adee‘mOderate strains (= 15%) is most probably due
to the errors arising from the effect of friction in the
confining system and dilatancy~of the‘sample on tﬁe
loading system of the solid medium‘machine so that the
stress figures above 15% may be highly erroneous (these
effects were also reported by Edmond and Paterson 1972).

2) In slow strain rate experiments, following the initial
hardening, the stress-strain curves show a series of
rises and fallé inferred to be associated with the
formation of conjugate shear faults (Figure 2.16). This
effect is considered to be due to the development of an
instability within the gouge and will be discussed
separafely in Section 4.23.

3) Microscopic examination of samg%ﬁf revealed (Plates 2.30
A a .
~and 2.31 densely cracked relicé&}surtounded by wide

conjugate bands of gouge.
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4.22 The mechanism of grain size re&uctibn and hardening

- in ganister
“ It was ‘obser’ved (series of Plates 2.32 to.._2.3v4) that the grain size
reduction in’ganister takeS'placé'£hr§ﬁgh pfogressive o
- crushing of the grain boundaries; . this;isvshown- |

‘schematically in FigUre'4;7 below:

Figuré 4.7. Schematicvdiagram of the grain boundary crﬁshing in
B Oughtibridge ganister. . Intensive cracking is usually
confined to a narrow zone around the edges of the grains.

(b)

15
? ey
body of \\
the grain . . :
’ , . (b)  Plucking of the edges and
(a) Cracking the edges through . formation of gouge. Av
friction sliding,width of . increase in volume, and A
- the affected zone =1 increase in the width of the

- zome (now gouge zone)

‘As deformation continues the boundary regions of gréihs'

.prdgreSSively'aisintegrate into gouge fragments. In this

procesé two effects may be considered: |

’a - the giains gradually becomé more roﬁhded (£he obserVéd
- lozenge-shaped relicts) so ﬁhat together~with‘the
supporting effect of the fine matrix; £he'lbad becdmes
spread. This in turn inhibits the deVelopmeht.of’large
cracks across'the grains, thereby.thefdéfbrmation further
stabilizés throﬁgh the wérk-hardenihg caused by micro-
structural changé. | o

b - due to the relatively?high surface areé»différence be-
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tween the gouge and the rélicts,!the latter tend to
erode more rapidly than the gouge particles. It can
be argued that fof cataclasis of very fine (= lum)
particles through further grain refinement, most of the
work done by the external forces i§ in the creation of
gfain surface area. Thus the gouge becomes stabilised
through particle refinement because proportionally
higher stresses are required for further craéking.
a and b together lead to a‘distributed ductilé deformation,
where strain is accumulated through the progreSsive er osion
of grain boundaries into gouge. It should also be
remembered that the dilatancy which accompanies micro-
fracturing and frictional slidingvis of itself a contributor

to the overall work-hardening (Edmond & Paterson, 1972).

4.23 The effect of water-saturation on the ductility of

Oughtibridge ganister

Wate:—saturated ganister exhibited macroscopic ductility.at‘
around 9 Kb and above (stress-strain curves in Figure 2.15)
and a general lack of mechanical hardening (with the
exception of one sample at 9 Kb) was apparent, compared to
dry samples at similar pressures.

In view of ﬁhe discussion in 4.22, it might be inferred
that the wetting of the rock had enhanced a localized-type
.of deformation by which the ductility was partially or
completely suppressed. The microstructural observations
confirm this inference. Almost all the wet samples
developed narrow, single or conjugate shear faults cutting
'thrdugh the gouge zones. Similar faults also developed

in dry samples deformed at similar pressures but at slow



strain rates (Section 2.42), though thé dry samples exhibited
- a higher degree of ductility before the faults developed.
From these observations we may conclude:

i)'the development of these shear faults represents an

instabiiity which overprints a deformation that

would otherwise result in ductility via the
mechanism described in 4.20.

ii) the presence of water facilitaﬁes the dévelopment
of discrete faults cutting the gouge and thereby
suppresses ductility;

From the examination of the above specimens it has been
‘inferred that the initiation of shear faults,arisés from
non-uniform loading (i.e. sample end effects). Without
such effects it is thought that ductility would continue to
higher strains.

The simpleSt explanation of (iii’is to suggest that water
lowers the resistance to frictional sliding between crack
surfaces. Because friction is a‘process contributing to
the stabilisation of cataclasis, it might be expected that
wet samples will be more bﬁittle than dry ones, as is
observed. To discuss the phenomenon in any greater detail
at this stage would be premature, for there are potentially
other factors involved. For example, Byerlee (1967 ) finds
that water increasés friction between sﬁooth surfaces but
decreases it between rough surfaces. Different mechanisms
are inferred to be involved in each case. It might also be
noted that for limestones, the presence of water enhances
ductility (Rutter, 1972), the opposite to the effect dis-

covered for ganister. However, the lack of comparability
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between these materials is underlined by the fact that.
intracrystalline plasticity is relatively easy in calcite

‘rocks, even at low temperatures.

4.3 The analysiS‘ofbthe results’felating to thefeffect

"of strain rate and water saturation on the strength

of Oughtibridge ganister

4.30 Introduction

From the results_of-ﬁhe“éxperiménts,described_in‘Section-z.S
(Figures 2.24 & 2.25) it is cohcludeéhthat:'
a - the strength:of both wet and dry §énistér reduce at
the same raté.OVer,the range'of'higﬁ stress-rates,
vi Kb/sec. to approximately iO—ZKb/séc.v(approx.
corresponding to 10—3—310-5/sec; strain rates);
b~ at rates sloWer than mllo—sz/sec.}'provided that
some scatter in the data is ignored, the rate of
strength reductiop'for'the wet'génister is slightly"
faster than'that of dry rock (less‘éiénificantly sé
in triaxial eXperiments).
' The background to the water weakeniﬁg effect was reviewed
in Séction”3ﬁ7and it was inferred that the weakening‘of
roéks by wetting occurs through the streés’corrosion pr0cess.
In this process either the rate ofAdiffuéibn of water into
propagating cracks dr,thé rate of corrosion at the crack
tip may be overall déformation rate controlling. We might,  
therefore expect that there would be a‘critical ratébof
stressing above which water can not affeétjthe strehgfh of
a particﬁlar rock. This question has been preﬁious1y |
addressed Only by Law (1977) (éee Section 3.74) via a series

of experiments on Pennant sandstone (type.II'micrOStructure).
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4.31 The relation'between the»microstructural type and

water weakening.
Figure 4.8 is a generalised comparison between the ob-
served effects of wetting at various strain rates for

- Ganister and Pennant Sandstone.

