
AN EXPERIMENTAL STUDY OF THE 

CATACLASTIC DEFORMATION .141 A QUARTZITE 

BY 

JAFAR HADIZADEH M.Sc. 

AUGUST 1980 

A thesis submitted for the degree of Doctor 

of Philosophy of the University of London 

Department of Geology 

Imperial College 

London S.W.7. 

England 



ABSTRACT  

Cataclastic deformation of quartz-rich rocks has been 

investigated both theoretically and experimentally. Specific 

experimental investigations were made into the problems of 

peak stress development, fault localization, the brittle-

ductile transition, cataclastic flow and the effects of water-

saturation and strain rate on the strength of a pure ortho-

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

The mechanical properties of this rock were 

established by means of 150 uniaxial 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 high voltage transmission electron 

microscopy, scanning electron microscopy and optical micro- 

scopy. 	Specimens were tested, both water-saturated and oven- 

dried at varying strain rates ranging from 10-1  to 10-7  5-I 

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: 

1) The peak stress (strength 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 microcracking and that the 

permanent strain is a function of the sum total of crack 

length. 
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2) Localization of deformation in ganister occurred when 

grain boundary cracks formed at a fairly early stage, 

augmented by late-forming, load parallel axial cracks. 

3) The onset of ductility in ganister 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 of water- 

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 sandstones, there was no water-weakening 

at higher strain rates over the full range of applied 

pressure. 	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 accepted that there are three broad classes 

of rock deformation mechanisms: 

a) 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). 

b) Dislocation process in which shape change of the 

polycrystal occurs due to inferred distortion of the 

crystals by dislocation-dominated, intracrystalline 

processes. 	It is facilitated by elevated pressure and 

temperature, both of which tend to suppress cataclasis 

(for a review see Nicolas & Poirier 1976). 

c) 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 relatively 

highly stressed crystallite boundaries and is re-

deposited on crystallite boundaries which are under 

conditions of lower stress. 	Under this heading, we 

include Nabarro-Herring creep, Coble creep and 

pressure solution. 	A frictionless grain boundary 

sliding is in general geometricaly necessary 

0 
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(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 problems: 

(i) There exists no satisfactory failure criteria which 

fully take into account the microstructural 

development of a brittle rock towards 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 microstructure. 	Many purely empirical 

failure criteria exist, but these are 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 investigation. This problem has 

recently received much attention in the earthquake 

literature, but there exists a scarcity of 

experimental and microstructural 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. 
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(iv) It is well established that the presence of water 
a 

in the pores of
A
rock, in addition to the mechanical 

pressure it exerts, influences its mechanical 

behaviour. 	Although the pressure effect 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 thi s project, various aspects of these problems 

are addressed, principally by reference to a set of 

experiments on one particular rock type. 	The results and 

their interpretation serve to shed further light on the 

above problems. 	Definitive answers can rarely be 

expected in a field of study such as brittle 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-hydraulic 

iv 15-ton creep tester 

Confining pressure ranges of 1 bar to 3 Kilobars (Kb) and 

4 to 10 Kb were respectively applied in liquid and solid 

medium machines. 	The results indicate that the change 

over was relatively smooth. 	The servo machine was used 

to evaluate some basic mechanical 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 further in the 

appendix. 

The structural microscopy of the deformed specimens 

involved the following techniques: 

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.g. 

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 review of 

the literature in Chapter 3. 	For example, the brittle- 

ductile transition data are evaluated further while Byerlee's 

criterion is being reviewed. 

The theoretical and experimental background to 

problems of brittle rock deformation, relating to the 

purpose of this study, is reviewed in Chapter 3. 	Most of 

the literature discussed, especially that of an experimental 

nature, is generally related to the study of either pure 

quartz (single crystals or silica glass) or quartz-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 material under study, a total of 150 rock 

deformation experiments were carried out over a period of 

two years. 	Experiments were basically either triaxial or 

uniaxial, all at room temperature. 

2.01 UNIAXIAL TESTS (a3 = a2 = 0.0, Compression) 

The purpose of these experiments may be summarized as 

follows: 

(i) the determination of strength, plus axial and volumetric 

strain vs. axial stress, 

(ii) to study the effects 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 rock 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-specified 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 mechanical 

behaviour of the rock material is given in appendix AP.1.4. 
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2) A 15-ton creep tester, described in the appendix 

AP.1.3, was used to study the effects of 'wetting' and 

stress rate on the strength of the Oughtibridge ganister. 

Stress rates ranged from a time to failure of about 

0.5 secondsto over 3 days on a total of 50 oven-dried 

and water-saturated specimens, more details and results 

are given in Section 2.5. 	Study of the rate and wetting 

effects were extended over to the triaxial tests. 

2.02 TRIAXIAL TESTS (a > °3 = a2, Compression) 

These tests were divided into two pressure ranges, 1 bar 

to 3 Kb and 4 to. 10 Kb, carried out on liquid medium and 

solid medium apparatus respectively. 

They were, aimed at: 

(i) Revealing the brittle-ductile transition 

and pressure dependent features of the rock, 

(ii) 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 10-3.sec-1  to 10-8.sec-1. 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.l. The liquid confining 
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medium machine is-  .referred to in Appendix AP.1.2. A 

general flow chart of the data accuisition is shown 

in Figure 2.1. 

2.1 CHARACTERISATION OF THE STARTING MATERIAL  

2.11 General description and mineralogy. 

Oughtibridgeganister , a pure orthoquartzite rock, was 

used almost exclusively 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 

Hematite and Limonite inclusions  

(tiny red and yellow-brown particles 

as observed under reflected light 

Remaining 1-2% 	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 north 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) 

4 
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All specimens, however, were cored from two blocks 

with reasonably similar textures. Oughtibridge ganister 

appears fine grained, uniformly texured, and light grey - 

both in hand specimens and cored pieces. Due to the 

nature of the work we may alternatively 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/cm3 . The effective 

porosity was determined through the following procedure: 

The density of similarly sized samples of rock were 

determined saturated with water after evacuation. From 

the dry and saturated determinations of density, the 

mean effective porosity was determined to be 6.48% 
± 

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 
tie 

using a GP series 6sonic digitizer and circle area/ 
A 

equivalent diameter method. The area of the total 

number of 170 grains on a clean photomicrograph of a 
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typical region were digitized and simultaneously fed into a 

computer where a short program based on the above method 

computed the mean grain size. 	The equivalent circle method 

was found feasible since the grains possess high sphericity. 

The mean grain size measured in this way was found to be 

0.112mm with a standard deviation of 0.18mm. 	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 undeformed rock. The length 

and number of the type of microcrack indicated 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 eyepiece of the microscope and the lengths of the observed 

microcracks 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 3o times 
magnification during the measurements. 	The total area 

searched for microcracks was 8.4mm2  which statistically 

contains about 860 average grains. 	60 microcracks were 

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)  Crack length mode ' 10pm 

b)  Mean crack length = 20.2pm 

c)  St. dev. of mean = 14.4pm 

2.15 Microscopic observations  

Electron microscopy in addition to optical microscopy was 

carried out to characterise the starting material more 

comprehensively. 	Optical transmitted and reflected light 

and transmission and scanning electron microscopy were 

utilized. 	Pore spaces, microfissures and, to a certain 

degree, the grain boundaries were best observed under the 

optical reflected light (R.L. hereafter) and scanning 

electron microscope (SEM hereafter). 	Transmission electron 

microscopy (TEM) was particularly valuable for revealing the 

contrasting features of the detrital grains and the diagenetic 

quartz 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 Plate2.1 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 diagenetic 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. 

4 
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The host grain-overgrowth boundary is frequently a sharp 

feature with growth cells and dislocations oriented normal 

to the boundary of the old clastic grain. 	From the 

observations an average overgrowth thickness of about 0.1 

mean grain size may be estimated. 	Growth bands due to 

inclusions in the overgrowths may be seen and the overgrowth 

quartz characteristically damages faster in the electron 

beam than the quartz of the detrital grains.A ±ypical 

overgrowth-host grain boundary is shown in Plate 2.5. 

The observed dislocation density in the overgrowths 

is generally lower than those in the host grains and may 

be estimated to be around 106/cm2  or less whilst densities 

of around 109/cm2  or more can be found in the host grains. 

The dislocation density in the old clastic grains, however, 

varies from grain to grain, in some cases fairly low 

densities are observed (Plate 2.5). These variations may be 

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 

37 



same procedure as for the grains, the mean pore size was 

found to be 0.02.67 mlm with a standard deviation of 0.D127 mm. 

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 formed as a result of 

the incomplete overgrowth of the silica on the old clastic 

grains and represent a substantial reduction in the volume 

of the primary pore spaces. 	The regular geometric form of 

the pore spaces results from the termination of the over- 

growth by crystallographically controlled facets. 	Plate 2.8 

shows SEM close-up of an exposed (broken surface) overgrowth 

surface. 	Aggregates of very small 4 1 um in length quartz 

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 appear as seen in Plate 2.8 and may be called 

"interlocking grain boundaries". 

2.17 Solid impurities and bubbles  

A small number of angular to sub-rounded 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. 2.1 

Pl. 2.2 

P1. 2.3 

Pl. 2.7 

P1. 2.8 

Undeformed texture of Oughtibridge ganister. 

Note the pore traces. XP, scale bar = 7011. 

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 = 6011. 

Trace of the grain boundaries in the un-

deformed ganister, indicated Gb. Note the 

boundary interlocks. Reflected light, scale 

bar = 511. 

Magnified view (rectangle shown on P1. 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 = 2511. 
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PLATES CAPTIONS  

Pl. 2.4 Brazilian twin, typical of the quartz overgrowth, 

indicated. 	TEM, scale bar = 0.6;, 

P1. 2.5 Typical overgrowth-host grain boundary, labelled b, 

where 0 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 = 1.L41 

P1. 2.6 Dislocation pattern within the old clastic grain. 

Estimated dislocation density is around 107/cm2. 

TEM, scale bar = 0.6 p 

P1. 2.9 Opaque plucked fragments of solid impurities 

(indicated), most probably hematite or limonite. 

Sample deformed at 9 Kb pressure. 	TEM, scale 

bar =1.4u 

2.10 	Concentration of bubbles around twin boundaries 

(healed crack?) in the undeformed ganister. TEM, 

scale bar =1.4u 
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red-orange colour and have a spherical shape, suggesting 

that they may be 	hematite or limonite. 	There is a possi- 

bility, therefore, that the observed opaque particles are 

the 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-

hydraulic testing system, described in appendix AP 2.4, was 

used to carry out 21 uniaxial experiments. Due to 'Ow ere() r-s ēh 

the scale SetecCen, hear ty hai.C' 'tlle {ests 	 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 )._ress 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 (°48000psi), is not greater than 100-150 

bars or 4%.. Results of the experiments in which the 

specimens were resin (Araldite epoxy resin) saturated, is 

shown at the bottom of the table and their average is shown 

separately. 

A considerable drop, of about 35% relative to the oven. 

dried strength, is observed, and the interpretation of 

this observation is discussed in Section2.3. 	The experi- 

ments were all carried out at constant strain rate of about 

10-4  sec-1. 	Specimens were wrapped up in thin nylon foil 

during the tests to avoid the loss of fragements after 

failure. 	The ambient temperature and humidity were fairly 

constant throughout. 

TABLE 2.1  

Test No. 
OG 

Uniaxial Compressive Strength, kb 

101 

103 

104 

3.14 

3.33 

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 = a/e 	Eqn. 2.1 

where a and e are longitudinal stress and strain respec- 

tively. 	In order to obtain the Young's modulus for 

Oughtibridge 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 Young's modulus 

was increased and rose to a higher level immediately after 

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 region) of the 

curve. 	This effect is 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 contraction 
dl/I,  

or 	 e  v = er/ez 
	Eqn. 2.2 

where er  and ez  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 

4 
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reached at the peak load. 

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

may be calculated through the equation. 

G = E  
2(1+v) Eqn. 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 Poisson'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 NoAG eZx10-2  erx10-3 	y 	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 y = 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 Fia. 

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 failure 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 greater 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 volumetric strain ev  is defined as: 

ev  = el+e2+e3 	Eqn. 2.4 

where el, e2 and e3 are strains in 3 principal directions, 

If a cylindrical specimen is being deformed the e2= e3 = er  

or radial strain, as opposed to the ei = e2 or axial strain. 

Taking the shortening or contraction as positive and the 

expansion as negative the equation 2.4 takes the form: 

ev  = eZ  - 2er 	Eqn. 2.5 

This relation is used 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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C' n 

volumetric strain curve does not start from the origin. 

This is 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 experiments cited previously. 

An overall volumetric strain curve is fitted to the data 

points 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 equation: 

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 Eqn. 2.6, is 

found to be 95.92 Kb. 

The dashed line 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.b, 

C" 	

%Vr, v 

Figure 2.8. 

r' 	Determination of the 
t/) 	' 	relative dilation. 
UJ 	 Relative Dilation 
coc 
I-- 

I 

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 Chapter 3. 

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

2.8) was 2.2 Kb or 0.65au  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 0.95au. 

The value of the relative dilation in Figure 2.7 shows that 

the Oughtibridge ganister undergoes a relatively small (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-

mand for 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 dynamic̀   crack 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 frozen in 

the open state as the epoxy solidified, thereby inhibiting 

the dilatancy recovery which normally occurs upon offloading 
idea fly 

a brittle, microcracked rock. 	InApractice, the epoxy 

should exhibit negligible or no volume change during the course 

of hardening. 	Aroldite epoxy resin AY18 with hardner com- 

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

used as 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 assumed 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 hardened 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 temperature could be raised safely up to 

60-70°C. 	Two preliminary normal uniaxial 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 hardening 

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 cāntrolling 

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 heating 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 and radial transducers began to regis-

ter specimen lengthening at constant load and radial expansion 

at constant load respectively. However, before heating was 

started, the axial transducers registered small axial 

shortening in all three experiments, whilst radial strain 

TABLE 2.3  
Specifications of the 'Hold series' 

-experiments 

OG 	Loal level frac- 	C° 
Test Number tion of the ulti- Resin Curing 

mate strength, a 	temperature 

Total times, 	Comment 
hrs. that the 
specimen en- 
dured the speci-
fied load level 

116 

118 

0.82 Qu  

0.60 vu  

0.37 a 

61-70 

40-45 

0.71 

4.71 

Explo-
sive 
failure 

II 

119 1.41 
some lar 
pieces 
recovere 
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remained exactly the same. 	The effect of temperature on 

the linear differential transformers precluded 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 sample and three experi-

ments that were loaded to the specified levels are shown in 

Figure 2.9. All tests were terminated by unexpected 

violent failure of the specimen, 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 used in test 119 

did not sliow.any interesting features. Traces of resin could 

be seen in some of the pores, especially those occurring near 

the outer surface of the specimen. Although it is not known 

exactly how the resin saturated specimens failed so violently 

under loads as low as 40% of the short term strength, it may 

be speculated that crack propogation was enhanced through the 

dimension charges,, however small, of the saturating resin. 

2.4 THE STUDY OF MICROSTRUCTURE AND MECHANICAL BEHAVIOUR 

OVER 0.5-10 Kb PRESSURE RANGE  

2.40 Introduction  

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

53 experiments deforming at constant strain rate of about 10
-4

/Sec. 

to 10-t.at room temperature. To compare 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'$  sec.. To carry out experiments with confining 

4 

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 solid medium 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. 

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 

electron microscopy. Results are presented in two parts, 

dealing respectively with mechanical and microstructural 

observations. 

2.41 Variations in mechanical behaviour with pressure:  

2.411 Stress Strain Curves  

Sets of stress-strain curves in order of change in confining 

pressure for wet and,dry experiments are given in Figures 

2.10. and 2.11. 	At low and intermediate pressures (.5 to 4. 

Kb), wet and dry stress-strain curves appear very similar. 

Sharp load peaks occur, and relatively large stress drops 

follow the peak load. The stress drop following peak load 

decrease in dry tests as pressure is taken above 4 Kb, whilst 

this does not seem to be true for the water saturated speci-

mens of Oughtibridge ganister. In wet specimens, even at 

the highest applied pressure, there continues to be a large 

drop in the stress level following the peak load. In two 

cases (OG 37 and OG 42) at 7 and 8 Kb pressures, wet tests, 

there is sharp stress release again after the typical peak 
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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 and wet experiments, at pressures up 

to 5 Kb, the curves have a post-peak friction sliding 

feature, especially distinctive in the wet experiments persis- 

ting up to 6 Kb pressures. 	The post-peak behaviour of the 

wet Oughtibridge ganister at 10 Kb resembles the dry experi-

ment at 5 Kb. On the other hand, the dry rock show a high 

degree of ductility above 5 Kb and probably undergoA a cata- 
the 

clastic flow with initial strain hardening. Incase of experi- 

ments 0G10, OG 11 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. Curves commonly show an initial 

nonlinearity followed by linear elastic behaviour and finally 

a more gradual deflection from linearity towards. the peak 

load. 

