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component. Specimens were shortened 2.1 - 19.8 percent, at room temp-
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ABSTRACT 

Stress-shortening data and the micro- and macro-fabrics or exper

imentally deformed calcite-cemented gr~acke were analyzed in order to 

understand the nature of deformation in calcite-cemented rocks. Forty

four room temperature triaxial experiments were conducted on the Blair

more sandstone in the range of 2.1 - 19.8 percent shortening, 1 - 2600 

bars oonfining pressure, at strain rates on the order of lo-4/second. 

Under these condition, the normal transition from longitudinal fracture, 

at low confining pressure, to limited homogeneous flow, at high confin

ing pressure is observed. The strength ( t1i, - <S3 ) increases from 2. 3 

kilobars(kb) st 1 kb confining pressure(op), to 5.9 kb at 2.6 kb cp. 

At low confining pressures, deformation takes place primari~ by brittle 

fracture of the oalcitee At high confining pressures, the calcite deforms 

primarily by twinning, and the sand grains deform by fracturing parallel 

to dl• The transition in deformational behavior of this rock is similar 

to the transition observed in orthooalcite rocks. However, in contrast 

to orthocalcite rocks, (1) strength is enhanced, (2) ductility is markedly 

reduced, end (3) the brittle-ductile transition is suppressed to mucp 

higher confining pressures. The behavior of this rock is analyzed by 

considering a two-phase model material consisting of a dispersion of 

strong, brittle particles within a weak and/or ductile matrix. Princi

;l~s developed through the study of particulate reinforced composite eng

ineering materials indicate that the mechanical behavior of these mater

ials is dependent upon the mechanical interaction of the two phases. The 

sand grains act to constrain flow of the ductile matrix. Concurrently, 
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plastic deformation within the matrix results in the development of 

stress concentrations within the nearly rigid sand grains. These 

enhanced stresses may result in the initiation and propagation of 

fractures within the sand grains. Propagation of the fractures is 

parallel to the maximum principal stress and the. fractures character-

isticly develop in this manner. Although the inherent physical prop-

erties of the individual phases determine the strain development within 
1., 

the individual phases, it is the interaction of the two phases which 

determines the unique behavior of the composite material~ This 

behavior in turn controls the strength of the material and exerts 

an important influence on the development of the deformation fabric. 

The two-phase model not only provides insight into the behavior of 

calcite-cemented sandstones and other analogous rocks, but also makes 

it possible to predict how these rocks will behave when factors such as 

temperature and strain rate are permitted to var,y. 



TABLE OF CONTENTS 

1. INTRODUCTION 

General Statement 

Purpose and Scope of the Investigation 

Approach used in the Investigation 

2. REVIEW OF LITERATURE 

Factors Controlling the Deformational Behavior of 

Page 

1 

l 

2 

2 

4 

Rock Materials 4 

The Dependence of Deformational Behavior Upon 
Material Properties 4 

Mode of Deformation 7 

Effect of the Major External Variables on Deformation 8 

(a) Definitions 9 

(l) Effect of Stress on Strength and Deformation 12 

(a) Effect of stress on the orientation of planes of 
failure or deformation 16 

(b) Effect or the intermediate principal stress, 62 17 

(2) Effect of Temperature 17 

(3) Effect of Strain Rate 18 

(4) Effect of Interstitial Fluids 19 

Effects of Experimental Technique on Rock Deformation 20 

Criteria of Failure 25 

(1) Coulomb Criterion 25 

(2) Mohr Criterion 26 

(J) Griffith Criterion 27 

vi 



Page 

The Deformational Behavior of ~uartz and Calcite and 
Rocks Consisting of These Minerals 32 

(1) ~uartz and Quartzite 32 

(2) Non-cemented Quartz Sands 34 

(J) Calcite and Calcite Rocks 36 

(a) Introduction 36 

(b) Brittle behavior 36 

{c) The brittle-ductile transition 39 

(d) Ductile deformation of calcite 41 

(e) Heterogeneous versus homogeneous deformation in 
calcite rocks 42 

(f) Twin lamellae development 45 

(i) The relation of stress and twinning 46 

{ii) Strain resulting from twin development 47 

(4) Caloite-cemented Sandstone 49 

The Mechanical Behavior of Engineering Composite 
Materials 52 

( 1) General Behavior 52 

(2) Strength of Brittle Matrix Composites 53 

(J) Deformational Behavior of Ductile Matrix Composites 54 

(4) Summary 58 

J. DESCRIPTION OF THE CALCITE-CEME~"TED BLAIRIDRE SP.NDSTONE 

Petrography 

Size and Shape of Detrital Grains 

Petrofabrics 

Vii 

60 

60 

63 

65 



4. EXPERIMENTAI. RESULTS 

Introduction 

Page 

68 

68 

Macroscopic Aspects 68 

(1) Stress-Shortening Records and Strength 68 

(2) Yield Strength, Ultimate Strength and Ductilit,y 70 

(3) Macroscopic Deformational Modes 74 

~croscopic Deformational Behavior 79 

(1) Method of Study 79 

(a) Preparation of thin sections 79 

(b) Microscopic study 79 

(c) Features observed 79 

(d) Orientation studies 80 

(2) Observations 82 

(a) Brittle fracture or detrital grains 82 

(b) Microi'racture development within quartz grains 84 

(i) Shortening of between 2 and 4 percent 86 

(ii) Shortening of between 4 and 6.5 percent 86 

(iii) Shortening of between 6.5 and 18 percent 88 

(c) Relative effects of confining pressure and shortening 88 

(d) Orientation of microfractures 90 

(e) Summary of quartz grain behavior 9) 

(f) Deformation of the calcite matrix 95 

(i) Shortening of between 2 and 4 percent 97 

(ii) Shortening of between 4 and 6.5 percent 99 

(iii) Shortening of more than 6.S percent 99 

vii.t 



(g) Orientation of lamellae in calcite 

(h) Intensity of lamellae development 

(i) Summary of calcite behavior 

Discussion 

{1) Strength 

{2) Fracturing of Quartz Grains 

5-. GENERAL DISCUSSION AND THEORY 

Introduction 

Page 

99 

99 

101 

102 

102 

105 

114 

Macroscopic Behavior and the Stress-Shortening Records 114 

(1) Experimental Effects . 115 

(2) Intrinsic Rock Behavior 117 

(a) Behavior and strength in the uniaxial compression 
test 117 

(b) Griffith Theory and the uniaxial compressive strength 119 

(c) Behavior and strength under confining pressure 123 

(i) Macroscopic behavior 123 

(ii) Microscopic behavior 125 

(iii) Summary of the effects of confining pressure 127 

(3) Theory of the Effect of Confining Pressure on 
Brittle Deformation Processes 130 

(a) Griffith Theory 1JO 

(b) MCClintook-Wa1sh Theory 131 

(c) The effect of confining pressure on crack formation 

resulting from plastic deformation 132 

(d) Summary of the effect of confining pressure on 
creek propagation 1J4 

ix 



Page 

(4) Confining Pressure, Ductile Deformation and 
the Brittle-Ductile Transition 1J5 

(5) The Effect of Confining Pressure on Strength 1J6 

Micromechanics and the Microscopic Deformational 
Behavior 1J7 

(1) The Role of Detrital Grains 1J7 

(2) The Role of Quartz 1J7 

(a) The development of stress concentrations 
associated with detrital grains 1J9 

(i) Elastic stress concentrations 140 

(ii) Stress concentrations arising from 
plastic deformation 142 

(iii) The fiber model 145 

(iv) Surnmaey and discussion 149 

(J) Deformational Behavior of the Calcite Matrix 154 

Applications of Composite Material Theory 157 

6. S~~y AND CONCLUSIONS 161 

161 

162 

168 

General Statement 

Conclusions 

Geological Implications 

Recommendations for Future Work 

BIBLIOGRAPHY. 

APPENDIX A 

Test Apparatus and Experimental Techniques 

Design of the Triaxial Apparatus 

X 

170 

17J 

187 

187 

187 



APPENDIX~ 

(1) General Statement 

(2) Pressure Vessel 

(J) Confining Pressure System 

(4) Loading System 

(5) Instrumentation 

(6) Specimen Preparation 

(7) Data Processing 

SUmmary of Triaxial Compression Tests on Calcareous 
~1airmore Sandstone 

xi 

Page 

187 

187 

187 

192 

192 

19J 

195 

197 

197 



LIST OF FIGURES 
Page 

1. Sketch showing the relation between the principal stresses 10 

2. MOhr diagrams for various states of stress 11 

3· Sketch showing the effect of machine stiffness on load-
displacement curves 24 

4. Sketch showing the stresses associated with a small 
hole in a plate 27 

s. Graph showing the relation between grain size and uniaxial 
compressive strength for limestones and marbles 38 

6. Diagrammatic calcite lattice to illustrate a-twinning 43 

7• Diagrams illustrating the development of strain in calcite 44 

a. Orientation or fracture development within brittle inclusions 
dispersed in a ductilely deforming matrix 58 

9. Orientation of detrital grains in the Blairmore sandstone 65 

10. Orientation of calcite c-axes in the Bleirmore sandstone 67 

11. Average deformation records for the Bleirmore sandstone 71 

12. Yield strength, ultimate strength and ductility of the 
Blairmore sandstone 72 

13. Macroscopic deformation mode plot for the Bletrmore sandstone 77 

14. Map showing the intensity and distribution of microscopic 
deformation features in the Blairmore sandstone dl 

15. Histograms showing the relative frequency development of frac
tures within quartz grains of the deformed Blairmore 
sandstone 87 

16. Graph showing the relation between the average number of 
miorofractures and the amount of shortening 89 

17. Stereograms showing the orientation of miorofractures within 
deformed specimens 91 

Xii 



Page 

18. Histograms showing the angular relation between microfrac-
tures and the maximum principal stress 92 

19. Diagrams showing the relation of individual microfractures 
and . sets of miarofractures to the maximum principal 
stress 94 

20. Histograms showing the deformation state of calcite grains 
with respect to confining pressure and percent shortening 98 

21. Stereograms showing the angular relation between twin lamellae 
end the maximum principal stress 100 

22. Average deformation records of the Blairmore sandstone as 
compared with deformation records of orthooalcite rooks 104 

23. Deformation records for calcite single cry.stals and sand 
crystals 106 

24. Histograms showing the angular relation between the maximum 
principal stress and poles to microfractures in various 
deformed materials 111 

2;. Uniaxial stress-shortening curves for the Blairmore sandstone 118 

26. Relation between the predicted strength of orthocalcite rooks 
and various grain size parameters of the Blairmore 
sandstone 121 

27. Diagrams showing the relation between stress-shortening 
records and specimen appearance 128 

28, Diagrams showing the alternative means of deformation for 
a hard particle within a plastic matrix 143 

29. Model used to determine the critical aspect ratio for fracture 
of a brittle fiber embedded within a matrix 145 

30. Schematic diagram showing the development of stresses at the 
interface and within a fiber embedded in a matrix 145 

31~ Schematic diagram of the triaxial tee~ apparatus 189 

32. Schematic diagram of the test vessel 191 

xiii 



LIST OF PLATES 

1. Deformed specimens or the calcite-cemented Bleirmore 
sandstone 

2. (abc) Photomicrographs showing conditions or fracture 
development within sand grains 

3. A general view of the triaxial test apparatQs 

4. Exploded view of the pressure vessel 

LIST OF TABLES 

1. Summary of the states of stress developed in the more 
common t,ypes or tests 

2. Summary of the strength of quartz and quartzite 

3. MOdal composition of the Blairmore sandstone 

4. Grain size and shape characteristics of the detrital 
grains as determined in thin section 

5. Summary of test data for defo~d specimens 

6. Summary or the microscopic deformation features or the 
Blairmore sandstone 

?. A comparative summary of the characteristics of micro
fracture development within sand grains of non
cemented and calcite-cemented sands 

8. A complete summsr.y or the triaxial compression tests on 
the Blairmore sandstone 

xiv 

Page 

?6 

85 

188 

190 

13 

33 

61 

66 

69 

109 

1~ 



Chapter 1 

INTRODUCTION 

General Statement 

The experimental study of rock deformation in the laboratory 

provides a detailed understanding of the fracture and plasticity of 

rooks and can ultimately be related to field studies in an attempt 

to understand the behavior of materials within the earth's interior. 

By varying factors such as the imposed rate of deformation, tempera-

ture and state of stress, the macroscopic behavior of materials may 

be classified. In addition, study of the microstructural features 

such as crystal structure, grain size, texture and fabric reveal the 

detailed processes of deformation at the atomic level. It is significant 

that many of the relationships which have been established through 

experimental work can also be recognized in the natural environment. 

To date, the greatest geologic interest has focused on the brittle 

and ductile behavior of single phase materials such as limestone and 

quartzite. There have been few detailed investigations of the mechanisms 

of deformation of multiphase rocks and the influence of microstructural 

variables in these systems. 

In contrast to rook deformation studies, however, much research 

into the deformation of multiphase systems has been carried out in the 

engineering sciences. Theoretical and experimental studies of multi

phase materials have been performed for ma~ metallic and ceramic 

systems in which the microstructural variables are well known. 
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After considerable experience in the investigation of rook 

deformation, Griggs and oo-workers(l960, p. 104) concluded that their 
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" ••• (experiemer.tal) results with rooks and rook-forming minerals with

out exception follow the empirical laws developed in the study of metals. 

This implies that the vast body of data collected in experiments on 

metals may be applied in some detail to the interpretation of deformed 

rocks ••• " It is therefore not unreasonable to expect that the defo~ 

ational behavior of multiphase rock materials may be understood in 

terms of the principles developed during the investigations of multi

phase metallic and ceramic systems. 

Purpose and Scope of the Investisation 

The purpose of the present study was to analyze the deformational 

behavior of a calcite-cemented sandstone. The analysis of this multi

phase rock is based on the relatively well-established deformational 

properties of the individual phases. The present study deals with both 

the macroscopic and microscopic aspects of deformation in an attempt to 

delineate the basic conditions governing both the flow and fracture of 

calcite-cemented sandstone. 

During the period 1966-1969, the investigation required the writer, 

in conjunction with P.M. Clifford and 3.J. Rector, to develop a suitable 

triaxial testing apparatus, test procedures and data processing methods. 

Using the techniques developed, a study was carried out to investigate 

the deformational behavior of calcite-cemented Blairmore sandstone. 

Approach Used in the Investigation 

Initially, it was hoped that a model two-phase sandstone could be 

developed. This would permit the experimental control of such variables 



as volume fraction and grain size and would facilitate the systematic 

determination of the effect of these variables. Although some progress 

was made using sand with a halite matrix, this approach was abandoned 

because of the lack of sufficient time to develop the necessary techniques. 

Subsequently, a naturally occurring calcite-cemented sandstone 

was selected as the experimental material. Friedman's work(l96J) on 

similar calcite-cemented rocks provides a thorough description of the 

deformational features end their relation to the operative stress system 

in these rocks. The present investigation was designed to extend the 

knowledge of the deformational behavior by systematically observing how 

the rock deforms over a range of confining pressures. 

All together, 44 room temperature triaxial compression experiments 

were conducted by the writer in the range of 1 - 2600 bars confining 

pressure, 2.14 - 19.82 percent total shortening, at strain rates on the 

order of 10-4 per second(Appendix B). 

Various theoretical analyses are reviewed in order to account for 

the well-known empirical observation that increasing confining pressure 

increases strength as well as enhancing ductile behavior. Stress con

centrations are considered in order to explain how extension fractures 

may develop within a material upon which all of the applied principal 

stresses are compressive. The interpretation of the microfebric is 

based on the principles of micromechanics and the deformational behavior 

of composite materials. This is in turn related to the strength and 

macroscopic behavior of the rock. 



Chapter 2 

REVIEW OF LITERATURE 

Factors Controlling the Deformational Behavior of Rock Materials 

Experimental rock deformation studies were initiated by Adams 

and his associates about sevent,y years ago. Since that time, numerous 

experiments have been performed in order to define the fundamental 

deformational behavior of rock materials. The variables which affect 

this deformation have in turn been determined. 

The factors which affect deformation may be divided into two main 

types. First, there are the inherent properties of the materials which 

determine the microscopic aspects of deformation and include the 

structure, composition, and orientation. The second may be termed the 

external or macroscopic variables which include the state of stress 

under which deformation occurs, the imposed strain rate and temperature 

of deformation. 

In assessing the results of any experimental study, it is necessary 

to consider the effects which result solely from the experimental 

techniques themselves. This is particularly important in relating the 

experimental aspects of rock deformation to field observations. 

In this section, we will review the more important aspects of 

deformation. Emphasis will be placed on the deformational behavior of 

calcite and quartz, at room temperature and under "dry" conditions. 

The Dependence of Deformational Behavior Upon ~~terial Properties 

The ultimate control of strength and deformational behavior 

depends upon the mechanical properties of the material itself. A rock 
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is a po11crystalline aggregate consisting or one or more minerals 

and the mechanical behavior depends upon the properties or the indiv-

idual mineral phases and their interaction. The mechanical role or 

porosity or cracks must also be considered. 

The mechanical behavior of the individual phases is determined 

by the atomic forces of chemical bonding. Brittle strength is then 

determined by the atomic forces which resist the separation or the 

solid into two parts(Kelly, 1966). Plastic deformation is also a 

function of chemical bonding. ..Restrictions on bond bending, relevant 

5 

to dislocation generation and mobilit,y generally increase with increasing 

covalency. Stronger and more directional bond types resist dislocation 

motion .. ( Cagniglia, 1966 ). 

The anisotropic mechanical behavior of minerals is then determined 

by the variation of bond strength and character along different direc-

tiona within the crystal. 

Additional factors which must be considered for a polycr,ystal 

are the dimensions of the individual grains, the nature of grain 

boundaries and the presence of any porosity or cracks. The fracture 

strength has been shown to depend on grain size through the Patch 

relation, ~ a kd-i, where k is a constant and d is the grain fracture 

diameter. This has been shown for limestone(Braoe, 1961, 1964), 

anhydrite(Skinner, 1959) and granite(Houpert, 1966). In each case, 

the strength is thought to be determined by Griffith_flaws which are 

apparently equal to the grain diameter. Although little is known 

about tne strength o! grain boundaries in rock materials, some work 

has been carried out in order to determine whether-fracture in rooks 



6 

tends to be intergranular or intragranular(Willard & Z.7cWilliams, 1969 ). 

The presence of porosity end cracks is known to lower the strength 

or rocks(Belakrishma, 1963; Rector, 1970). This is thought to reflect 

the decrease in effective load bearing cross section, as well as the 

increase in stresses resulting from stress concentrations in the vicinit,y 

of the discontinuities. 

Mechanical anisotropy such as a planar fabric or preferred 

crystallographic orientation have been shown to have a great effect 

on the strength and deformational behavior of rooks. The role of 

planar anisotropy is treated by several workers(Donath, 1961, 1964; 

Jaeger, 1960; McLemore & Gray, 196?). Anisotropy of crystallographic 

orientation has been shown to have a profound effect on both the strength 

and ductility of the Yule marble. Strength differences of up to 40 

percent are observed between specimens deformed parallel and normal to 

the rock fabric(Handin & Hager, 1957). This can be related to the 

anisotropic mechanical behavior of the calcite. 

Some work has also been carried out which demonstrates that the 

state of prestrain has a significant effect on rock strength and 

behavior. Limestone subjected to a prestrain is found to have a 

reduced strength under uniaxial test conditions(Donath, 1968). 

Under confining pressure, the rock is found to have an increased 

yield strength and an altered stress-strain curve as compared with 

the undeformed material(Donath, 1968, 19?0). 

It should be obvious from this brief review that there are many 

factors which contribute to the mechanical behavior of even a single 

phase rock such as limestone. 



Modes of Deformation 

The deformational behavior of solids can be understood in terms 

of competition between the various modes of local fracture and of 

shape change. Fracture results in inhomogeneous deformation and is 

dependent upon local tensile stress development. Shape change or flow 
I 

is the product of shear strains which result from shear stresses and 

leads ideally to the homogeneous distribution of strain. 

The deformation of rooks can be understood in terms of four 

fundamental modes; extension fracture, brittle faulting, ductile 

faulting, and homogeneous flow. Extension fracturing occurs by 

'' ••• separation of a body across a surface normal to the direction of 

least principal stress"(Griggs & Handin, 1960, P• J48). This is the 

most brittle type of behavior. The initial movement is perpendicular 

to the surface. 

Brittle faulting occurs through a shear fracture or a shear 

zone. Shear fracture is characterized by a single surface of rupture 

with complete loss of cohesion. The initial movement is parallel to 

the fracture surface which is normally located at about JO degrees 

7 

to the direction of the maximum principle stress. A shear zone consists 

of a series of closely spaced shear fractures. Shear zones constitute 

a mode which are transitional between shear fractures and ductile 

faulting(Tobin, 1966, p. 12). 

Ductile faulting and homogeneous flow are types of flow, wh~oh 

is " ••• any deformation, not instantly recoverable without permanent 

loss of cohesion"(Handin& Hager, 19.5?, P• J). Ductile faulting is 

macroscopically discontinuous flow confined to a zone(Donath & Parker, 
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1964, p. 48). Homogeneous flow is macroscopically continuous and is 

the most ductile behavior of all modes. 