Figure 4.8. Generalized comparison betWeen the effect of wettlng with .
varying stress (strain) .rate in type I and type I1 microstructures. -

& DRY
m .
9] = " WET o S
‘ : _ : e Critical -
(b). - o (a)_ ‘ rate
' , l“'/1//

<——  Log STRESS (STRAIN) RATE

(a) Type I, Oughtibridge‘gaﬁister (b) Type II, Pennant sandstone

, 'In the study of Pennant'Sandstene'(Law, 1977) it was’
>anticipated that if the forﬁatioh of*traﬁsgranular cracks
_‘were to be facilitated by_the‘presence ef water, the watery-
weakening effect should»disappear at high strain rates.
- This was not observed, hence it’was eoncluded'that it“Was

only the initiation of cracks at impingements of grains 

which was water weakened (the iﬁitiation of dilataney~pro—
dueing microcradking.was also depressed to lower stresses
- by water, in addition to the depression of ultimate strength)

vIn addltlon, the fallure of grain boundarles at the ultimate
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strength was also inferred to_belwater:assistedQ' In

either case, water would be available_atlthe required site
(at grain boundaries), and there,would befno rate control
(by water diffusion) of fast'spreading cracks.. BallAand‘
Payne (1976)‘have similarly_inferred that cracking of
single crystalsvof quartz'nas_water asSisted through the
initiatiOn of cracks, rather'than their propagaticn.' It -
may thus be conjectured that the strengthvof rocks like .
this is dependent_largeiy.upon the resistance to initiation
~of a critical density of such"transgranuiar (axial) cracks.

In contrast to'Pennanthandstone,'ganister~Shows
virtually no water weakenlng effect, especially at high
strain ratesh_ It may be tentatively proposed that the
difference in behaviour of these two rocks follows from their
initial microstructural differences (typehI; ganister;
type II Pennant Sandstone,‘see Section 4 1). It was
.proposed that strength fallure of a type II rock is
dominated by the formatlon of axial cracks, which are largely ’

‘_formed in opening mode and do not have to support large

":'frictional stresses, whereas type I rocks fail by the

pformationvof predominantly grain boundary cracks Wthh muSt,
- by virtue of their orientation, support substantlal shear
resistances.- It is inferred that the magnitude of dlffer-
ential stress supported by such a rock depends largely_on
this frictional resistance.
The propagation of‘a.mode II closed craCR requires
frictional sliding to occur across the'crack’faces as the

crack grows. - Thus water would have to penetrate such a

growing crack as fast as it grows‘if'any»water weakening
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effect were to be seen. The lack of observed watér‘
weakening in ganiéter at high strain réﬁe§ (at least)
is therefore consistenﬁ_with this éuggestion, which is in
‘turn based on microstructural'obserVations.' |

- Whilst conjectured;-it may be noted/ﬁhai it has been
argued that the controls on peak strength, the brittle-
ductile trénsition; and the mechaﬁism'of_wéter.weakening_ 
can all be correiated in térms”of‘the ro1é'of friction
across the surfaces of_spfeéding inélinedvmicrocracks.
- These éuggeStions regafding the way in whichvihitial micro-
structure controls the various concepts 6f brittle failure
are amenable tovfurther:evalﬁation‘through experimentation-

on other rock types.
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CHAPTER 5

CONCLUSIONS
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5.0 INTRODUCTION

The mechanical behaviour and microstructural features of
'both wet and dry Oughtibridge ganister (a pure orthoquarzite)
have been studied under-uniaxial and triaxial conditions

at 1 bar to 10 Kb pressure and 10‘4 to lOfS/sec. Strain
rates (also at 1 Kb/sec. to 107> Kb/sec. stress rates) at
room tempereture. The length and density of Cracks

~ produced in some specimens progressively loaded through
failure were measured and optical and electron microscopy

of the deformed samples was carried out.v Within the frame-
work of the points identified for study in Chapter 1, the

following conclusions may be drawn.

5.1  CONCLUSIONS PERTAINING TO_ THE QEQELOPMENI'QF PEAK
- STRESS (STRENGTH FAILURE) IN OUGHTIBRIDGE GANISTER

a - The peak stress is not determined by the structural
instability of the s?ecimen (faulting) and corresponds
to the strength failure. It is believed that most of
the observed cases of spontaneous faulting and strength
failure are due to combined machine-specimen interaction.

b - The microstructure of the ganister as well as the pre-

| peak predominant mode of cracking (grain boundary
cracking,'frequently mode II - see Section ) indicates
that the peak stress in ganister is a highly friction-
sensitive region.b

c - As a result of the loosening of the grains through grain
boundary cracking, towards peak stress, the strength
failure (at peak stress) is largely due»to the loss of
frictional resistance at the grain boundaries.

| d - It can be argued that most of the work done through

permanent strain Wp, is dissipated through the role of
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friction during the microcracking process and that the
permanent strain ep_ié a function of the total crack
length lt’ such that

= n —
W, =1, = ke  , n —vffep)

where n = 1 corresponds to the point of strength failure
at the peak stress.

5.2 CONCLUSIONS PERTAINING TO THE FAULTING (BRITTLE

LOCALIZED DEFORMATION) OF THE GANISTER SAMPLES

a - It is observed that the localization of deformation énd

| thé resulting failure of the ganister'samples is a
post-peak strength (posﬁ—peak stress)_event. It is
believed fhat the spontaneity of failure and strength
failure reported in some literature is basicallj due to
machine-specimen interaction. |

b - It is inferred from the observations that the process:
of localization of deformation in Oughtibridge éanister'
occurred when the'coalescence of previously formed gréin
boundary cracks was assisted by the developing axial
cracks. It is thought that the axial cracks developed
only when the grains were sufficiently loose to let
intergranular indentation loading occur (around peak

stress and beyond) .