An increase in percent strain at peak strength, or yield, was 

observed as pressure was augmented. The increase was more 

noticeable as pressure was raised from zero to about .5 Kb. 

Above this pressure, the strain at failure remains more or 

less 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 

the present 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 at 2 Kb pressure. 

Further increase of pressure causes further increase in 

strength but at a lower rate (see Figure 2.13). 	The 

pressure strength data in Figure 2.13 does not 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 of scatter. 

However, as shown in Figure 2.20 if all wet results are 

presented, a distinctively separate cluster of points appears 

at relatively low strength levels. 	This set of points 

appears as if it belongs toa different material. 	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 curves related to wet and dry 

experiments especially above 5 Kb. 

The dry Oughtibridge ganister shows a good degree 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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a 

The wet Oughtibridge ganister behaves noticeably differently, 

especially over the upper range of the confining pressure. 

The form of the stress-strain curves indicates amore brittle  

behaviour generally. 	In fact the same relative degree of 

ductility as was observed in dry experiments was not achieved 

in the 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 can be stated, 

from the diagram in Figure 2.15, that for the wet Oughtibridge 

ganister, the transition to relative ductility was completed 

above 8 Kb confining pressure. The specimen deformed wet at 

10 Kb confining pressure suggests fairly homogeneous ductile 

type of deformation although the related stress-strain curve 

shows a slight post yield depression. 

a 	2.42 The effect of strain rate  

Three experiments were carried out at relatively low strain 

rates of under 10
7  sec-,. Due to the time restriction (37 days 

were taken to complete each test) these experiments could only 

be performed at 4, 7 and 10 Kb confining pressures, with oven 

dried specimens. The resulting set of stress-strain curves 

is shown in Figure 2.16. The general forms of the curves 

basically remained much the same as those reported 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 specimen with a particular feature on 

the stress-strain curve. 	Similar post-yield stress fluc- 

tuations, though with a lower amplitude, appear on the stress- 

strain curve at 7 Kb confining pressure. 	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 related deformed specimen showed very little signs of 

faulting on its surface. 

The effect of strain rate on the fracture 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-

nitude. 

TABLE 2.4  

Specifications of the low strain rate 
tests 

Test No. 
OG 

KB 
Confining 
pressure 

Strength 

10-4 Sec-1  

KB @ 

la-7  sec-1  Percent decreas 
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 

and solid medium machines were removed from the pressure 

vessels at the end of 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 of microstructures 

in specimens deformed at high pressures whilst the optical. 

microscope was utilized to study the whole range of samples. 

A series of scanning electron micrographs were also prepared 

from the fresh fracture surfaces of the deformed specimens 

in order of increasing pressure. 

Microstructures are 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 or more 

specimens were schematically merged to make a typical hand 

sketch. Drawings 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_ 

A 
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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 
C 

microsope 1 to 5 microns. Fine 

and very fine gouge under 1 micron. 

2.431 Description of the experimentally produced microstruc-

tures at low pressures, wet and dry.  

Specimens studied in this section include the experiments that 

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 
the 

undeformed texture shown in Plate 2.1 except for̂   number 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 

fault plane usually contains little gouge, that generally 

consists of coarse fragments of crushed grains. 	The grains adja- 

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. 	In some cases axial fractures run 
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parallel to each other and then join. 	The axial fracture 

indicated in Plate2.11 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 relative. 

to 1 Bar pressure. Also the material along the fault plane 

consists of finer fragments, although occupying 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 produced 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 indicated 

in Plate 2.13. 	More details of the microfractures in the 

grains 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 chracteristics 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 sliver3 in 

the middle of a fine gouge. 

The intergranular cracks in the grains adjacent to the fault 

zones have characteristically an axial orientation. In all 

cases that were observed and described so far, the axially 

orientated intragrannular cracks were found to be the domin-

ating form of microfracturing in the vicinity of the sliding 

surfaces or fault zones. In contrast, away from the zones 

of high concentrated deformation the axial cracks were virtually 

absent and this mode was replaced by grain boundary cracks. 

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 

clearly 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 latter. 	Drawings in Figure 2.18 illustrate 

the progressive intensification of deformation at the fault 

planes with systematic increase in confining pressure for the 

low pressure (zero-3 Kb) range.. The mode of microscopic 
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i 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 intermediate pressure range include experiments carried 

out at 4, 5,6 and 7 Kb confining pressures and constant strain 

rate of about 10
_4 
 sec-1. A smooth transition in behaviour 

was observed between the lower and intermediate ranges. At 

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

between the behaviour of samples deformed wet and dry emerged 

and became more marked as pressure was increased. to the upper 

level of this range (7 Kb). Compared with 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 exhibited much 

the same colour hue, indicating more often the same degree 

of 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), concoidal 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 Plate 2.21. The same plate may be 

compared with close up view of the fracture surface of the 
h 

sample deformed at 3 Kb (Plate 2.23); bearing concoidal frac-

tures and grooves similar to those observed in the 6 Kb case. 

The presence of the brittle fracture marks such as concoidal 

fractures in both 3 and 6 Kb samples suggests that the brittle 

deformation at microscopic levels has been taking place 

throughout. 

Away from the fault zones, in Plates 2.18, 2.19 and 2.20, dark 

areas around the grains suggest that gouges may be 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. 

Particulars of wet-deformed samples  

Unlike the dry specimens, the fault zones in wet specimens 

are narrower and 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 structure stood rigid while the other part 

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 hi •h •ressures, wet and dr . 

Results of the experiments at 8, 9 and 10 Kb confiningr pres- 

sures are described below. 	In general comparison with the 

textures deformed at lower pressure ranges, more pervasive 

cataclasis was observed with the retention of the textual 

differences between wet and dry samples at optical and macro-

scopic levels. 

Particulars of the dry-.deformed samples  

Plates 2.27, 2.28 and 2.29 respectively demonstrate textures 

developed at 8, 9 and 10 Kb pressures, and clearly illustrate 

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, 

noticeable grain size reduction was only observed in 

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

If viewed under plain polarized light, the outline of the 

relict grains may be seen often orientated in regular arrays 

separated 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 

lozenge-shaped relicts bounded by fine gouge. The progression 

towards the type 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 

the upper 
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grain is also affected by microfractures originating at the 

grain boundary. In closer inspection of the intergrannlar 

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 bordering a mass of fine gouge. 

Microfractures bounding the slivers run through and cut across 

the original microstructural features like dislocation walls 

with no apparent disruptive effects on them. Plates 2.36 

and 2.37 show that microfractures cut through part of a dia-

genetic quartz overgrowth,cross cutting the growth fiber 

dislocations and growth layering without any apparent effect 

on or by them. 

TEM observations did not indicate noticeable differences 

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 zones: 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 diacgenetic overgrowth quartz. 

Other typical features of the experimentally developed 

cataclasites are shown in TEM electron micrographs in Plates 

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 Rb pressure 
to show the effect of increase in confining pressure) show 
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clumps of fine gouge. 	Concoidal fractures, grooves, shock 

marks and cracks are clearly observed on the surfaces of 

the fractured grains in high magnification SEM micrographs 

shown in Plates 2.45, 2.46, & 2.47. 	No glass melt was 

observed. 

Particulars of the wet-deformed samples  

Although the details of the microstructure as observed in TEM 

do not disclose any specific differences between wet and dry 

deformed samples, considerable differences appear at the 

optical microscope level, particularly the way that defor-

mation is accommodated in each case. Typically most of the 

strain was contained along multiple fractures running through 

the entire wet specimen even at 9 and 10 Kb pressures while. 

regions away from the fracture zones remained fairly intact 

with slight trangranular fractures as shown in Plates 2.48, 2.49 

and 2.50. 

Much less intensified grain boundary cataclasis was observed. 

away from the fault zones. Near to the fault zone, however, 
a 

some degree of grain and grain boundary catacltsis 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 intermediate and 

high pressures, the ductility of wet specimens is less than 

that of dry ones. 

2.44 Preferred orientation features within the gouge. 

In a number of wet and (exceptionally) one dry deformed speci- 
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men, a consistent preferred orientation within the gouge zone 

was observed. 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 that they might 

be plastically deformed. 	Plates 2.55 to 2.59 show typical 

4 	examples of the described feature (termed "lamination fabric"). 

The drawings in Figure 2.19 show the typical kind of macro-

fracturing that occurred in four samples, including the odd 

dry specimen. As indicated in the drawings the specimens 

have developed a relatively wide band of gauge usually with 

a curved segment. The gouge band runs through the width of 

the samples ,with the exception of the dry-deforztted 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 gouge zone was transected by the orientation of 

the developed fabric which is always normal to the direction 

of the load. 	It was also 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 (0.311m)• However, gouge crystallites have 

random gouge fabric. 	In some of the electron micrographs, 

however, slight lamination of the coarse and fine 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. 

I 
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0039 
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5KB WET, 17% 9KB DRY, 25.8% 

00 34 OG18 

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 
No 
OG 

Stress, KB 
at yield 
or fracture 

Confining 
pressure 

KB 

% finite shortening 
measured on the 
recovered specimen 

Wet 
or 
dry 

34 3.90 5 17.0 W 

41 6.01 5 18.5 W 

38 7.41 8 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 

All tests at 10 
4
/second constant strainrate,20oC. 

From the mechanical point of view, it was noted that in all 

experiments listed in Table 2.5 the rock strength was anoma-

lously low. 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 which 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 clustered 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  

P1. 2.11 Microstructure of ganister deformed at 1 bar con-

fining pressure (jacketed only). Note the axial 

transgranular fractures. The direction of a1 

is indicated by an arrow. Optical, XP, scale 

bar = 0.4mm. 

P1. 2.12 Shear fault in the specimen deformed at 1Kb 

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 al. 	Optical, XP, 

scale bar = 70p. 

Pl. 2.13 Part of the shear zone developed at 2 Kb 

pressure. 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. 

P1. 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 = 30p. 

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 = 0.1mm. 

P1. 2.16 Part of the microstructure (of 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. 
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PLATES CAPTIONS  

P1. 2.17 Fault zone produced at 4 Kb pressure. Dry. 

Direction of al is indicated by the arrow. 

Optical, XP, scale bar = 0.16mm. 

P1. 2.18 Fault zone produced at 4 Kb pressure. Wet. 

Optical, XP, scale bar = 0.16mm. 

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 = 0.2mm. 

P1. 2.20 Same features, described for P1. 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 al  is indicated by the 

arrow). Optical, XP, scale bar = 0.2mm. 

P1. 2.21 SEM of the fault surface (of the sample shown in 

P1. 2.20). The ash-like material is the gouge. 

Note the rounded grains. Scale bar = 20p. 

P1. 2.22 Part of the area shown in P1. 2.21 at higher 

magnification. g, gouge. Conchoidal fracture 

marks are indicated by the arrow. SEM, scale 

bar = 2},. 
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PLATES CAPTIONS  

P1. 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 = 10u. 

Plates 2.24, 2.25 

& 2.26 

Sequence of micrographs showing the fault zones 

in wet samples produced at respectively 5, 7 and 

7 Kb pressures. 	The direction of a1  is 

indicated. Optical, PP. (P1. 2.24), XP, scale 

bar in all cases = 0.1mm. 

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 a1  is 

indicated. Optical, XP, scale bar = 0.1mm. 
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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 in the relicts. 

Optical XP. (2.29), PP. (2.30 and 2.31), scale 

bar in all cases = 0.1mm. 

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 = 20p, 2.33 and 

2.34 = 511. 
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PLATES CAPTIONS 

P1. 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 = 0.8P and in 2.37 = 0.611 
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PLATES CAPTIONS  

P1. 2.38 

Pl. 2.39 

P1. 2.40 

P1. 2.41 

P1. 2.42 

Fractures through an old clastic grain. Note the 

high dislocation density (sample deformed at 10 

Kb wet) . TEM, scale bar = 1.4p 

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 = 0.6p 

Apparently displaced coarse fragments of gouge. 

In the sample deformed at 10 Kb pressure. TEM, 

scale bar = 1.4u 

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 = 1.4 u 

High 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 p 
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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 = 0.1mm (P1. 2.93) and = 

50p in Pl. 2.44. 

P1. 2.47 

Close-up view of part of the area shown in Pl. 

2.44. 	Microfractures around a grain are 

indicated. 	SEM, scale bar = 20p. 

Plates 2.45 & 2.46 

High magnification views from the areas shown in 

2.43, 2.44 and 2.47. 	A clump of gouge in P1. 

2.45 is labelled g and conchoidal fractures are 

indicated in P1. 2.46. 	SEM, scale bars = 10p 

(2.45) and = 5u (2.46). 
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PLATES CAPTIONS  

P1. 2.48 Fault zone in the sample deformed wet at 8 Kb 

pressure. Note the relatively intact grains 

adjacent to the zone. Optical,XP. Scale bar = 

0.1mm. 

P1. 2.49 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 = 0.8mm. 

P1. 2.50 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 = 0.15mm. 

Pl. 2.51 & 2.52 

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, 

scale bar in both cases = 30p. 

P1. 2.55 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). 
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PLATES CAPTIONS  

Plates 2.56 to 2.59 

Following the feature described in P1. 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 a (indicated by the arrows) can 

be observed. Note that the grains are relatively 

intact outside this zone (e.g. in P1. 2.58). 

Optical, XP, scale bars: in 2.56 and 2.57 = 0.5mm, 

in 2.58 = 0.8 and in 2.59 = 0.5mm. 
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PLATES CAPTIONS  

P1. 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 P1. 2.53 and in 

P1. 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 = 15u 

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 P1. 2.62 

and 2.63 indicates random Guaetz .fabric 

TEM, scale bars Pl. 2.60 = 1.4 u, P1. 2.61 =1.4v, 

Pl. 2.62 = 0.8u and P1. 2.63 = 0.8p 





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 pres enc a 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 10-1  to about 

1 x 10-7/sec. with water saturated and oven dried specimens 

all at 200C. 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 

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

out the experiments ranging from aboutl,,tō 8.x 10-6  Kb/sec to 

investigate the combined effect of rate and water saturation 

and comparison with the dry behaviour over the same range 

of stress rates 5.0 cm. diamter x 2.0 cm. long cylindrical 

specimens were, almost in all cases, loaded to 40 to 50 percent 

of their ultimate strength (3.5 tons, higher initial load in 

case of low stress rate tests) 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 a°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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co 
=0:- At eqn. 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 toprevent 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 in Figure 

2.21 next page, were made on the basis of these reconstruc-

tions. 

Table 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 

OVEN DRY 

The specifications of the rate-wetting effect experiments 

WATER SATURATED 

Test No KB/second 
stress rate 

KB, a u  uni- 
axial strength 

Test No. KB recon• 
stress rate 

KB. 	o u  uni- 
axial 	strenct'.; 

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 I 2.85 94 1.90 1 2.68 

53 8.80 2 2.61 96 1.63 1 2.10 

67 6.78 2 2.47 63 9.28 2 3.09 

51 2.66 2 2.39 64 6.94 2 3.0'4 

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 2.01 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 3.13 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 

71 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 5 2.28 

74 6-70 6 2.46 

75 6,20 6 2.04 

76 2.25 6 2.02 

r 
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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 reduction 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 (see Plate 2.1). The relatively more 

pronounced 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 description, 

if the strengths of wet and dry rock were assumed to be the 

same as 1 - 0.1 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 di fference 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 

between wet and dry behaviour might be made and that the effect 

f radial confinement would reduce the scatter of strength values. 

a 

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 plot' in Figure 2.24. An appar-

ent slight increase in the strength for both wet and dry rock 

was observed as the strain rate was lowered at 0.5 Kb pressure. 

Although it was probable that the general trend was still obscure 

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. 

cylindrical 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 experiments 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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FIGURE 2.23  

STRESSSTRAIN CURVES FOR WE T 
AND DRY TRIAXIAL TESTS AT 
VARYING STRAIN RATES ( SHOWN 
WITH EACH CURVE ). 
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2.6 THE EXPERIMENTAL STUDY OF THE MICROFRACTURING PROCESS  

WITH PROGRESSIVE LOADING  

2.60 Introduction  

The mechanical and microstructural information obtained earlier 

through the course of the experiments previously described 

were used to design series of experiments with a view to 

observe and possibly quantify some aspects of the micro-

fracturing process that takes place when the rock is loaded 

through failure. • It was not feasible, however, to observe 

microfracturing as it was taking place 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 microstructure 

during the failure of granitic rocs 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( 	504$4a el .al.  1974 In/. J. Rock 1✓lceh. l'// /07 	) . 