Flow is defined in terms of three microscopic mechanisms: 

8 

(1) Cataclastic flow is the granulation, breaking and crushing of 

J,rains which accompanies the movement of grains relative to one another, 

(2) gliding flow is the intragranular deformation of grains by twin 

or translation gliding along preferred crystallographic planes; and 

(3) recrystallization is the rearrangement of material through local 

melting, solid diffusion or solution and redeposition(Griggs & Handin, 

1960, p. )48 ), 

It is important to note that the term homogeneous deformation as 

commonly used in rook deformation studies has a special meaning. In 

order to understand permanent rock deformation, "We must take into 

account the local discontinuities in deformation that have no part in 

classic strain theory. HOwever, provided the nature and distribution 

of local disoontinlilities in deformation are statistically the same in 

all representative samples of the body, deformation of a fabric may be 

regarded as sta.tisticallY homopneous and statisticalLy continuous." 

(Turner & Weiss, 196), P• )66; See for further discussion.) It is on 

this basis the term homogeneous is used in contrast to the strictly 

homogeneous strain of classic theor.y. 

The E(fect of the lo'rajor External Variables on Deformation 

The external variables which have the most significant effect on 

the competition between the various modes o£ deformation are the state 

of stress, temperature, the strain rate and the interstitial environ

ment. These factors and their effects are discussed in more detail in 



the following section. 

(a) Definitions -- Stress, Strength. Stress is defined as force 

per unit area. The fundamental unit of stress is the bar. One bar 

equals 106 ~nes per centimeter2 by definition(! bar • 1.02 kg/cm2 • 

14.50 p.s.i.). The kilobar • bars x 10) and will be abbreviated kb. 

For a~ stress array, it is possible to define a new coordinate system 

which has axes perpendicular to the planes on which the maximum normal 

stresses act, and on which no shearing stresses act. The shear stress 

is defined as the tangential force per unit area applied to any plane. 

The planes are called the principal planes, and the stresses normal to 
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these planes are called the principal stresses. For a three dimensional 
I 

system there are three principal stresses disposed in an orthogonal 

array. Throughout this discussion, the principal stresses will be 

labelled dl• d2 and dj• Compressive stresses are taken as positive, 

and CS'i > 62 > <SJ• The principal shear stresses are defined as the 

stresses which lie symetrically disposed to any two principal stresses. 

Magnitude of the shear stresses is equal to (~- 6n)/2 as shown in 

Figure 1, where 6m and 6D are the two principal stresses. 

Mohr devised a graphical method for representing the state of 

stress at a point on any oblique plane through the point. Figure 2 

is a MOhr diagram for a two-dimensional state of stress. Principal 

stresses are plotted along the x axis, and shear stresses along the 

y axis. The angle between cr1 and the plane designs ted is ~. and is 

shown as 2-& in the Mohr diagram. 

Furthermore, it can be shown that a triaxial state or stress, 

defined by three principal stresses can be represented by three MOhr's 
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shear stresses symmetricallY disposed at 45° to the principal 
normal stresses. (b) Orientation and relative intensity of the 
normal shear stresses within the plane defined by the principal 
stresses ~l and ~2 • 
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circles(Nadai, 19SO). 

In experimental rock deformation, the state of stress at the 

surface of the test specimen is primarily determined by the type of 

test appara.tus and the experimental procedure. Because of symmetry 

of loading and deformation, the principal stresses normally are 

symetric with regard to the test specimen. A summary of the sense 

and relative magnitudes of the principal stresses of the more common 

types of tests is included in Table 1. 

The strength of a rock has been defined as the resistance to 

failure -- continuing flow or fracture(Handin, 1960). Unless other

wise noted, strength is taken as the differential stress(61 - ~J) at 

a given value of 63 throughout this work. The ultimate strength is 

taken at the maximum coordinate on the stress-shortening record. 

The term shortening has been used in preference to the term 

strain because of the inhomogeneous nature of the distribution of 

deformation in many of the present experiments. It is defined as is 

.longitudinal strain, which is the ratio of change in length to the 

original length. Other terms will be defined as needed. 

(1) Effect of Stress on Strength and Defo~nation 

12 

The magni tud.e and sense of the principal stresses profoundly affEct the 

strength and deformational behavior of rock materials. Wuerker(l956) 

found that under uniaxial conditions the ratio of compressive strength 

to tensile strength varied between J and 110 among lJ rocks investigated. 

~~re commonly, the ratio is found to lie between 5 and 15(Brace, 1961; 

Jaeger & Cook, 1969). 

The important variable, confining pressure, is introduced through 



Principal stresses 

Uniaxial compression 

oy • crz • 'Yxy • o 0 0 

Uniaxial tension 

0 0 

Triaxial compression 

Triaxial extension 

P • ~ • CSZ P d"x • P • A<'i: 
p* • confining pressure 

Table l• Summary of the states of stress developed in homogeneous 
ela.stic specimens tor the more common types or tests. 

1) 



the triaxial test. The effect of increasing confining pressure is 

dependent upon the nature of the behavior of the material under study. 

Increasing confining pressure results in a very significant increase 
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in the strength of brittle materials. A similar, but less significant 

increase in strength is observed in materials undergoing flow. Further

more, increasing confining pressure is responsible for the transition 

from brittle to ductile behavior in ma~ materials. 

For materials, such as quartz single crystals, quartzite and pyrex 

glass, which behave in a very brittle manner at room temperature, 

increasing confining pressure results in significant increase in the 

fracture strength( Griggs &: :Bell, 19J8; Griggs £1 al., 1960; Handin &: 

Hager, 195?; Handin !1 al., 196?). Although a paucity of data makes 

it difficult to compare the fracture strength of brittle materials 

under conditions of triaxial extension and triaxial compression, there 

is some indication that the compressive strengths are 8 to 12 times the 

strengths in extension(e.g. pyrex glass, Handin 2! !!·• 196?, p. 6JJ) 

under equivalent confining pressure. Other materials such as dolomite 

and fine-grained limestone, which behave in a brittle manner at low to 

moderate confining pressures and at room temperature, give compressive 

strengths which are 4 or more times, the strengths in extension(Handin, 

.21 al. , 196?) • 

For materials such as limestone, which are not strictly brittle, 

increasing confining pressure causes the material to undergo a brittle

ductile transition. With the onset of the transition, the material is 

observed to undergo non-recoverable deformation and the amount of 

deformation before failure increases with increasing confining pressure. 
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At the same time, there is an increase in strength. However, the rela-

tive increase is less than the observed strength increase for brittle 

materials under a similar confining pressure increase. 

Peterson(l96?) notes that an increase in confining pressure normal~ 

increases both the .level and the slope of the stress-strain curve for 

rocks undergoing d~formation by flow. In order to better define the 

effect, Paterson proposed comparing the values of ~l and Oj at a constant 

amount of strain which he chose as 5 percent, in order to avoid uncer-

tainties at very low or very high strains. 

The slope of the Mohr envelope is designated tan at where 

tan a ~ tan f ~ 
2(1 + tanif)~ 

(2-1) 

and tan ~ is the slope of a plot 61 - ~3 at 5 percent strain against 

~, the confining pressure. 

Paterson indicates that there are two extreme cases for the 

pressure sensitivity. Ductile materials such as some metals, as well 

as calcite and marbles have a small tan a, on the order of .01. In 

c~ntrast, granular materials such as sandy soil, quartz sands or poorly 

bonded sandstones which undergo uniform, cataclastic deformation 

represent the other extreme and have a relatively large tan a, on the 

order of .J to 1.0. 

The low values of tan a associated with ductile materials is 

thought to reflect the generalization that deformation by crystallo-

graphic slip or twinning is onlf. slightly pressure sensitive, whereas 

deformation by frictional sliding has a high pressure sensitivity. It 

will also be shown that the propagation of fracture which is necessary 



for cataclasis also has a high pressure sensitivity(Chapter 5). 

(a) Effect of Stress on the Orientation of Planes of Failure or 
Deformation 

The orientation of planes of failure or deformation are found to 

be dependent upon the state of stress under which they form. In fact, 

the four fundamental modes of rock deformation are in part defined 

with regard to the orientation of the operative principal stresses. 

It is generally agreed that extension fractures form normal to the 

direction of least principal stress. MOst workers feel that extension 
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fractures may only form if the least principal stress is equal to zero 

or is tensile(Brace, 1964; Jaeger & Cook, 1969; Bombolakis, 1964; Hoek & 

Bieniawski, 1965). Griggs and Handin(l960) feel that the tensile 

principal stress makes a special case which should be called tension 

fracturing. They further state that extension frac~es ~ form even 

though all macroscopic stresses are compressive. They suggest, however, 

that the failure may be caused by the "wedging action" associated with 

microscopic surface cracka or flaws. Brace(l964) concludes that exten-

sion fractures which form under compressive stresses are intrusion 

fractures resulting from injection of jacketing material into surface 

cracks. This injection causes local tensile stress concentrations. 

Brittle faulting under triaxial compressive conditions develops 

through shear fractures or shear zones. These surfaces or zones are 

characteristically oriented at between 20 and 40 degrees to 6i• The 

angle is commonly 25 to 30 degrees- at low confining pressures and 

increases toward 40 degrees with increasing confining pressures. 

Increases in ductility bring about an increase toward 45 degrees 
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(Handin, !1 al., 1967). 

Materials undergoing homogeneous flow may show the development of 

minor shear zones distributed over the surface of the specimen. These 

zones are inclined at 45 degrees to the maximum principal stress, and 

are apparentlY similar to Luders bands which develop during the plastic 

deformation of metals. They have been described. for various geologic 

materials which undergo homogeneous deformation(e.g. limestone, Paterson, 

1958; gypsum, Boyd & Currie, 1969). 

(b) Effect of the Intermediate Principal Stress, ~ 

Nearly all of the triaxial rock deformation experiments have been 

carried out with two of the principal stresses being equal(i.e. either 

6i_ .. "2• or cr2 • t:r3). More recently, experiments have been designed to 

observe how varying all three principal stresses will affect rock behavior. 

This work has led to the following observations• (1) Failure under 

triaxial compression in which two of the principal stresses are equal is 

a special case, and not generally applicable to more general stress 

states(l":vgi, 197lb). (2) The effects of <12 on strength are small 

relative to those of-the extreme principal stresses(Handin, 1969). 

(J) The magnitude of the effect of d2 varies from rock to rock, but 

increasing ~ results in increased strength, and decreased ductilit.Y 

(Handin !i!!•• 1967; Mogi, 197la, b). (4) The stress drop at frac-

ture increases with increasing 62 (~bgi, 197lb), (5) Fractures always 

form parallel to the direction of cr2(MOgi, 197lb). 

(2) Effect of Temperature 

The effect of temperature changes on deformational behavior varies 

considerably for different materials. However, increasing temperature 
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generally results in increased duotilit.y end decreased strength(Ebndin & 

Hager, 1958). The effect is small for materials undergoing brittle 

deformation. For materials undergoing flow through intracrystalline 

processes such as twinning or translation gliding the effect may be 

rather great. This is also true under conditions where recrystalliza

tion is occurring. The temperature dependence of twinning and transla

tion gliding is well documented for caloite(Turner !1 al., 1954). 

Donath(l96S) suggests that temperature changes will have little 

effect on a material undergoing oataolastic flow. It has generally 

been found that trivial changes in temperature in the range of 25° c. 

have little effect on the deformational behavior of most rook materials. 

(J) Effect of Strain Rate 

The effect of strain rate on the strength and deformational behavior 

of rock materials is of great importance, as it intro~uces the funda

mental geological variable, time, into the experiments. Strain rate is 

generally referred to as the amount of change of length per second. 

Thus, 10-l per second is 10 percent shortening(or lengthening) per 

second~ while 10-4 per second is .01 percent per second. 

Experimentalists have shown that slower strain rates result in 

increased ductility and decreased strength. This has been demonstrated 

for calcite rocks(Heard, 196J), and for both quartz single crystals 

and quartzites(Heard & Carter, 1968). However, the effect has on1Y 

been observed at high temperatures for quartz(i.e. above JOO to 500° c.) 

and is only of moderate importance at room temperature for calcite rocks. 

Donath(l968) has shown that there is little effect on the strength 



for strain rate changes between lo-3 and lo-7 per second for a brittle 

sandstone deforming cataclastically at room temperature. He concluded 

that " ••• the strength and ductility of cataclastically deformed rock 

is independent of the rate of deformation at rates slower than 10-3 

per second"(Donath, 1970). Donath(l970) found the strength of a lime

stone decreased by 19 percent when the strain rate was decreased from 
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_lo-3. to 10-7 per second. Heard(l963) found a similar variation !or the 

Solenhofen limestone. 

Other workers have shown that a change of one order to magnitude 

of strain rate near the rate lo-4 per second will probably have a 

negligible effect(Wuerker, 1959; Watstein, 1953) or at the greatest a 

5 percent change(Perkin~!! al., 1970) on the strength of brittle rock 

and/or concrete. The effect of small changes in strain rate will have 

little effect on the behavior of rock materials under the conditions 

of the present study. 

(4) Effect of Interstitial Fluids 

The effects of pore fluids are relatively well known. Brace(l968) 

summarizing the evidence, concludes that " ••• the stress at which 

fracture occurs is determined not by confining pressure alone, but 

rather by the effective confining pressure., 11 The effective con!iniug 

pressure equals confining pressure minus the pressure of pore fluids. 

Recent work has shovn that the chemistry of pore fluids has a 

significant effect on the strength and ductility of sandstones(Swolfs 

& Logan, 1970). The relative effect was found to vary for different 

chemical species and is most significant for low pore pressures(less 

than 100 bars). 
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The effect of small amounts of pore moisture is less well known, 

although there is evidence that it must be considered. Colbeck and 

Wiid(l965) found that specimens dryed over dessicante may have strengths 

which are twice the strengths of saturated specimens. Similarly, 

Price(l966) shove that air dryed test cores may have strengths which 

are only 50 percent as great as oven dryed cores. 

Griggs and Blacic(l965) have shown that presence of even small 

amounts of water may drasticallY reduce the strength of quartz. As 

little as 0.1 percent by weight of water vas found to reduce the strength 

of ~uartz from tens of kilobars to a few hundred bars at 500° c. Griggs 

and Blacic suggest that the water acts to hydrolyze the silicon-oxygen 

bonds and thereby catalyzes plastic deformation. This effect has not 

been observed below J00° c. The effect has only been observed in 

synthetic quartz crystals(Griggs & Blacic, 1965; Heard & Carter, 1968). 

It is apparent that even a small amount of moisture may have a 

significant effect on the strength of rock materials, even under condi

tions which are normally thought to be "dry". 

Effects of Experimental Technique on Rock Deformation 

Various aspects of experimental technique involving the properties 

of the experimental apparatus, the shape and characteristics of the 

test specimen and the jacketing medium, may act to influence the strength 

and/or deformational mode of the test specimen. 

Because of the difference in mechanical properties between the 

rook specimen and the anvils through which the load is applied, the 

question of what effect stress concentrations and frictional restraint 

will have on rock strength and deformational behavior must be considered. 



Brace(l964) has shown that standard cylindrical test specimens having 

a length/diameter ratio of 2, may give strengths which are as much as 

20 percent less than strengths for "dogbone" shaped specimens which 

are designed to eliminate stress concentrations arising from end res

traint. However, the increased strengths and somewhat more consistent 

results which are achieved by the use of the "dogbone" specimens is 

generally not thought to be sufficient to warrant the added cost in 

time and money which is required to prepare specimens of this type. 

It has been shown that the ideal length/diameter ratio for cylin

drical rook samples is 2.5. This ratio minimizes end effects while 

not exceeding a ratio for which bending moments become important(MOgi, 

1966). ¥~gi has shown, however, that although the length/diameter 

ratio affects failure strength under lbar. confining pressure, under 

high confining pressure, the strength is less sensitive to this ratio. 
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Jaeger and Cook(l969) propose that the anvils may be responsible 

for the longitudinal fractures which develop in specimens deformed 

under atmospheric test conditions. Under confining pressure, the 

effect of frictional constraint on specimens deforming in a homogeneous 

manner is responsible for the typical barrel shape. No completely 

satisfactory method of overcoming this drawback has been developed. 

Additional effects result from the anvils when the apparatus 

so constrains the anvils that they must follow coaxial paths during 

the deformation of the specimen. Donath(l968) has pointed out that 

coaxial constraint of the anvils results in the development of symmetric 

features, such as conjugate faults, during deformation. Specimens 

deformed in an apparatus where lateral motion of the anvils is not 



constrained normallY develop onlf one fault. 

Jacketing materials have long been known to a!!eot the strength 

of experimentally deformed rocks. Corrections may be made for strong 

jackets by subtracting the added strength of the jacket. Brace(l964) 

has shown that in certain oases the jacket material may intrude into 
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the specimen causing decreased strength. This "intrusion" fracturing 

mechanism may be recognized as it results in the formation of longi

tudinal fractures. By selecting thin walled, low strength jackets which 

do not form intrusion fractures, it is possible to minimize the effects 

of jacketing. 

It is only recently that the role of the modulus of the test 

apparatus has been defined in rock deformation. The elastic behavior 

of the testing apparatus has been shown to affect both the shape of 

the stress-strain record, and the deformational behavior of brittle 

rocks. 

Jaeger and Cook(l960, p. 167-171) discuss the effect which the 

stiffness o! a testing machine may have on the stress-shortening 

record of a rock. The stiffness, k, of an elastic member is defined 

as the force, per unit displacement, or 

k - P/x. (2-2) 

where x is the displacement produced by P along the direction in which 

it acts. The amount of energy stored in an elastic member and recover

able from it, as P is decreased to zero is 

s ... P2/2k. (2-J) 

A rock specimen of area A, length L, and Young's modulus E has a 

stiffness 
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(2-4) 

In the same way, the test apparatus will undergo an elastic elongation 

which is expressed as kM. 

When the load on a test specimen is decreased to zero, the spec-

imen and apparatus relax in an elastic manner and the energy stored by 

the stiffness of the machine is recovered. The elastic energy stored 

in the system consisting of specimen plus apparatus is 
2 

Ss • P (1/ka + 1/kM)/2 

as each part is subjected to the same load P. 

(2-5) 

Jaeger and Cook point out the k_a is commonly around 4 x 106 lb 

per inch(O.ll x 106 bars per centimeter) and that kM is typically 

about one-fourth of this value. The test apparatus then stores about 

four times as much energy as the specimen. When failure of the spec

imen occurs, the energy given by (2-5) is released in the process of 

fracture, and this is influenced by the large quantit,r of energy 

released by the testing machine. 

If a load-displacement diagram is studied, it is possible to under-

stand the effect. The stiffness of the soft machine is represented by 

the flat line, k1, and the complete stress-strain curve for the rock is 

shown. The region around the point where the complete load-displacement 

curve of the specimen is tangent to k1 is shown in an enlarged scale in 

Fig. ). The effect of a small additional compression, 4x, near the point 

of tangency decreases the ability of the rock specimen to resist the 

applied load by an amount APR • dP/dxbx. lt also results in a decrease 

in the load applied by the machine of k4x, provided energy is neither 

added nor withdrawn to the system. IfldP/dxl> ~~ , as is the case 

with k1, the ability of the specimen to resist the load at x +AX is less 
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X 

(a) (b) 

Fig. :3 (a) A complete load displacement curve for a rock specimen 
with lines showing the behavior of soft, kl, and stiff, k2, 
testing machines. (b) An enlargement of the peak of the 
load-displacement diagram showing the lose of specimen strength, 
4PR, and machine load, ~. for an incremental compression, 4x 
(After Jaeger & Cook, 1969, P• 169 ). · 

than the load applied to it by the testing machine in this part. This 

results in the violent failure which has been found to be characteristic 

of brittle materials under these conditions. 

Experimental work has demonstrated that the effects which influence 

rock strength can be effectively eliminated as long as specimens of 

uniform shape and controlled surface conditions are emplo,yed. Although 

in the past, most experimentalists have employed cylindrical specimens 

with a length/diameter ratio of 2.0, work by ~IDgi(l966) indicates that 

a ratio of 2.5 may be a somewhat better ratio. Effects such as barreling 

and the development of s.ymmetric faults reflect the effects of anvil 

constraint and must be accounted for. The effect of machine stiffness 

on specimen behavior and deformation record is now understood and must 

be considered. With proper design, jacketing effects m~ be essentially 

eliminated. 



Criteria of Failure 

Failure criteria relate the load at Yielding or tailure{yield 

strength or fracture strength) to the other stresses, c:r1 • t(Cfi, cr3). 

The criteria of Coulomb, Mohr and Gritfi th have most c0JIIIIlonl.7 been 

referred to, and have generally been thought to give the best tit 

of experimental data. 

(1) CouJ.omb Cri tsiop 

Coulomb suggested that for shear failure that the shear stress 

leading to failure across a plane is resisted by cohesion or the 

material and by the product or a constant times the normal stress 

across the plane. The criterion is expressed by 

S
0 

• J1"'/ - uc:r where c:r • normal stress across the plane (2-6) 

'1' • shear stress across the plane 

S
0 

• constant regarded as the inherent 
shear strength or the material 

u • coefficient of friction 

Experimental results under triaxial conditions general17 follow 

this relationship. A plot of ~l against ~2 gives a linegr relation 

tor brittle materials. It the angle between CS]_ and the failure plane 

changes, then the relation is non-linear. 