5.3 CONCLUSIONS PERTAINING TO THE BRITTLE-DUCTILE TRANS-

ITION
a - The onset of ductility in dry Oughtibridge ganister is
in agreement with Byerlee's criterion
b - Whilst Byerlee's criterion could satisfy the macroscopic
aspects of the transitioh,'in view of the microstructural
observations it is more likely>that the ductility arises

from the work~ hardening of the rock material which in
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turn érises froﬁ the cataclastic erosion of the grain
boundaries (grain size refinement)..

c - The brittle-ductile transition in wet Oughtibridge
ganister'is suppressed until higher pressures
(relative to dry ganister). This is interpreted in
terms of facilitated sliding on the internal surfaces

of the rock due to the presence of water.

5.4 CONCLUSIONS PERTAINING TO THE WATER WEAKENING EFFECT

AT VARYING STRAIN RATES

a - There is no &eakening at the higher strain rates over
the full range of applied pressure, but there are some
results that are not fully understood.

b = There is slight but ill-defined weakenihg at lower
strain rates.

c - The lack of weakening in ganister is again interpreted
in terms of the inferred dominant role of friction in |
bdetermining the peak strength.

j'5.5 COMPARISON WITH OTHER ROCK MATERIALS; SPECULATIONS

- ON THE ROLE OF THE INITIAL MICROSTRUCTURE ON THE

BRITTLE FATILURE CHARACTERISTICS.

‘Observations show that the brittle behaviour of rocks is
vlargely dependent upon the way in which the initial micro-
structure (e.g. amount of cement, pore structure, phases
present and the nature of the cement) is arranged. It is
conjectured that one can primarily recognize two types of
‘microstructures. These are differentiated on the basis of
preferred orientation of the deveioped cracks, which in

turn determine the role of friction across the crack surfaces.
- The microstructural types may be exemplified by Oughtibridge

ganiste:_(type I) and others such as Pennant and Tennessee
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Sandstone (type II). These naterials exhibit differences
in behav1oural characterlstlcs in respect of the peak
strength, localization of deformatlon and water-weakenlng
effects which may be qualitatively explalned in terms of
the way in which initial micr0strUCture'affects the crack
development. | | -

5.6 COMMENTS ON FUTURE WORK

Virtually all of the attempts to construct theoretical
models of brittle failure in rocks have.been based on.
idealized microstruCtures. ' The systematic exploratlon of
the role of the 1n1t1al mlcrostructure on the characterlstlcs
of brittle failure is consldered to be one of,the most
significant points to»be further investigated beforet

physically méaningful’theoretical models can be_cdnstrueted.
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APPENDTIZX 1l

DESCRIPTION OF ROCK TESTING MACHINES
In this study it was found necessary to employ four
different kinds of rock testing machines. ' These are

described below.

AP.1.1 The solid‘medium'déformation machine

The production of cataclasﬁic textures in the laboratory
required a deformation machine capable of taking large
loads at relatively high confining pressufes. A solid
confining media system, although leaving SOme uncertainties
about the exact level of preséure and'friction, was chosen
for the purpose. Further introduction of errors into the
results arising from the heating system in the solid medium
machine was avoided since none of the éxperiments had to be
taken above room temperature. |

The background:

Solid medium machine used for this study is basically a tri-
‘_axial modification of the machine frequently used in
 experimenta1 petrology, the development of piston-cylinder
appératus. A simplified drawing of this machine is shown
in Figure 1.  In the mid-sixties, David Griggs (1967) and
.fcd~wprkers designed a triaxial solid confining media
deformation machine. The main body of the design is
basically an outer piston actuated by a hydraulic ram that
compresses a weak solid matérial arbund théSpecimen in order
to generate a high quasi-static preséure. Pressures in
excess of 20 Kb are obtainable in this way. To produce
deformation, an inner piston is independently advanced
against the specimen. Griggs' machine was also capable of
reaching melting point temperatures of any rock, |
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Figure 1. Simplified drawing e ' :
of a piston-cylinder machine. : ‘_[f\f__f’_f\h——"_-f‘__—”‘—-s1
1 - Rock sample ‘ ' ‘

2 - Medium

3 & 4 - Inner and outer'pressute
vessels

ST

Axial pistom

6 - Ram

o ]Figuré,z; ‘Schematic drawing of

"1Grigg's solid medium apparatué.
1= Medium :

-2 gﬂpﬁessure vessel : ;
“iigf3‘é Confining pressure piston '
; :Q;§;§ Akia1’1oad piston i

i
3

6 - Hydraulic pressure inlet j
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although in this study high temperature facilities were not
required. A modified schematic drawing'of ﬁhe Griggs'
apparatus is shoﬁn in Figure 2. Frequently qﬁoted dis-.
advantages of the so0lid medium technique are:

1 It is difficult to be certain of‘the actual hydro-‘
.static preséure in the vessel, and of the s£ate of
non hydrostatic stress in the medium.

2 The system requires én external load cell so that
- the friction in tﬁe>system is measured together

" with the sample strength.

The Imperial College solid medium machine
The machine employed for this study wés constructed in 1974 |
based on the Griggs design. In this variant, the confining
preésure system is operated by means of yokes, a sketch of
which ié éhown in Figure 3. More details including the
engineering dfawings of the pieces is given by M.E. Jones
(1978). |

New arrangggggg inside_the pressure vessel:

Sihée ai; experiments in this study were carried out at room
  tem§era£ure, the pre-existing configuration inside the
prgssure vessel, as well as the media material were modified
v to}éﬁit the desiredvconditions and to enhance the efficiency
of the system. A drawing of the pressure vessel details is
givén in FPigure 4. |

Lead was used as the solid medium. The stress-
stréin curves for various materials, used by some workers
as solid media, is given in Figure 5. 1In these»diagrams
the mechanical behaviour and strength of lead is compared

with those of hard copper, silver chloride,‘Prophyllite,
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Figure 4. Schematic drawing of the pressure vessel components in
solid medium (lead medium). S

1 - Rock sample. 2 - Lead medium. 3 - Confining pressure piston.
4 - Lead blanket. 5 - Copper '0' rings. 6 — Pressure vessel.