Major problems in the application of this type of technique 

are: 

(a) Closure of some cracks on offloading and opening of others. 

It was to investigate 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 (Sp runt & Brace, 1974). 	SEM examination of ion 

beam etched samples reveals more microcracks. 	However, 

ease and cheapness of examination of 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, 0.63 x 1.3 cm., were 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 

were carried out of which three were 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 10-5sec. 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 terminated at over 6 percent total strain. A through going 

shear fault at just over 30 degrees to the direction of princi-

pal stress was observed to have developed. The second experi-

ment (143b) was also taken beyond its strength failure but was 

shortly terminated at about 3.5 per cent total strain, 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 recover still unfaiilted 

samples which had been loaded post-peak strength in a relatively 

soft testing machine. 
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TABLE 2.7: 

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, 

10 5/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 a, .994  au  and .999au (au  = 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 -1) while the confining pressure was held con-

stant. 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 

surfaces (fine polished surface of the rock used with reflected 

light microscope) were made. The same surfaces were also 

used as SEM samples. 

Mechanical specifications of the stages in progressive  
loading of samples. 

All tests at 2 Kb pressure, 20°C, Dry and 10-5/sec. strain 
rate; table in order of increasing load. 

OG 
Test Number 

Kb 
Maximum Stress - Total Finite Strain 

146 11.68 2.31 
145 13.21 2.13 
144 13.94 2.52 . 

*143b 13.97 3.60 
*14.3.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 following 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 frequency-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 length 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 

the deformed specimen and amounted to 2.109 mm2  divided 

into 15 sub-areas and viewed at 8o 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 surface area of the cut specimen in 

the central part. 

(b) Preparation of microcrack maps  

One half of the total cross sectional area of each deformed 

sample was mapped for the microcracks (approx. 36 mm2). 
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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 Reichert Nomarski inter-

ferometer was usedfor 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 statistically 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 14 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 statistical results are summar-

ized in Table 2.8. The crack density, pc  for each sample is 

the number of discrete microcracks per. unit area. The plot of 

crack density versus permanent and total strain respectively 

is shown in Figures 2.26 and 2.27. The permanent strain ep  

on 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)  

Tast No. 	Cm 
OG 	Mean crack length um 

S 
Standard deviation N 

S2  
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: 

Figure 2.28 

Determination of the 
permanent strain value ep. 

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 

increments 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 dependent property. For instance, although 

Sample 145 is loaded to 0.94 au, its mean crack length Cm  = 

20.16 pm, while mean crack length for Sample 144, loaded to 

only 0.83 au, is Crǹ = 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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TABLE 2.9  

Values of the crack parameters; table in order of increasing 
crack density 

OG 

Sample number 

am,Kb 

Maximum stress 

et,% 

Finite total. 

e,% 

Finite permanent 
strain 

C 	mm 
Meal'crack 

length 

P c Nc/2  
Crack 
density 

eP/P cCm  
% permanent 
strain/mm of 

crack 

Undeformed OM ONO 0.02 7.0 41W MN 

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. 

** Cm  for 143a is estimated (see Figure 2.29 and the text) to be equal to 2 mean grain si2e0.056mm. 

Average e and et  at the peak stress for 143a and 143b is found to be o.3 and 0.28% respectively. 

• 	 • 



Ce (crack strain). Permanent strain reached at each stage 

crack density and the of loading is divided by the product of 

w 

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 143a since most of the observed cracks in this 

case tended to partially or completely encircle the grains. 

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

estimate the mean crack length for sample 143a and it was 

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

was then rounded off to 15 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 behaviour. The non-

coincidence of point p with y axis shows that the mean crack 

length remains constant for the starting increments of perma-

nent strain as well as throughout the elastic laoding of the 

rock. The state of mean crack length during the elastic 

loading does not necessarily mean that no microcracking is 

taking place over this period. It was explained earlier that 

experiments could not reveal the elastic microcracking events 

and therefore the diagrams in which the crack parameters are 

plotted against permanent strain are certainly more reflective 

of the microcracking events that _take.place during the pro- 

gressive loading. 

Using the permanent component of strain, it is possible to 

calculate the percent permanent strain, per unit crack length, 

mean crack length to give the permanent strain that was caused 

as a result of the growth of unit length of a crack, or 

Ce  = ee/pc.Cm 	Egn.2.8 
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The plot of Ce  vs ep  is shown in Figure 2.31. 	It can be shown 

that pC. Cm  is equal to the total length of the measured cracks. 

The distribution of points on this diagram is such that the 

simplest interpretation is the Ce  is very gently increasing 

(the thick dashed lines). 

2.622 Description of the deformed microstructures  

The sequence of microcrack maps in order of total and permanent 

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 that .a 

moderate amount of detail of small cracks has been lost in 

size used in this thesis. 

level figures such as are 

reducing them to the 10 cm x 12 cm 

It should be noted that the stress 

in fact values relatib to an average figure (au 14.06 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 deformed microstructures there-

fore are described below in order of strain rather than stress. 

Microstructures of the undeformed material have been described 

in sections 2.14 and 2.15. 

Sample 145, 2.13% total strain, taken to 0.94 au (13 .21 Kb),  Fig, 2,32 

In close examination, a limited number of grain boundary micro-

cracks appear and in some cases it is hard to differentiate between 

a microcrack developed 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 interstitial 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 of closely spaced pores. 	The feature indicated in Plate 

2.68 and 2.69 was frequently observed and is believed to repre-

sent healed grain boundary cracks. There are areas in which 

the. grain boundary microcracks cluster but no transgranular frac- 

tures were observed. 	These clusters also appear clearly on the 

map but they do not form a linear 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 occurring in the central region, and surrounded by micro 

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

Sample 144, 2.52% total strain taken to 0.99 au  (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 

more cracks were mapped (pc  = 13 mm 2). The grain boundary 

cracks were in many instances seen to close around the fairly 

large grains. Again no transgranular crack of any orientation. 

was observed and all observed cracks were confined to the 

grain boundaries with the exception of one or two at the edges 

of the specimen. The colonies of crack-free grains are 

smaller than thoseobserved 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 au  (11.68Kb) 

Longer grain boundary cracks were observed in. Sample 146, this 

is also reflected in the corresponding histogram, (Figure 2.34). 

In close microscopic view the form and pattern 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 grain size which seem to have healed (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 shown in Plates 2.73 and 

2.72. 	The tip of the grain boundary 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 cluster showed a consistent direction along the potential 

shear fault orientation over a short distance and then dispersed 

as it approached 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. 

Sample 143b, 3.60% strain, taken to 0.994 au(13.97 Kb) 

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

total strain; see the stress-strain curve 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. 

Transgranular axial 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 the Plate 2.78 second order cracks branched from a 

grain boundary crack that is indicated 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)Zntensive 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 

evident 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. 

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

Sample 143a failed at 3.05 per cent total strain and a shear 

fault orientated at about 3.0°  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 zone 

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 grain (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 the 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 those described previously and usually 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:fnclose around the grain boundary or were simple 

transgranular 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 u (2.64) and 5p. 

	

P1. 2.66 	A cracked grain boundary(indicated). 

Scale bar 40p 

	

P1. 2.67 	Grain boundary cracks joining pores. 

Scale bar 40 p 

Pl. 2.68 and 

	

2.69 	Indicated healed grain boundary 

cracks.Compare with uncracked 

boundaries in plates 2.64 and 2.65. 

Scale bar 20 p . 
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Plates 2.70 to 

2.72 

P1. 2.73 

P1. 2.74 

P1. 2.75 

PLATES CAPTIONS  

All polished surfaces viewed through reflected light 
microscope. 

Grain boundary cracks linking up around 

the grains.Note the broken welding bridges 

on the grain boundary in P1. 2.71(also 

indicated on P1.2.72).Scale bars (un-

known on P1.2.70) 10u in P1.2.71 and 

40p 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 10u. 

Intensive microfracturing of the grains 

(mostly parallel to direction) .Note 

that the paths of transgranular cracks 

are more regular than grain boundary 

cracks.Scale bar 40p. 
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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 . 

P1.2.77 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 

2u . 

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 211 . 

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 30 p . 
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PLATES CAPTIONS  

(All polished surfaces viewed through reflected light 

microscope) 

Typical post failure microstructure of a 

ganister specimen (sample 143a - see the text), 

showing extensive grain boundary cracking away 

from the developed fault. Transgranular cracks 

originating at the grain boundaries (one 

indicated) are often observed. Scale bar = 20p. 

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 = 10p. 

Example of the coalescence of grain boundary 

(labelled Gc) and axial cracks (labelled a). 

An uncracked grain boundary is labelled Gb and 

indicated in the far right of the micrograph. 

Scale bar = 30p. 

P1. 2.81 

Pl. 2.82 

P1. 2,83 
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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 relate 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 made to achieve the required objectives through 

the classification and description of the postulated brittle 

deformation mechanisms and failure 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 which might be expected to determine brittle 

failure. 

A criterion may be derived empirically or may be based 

on a particular deformation mechanism, or a combination of 

these two methods. Table 3.1 is a classification of the 

brittle 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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FAILURE 
CRITERION

{  

Based on the 
idea of a 
single strength-
controlling 
mechanism 

Oughtibridge ganister are also evaluated. 	At the end, the 

chapter is bridged back to Table 3.1 and the failure criteria 

based on a mechanism are described. 

Throughout the sections dealing with rock and 

fracture mechanics concepts, an attempt is made to relate 

each concept to the results of an experimental study, 

particularly those carried out on quartz-bearing rocks, such 

as granite, or on. single crystals of quartz. 	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 order to avoid complication of 

the arguments presented. 

TABLE 3.1  

Empirical Coulomb (1773) 
theories 	Mohr (1900)  

Griffith (1921 & 1924) 

Based on the concept 	Modified Griffith of pre-existing cracks McClintock & Walsh 

(1962) 

Wiebols & Cook 
(1968) 

(Essentially 
	Brace .(196

0 ) Griffith-type 

Bieniawski 
(̀1967) 

Ilrl, 

Beam buckling model 
Peng & Johnson (1972) 

Localization models 
Brady (1974) 
Rudnicki & Rice (1975)  

Others 

Tipping element model 
Janach (1977) 

140 



3.1 COULOMB CRITERION OF BRITTLE FAILURE  

The Coulomb criterion (Coulomb 1773) also known as the 

maximum shear stress 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 al, a2, a3 are the principal stresses at a 

point it may be shown (Jaeger& Cook 1969 §4) that the maximum 

shear stress has the magnitude: 

Tm  = 1/2(a1 — a3) 
	eqn. 3.1 

and occurs across a plane whose normal bisects the angle 

between the greatest and least principal stresses. This 

implies that if Co is the compressive strength of the 

material in a pure compression test in which a2 = a3 = 0 and 

al = Co, the material may fail across any plane inclined 

at 450  to the direction of compression. 

The angle is in fact usually less than 450  but 

there are more serious difficulties, notably that the theory 

implies that the tensile and compressive strengths are 

equal (Jaeger & Cook 1969). This theory 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 becomes 

equal to a constant Sp (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 p times the normal reaction, so that p 

is frequently called the coefficient of internal friction. 

If a and T 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 

So - pa (a is taken positive in the case of extension) and 

thus: 

— pa 	 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: 

±T  = 2T0  - pa 	 eqn. 3.3 

where Tp is the tensile strength and a is 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 p cannot be 

interpreted directly as a coefficient of friction in a real 

physical 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 p is identified 

with a real coefficient of friction in the modified 
• 
Griffith 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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2 C 	a1  
NORMAL STRESS ō (a) 

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 a and shear stress T 

across this plane are related by a functional relation 

characteristic of the material 

ITI = f(a) 	 eqn. 3.4 

The relation above will be presented by a curve such as 

AB in the a, T plane (Figure 2.1a). 	If we have three 

unequal principal stresses, al, a2, a3, the values of a 

and T can be found by the Mohr Construction (see Jaeger 

1969) and failure will not take place if the values of a 

and T, so found, lie below the curve AB. Failure will 

take place if the circle of centre C, ai and a3 as diameter, 

just touches line AB. 
Normal 
to the --"P 	8 	 plane • plane of 	 of 

shear fracture 

111 

 shear 

63 

a2 .L to the plane of the paper 

(b) 

Figure 3.1.  Illustration of Mohr Circles and the Fracture 

Angle Parameters 

fracture 
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It is concluded, therefore, that 

i) the value of the intermediate principal stress a2 

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 S with the direction of 

• maximum principal stress, where 2a is the angle 

PC6  which the normal to the curve APB makes with 

the a-axis as shown in Figure 3.1b. 

The curve in Figure 3.1a is based on the non-explicit 

function T = f(a), but assumed to be obtained experimentally 

as the envelope of the Mohr circles corresponding t 

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 

envelope AB is 

T = So + atan + = So + pa 	 eqn. 3.5 

The 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 

surface is usually observed to have an orientation roughly 

equal to that of the plane inclined at an angle = 4w ± 1¢ 

(minus for compression and plus for extension) to the 

direction of the maximum principal compressive stress, 

where tan+ is the slope of the Mohr envelope, 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 usually 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): 

	

.r2 = Co + C1a 	 eqn. 3.6 

	

= Co + C2an 	 eqn. 3.7 

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

a1 = Co + C3a3n1  

al - a3 = Co + C1a3n2  

3  = Co (a1 + a3)n3 

eqn. 3.8 

eqn. 3.9 

eqn. 3.10 

where in these expressions Co is the uniaxial compressive 

strength of the material and Cl, C2, C3 and n1, n2 and n3 

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 

elliptical hole in a uniformly stressed plate. 	This analysis 

showed that the local stresses about a sharp notch or corner 

could rise to a level several times that of the applied 

stress. 	Using the Inglis analysis, 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 

145 



grains and grain boundaries of rocks has been well 

established. The Griffith hypothesis provides a 

satisfactory criterion for fracture initiation in an 

isotropic medium but assumes that the fracture initiation 

and strength loss occur simultaneously. 	Heterogeneous 

materials like rock, however, under certain conditions 

exhibit a definite process of fracture propagation that 

leads to partial or total dissociation of their micro-

structure. 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. 

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 strengths 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 

ordinary means. 	The 'effective length', Cf, of these so- 

called Griffith cracks was calculated (see Lawn & Wilshaw 

1975). for glass specimens and found to be about 2urn. 

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 

146 



the 'Griffith crack' with the maximum grain size in rocks 

(Skinner 1959, Brace 1961, 1964 & Hoek 1965) and found no 

reason why the Griffith theory should not be applied 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  

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

been widely applied to rock mechanics. This provides a 

criterion of the form a1 = f(a3). 

(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. 

• 

3.321 (i) The Griffith semi-empirical approach  

Griffith determined the relationship between the applied 

stress field and the tensile stress at the crack tip assuming 

the crack to have the shape of a flat ellipse. He further 

postulated that the crack would start to extend (using the 

Griffith criterion as a macrofracturing strength criterion, 

some authors take this as the onset of crack growth) when the 

tensile stress at or near its tip attained a certain critical 

value. This latter value may be expressed. (Hoek & Bienawski 

1965) in terms of a corresponding critical value of the 

applied stress for failure under uniaxial tension. This 

yields 
2 

(a1 - a2) 
	

(a1 + a2) = -8T0 	eqn. 3.11 
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provided al > 3a2, and a2  = Tp when al < 3a2.a1 and a2 are 

the major and minor principal components of the applied stress 

and To  is the uniaxial tensile strength of the material. 

Because this criterion requires Tp to be 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 catastrophic 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 applicability to rocks. 

3.322 (ii) The Griffith energy balance approach  

The concept of the original Griffith hypothesis for the 

propagation of a single crack under uniaxial tension is 

based upon the condition that the energy W, applied by 

loading the structure, is balanced by the elastic strain 

energy We  stored in the structure,and the surface energy 

in the free faces of the pre-existing crack, thus 

W=We +Ws 
	 eqn. 3.12 

If the load is increased, the corresponding increase dW in 

applied energy, W, may be balanced in one of the following 

ways: 

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 L  O, 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 

dW = dWe  + dWs  

dW dWe  dWs  
or dC dC + dC 

It can be shown that 

dW = 2d 
 W e  

dC 	dC 

Substituting 3.15 into 3.14 yields 

eqn. 3.13 

eqn. 3.14 

eqn. 3.16 

dW dW e 	s  

dC dC eqn. 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: 

We  = ,rC2Q2/E  

and the crack surface energy 

Ws  = 4C  

where 

is the applied uniaxial tensile stress, 

E is 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: 

Q = %(2yE/nC) eqn. 3.19 

This is in fact the condition for the onset of crack 

extension. The corresponding condition may be derived for 

eqn. 3.17 

eqn. 3.18 
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multiaxial states. of stress and when substituted in equation 

'3.17 will yield the same Griffith criterion for fracture 

initiation as that obtained from the semi-empirical approach 

as given by equation 3.14. 