The co-efficient of internal friction {u) can be defined by 

the 8Dgle or illternal friction (~) 

(2-'7) 

where ~ is the angle between the "Mohr envelope" and the abcissa or 

2.5 
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the Mohr diagram(see discussion on MOhr criterion). The Coulomb 

criterion predicts that the direction or shear fracture is inclined 

at an acute angle to the direction to the maximum stress and can be 

determined by the expression 

+ • (l/2)tan-l(l/u) or-& ... 90 -if (2-8) 
2 

where-& is the angle between the maximum principal stress 8lld the 

fracture plane. 

The theory predicts two conjugate failure planes disposed at 

-& degrees to <1"1• 

(2) Mohr Criterion 

Mohr generalized the Coulomb criterion by extending it into 

three dimensions and by allowing for a variable co-efficient of 

internal friotion(Bandin, 1969). T.he Mohr hypothesis postulates that 

material properties are a function or the state or stress and that 

shear ra.ilure occurs on those planes for which the shearing stress ( 1'" ) 

is at a DlSJ[imuJD and the normal stress (c:r) is at a minimum. 

Experimentally determined values or the normal stresses at 

failure(c:rl' "2• cr
3

) can be used to draw a series of ''Mohr circles11 

in shear and normal stress space. The Mohr's envelope, the tangent 

to the family or MOhr circles, defines the yield surface or the solid 

under combined stress conditions. Failure will not take place if values 

or cr and "1" are below the envelope, but failure will occur if values 

of diand ~just touch or lie above the envelope. 

The many implications and interrelations between these and other 

criteria are discussed in more detail by Jaeger & Cook(l969, P• 8)-101). 



(3) The Griffith Criterion 

The Griffith theory of brittle fracture is the only mechanistic 

theory of rock strength. It was developed in order to rationalize 

the observation that the cohesive strength of materials calculated 

from a theoretical basis of molecular structure exceeds the actual 

strength by as much as three orders of magnitude. Griffith(l921) 

proposed that this discrepancy can be accounted for by considering 

the inherent defects in the structure caused by the presence of 

microscopic and submicroscopic cracks. These cracks act to produce 

stress concentrations of sufficient magnitude so that the theoretical 

cohesive strength is reached in localized regions at an average 

applied stress which is well below the theoretical value. 

Inglis(l91J) gives the analytical solution for the stress 

concentration around a small elliptical hole in a plate. The 

Fig. 4 Sketch showing the stresses associated with a small hole in 
a plate. 
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required to extend the crack wall. Then 

(2-14) 

For metals, the surface energy term can be neglected as the plastic

work term is probably 105 to 106 ergs/cm2, compared with values of 

29 

V of 1,000 to 2,000 ergs/cm2• The important element of this ~othesis 

is that
1 

if a material is not completely brittle there is an increase 

in fracture strength, and the increase for a very ductile material is 

very large. 

While the above solution iS for tensile conditions, Griffith 

(and others) have shown that even when the applied stresses are com-

preseive, some of the stresses associated with each flaw will be 

tensile. The strength 

and 

(6'1- <fj) • 8 6tensile(61 + <'j) if Cfl + 3CS)>O 

crj - -<ftensile' if 6i + )6j < 0. (2-15) 

The theory predicts that the uniaxial compressive strength will 

be 8 times the uniaxial tensile strength. An equation where 

1""
2 

• 4d'tensile ( <1" + crtensile ) ( 2-16) 

m~ be used to define a parabolic failure envelope. 

MCClintock and Walsh(l962) modified the theor,y to account for 

friction between the crack surfaces which occurs when high pressures 

act to close the cracks. Jaeger and 0ook(l969) point out that this 

does not alter the Griffith envelope at uniaxial conditione or at 

low pressures. However, at higher pressures the frictional effect 

becomes important and the theory becomes identical with the Coulomb 

theory and gives a linear stress-strain curve and a linear Mohr 



required to extend the crack wall. Then 

(fa f2EJ:c+ p)Ji~ (~i (2-14) 

For metals, the surface energy term can be neglected as the plastic

work term is probably 105 to 106 ergs/cm2, compared with values of 
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¥ of 1,000 to 2,000 ergs/cm2• The important element of this hypothesis 

is that if a material is not completely brittle there is an increase 

in fracture strength, and the increase for a very ductile material is 

very large. 

While the above solution if for tensile conditions, Griffith 

(and others) have shown that even when the applied stresses are com

pressive, some of the stresses associated with each flaw will be 

tensile. The strength 

and 

(CS'l - ~) • 8 6 tensile (<rl + 6"3) if 6"1 + Jdj > 0 

CSJ • -trtensile' if <1i. + J6j < 0 • (2-15) 

The theory predicts that the uniaxial compressive strength will 

be 8 times the uniaxial tensile strength. An equation where 

'~"2 • 4<Stensile ( cf' + 6"'tensile) ( 2-16) 

may be used to define a parabolic failure envelope. 

MCClintock and Walsh(l962) modified the theory to account for 

friction between the crack surfaces which occurs when high pressures 

act to close the cracks. Jaeger and Cook(l969) point out that this 

does not alter the Griffith envelope at uniaxial conditions or at 

low pressures. However, at higher pressures the frictional effect 

becomes important and the theory becomes identical with the Coulomb 

theory and gives a linear stress-strain curve and a linear Mohr 



envelope. 

:Both mathematical and photoelastic investigations have been 

carried out in order to study the development of fractures from 

model "Griffith flaws "• 

Hoek and Bieniawski(l965) found that in uniaxial tension, 

fracture may initiate from a single flaw and propagation of the frac

ture parallel to ~l will lead to total failure within a matter of 

milli-seconds. 

Under conditions of uniaxial compression(Bombolakis, 1964) 

and biaxial compression(Boek & Bieniawski, 1965) isolated criticallT 

oriented cracks(i.e. inclined at between 20 and 40 degrees to ~1 ) 

initiated fractures near their ends. The fractures propagate less 

than one or two crack lengths following a ourved path into a position 

parallel to ~l which is then stable. Propagation ceases within this 

orientation as the stress at the ends of the crack are no longer 

tensile. Under uniaxial compression, Hoek and :Bieniawski found that 

it was necessary to increase the applied load to more than three times 

the load at primary initiation in order to continue propagation. 

This work led to the conclusion that a single Griffith crack 

cannot account for the failure of a specimen in a compressive field 

unless the ratio of applied principal stresses is less than or equal 

to zero(i.e. in uniaxial compression or when one principal stress is 

tensile). 

For biaxial compression, shear fractures most probably develop 

from an overlapping array of closely spaced, en echelon cracks, 

which coalesce to form the macroscopic shear fracture(:Bombolakis, 
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1964; Hoek & Bieniawski, 1965). 

The status of the Griffith theory is still unsettled. As recently 

ae 196?, Jaeger wrote that "from the theoretical point of view, the 

most important event of the past few years has been the trend towards 

~eplacing the older phenomenological theories(of rock failure) by 

the Griffith crack theory"(l96?, p. 4). Uncertainties arising from 

tests of predictions of the Griffith theory(for example, that the 

compressive strength will be 8 times the tensile strength), detailed 

study of crack initiation and crack propagation, and detailed study 

of rock failure have left other workers more skeptical. They conclude 

that the behavior of rocks as now known cannot be explained in terms 

of the Griffith theory, but will requ~e a more complex mathematical 

formulation(Price, 19?0; Wawersik & Fairhurst, 19?0). 

Perhaps the argument advanced by Hawkes and Mellor(l9?0) is 

in the best agreement with what is known about rock behavior. They 

propose that Griffith theory must be interpreted as the criteria for 

the onset of cracking, which, while representing irreversible deter

iora.tion of the rock, does not necessarily represent failure. 

Furthermore, the actual failure resulting from continued cracking 

end the coalesence of small fractures is a more complex process which 

is not accounted for by the Griffith theory. 



The Deformational Behavior of Quartz and Calcite and Rooks Consisting 

of These Minerals 

)2 

Quartz and calcite are two of the most common rock forming minerals. 

For this reason, considerable attention has been devoted to determining 

the deforreational behavior of these materials. 

1. Quartz and Quartzite 

Natural quartz is one of the strongest common substances. All 

attempts to render quartz ductile by high confining pressure at room 

temperature have failed(Griggs &: Blacic, 1965). 

It has been found that quartz single crystals can sustain a differ

ential stress of 20 kilobars eve~ at 500°C. and that only at this str~ss 

level does ductile deformation oocur(Heard &: Carter, 1968, p. 26). The 

onset of water-weakening observed in synthetic quartz crystals does not 

occur below a te~perature of )00°C.(Griggs & Blacic, 1965; Heard &: Carter, 

1968). 

At room temperature quartz behaves as an elastic-brittle substance 

which has a Young's modulus or 1.00 X 106 bars(Birch, 1966). 

Various workers have performed experiments to determine the strength 

of both quartz single crystals and quartzite. Results given in Table 1, 

indicate that quartz single crystals have a strength in excess of 20 

kilobars when loaded in compression, at atmospheric confining pressure 

and at room temperature. Similar tests carried out under 2.5 kilobars 

confining pressure give compressive strengths between )6 and 54 kilobars. 

Under compressive conditions, failure occurs along shear fractures 

inclined at about )5° to ~1 • Although 
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Temperature Confining Pressure Differential Stress 
oc kb kb 

(Compressive 
tests) 

(Parallel to Cy) 

25 1 Atm. 21.0 
25 1 Atm. 2).6 
25 1 Atm. )0.0 
25 2.5 54.6 
25 2.; )6.4 
25 2.5 48.1 All from Griggs, 

TUrner & Beard, 1960. 

(Tensile tests) (Normal to Cv) 

25 1 Atm. 1.08 Sosmsn, 192? 

(Parallel to Cv) 

25 1 Atm. 0.81) Sosman, 192? 

(Extension tests) Sioux quartzite in halite envelope 

25 5.0 J.B Griggs & Handin, 1960. 

Table 2. Summary of the strength of quartz and quart.zi te. 



there are relatively few data, quartz is from l/19th to l/26th as 

strong in tension as in compression. 

Working with the Cheshire quartzite, Brace(l964) found that 

the uniaxial compressive strength is 4.60 kb, which is 16.5 

times the uniaxial tensile strength of .28 kb. B0ek(l965) found 

that the Witwatersrand quartzite has a compressive strength of 1.9) kb 

which is 9.) times the uniaxial tensile strength of 0.207 kb. 

One m$Y conclude that quartz is a very strong and brittle 

material whose strength in compression is 10 or more t~mes its strength 

in tension or extension under test conditions at room temperature and 

strain rates of the order 10-4/second. 

2. Non-cemented Qa!rtz Sands 

A systematic study of the deformational behavior of non-cemented 

quartz sands was carried out by Borg and co-workers(l960) and by Borg 

and Maxwell(l956). Quartz sands with a grain size between 100 and 

)00 microns were subjected to both triaxial compression and 

extension at room temperature and at confining pressures between 

atmospheric and 2.00 kb. 

It was found that the application of confining pressure resulted 

in compaction of the sand. This was accompanied by a reduction in 

porosity, grain size and pore size. Numerous fractures were developed 

within the individual grains during the application of confining 

pressure. The fracture index1 was found to be betwe~n 191 and 268 

1Based on fracturing in 200 grains per specimen as follows' Per cent 
untractured grains x 1, plus percent of grains with 1-) fraetures x 2, 
plus percent of grains with 4-6 fractures x ), plus percent of grains 
with more than 6 fractures x 4, plus percent of demolished grains x 5t 
X lOO(Borg !!~·· 1960). Index may vary from 100 to soo. 
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within samples subjected to confining pressure alone. 

Application of differential stress resulted in further deformation 

and an increase in the number of fractures(i.e. fracture indices between 

247 and J82 were determined for strains of between J and 2J percent). 

Strengths were generally low, as the sands were able to sustain about 

.50 kb differential stress after 5 percent shortening under 1.00 kb 

confining pressure, or about 1.60 kb differential stress at 5 percent 

shortening under 2.00 kb confining pressure. 

Fractures developed within the quartz grains were described as 

conjugate or consisting of a series of parallel planar breaks which 

have joined to produce a single discontinuity. "Fractures frequently 

radiate from points of contact of neighboring grains. Sets of parallel 

trending fractures ar~ rare, and as many as six breaks trending in 

different directions can be viewed"(Borg & Maxwell, 1956}. 

Studies of the orientation of the fractures indicate that the 

fractures develop at essentially all inclinations to the principal 

stresses. There is a tendency, however, for the fractures to be in

clined at less than 45 degrees to 61. 

The fracture behavior of the quartz sands was explained in terms of 

the Herzian solution for the stress distributions in two spherical elas

tic bodies in contact. The points of contact are points of stress con

centration associated with the contact stresses. The resultant fractures 

were thought to represent both tensile and shear fractures. More recently, 

following the study of photoelastic models, Friedman(one of the original 

investigators) and co-workers concluded that the fractures which develop 

within grains of non-cemented granular aggregates are most frequently 

extension fr£ctures(Gallagher, ~~., 1970). 



). Calcite and Calcite Rocks 

(a) Introduction 

J6 

In 1957, Handin end Hager noted that the deformational behavior of 

limestone had received more attention than any other rock. Since then, 

several investigators including Brace(l961; 1964), Heard(l960; 196J), 

Paterson(l958), Donath(l964), Tobin(l966) and others have carried out 

work which provides an additional insight into the nature of deformation 

in calcite-rocks under a wide variety of conditions. 

Experimental results indicate that at atmospheric confining pressure, 

limestones fail in a brittle manner after undergoing small amounts of 

elastic strain. In contrast, tests carried out under confining pressure 

indicate that calcite rooks behave in a ductile manner. In fact, most 

limestones and marbles may sustain more than 10 percent shortening 

without fracturing or faulting, under a confining pressure as low as 

1.00 kb. At this point, we will review the deformational behavior of 

calcite rocks and define the factors which are thought to control this 

behavior. 

(b) Brittle Behavior 

With the exception of properly oriented single crystals of calcite, 

which deform by ductile twinning(Griggs, 19)8), calcite and calcite 

rocks can sustain only limited amounts of elastic strain(generally less 

than one percent). The specimens then fail by brittle ruptUre at room temp

erature, under uniaxial test conditions(Handin & Hager, 1957; Handin, 

1966). The theoretical Young's modulus of calcite is .85 x 106 bars 

(Brace, 1961). 



In order to investigate the factors which control the strength 

of monominerslic calcite rocks, Brace(l96lal964) carried out uniaxial 

compressive tests on the very fine grained Solenhofen limestone and a 

J7 

coarse grained marble. Be proposed that a direct test of the Griffith. 

theory of brittle strength could be made by comparing the uniaxial 

strength, C • 8(2EI/~J:f. For two different rooks consisting of the 
0 

same material, Young's modulus, E and the surface energy, 't, ere 

material constants, and should not differ for the two rocks. The flaw 

size, defined by "a", is then the only remaining variable. 

Brace concluded from consideration of various studies that the 

flaws associated with the length of a grain boundary are the most 

probable source of the "Griffith flaws". By carefully measuring the 

grain size of the two rooks under study, he defined the potential 

flaw size. 

In order to test the ~othesis of control by Griffith flaws, 

he then calculated the compressive strength of the two rocks and 

compared it to the experimentally determined values. He found that 

the Griffith crack length corresponds to the maximum grain size in 

the two rocks. Furthermore, the strength relationship to grain size 

follows the form C0 • k(D)-i as predicted by theory(Fig. 5). As a 

result of the agreement, Brace concluded that the Griffith theor,r 

does predict the strength of limestones and some other monomineralio 

rooks. 

Uniaxial compressive strengths for limestones and marbles of 

known grain size are given in Fig. S for comparison with the experi-

mentally determined strength curve of Brace. The strength of these 
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rooks vary from a low or about 400 bars to a high or near )000 bars. 

Strengths which fail below the curve are most commonl7 tor rocks 

with relatively high porosity(i~e. more than 2 to :3 percent), and 

this is thought to be the principal reason for low strengths. Rock 

strengths lying signifioantly above the line such as for the Wombeyan 

marble can not be accounted for with the available information. In 

general, the uniaxial compressive strengths or limestones and marbles 

show moderate agreement with strengths predicted by the Griffith 

theory. 

(c) The Brittle-Ductile Transition 
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The effect of increasing confining pressure on the deformational 

behavior of calcite and oaloite rocks is well established. In contrast 

to quartz which remains brittle, oaloite undergoes a brittle-ductile 

transition. 

Paterson(l958) carried out an experimental investigation in 

order to study the macroscopic nature or the brittle-ductile transition 

in the Wombeyan marble. The transition from longitudinal fractures at 

atmospheric confining pressure to well defined shear fractures followed 

at higher confining pressures by shear zones with increasing width 

and finally the development of homogeneous deformation throughout the 

test specimen at q.SO bars confining pressure is well documented. 

Similar behavior has been observed in the Solenhofen limestone(Beard, 

1960) and in the Crown Point limestone and "Schermerhorn" marble 

(Donath, 1964). 

Recognition of the various t.ypes of macroscopic behavior as 



defined by the appearance of the test specimens and the shape of the 

stress-strain records led to the definition of different modes of 

behavior -- extension fractures, fault and uniform flow as defined 

by Griggs and Handin(l960). 
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Tobin(l966) pointed out that the qualitative nature of the macro

scopic characteristics were not readilY related to_ similar rocks which 

had been subjected to natural deformation. In order to better define 

the nature of the deformation of limestones, Tobin compared microscopic 

characteristics to macroscopic features of the experimentally deformed 

Crown Pmint limestone. Tobin(l966, p. 7) found that the deformational 

behavior could be defined in terms of three major microscopic modes of 

deformation -- lack of deformation or undeformed gr'ains, JBulting or 

development of fractures and slip surfaces, and homogeneous flow 

represented by the development of visible lamellae. 

The microscopic characteristics can be used to define four 

groups of indicative categories -- homogeneous flow mode, ductile 

faulting mode, a transitional mode, and the brittle faulting mode. 

The study showed that ductile deformation of the Crown Point limestone 

takes place through plastic deforma.tion of the individual grains. 

Ductile raul ting was characterized by substantial amounts of fcactures 

and slip groups. Brittle faulting is characterized by a predominance 

of fractures and slip groups, with an associated number of undeformed 

grains. There is a general lack of lamellae development in the brittle 

raul ting group. 

Tobin's study showed that the transition from brittle to ductile 

behavior in the Crown Point limestone can be viewed as the gradual 

suppression of fracturing and feulting and the mare general development 
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of plastic deformation throughout the specimen. 

(d) Ductile Deforlliation of Calcite 

Intensive investigations have been carried out in order to deter-

mine the ductile deformation mechanism of both calcite single crystals 

(Turner, Griggs & Heard, 1954) and the polycrystalline Yule Marble(Borg 

& Turner, 1953). Results of these studies led to the unique identifies-

tion of the active glide systems. 

Flow in calcite can be understood in terms of three mechanisms. 

1. 

2. 

twin gliding iOli2J, parallel to the edge .( oii2) a (lOll) -
designated a-twinning; 

trans!ation gliding on llOllJ, parallel to the edge (lOil)a 
{0221); designated r-translation; 

translation gliding on {0221!, parallel to the edge (lOll): 
(0221); designated !-translation. 

The deformation mechanisms of twinning and translation gliding in 

calcite may be understood in terms of the development and movement of 

dislocations(Keith & Gilman, 1960). 

Various workers(Turner, Griggs & Heard, 1954; Carter & Raleigh, 1969) 

point out that at temperatures below about 600°C., favorably oriented 

calcite deforms predominately by twin gliding on one or more of the 

e planes. Within the host crystal, the upper layers are displaced toward 

the c-exis with respect to the lower layers. This is by definition a 

positive sense of shear(Turner, Griggs & 1~ard, 1954; See Fig. 7). 

Single crystals or grains so oriented that twin gliding may not 

occur, deform by some alternative mechanism. 

The work of Borg and Handin(l967) resulted in the determination of 

the apparent resolved shear stress for a-twinning, r-translation and 

£-translation at room temperature -- SO, 1500 and 2200 bars respectively. 



The predominance of the development of e-twins 

can then be accounted for by the low shear stress required for the 

development of twins as compared with other mechanisms. 

Turner and Ch'ih(l95l, P• 904) stated that for the Yule marble 

deformed dr,y at 10,000 atmospheres, ·~en where experimental deform

ation has been carried out under conditions favoring profuse develop. 

ment of visible glide lamellae, we are forced to conclude that some 

other ~e of intracr,yatalline movement, leaving no visible trace of 

its activity, has played a part in deformation". 

(e) Heterogeneous Versus Homogeneous Deformation in Calcite Rocks 
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An important part of Handin and Griggs'(l95l) work on the deform

ation of the Yule marble involved a test of two alternative hypotheses 

of deformation. The "heterogeneous" lzypothesis " ••• assumes that 

individual grains deform in response to the external stress field with 

negligible or minor restriction on their freedom of motion by neigh

boring grains".(Handin & Griggs, 1951, P• 864). The hypothesis of 

"homogeneous" deformation " ••• assumes, ••• that each grain is completely 

restricted by contact with its neighbors so that, 'Each grain suffers 

exactly the same strain as the surrounding material in bulk' "(T~lor, 

19)8). 