7 - Carbide spacers of the axial column,8_ Copper Jacket ,

hs, hardened steel; tc, tungsten carbide; Pb, lead.

b
L
7//////////////

7T 7737777
VST
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//
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////{///////////{///m
5

YIHIIINESIY),

 Figure 3. Simplified drawing of the solid

medium loading frame.

1 - Axial column. 2 - Load cell. 3 - Moving
yoke. 4 - Fixed yoke., 5 - Hydraulic ram.

6 - Pressure vessel,

Inside the circle is enlarged in Figure 4,
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pC2

TABLE 1

Solid media

Estimated friction

The friction correction to the nominal pressure

according to the type of solid media by various authors

Author(s)

Test conditions

Talc
‘Talc
Copper
Nickel

Pyrex glass
(o Soflening temperature)

NaCl

KCl

NG, NOT GivEN

N.G.

~ 10%
5% N.P
10-20%

virtually no drag on
the sample

~ 1 Kb

Griggs, D.T. 1967

Post, R.L. Jr. 1977

n n

n "

Carter & Ave'
Lallemant 1970

Tullis & Yund 1977

Blacic, J.D. & Hagman
1977 o

4000¢

> 7500C

250-11000¢C

200¢



graphite, talc, sodium chloride and Boron nitride. It is
evident that lead would offer rélatively less resistance to
.the radial expansion of the specimen during deformation and
thereby introducing less errors into the recorded data.

The strength of lead reported by Bridgman (1935) to be 0.4
to 0.6 Kilobar at 20-30 Kilobar pressures (that is 0.2 -
0.3 Kb shear strength), even then the strength of lead would
~not exceed that of sodium chloride. _To prevent the
'eXtrﬁsion of lead into the pistons' interface and outside
from the top and bottom of the Veésel,-tWO sizes of copper
rings were used. The specimen was also jacketed with‘0.5
'mm—thick annealed copper tube. An exploded view of the
pressure vessel assembly plus axlial and confining pressure

‘pistons i1s shown in Plate 1. The friction correction to

varlous solid media proposed by others is summarised in Table 1.

Application of corrections

o fThe'Capacity of the confining media in a deformation

appafaﬁus to support shear stress affects its practical
>' appiiéatioﬁ and thus‘error 1s introduced in calculating
-pfeésure from the piston load and‘croés-sectional area.
'Mosé workers using solid medium type of apparatus (Griggs,
 D.T. 1967, Tullis & Yund 1977, Post, R.L. 1977) determined
the pressure at the_sample by applying a correction often

called "friction correction" to the nominal pressure (load

divided by piston area).

P=P_ - Cop (Edmond & Paterson 1971). Egn. 1
where:
P = pfessure in sample region
~ P_ = nominal pressure applied to pressure cell

n
oo = Stress difference that the media supports at the
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Plates Captions

Pl.1l Exploded view of the solid medium machine
pressure vessel components.
Az
The axial column including the rock
specimen. labelled s, Cj: . the copper jacket.
B:
The confining pressure components :
1-The confining pressure piston.
2-indicted,the small copper"O" ring.
3-large copper"o" ring
4-lead blanket .
5—1eéd medium.
6-lead spacer

7-hardened steel bottom block.

Pl.2 General view of the solid medium machine.
Fixed and moving yokes,the pressure vessel

and 90 ton ram at the base of the frame can be seen.
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appropriate pressure in the test and

C = a constant depending on the geometry of the presshre
cell and on details of the yield crlterlon and boundary
conditions. C will have the value of 1 - E; where 2a is
the diameter of the sample region (sample p?us thickness of
copper jacket in this case) and 2b the inside diameter of
- the vessel. This is plotted in Figure 6a. From the curve
in Pigure 6a we obtain C = O.86-for this particclar case.
Teking og = 0.3 Kb for lead, Coy will be 0.258 Kb. ‘Using
the equation 1, a curve may be plotted as friction per cent
of'nominal pressure versus nominal confining pressure to'
show the friction characteristics of the lead media. This
is shown in Figure 6b. The diagram shows that friction‘as
a percentage rises sharply as the nominal confining pressure
decreases and it will become steady above 20 Kb pressures.
On the same basie an average of 4% f:ictiOn is estimated for
this particular machine using lead confining media. To
.gauge the friction on the force-displacement trace output,
"adiead blanket (see Figure 4 ) was inserted between the
lower end of the axial pistcn and the spacer directly on top
dof'the“specimen, so that the friction due to lead was
| inltially recorded on the trace and was indicated for each

test. A typical force-dlsplacement trace for solid medium

is shown in Figure 7.

Calibrations:

Since all tests were carried out at xoom temperature, calibrations
were limited to the force gauge and the stiffness of the axial

column of the machine.
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a) The calibration graph of the stiffness of the axial
| column is glven in Figure 8. A dummy tungsten carbide

spe01men was used instead of the rock sample and the
~column was assembled as it would be for a normal test at

zero conflning«pressure. -

‘b) The Force gau‘ge used in the s‘oldid.medium machine is an
external 20 ton rated strain gaugelioad:cell suppiied
w1th a stablllsed 4 - 12 DC volts (gauge resistance 120
+ 0. 3 Q, gauge factor 2. .14, manufactured by Tokyo Sokki
Kenkyujo Co. Ltd. Japan) . 'VThe wiring configuration of

the load cell is given in Fig. 9.

Figure 7. Draw1ng of a typlcal force—dlsplacement trace for the
' solid medlum testing.