The application of the original Griffith hypothesis, 

represented by equation 3.14 and 3.19, as a failure criterion 

to rock material under any stress 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 permit the calculation of 

the increase AC in crack half-length resulting 

from an increase 4-Aa in the applied stress, but 

a. decrease in stress, -Aa, 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. 

By combining equations 3.19 and 3.11,a purely theoretical 

Griffith failure criterion could be. obtained, but it would 

still be subject to the limitations inherent in the 

assumption that failure of the material results from 

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

It has been shown that crack closure occurs if the applied 

stress field is compressive (McClintock & Walsh 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 

al = a3 (✓(1 + u2  + u)/✓(1 + u2  - u)) + ac 	eqn. 3.20 

where aC  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 rocks, 

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  

cracks and their interactions. 

3.5 THE APPLICATION OF ASPECTS OF ENGINEERING FRACTURE  

MECHANICS TO THE PROBLEM OF FAILURE OF INTACT ROCK  

3.50 Introduction  

n the previous section, the process of brittle deformation 

was 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 

explaining the operative mechanism. It was understood, 

however, throughout the historical evolution of the subject 

that the establishment of such a relationship for rock 

material might not be achieved unless details 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 describing 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 arrays 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 microstructural 

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 treated 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). In 
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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 cement. 	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; thus the development of transgranular 

fractures is inhibited (contrary to observations in ,Pennant 

Sandstone by Law 1977). 

In spite of a stiff matrix, contact damage may still 

occur under some conditions. 	If as a result of, say, 

extensive intergranular microfracturing the initial 

arrangement of the grains effectively transformed into an 

array of subspherical grains (observations of Section 2.622 

then the new configuration might be expected to lead to 

grain contact-controlled cracking, producing transgranular 

microfractures. 

The contact damage may occur statically between two 

-neighbouring grains or alternatively the indenting grain 

may be sliding. A simple model of each case is shown in 

Figure 3.2 for a SPHERICAL INDENTER: 
(a) 	 {b) 	 Figure 3.2: 

Contact Damage Models. 

111111 	
1975. 

After Lawn & Wilshaw 

0.05 	0.2 
0.05 
0.0! 	0" 0.005 

0.005 0.005 

Static (Hertzian contact) b) Sliding 

R, radius of the particle 	f, coefficient of surface 

P, normal force 	friction (fP = tangential 

force) 

P 

fP 
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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 

indenter, 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 

imm_. 
 (<( 

Schematic variation of the sur- 
a face (a) and subsurface (b) 

fracture paths due to a sliding 
indenter as the coefficient of 
friction ( ) changes. The 
shear tractions modify the shape 
shape of the cracks such that 
the cracks become more normal 

b and even obtuse to the surface 
as the coefficient of friction 
increases. Arrow indicates 
direction of slider movement. 

   

/111 /1/ 1) 1 ) 
<0.1 	 112_0.3 ,u=0.5 

Figure 3.3. After La Fountain et al. 1975 . 

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

to. cause fracture, Ps, is approximately of the form 

Ps/Pc 	1  

(1 + K10 3  

where Pc  is the critical load to form the crack 

eqn. 3.21 

K constant 

u is the coefficient 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 

Pc/r « y 	 eqn. 3.22 

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

surface energy of the solid. 
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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) Initial 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 

Figure 3.4a 

Figure 3.4 - (a) The schematic drawing of 
the cycle of loading and unloading by a 
point indenter (After Lawn & Swain 1975). 

(b) Model of brittle 
chipping. After Lawn & 
Wilshaw 1975. 
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A schematic model of brittle chipping by attrition in an 

irregular particle under localised 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 within a solid material 

could rise to a level several times that of applied stress. 

This subject has received extensive treatment since Inglis 

laid its analytical foundation in 1913. 	For the review of 

the crack 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 & Wilshaw 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 concentrator is usually 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 ener•etics of an extendin• 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= (-WL
+UE) +U 	eqn. 3.23 

where 

U is the total mechanical energy of the static system 

WL 	the work done through displacement 

UE 	the potential strain energy stored in the elastic 

medium and 

the free surface energy required for creating new 

surfaces. 

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

Figure 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 

System boundary J  
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Having expressed that, further formulation is needed for the 

surface energy variations to account for all the terms in 

the Griffith energy expression (eqn. 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 

dUS  = 2ySC 	 eqn. h2.24 

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

-2y = - dUS/dC 	 eqn. i2.25 

the term - dUS/dC, associated with the surface energy 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 

Figure 3.6. Opening and closure of crack increment CC' in plate of unit 
thickness 

Irwin (1958) proposed the relation: 

- d(- WL  + UE) 
G =  

	

	eqn. 3.26 
dC 

where crack-extension force G is defined as the derivative 

of the mechanical energy (equivalent to the term We  in 

eqn. 3.13) release with respect to crack length (in plates 

with unit thickness). 	Writing eqn. 3.23, the Griffith 
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energy balance for a static crack in differential form, and 

substitute eqn. 3.25 and eqn. 3.26 which gives 

SU = S(-WL  + UE) + SUS  

-GSC  + 2ydc 	 eqn. 3.27 

Crack extension occurs when G = GC, the critical strain 

energy release rate and SU = O. 	G. is related to the 

fracture surface energy through 

GC  = 2y  

Incorporating the dissipative terms arising from non-

linearities at the very crack tip a new term T was 

proposed 

GC  = 2T 	 eqn. 3.29 
so that as T + 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  

factor  

Three basic 'modes' of crack-surface displacement are 

distinguished. 	These are shown in Figure 3.7 

Figure 3.7 (after Lawn & Wilshaw 1975). Basic modes of crack surface 
displacement. 

eqn. 3.28 

159 



Mode I 	(opening mode) corresponds to normal separation 

of crack walls under the action 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) corresponds to mutual 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 from the idea of an extremely 

eccentric elliptic crack (see Jaeger & Cook 1979 - p.274) 

or the mathematical flat crack (Erdogan & Sih 1963) the 

stress components.  at a point P (r, 6) near the crack tip 

(Figure 3.8 below) 

rre 
✓/,l ar 
PPQ  

r 	e 
8  	 

can be shown to be of the form 

(fi(e) 
Ki 	f2  (e) 

f3(6). 

The parameter Ki, labelled KI, KII or KIII  according to the 

mode of loading (see above), contains information about the 

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 important simplifying 

concepts in fracture mechanics. The energy release rate 

G, derived earlier, is related to the stress intensity 

factor by 
2 

G -  1 	E  v . KĪ 	 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 

energy balance of the system described earlier. 

There are two ways in which a crack system may 

become dynamic:  

1) 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 

elastic waves. 	Including the kinetic energy term in eqn. 

3.23 gives 

U = (-WL  + UE) +U + UK 	eqn. o3.31 

where U is the kinetic energy of the material surrounding 

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

where 

KpC2VC 62/2E2 eqn. 3.32 

K is a numerical constant 

p is the density of the material 

C, the crack half length 

Vc  crack velocity 

a applied stress and E is the modulus of elasticity. 

The maximum velocity of crack extension m  is then found to 

be: 

Vm  = (27rE/Kp) 	 eqn. 3.33 

for a large crack. The quantity K was evaluated by Wells 

(1954) and thus the terminal velocity VT  is 

VT  = 0.38 E/ 	 eqn. 3.34 

which is a mechanical property of the material. Applying 

equation 3.34 to the Oughtibridge ganister for 

E = 24 x 109  Pa = 24 GPa and 
Section 2.22 & 2.12 

p = 2.5 x 103  kg/m3  = 2.5 g/cm3  

yields: 

VT =  1189 m/s. 	If the observed variations in Young's 

modulus (Figure 2.4) be allowed for, the terminal velocity 

for Oughtibridge ganister is 1100 <VT <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 appear 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) 

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 UT) these 

tensions exceed the one acting at the crack tip and 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 

anisotropic materials may be delayed, depending on the 

degree of anisotropy, until higher velocities are reached. 

2) Stress wave branching 

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 microstructural development 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-

fracturing resumes and steadily increases until 

macrofracturing and strength failure of the rock 

occurs. 

The described stages were consistently observed for various 

rock types inclduing granite, quartzite, marble, tuff and 

sandstone (Scholz, 1968a). 	In Figure 3.9, the close relation 

between the frequency, n, of occurrence of microfracturing 

events and the stress-strain curves for uniaxial deformation 

of Westerly granite and Colorado rhyolite tuff is clearly 

demonstrated. 
Figure 3.9 (after 
Scholz 1968a. Stress 
vs strain and micro-
fracturing frequency 
vs strain for a) 
Westerley granite and 
b) for Colorado 
rhyolite tuff. 
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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. 

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. 

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 

results 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 

from 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 et al. 1966) that 

confining pressure does not generally affect dilatancy 

although it noticeably suppresses the microfracturing 

activities detected at low stresses (the closing of cracks) 

- this is demonstrated in Figure 3.10. 
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Bieniawski (1967 I, II) observed two main phases of crack 

propagation within the non linear dilatant region of the 

stress-strain 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 

grains. 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 = al/a3, the process of unstable fracture propagation wi11 

not take place at all (see effects of 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 path and crack 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 strain 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 KI is the 

intensity factor applicable to Mode I and K11 for 

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 

EN ECHELON EN PASSANT CRACK_PORE 	
1919). Basic types of 
interactions. Dashed lines 
indicate extensional links 

' 	...,~ 	or branch paths; dotted 

4 lines indicate strain- 
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relief due to offloading. 
Stresses applied

kss.....4j. 

ā 	C 	e 	D 	vertically at some remote 
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It is suggested (Lawn & Wilshaw 1975) that in 

polycrystalline monomineralic rocks, as the angular mis-

orientations between crystallites increase (grains are 

considered to consist of 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 = 600) 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 resistance may be further 

enhanced at larger grain sizes. 

3.6 THE EFFECTS OF PRESSURE  

A brief review of the effects of confining pressure on the 

behaviour of brittle rock material will be carried out in 

this section. The following effects are generally observed 

as the confining pressure is increased: 
1) An increase in pre-failure strain and post-failure 

strain hardening, 

2) An increase in the strength, 

3) Transition from brittle failure to ductile flow. 

The effects mentioned above are usually included in a 

discussion of the process of brittle-ductile transition. 

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  

rock types were studied and described by several researchers 

(Von Karman 1911, Griggs 1936, Heard 1960, Byerlee 1968, 

Donath 1970, Mogi 1972a, Rutter 1972b and Paterson 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 mainly due to the types of end 

restraints put on the specimen during the loading - Paterson 

1978). At confining pressures in the upper part of the 

brittle range, a conjugate pair of shear fractures sometimes 

forms (also observed in this study, for the Oughtibridge 

Banister, at about 4 Kilobars confining pressure). The 

main effects towards the upper end of the brittle range are 

the broadening of the shear zones and the appearance of 

considerable deformation outside the zone as opposed to the 

sharply defined shear fault at zero or low pressures. 

Narrow zones of intense deformation at intermediate pressures 

were described by Donath (1971) as "ductile faults". Upon 

transition from the brittle to ductile mode of strength 

failure `Cthese-terms will,be defined fully later in this 

Section) the deformation occurring outside the shear zone is 

evident macroscopically in bulging or barrelling of the 

specimen. Its existence, Paterson (1978) states, suggests 

that distributed deformation precedes the localized shear 
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failure. 	The effect is presumably also reflected in the 

stress-strain curves by the substantial strain reached 

before the marked downward plunge of the 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 rock such as 

Oughtibridge ganister, however, the complete disappearance 

of shear fractures, even when the rock may mechanically be 

described as ductile, does not take place and in general 

the extent of macroscopically visible brittle deformation. 

features (faults) is marked in the central parts of the 

specimen after some degree of strain. Donath (1970) 

studied the same effect and observed that the pattern of 

deformation depends on the amount of strain; 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 

effects. The effect of increasing confining pressure on 

the typical appearance of the deformed specimens of 

Oughtibridge ganister is schematically shown in Figure 

3.13. _ 
Observations of acoustic emission and of decrease in elastic 

wave velocities while the specimens are deformed at confining 

pressures 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 of 

inclined or shear microcracks rather than from axial micro-

cracks. This may not be confirmed in the case of 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 its distribution, although changes in crack 

density also 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 

load the microstructure, as a result of 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 flcaare known, Plastic  

and Catachastic flow. Plastic flow is a process in which 

grains 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 concluded 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 friction, the resistance to cataclastic 

flow is 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 criterion for determination of transition  

pressure  

As was pointed out in the previous section, a physcial 

explanation for the brittle-ductile transition in brittle 

rock should take friction as one of its important 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) studied the friction of rocks and proposed 

that the brittle-ductile transition may occur when friction 

along the fracture surface exceeds the shear strength of 

the rock. 	Mogi,(1966) assuming that the coefficient of the 

friction of rocks is independent of confining pressure, 

found that the frictional hypothesis was at least valid for 
WhiIsi 

silicate rocksA  suggesting 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 1967)„
1A 
 studiedthe brittle- 

A 

ductile transition in limestone, gabbro and dunite and 

accordingly concluded that brittle-ductile transition 

occurs when the stress required to form a fault surface is 

equal 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 stresses, 

surfaces may slide by lifting over the irregularities 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 lift 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-
ition (transition to 
cataclastic flow). 

CONFINING PRESSURE 

The vertical line passing through the point of intersection 

of the two curves, T, nominally specifies the transition 

pressure. This is because at points such as A, occurring 

above 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 0.1. 	He also dismissed Mogi's assumption and 

showed that the coefficient of friction (the ratio of shear 

to normal stress) was dependent on the confining pressure 

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 stresses 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, a*, were balanced by the 

frictional sliding stresses, afs, on the same surface so 

that when a brittle fracture occurred (displacement on the 

sliding surface) the minimum on the stress-strain curve was 

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

Figure 3.15. 

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

6 ; 6fs _ Ljar 	curve. 
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The determined component of a*, oa was then resolved to 

shear T and normal an  stresses using the relationships: 

T = (40/2) sin 24 	 eqn. 3.35 

an  = (4a + 2P)  _ (2) cos 2a eqn. 3.36 

where a 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 21 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 an  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, u, is defined as the ratio of shear, T, to normal 

stress, an, so that u = T/an  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 values 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 

transferred 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 

Aa = 2.56T 	 eqn. 3.37 

P = an  - 0.5r 	 eqn. 3.38 

where oa is the friction sliding stress and P is the confining 

pressure. The transformed data points for the ganister and 

also the transformed Byerlee curve are superposed on the 

fracture and yield 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 suggest 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 an entirely brittle 

behaviour if applied to the dry ganister results. At low 

pressures 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 curve (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 even well above 7 

kilobar confining pressures and signs of transition 

appeared only towards the upper limits 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 

samples by the Byerlee curve was purely a coincidence. 

3.7 EFFECTS OF INTERSTITIAL WATER 

Crustal rocks are known to contain amounts of various 

interstitial fluids. It is believed that in the vast 

majority of rocks, this fluid is water (Price 1975). 

Generally, water, effective in the deformation of rocks, 

may be considered to either originate from the environment 

or from within the rock microstructure, 	( the structure- 

bound water) . The water from the environment usually 

accumulates in the microcavities, microfissures and grain 

boundaries in two ways: 

1) As physically-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 
area 

of the overall surfaceA of 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). 

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 

of pressure head. 

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

presence of water in the microstructure of rock affects 

its mechanical behaviour (e.g. Hubbert & Rubey 1959, Heard 

1960, Griggs 1967, Rutter 1972a, Scholz 1972, Martin 1972, 

Murrel & Ismail 1976). 

The release of structure-bound water usually, 

involves high temperature dehydration of minerals and its 

effects on the mechanical behaviour of rock is -not 

relevant to this study. The effects of structure-bound 

water on quartz have been studied by Griggs (1967 & 1974) 

and Jones (1978), amongst others. 