Comparison of experimentallY developed fabrics with model 

fabrics generated by assuming either heterogeneous or homogeneous 

deformation led Turner and Griggs to conclude that the homogeneous 

hypothesis gave much closer agreement. 
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Fig. 6. Calcite lattice (diagrammatic) to illustrate twinning on 
{Oll~ = e1 • Section normal to the zone axis a2• co3 groups, 
indicated by grouped circles, are greatly reduced in size. Solid 
large circles are Ca ions. Lattice above the line marked e1 is 
twinned on e1• Note the change of orientation of (ooon from 
c to c'(After Williams & Cahn, 1964). 

4J 
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y = 

(b.) 

Fig. 7. Illustration of strain due to mechanical twinning on (Oll2j in 
calcite. (a) Orientation or the principal axes or strain in twinning 
relative to the plane of the shear. !.' and :t.' axes are those to which 
engineering shear strain in the grain is referred, !.t z. the principal 
axes associated with the deformation. (b) Geometry or the twinning 
strain. Tan ~ is the engineering shear strain associated with twinning. 
(After Conel, 1962). 

(c) 
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(c) Diagrams illustrating position of compression (d; ') and extension (6"
3 

•) 
axes that would be most effective in causing observea e twin laaellae in a 
calcite crystal. Section is normal to e plane and contains glide direction 
and optic axis (cv)(Atter Friedman, 196J). 
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In order for a cr.1stal to undergo a general homogeneous strain 

by slip, five independent slip systems are necessary as demonstrated 

by von Mises(l928). Paterson(l969, P• J?O) points out that earlier 

workers have recognized that five independent slip systems are necessary, 

but not sufficient for ductile behavior in polycr,ystalline materials. 

Reviewing the known slip systems in calcite, he concludes that a-twinning 

alone is insufficient to satisfy von Mises' criteria. However, the 

activation of slip on any two of the translation slip systems, or the 

combination of twinning with any one slip mode will be sufficient to 

satisfy the criteria. Other modes o£ deformation such as cataclasis 

or kink-band formation may also take place under certain circumstances 

·and thereby contribute to the development of homoseneous deformation. 

It is ·therefore not surprising to·find indications of deformation 

through mechanisms other. than twinning, even though a majority of the 

grains are favorably oriented for twin development. Conversely, it is. 

unreasonable to expect that all strain will be accounted for through 

twin development. 

(f) Twin Lamellae Development 

Lamellae developed parallel to (Oll2~ lie at an angle of 2G,t0 

to the c axis. Two types of lamellae are commonly developed within 

both naturally and experimentally deformed calcite. Those lamellae 

which are broad enough to have clearly recognizable symmetrical dif

ferences in optical behavior of adjacent lamellae within a grain were 

designated as twin lamellae(Borg & Turner, 195), P• 1J4S). The second 

category were designated as nontwinned lamellae, for the lamellae 

appear under the microscope as planar partings of such thinness that 
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it is impossible to determine whether the material(it any) within the 

parting is twinned or not. 

Conel(l962) carried out work which he indicated gave proof o£ 

the true twinned nature o£ these lamellae. He therefore proposed 

that the term nontwinned lamellae be replaced by the term microtwinned 

lamellae. His results indicate that the lamellae ill the rocks which 

he studied had a thickness on the order of 1 to 10 microns. 

Garber(l947) describes observations on the mechanism of twinning 

in calcite which are thought to deal with structures resembling micro-

twinned lamellae. He recognized four distinct stages in the process 

of twinning in calciteJ (1) elastic deformation of the crystal, (2) 

formation of "elastic" twins, twins which disappear when the load is 

removed, (3) formation of stable twin layers, (4) thickening of the 

twin l~ers. Similar observations have also been made by Williams and 

Cahn ( 1964). 

(i) The relation of stress and twinning 

As mentioned earlier, twin gliding is dependent upon the 

resolved shear stress on the twin plane. It is also essentially 

independent of normal stress across the twin plane(TUrner, Griggs & 

Beard, 1954, P• 889). It was shown by Turner and Ch'ih(l951, P• 899-

900) that for the experimentally deformed Yule marble the greatest 

amount ot twinning(shown by the relative number of twins developed) 

occurs on the e-plane(designsted e1 ) on which the shear stress, or the 

resolved shear stress coefficient(S0 )
1, is highest. Turner(l953) 

1s
0 

= sin x0 cos y0 where x0 • angle between load ax~s and glide plane 
and y0 = angle between load axis and glide line. 
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developed a technique for the dynamic interpretation of calcite twin 

lamellae which is based on the petrofabric technique of locating the 

mutuallY perpendicular directions of compression and extension that most 

favored development of the observed twin lamellae. Randin and Griggs 

(19.51, p. 866-869) first explained the geometry of these relationships. 

(ii) Strain resulting from twin development 

Conel{l962) outlines the method of calculation of visible strain 

due to twinning. Twinning of calcite results in a shearing strain 

and the amount of strain depends on the degree of twinning. The twin

ning is characteristically heterogeneous. This occurs as most grains 

are only partially twinned, and contain completely twinned layers 

separated by layers of the untwinned or host cr,ystal. The deformation 

is homogeneous within each twinned band as a result of the atomic 

movements involved in the twinning process. The plane of shear in 

twinning is perpendicular to the twin plane and includes the twinning 

direction. A twinned cr,ystal is in a state of plane strain parallel 

to the shear plane in twinning, provided only one set of lamellae is 

developed in the or,ystal(Jaswon & Dove, 1960) 

"In a given partially-twinned grain, the average shear strain 

induced by partial twinning is computed by thinking of the deformation 

as uniformly distributed throughout the grain. The situation is 

depicted diagramatioly in figure 7a. AD original rhombehedral shaped 

crystal ACDB viewed in the (1210) plane, of height s is deformed by 

twinning on layers of thicknesses Dl and s2 into the shape shown in 

dashed lines AEFB. The average engineering shear strain in the plane 



of the drawing referred to the Cartesian axes 1 and z is 

l .. tan¥' • 2(Ql + !!2) 
h -

tan( 6 /2) (2-17) 

where ~/2 is one-half the angle between r(lOll) in the host and 

r'(lOll) in the twinned crystal, and equal to 19° 08.5' in.calcite. 
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In order to compute the average shear strain in a grain due to mechan-

ical twinning, it is only necessary to measure the relative lengths 

of twinned and untwinned crystal traversed along a line normal to the 

operative tWin plane. 

For infinitesimal ¥, the principal axes of strain for twinning 

lie at 45° to the twinning plane as shown in Figure ?a, and the mag-

nitudes of the principal strains along these axes are, 

e' • itan 'P 
! 

e ' • -itan IJI 
% 

e' • 0 
! 

where tan 'fl is given in Equation 2-17." (Conel, 1962, P• 56-57) 

Strain may develop by (1) increasing the number of twin lamellae 

or (2) by broadening the existing twin lamellae. Turner and Ch 'ih 

(1951, p. 898) found that for the Yule marble defined dr,y at 10,000 

atmospheres, the strain develops by increasing the number of lamellae 

rather than by broadening of the individual lamellae. They found 

that the mean spacing index increases in a linear manner as deformation 

proceeds. Their results also indicated that grains favorably oriented 

for lamellae development showed a higher intensity of development than 

less favorably oriented grains. 
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Friedman(l9 3) carried out the only systematic study of experi

mentallY deformed aloite-cemented sandstones. Be investigated 

deformed specimens of sand crystals(i.e. single crystals of calcite 

enclose detrital grains) as well as the Tensleep 

and Supai sandston s. These rocks were deformed under a variety of 

experimental condi ions including extension and compression, at 

between 1 kb and S kb, at temperatures between 

1500 and J00°C., d at a strain rate on the order of 10-4/second. 

out at the lower confining pressures and temper

atures terminated s failure occurred along a plane oriented at about 

JO degrees to dit fter strains of 6 percent or less wars obtained. 

th in compression at 1. 00 kb confining pressure 

was about 4.70 kb. Tests carried out at higher confining pressures 

and temperatures ga e strains as high as 22 percent. While specimens 

subjected to 1.00 k confining pressure alone showed no signs of 

deformation under t microscope, examination of the deformed cores 

subjected to differ ntial stress indicated that in most oases, both 

the calcite cement the detrital grains deformed in a manner similar 

agates such as marbles and quartz sands. The 

most conspicuous de ormation feature in calcite were abundant twin 

lamellae parallel t et0ll2J. The number of lamellae increases with 

increasing strain. The orientation of the principal stresses deter

mined by the orient tion of the lamellae is in good agreement with 

the 

As might be e acted, the detrital grains deformed in a brittle 



manner. Microfractures developed within the detrital grains, and a 

majority of the microfractures were oriented perpendicular to ~)• The 

orientation of the microfractures was found to be nearly independent 

of mineralogy and cr,ystallog.raphic control. 

Analysis of the experimental results lead Friedman to conclude 

that " ••• the calcite-cement in the sandstones tends to be 'protected' 

by surrounding detrital grains in contact. Twinning occurs in the 

calcite only after the detrital grains begin to fracture. The grains 

fracture under relatively small loads on the aggregate as a whole, 
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because the stress concentrations at points of contact are ver,y large." 

(p. )4). Friedman also noted that "perhaps surprisingly, the fractures 

do not radiate from points of' contact, but form as if each grain 

reacted to the forces applied to the aggregate in bulk". In recogni-

tion ot this relation, Friedman further commented, "Stresses must 

be transmitted to the individual grains of' a sand aggregate through 

grain contacts. Borg and Maxwell(l9S6) found that microfraotures 

tended to radiate from point contacts in deformed unconsolidated sand, 

but in the cemented materials, the microfractures are principally of 

the extension type and tend to transect grains. They are clearly 

related to the known principal stress axes across the whole rock 

rather than to local stress concentrations at grain contacts"(p. 33). 

Friedman implies that all of the microfractures originate as the 

result of stress concentrations developed at the point of' grain to 

grain contact, but he also suggests that the orientation of the 

fractures is somehow dependent upon the orientation of the principal 

stresses themselves. 



At the time of the 196) paper, ~iedman wrote that a majorit,y 

of the microfrao~es were extension fractures, but he also concluded 

that fractures with normals inclined between 20 and 40 degrees to ~3 
were probably shear fractures. Turner aDd Weiss(l96), p. 4)7) refer 

tO the miorofrac tures in the quartz grainS of Friedman IS specimens 

as "demonstrable shear fractures" and make no reference to extension 

fractures. MOre reoentl7, investigation of two-dimensional photo

meohanieal model studies led Friedman and co-workers (Gallagher !! !!•, 

1970) to conclude that " ••• only extension rather than shear and exten

sion fractures form in grains of deformed sandstones, sand and rook 

discs". 

.51 
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The Mechanical Behavior.o£ Epsineeripg Composite Materials 

Considerable effort has been expended by the engineering discip

lines in order to design and fabricate materials with improved mech

anical properties such as greater stiffness, toug.bness and biBb

temperature strength. The most successful method ot producing a high 

strength material is to fabricate a composite material. Composite 

materials are formed when a material or one phase is distributed within 

a second phase. The dispersed phase is usually harder or stronger 

thSll the matrix phase{Krock & BroutmaD, 1967 ). We will review what is 

known about some high strength DI8Jl-made materials iD order to gain 

some insight into the behavior or two-phase rock materials. 

Tbree basic types o£ composite materials exista dispersion

strengthened, particle-reinforced, and tiber-reinforced composites. 

The particle-reinforced materials are or mos~ interest as they have 

the greatest similarity to rock materials. These materials have a 

dispersoid size greater than 1.0 micron, and a dispersoid concentra

tion o£ greater than 25 percent. In contrast, dispersion-strengthened 

materials have a dispersoid which is less than 0.1 micron, and a 

volume-concentration or less than 25 percent. Fiber-reinforced mater

ials Contain dispersed particles which have one long dimension 

(Krock & Broutman, 1967). 

(1) General Behavior 

The general mechanical behavior or composi tea has been summarized 

by Van Vlack{l968, P• 17). 

"Deformation ot a two-phase ~crostructure proVides an example of 
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behavior that does not follow additive mixture rules. The total 

response of the material depends on an interaction between the various 

phases. It, for example, a load is placed on a composite, the elastic 

behavior of each grain or phase is influenced by the load carried by 

the adjacent material. In the absence of fracture or plastic deform

ation, one grain cannot receive more strain than the next grain. This 

means, of course, that the part of the material with the higher modulus 

of elasticity will have a proportionatelY higher tensile stress, with 

consequent shear stresses along grain and phase boundaries. Stress 

distributions are further complicated by differences in Poisson ratios, 

so that during service complex triaxial stress pa.tterns develop on a 

microscopic scale in ~oat ·ceramic products." 

2. Strength of Brittle Matrix Composites 

Experimental work has been carried out to determine what factors 

control the fracture strength of a brittle material consisting ot 

a glass matrix containing a dispersion of strong inclusions. 

Hasselman and Fulrath(l966, 196?) proposed that the strength of such 

materials is related to the presence of flaws within the glass matrix 

which act as "Griffith cracks". An etching technique was used to 

determine the inherent flaw size of the matrix-forming glass. This 

flaw size was found to control the strength of the glass. It was 

hypothesised that the second phase inclusions could limit the average 

flaw size. The flaw size would then be controlled by the mean free 

path between tha inclusions. 

In order to calculate the mean free path, mfp, between the part-
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icles, Hasselman and FUlrath used the relation 

mtp • 4R(l - V) 
)V 

(2-18) vh,ere R • radius ot uniform spherical 
particles 

V • volume traction 

Rivas and FUlrath(l970) extended this work to include systems 

which have two sizes or inclusions or a distribution ot sizes about 

a mean. A measuring technique suggested by Underwood and others(l968) 

vas used to determine the mean free path. 

Results ot both studies indicate that, where the mean tree path 

is less than the length o! the Griffith flaws normallY found in the 

matrix, the mean tree path is controlling. Where the mean tree path 

is greater than the flaws round in the matrix, the strength is independ-

ent or the presence or the second phase inclusions. 

(3) Deformational Behavior ot Dttctile Matrix Composites 

In general, ductile matrix particulate composites may be divided 

into two categories based on their deformational behavior. The cate-

gories depend on whether the dispersed particles deform under load or 

do not deform, and merely strengthen by being harder than the matrix 

phase in which they are dispersed. "From a knowledge or whether or 

not the dispersed particles deform under load, we can make !air pre-

dictions or the dependence or volume concentration dispersoid on 

elastic modulus, yield strength, ultimate tensile strength and fracture 

elongation" (Krock, 1967, P• 460 ). 

In both types ot composite, the onset or yielding starts with 

plastic deformation or the sorter matrix phase marked by the appearance 



5S 

ot either slip lines or tvins. Normally a short range ot deformation 

accompanied by very high strain hardening is obserVed. In this initial 

phase, the disper&Qid deforms elastically. 

In composites with a deformable dispersed phase extensive plastic 

deformation can occur. The stress necessar,y to impart extensive duc

tility to the composite is identical to the flow stress ot the dis

persed phase under thesress state present in the composite(reduced 

applied stress and triaxial compression in the tensile test which is 

normally employed in engineering studies). For materials with a 

deformable dispersoid, the stress initiating gross plastic flow is 

independent ot the volume concentration or the tispersed phase and the 

mean free matrix separation. T.he entire flow curve is dependent and 

governed by the flow properties of the despersed phase. Such factors 

as temperature dependence of deformation is primarily controlled by 

the temperature dependence of the dispersed phase(Krock, 1967; Krock 

& Shepard, 1963). 

An alternative t,r.pe of behavior occurs in those composites in 

which the dispersed phase does not deform in a ductile manner. These 

materials are found to have limited ductility. In contr~at to compos~ 

ites in which the dispersed phase deforms, the mechanical properties 

are found to be dependent upon the volume traction of the dispersed 

phase. The yield strength, tensile strength, and fracture elongation 

are found to depend on the mean tree matrix separation(Krock, 196?). 

For composites with a non-deforming dispersed phase, the nature ot 

the dispersoid becomes unimportant. For example, the ductility versus 



volume fraction curve is the same for some copper matrix alloys whether 

the second phase consists of holes, alumina, chromium or something 

else(Edelson & Baldwin, 1962). 

In this type of material, the particulate reinforcement is 

thought to occur because the presence of the particles in the matrix 

blocks, restrains, or in some other way controls phemomena otherwise 

responsible tor either extensive plastic deformation or fracture. 

The matrix is the pri.Jaaey' load carrying element in the composite and 

the function or the particles is to increase the local resistance of 

the alloy to slip and undergo large plastic deformation. 

While this acts to increase the strength, the ductility is thought 

to be decreased as the particles act to concentrate strain within the 

matrix. For this reason, the stress-strain record rises mach more 

rapidly than for the matrix when it is free from inclusions and the 

fracture strain is reached at a low external strain(Edelson & Baldwin, 

1962). 

MOst deformational studies of engineering materials are carried 

out under tensile conditions. In experiments with composites con

taining a non-ductile dispersed phase, t ailure normally occurs through 

ductile rupture. Investigation has shown that initial cracks or void 

develop within the composite either near the ends of the dispersed 

particles or by fracture of the particle itself(Gurland & Plateau, 

196J)• Under tensile conditions, total failure occurs through the 

growth and coalesence of holes as strain progresses(Druoker, 1966J 

MCClintock, 1968). 



Cracks are thought to form in, or adjacent to, the particles, 

because ot the stress concentrations which develop at these sites 

with the onset of plastic deformation within the matrix. It the 

stress exerted apon the particle by the plastically deforming matrix 

is sufficient, then the particle will fracture, otherwise a void 11J1J:¥ 

form at the interface between the matrix and particle along the axis 

of maximum extension. The fracture is a tensile fracture and is 

oriented normal to ~3(Gurland & Plateau, 196)). In these materials, 
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the ultimate strength is essentially determined by the fracture strength 

of the dispersed phase. 

Although ~ eneineering tests are carried out under uniaxial 

tensile conditions, results of experiments by Gengulee and Gurland 

(196?)(also discussed by Drucker, 1966) provide evidence that similar 

behavior is observed under compressive conditions. In this s~, 

a rectangular beam consisting or an elastic-plastic matrix(aluminum) 

containing a small volume fraction or brittle inclusions(silicon 

particles) was subjected to pure bending(Fig. 8 )• 

During bending, the outside ot the beam is subject to tensile 

forces while the inside is subjected to compressive forces, and 

a neutral surface is present near the median line of the beam .. 

With the onset of plastic deformation within the matrix, the brittle 

inclusions become stressed elastically. ~e first inclusions to 

undergo failure are located near the outside edge of the beam where 

the tensile strains are the greatest. The fractures which develop 

are oriented normal to the long axis or the beam. With increasing 
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Fig. 8 • Diagrammatic sketch showing the orientation of fracture 
development within brittle inclusions dispersed in a ductile matrix 
undergoing ductile deformation during bending(Atter Drucker, 1966). 

amounts of strain, inclusions closer to the neutral surface undergo 

fracture. At some point during the bending, fracture also occurs 

within inclusions on the side ot the beam undergoing compression. 

In contrast to the fractures formed within inclusions on the tensile 

side, tne fracture ot these inclusions are oriented parallel to the 

long axis of the beam. The fracture of these inclusions is thought 

to result from the transverse tensile stress concentration which 

develops around the particles within the side ot the beam undergoing 

compression. 

(4) Summary 

Experimental investigations of two-phase engineering materials 

consisting of a hard or strong phase dispersed within a second phase 

ot lower strength provide a general understanding or the strength and 

deformational behavior or two-phase materials. The behavior of these 

materials can be categorized into two different classes, depending on 
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whether the dispersed phase deforms or remains rigid during the deform

ation ot the composite. 

Composites which have a dispersed phase which undergoes deforma

tion may have considerable ductility. while maintaining high strength. 

The strength and ductility is primarily determined by the behavior or 

the dispersed phase. 

Composi tea containing a nol'i-detormiDg dispersed phase are char

acterized by high strength and limited ductility as compared with the 

normal behavior ot the matrix. The strength and ductility is related 

to the volume traction of the dispersed phase which in turD controls 

the mean free matrix separation. 

The strength of brittle composites is controlled by size ot flaws 

which occur within the matrix. The strengths are high if the flaw 

size is limited by the distance between the dispersed particles. The 

high strength and limited ductility of ductile composites with a non

deforming dispersed phase is thought to occur because the presence of 

the particles in the matrix blocks, restrains or in some other way 

controls phenomena otherwise thought to be responsible for extensive 

plastic deformation. 

The interaction of the ductile matrix and the dispersoid results 

in stress concentrations which effectively alter the state of stress 

acting upon, and within, the immediate vicinity of the dispersed parti

cles. These stress concentrations act to effectively control the 

initiation and orientation of fracture development which is frequentlY 

observed to occur within or immediately adjacent to the hard inclusions. 



Chapter 3 

DESCRIPTION OF THE CALCITE-CEMENTED BLAIRMORE SANDSTONE 

Petrography 

The calcareous Blairmore sandstone(Lower Cretaceous, Red Deer 

River, Alberta) is a massive, very-well sorted, fine to very fine 

grained calcite-cemented submature, subgraywacke.1 The non-oriented 

block used in this study was collected on the north side of the Red 

Deer River Highway about 2.7 km. east of the Hunter Valley Ranger 

Station, Alberta. 

The effective porosity is 1.6 percent.2 The saturated bulk 

density of the rock was determined to be 2.71 grams per cubic 

centimeter(Reotor, ?ere. comm.). The modal composition was determined 

by point counting. Results based on 509 points on a grid with a 1 

millimeter spacing interval are given in Table3. 