TIME

ORNGE [T BIATK] -~
_OR NGE A DC STABILISED
100 ‘ SRR . e
- iy Figure 9. The |
OFFSET wiring diagram of
- . the solid medium
| . B RED - } |
— i : .
RECCRDING % s st
"DEVICE
I {
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'cbalibration of the solid medium loadjcellvwas carried out
in two ways: o _ _H l. | |
1) The load cell was takenfOut of;the:machine‘and placed
in the sample housing of thezlS-ton Denison creep'tester and -
calibrated directly up to 10 tons (tons force reading on
creep tester Vs my. output of the force gauge) The -
-'calibration graph (direct calibration) for the- 20—ton solid 3
medium load cell_is given 1nvFig. bl;. The:slope.of this
graph (mv. per pound force) is af"lstvorderJCOnstant“ usedl
in data‘processing._‘ . B |
2) When the’ lS-ton rig was not available, a lower capac1ty,
5or lo-ton, load cell of known calibration was placed in the
;aXial column of the solid medium machine and loaded in series
w1th the 20-ton load cell in place. The output of the two
cells was recorded on two different devices, usually a chart -
recorder and a digital voltmeter. |
The calibration graph obtained via the indirect method

- is given in Fig. 10 Note that the supply voltage in these

two sets ofvcalibrations was,different and thus the slopes
~are proportionally so. The conﬁersionvfactor is the ratio_

 of the two supply'voltages.

Confining pressure is’applied by means of a‘90-ton'hydraulic ;

ram placed under the,mobile yoke (see Plate 2).  1In

'-“the manufacturer's specifications 10000 psi = 87.7 ton force.

on the ram (graph given‘Fig.lZ) and behaviour is linear
throughout. Thus the pressure raised by a manual pﬁmp was
calibrated against solid pressure inside the vessel. Takingks -

'the ram area as 19.64 in2 thus
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10000 psi = 196400 1bf = 87.7 tons and
vessel holé area less inner pistOn:(ékial piston sectional
area, %" dlameter) .737 in? from there

10000 psi = 18.13 kb solid pressure in’ the vessel.

Between thls point and zero pressure the confinlng
pressure as a function of room-preSSure\Mas}interpolated
linearly. Plate 1 shows an erploded viewvof the pressure
- vessel components of a room temperature test in assembling .

order. A view of the whole solid medium machlne is shown

in Plate 2.

AP.1.2 Liquid medium  deformation machine

_Room femperature‘tests Were oarried'out,intliquid confininge
_media'deformation machines atVCOnfining pressures ranging
from zero to.3'Kiiobars. Conetruction'of 3 units of these
machines based on original design (Heard, H.C. 1963) was
completed 15,1968 'k’full»description of the apparatus'iS‘u
'"given by E.H. Rutter (Ph.D. thesis Imperial College 1970) .

| HCalibration of the internal force gauge for the new rig 3

'*,(NR3) unit, which has been used throughout this study is given;‘.

i in Fig. 13. This calibration is an indirect calibration as
' described earlier and is based on the known calibratlon of a

5~ton load cell.

AP,1.3 Denison'Creeprester;

Uniaxialbcompression tests on water'saturetedfand oven dried
sampies were carried out onnthe Den1sonAT.55;»157ton creep
~tester:. In this machine, force applied at the specimen is

generated and‘controlled‘by_the,position of a beam-mounted,
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poise weight.‘ Detailed descriﬁtion of the machine and load
recording'eystem is given by Law, R.D..(MfSc. thesis Impefial
College 1977). The calibration graph for the 10-ton load
cell used during the tests is given in Fig 14 Plate 3

shows the complete view of the machlne. A close-up view of

the specimen housed in the same machine is shown in Plate 4.

'AP.1.4 Servo hydraulic testing

Introduction

One of the ways to study the complete progression of the

| fallure process beyond the peak load is to use a servo-
controlled machine. The action of servo-control and 1ts
application is described in detail by Rummel & Fairhurst
(1970). Briefly, the complete load-deformation curve can
be followed if the stiffness, K, of the machine corresponds
dto a slope that is steeper than the most steeply descending.
part of the load-displacement'curve of the specimen.
.Relationshios between machine stiffness and specimen charac-

teristics are given in Fig. 15.

~ Figure 15. Adopted after Paterson 1978. Machine~specimen stiffness

relationship.

toad

(a) Soft conventional machine, (b) Stiff machine, stable
unstable unloading unloading
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Pl1.3 Appendix
General view of the 15ton Denison Creep Tester.
The poise-weigth beam is behind the loading coloumn,

Pl.4 Appendix

Denison Creep Tester;

close up view of the specimen housingin the axial
loading coloumn shown in Pl.3.Rock specimen is indicated
by an arrow.



However, for the total‘rangé of post-failure behaviouf seen
in different brittle rock materials;:a machine which is
merely 'stiff' may not always adequately control the off-
loading of the specimen.y Two types of post-failure
behaViour,>Class I and Class II, have béen'récognized by
Wérwersik & Fairhurst (1970). Ih Class I, the slope of the
post-peak load-displacement éurve is always negative. In
Class II, there is actual reversal of relative length change
aftér the peak load so that the curve turns over so far as to
take on a positive slope agaiﬁ.~ This is shown'graphically

in Fig. 16,

Figure 16. After -
Wawerisk & Fairhurst

Class I ' ‘ 1970. Types of

toad —»

post—failure
behaviour.

Class I~

Displacement —-»

Bréwn & Hudson (1971) set down some broad conclusions about
the roie of the type of rock, pointing to steeper post-failure
curves for finer grained ana less pofousArocks. This idea
is supported by the obéerved tendency of Oughtibridge gannister
to exhibit a Class II‘type of post—failure)having fine grain
size and a low porosity (although well distributed). It
thefefore appeared advisable to use a servo-controlled machine
for the purpose of some of'the experiments required in this
study.

In the servo-control of a testing machine, steps taken
automatically to unload thevSPecimén when less load is required
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for its_cohtinued deférmation, without rélying on the stiff-
ness of the machine. In fact, only a éeryo—controlled
machine can 'run backwards' in response to CléssAII rock
.behéviour. A simplified diagram of a servo-controlled

' systém is giVen in Fig. 17. It is readily seen from the
diagram that the system is ope:ated by feed-back signals
collected from the deforming rock specimen by means 6f axial
and radial transducers and the load cell. Sigﬁals are then
tompared with the pre-set progrém for the test, stored in the
logic unit. ‘Programs are basically a set of desired vélues
that identify the level and range of load, strain (axial and
‘radial) and strain rate. For example, in the case of normal com-
pression téStS Qn Oughtibridge gannister)the madhine was

 usually programmed as follows:

- Load range (on load amplifier) 200 kN

- Strain:

axial (on stroke amplifier)' % 10 mm

radial (on linear variable differential
transformer the L.V.D.T. amplifier) =X 2 mm

- Strain rate:

for strain rafe the programmer had to set a

ramping rate (the rate at which the voltage

equivalent of vertical movements of the

actuator was decreased or increased and

and this was performed by the ramp generator

unit in the machine) in volts per second such as

105 v sec™! which sets the strain rate at about

1075 sec™! in real terms.