The effects of water from the environment may be 

generally divided into two categories (although a com-

bination 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 pores, failure is controlled by the effective stress  

a' 	(Jaeger & Cook 1969) so that ce'j  
ij 

eqn. 3.39 

wherē aij  is the applied stress, p is the pore pressure and 

6.. 
is the Kroneker delta. 	This is known as the law of 

13 

effective stress. 	Originally proposed by Terzaqhi (1945) 

it has 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, dur+ite 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. 

Generalized dependence 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 
given pore fluid. 
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Similar rate-dependent behaviour was observed by Rutter 

(1972a) for Solenhofen limestone. 

The effect of pore pressure on the ductility of 

rocks may be considered again on the basis of the effective 

stress law. 	The transition pressure (see Section 3.62) 

is controlled by the effective confining pressure, a3 , in 

the presence of pore pressure p so that 

a3
1 
 = a3 - p 	 eqn. 3.40 

This implies that a rock, ductile at a given confining 

pressure, may become brittle if it is subjected to 

sufficiently high pore pressures so that a3' falls below 

the transition pressure of the rock. The various aspects 

of pore pressure effects and particularly the variat4.s of 

the effective stress law may be followed in the articles by 

Price 1966, Jaeger 1967, Murrell 1967, Nur & Byerlee 1971, 

Brace & Byerlee 1972, Rice 1975, Paterson 1978. 

C 
3-.72 The physio-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 weakening 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 fluid environment alters the 
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surface energy of the latter through absorption or desorption 

of surface molecules and ions. 	The absorption is inferred 

to reduce the surface energy and since much of the fracture 

strength is dependent upon this parameter, the strength is 

lowered. 	Orowan (1944) studied the static fatigue in glass 

and related the phenomenon to the weakening effects of 

water, absorbed from the atmosphere. 

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-O-Si bonds of the silicate structure and lead to the 

enhanced mobility of crystal dislocation$,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 

under 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-O 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 silica glass) is given 

as: 

(H-O-H) + (-Si-O-Si-) 	(-Si-OH 
weak hydrogen + 11 

bonds OH-Si-) 

eqn. 3.41 
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Thus an incident water molecule hydrolyses a siloxane 

bridging bond at the crack tip to form two terminal silanol 

groups. 	Under stress it is now much easier to grow the 

crack tip, since the newly formed hydrogen bonds are much 

less strong than the original covalent Si-O-Si bond. A 

two-dimensional representation of the process is given in 

Figure 3.22. 	The rate of crack propagation is thus 

proportional to the rate of the chemical reaction. 	Stress 

corrosion cracking may be regarded as a Rehbinder effect. 

Figure 3.22. After Lawn & Wilshaw 1975 

Two-dimensional representation of water-induced bond rupture 

in silica glass. 	Large circles, oxygen intermediate circles, 

hydrogen solid circles 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 

sec. 

The time-dependent axial crack growth in quartz as 

a function of partial pressure of water (PH20) 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 the tensile cracking in 

Black gabbro both in air and water and found that stress 

intensity-crack velocity (K-V diagram) curves for the wet 

gabbro were similar to those for glass, tested in a moist 

environment, obtained by.Wiederhorn (1968). 	A generalized 

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

3.24. 

LD 
J 

I 

WET 

LOG( KI) 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 independent of the applied 

force, but is dependent on the amount of water present. 

The plateau shifts to lower velocities as the amount of water 

in the environment decreases. 	In region III the crack 

velocity 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 the mechanism of fracture changes from 

the reaction rate limited process of region I to a transport 
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rate limited process. 	The reason for this change is that 

the stress-activated process at the crack tip has become 

faster than the rate at which water can diffuse to the 

crack tip from the surrounding environment. 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 before reactions can 

occur there to facilitate the subcritical 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 u,  with the addition 

of water to the environment was observed by Penman (1953) and Horn 

& Deere (1962) . The reverse was observed by Byerlee (1967). 	He 

found that for sliding of rough surfaces, u decreased when 

water was added. This was 	observed for quartz porphyry 

(at a3 = 1 Kb) and for granite over a normal stress range of 1 

to 10 Kb. Swolf (1972) studied the effects of chemically 

active fluids, including water, on the deformation of 

Coconino sandstone and found that the coefficient of sliding 

friction in dry and water-wet precut specimens remained 

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 

data points was observed for the wet rock. It may be 

inferred, however, that the friction of ganister generally 

remains unaltered after the addition of water at low to 
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medium pressures and there is a tendency towards lower 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 change of surface 

tension with humidity for physically absorbed water between 

polished surfaces. 	His analysis shows that for polished 

surfaces, p 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 p 

would be expected. The analysis also predicts that the 

effect of fluids on p should decrease with an increase in 

asperity 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 stress or strain rate, 

a threshold rate of loading for a given rock type can be 

found above which water is unable to produce any weakening 

effect. 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 sandstone at a 

constant stress rate ranging from 4.3 Kb/sec. to 6.1 x 10-6  

Kb/sec. (and corresponding strain 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 	(angular shapes) 

flakes of muscovite 

Matrix: 

25% of the rock, composed 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 

observed 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 shows 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-

saturation 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 sections. 	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 under 

different loading conditions (uniaxial and triaxial) and on 

various 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 19682) in relation to the Griffith theory 

(Section 3.3) and the modified Griffith theory (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 original and 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 cannot 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 3.11  shows the same sequence of stages. 

1 - Closing of cracks 

I. Crack closure 

2 - Linear elastic deformation 

II. Fracture initiation 

3 - Stable fracture propagation 

III. 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 in 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 plates loaded 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 3.2.6 (after Bieniawski 196811). 	Diagrammatic representation of 

the sliding mechanism in a closed crack. 

I 	4 	L - 

Phase I: Crack extension from 
open cracks separated by sections 
with high functional resistance 

Phase II: Fracture initiation 
from cracks nearest to the tips 
of initial cracks when 
frictional shear resistance of 
crack surfaces has been overcome. 
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It was found that the coefficient of friction between crack 

faces, determined from the Mohr envelope 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 tests* revealed that the 

predominant direction of stable fracture propagation 

was parallel to the direction of major compressive 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: 

'It may be expected that narrow cracks, perpendicular to 

the stress will close under the applied load 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 II) 
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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). 	It was found that once 

terminal velocity was reached, forking of the cracks 

took place. 

5 - 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. 

Depending on the deformation apparatus, the rupture stage 

may occur apparently,-  simultaneously with the strength 

failure (soft machine) or subsequently (stiff machine). 

Rupture is not, however, a fundamental property of the 

material but one of the structure; it 
	

(►mIts 	the 

stability of the structure. 

3.82 Beam buckling - theory of failure 7 . Deng &_  Johnson '1972  

Uniaxial and triaxial deformation of Chelmsford granite (31% 

Quartz/volume with an average quartz: 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 uniaxial 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 surfaces, 

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 presumed that the vertical risers were surfaces of 

the axial cracks and the horizontal steps were partly cracks 

that formed at the time the gross failure plane developed. 

Based on these observations, it was suggested that the 

assumption may be made that at the moment of structural 

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 beams 

with one end or both ends "built in" and considered failure 

through buckling to be the cause 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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ta t (b) 

(d) 

failure occurs when the longitutidinal, or "fibre" strain 

in a buckling axial column reaches some critical value. 

Figure, 3.27 (after 
Peng & Johnson 1979). 
Idealized concept of 
development of 
faults in cylindrical 
specimens. .'Simple 
shear' fault plane in 
(c) develops. Cone-
in-cone or 'pure 
shear' fault planes 
occur in (d). 

It was claimed that the theory was supported by the 

experimental results fronr the Chelmsford granite. The 

theoretical pressure-strength calculation was in good

agreement with the experimental data points when"fibre" 

strain of  and the friction angle across cracks were 

assumed to be lO-4  and 45 degrees respectively. The 

theory further predicted that the axial stress required 

for 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 Brady 1974  

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

the laboratory tests on rocks and observed earthquake data 

through a scale-independent theory of rock failure. 

Following the proposition of a mechanical equation of state 
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Brady 1974). Stress-
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and post-failure 
regions: A - uni-
axial compression; 
B - triaxial 
compression. 
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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, css = 100 bars, strain 

rate of about 10-4/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 

developed 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 throughout 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 

3.28. 

Y 
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Based on 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 principal stress axes and thus to a change in the 

magnitude of the local stresses. 	It was concluded 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 4,0 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 al direction. Phase 

starts at stresses typically in the order of 

2 to 2/3 ultimate stress, 6u. 

3) Inclusion phase 

Clusters of microcracks develop within the rock 

usually within a few percent of 	As 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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growth 
direction 
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(b) 

stresses in the focal region (see Figure 3.29) of the 

inclusion. 

(a) 

(c) 

Figure 3.29 
adopted after 
Brady 1974. 
(a) Schematic 
illustration 
of the 
inclusion and 
focal region. QT and ac are 

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

necessary and sufficient conditions in initiating fault 
growth: 

1 - Closure phase 

There is closure of cracks in the focal volume and 

focal region (the immediate vicinity of the inclusion) 

in particular due to a decrease in the local differential 

stress (and subsequent increase in relative magnitude 

of the confining pressure). 	Once all cracks within 

the inclusion are closed, the transverse 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 growth 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 microcracks occurs. 

The system becomes unstable and rapid growth of the 

macrocrack (see Figure 3.29b), in its own 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 value. 
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Rudnicki & Rice (1975) and Rudnicki (1977a, 1977b) 

proposed an alternative point of view of the localisation 

of deformation. 	It was suggested that localization of 

deformation could be envisaged as a smooth continuation of 

the response for homogeneous deformation; that is, the 

homogeneous deformation of an initially uniform material 

leads to a bifurcation point, at which non-uniform 

deformation can develop in a planar band under conditions 

of continuing equilibrium and continuing homogeneous 

deformation outside the zone of localization. The main 

difference,therefore, between inclusion concepts described 

so far is in the way the compatibilities of the state of 

stress-of the inclusion and surroundings is expressed. 

The type of theoretical assumption made by Rudnicki 

& Rice (1977a) and Rudnicki (1977) on the boundary conditions 

of a localized zone of deformation is probably more suitable 

for the treatment of large scale earth faulting whilst the 

same assumptions may impose some scale limits on the 

application of this theory to the laboratory tests. For 

example, what would be the role of grain boundaries in a 

test specimen, in relation to the incrementally decreasing 

(towards an inclusion site) elastic moduli? This difficulty 

may be overcome by assuming that the dimensions of an 

inclusion in a laboratory rock specimen is always 

substantially greater than that of a single grain of rock. 

If this assumption is made, however, the applied stresses 

may not be regarded as 'remote' fora mechanical 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 that at about 1 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: 

al 	aa3 	 eqn. 3.41 

To explain the observation of such a simple empirical 

relationship, Janach represented a simplified model of the 

rock microstructure. It was proposed that a polymineralic 

rock such as granite, consisting of minerals with different 

elastic constants (quartz and biotite for example) could be 

imagined to behave as elastic columns consisting of stiff 

particles in a compliant matrix when subjected to an axial 

load as shown in Figure 3.30. 

Figure 3.30 after 
Janach 1977. 
Distortion of an 
elastic column of 
different components 
illustrating the 
origin of geometrical 
mismatch. 
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Loading of such a structure would lead to a 

certain degree of geometrical mismatch (shown by lateral 

distortion, f, and the axial shortening, g, in Figure 3.30). 

The axial cracks are therefore assumed to be a product of 

this process, where each crack-producing unit is called a 

'tipping element'. 	The role of confining pressure is, 

however, to work against the formation of axial cracks and 

to postpone their formation until higher axial loads are 

reached. The formation of a diagonal array of tipping 

elements,shown in Figure 3.31, throughout the specimen would 

thus lead to a structural instability and eventual failure 

of the rock specimen. 

Figure 3.31. 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 propagation of a 

diagonal array, based on the balance between the work done 

by axial stress a1 through the contraction g, and the 

expansion work against confining pressure a3, through f, 

but neglecting frictional dissipation and creation of 

209 



surface area in the energy balance (shown in Figure 3.30) , 

was developed and the relation cI 	c3 is derived in 

agreement with the empirical relation (eqn. 3.41). 

It is further stated that the axial stress Q1 begins 

to decrease as soon as the array goes across the entire 

specimen. 	The propagation criterion, therefore, is at the 

same time the criterion for the maximum axial stress 

that the rock can support at a given confining pressure c3. 
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4-.1 ANALYSIS OF THE OBSERVATIONS RELATED TO THE PROCESS  

OF BRITTLE FAILURE IN OUGHTIBRIDGE GANISTER 

4.10 Introduction  

The analysis in this section is confined to the results of 

the experiments under dry uniaxial and low confining pressure 

(zero to 2Kb) conditions, where loss of strength is followed 

by an instability that leads 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 forthcoming 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 conditions 

may be made. 

i) Stress-strain curves 

a) There is a small initial non-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 

au). 	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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always lower than a) stress fluctuations. Most 

of the permanent strain is accumulated at this 

time (Figure 2.5 Section 2.2) 
	

In a conventional  

loading machine, however, the stress drop is 

instantaneous and associated with explosive 

structural disruption of the specimens (tests 

described in Section 2.51). 	In such cases, 

audible emissions are heard moments before the 

failure. 

ii) Stress-volumetric strain curves  

Four distinct regions were observed on these 

curves as described in Figure 2.8. 

a) Small initial non-linearity (region I). 

b) The elastic region lasting shorter than the 

apparently elastic region in the axial stress- 

strain curve (region II). 

c) The non-linear 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•-C' and C'-

Cwhere Cris coincident with au. C -C is 

the region marking the period during which 

the relative dilation of the rock increases 

relatively slowly, whilst in C -C"(region IV) 

the same effect is accelerated. 	It was 

found that with only a small variability, 

the average stress values at C and C' were 

to 0.65a and 0.95au  respectively (Section 

2.23). It was also noted that the material 

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 of the specimens, although 

failure surfaces inclined to the long axis 

of the specimens were also observed (see 

Figure 2.21). 	The servo-controlled 

deformation usually resulted in failure 

surfaces at very small angles to the al  

direction (in the range of 5° - 18°) as well 

as perfect axial splitting. 

Microscopic examination of the deformed 

specimens revealed that deformation was 

mainly confined to narrow failure zones. The 

test performed at 1 bar (liquid medium 

machine - specimen only jacketed) confirmed 

this observation (see Plate 2.14 and showed 

that axial and grain boundary cracks were 

localized around the narrow fault zone. 

4.12 Summary of observations relating to low pressure tri- 

axial deformation  

Generally, the increase in pressure does not change the basic 

form of the stress-strain relations described above for the 

uniaxial tests. 	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) A four-fold increase in the strength (from 3 to 

about 13 Kb). 	The greatest rise in strength 

occurred in the interval 1 to 2Kb pressure; 

Figure 2.13. 

b) Change in mode of failure from predominantly axial 

splitting to shear faulting; Section 2.431. 

c) More evenly distributed microcracking prior to 

failure; Section 2.431and Plate 2.16. It was noticed 

that axial cracks were virtually absent away from 

the fault zone where grain boundary microcracking 

was predominant; plate 2.16. 

d) A general increase occurred in the number of 

observed cracks prior to failure as pressure was 

increased. 

e) Non-violent post peak failure. Despite the fact that 

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

ventional liquid medium machine, failure occurred 

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). 

4.121 Summary of the progressive loading experiments  

In addition to the general observations 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) Cracks initiate at the corners of pores and tend 

to run around grain boundaries with progressive 

loading (Plates 2.14 & 2.81). 

b) 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 (and 

axial crack arrays) do not develop until well 

after post peak and prior to the localization of 

faulting (i.e. formation of the favourably orientated 

dense clusters of microfractures. See Plate 2.75. 

The crack density and mean crack length increase 

dramatically with permanent strain (Table 2.19). 

d) The strain per unit crack length (eqn. 2.18). 

increases gently as a result of the crack growth 

(Figure 2.31). 

The peak stress does not correlate with any 

particular occurrence in the evolution of the 

microcrack pattern. 

f) The crack maps show that with progressive loading, 

a cellular pattern of microcracks forms. The cells 

become smaller as the strength of the rock is 

approached (Figures 2.32 to 2.36). 

4.13 The statement of the observed deformation mechanism  

for Oughtibridge ganister  

4.130 Introduction  

'.Based on the experimental -observations summarized in 3.11 

and 3.12 a deformation mechanism may- be proposed. The 

statement of the mechanism will be followed by a semi-

quantitative model of strength failure and also a model 

explaining the development of structural instability (the 

post-peak shear fault) in the specimens of the Oughtibridge 

ganister. 