The feldspar is comprised of twinned and untwinned plagioclase, 

as well as potassium feldspar. The individual grains of feldspar 

vary from fresh and unaltered to highly altered. Rook fragments 

include volcanic and shale varieties. 

A chemical analysis was carried out by Mr. J. Muysson of the 

Rock Analysis Laboratory at McMaster University in order to determine 

the composition of the carbonate cement in the rock. Determination 

lTha discussion of sedimentological parameters will follow Folk(l961) 
except where noted. 

2Porosity determination by Core Laboratories Canada Ltd., Edmonton, 
Alberta. 
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COMPONENT PERCENT 
(by volume) 

Calcite 39.4 

Feldspar 24.7 

Quartz 11.3 

Rook fragments 10.7 

Chert 8.3 

Mica o.s 
Other ..i:l. 

100.3 

Table 3. MOde determination ot the calcite-cemented Blairmore 
sandstone based on 507 points. 
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by atomic absorption was carried out on the portion of the powdered 

aample which dissolved in hot hydroohlorio acid. 

Results from two different samples indicate that the samples 

consisted ot 17.8 and 1.0 weight percent CaO and MgO respectivelY. 

The low porosit,r. lack of deformation features, and poikilitio 

texture of the calcite cement indicate that the calcite was recrystal

lized following deposition ot the rock. Calcite formed at less than 

200 degrees Centigrade normally contains not more than 1 percent ~ 

(Deer, BOwie & Zussman, 1962). The remainder of the MgO would be 

expected to form about 1 percent of dolomite within the carbonate 

cement. Staining for dolo,Ute indicated tha presence of traces of 

dolomite within the rock. 
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Only five percent of the calcite occurs as a cryptocrystalline 

cement. The remaining 95 percent is comprised of microcrystalline 

grains which have a mean size of about o • .s millimeters. Grains between 

o.) and 0.6 millimeters in maximum diameter are the most common. The 

maximum observed grain size was 1.5 to 2.0 millimeters. It is diffi

cult to make precise determinations of the calcite grain size as the 

grains have irregular shapes and, frequently, completely surround one 

or more detrital grains forming a poikilitic texture. In general, 

the cement consists of medium to ooarse grained calcite. 

The mean free path(i.e. the distance between detrital grains) 

within the calcite cement was found to be .068 mm. asing the technique 

outlined by Underwood and co-workers(l968). Linear traverses with 

orientation parallel and normal to, as well as at an inclination of 

22.5, 45 and 67.5 degrees to the bedding plane, were made across a 

thin section or the starting material. The number or particles 



intersected per length of traverse was determined for a total of 860 

particles intersected over a traverse length of 146.5 mm. The mean 

free path was determined from the relation, 

1- v 
mfp .. ---

where V • volume fraction of the 
dispersed phase 

6) 

NL • average number of particles 
intersected per unit length 
of line 

Size and Shape of the Detrital Grains 

During the determination of the modal composition of the undeformed 

rook, the detrital grains were also examined and measured. The maximum 

diameter, defined as the longest intercept across the grain, was measured. 

The minimum diameter, defined as the longest intercept at right angles 

to the maximUm. diameter was measured(Middleton, 1962). 

The standa.rd statistical parameters were then calculated using 

the method of moments with the aid of a computer program designed 

specificall1 for the analysis of thin section data(Parkash, 1968). 

The size of each grain was calculated from the formula 

where 

p • grain size in phi units 
a • maximum grain diameter in thin section 
b • minimum grain diameter in thin section 

and where a and b are measured in eyepiece micrometer units and k is 

a factor to reduce the units to millimeters. 

In the analysis, the sorting is expressed in terms of one standard 

deviation about the mean grain size. Sphericity is measured by the 



ratio b/a. The roundness was determined by comparison with standard 

roundness charts. 

Determination of the characteristics has been made both for the 

detrital grains as a group, end for the quartz grains alone. 

The results of the analysis of the detrital grains are given in 

Table 4. 

There is little difference between the size and shape of the 

quartz grains and the other detrital grains. In general, the detrital 

grains are elongate and are angular to subangular. They have between 

2.1 and 2.6 contacts per grain. These·oontaots are touching points 

or surfaces -- but no interpenetrative or silica-cemented contacts 

were observed. 

Petrofabrics 
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The blook from which experimental cores were drilled is essentially 

massive. However, an indistinct bedding lamination is apparent upon 

close examination. The anisotropy is more apparent in thin section 

where it is defined by the subparallism of the long axes of the 

detrital grains. 

A histogram showing the angular relationship between the long 

axis of 100 quartz grains and the inferred bedding direction is given 

in Fig. 9. 

Only 48 percent of the quartz grains have their long axis inclined 

at less than )0 degrees to the bedding plane(Reotor, 1970, P• )4). 

Two thin sections of the undeformed material were out at right 

angles to the bedding lamination and to each other(Slides 41)-D and 
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PROPERTY ALL DETRITAL GRAINS QUARTZ GRAINS GENERAL CHARACTER 

Mean grain size-
phi units 2.?) 2.75 tine to ver,y-rine sand 
millimeters .150 .148 

Sorting-
1 standard dev• 
iation in phi units .24 .22 very well sorted 

Sphericity 
short axis/long 
axis .61 .sa elongate 

Roundneasl .)) .29 angular to subangular 

Contacts per grain 2.6 2.1 

1T.be roundness determination is based on the visual estimate or the 
degree or roundness or each grain as compared with standard charts 
using a scale or 0.1 to l.o(rrom very angular to very well rounded). 

Table 4. Grain size and shape characteristics or the detrital grsins 
as determined in thin section. 
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Fig. 9 • Histogram showing the angular relation between the long axis 
ot 100 quartz grains and the apparent bedding plane in the 
calcite-cemented Blairmore sandstone(From Rector, 1970, p. 34). 
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Orientations~of the optic c-axes of calcite grains distributed 

uniformly throughout the two slides were determinedo A composite 

stereoplot of all of the c-axes is shown in Fig. lOa 

The distribution of the points in Fig.lO indicates that although 

the c-axes in the rock do not have a completely random orientation, 

the degree or preferred orientation is not great, and grains do occur 

which have orientations over most of the net. 

or the 95 percent of the calcite cement which is sufficiently 

coarse grained for petrofabric stu~, 67 percent contain no visible 

twin lamellae. The remaining )) percent contain twin lamellae(25 

percent contain one orientation and 7 percent conta.in two). A major-
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ity of these lamellae have orientations characteristic of a-lamellae 

(the poles to the lamellae lie at approximately 26 degrees to the optic 

c-axes). The lamellae are of the non-twinned(Borg & Turner, 1953) or 

micro-twinned type(Conel, 1962). They are developed to only a very 

limited extent, as the lamellae spacing index for the most intensely 

developed set is only )2.1 

~e lamellae spacing index is based on the number of lamellae per 
millimeter when viewed on edge and measured along a line normal to 
the lamellae planes. 



Contours at 0. So/o of points /lo/o area 
2. So/o of points /lo/o 
4. So/o of points /lo/o 

Maximum. concentration = 6%. 
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BEDDING 
PLANE 

FIG.l0cOMPOSITE DIAGRAM SHOWING THE NEAR RANDOM ORIENTATION 
OF 100 Cv IN CALCITE CEMENT. PLANE OF DIAGRAM IS NORMAL TO 
BEDDING PLANE AS INDICATED. 



Chapter 4 

EXPERIMENTAL RESULTS 

Introduction 

Forty-four cylindrical specimens of the calcite-cemented Blairmore 

sandstone were subjected to between 2.14 and 19.82 percent shortening. 

The experiments were carried out dry at room temperature in a triaxial 

-4 test apparatus at strain rates on the order of 10 per second and 

over the range of confining pressure between atmospheric and 2.60 

kilo bars (kb). A S'UJIIDI8rY of the test results is given in Table 5, 

and the complete results are given in Appendix B, 

In this section, we will first examine the macroscopic experi-

mental results -- the strength behavior as reflected by the stress-

shortening records and the appearance of the deformed specimens. We 

will then examine the microscopic features of the deformed specjmens. 

Macroscopic Aspects 

(1) Stress-Shortening Records and Strength 

The strength of a rock is a measure of the rock to withstand 

differential stress. In this section, we will consider the strength 

of the calcareous Bla.irmore sandstone as recorded by stress-shortening 

records of the experimental study. All strengths are expressed as 

differential stress(~ •d))• In particular, we will examine the 

yield strength at one percent shortening, the ultimate strength and 

the ductility and observe the effect of var,ying confining pressure 

on these variables. 
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Number of Tests ••••••••••••••••••••••••••••••••••••••••••••••••••• 44 

Temperature(0 c) ••••••••••••••••••••••••••••••••••••••••••••••••••• 21 

Water Content ••••••••••••••••••••••••••••••••••••••••••••••••••• none 

Confining Pressure(kb) ••••••••••••••••••••••••••••••••••••• 0 to 2.60 

Total Shortening(percent) •••••••••••••••••••••••••••••• 3.1) to 22.06 

Permanent Shortening(percent) •••••••••••••••••••••••••• 2.14 to 19.82 
(atmospheric) 

Shortening Rate(prior to ultimate strength) ••••••• spprox. lo-.5/second 

Shortening Rate(a.verage rate for test duration) •• •• •• •• •• 10-4/second 

Loading Rate •••••••••••••••••••••••••••••••••••••••• 6.5 bars/second 

Table S. Summary of test data for deformed specimens used in this 
study. See Appendix B for a complete listing or data for each 
specimen. 



Figure 11 shows the average stress-shortening curves tor all 

confining pressures investigated. These curves represent the average 

results or the individual tests and were produced as explained in 

Appendix A, 

2. Yield Strength, Ultimate Strength and Ductility 
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The point at which deformation is no longer elastic, but plastic, 

is that stress at which the slope or the stress-strain curve deviates 

from the elastic modulus. Precise determination o£ this point is very 

difficult and it is therefore necessary to use some approximation. 

The differential stress at 1.00 percent shortening is adopted for this 

study. This value is selected as it may be readily compared with other 

published data. 

The ultimate strength is defined as the greatest stress difference 

c~l - G)) the material can withstand under the conditions of deformation 

and is .taken as the maximum ordinate on the stress-shortening record. 

For the purpose of this study, ductility is defined as the amount 

ot shortening in percent, corresponding to the ultimate strength. 

This coincides with the development of fra~tures(i.e. ·the fracture 

strength) under brittle conditions, for confining pressures or up to 

1.00 kb, and with the initiation or ductile faulting at higher confin

ing pressures. 

The yield strength, ultimate strength, and ductility for most of 

the test are shown in Fig. 12. Yield strengths for experiments per

formed at 1.0 kb or less are not shown as they differ little from the 

ultimate strengths. ~le effect of increasing confining pressure is 
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\ Atmospheric 

5.0 10.0 15.0 20.0 
SHORTENING (PERCENT) 

FIG. 11 AVERAGE STRESS-SHORTENING CURVES FOR THE CALCAREOUS 
BLAffiMORE SANDSTONE DEFORMED AT 21°C., AT A STRAIN RATE 
OF THE ORDER OF 10-4PER SECOND. CONFINING PRESSURE IN 
KILOBARS SHOWN AT THE RIGHT OF EACH CURVE. 
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Fig. 12. Gra.pb showing the yield strength(l.OO percent), ultimate strength, 
and ductility to~ the calcite-c~ented Blairmore sandstone. Yield strengths 
at 1.00 kb confining pressure and below are not shown as they differ little 
from the respective ultimate strengths. All strengths given as differential 
stress, 6'1 - ~. 



to increase the yield strength, ultimate strength and ductility of the 

rock. While the 7ield strengths and ultimate strengths do not differ 

very much for tests carried out below 1.00 kb confining pressure, 

above this level, the ultimate strength increases more rapidly than 

the yield strength. 

Between atmospheric and 1.00 kb confining pressure, the ultimate 

strength is reached after shortening of 1.7 percent or less. Once 

7'3 

the ultimate strength is reached, there is a sudden drop in the stress

shortening record associated with the development of fractures. 

Additional shortening following the development of the initial 

fracture is accompanied by an increase in stress, followed by a second 

marked drop in stress associated with the development of a second shear 

fracture. 

Over the range; of confining pressure between 1.25 and 2.60 kb, 

the stress continues to rise once the yield strength is reached. 

However, in contrast to lower confining pressures, the stress-shorten

ing record shows no marked drop once the ultimate strength is reached. 

Instead, the record follows e. gradual downslopeing path, and the 

specimen maintains the ability to sustain a load which is equivalent 

to 70 percent or more of the ultimate strength even after shortening 

of as much as 15 to 20 percent. 

In general, there is a uniformity of ultimate strength at any 

given confining pressure. With the exception of the three tests 

carried out at 2.60 kb· .coDi'ining pressure whioh have a spread of plus 

or minus 4.4 percent about the mean ultimate strength, all of the other 

tests vary less than plus or minus ).0 percent about the mean ultimate 
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strength. 

Comparison of the ultimate strengths at different confining pres

sures indicate that the strength increases approximately 240 bars for 

every 100 bars increase in confining pressure up to about .;O·kb 

confining pressure. The magnitude of this effect decreases with 

increasing confining pressure and the ultimate strength increases 

about 90 bars for eveey 100 bars increase in confining pressure in 

excess of 2.00 kb confining pressure. 

(J) Macroscopic Deformational Mo4es 

The macroscopic deformational behavior of the calcareous Blairmore 

sandstone is characterized by a transition from very brittle at 

atmospheric confining pressure to ductile at 2.00 kb confining pressure. 

Plate 1 shows photographs of representative specimens deformed to 

different amounts of shortening over the range of confining pressures 

of this s tudy. Figure 13 is a deformation mode plot summarizing the 

deformational behavior of all specimens of this study. 

At atmospheric confining pressure, the deformation occurs through 

the development of two or more somewhat irregular failure planes 

inclined at an angle be~feen 4 and 20 degrees to the core axis. The 

failure surfaces join to form wedge shaped fragments. Cohesion is 

lost and the specimen hae nc ability to support a load. 

At confining pressures between .2; and 1.00 kb, failure occurs 

along a single shear fracture which develops at an average inclination 

of JO degrees at low confining pressures(i.e. as low as 20 degrees at 

.2; kb)and greater than 30 degrees at 1.00 kb(e.g. up to J8 degrees). 

Shortening occurs primarily through displacement which takes place 
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Plate 1 

Deformed specimens of the calcite-cemented Blairmore sandstone showing 
the characteristic appearance(x l.S). The specimens are placed on a 
diagr8lll which indicates the amount of shortenins which each specimen has 
sustained, and the confining pressure at which each experiment was 
performed. A key tor identification of each specimen is given below. 
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Fig. lJ Macroscopic deformation mode plot of the calcareous Blairmore _.., 

sandstone. deformed at 21°C. , and at a strain rate on the order of 
10-4 per second. 



along the shear surface, and the core maintains the form of a right 

circular cylinder which is offset along the failure surface. 
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Further shortening is accompanied by the development of one or 

more additional shear fractures which are inclined at about 30 degrees 

to the core axis. These shear fractures tend to intersect the earlier 

developed fracture along a line parallel to the diameter of the core. 

At confining pressures of 1.25 and 1.50 kb, the initial displace

ment occurs along a zone which is marked near the specimen surface by 

two or more shear surfaces. T.be surfaces have an inclination between 

28 and 40 degrees to the core axis. Examination under the microscope 

indicates that shear fractures do not form a single throughgoing 

surface, but rather diminish within the interior and pass into a cen

tral zone where no visible planes of slip are developed. 

With increase~ shortening, additional surfaces or zones develop. 

The core surfaces are marked by the trace of the shear surfaces or zones 

and parts of the specimens develop uniform bulging characteristic of 

ductile behavior. Meanwhile, the central portion of the core develops 

a slightly schistose appearance which is oriented normal to the core 

axis. No clearcut shear surfaces are observed to pass through this 

region. 

At confining pressures of 2.00 kb and above, the initial short

ening of between 2.5 and 5 percent is accomplished by the near uniform 

distribution of strain over the specimen. Shortening in excess of 5 

percent at 2.00 kb, or about 12 percent at 2.5 kb confining pressure, 

is acoompanied by the development of non-uniform bulging, and minor 

shear surfaces become apparent. 



Microscopic Deformational Behavior 

(l) Method of Study 

Microscopic examination of deformed specimens· was carried out in 

order to define how deformation occUrs within individual grains or a 

calcite-cemented sandstone. Description involved the determination 

or the types or features present, their frequency or occurrence and 

their orientation with respect to the applied load. 

(a) Preparation or thin sections 

Specimens were selected and thin sections were cut parallel 

to the long axis of the epoxy impregnated cores near a plane contain

ing the diameter. In those cases where shear fractures or shear zones 

were developed, the ~ sections were cut normal to the plane(s) or 

the zone(s). In other cases, the thin sections were out in a random 

plane parallel to the long axis or the core. 

(b) Microscopic study 

The microscopic study or the thin sections was arranged so 

that ten traverse lines were established normal to the long axis or 

the core, with an interval of 1.5 mm. between the lines. The spacing 

of individual points along each line was at a 1.0 mm. interval. Thus, 

100 points were observed which were distributed over an area of 

1.0 em. by 1.5 em., within the central portion or the deformed core. 

As a result, the region within l mm. or each edge of the core, and 
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the region within about 5 mm. of each end or the core were excluded from 

this study. 

(c) Features observed 

The following observations were made directly at, or adjacent 



to, each point on the grid. One grain of quartz was examined and the 

number of microfractures was recorded. In practice, some clear 

unaltered feldspar was inadvertently included in this sample. One 

grain of feldspar was examined and the number of microfractures was 

recorded. 

The nearest grain o£ calcite to the point under the cross hairs 

was also examined. In practice, this would represent the closest 

volume of calcite within a region between detrital grains, as many o£ 

the individual calcite grains in the starting material completely 

enclose one or more detrital grains to form a poikilitic texture. 

The presence or abserce o£ lamellae was noted for each volume. The 

presence o£ through-going fault surfaces, through-going miorofractures, 

and/or granulation was also noted. 

The final result is a compilation of the type of deformation 

features within cement, quartz and feldspar grains distributed uni-

form~ over the central portion or each deformed specimen. The actual 
I 

record for each specimen was recorded on a grid which forms a map of 

the specimen. The map shows the relative distribution of the observed 

features with regard to such macroscopic features as shear fractures 

or zones.(See Fig. 14 for example) From this map, it is possible to 

ascertain whether microscopic features are more or less uniformly 

developed or are concentrated within certain parts of the deformed specimen. 

(d) Orientation studies 

The orientations of microfractures in detrital grains and 

twin lamellae within the calcite matrix were measured within selected 

specimens. Orientation measurements were made with the aid of a 
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petrographic microscope equipped with a 4 axis ~eiss universal stage. 

All orientation data (cv attitude, calcite twin lamellae, and 

microfracture surfaces in quartz grains) are plotted stereographioallY 

on the lower hemisphere projection of Lambert-Schmidt equal-area nets. 

(2) Observations 

Comparison of the microscopic appearance of the undeformed cal

careous Blairmore sandstone with experimentallY deformed specimens of 

the same rock provides ready indication that deformation under the 
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·experimental conditions has a profound effect on the microscopic texture 

of the rook. The detrital grains deform in a brittle manner through 

miorofracture development. The calcite grains of the matrix commonly 

exhibit profuse twin lamellae development. Fractured calcite grains 

are also present in some specimens. It is therefore evident that 

calcite deforms through both brittle and plastic mechanisms. 

A summary of the results of the microscopic study is given in 

Table 6. 

(a) Brittle fracture of detrital grains 

Detrital grains of the undeformed Blairmore sandstone are 

essentially free of fractures; grains in the deformed specimens are 

not. In general, no matter which type of grain is observed, fresh 

or altered feldspar, quartz, chert or rock fragment, a large number 

of the grains contain one or more microfractures. 

Some microfractures are irregular, but a majority are predominately 

planar to slightly curving. Where more than one fracture is developed 

within a detrital grain, they frequently occur in nearly parallel sets. 

Fractures develop under three apparently different sets of 



413 nil 
SD3 .2.5 
4D2 • .so 
.SD12 • .so 
4])3 • .so 
)D7 1.00 
.SDl 1.00 
.5Dl3 1.00 
4Dll 1 • .50 
4Dl.S 1 • .50 
.SD15 2.00 
4Dl0 2.00 
)Dl8 2.20 
5Dl7 2 • .50 
sD19 2.50 
)DlO 2.60 
3Dl9 2.60 

nil 
).18 
).18 
?.91 

1.5.9.5 
2.64 
s • .s4 
9.90 
4.22 

12.83 
5·09 

12.)6 
2.14 
6 • .so 

1?.57 
2.64 

11.49 

0.4, 
0.94 
1.6? 
2.29 
2.48 
1.7, 
2 • .51 
2.78 
2.02 
3.!)4 
2.96 
).6) 

2.)9 
) • .58 
1.)0 
3.as 

o.o4 

1.87 
).11 

67 30 0 
39 so 11 
l.S 69 1.S 
9 68 2) 
4 69 27 

14 81 .5 
1 92 7 
4 76 20 
4 77 9 
2 80 18 
3 92 s 
0 96 4 

21 78 0 
0 97 3 
0 9.5 s 

11 89 0 
) 87 10 

32 

22.5 

323 

188 

137 
l.S2 
183 
197 
240 
173 
211 
226 
198 
228 
2.58 
27.S 

204 
237 
176 
2.54 

128 
l.SO 
169 
186 
162 
168 
190 
181 
171 
197 
198 
212 

178 
202 
168 
217 

lBased on fracturing in about 100 grains per specimen as followsa 
Percent unfractured grains x1, plus percent of grains with l-3 
fractures x2, plus percent of grains with 4-6 fractures .x3, plus 
percent of grains with more than 6 fractures x4, plus percent of 
demolished grains x.S, xlOO(Borg !1Al•t 196o). 