Other types of programs were also aVailable. If the rock were

to be loaded to a certain level, a 'hold' program could be
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Figure 17. Simplified diagram of the servo-
controlled system
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selected for the desifed value of load.  When a 'ﬁold'
program was executed, the méchine was still in control‘and a
feedback 1§op waé'active. This feedback loop had to be
selected. For instance, if théf'hold' was load-controlled

the error signals from the load cell were used to momentarily
correct and preserve the.sﬁecified level of load. If the
'hold' was stroke—conﬁrolled,.thé error signals collected from
the radial transducers were used to correc£ and preserve the
specified level of load.

Any’deviation fiom the desired progfam resulting from
changes in'rock properties (e.g. onset of'ailatancy, 6nset of
failure) ére cor;ected automatically via amplified error
signals fed to hydraulic servo valves on the loading frame.
The time span of the feedback action is in the range of milli-
seconds. Rummel & Fairhurst (1970) pointed out that the
- possibility of following and cohtrolling the progress of
fracture with a servo-system having a ?esponse time of the
order of tens of milliSeconds rests on the fact that average
rate of propagation of cracks in the materials studied is

slow compared with sonic velocities,

This machine, fully described by the manufacturers (ESH
Testing Ltd., West Midlands, England), has a 250 KN hydraulic
actuator and is capable of pumping to or out of the aétuator,
61 ;itres of hydraulic fluid per minute at a maximum pressure
of 250 bars. The controller‘(or servo-amplifiers) is the
main unit of the closed-loop control system. The rate of
~stroke or strain rate is selected through an "electronic

ramp generator" unit. A éoﬁéreésion test is usually initiated

by ramping forwards (Rémp I)-but at any time it may be
273 '



reversed to withdraw the axial. plston‘(Ramp II, or ramp backl
This unloading may be carried out at a different rate from
that of loading. |

The specified ranges-of load-andjstrokekaret‘

Load, 100%, 50% (cri40%); 25% (or 20%) and 10% .of the
yload cell'nominal‘capacity,:250nkN._ Amplifier
output ilov‘fcr_full scale.on each range;

Stroke (Strain) lSOmm,"lZOnm and 15mm displacement,Cf

_ the actuator;v 'Output is‘set.atilOv fcr'full

.scale on'each range. »
'~ The load, radial and axial strain outputs in I1Ov range were
recordeddby a_Southem-BrYan}x;y’plotter.': A typical load vs
radial and axial strainigraph:islsthn'in Fig. 18. A |
general view of the apparatus and a close-up of the specrmen'
assembly is shown in Plates 5 & 6. The step-by—step
.instructions to run a test are given in the 'Instruction -
manual No. 4, SerialdNo. lO7O by ESHFTesting Ltd.;_In‘order |
to ccmpress the'2 0 x 6 0 cm’specimens,_the"machine hadkto
be fitted with special end p1eces made of hardened EN24
steel. Two brass rings were then used to centre the
specimen. The scale draw1ng of these pieces is given in’

Fig.]Bvand shown as fitted to the machine in Plate 5.

APPENDTIZX: 2.

‘DATA PROCESSING

The,mechanical,characteristic',of the rock‘specimen acquired
from a'IOCk'deformation‘test inwthis_study is basically a
force~displacement (axial,erlaXial and radial) trace that

' appears on the»chart recorder print-out.
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FIGURE 18
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FIGURE 19
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Pl.6 Appendix

General view of the servo hydraulic machine
and the control pannel.



‘According to the type of test, the following
information is required frOm;the'raw data:’ |
corrected confining pressure (liquid medium only)
' average-strain—rate

elastic‘constants of the material

B W N e

@ifferential axial stress vs per centaaxiaiAstrain‘at»
constant strain rate H |

| 5 : axial strain-vs axial, radial and‘volumetric strain curve

6 variatioﬁsfiu Young's modulus vs axial:stress,

7 -~ variations in Poisson's ratio vs axial stress

8  variations in shear modulus vs\axial stress

The follow1ng correctlons to the raw data are required for.:u
1 elastic apparatus dlstortlon, which depends on applied
force, conflnlng pressure and temperature
‘2. ‘change in cross-sectional area of the specimen w1th straln
3 ’effects of temperature and pressure on the elastic
constants of steel and on the dimensions of the foree'
:gauge column . |
4 . the strength of the jacket.surrounding the.speeimen, B
which’depends on temperaturevand strain
N The correction iteﬁs 1-4’are extracted'from'calibration data
for each machine. The value of these machine—depehdent

constants normally persists throughout a set of experiments.

AP.2.1 DATRED PROGRAM

This program was written by E.H.Rutter in 1968 and.was_used
to compute the stressestrain curve. ,Various,modificationsﬁ

‘have been developed by B. Atkinsoh (1972), D. Mainprice.p
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(1976) and C. Spiers (1980). Modifications were directed
at easier data-inputvacdording to the mainframe cperatihg
‘systems in fbrce while the basic equations for computing the
- required parameters remained the same. Easier data input
was achieved by the use of TSF sub~system (Time Sharing
Fortran) that allows access through terminal network of the
College and introduction 6f_én interactive data input
program.  The latter sorts the data input format while the
user simply types in the required data. For the study of
equations and corrections the reader is referred to E.H.
Rutter (Pb.D thesis Imperial College 1970).
'Program Structure:
The latest Datred vérsion, used by the'present writer,
consists of 3 sections pius the ending seqguence, These
sections themselves are divided into sub-sections. The
list of sections and sub-sections is as follows:
SECTION 1, Data reading:
| sub-section a - all read and write (print) formats.
b - all read statements.
SECTION. 2, Computations'and'correétions:
sub-section ¢ -~ average length and diameter and
| _the original cross-sectional area of
the specimen.
d ~ corrected test pressure in Psi,
.Kg/cmz and Bars and test temperature
in degrees C.
e - correction of machine stiffness
and force gauge constants according
to prevailing pressure and temperature.