Before proceeding with the description of the 

proposed mechanism, the definition of certain terms that 

are 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 axial cracks (the transgranular 

cracks) such as in Plate 2.75. A microfracture 

may run through more than one grain 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 

can be observed by the naked eye, including a 

throughgoing fault such as in Plate 2.12. 

The strength 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 1968I). 

Faulting: 	this is a stage in the brittle deformation that 

may occur post-peak and coincides with the 

onset of structural instability in rock 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 

1) 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 

plus 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) leading 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 non-axially oriented microcracks is essential 

for the propagation of the microcracks. Thus the rock 

strength would be expected to increase and microcracking 

would be expected to become more widely distributed. The 

net effect of such "microcrack friction" may be identified 

with the Mohr-Coulomb "internal friction", and would be 

expected to be somewhat different to the "sliding friction" 

associated with slippage on a fault surface. 

The various stages of the failure process are 

described and discussed in_more detail in the following 

section. Figure 4.1 overleaf a diagramatic representation 

of the proposed stages on a generalised stress-strain curve. 
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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 indicated by a short initial non 

linearity on the stress-axial strain curve (segment OA in 

Figure 4.1). 	It is shown ( 	Brace et al. 1966) 

that stress-cycling of the rock during this stage has 

virtually no effect on the strength. It was therefore 

argued that the non-linearity was the result of the elastic 

closure of inherent open microcracks within the micro-

structure of the rock. 

2 - The stage of elastic behaviour  

Once all suitably orientated cracks close, a relatively long 

period of apparently elastic loading begins (segment AB in 

Figure 4.1). 	The stress-cycling of the rock (Brace et 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, 
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the stress-cycling did weaken the rock. This shows that 

some inelastic deformation might have been initiated through- 

out the microstructure. 	Bieniawski (1968II) in his 

proposed model(Section 3.81) suggested that slight movements 

at the grain boundaries could take place during the elastic 

loading of the rock (in Norite and Quartzite) resulting in 

microcracking at the edges of the grains across the inter-

faces (Figure 3.85) . 

At this point we can usefully identify two kinds of 

initial rock microstructures, which appear to behave 

differently during loading to brittle failure: 

(a) Type I, in which grains interlock completely and 

porosity is very small. This is typified by 

igneous rocks or monocrystalline sediments in 

which the detrital grains are well cemented by 

epitaxial overgrowths. Ganister approximates 

to this microstructure though the overgrowth 

cement is incomplete, leading to the inclusion 

of cuspate pores (Figure 4.2a). 

(b) Type II, typified by a poorly cemented granular 

aggregate. For example, a sandstone with a 

clay cement (Figure 4.2b).. 	The essential 

difference is that in type II there are more 

point contacts between grains than in type I. 

Given the typical Banister microstructure shown in Figure 

4.2 (and see Plates 2.1 and 2.2) localised failure of weak, 

favourably oriented grain boundaries might be 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) (b) 

Figure 4.2. 
Schematic drawing of (a) type I (e.g. Oughtibridge ganister) and (b) type II (Pennant & Tennessee Sandstone)micro-
structures. 



lead to the hysteresis commonly observed during load 

cycling (Brace et al. 1966). 

The formation of subsidiary microcracks along the 

sliding faces as was suggested by Bieniawski (1960II, 

Figure 3.81 of this study) was not observed to be significant 

in ganister specimens loaded beyond their elastic stage 

(Plate 2.73).. There is, however, the possibility that such 

microcracks could not be observed under optical examination 

alone. 	The high magnification SEM micrograph in Plate 2`.78 

is a clear indication that this type of microcracking occurs, 

but it is not known at which stage these microcracks were 

formed. 

3 - The stage of inelastic deformation  

This stage (Segment B-C in Figure 4.1) is marked by an 

easily perceptible deflection of the stress-strain curve 

from its linear elastic trend. 	It is also well established 

(Section 3.54) that this stage is accompanied by relative 

dilatancy (see Figure 3.11). 	Bieniawski (1968 I & II) has 

divided this stage into a lower stress regime of 'stable' 

microcrack growth, giving way to a regime of 'unstable 

microcrack growth which culminates in the peak strength. 

There is, however, nothing in the microstructural development 

of ganister to suggest structural instability in passing 

over the peak of the stress-strain curve. The impression 

of instability arises from the behaviour of the machine-

specimen combination when the machine is not vastly stiffer 

than the specimen. 

It is clear from this study (Section 2.2) that the 

inelastic deformation (above 0.65 au) and the associated 

relative dilatancy arise from the slow but accelerating 
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growth of microcracks. 	It will be shown below that the 

phenomenon 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 strain e is a time-

independent variable (i.e. there is no stress relaxation 

when loading is stopped) an energy-based approach may be 

adopted to the problem. Considering an energy balance, 

when an increment of displacement is applied to the 

specimen, provided that the loading is axisymmetric 

al > a2 = a3, and the elastic anisotropy is ignored: 

dW = (al - a3) dez + a3dev = Elastic energy + 

frictional heat + surface energy of cracks 	eqn. 4.1 

where 

W, is the work done by the loading system 

al and a3, are the maximum and minimum principal 

stresses 

ez, is the axial strain and 

ev, is the volumetric strain 

Alternatively we can write: . 

(al - a3)dez = aid dei +Nf.(j,e;~(1,.))+ Yf2(dPc) - a3dev 

eqn. 4.2 
where 	

elastic 
aid and ein, are the stress and̂ strain tensors 

is a coefficient of friction 

is the mean specific surface energy for the mineral 

species and 

dpc, 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 

Y, 
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maximum stress \e 

/ 
/  

(a) 

strains, that is: 

dwtotal dWelastic + dWpermanent 

considering only the energy dissipated, that is the 

permanent deformation dWp, we have 

dW = (al -a3)dep  + a3devp  

where 

eqn. 4.3 

eqn. 4.4 

evp  is the permanent component of volumetric strain. 

In view of small volumetric strain observed in Oughtibridge 

ganister (Section 	), the assumption for convenience 

that 

(ai -a3)dep  » a3devp, may be. justifiable, bearing 

in mind the approximate nature of the data which is to be 

manipulated. Thus by ignoring the volumetric strain 

component, eqn. 4.4 may be rewritten as 

dWn  

de 

In order that of-a3 should have a maximum (i.e. exhibit a 

peak stress), a graph of Wp  versus e must be of the form 

Shown in Figure 4.3a 

Figure 4.3. Variations of the work done through permanent strain, WP, 

with the permanent strain 

eqn. 4.5 

n = Svope. 



This graph can be envisaged as being composed of inde-

pendent but continuous exponential functions with, there-

fore, a continuously varying exponent n. This may be shown 

as follows: 

If the work done by permanent strain Wp is 
assumed to take the form 

W
P 
 = Kep , n = f(e) 	 eqn. 4.6 

substituting 4.6 in - 4.5 .and differentiating with respect 

to e we have 

(a1-a3) = nkep
-1 	 eqn. 4.7 

As:shown in figure 4.3b, eqn. 4.7 will have a maximum if 

n>1 at low W values and 
p 

o<n<1 at high Wp  values. 

The strength failure, corresponding to a certain value of 

permanent strain, occurs when n=1. 

Using the crack map data (Section 2.621) we may 

investigate two hypotheses. Firstly, that W is due 

entirely to the creation of crack surface area and secondly 

that W is due entirely to frictional resistance to sliding 

on microcracks accompanying their propagation. 

(a) Hypothesis that W'is due to microcrack surface  

energy. 

If all permanent strain energy W goes into creating new 

crack areas, thus 

dWp  = y x d (total crack area (=:f(ep))) 	eqn. 4.8 

Assuming that eqn. 4.8 holds, the crack surface energy at 

failure may be only roughly estimated since it is obvious 

that some considerable error may be involved in the measure- 
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ment of the number and length of the cracks. In the 

vicinity of the peak strength the total crack length 

changes from 100 to 140 pm (see Section 2.621) ,(where 

this is assumed to be a diameter change), thus the radius 

of the cracks changes from 50 to 70 pm. The total area 
2

3 change dA, is thus equal to ti8000pm / mm 

Over the same interval e changes from .02 to .03% 
_4 

(see stress-strain curves, Figure 2.25) that is from 2 x 10 
-4 

to 3 x 10 	Thus 
2 	3 dA 	8000pm /mm 

dēp 	10 
If the surface energy .= 2J/m2  then 

(a1-a3) = āēP _ (2 x 107  erg/lO6mm2) C80O0pm2/mm3) 
P 	lO-4  

and therefore 

al-a3 = 1.6 bars 

Thus the creation of the observed crack surface areas 

accounts for only a very small fraction of the (ai-a3)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. 4.1, should also be accounted for). Whereas a one 

order of magnitude error in the optical estimate of micro-

crack density may be conceived of, it is considered ufhikeiy {ha& 

there existed 1000x_ more microcracks than were actually 

seen. 

(b) Hypothesis that WP is due entirely to friction across  

microcrack.faces. 

The total crack length at each stage of progressive loading 

is equal to the product of crack density, Pc, and the mean 
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crack length for the same stage, thus 

1t  Pc  x Cm  eqn. 4.9 

Figure 4.4 is the plot of It  vs ep  for the progressive 

loading runs. On the same graph, the slope n = 1 is also 

indicated. The shape of the curve is independent of true 

microcrack density provided the, observed 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 proportional to the crack length. Strictly, this 

assumes entirely mode II cracking, constant coefficient of 

friction (independent of displacement magnitude) and no 

microcrack preferred orientation with strain. Subject 

to these assumptions, the plot of It  vs e may be taken as 

a crude estimator of W vs e. 

The curve appears to have the concave downward form 

expected from Figure 4.3b, and the slope n = 1 occurs at 

around e = 2%, rather than e = 0.3% at which failure 

actually occurs. Nevertheless, the overall shape of the 

curve and the variation of its slope are consistent with 

the hypothesis that the phenomenon of a peak strength arises 

from the way in which microcrack arrays accumulate 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 of It  vs eA, in order to 
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test further the hypothesis of crack surface area limiting 

strength, though the curve remains concave downwards, 
2 

(assuming W 	1t) the slope n = 1 would occur at a very 

high value of ep, totally inconsistent with observation. 

The concept that friction on microcracks is a strength 

limiting factor in the failure of brittle rocks is not anew 

one. It is, for example, fundamental to the theoretical 

models of McLintock & 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 to 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 and has not 

been possible during the present study. If we assume e = 1% 

at 10 Kb differential stress and a specific heat of 0.1 cal/ 

gram, then a temperature rise of about 7°C would be expected. 

It is to be emphasised that the relative rates of 

friction vs surface area creation as dissipative processes 

will depend on initial rock microstructure. In atype I 

(Fig. 4.2a ) microstructure friction might be expected to be 

increasingly significant, from early grain boundary micro-

cracking through an increasing role of frictional sliding 

in the progressively loosened grain boundary and intragranular 

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 largely by friction 

across the microcrack surfaces. 

In type II (Fig. 4.2b) microstructure the favoured 



development of axially oriented microcracks, potentially 

dilatant or sustaining only low normal stresses (compared 

to the more inclined cracks of a type I structure) would 

result in a weaker material with a less significant role of 

frictional resistance across microcracks. Finally, during 

the development of gouge in a fault zone, surface area 

creation might become the dominant dissipative process. 

Very large amounts of energy are required to reduce minerals 

to grain sizes of less than lum. This latter point will be 

explored further in connection with the question of the 

brittle-ductile transition (Section 4.2). 

4.132 Phase II Macrofracturing  

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 

particular stage in microstructure development, but is a 

consequence of the way in which the growth of grain boundary 

microcracks 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 impingement of the 'granules' induce 

axial cracks within grains. 

From an inspection of the series of crack maps for 

ganister (Figures 2.32 to 2.36) it appears that interaction 

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 

become smaller and contain fewer grains as deformation 

proceeds. Thus it may be inferred that at a critical crack 

density and preferably in orientations of high shear stress 

within the microstructure (the favourable shear failure planes) 

these cells interact, as shown schematically in Figure 4.5a 

• 	below: 

Figure 4.5. 	Stages in localisation of deformation 

(a) Coalescence of the grain 
boundary cracks (cellular net-
work of cracks) 

(b) Formation of a high 
asperity sliding plane (the 
potential shear failure plane) 

~3I 



It should be pointed out that although a critical crack 

density (mainly grain boundary cracks) might result in 

strength failure of the rock (see phase I in 4.131) it 

cannot alone (at least in a type I microstructure) produce 

a structural instability. 	As shown in Figure 4.5b, the 

closest approach to fault localisation produced by the inter-

action of grain boundary cracks (shown in 4.5a) could only 

be a highly interlocking fracture plane at a favourable 

angle e, to ai. 	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 that in zones of intense 

deformation, in a type I microstructure, axial cracks might 

develop through point-loading of the loosened grains (Plate 

2.78 ). 	If this is 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). 
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Once the sliding potential is created by the interaction 

of the crack network, the structure is no longer stable. 

It is assumed here that the deformation machine does not 

interact (i.e. sufficiently stiff) with the instability 

process. 

(b) Other viewpoints on the question of localisation  

As has been pointed out in Section 3.8 Peng & Johnson (1972) 

and Janach (1977) have both proposed models for strength 

failure which depend on a localisation of shear failure at 

the same time. 	It is clear from (a) above that these models 

are inapplicable to the description of the strength failure 

of ganister, though these approaches may have relevance to 

the development of microstructures during fault develop-

ment. It is perhaps most 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 deformation 

history of type I microstructures 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 

localisation but a detailed description of these continuum 

approaches is considered outside the scope of this thesis. 

* Casey 1980 in press (?roc.Cor4ofl Shear zones 'grae1-ona _ S1aih 1979) 
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4.2 ANALYSIS OF THE OBSERVATIONS RELATING TO THE BRITTLE-  

DUCTILE TRANSITION AND TO CATACLASTIC FLOW  

4.20 Introduction  

As was pointed out in Chapter 3, the brittle-ductile tran-

sition of dry Oughtibridge ganister could be described by 

Byerlee's criterion. 	However, as Paterson (1978) argued, 

this criterion is merely an alternative macroscopic 

description of the transition, and it does not clearly 

identify the stabilizing factors involved in cracking on 

the microscopic scale that are necessary for cataclastic 

flow. 

Paterson (1978) suggested that crack propagation 

is stable if, after reaching the stress level for initiating 

it, small increments in stress are necessary to cause 

definite, limited amounts of crack enlargement. 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-

hardens or by one that increases its resistance 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 microcracks and from 

dilatancy. 

In the following sections we will examine the applicability 

of these rather general points to the observations of 

• cataclastic flow microstructures in Oughtibridge ganister. 

4.21 A summary of the mechanical behaviour and observed  

microstructures in Oughtibridge ganister deformed at  

high pressures. 

1) The form of stress-strain curves (Figure 2.14) in dry-

deformed specimens suggest that mechanical hardening of 

rock occurs post-yield. The downward trend in the level 

of apparent differential stress that follows the hard-

ening above 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 the 

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 falls 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 

separately in Section 4.23. 

3) Microscopic examination of samples revealed (Plates 2.30 
9rai05 

and 2.31 densely cracked relict ^  surrounded by wide 

conjugate bands of gouge. 
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dy of 
the grain 

4.22 The mechanism of grain size reduction and hardening  

in ganister 

It was observed (series of Plates 2.32 to 2.34) that the grain size 

reduction in ganister takes place through progressive 

crushing of the grain boundaries;. this is shown 

schematically in Figure 4.7 below: 

Figure 4.7. 	Schematic diagram of the grain boundary crushing in 
Oughtibridge ganister. 	Intensive cracking is usually 
confined to a narrow zone around the edges of the grains. 