2Baaed on fracturing in about 100 grains per specimen as follows~ 
Percent of unfractured grains .xl, plus percent of grains with 1-.5 
fractures x2, plus percent or grains with 6-10 fractures x3, plus 
percent of grains with more than 10 fractures x4, plus percent of 
demolished grains xs, x100(Friedman, 1963). 

~ased on the number of lamellae per mm. when viewed on edge and meas
ured along a line normal to the twin planes. 

Table ~ Summar.y of the microscopic deformation features of the 
calcite-cemented B1airmore sandstone •. 
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circumstances. Most commonly, fractures transect grains and end at 

sites of grain-grain contacts. Fractures m~ also have one or more 
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end which apparently corresponds to a portion of the grain boundar.y 

where adjacent grains are close to, but do not touch, the fractured 

grain. In the third case, fractures are present in grains which appear 

to "float" in the cement. !n this case, there are no obvious tou.ing 

or nearly touching grain-grain contacts. In a somewhat analogous 

case, fractures may develop within grains, in parts of the grain 

which are remote from the contact point(Plate 2 ). 

Although elongated grains appear to be cut by more fractures, 

fractures are also commonly developed in grains which are essentially 

equant. Individual fractures may appear to be confined to the detrital 

grains, or they ~ be continuous with fractures within the calcite 

cement. 

(b) Microfracture development within quartz grains 

In order to carry out a more systematic study of the 

frequency and orientation of microfracture occurrence, it was decided 

to examine the microfraotures which occur within only quartz grains. 

Quartz was selected for the study as the microfractures within the 

quartz grains are readily studied under the microscope, and further

more, quartz has relatively well known, uniform properties which 

make it amenable to theoretical analysis. In addition, comparison of 

the average number of microfractures within quartz grains and feldspar 

grains of specimens 4Dll, 4D1.5, 3Dl0 and 3Dl9 given in Table 6 indicate 

that the frequency of micrcfracture development is essentially equivalent 

in these two phases. 



(_a) 

(li) 

(o) 

0.1 -. 

Applied Stress 

Plate 2 . Photos shoving miorotractures within 
detrital grains and the Yariou circwlstancee 
under which the7 develop. (a) Fracture tormed 
at point ot grain-to-grain contact. (b) Frac
tures formed at site ot graill-to-grain contact 
and in non-contact portion of grain. (c) Frac
tures tormed in detrital grain "float~" in 
catotte matrix. (All troa Spec. 5D17). 
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The study of the frequency of microfracture development in quartz 

grains is based on the examina.tion of approximately 100 grains per 

specimen using the method discussed on page 79. Histograms were 

prepared showing the frequency of gra.iJls versus the number of fractures 

per grain{Fig. lS)• 

As the undeformed calcareous Blairmore sandstone is comprised of 

71 percent of the quartz grains having no fractures and 19 percent 

with one fracture(and most of these are cracks which out only part w~ 

through the grain), it is clear that any significant increase in the 

number of fractures within quartz grains must be associated with defo~ 

ation. 

(i) Shortening of between 2 and 4 percent -- As little as 2.64 

percent shortening is accompanied by a sisnifioant increase in the J1Wilber 

of fractured grains. The percentage ot quartz grains with no frac-

tures is reduced from 71 percent in the starting material to SO percent 

in specimen SD3 deformed under .2S kb confining pressure. At confining 

pressures between .so and 2.60 kb, the number of grains with no frac

tures is between 29 and J6 percent. 

The total number of fractures per grain is generally less than 

five, and the average number of fractures per grain is between .94 

and 1.7), as compared with an average of .4) fractures per grain iD 

the starting material. 

(ii) Shortening of between 4 and 6.S percent -- Shortening of 

between 4 and 6.S percent results in a further development of frac

tures in the quartz grains. The number of unt'ractured grains is 

reduced to between 12 and 2S percent at confining pressures between 
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1.0 and 2.6 kb inclusive. The number of fractures per grain is most 

commonly between 1 and lO,_and the average number is between 2.02 

and 2.96 fractures per grain. 

(iii) Shortening of between 6.5 and 18 percent -- For confining 

pressures between 1.0 and 2.6 kb, the average number of fractures 

per grain is between 2.78 and J.85. The number of untractured grains 

is between 6 and 23 percent. A somewhat different pattern is evident 

for specimen 4DJ, shortened nearly 16.0 percent at .50 kb confining 

pressure. The average number or fractures per grain is only 2.48, 

and J6 percent of the grains remain untraotured. 

(c) Relative effects of confining pressure and shortening 

Results of this investigation indicate that the frequency o£ 

miorofracture development is dependent on both the amount of deforma

tion and the confining pressure under which the deformation takes 

place. The effect of the two variables is shown in Fig. 16. 

At confining pressures of .50 kb or below, quartz grains are 

not as intensively fractured on the average as at higher confining 

pressures. This contrast would be even greater if the few very 

highly fractured grains which occur within shear fractures were 

excluded from the average. In general, the specimens deformed at 

confining pressures of .25 and .50 kb have a relatively large number 

of grains with between zero and three fractures. 

At higher confining pressures, fewer grains are left undeformed, 

and the average number of fractures and the amount of shortening is 

not linear. During the initial stage of deformation, shortening o£ 
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about 5 percent results in the development of approxilllately 2.5 frac

tures per grain. A further increase in shortening to between 10 and 

17 percent, however, results onl7 in an increase to about 3.5 frac

tures per grain. It is apparent that the rate ot fracture develop

ment is highest during the initial st889s of shortening(i.e. up to 

about 5 percent) and decreases significantly above this level. 

(d) Orientation ot microtractures 

It is readil7 apparent to even the casual observer that the 

microfractures developed within detrital grains have a high degree 

ot preferred orientation. The universal stage was used to measure 

the orientation of sets ot 2 or more parallel microfractures within 

quartz grains ot specimens 4Dll, 4DlS, SD17 and SD19(Fig. 17). In 

addition, histograms showing the angular relationship between cr1 and 

the poles to microfractures were prepared tor each ot these specimens 

(Fig. 18). It must be remembered that although the stereograms indi

cate that the poles plot as a point maxima, this is in fact part of a 

continuous girdle whose normal coincides with di_. This is because 

there is a central blind spot so that fractures inclined at less than 

45° to the stage are not visible(Borg, !1Ji•, 1960). 

Results of this study indicate that essentially all of the 

miorotractures are oriented within 20 degrees ot cr1• Furthermore, 

between 68 and 80 percent of the microfractures are inclined at less 

than 10 degrees of crl. 

Comparison or results from specimens 4Dll and 5017, with spec

imens 4Dl5 and SD19 indicates that there may be a somewhat greater 

spread associated with increased shortening, however the relative 
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effect is not great. 

In order to test the possibility that the orientations of sets 

consisting of 2 or more fractures ~ give a significantly different 

pattern than the orientations of individual fractures, the orienta

tion of 184 single fractures in 64 grains of specimen 5Dl7 were 

measured with the universal stage. A stereogram showing the orienta

tion of the fractures is shown in Fig. 19. A histogram showing the 

angular relation between ~ and the poles to the individual micro

fractures is also given in the same figure. 

The results indicate that 82.5 percent of the individual micro

fractures are inclined at less then 20 degrees to cr1, and that 60.5 

percent are inclined at less than 10 degrees. Although these values 

are lower than the respective values of 97 and 85 percent for sets of 

2 or more fractures in the same' specimen, the dominSDt pattern or . 

microfracture development nearly parallel to di, is still veey highly' 

developed. There is clearly a strong preference for miorofractures 
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in detrital quartz grains to develop nearly parallel to <fi. Although 

similar measurements of miorofracture orientations in detrital grains 

other than quartz were not made~ the pattern of microfraoture develoP

ment is apparently similar for all detrital grains. 

(e) Summary of Quartz Grain Behavior 

1. Microfractures develop within detrital grains distributed 

throughout specimens subjected to shortening under oontiniDB pressure. 

2. The microfractures develop within a majorit,y of grains in 

specimens which have been shortened between 2 and 5 percent. 
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). The dev<alopment of microfractures is most clearly related to 

the amount of abortening which the specimen sustains. The number of 

fractures increases linearly up to between .5 and 10 percent shorten

ing, and then the rate or fracture generation decreases. 

4. For equivalent amounts of shortening, there is an increase 

in the frequency of fracture development up to about 1.0 kb confining 

. ~Press~e._ Above 1.0 kb, there is little difference in the number of 

fractures at equivalent shortening. 

5. Nearly all of the fractures, both individual and sets con

sisting of 2 or more parallel fractures, develop in an orientation 

which is inclined at less than 20 degrees to Gl• 

(f) Deformation of the Calcite Matrix 

The calcite matrix of the starting material shows relatively few 

signs of deformation. Sixty-seven percent of the grains examined 

contain no visible twin lamellae. FUrthermore, the twin lamellae 

spacing index of the most intensely developed set of lamellae within 

twinned grains is )2, which is quite low. 
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In contrast, the calcite grains of the deformed specimens commonly 

contain several different deformation featares. Twin lamellae of the 

non-twinned or microtwinned type(Conel, 1962) are profusely developed. 

Calcite grains within shear zones are finely granulated and/or frac

tured, and slip surfaces mark the shear fractures. In some cases, 

microfractures developed within detrital grains extend into the ad

jacent calcite cement grains. Calcite grains exhibit bent lamellae 

and undulatory extinction. 



The twin lamellae, fault surfaces, miorofraotures and granulated 

grains are the most widespread and obvious signs of deformation within 

the oaloi te matrix. It is known that these features also character

istically develop in other deformed limestones(Tobin, 1966). This is 

not to say that other modes of deformation such as translation gliding 

do not contribute to the strain, but rather that twin lamellae devel

opment, fault surface development, fracturing and granulation are the 

most significant features which may be readily studied under the 

microscope. 

The low value of the shear stress required for the development 

of twins parallel to ef0ll2} makes it probable that this mechanism 

accounts for a significant portion of plastic deformation. The near 

random orientation of the calcite grains assures that a significant 

portion of the grains will be favorably oriented for twin develop

ment. It is also apparent that under brittle conditions a major 

part of the shortening is taken up through shear displacements assoc

iated with shear fractures and/or restricted shear zones. This behav

ior is accompanied by the fracturing and granulation of the calcite 

matrix. 

The study, therefore, involves the systematic census of the 

calcite grains in order to determine the presence or absence of 

lamellae, slip surfaces, major fractures and/or granulation as 

described on page 79. Minor fractures which out only part way across 

grains have been ignored because of the uncertainity of recognizing 

them. 

The results of the microscopic study are summarized in histograms 
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which indicate the relative number each of (1) undeformed grains, 

(2) grains conts,ining twin lamellae and (3) fractured or granulated 

graina(shown as the left-hand, center and right-hand columns respec

tively) shown in Fig. 20. Grains containing fractures and lamellae 

are included only within the fracture mode. Each hiatosram is posi

tioned on a stress-shortening grid near a point which corresponds to 

the confining pressure of the experiment and the amount of shortening. 

(i) Shortening of between 2 and 4 percent -- Compared with the 

starting material, in all specimens deformed over the ranse of confin• 

ing pressures between .25 and 2.60 kb, there is an increase in both 

the number of calcite grains which contain visible twin lamellae and 

the relative number of lamellae within twinned grains. (Specimens 

deformed under atmospheric confining pressure ~re not included in 
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this portion of the study.) In contrast to the starting material in 

which 67 percent of the calcite grains contain no lamellae, the number 

of lamellae-free grains is between 3 and 15 percent in all specimens 

with the sole exception of 5DJ. Furthermore, tbe degree of lamellae 

development within individual grains is high. (See discussion of twin 

lamellae spacing index within this section.) Specimen 5D3 was deformed 

at .25 kb confining pressure and contains 39 percent undeformed calcite 

grains. In general, not more than 10 to 20 percent or the grains have 

more than one set of lamellae developed. 

At 2.20 and 2.60 kb confining pressure, no calcite grains show 

more than a minor development of microfraotures. At lower confining 

pressures, between 5 and 15 percent of the calcite grains are cut by 
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faults or fractures. 

(ii) Shortening ot between 4 and 6.5 percent --·'Increasing the 

shortening to between 4 and 6.5 percent results in the development or 

twin lamellae within ne~ly all graius(i.e. less than 4 percent of 

the grains remain undetormed) and an increase in t~e number or frac

tured grains(up to 11 percent). 

(iii) Shortening of greater than 6.5 percent -- EssentiallY no 

calcite grains remain undeformed in specimens shortened more than 

6.5 percent. The increase in the amount or shortening is accompanied 

by an increase in the number or grains in the fracture mode. The 

increase is greatest at low confining pressures where as many as 27 

percent of the grains occur in the fracture mode as in speciemn 4D), 

shortened 15.95 percent at .25 kb. In contrast, specimen 5Dl9, 

shortened 17.57 percent at 2.50 kb,.has 5 percent of the calcite 

grains in the fracture mode, 

(g) Orientation of Lamellae in Calcite 
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In order to determine the characteristic orientation ot lamellae 

development, thin sections of specimens 5Dl5 and )Dl8 were studied 

with the aid of the universal stage. Stereograms showing the lamellae 

orientation are shown in Fig. 21. 

A consistent pattern of orientation is observed within the two 

specimens. Not more than 5 percent or the lamellae are inclined at 

less than )0 degrees to di• Otherwise, the lamellae have a more or 

less uniform distribution of orientations. 

(h) Intensity of Lamellae Development 

In order to determine the relative intensity of lamellae develop. 
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ment, the lBDlellae spacing index was determined for 50 calcite grains, 

tor each of three specimens(5Dl5, 5D17 and )Dl8). These specimens 

were deformed at or above 2.0 kb confining pressure within the Jllacro-

scopic field of homogeneous flow. Although the initial program or 

stu~ called for the determination of the lamellae spacing index 

within a greater number of specimens, it was found that lamellae 

were so profusely developed within specimens shortened more than 

about 6.5 percent, that accurate determinations ot the index could 

not be made. In fact, some difficulv was encountered even at lower 

strains, as the intensi v of lamellae development makes accurate 

counting difficult. For this reason, the lamellae spacing index mq 

not be as accurate as would be desired. 

The average spacing index for the best developed set or lamellae 
I 

(i.e. designated el) increases from 188 to 225 to )2) for relative 

shortening of 2.14, 5.09 and 6.50 percent respectively. The increase 

is approximately linear. Furthermo~, not more than 25 percent or 

the grains exhibit more than one orientation o£ l8Dl8llae development. 

In general, the second orientation has a much lower lamellae index 

(e.g. 90 or less). 

(h) Summar.y of Calcite Behavior 

1. Calcite clearly deforms by both twinning and brittle fracture. 

The presence of bent twin lamellae and the development o£ undulatory 

extinction within some of the calcite grains.indicates that translation 

gliding also contributes to the deformation. 

2. Fracturing of calcite occurs commonly at low confining 

pressures, but is essentially absent at high confining pressures. 
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). Twin lamellae are developed within all specimens deformed 

under confining pressures between .25 and 2.60 kb. 

4. The relative number of calcite grains containing, twin lamellae 
I 

increases with increased shortening to 6 percent. At this level, 

essentially all grains show profuse lamellae development in specimens 

deformed under 1.00 kb confining pressure or more. 

5. Determination of the twin lamellae spacing index within three 

specimens deformed between 2.00 and 2.60 kb confining pressure, indi

ca tea that the number of lamellae increases with increased a hortening 

up to at least 6.5 percent. 

6. Thin section study of two specimens indicates that the 

lamellae are more or less uniformly distributed over the orientation 

between )0 and 90 degrees to crl. 

Discussion 

(1) Strength and Macroscopic Deformational Behavior 

The macroscopic deformational behavior of the calcareous Blair-

more sandstone can be expressed in terms of the four fundamental 

modes of deformation -- longitudinal fracture, brittle faulting, 

ductile faulting and homogeneous flow. The transition takes place 

over the range of confining pressure between atmospheric and 2.00 kb. 

Comparison of the experimental results from Friedman(l96)) 

for the calcite-cemented Tensleep sandstone deformed under somewhat 

similar conditions to some of the tests of the present study indicates 

that the two rocks have comparable strengths and show similar deform-

ational behavior under 1.00 kb confining pressure. Therefore, the 
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results of this study m$Y provide a basis for understanding the deform

ational behavior of other calcite-cemented sandstones. 

Although deformed specimens of the calcareous Blairmore sandstone 

have an appearance similar to deformed specimens of orthocalcite 

rocks(e.g. Paterson, 1958; Donath, 1964), comparison of the experi

mental results indicate there are some significant differences in 

behavior. In the first case; the uniaxial compressive strength is 

2.)0 kb. This is greater than the published strengths of most lime

stones and marbles, with the exception of the extremely fine-grained 

Solenhofen limestone(i.e •• 008 to .0145 mm(Brace, 1961)). If the 

strengths of limestones with a grain size comparable to the dimensions 

of the calcite grain size in the Blairmore sandstone are compared, 

the Blairmore sandstone is found to be J to 4 times as strong as the 

orthocalcite rocks(Handin, 1966; and see P• J8). 

Further contrasts in behavior under confining pressure m~ be 

defined with the aid of Fig. 22. The hatched area shows the field 

which defines the range of most published stress-shortening curves 

for limestones and marbles. The upper limit is defined by stress

shortening curves for the high strength Solenhofen limestone, whil~ 

the lower limit is defined by curves for the Marianas limestone. 

MOst other records plot within the double hatched portion of the 

field{Bandin, 1966; Donath, 1964). Comparison of the deformation 

records show the followtng contrasts. During the initial stage of 

deformation(i.e. 1.7 percent at 1.0 kb and 5 percent at 2.5 kb con

fining pressure), the strengths are considerably higher for the sand

stone(e.g. as great as 4 times). This contrast is greatest at the 
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a. 1.0 KB. 
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b. 2.5 KB. 
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0 4 8 12 16 20 

SHORTENING (PERCENT) 

Fig. 22. Pverage stress-shortening curves tor the calcite-cemented Blair
more sandstone at (a) 1.00 kb, and (b) 2,50 kb confining pressure. The 
hatched area covers the field ot published curves tor most orthocaloite 
rocks deformed under comparable conditions. The uppermost curve is tor the 
very fine grained Solenhofen limestone, and the lowermost curve is tor the 
Marianna limestone. Published curves most commonlY fall within the double 
hatched area(SUIIlll'l8.ey' of data froma Handin, 1966; Donath, 1964). 



level of the ultimate strength of the sandstone. The ductility or 

the strain before faulting is much greater in the orthooalcite rocks. 

Such rocks normally have ductilities in excess of 10 percent at 1.0 

kb confining pressure(Handin, 1966). In contrast, the Blairmore sand

stone has a ductility of about 1.5 percent under the same conditions. 

Homogeneous flow, marked by uniform deformation of the specimen and 

accompanied by a rising stress-strain record is characterisitc of most 

orthocalcite rocks at confining pressures in excess of .50 to 1.00 kb. 

In contrast, the Blairmore shows only limited homogeneous deformation 

at a confining pressure of 2.60 kb. 

Further evidence of the strengthening effect of strong inclusions 

upon the strength of calcite is given in Figure 2). Comparison of 

published deformation records indicates that calcite single crystals 

containing sand grains may support a differential stress which is as 
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great as one to two orders of magnitude greater than the stress which 

inclusion-free calcite single crystals may support under similar conditions. 

In summary, it is apparent that a similar transition in deforma

tional behavior related to increasing confining pressure is observed in 

both orthocalcite rocks and calcite-cemented sandstone. However, 

comparison of experimental results from tests performed at the same 

confining pressure indicates that the sandstone has greater strength 

and much less ductility than orthocalcite rocks. Furthermore, the 

brittle-ductile transition occurs at much higher confining pressures 

in the sandstone than in the marbles and limestones. 

(2) Fracturing of Qyartz Grains 

The microscopic study of deformed specimens of the Blairmore sand-
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stone indicates that a majority of detrital quartz grains are cut by 

microfractures. These fractures show a high degree of preferred 

orientation which is nearly parallel to the direction~· 
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The pattern and intensity of development of microfractures within 

quartz grains of the Blairmore sandstone is comparable to the develop

ment of miorofractures within calcite-cemented sands previousl1 studied 

by Friedman(l96J). For example, two specimens of the Tensleep sand

stone shortened J.9 and 5.9 percent under conditions of 1.00 kb confin

ing pressure and 150° c. have fracture indices of 169 and 184 respec

tivelY. Specimens of the Blairmore sandstone shortened 2.6 and 5.5 per

cent under 1.00 kb confining pressure gave indices of 168 and 190. 

Furthermore, the pattern of development of miorofraotures with a pre

.ferred orientation nearly parallel to ~l is common to both(See below). 