f - correction of instantaneous force
280 ’



and cross—sectional’area of the
specimen. Computation of the time
and diSplacementvgradient.
Correction of force against the
strength of the jacket (a statément
allows for copper or aluminium type
of jackets to be selected).

ond strn
g - computation of stress for each
data point.
h - computation of strain rate for
each data point.

i - computation of test temperature

in degrees K and strain for each data

point.
SECTION 3, Print and Ending segquence:
Comments were inserted in the Datred

according to the order mentioned above.

) AP.2.2 i)ATkEAD’ PROGRAM
.wﬁnvinteractive input data routine (DATREAD) is called upon
through another file to read the data, as ﬁyped in by the
-user, into the Datred. It consists of a ‘series of Print,
Read and Write statements in which it would ask the user
(Print statement) about line or lines of data at each time.
It would then read (Read statement) the variable~hames just
typed in, and finally 'Writes' to and identifies with the
Read statements in Datred progfam (Write statement). No
comments were introduced into Datread as it is very clear to
the user what is meant by the statements.
Datred and Datread are parts of a primary permanent file

called TAPE 5 entered via terminal. Following is the list

of the described programs: 981



IR
3 PROGHAR DATRED {INPUT ,CUTPUT , TAPER)
L OQAMENSTON DDRUE) G AUR(IY ,FLOAs ), 0asT( 0 ), F oy,
¥, u*HQEAJ\'V"‘ EDOT{ 16, DISFL 1) , ([JSFLKIJ“)
4 RAZN CLUSY ,STHESP{143) ,STHESK L 4128) , 870080 (1),
A3 10 .'£(1““) LAcEL(12)
‘:1'1 3yl it
I, o,
BSOS CTION 1
O RLDRTA HERDIMNG
S L ALL HEAD AMD WRITE FORMATS
x are
F R L FORMAT(//)
S g 2 A FORMAT{12A6)
Vs e Ay FORMATIZF12,8)
': W FCHMAT(F12.8,11)
£ FUHLAI{3F12.H)
: 140 FORMAT(3F12.4)
L I FORMAT(2F 19 .4)
T8 6% FORMAT(3F6,.4)
i ©ABH FORMAT(6F6.4)
' 2000 FORMAT(2F5,.2,32)
S 2450 FORMAT(#  THE MUMBER OF DATA POINTS I8 TUO GREATH)
‘ 211 FONMAT(/,* COMFINING PRESSURE = #,F171,2,% PSI *,
: c¢14.2 Re# = ¥ FAN ,2,% KG/SQ CM *,//,
Wodx,+ = #,Fi0',2,% BAKS *,//)
220 FORMAT(* TEMPERATURE = *,F7,2,* CENTIGRADE *,//)
: 230 FORMAT(* = % ,F7,2,+ ADSOLUTE*,//)
24(" FORMAT{#* AVERAGE STHAIMN HATE = %, E12.,4,//,
+# AVERAGE L.ENGTH OF SPECIMEN = #,F18,7,//)
. 241 FUHMATI# AVERAGE DIAMETER OF SPLCINEN = *,715,7.//,
S0 4% C(QRIGINAL SECTIONAL AREA = *,F15,7,//)
dad'a 054 FOBMATI*  AVERAGE $THAIN RATE CALCULATED FRO!N PUINT #,14,//)
[ 264 FORMAT(///.,* PCINT STRaIN GTRESS STHAIN RATE®)
; 27 FORMATIBX 52 ,8X F14.7,1X,F14.,2,2%X,012.5)
b 2800 FORMATI* 1S THIS ALl OF THE EXPEBINENTAL JATA %)
291 FORMATIAG)
510 PHINT 1

.
C ALL REARD STATEMEMTS
«
READ(5,2i1) LABEL
G
C READ FIRST ORDER COMNSTANTS AND SPECIFY JACKET
C
HERAD (&, a04) AMP,TZ ,AMT
HEAD (S ,60) AMF,JAK
READ(5,80) ALPHA,AMD
G
v READ SECOKD QRDER CONSTANTS AMD TEST VARIABLES
[
READCS, 1,2) PDE,PZ,TDR
READ(S, 168%)Y FEZ,VA,VE
REAL (S, 1390 TUT,[JIST{)
HEAG(S,134) A8
(l
C REAL 3 MEASURED LEMETHS AND £ VAl 2T5HE
C

REALCE, 16000 XDE (1), aDRI7 Y, XD R ()
RERD (S, 102 (Do) i=1,0)

¢ 2812
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PRESSS=FHESSK*{ l,;‘ 12/1,232)

;;\p-(('FH/'uTE+.,,* a7
COERELT THE MACHINE aT.Tf-F EES KNG THE FORCE
GAbBE CONSTAMNT ACCORDIMG TO PHEVAILING PHRESSUER
AND TEMPEBRATURE

CR=1  + {ALPHA*(TENRF=22,))
FhMD =AML #0H ~ '
AMF =AMF #(R .
PLOR={ { PHE! SP/I“”?.\*tuV’.~!PmP’3/64?.
AMF =AMF#* {1 = PCCH/10200.))
K=3 ,
5203 TF{K L GEJIEAYPRINT 21
K=+ ;
» CORKECT ZNETANTANECUS FUHCE AND CROSHS=SECTILIAL
AREA OF THE SPECIMEN JCOMPUTE TIME ANMD DISPLALLIE!
GRADIENT,CORRECT FUH[E AGALMET THE STHENGTH OF T2 JRUKET.