(a) Cracking the edges through 
friction sliding,width of 
the affected zone = 1 

(b) Plucking of the edges and 
formation of - gouge. d 
increase in volume, vand Ai 
increase in the width of the 
zone (now gouge zone) 

As deformation continues the boundary regions of grains 

progressively disintegrate into gouge fragments. In this 

process two effects may be considered: 

a - the grains gradually become more rounded (the observed 

lozenge-shaped relicts) so that together with the 

supporting effect of the fine matrix, the load becomes 

spread. This in turn inhibits the development of large 

cracks across the grains, thereby the deformation further 

stabilizes through the work-hardening caused by micro- 

structural change. 

b - due to the relatively high surface area difference be 

2-33 



tween the gouge and the relicts, the latter tend to 

erode more rapidly than the gouge particles. 	It can 

be argued that for cataclasis of very fine (= 111m) 

particles through further grain refinement, most of the 

work done by the external forces is in the creation of 

grain surface area. 	Thus the gouge becomes stabilised 

through particle refinement because proportionally 

higher stresses are required for further cracking. 

a and b together lead to a distributed ductile deformation, 

where strain is accumulated through the progressive erosion 

of grain boundaries into gouge. It should also be 

remembered that the dilatancy which accompanies micro-

fracturing and frictional sliding is 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  

Water-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 the 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 

through the gouge zones. 	Similar faults also developed 

in dry samples deformed at similar pressures but at slow 
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strain rates (Section 2.42), though the 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 

instability which overprints a deformation that 

would otherwise result in ductility via the 

mechanism described in 4.20. 

ii) the presence of water facilitates the development 

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 arises 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 (ii) 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 brittle 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 increases friction between smooth 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 of the results relating to the effect  

of strain rate and water saturation on the stren•th. 

of.0ughtibridge ganister  

4.310 Introduction  

From the results of'the experiments described in'Section 2.5 

(Figures 2.24 & 2.25) it is concluded that 

a 	the strength of both wet and dry ganister reduce at 

the same rate over the range of high stress rates, z  
1 Kb/sec. to approximately 10 Kb/sec. (approx. 

3 	-5 
corresponding to 10 -. 10 /sec. strain rates).. 

_z 
at rates slower than ti 10 Kb/sec., provided that 

some scatter in the data is ignored, the rate of 

strength reduction for'the wet ganister is slightly 

faster than that of dry rock (less significantly so 

in triaxial experiments). 

The background to the water weakening effect was reviewed 

in Section 3.7 and it was inferred that the weakening of 

rocks by wetting occurs through the stress corrosion process. 

In this process either the rate of diffusion of water.intō_ 

propagating cracks or the rate of corrosion at the crack 

tip may be overall deformation rate controlling. We might 

therefore expect that there would be a critical rate of 

stressing above which water can not affect the strength of 

a particular rock. This question has been previously 

addressed only by Law (1977) (see 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 t •e 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 wetting with 
varying stress (strain) rate in type I and type II microstructures. 

Log STRESS (STRAIN) RATE 

(a) Type I, Oughtibridge ganister 	(b) Type II, Pennant sandstone 

In the study of Pennant Sandstone (Law, 1977) it was 

anticipated that if the formation of transgranular cracks 

were to be facilitated by the presence of water, the water ;. 

weakening effect should disappear at high strain rates. 

This was not observed, hence it was concluded that it was 

only the initiation of cracks at impingements of grains 

which was water weakened (the initiation of dilatancy pro-

ducing microcracking was also depressed to lower stresses 

by water, in addition to the depression of ultimate strength). 

In addition, the failure of grain boundaries at the ultimate 



strength was also inferred to be water assisted. 

either case, water would be available at the required site 

(at grain boundaries), and there would be no rate control 

(by water diffusion) of fast spreading cracks. Ball and 

Payne (1976) have similarly inferred that cracking of 

single crystals of quartz was water assisted through the 

initiation of cracks, rather than their propagation. It 

may thus be conjectured that the strength of rocks like 

this is dependent. largely upon the resistance to initiation 

of a critical density of such transgranular (axial) cracks. 

In contrast to. Pennant Sandstone, ganister shows 

virtually no water weakening effect, especially at high 

strain rates. It may be tentatively proposed that the 

difference in behaviour of these two rocks follows from their 

initial microstructural differences (type I, ganister; 

type II, Pennant Sandstone; see Section 4.1). It was 

proposed that strength failure of a type II rock is 

dominated by the formation 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 

formation of predominantly grain boundary cracks which must, 

by virtue of their orientation, support substantial shear 

resistances. It is inferred that the magnitude of differ-

ential stress supported by such a rock depends largely on 

this frictional resistance. 

The propagation of a mode II closed crack 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 water 

weakening in ganister at high strain rates (at least) 

is therefore consistent with this, suggestion, which is in. 

turn based on microstructural observations. 

Whilst conjectured, it may be noted that it has been 

argued that the controls on peak strength, the brittle-

ductile transition, and the mechanism of water weakening 

can all be correlated in terms of the role of friction 

across the surfaces of spreading inclined microcracks. 

These suggestions regarding the way in which initial micro-

structure controls the various concepts of brittle failure 

are amenable to further evaluation through experimentation 

on other rock types. 

242 



CHAPTER 5 

CONCLUSIONS 

24:1 



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 10-8/sec. Strain 

rates (also at 1 Kb/sec. to 10-8  Kb/sec. stress rates) at 

room temperature. 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. 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 DEVELOPMENT OF PEAK 

STRESS  STRENGTH FAILURES IN OUGHTIBRIDGE GANJETBR 

a - The peak stress is not determined by the structural 

instability of the specimen (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. 

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 eis a function of the total crack 

length lt, such that 

W 	1 = ken  , n = f (ep  ) t 

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 and 

the resulting failure of the ganister samples is a 

post-peak strength (post-peak stress) event. 	It is 

believed that the spontaneity of failure and strength 

failure reported in some literature is basically due to 

machine-specimen interaction. 

b - It is inferred from the observations that the process 

of localization of deformation in Oughtibridge ganister 

occurred when the coalescence of previously formed grain 

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 transition, 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 arises from 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 weakening 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 weakening at lower 

strain rates. 

c - The lack of weakening in ganister is again interpreted 

in terms of the inferred dominant role of friction in 

determining the peak strength. 

5.5 COMPARISON WITH OTHER ROCK MATERIALS; SPECULATIONS  

ON THE ROLE OF THE INITIAL MICROSTRUCTURE ON THE  

BRITTLE FAILURE CHARACTERISTICS. 

Observations show that the brittle behaviour of rocks is 

largely 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 developed cracks, which in 

turn determine the role of friction across the crack surfaces. 

The microstructural types may be exemplified by Oughtibridge 

ganister (type I) and others such as Pennant and Tennessee 
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Sandstone (type II). 	These materials exhibit. differences 

in behavioural characteristics in respect of the peak 

strength, localization of deformation and water-weakening 

effects which may be qualitatively explained in terms of 

the way in which initial microstructure 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 exploration of 

the role of the initial microstructure on the characteristics 

of brittle failure is considered to be one of the most 

significant points to be further investigated before 

physically meaningful theoretical models can be constructed. 
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ARPENDIX 

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 deformation machine  

The production of cataclastic textures in the laboratory 

required a deformation machine capable of taking large 

loads at relatively high confining pressures. A solid 

confining media system, although leaving some uncertainties 

about the exact level of pressure 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 experiments 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 

experimental petrology, the development of piston-cylinder 

apparatus. A simplified drawing of this machine is shown 

in Figure 1. 	In the mid-sixties, David Griggs (1967) and 

co-workers 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 material around the specimen in order 

to generate a high quasi-static pressure. 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 

of a piston-cylinder machine. 

1 - Rock sample 

2 - Medium 

3 & 4 - Inner and outer pressure 
vessels 

- Axial piston 

6 Ram 

1 

Figure 2.  Schematic drawing of 

Grigg's solid medium apparatus. 

1 Medium 

2 Pressure vessel 

Confining pressure piston 

Axial load piston 

Ram 

Hydraulic pressure inlet 
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• 

although in this study high temperature facilities were not 

required. A modified schematic drawing of the Griggs' 

apparatus is shown in Figure 2. 	Frequently quoted dis- 

advantages of the solid medium technique are: 

1 It is difficult to be certain of the actual hydro-

static pressure in the vessel, and of the state of 

non hydrostatic stress in the medium. 

2 The system requires an external load cell so that 

the friction in the system is measured together 

with the sample strength. 

The Imperial College solid medium machine  

The machine employed for this study was constructed in 1974 

based on the Griggs design. In this variant, the confining 

pressure system is operated by means of yokes, a sketch of 

which is shown in Figure 3. More details including the 

engineering dtawings of the pieces is given by M.E. Jones 

(1978) . 

New arrangement inside the pressure vessel: 

Since all experiments in this study were carried out at room 

temperature, the pre-existing configuration inside the 

pressure vessel, as well as the media material were modified 

to suit the desired conditions and to enhance the efficiency 

of the system. A drawing of the pressure vessel details is 

given in Figure 4. 

Lead was used as the solid medium. The stress-

strain curves for various materials, used by some workers 

as solid media, is given in Figure 5. In 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). 
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 Jacke~ • 
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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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TABLE 1 
	 The friction correction to the nominal pressure 

according to the type of solid media by various authors 

Solid media Estimated friction Author(s) Test conditions 

Talc N.G. Griggs, D.T. 1967 4000C 

Talc ti 10% Post, R.L. Jr. 1977 > 7500C 

Copper 5% N.P t, 	11 " 

Nickel 10-20% " vi " 

Pyrex glass virtually no drag on Carter & Ave' " 
(a softgo ,9  lem?eraEure) the sample Lallemant 1970 

NaC1 ti 1 Kb Tullis & Yund 1977 250-11000C 

KC1 - Blacic, J.D. & Hagman 200C 
1977 

NG, NOT GWEN 



graphite, talc, sodium chloride and Boron nitride. 	It is 

evident that lead would offer relatively 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 

extrusion of lead into the pistons' interface and outside 

from the top and bottom of the vessel, 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 axial and confining pressure 

pistons is shown in Plate 1. The friction correction to 

various solid media proposed by others is.  summarised in Table 1. 

Application of corrections 

The capacity of the confining media in a deformation 

apparatus to support shear stress affects its practical 

application and thus error is introduced in calculating 

pressure from the piston load and cross-sectional area. 

Most 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 = Pn - Coo (Edmond & Paterson 1971).. Eqn. 1 

where: 

P = pressure in sample region 

P = nominal pressure applied to pressure cell 

ap  = stress difference that the media supports at the 
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Plates Captions  

P1.1 Exploded view of the solid medium machine 

pressure vessel components. 

A:  

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-lead medium. 

6-lead spacer 

7-hardened steel bottom block. 

P1.2 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 pressure 

cell and on details of the yield criterion and boundary 
2 

conditions. C will have the value of 1 - 
a  where 2a is 
b2  

the diameter of the sample region (sample plus 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 Figure 6a we obtain C = 0.86 for this particular case. 

Taking 00 = 0.3 Kb for lead, Coo  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 basis an average of 4% friction is estimated for 

this particular machine using lead confining media. To 

gauge the friction on the force-displacement trace output, 

a lead blanket (see Figure 4 ) was inserted between the 

lower end of the axial piston and the spacer directly on top 

of the specimen, so that the friction due to lead was 

initially recorded on the trace and was indicated for each 

test. A typical force-displacement trace for solid medium 

is shown in Figure 7. 

Calibrations: 

Since all tests were carried out at room temperature, calibrations 

were limited to the force gauge and the stiffness of the axial 

column of the machine. 
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The calibration graph of the stiffness of the axial 

column is given in Figure 8. 	A dummy tungsten carbide 

specimen was used instead of the rock sample and the 

column was assembled as it would be for a normal test at 

zero confining pressure. 

b) The Force gauge used in±he solid medium machine is an 

external 20 ton rated strain gauge load cell supplied 

with a stabilised 4 - 12 DC volts (gauge resistance 120 

± 0.3 SZ, gauge factor 2.14, manufactured by Tokyo Sokki 

Kenkyujo Co. Ltd. Japan). 	The wiring configuration of 

the load cell is given in Fig. 9• 

Figure 7. Drawing of. a typical force-displacement trace for the 
solid medium testing. 

FORCE M.V 

Figure 9. The 

wiring diagram of 

the solid medium 

load cell. 
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c alibration of the solid medium load cell was carried out 

in two ways: 

11 	The load cell was taken out of the machine and placed 

in the sample housing of the 15-ton Denison creep tester and 

calibrated directly up to 10 tons (tons force reading on 

creep tester Vs mv. output of the force gauge) 	The 

calibration graph (direct calibration) for the 20-ton solid 

medium load cell is given in Fig. 11 , The slope of this 

graph (mv. per pound force) is a"1st order constant" used 

in data processing. 

2) 	When the 15-ton rig was not available, a lower capacity, 

5-Or IO-ton, load cell of 

axial column of the solid 

with the 20-ton load cell 

cells was recorded on two 

known calibration was placed in the 

medium machine and loaded in series 

in place 	The output of the two 

different devices, usually a chart 

recorder and a digital voltmeter. 

The calibration graph obtained via the uhdirect method 

is given in Fig. 10 Note that the supply voltage in these 

two sets of calibrations was.different and thus the slopes 

are proportionally so. The conversion, factor is the ratio 

of the two supply voltages. 

Solid confining pressure calibration 

Confining pressure is applied by means of a 90-ton hydraulic 

ram placed under the mobile yoke (see Plate 2). 	In 

the manufacturer's specifications.10000 psi = 87.7 ton force 

on the ram (graph given Fig.12) and behaviour is linear 

throughout. Thus the pressure raised by a manual pump was 

calibrated against solid pressure inside the vessel. Taking 

the ram area as 19.64 in thus 
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FIGURE Il 
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10000 psi =_ 196400 lbf = 87.7 tons and 

vessel hole area less inner piston Caxial piston sectional 

area, /" diameter) = .737 int from there 

10000 psi = 18.13 kb solid pressure in the vessel. 

Between this point and zero pressure the confining 

pressure as a function of room pressure was interpolated 

linearly. Plate 1 shows an exploded view of the pressure 

vessel components of a room temperature test in assembling 

order. A view of the whole solid medium machine is shown 

in Plate 2. 

AP.1.2 Liquid medium deformation machine  

Room temperature tests were carried out in:liquid confining 

media deformation machines at confining pressures ranging 

from zero to 3 Kilobars. Construction of 3 units of these 

machines based on original design (Heard, H.C. 1963) was 

completed in-1968. 	A' full description of the apparatus`is 

given by E.H. Rutter (Ph.D. thesis Imperial College 1970). 

Calibration of the internal force gauge for the new- rig 3: 

(NR3) unit, which has been used throughout-this study is given 

in Fig. 13. This calibration is an indirect calibration as 

described earlier and is based on the known calibration of a 

5-ton load cell. 

AP.1.3 Denison Creep Tester  

Uniaxial compression tests on water saturated and oven dried 

samples were carried out on the Denison T.55, 15-ton creep 

tester. Tn 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 description of the machine and load 

recording system is given by Law, R.D. (M.Sc. thesis Imperial 

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 machine. 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 

failure process beyond the peak load is to use a servo-

controlled machine. The action of servo-control and its 

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 

to a slope that is steeper than the most steeply descending 

part of the load-displacement curve of the specimen. 

Relationships between machine stiffness and specimen charac-

teristics are given in Fig. 15. 

Figure 15. Adopted after Paterson 1978. Machine-specimen stiffness 

relationship. 

Displacement Displacement 

(a) Soft conventional machine, 	(b) Stiff machine, stable 
unstable unloading 	unloading 
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P1.3 Appendix 
General view of the 15ton Denison Creep Tester. 
The poise—weigth beam is behind the loading coloumn. 

P1.4  Appendix 
Denison Creep Tester; 
close up view of the specimen housingin the axial 
loading coloumn shown in P1.3.Rock specimen is indicated 
by an arrow. 



Displacement —. 

However, for the total range of post-failure behaviour seen 

in different brittle rock materials, a machine which is. 

merely 'stiff' may not always adequately control the off- 

loading of the specimen. 	Two types of post-failure 

behaviour, Class I and Class II, have been recognized by 

Warwersik & Fairhurst (1970). In Class I, the slope of the 

post-peak load-displacement curve is always negative. In 

Class II, there is actual reversal of relative length change 

after the peak load so that the curve turns over so far as to 

take on a positive slope again. 	This is shown graphically 

in Fig. 16. 

Figure 16. After 

Waweri sk & Fairhurst 

1970. Types of 

post-failure 

behaviour. 

Brown & Hudson (1971) set down some broad conclusions about 

the role of the type of rock, pointing to steeper post-failure 

curves for finer grained and less porous rocks. This idea 

is supported by the observed 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. 

therefore 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 the specimen when less load is required 
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for its continued deformation, without relying on the stiff- 

ness of the machine. 	In fact, only a servo-controlled 

machine can 'run backwards' in response to Class. II rock 

behaviour. A simplified diagram of a servo-controlled 

system is given in Fig. 17. It is readily seen from the 

diagram that the system is operated by feed-back signals 

collected from the deforming rock specimen by means of axial 

and radial transducers and the load cell. 	Signals are then 

compared with the pre-set program for the test, stored in the 

logic unit. Programs are basically a set of desired values 

that identify the level and range of load, strain (axial and 

radial) and strain rate. For example, in the case of normal com-

pression tests on Oughtibridge gannister the machine 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) = ± 2 mm 

- Strain rate: 

for strain rate 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 

10-5  v sec-1  which sets the strain rate at about 

10-5  sec-1  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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selected for the desired value of load. 	When a 'hold' 

program was executed, the machine was still in control and a 

feedback loop was active. This feedback loop had to be 

selected. For instance, if the 'hold' was load-controlled 

the error signals from the load cell were used to momentarily 

correct and preserve the specified level of load. 	If the 

'hold was stroke-controlled, the error signals collected from 

the radial transducers were used to correct and preserve the 

specified level of load. 