Similar behavior is observed in other calcite-cemented rooks 

deformed by Friedman even though his experimental conditions include 

both triaxial compression and extension, and span a greater range of 

temperature and pressure than the present study. 

Results of this study indicate that the shape of the detrital grains 

apparently has little influence on the development of microfraotures, 

as the Blairmore contains a high proportion of angular grains which 

exhibit low sphericit,y. 

Microfracture development within non-cemented sands provides 

some interesting contrasts to cemented sands. The application of 

confining pressure to non-cemented quartz sands results in the devel

opment of numerous fractures within the quartz grains(Borg, !! !!·• 

1960). In contrast, }~iedman(l96J) found that the application of 
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confining pressure does not result in the development of fractures in 

calcite-cemented sands. Furthermore, the fracture indices for the 

sands are in most cases much higher than the indices or cemented sands 

which have been subjected to equivalent amounts of deformation(i.e. 

range of 262 to J82 for sands as compared with 152 to 275 for cemented 

sands). 

There are several other differences between the fractures which 

develop within the grains of calcite-cemented end non-cemented sands 

and they are summarized in Table 7. 

One of the most significant differences is that microfractures 

of detrital grains of cemented sands may develop within grains which 

apparently do not make contact with other detrital grains. This is 

the case for some fractured quartz grains of the Blairmore sandstone. 

Further evidence is given by Friedman(l96J, P• 25 and Plate J), who 

gives a photo and a sketch of fractured detrital grains which "float" 

within the calcite matrix of sand crystals and have no obvious contacts 

with other detrital grains. 

Additional evidence that the individual quartz grains in a calcite

cemented sandstone may be subjected to a significant differential stress 

even though the deformed grains do not touch other strong detrital 

grains is found in the work of Carter and Friedman(l965). Microfabric 

analysis of the naturally deformed calcite-cemented Swift formation 

indicates the presence of deformation lamellae within quartz grains of 

this rock. The common occurrence of deformation lamellae within quartz 

grains of a rock consisting of 50 percent calcite, and with no touching 

grains led Carter and Friedman to conclude that the quartz was not deformed 



Nature of 
microfractures 

Conditions of 
formation 

Orientation of 
rniorofractures 
with respect 
to the applied 
stress field. 

NOB-CEMENTED SANDS 

Fractures are conjUBSte or 
consist or a series of 
parallel planar breaks 
which join to form a single 
discontinuity. 

They radiate and curve away 
from point-to-point grain 
contacts, and are clearly 
related to the contacts. 

sets of parallel trending 
fractures are rare. 

Numerous fractures form 
upon application of con
fining pressure. 
Additional fractures form 
when differential stress 
is applied. 

Fractures develop at essen
tially all orientations, 
but there is a tendency tor 
the fractures to be inclin
ed at less than 4; degrees 
to crl. 

CALCITE-CEMUTED SANDS 

Commonly planar or 
slightly curving. 

Fractures develop both 
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at point-to-point contacts 
and in portions or grains 
with no adjacent contacts. 

Sets consisting of two or 
more nearly parallel frac
tures are common 

No fractures form upon 
application of confining 
pressure alone. 
Application of differential 
stress in excess of the 
yield stress(sensu strict~ 
results in the development 
of fractures. 

Fractures show a very high 
degree or preferred orien
tation nearly parallel to 
di• EssentiallY all or the 
microtractures are inclined 
at less than )0 degrees 
to OJ.. 

Table 7. A comparative summary of the characteristics of miorofracture 
development within sand grains or non-cemented and calcite-cemented 
sands. (Observations on non-cemented sands from Borg & Maxwell, 1956; 
Borg, !! al., 1960). 

solely by stresses transmitted across quartz-quartz contacts. 

A further contrast between the development of microfractures in 

quartz grains of various materials may be observed with the aid of 
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Fig. 24. Histograms of this figure show the relative degree of pre

ferred orientation of microfractures within detrital grains of calcite

cemented and non-cemented sands with respect to the imposed stress 

system. The summary includes results from four specimens of this 

study as well as published data for other materials. The specimen 

number, conditi<Jns of deformation, and the amount of strain are spec

ified for ea.ch diagram. 

The compilation has the following short-comings. The histograms 

for the non-cemented sands were derived from stereogram& showing the 

orientations of the poles to individual microfractures, while the 

histograms for cemented sands show the relative orientation of poles 

to sets of 2 or 1110re microfraotures. Furthermore, although the histo

grams for cemented sands were co~structed from stereogram& giving 

orientation of individual poles, the published stereograms for the 

microfractures in non-cemented sands are contoured. Histograms for 

non-cemented sands therefore reflect the averages of the contoured 

diagrams and are somewhat less exact than the other data. 

These short-comiags are not thought to be too serious, however. 

It has been shown that the pattern of preferred orientation of indiv

idual microfractures and sets of microfrectures does not differ 

significantly for specimen 5Dl7(Fig. 19). This suggests that the 

pattern of orientation of sets of fractures is reasonably representa

tive of the orientation of all fractures. 

Although the construction of histograms from contoured diagrams 

undoubtedly masks the orientation of particular zones of concentration, 

it does not si.gnificantly alter the major trends. The fact that leas 
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than 10 to 15 percent or the miorofractures within sand grains or 

calcite-cemented sands of low porosity are inclined at more than 60 

degrees to ~ is in marked contrast with the non-cemented sands 

where about 50 percent or the fractures are inclined at more than 60 

degrees to cf'1• 

Comparison of the various histograms indicates that the patterns 

of preferred orientation do have some common features. In all oases 

under a rather wide variety or experimental conditions, there is a 

marked tendency for miorofraotures to be oriented nearly parallel to 

dl• However, this tendency is much more well developed for cemented 

sands and sand crystals. 
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It is evident that the degree of preferred orientation or frac

tures in the deformed SUpai sandstone(Friedman, 196:3) is less well 

developed than in cemented sands or low porosity or for sand crystals, 

although the degree of preferred orientation is more highly developed 

than in non-cemented sands. 

F.riedman(p. 28-:30) suggests that the observed spread of poles in 

specimen ?80 of the Supai sandstone can be accounted for by rotation 

of the fracture planes away from their initial positions. 

Consideration of the orientation of microfractures within spec

imens 1049, 4Dl5 and SD19 shortened 22.1, 12.8 and 1?.6 percent res

pectively, indicates that even though all of these specimens have been 

subjected to greater amounts of shortening than were either of the 

Supai specimens, they do not show the lower degree or preferred orient

ation which Friedman suggests is caused by rotation during shortening. 

It is therefore proposed that the greater variation in the orientation 



of microfractures in the deformed Supai sandstone specimens must be 

accounted for in another way. 

11) 

Ideally, it should be possible to account for all of the differ

ences in microfracture development in non-cemented and oalcite

cemented sands. The major differences are the conditions of formation, 

character of the microfractures and the orientation of the miorofrao

tures with respect to the imposed stress system. 



114 

Chapter 5 

GENERAL DISCUSSION AND TBEORY 

Introduction 

The deformational behavior of the calcite-cemented Blairmore 

sandstone can be understood in terms of the competition between brittle 

processes which result in fracture and ductile processes which are 

responsible for shape change. The mechanical behavior of the rock 

depends on the mechanical properties or the individual phases. It is 

also necessary, however, to consider the differential behavior and 

interaction or the relativelY weak, ductile calcite matrix and the 

strong "rigid" detrital grains. ·An understanding or the mioromeohanics 

should provide an explanation for the development of the microscopic 

fabric, as well as accounting for the strength and ductility of the 

rook as a whole. 

In the first part of the discussion, we will look at the macro

scopic behavior and the stress-shortening records for the rock. Par

ticular attention will be paid to how confining pressure affects the 

behavior. We will then turn attention to the development of the 

microscopic fabric. 

Hacroscopic Behavior and the Stress-Shortening Recordp 

The stress-shortening records reflect the ability or the rock to 

sustain load under the experimental conditions, while at the same time 

they indicate the amount of deformation which the specimens undergo as 



the load is applied. The appearance and shape of the specimen shows 

how the deformation takes place and how it is distributed over the 

specimen. 

The record reflects both the inherent behavior of the rock and 

115 

~he mechanical restraint of the test apparatus. It is therefore neces

sary to consider the experimental effects in order to determine what 

part of the behavior is intrinsic to the rook itself. 

(1) Experimental Effeota 

In the present study, the test apparatus is thought to influence 

the deformational behavior as a result of the (1) relatively low 

stiffness of the pressure vessel and loading system, and (2) through 

end effects resulting from interaction of the test specimen and the 

hard steel anvils through which the load is applied to the specimen. 

Jacketing is thought to have had little effec~on tWe tests. A majority 

of the tests were carried out in lisbt-weisht polyethylene jackets 

which have little strength, yet provide a moisture-proof seal. Tests 

carried out in copper jackets were predominately within the brittle 

range and gave results which were similar to those of tests carried 

out in the ligh~weicht. jackets. 

The elastic recovery or .. the test apparatus· is most sipitioant 

to the tests carried.,out UDder confining pressures up to 1.00 kb. 

In this range characterized by brittle failure and slip on shear 

surfaces, post-failure stress-shortening curves reflect the recovery 

of the machine as much as the intrinsic behavior of the rook(See P• 22 

tor discussion). 

End effects are known to be responsible for (1) the development 
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of the barrel-shaped specimen during tests run under ductile conditions 

and (2) the development or symmetrical deformation(e.g. symmetrical 

faults) in tests carried out under more brittle conditions. It has 

also been proposed that the anvils may be responsible for the devel• 

opment of longitudinal fractures which develop in uniaxial compressive 

tests carried out at atmospheric confining pressure{Jaeger & Cook, 

1969, p. 139), or that the behavior results from the geometr,y of the 

triaxial test(Jaeger & Cook, 1969, p. 148). 

Lateral constraint resulting from frictional resistance at the 

specimen-anvil interface is responsible for barreling of ductile 

specimens and is a well-known phenomenon(Jaeger & Cook, 1969). A 

somewhat similar effect is observed in relatively brittle specimens 

deformed within the t.r.Pe of test apparatus where the anvils are not 

free to move laterally. Under these conditions, the ends of the test 

cylinder remain nearlY coaxial and symmetrical fea~es such as con

jugate faults are observed to form(Donath, 1968). Such behavior occurs 

in the present study as specimens shortened more than four to five 

percent at contining pressures below about 1.00 kb develop conjugate 

faults. The second peak in the stress-shortening record reflects 

this aspect ot machine restraint. 

1n contrast, deformation under otherwise similar conditions but 

in apparatus in.which the specimen is tree to move laterallY results 

in the formation ot only a single fault or ductile zone. Furthermore, 

the stress-shortening record follows a dowuslopeing path terminating 

at rupture at smaller amounts ot total shortening than is observed in 

the present study. 
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(2) Intrinsic Rock Behavior 

(a) Behavior and strength in the uniaxial compression teat 

Stress-strain curves for the Blairmore sandatone(Fig. 2S)detormed 

under atmospheric confining pressure have the characteristic 5-shape 

associated 'IIi th limestones and sandstones deformed under sillilar condi• 

tions(Miller, 1965; Friedman, !1 !!,., 1970). This curve reflects the 

normal elastic response of the rook and is expressed by the effective 

Young's modulus. Because of the rather laree corrections necessar,r to 

account for the elastic distortion ot the test apparatus, the experi-

mentallY determined value to the Young's modulus may not be very accur

ate. However, the values of the order ot 0.2 to o.s x 106 bars are in 

agreement with published values tor limestones and sandstones(Birch,l966). 

It is readily apparent that these values are well below either the 

intrinsic Young's moduli of the individual phases or a composite value 

based on a simple rule of mixtures calculation. The low value is thought 

to be caused by the presence of porosit.Y and cracks. Both types of 

imperfections act to reduce the effective elastic constants to values 

which are markedly less than the level of the intrinsic elastic constants 

tor material tree !rom impertections(Jaeger &: Cook, 1969, P• )l)-)21J 

Brace, 1964). 

Under atmospheric confining pressure, the rising curve is terminated 

by brittle fracture at about .65 percent shortening. The sudden drop ot 

the record reflects the elastic recovery ot the apparatus as discussed 

earlier. Upon removel !rom the test chamber, the specimens are found 

to be divided by two or more irregular to planar surfaces oriented at 

a small angle(i.e. 4 to 20 degrees) to the core axis. 
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The experiments indicate that the rock tested can sustain an 

axial load of 2.31 kb(mean of three tests--2.28, 2.)4 and 2.32 kb) 

under the test conditions. This puts the rock within the ·~ery high 

strength" class of Deere's classification s.rstem(l966) indicating 

. that the rock has a high strength as compared with many rocks. 

b. Griffith Theory and the uniaxial compressive strength 

Discussions of the ultimate factors controlling brittle rock 
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strength have been limited in number. The only commonly considered 

mechanistic theory of rock strength is the Griffith Theory. 

The Griffith Theory assumes the pre-existence of small flaws or 

cracks within the material. These cracks act to produce stress concen-

trations of sufficient magnitude so that the theoretical cohesive strength 

is reached in localized regions at an average applied stress which is 

well below the theoretical value. For the uniaxial compressive condi-

tion, the Griffith Theory predicts a strength which is eight times the tensile 

strength, and the Griffith equation is then ~ompressive • 8(2E~/~c)i. 
Brace(l961;1964) has demonstrated that the Griffith Theor,r appar-

ently accounts for the failure strength of monomineralic rocks such as 

limestone and quartzite, and that the flaw size, 2c is equivalent to 

the grain size in these rocks. A similar relation has been shown for 

anhydrite(Skinner, 1959). With the exception of Boupert(l966), who 

found a grain size-strength dependence for granite which he related to 

Griffith Theory, little consideration has been given to the determining 

factors of the strength of rocks consisting of more than one mineral 

phase. 
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vlork of Hasselman, Fu.lrath and other investigetors(Hasselman & 

Fulrath, 1966; 1967; Nivas & Fulrath, 19701 Twmmala & Friedberg, 19?0) 

in ceramic systems, however, suggests an approach whereby the Griffith 

Theory may be applied to give an understanding of the brittle behavior 

of some polymineralic rook materials(See discussion on p. 5J). 

Experiments performed by these investigators involved the deter

mination of the strength of two phase ceramic materials consisting of 

strong inclusions within a brittle glass matrix. The inclusions act 

to limit the size of potential Griffith flaws b,y limiting the mean 

free path within the glass matrix. The strengths of the ceramic mater

ials can be accounted for if the Griffith flaw size is considered to 

be equivalent _to the mean free path within the brittle glass matrix. 

The investigation of uniaxial compressive strength of the calcar

eous Blairmore sandstone focuses on the determination of the potential 

size of Griffith flaws. It is also necessary to consider other factors 

which are thought to affect the brittle strength of two phase materials. 

Griffith flaws are most commonly thought to be situated at grain 

boundaries or to lie along planes of weakness within i-ndividual grains. 

The dimensions of the detrital grains and the calcite grains were 

determined during the petrographic study of undeformed material. In 

addition, the mean free path within the calcite matriX was determined. 

These values are plotted versus strength in Fig. 26. Comparison of 

the strength of the Blairmore sandstone with the experimentally deter

mined uniaxial strength curve of limestones(Braoe, 1964) indicates 

that the strength is more than four times as great as the strengths of 
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limestones or equivalent grain size. 

It is also round that the uniaxial compressive strength is 

seventy percent higher than would be expected i! the !law size res

ponsible !or failure is equivalent to the mean free path within the 

calcite matrix(!ound to be 0.068 mm.). 

The lack or agreement between the predicted and experimentall7 

determined strengths indicates that either other !actors must 

influence the strength, or the Griffith Theory does not account !or 
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the strength o! this rock. Re-examination o! the Griffith equation 

shows that, with the exception or the numerical terms, the only other 

variables are E and l. The Young's modulus, E, is a material constant 

which cannot increase significantly over the value !or the individual 

phases. However, the effective surface energy, ~ , has been shown to 

increase by as much as 100 percent within glass systems when a disper

sion o! particles consisting or a second phase is added(Lange, 19?0). 

In the Griffith equation, the strength is dependent upon the 

square root or t. It would therefore be necessary to increase the 

value of {to about 4J5 ergs/cm2, which is an increase or 190 percent 

over the value or calcite alone(i.e. 2JO ergs/cm2(Brace, 1961)). It 

is not known whether such a large increase in t does occur. 

Other factors which have been found to effect the strength o! 

two-phase brittle ceramics are stress concentrations associated with 

porosity, regular and irr~gular shaped inclusions(Hasselman & Fulrath, 

196?; Tummala & Friedberg, 19?0). Porosity has also been shown to 

decrease strengths in various rock materials including sandstones 



(Balakrishma, 196:3; Rector, 1970). In general, all of these factors 

Act to reduce the strength as compared with the matrix alone. They 

do not therefore provide any insight into the high strength of the 

rock under study. 

(c) Behavior and Strength Under Confining Pressure 

12:3 

(i) Macroscopic behavior -- The initial portion of each 

stress-shortening record has a steeply rising nearly linear elastic 

segment. However, records of experiments carried out under confining 

pressure differ from the uniaxial tests. After initial elastic 

deformation, the record deviates from the linear portion and follows 

a path of diminishing slope which is concave downward. This yielding 

results in a marked increase in the deformation prior to reaching the 

ultimate strength. 

The Young's moduli of quartz and calcite differ only slightly. 

Therefore under elastic conditions, the intensity of stress and 

amount of strain are essentially equal in the two phases. The rock 

strength(i.e. in this case, the yield stress or onset of plastic 

deformation) is controlled by the mineral with the lowest critical 

stress(Kartesz, 1968). In fact, the yield stress of favorably oriented 

single crystals of calcite is far exceeded in the macroscopic range of 

the polycrystalline specimens as the critical resolved shear stress 

for a-twinning is only 50 bars. Calcite is therefore the first mineral 

to deform in a non-elastic manner. 

Once the ultimate strength is achieved, the record marks a sudden 

and precipitous drop in stress with accompanying shortening of about 

two to three percent. Specimens from these tests are offset along a 



shear surface oriented at an average of JO degrees to the core axis. 

Shortening is primarily taken up by sliding along the shear fracture 

and the shape of the specimen is otherwise little changed from the 

original. 
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The stress difference falls to some level which is significantly 

less than the ultimate strength(e.g. from 2.75 to 1.25 kb at .25 kb 

confining pressure or from 4.25 to about J.O kb at 1.00 kb confining 

pressure). It then rises to form the second fault as discussed above, 

and then falls to a somewhat lower leve~ where it remains more or less 

constant with further shortening. MOst of the shortening is taken up 

by sliding along the shear f~ectures. The observed stress is then 

the stress necessary to cause sliding along the fracture surface and 

is expressed as 1'- S0 + u6;D, where ~-shear stress to produoe sliding, 

u • coefficient of sliding friction, S0 • a constant and ~ • the normal 

stress on the surface upon which sliding occurs(Jaeger and Cook, 

1969, P• 56). 

At 1.25 and 1.50 kb confinihg pressure, the stress-shortening 

record indicates that there (l) is an increase in the amount of yield

ing prior to attaining the ultimate strength, and (2) the rock strength 

does not undergo a sudden drop once the ultimate strength is reached. 

Instead, the record follows a gradually falling path which levels off 

with increased shortening. 

Although discrete fractures inclined at about J5 degrees to the 

core axis mark the specimen surface, these failure surfaces diminish 

as they pass into specimens which have been shortened only a few percent. 

Within the specimen shortening is taken up by a more general deformation 
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within a zone parallel to the fractures. Shape change occurs, however, 

barreling is restricted to the central portion of the specimen. 

At confining pressures of 2.0 kb and above, the specimen may 

undergo 2.0 to J•S percent shortening before reaching the ultimate 

strength. Under these conditions, the specimen reflects a more ductile 

behavior and deforms through general barreling. 

It should be noted, however, that within the range of experimental 

conditions, we do not see completely homogeneous or tully ductile 

behavior which is associated with a continually rising stress-strain 

curve. Furthermore, local shear surfaces do develop within specimens 

deformed more than about 5 percent at 2.0 kb and 12 percent at 2.5 kb 

confining pressure. 

(ii) Microscopic behavior -- Examination under the microscope 

revealed that in all specimens deformed between .25 kb and 2.60 kb 

confining pressure, (1) twin lamellae developed within calcite grains 

and (2) cicrotractures developed within detrital grains with a prefer

red orientation nearly parallel to the core axiso These features are 

distributed more or less uniformly over the specimens. 

The microfabric is found to be related to (1) the confining pressure 

of the experiment and (2) the amount of shortening which the sp~cim~n 

undergoes. Increasing the confining pressure to .50 kb results in an 

increase in the amount of calcite which exhibits twin lamellae up to 

.50 kb where a majority of the grains contain lamellae. This is 

accompanied by an increase in the number of microfractures within 

detrital grains. Further increases in confining pressure are acco~ 

panied by a reduction of fractured calcite grains and there is more 
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evidence of intense plastic deformation of calcite grains through other 

mechanisms(probably r- or £-translation) which produce bent lamellae 

and undulat~r;r<·extinction. 

Increasing the amount of shortening results in (1) more calcite 

grains becoming twinned, (2) the number ot twin lamellae increase with 

shortening(at least at confining pressures greater than about 2.0 kb), 

and (3) the number of microfractures within detrital grains increase, 

with a continued preference for development nearly parallel to the core 

axis. 