..
]

~-

FIK)=(FBIK)~FGZ) /rr‘F
DLSIOT~VH—VF
(RAD= iDs=[1p \ /DIsTOT T

BEGPLIK) = ‘auﬁblch)-JfHTP\*:haR)
CRISPL (K ) sBICFLUK) =ANDAF (K)
TIME(RI=({DIST{(RI=DISTULI=TCT) /DISTUT
A\riL(K‘—‘J 1042 gwlnﬂv**ﬁ/- PRXAVY [ IXAV=0T T80 {N))
STRALMN(RI=00T Sr-’L (K1 /AAV
TFLUAK . ER. 2060 TO 545

YIELD=880 , —TelP* (18668666
CJACK=LTRRINIRNY /001

IF{{CUACK=1, f.(F.'.}(%i T EA
CJACK=0JAGCK*YIELS
GO TO 550

“3n CJACH=YIELD
80 V0 ’RU

e . sipe e
frlv';' (ad/‘.t,l\—-.-_'
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0 TA FUINT
™ , S '
5508 F{R)=F{KI=-GJACK
STHRESH(KI={ (F{R)/AKEAT (K) ) /14,2230)%(1,413/1,433)
‘ 1F(K.Eu.1)GU T sep . :
() ) . ’ . 3
€ COMPUTE STHAIN=HATE FOR EACH DATA POINT « COMPUTE ABSOLUTE TEMPERATURE |
G o : . ) :
* TFOVIME(K) JEQ.TIME (K=1))1G0 TO 56¢ , -
EUU'(KI-((HIPAlN(Ki—STHnLVLh~1\'/‘TJhr(K) -TIME(K=1)) /60,
GO TO 579 _
564 EDOT(K)=9,
334 JF{K,EQ.MNIGL TO =8¢
GO 70 52
580 ATEMP=TEMP+273,
IF{STRAIMIN) JLE,.24)Y30 TO &m¢
C CUMPUTE THE AVERAGE SIRAIN RATE -
e : .
K=v
591  K=K+1
IF(STRAIN(K) ,LE, . A4)E0 TO 592
TE{(N=KILLE.1)GO TO 6024
A%.Rp~(qTHAJw‘n;-s.a»Jw(k))/«(TI E\r)—T: IE(K))*6E.)
GO 70 614
33 ASTRA=(STHATM(N)I=STRAIN (1)) /((TINE(NI=TINE(1))*6P,)
SECTION 3 ~
O PHINT AND ENDING SEQUEMNCE
G :
. K=1 .
614 PHINT 4
PHINT 27, LABEL
PRINT 211,PRESSP,PHRESSK, Paess
PRINT aa,.n&u
PRIMT 230, ATEMP
PRIMNT 247 ,A87THA XAV
PHINT 241 ,0AV ,AREA
PHINT 25¢,K
PRINT 26¢
, K=@
620 K=K+1 '
PHIMT 274,K,STHATN(K), STHFSﬂ(k‘ EDOT(K)
IF(K.EW, NJGU TO 3¢
GO TC 628
639 PRINT 287
READ 29, TEHMIN
TF{TEHMINEW JAHYES)GD TO 2792
GO T s5A4 :
TN STOP
END

COMFUTE THE GTHESS FOR BEAUH OA
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PROGHAN DATREAD(INPUT, QUTPUT TAPEE)
DIERS 0N LAf&L««*l

DIMENSION FGLAA2 Y, DI8T140)

PRINT, "ENTEHR MO UF DATA SETS'

HEADR, MO

{]e] 4‘“_1 0

PHIMT, "EMTEH HEAUJPB

- HEal 000, L aBEL

088 FURKMAT(12A6)
WRITE (5,21*)L.AHEL

PRINT, "ENTER,,MP,,TZ VT

HEAD ,AMP ,TZ JAMT
WRITE (E,40308MP,TZ,ANT

PHIMT, *ENTEHR MF°

HEAD , AMF

PHINT, *SPECIFY JACKET, CU 08 AL’
HEADR 888, JAK

888 FORMAT(AZ2)

IF (JAK.EQ,2HAL ) JAK=2

D IF (JAK JEQ . 2ZHCU ) JAK=1

WRITE (5,60 )AMF , JAK
PHINT, "ENTER ALPHA LD’

HEALD, ALLPHA , AMD

WRITE (5,80 1ALPHA , AMD
PHRINT, "ENTER P,PZ,T°
HeAD, PUR,PZ,TDAR
WRITE(R, 1AM IPDR,PZ,.TDR
PRINT, ENTER FGZ,.VA,VvB*
READ ,FGZ.VA,VH

WRITE (R 1P IFGBZ,VA,VE

PRINT .'ENTPH TOYV,0IST0°
hPiU,T W.JLHIU

{'l Lh‘?(]T DISTO
Phll‘"l' rr.lE-H DA,DB’

READ, [)I-\ Dp

WRITE(5,1301)0A,08

PHZ [’n,’H"l[—H 3 SPEC LENGTHS IM IMS'
READ, XDR1,XDR2 , X[IR3

CWRITE (5,160 )XDR1, XUR2 , XDA3

PRINT, "ENTER & SP.EC DIAVETEHS IN INS'
HEAD,DORY,DDR2,DDR3,00DR4 ,DDRS, DDARE

WRITE (5 LA88Y00DR,0DR2,00R3,D0R4 , DDRS,IDRA
PRIMNT," H.IE-H FG/DIST SEMQUEMCE AND TERMINATE'
FRINT, 'WITH A HLANK LINE (CR)' :
DO 2 Jd=1,14¢

M=d

HEAD ,F( l..l).flJ;.a ()

ol JFLF(N_I) EQ. A, ANDDIST{J).EQ.A.)G0O TO 2
a4 M=h-1

Do a4 Jd=1,M

JUGDE=

IF{J.EG.NITCONE =2

WRITE LS, 28AVFG (), DIST()Y ,ZCODE

a4 CONTINMUL

1T COMTINUE

STOP

U EDRMETII2AEB)

alt FORUATIAF12,8)

G FORMATIF12,8,71)

B FGHUET(PF12,0)

1A% FORGARTLOE 12, a)

150 FORLATIOR a4

1650 FORCATIONE &)

1B FORNETOORG Ja)

QUMY FURMETIORE L0, T 285
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