Any deviation from the desired program resulting from 

changes in rock properties (e.g. onset of dilatancy, onset of 

failure) are corrected 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 controlling the progress of 

fracture with a servo-system having a response 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. 

Imperial College servo-hydraulic machine 

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 actuator, 

61 litres 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 compression test is usually initiated 

by ramping forwards (Ramp I)-but at any time it may be 
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reversed to withdraw the axial piston (Ramp II, or ramp back). 

This unloading may be carried out at a different rate from 

that of loading. 

The specified ranges of load and stroke are 

Load, 100%, 50% (or 40%), 25% (or 20%) and 10% of the. 

Toad cell nominal capacity, 250 kN. Amplifier 

output ±lOv for full scale on each range. 

Stroke (Strain) 150mm, 120mm and 15mm displacement of 

the actuator. 	Output is set at ±10v for full 

scale on each range. 

The load, radial and axial strain outputs in Ilov range were 

recorded by a Southern-Bryan x-y plotter. A typical load vs 

radial and axial strain graph is shown in. Fig. 18. A 

general view of the apparatus and a close-up of the specimen 

assembly is shown in Plates 5 & 6. The step-by-step 

instructions to run a test are given in the 'Instruction 

manual No 4, Serial No. 1070 by ESH Testing Ltd. In order 

to compress the 2.0'x 6.0 cm specimens, the machine had to 

be fitted with special end pieces made of hardened EN24 

steel. Two brass rings were then used to centre the 

specimen. The scale drawing of these pieces is given in 

Fig.19 and shown as fitted to the machine in Plate 5. 

APPENDIX 

DATA PROCESSING 

The mechanical characteristic• of the rock specimen acquired 

from a rock deformation test in this study is basically a 

force-displacement (axial, or axial and radial) trace that 

appears on the chart recorder print-out. 
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According to the type of test, the following 

information is required from:the raw data:'- 

1 corrected confining, pressure (liquid medium only) 

2 average strain-rate 

3 elastic constants of the material 

differential axial stress vs per cent axial strain at 

constant strain rate 

axial strain vs axial, radial and volumetric strain curve 
6 variations in Young's modulus vs axial stress 

7 variations in Poisson's ratio vs axial stress 
8 variations in shear modulus vs axial stress 

The following corrections to the raw data are required for: 

1 elastic apparatus distortion, which depends on applied 

force, confining pressure and temperature 

change in cross-sectional area of the specimen with strain 
effects of temperature and pressure on the elastic 

constants of steel and on the dimensions of the force 

gauge column 

the strength of the jacket surrounding the specimen, 

which depends on temperature and strain 

The correction items 1-4 are extracted from calibration data 

for each machine. The value of these machine-dependent 

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 stress-strain curve. Various modifications 

have been developed by B. Atkinson (1972), D. Mainprice 
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(1976) and C. Spiers (1980). 	Modifications were directed 

at easier data input according to the mainframe operating 

systems in force 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 of an 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 (Ph.D thesis Imperial College 1970). 

Program Structure: 

The latest Datred version, used by the present writer, 

consists of 3 sections plus the ending sequence. 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 corrections: 

sub-section c - average length and diameter and 

the original cross-sectional area of 

the specimen. 

d --.corrected test pressure in Psi, 

Kg/cm2  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 
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and cross-sectional area of the 

specimen. Computation of the time 

and displacement gradient. 

Correction of force against the 

strength of the jacket (a statement 

allows for copper or aluminium type 

of jackets to be selected). 
and stun 

g - computation of stressAfor 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 sequence: 

Comments were inserted in the Datred 

according to the order mentioned above. 

AP.2.2 DATREAD PROGRAM  

An interactive input data routine (DATREAD)is called upon 

through another file to read the data, as typed 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 names just 

typed in, and finally 'Writes' to and identifies with the 

Read statements in Datred program (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: 	
281 
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L;v 	PHO RAM C)AĪHrI ( ī.NP'.)ī.C(1TPOī,ĪAP- ) 
OIP•'E;:c;ī.0?: CIC'H( )ic::F(;(i,ri,i;1; 1, , ISĪI 1 !,r , 

~H IE:Aī.(1V;').E:1Di (Ir),[.ISFL(1.10).(:(;ISPL.(W). 
IRAINO;!0),STRESP(100).STRESKOVV).STFILSP(::),  

F..E:(1:, ) t. 	 (12) 

(; :-.(;TION 1 
(; DATA HEADING 
(; ALL. BEAD AN() WRITE FORMATS  

t 
1 	FOR Aī(//) 

,, 	20 	FORMAT( 12A8) 
40 	FORmAī(3F 12.E;) 

60 FORMAī (F12.H,I1 ) 
E:41 	F OHr tA ī (2F 12 . P ) 
i;.n1 	FOr?MA ī (aF 1;4.41 
1.00 	FOHMA (2F 1C!.4 ) 
1•t50 	FOfMA ī OF6.4 ) 
100 	FORD'A ī (6F6 . 4 ) 
200 	FORMAī (2F;i.2,32) 
21;1 	FORMAT(* THE N(JMFER OF OAīA POINTS IS TOO GREAT*) 
211 	FORMAT(/.* CONFINING PRESSURE = *,F10.2.* PSI *. 

= *.F10.2.* KG/S(; Ct". *,//. 
14.24 ,.* _ *,F10.2.* PARS *.//) 
' 220 	FORMAT(* TEMPERATURE 	= *.F7.2.* CENīIGHAC.E *.//) 

;!,91 	FORMAT(* 	 = *.F7,2,* ArSOLO E*.//) 
240 	FORMAT(* AVERAGE SīHAIN RATE 	= 
AVERAGE LENGTH OF SPECT.'-:EN = *. F 1F.7. // ) 

241 	FORMAT(* AVERAGE DIAMETER ER CF SPECIMEN _ *. F 1 F . 7. / / . 
+* • ORIGINAL SECTIONAL AREA 	= *.F15.7.//) 

25-i;i 	FORMAT(* AVERAGE STRAIN  RAīE C LC(L 	RO POINT *.I4,//)  
26 1 FORMAT(///.* POINT 	 SīPī; RATE*)r 

 

2'76; 	F(1HMAĪ (;iX.I7.4X.F1r1.'7.IX.F10.2.4X.C12,S) 
2ii41 	FORMAT(* IS THIS ALL. OF THE EXPERIJEr•: iAL :IAiA 	*) 
290 	F()REAu (Ati ) 
500 	PRINT 1 

C ALL HEAD STATEMENTS  

HEAO (5.20) LABEL 

C HEA[) FIRST  ORDER CONSTANTS AN[) SPECIFY JACKET 

HEAD (S,41 ) AMP. ī Z,PMī 
HEAO(S,601 AMF,JAK 
HEAO(5,80) ALPHA,At,,O 

C 
C HEAD SECCNO OH[)ER CONSTANTS ANO TEST  VARI.ABLE.S 

HEAC! (';. 1O;) PC)R,PI, ī OR 
READ(5, 10:".) F(:"I_."A,V;; 
READ(5.131) īO .(1ISīO 
HEAO(S.130) C'A.DH 

(: REA(, :) ME:MS(1RFO LENGTHS At. 	r, C• •k;... ī NS 

(•.E-.A.[:;. 	,'Iti;1 i 	XD1-.0 l . 	l,N; n(,I) 
(1EmO (F .1C':') (O:;;( : ),;._ 	) 
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C SECTION 2 
(; C=PG ,- T i.[J^';i A;.:ij CORRECTIONS 

. 	C t•; VALUE • TOTAL i;uri'E:F1 OF ;Ia,Tr; PG. t;Y:i 

N=V 
510 p:=N+1  

HrP'0(5.2titl) P:,(N),OIST(N),ICOCE  
iF (i:(;CJ(JE.NE.2 )GU T[1 E 1j 

C COMPOTE AVERAGE LENGTH r.(:[; [J i:t+VL 'i t ri hp:C THE 
C ORIGINAL CROSS-SECTIONAL AREA OF THE ;;PE CD::EN 

XAw=(X[1H(1)+X('P()+X:JH(3))/:a 
CA\1=([;[',H(1)+[)C)i3( ')+P0H(3)+DCH(4)+171DH 	(')1 
AkiF A.3. 1415U*i (E}Av/P.)**P ) 

C CORRECT ANO 	••:PU ī E THE TEST PRESSURE IN PS 1, 
C KG /S („(JAHE CM AN[) HAA & TEMPERATURE 
C 

PHE-SSP=1:P[JP-p1)*(1./A: P) 
PF3F:SSK=PRE::SSP*(1 . /14.22 3 ) 
PhESS:=FRESSK*1;1./'1.i'3:)) 
TD:E=i (īOR/A::T)+īz)*..)'7 

C CORNE 1;T THE ::ACH I:  E STIFFNESS IFFNESS F•(:i' THE FCHLE 
C GALh E CCrjS 1  AN  1 ACCORDING-TO PREVAILING PFiESFW[- 
-0 ANC TE''•;PF RA T ;Jf;F • 
C; 

k(=1.+ (FL.PFtc*(īE:4_-2;'.) ) 
i•[;=Ai ir.*[ 
AMF =AM *C(; 
PCOC=1,(PHS.: SP/ljy";'.)*(,17Vr.-1E.;p))/C4:'. 
f•ll`IF -tk i',F * ( 1  . - 1. 1,[. [J f '. / I = • ) ) 
K=1 

E320 IF“K.E.1rV.)PHY.r:T 
K=K+9 

C CORRECT INSTANTANEOUS FORGE AP;:' CF;;SS-SEC; Ī :G:; -L_ 
C AREA OF THE SPEC;I r:EEN .CO '. 'u E TIE Ar:[: C SPLr;o._.:E;;'i 
C Gkit IEN T. CUHHEC T FORCE AGAINST THE STRENGTH OF THE JAGKE T. 

F(K)=(F6 (K)-FGZj/r.J!•"•F 
U i sTOT=vH-vr►. 
GHA0=' [);i-Op.) /O i:S  īOT 
rXSPL(K)=1: (C;i:ST(K)-iI i:`-TO *:- . ,-,) 
C(J::sPL ( H) =E; SPL. ( K)-AMO*F (K ) • 
TIME(K)=((i) ST(K.)-;».STO)TGī)/_J:STO 
A:ich3.(r' )=Ca..•1d1U*1.r;AV**C,/.:*X V)/(X;V-C:.ISPL.(k)) 
STFif'.Iri (K) =C ISPL. (K ) /XAV 
IF( K.E:,:.2.)[;[i TO 4;' 
YIEL.[' '—;YI .-TE-± , E'*. gfifl66C6 
•CJAC;K=[STR LN(K!/. 1•) 
i:F(([:.1N.CN-1 .) .0-E.'1  .)&C  

CJACK=C.JACM:*Y I 
GU TO 	- 
C J,'.CK=∎f. 
GO 10 5F.: 

54c1  
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E C:CI:,"4P1iīE THE STRESS FUR EACH ''Aīh POINT 

550 	F(p:)=F(K)—CJAC:K 
S RESH( i<)=l [F (N) /Ah AI (K) ► /1'.22a3) '(1 .'11?/1 .C1a3) 
IF (K.EU. 1 )Go T o 58o 

C COMPUTE STRAIN—RATE  FOR EICH DATA POINT . COMPUTE ABSOLUTE TMpE TUBE 

IF(TIME(K).EW.TI E(K-1))GU TO 560 
EUUT(K)-((STRAC:h1(K)—STHAj.N(K-1))/(TIME(K)—TIrt'•E(K-1)))/60.:' 
GO TO 570 

560 	EDOT(K)= 0. 
5 71 	IF (K.Et.).N )G(l TO fief,'   

GU TO 52:1 
580 	A 1 EMP= 1  EMP+2?Zi. 

IF(sTR :rl(N).L.E..C14)OU TO 600 

C COMPUTE: THE AVENIG-E 51e 4!N exre 
C 

K=vf 
59U K=K+1 

ī.F (S ī RAIN (K) .L.E..04) 00 TO 590 
IF((r;—K).L.E .1)00 TO 800 
ASTRA=(iTAHI.r•1(.r.1)—STRAIN (K)) / ((TIME (rd)—Ī īME (K))*6:% ) 
GO TO 610 

600 	A:jTRA= (S ī HAIN (N)—STHe,,IN ( 1 )) / ((T In E (N) — ī IE (1)) *F1` ) 

C 'SECTION 3 
(: PRINT AND ENDING SE(•1UENCE 
(: 

K=1 
610 	PRINT 1 

PRINT 20,L.AHEL. 
PRINT 211,PHESSP,PRESSK,PHESSE 
PRINT 220 , TEMP 
PRINT 2;i0 , A ī FMP 
PRINT 241,ASTRA.XMV 
PRINT 2't1,DAV,AHEA 
PRINT 250,K 
PRINT 26 
K=0 

620 K=K+1 
PRINT 2?0.K.s HAIN(K:).STHESE)(K),EC)Uī (K) - 
IF(K.EU.N)GU TO 630 
GO TO 620 

6311 PRINT 280 
HEAD 290 , ī EHMī.N 
IF (ī EHMIN.EU.3NYES)GO TO n0 
CU) TO 500 

700 STOP 
END 
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PROGFW DATREAC4,INPUT,OUTPUT,TAPE) 
DIMENSION LAP.EL.(12) 
OIMENSION F[i(100,Dysi(lov) 
PRINT, 'ENTER NO OF DATA SETS' 
HE[) ,t1! 

• DO I I=1,NO 	- 
PHINT,'ENTER HEADING' 
HEAD PPP,LAREL 
P99 FORMAT(12A6) 
V;HITE(Ei,2[1)LAREL 

. HEAD,AMP,TZ,AMT 
WHITE(F,40AMP,TZ,AKT 
PRINT, 'ENTER MF' 
REM) ,AF 
PRINT, 'SPECIFY JACKET, CU OR AL' 
HEAD 8B8,JAK 
8H8 FOHMAT(A2) 
IF(JAK4EW,2HAL)JAK=2 
IF(JAK.E.(4,2HCO)JAK=1 
wHITE(fi,60)AMF,JAK 
• PRINT, 'ENTER ALPHA,MO' 
REAP,ALPHA,AMD 
WHITE(S,80)ALPHA,AMO 
PHINT,'ENTER P,PZ,T' 
HEAD,PDP,PZ,TDR 
wHITE(fi.100)PDR,P2,TDH 
PRINT, 'ENTER FGZ,VA,VA' 
HEAO,FGZ,VA,VH 
wHITE(F.,1(,40)PGZ,VA,VR 
PRINT,'ENTER TOT,DXSTO' 
hEAD,TOT,DISTO 
;RYE(S,13)TOT,OISTO 
PRINT, 'ENTER DA,DH' 
READ,DA,DP 
RITE(,13)D,DH 
pRINT,'ENTER 3 SPEC LENGTHS IN INS' 
HEAD,XDR1,XDR2,XDR3 
;WHITE(,16:1)XDR1,XDF42,XDR3 
PRINT, 'ENTER 6 SPEC DIAMETERS IN INS' 
HEAD,ODH1,DDR2,DDH3,00R4,DDRS,DDR6 

. IWRITE(5,18:1)DDR1,DDR2,DDR3,DDR6,DDR5,PDR6 
PAINT, 'ENTER FG/DIST SENUENCE AND TERMINATE 
PRINT,'WITH A DLANK LINE (CFO' 
D0'2 J=1,100 
N=J 
HEAD,FG(J),DIST(J) 
2 IF(FG(J),E(-a,.AND,DIST(J).EN.C4.)G0 TO 3 

N=N-I 
DO e J=I,N 
IOODE=I 
IF(J.EC.N)ICODE=2 
WHITE(S,2(10)FG(J),DIST(J),ICODE 
e CONTINUE 
I CONTINUE 
STOP 
PD FORMFT(12,A6) 
eV FCRrT(31-ip.p) 
6r FOMAT(E12.p,y1) 
S7.! PORAT(PF1;).0) 

16V. FOr:-AT( C.:1 ) 
18f! FO;.-ii=.7(6) 
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