Friedman(l96)) has shown for similar rocks that the application 

of confining pressure alone does not result in the development of 

either twin lamellae or microfractures. Furthermore, he found that 

twin lamellae and microtractures do not form during triaxial extension 

tests carried out at 1.0 kb confining pressure and 150°C. on the 

calcite-cemented Tensleep sandstone, even though the rock was deformed 

to rupture. This is thought by the writer to reflect the very high 

confining pressures required to obtain ductile defo~tion(in this 

case, e-twinning) of rocks under extension conditions in general as 

compared with compressive testing(as demonstrated by Heard, 1960). 

It is therefore apparent that the presence of twin lamellae and 

microfraotures are indicative of tectonism(es noted by Friedman,l96)). 

Furthermore, the development of lamellae and fractures develop simil

taneously and it is this general distributed deforma.tion which is 

responsible for the yielding which occurs prior to achieving the ulti

mate strength in the present study. There is a threshold confining 

pressure below which failure by fracture may occur without the develop-
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ment of twin lamellae or fractured grains. 

The increase in the number of microfractures with increased short-

ening is greatest at confining pressures above 1.0 kb. 

This is attributed to the fact that deformation is much more generally 

distributed at these higher confining pressures. In contrast, at lower 

confining pressures much or the shortening is taken up through displace-

ment along shear fractures or zones and there is relatively little 

yielding and distributed general deformation. This is shown diagram

matically in Fig. 27. 

There is also an observed decrease in the rate of fracture develop

ment with increased shortening in excess of about S to 6 percent. This 

is thought to reflect (1) the increasing importance of shortening 

through shear displacement observed at higher levels of shortening and 

(2) the general decrease in the number of detrital grains which are 

favorably disposed to develop fractures. In the second case, there is 

a decrease in the number of touching unfractured grains as more and 

more grains are fractured. Also as detrital graias are fractured as 

the result of interaction with the matrix, the length to width ratio 

decreases and the grains are no longer stressed to failure(to be 

discussed in a following section). 

(iii) Summery of the effects of confining pressure -- Confining 

pressure is shown to affect the strength, ductility and the orienta-

tion of macroscopic fracture development. In the brittle range, the 

free ture stress increases rapidly with ( cr1 - cr, ) rising from 2. )1 kb 

at atmospheric to J.50 kb at .50 kb confining preesure(an increase of 

240 bars for ever,y 100 bars increase in confining pressure). The magni-
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tude of this effect becomes less with increasing pressure aDd the 

strength increases from 5.50 to 5.90 kb over the range from 2.00 kb 

to 2.50 kb confining presaure(an increase of about 90 bars f~ 100 

bars inorease in confining pressure). 
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With increasing confining pressure, there is a transition from 

brittle behavior below 1.0 kb to ductile behavior above 2.0 kb. 

Specimens sustain less than 1.50 percent shortening{elastio plus 

plastic) below 1.00 kb confiDing pressure, while this increase to 

about ).50 percent at 2.50 kb confining pressure. Furthermore, while 

the specimens deformed at pressures below 1.00 kb confining pressure 

deform predominately by shear fracture, and undergo little shape 

chanpJ specimens deformed at confining pressures above 2.00 kb deform 

through a general chanp in shape. A similar transition is observed 

microscopically where increasing confining pressure results in the 

suppression of fracturing of calcite grains. The onset of predomin

ate~ plastic deformation of the calcite is accompanied by the more 

general development of microfractures in the detrital grains. 

The orientation of macroscopic fractures and shear surfaces 

changes from longitudinal at atmospheric to an average of )0 degrees 

to <r1 at low to moderate confining pressures increasing to nearl;} ·;o 

degrees at 1.50 kb. 

Confining pressure acts to increase the ultimate strength while 

at the same time it promotes more general plastic behavior. 



(3) Theory of the Effect of Con.Cining Pressure on Brittle Deformation 

Processeg 

Although the ·effect or confining pressure in inoreasiDg strength 

and ductility has been well know since the earliest investigations 

ot rock behavior, little consideration has been given to the theoreti

cal basis for this observation. We will therefore consider how 

confining pressure rtQts to suppress brittle behavior while at the aaae 

time promoting ductile deformation. ~rittle failure results from 

the development of macroscopic fractures. We will ttrst consider 

the initiation and propagation or cracks. 

{a) Griffith Theory 

1)0 

We have already noted in an earlier section that the 

Griffith theoey assumes the pre-existence or small flaws or cracks 

within the material. Under compressive condi t"ions, it has been shown 

both theoretically and eJqJerimentally that the most critically oriented 

cracks within a biaxial stress field are inclined at between 20 and 

40 degrees to cr1• These flaws may initiate fractures near the ends. 

However, the fractures propagate less than oae or two crack lengths 

following a curved path into a position parallel to di which is t~~~ 

stable. It is then neoess~ to increase the applied load to several 

times the load at primar.7 initiation in order to continue propagation. 

This led to the conclusion that shear fractures most probabl7 

develop from an overlapping array ot closely spaced, en echelon cracks 

which could coalesce to form the macroscopic shear tractmre(~ombolakis, 
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19641 HOek & Bieniawski, 196.5). 

The stress to initiate fracture, ~· from the end of pre-exiatiQg 

flaws can be shown to be dependent upon the confining pressure, d)• 
where 

(5-l) 

and ~ • uniaxial compressive strength of the rock(Hoek & Bieniavski, 

196.5). 

(b) McClintock-Walsh Theory 

The. Griffith lheory assumes no forces are carried across 

the faces of the crack. :But McClintock and Walsh(l96J) argue that 

cracks can close and oarr.y normal and shear stresses due to friction. 

These stresses will tend to increase the strength of the rock by 

reducing the stress concentration at the ends of the crack from the 

value it would h'-ve been in the absence of the friction stress which 

resists the deformation of the crack. If the friction is taken into 

consideration, the stress to initiat• fracture, dl• is shown to be 

6"1 • cs; (1 + u~ ~ + u + ~ 
(1 + u ) - u 

(5-2) 

where u is the coefficient of friction between crack faces(BOek & 

Bieniawski, 196.5). It has been found that this equation gives a much 

better agreement with experimentally determined strengths than the 

original Griffith equation. Values of u are found to most commonly 

lie between .s and 1.0. 



(c) The Effect of Confining Pressure on Crack Foration Result

ing From Plastic Deformation 

Most discussions or rock strength have been based on the 

consideration of strictly brittle materials. The ductile behavior of 

calcite under confining pressure makes it necessar,y, however, to 

consider the possibility or fracture being initiated as a result ot 

plastic deformation. 

Mioroyielding within individual grains of a polycr.yatalline 

material is thought to lead to fracture development in a variety ot 

metallic and ceramic materials(McClintock & Argon, 1966). In such 

case, stress concentrations result where translation slip(i.e. disloc

ation pile-up) is blocked by some strong obstacle. This may occur 

where slip in one grain intersects a grain boundary. If the stress 

concentration is not relaxed through further slip in tbs adjacent 

grain, crack initiation and propagation 11167 occur. 

Dower(l967) considers the effect of confining pressure on 

fracture development resulting from this process and we will follow 

his discussion. Dower assumes that the propagation ot a crack 

requires more energy than its initiation. This was subsequently 

shown to be true under conditions of high pressure{F.rsnc~~a & Wile~w, 

1968). 

Consider a crack or length c at an angle + to the slip plane, 

wedged open by n dislocations of Burger vector p, under the action of 

the applied tensile stress diat an angle 45 degrees to the slip plane. 
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Let the applied hydrostatic pressure be p. The assumption is 
133 

made that the hydrostatic pressure only affects the work done in 

opening the crack, the energy w, of the crack under the stress system, 

is comprised of: 

(1) The elastic energy of the stress field set up by the crack; 

this has been calculated by Stroh(l954) to be(n2b2G/{4-n<l - v )}) ln 4r/c, (5-J) 

where G is the rigidity modulus, v the Poisson's ratio and r the 

effective radius of the stress field. 

(2) The surface energy of the crack; this is given by 2c¥•, where 

r· is the effective surfaoe energy of the crack. This effective sur-

face energy term includes the plastic work associated with the growth 

of the crack, and msy be much greater than the true surface energy. 

(J) The elastic energy of the crack in the applied stress field; 

Stroh(l955) calculates this to be 

(5-4) 

The work of Sack(l946) suggests that no great error results in 

ignoring the effect of the hydrostatic pressure. 

(4) The energy due to the increase in volume on opening the 

crack; this consists of two parts, namely (a) the work done by the com

ponent of compressive stress normal to the crack, (-nbc/2)crsin(~- ~), 

and (b) the work done against the hydrostatic pressure (nb~/2)p. 

The total energy of the crack is thus 

W • 4J.2b2G ln !G:, + 2c~' - 1\"(1 - y)st2o2 - !!£.2.. crsin(+ -"!!') + ~ p. (5-5) 
1- v) c 8G 2 4 2 

Strictly, this equation applies only to a two-dimensional model 

but Sack(l946), who exte~ded the argument to a penny-shaped crack, 

showed that the difference will be a numerical factor only. 



For the crack to spread under the appled stress, W must decrease 

as c increases, and the length of the crack at equilibrium will be 

given by dW/dc • o. Thus 
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g!'£ • 0 • _ n2
b

2 G ! + !lh,~!t.l!, + p _ 6' sinf.&. _1!\{_ U(l - v) a- 2 • (5-6) 
de ~(1 - v) c 2l nb \ 4}5 4G 

Rearranging equation 5-6 we get 

,:!!.(1 - v )<1"2c2 _J!k{4¥1 + p _ cf' sin(& __ \1 c + n2b2G • o. 
4G 2l nb 415 ~1 - v) 

(5-?) 

The ~itical length of crack will occur when the roots of equation 5-7 

are equal, and this will happen when 

4t• + p0 _ ff" sin(O -1t) • 0 
nb 4 

where p0 is now the critical l~drostatic pressure for the transition 

from brittle to ductile fracture. Rearranging equation 5-8 we get as 

the critical condition 

nb~cJ"+ <S"sin( -9- -1;') _ p0J • 4¥•. 

Under tensile conditions, the crack will spread catastrophically if 

the left-hand side of equation 5-9 exceeds 4l 1 • Under confining 

pressure, the crack will not spread catastrophically. Failure may 

result from the linking up of many small cracks. 

(5-8) 

(5-9) 

The increased ductility associated with higher confining presoures 

may act to increase the plastic work associated with ••. This acts 

to increase cr, the stress required to propagate a crack at confining 

pressure, P• 

(d) Summary of the Effect of Confining Pressure on Crack 

Propagation· 

In all cases considered, whether fracture is initiated 



f'rom pre-existing oraoks, or whether cracks are nucleated as a result 

of stress concentrations senerated by plastic deformation, confin~ 

pressure acts to suppress crack propagation. In each case, 6i 
increases more repidly than c:r

3
, and therefore the differential stress, 

<r1 - cr, increases. !he shear stress (cr1 - 63)/2 also increases. 

(4) Confining Pressure, Ductile Deformation and the B£ittle-Ducti~e 

Transition 

In contrast to crack propagation which has been shown to be 

pressure sensitive, the ductile processes or twinning and translation 

gliding are general~ insensitive to hydrostatic pressure(Paterson, 

1967). Instead, they depend on some critical resolved shear stress 

(c.r.s.s.) which remains essentiallY constant under different condi-

tiona Of hydrostatic pressure, This has been shOWD to be true for 

calcite(Tarner, !!!!•• 1954, P• 889). 

In the present case, the increasing shear stress associated 

with rising confining pressure may serve to activate a previously 

inoperative slip system as the o.r.s.s. for the slip system is sur-

passed. In the case of calcite,. either r-tranalation, With a c,r.s.s. 

of 1.50 kb, or £-translation with a c.r.s.a. of about 2.20 kb, ma.r L~ 

activated(Borg & Turner, 1967). With increasing confining pressure, 

shear stresses with these magnitudes are first developed in regions of 

stress concentration, and then more generally as the differential 

stress is further increased. 

1)5 

Although translation gliding leaves no visible evidence or having 



occurred, the development ot bent lamellae and undulatory extinction 

within oaloi te grains are evidence that plastic mechanisma other than 

twinning have contributed to the deformation. 

T.be activation ot either s.ystem provides a contribution to 

the five independent slip systems which are neoessar,y(but not neces

sarily sutticiemt) for general homogeneous strain to occur as required 

by the von Mises criteria{l926). Paterson(l969) has indicated that 

e-twiDDing plus either r- or £-translation give five independent slip 

systems so that von.Mlses criteria are satisfied. Additional detor.m

ation through minor fracture or kinking~ act to relax the criteria 

somewhat. 

An ai1alogous case is seen tor pol.ycr;ystal.line magnesium oxide 

where slip oool'lrs on11 on (110) at low confining pressures aDd brittle 

failure predominates. At higher confining pressures, more widespread 

plastic deformation involving (112) and (100) slip systems become 

operative end tully ductile deformation occurs as von Mises criteria 

are satiatied(Paterson & Weaver, 1970). 

(5) The Effect or Confining Pressure on Strength 

The general argument developed within this section provides a 

basis to understand how confining pressure controls the strength ot 

the Blairmore sandstone. Under confining pressures at which deforma

tion proceeds primarily by brittle processes(up to 1.00 kb in the 

present study) increased confining pressure reeul ts in a rapid rise 

in ultimate strength because the propagation ot £raotares from flaws 

1)6 
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is highly pressure dependent. 

At higher confining pressures where high shear steesaes activate 

more general ductile behavior of the calcite, the strength(at equival

ent amounts ot shortening) increases less rapidly because of the 

relative insensitivitj ot twinning and translation gliaing to confining 

pressure{Paterson, 1967). 

Micromechanics and the Microscopic Deformational Behayior 

(1) The Role of Detrital Grains 

Under·· confining pressure, the detrital grains act as rigid 

inclusions within the ductile caloi te matrix. In general, these 

grains have a bigh strength and may sustain only small amounts of 

elastic strain(i.e. less tha11 .5 percent) before brittle fracture 

occurs. In this section, we will consider the behavior of quartz 

and use it as a guide to understanding the behaVior of the other 

detrital grains. 

( 2) The Role of Quartz 

Within the present study, quartz is observed to deform only' by 

fracture. Recr.ystsllization or deformation by intracrystalline 

meohanisms would not be expected to take place under the conditions 

of the experiments, and no evidence of this behavior was observed. 

Natural quartz is one of the strongest common 8\lbstances and 

all attempts to render quartz ductile by high confining pressure at 



room temperature have failed(Gris«a & Blacic, 1965). SiDgle crystal 

quartz has a compressive atrength of 20 to 30 kb even at atmospheric 

confining pressure. The strength(defined by differential stress) 

inorea.ses to between 36 and 55 kb under 2.5 kb confining pressure. 

Under confining pressure, quartz fails by shear fracture alODB a plane 

oriented at an qle of 35 degrees to <SJ. (Griggs !1 J!., 1960}. 

Relatively less is known about the strength of quartz UDder 

conditions of the uniaxial tensile or triaxial extension test. 

SosD1811(1927) found that the tensile strength of quartz is between 0.8 

and 1.1 kb. It the behavior of single crystals is similar to the 

behavior of polycrystalline quartzite(and maDJ other brittle mater

ials), the strength under extension conditions would be expected to 

be between one-twenty-fifth and one-tenth of the compressive strength. 

The strength would then be between 1.4 and 5.5 kb under 2.5 kb con

fining pressure. 

All of the principal stresses were compressive in the present 

study with the exception of the tests run under atmospheric confining 

pressure. At no time, however, did the differential s~ess approach 

the compressive strength of single crystal quartz. Furthermore, 

essentially all of the microfractures within detri*al grains develop 

nearly parallel to c:r1, and nearly all are inclined at less than 30 

degrees. This contrasts sharply with the 30 to 40 degree inclina

tion which is characteristic of shear fractures in quartz and other 

brittle materials. In fact, it has been generally arBQed that in 

order for fractures to form parallel to c1i, the minimm principal 
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stress, d)• must be zero or tensile. This conclusion has been reached 

on the basis of uniaxial and triaxial testing(Braoe, 1964J Jaeger & 

Cook, 1969) and from theoretical and model studies of crack ·propaga

tion(:Bombolakis, 1964J .Hoek & Bieniawski, 196.5). 
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The two important observations are (1) that quartz undergoes fracture 

at applied loads which are much below its normal coapressive strength 

and (2) the fractures have the characteristic orientation of tensile, 

rather than shear fractures, as would normally be expected under 

triaxial compressive conditions. The implication of these factors is 

·that siguificant stress concentrations aot on the individual grains 

and the stress concentrations have a siguificant tensile component 

which controls the propagation of the microfractures. 

It should be noted that although there is considerable evidence 

that the orientation of fracture in quartz is in part Cr'7Btallograph

ically controlled, investigation of deformed non-oemented(Borg.£1~·• 

1960) and oalci te-cemented quartz sands (Friedman, 196J) indicate that 

this possible crystallographic control is greatly overshadowed by the 

marked relation between the microfractures and principal stresses 

across the boundaries of each specimen. 

(a) The Development of Stress Concentrations Associated with 

Detrital Grains 

Discontinuities within a solid material, such as pores, 

cracks or hard inclusions,result in enhancement of the stress over and 

above the stress applied at the margin of the solid under consider-

ation. Stress concentrations may arise from either differential 



elastic properties or as a result of differential plastic behavior 

(MCClintock & Argon, 1966). 

{i) Elastic stress concentrations -- The Berzian solution for 

the stress distributions in two spherical bodies in contact has 

previously been used to provide an understanding of the nature of 

stress concentration of two sand grains in contaot(Borg !i~·• 19601 

Friedman, 1963 ). We will review this solution in order to have a 

basis to understand ita relevance to the present studT. 

Following Timoshenko and Goodier(l951, P• 372-377), the maxi..mu.m 

pressure crmax occurs at the center of the circular contact surface 

and is given by 

(5-10) 

where Q • compressive force, E • Young's modulus, and R • radius ot 

two spheres of equal size. This formulation is valid for Poisson's 

ratio between .1 and .3 with only a five percent variation of crmax 

resulting from this range. 

The maxtmwm tensile stress occurs at the circular boundar,y of 

the surface or contact. This stress acts in a radial direction with 

respect to the surface of contact and has the magnitude 

crtensile - (l - 2v) crmax 
3 

(5-11) 

where v is the Poisson ratio. The Poisson ratio ot quartz is about 

O.l(Birch, 1966). The maximum tensile stress for quartz is therefore 
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about 0.27 CS"max• It should be noted that this is a 100 percent increase 



over the previously recognized value of 0.1) crmax which was obtained 

by using a Poisson ratio of O.)(Borg!! §l., 1960). 

Therefore, as previously noted, tor a radi!la ot lo-2cm. and a 

Young's modulus of 106 bars, a force of only 1) gm would produce a 

:maximwl stress of )0,000 bars. The tensile stress associated vi th 
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this would be 7,500 bars. Significantly, the stress oonoentration is 

very localized and falls ott rapidly within the spheres. At distances 

ot three to four times the radius of contact, the stress decreases 

to one-tenth or less of the max~ values. Bowever, the stress at 

the surface is sufficient to exceed the tensile strength, which is the 

most critical s trengtb iD brittle materials like · quartz which tail 

in tension. 

Although the above solution is well-suited to the analysis of 

non-cemented sands, its application is not thought to apply to calcite

cemented sands under elastic loading. In these materials, the quartz 

grains. are dispersed within a matrix which hae nearly identical elastic 

properties to those of quartz. The Young's moduli of quartz and calcite 

are 1.00 x 106 bars and .as x 106 bars respectively{Brace, 1961). 

Therefore, during loading where only elastic strains occur, no signif· 

icant stress concentrations develop at the quartz grain-grain contar t~~ 

This difference between calcite-cemented and non-cemented sands 

accounts for the difference in behavior of the two materials under 

hydrostatic loading conditions. While non-cemented sands sustain 

considerable fracturing when confining pressure is applied(Borg!! !l•, 

1960), calcite-cemented sands, in contrast, show no signs ot deformation 



(Friedman, 196J). 

The similarity o£ YoUDg 1s modulus tor calcite and quartz(and 

the other detrital grains) in tact eliminates the potential for a~ 

significant elastic stress concentrations which may develop when an 

inclusion or high Young's modulas is surrounded by a matrix ot lower 

Young's modulus. Investigations showing the relative magnitude ot 

stress concentrations arising from differential elastic properties 

indicate that minor differences in Young's modulus comparable to the 

difference between calcite and quartz will not give rise to signif

icant stress concentrations(Edmonds & Beevers, 19681 Jaeger & Cook, 

1969, P• 250 ). 

(ii) Stress concentrations arising £rom plastic deformation -

While the differential behavior between calcite and quartz may be 

insignificant under elastic conditions, the onset of plastic behavior 

in calcite may give rise to more signitcant differential behavior. 
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Consideration o£ an 81lalysis by Ashby(l966) to explain the 

deformation ot dispersion hardened metal crystals ~ provide some 

insight into the phenomenon. We may consider a hard spherical part

icle within a plastic matrix as shown in Fig. 28. Consider what happens 

when the matrix undergoes a shear. A shear stress '~". 1s applied to 

the specimen causing a homoseneous plastic shear a, in the matrix in 

the ~ direction on the family o£ planes normal to x2, which we call 

the primary slip planes ot the matrix. The displacement within the 

matrix is then u1 • BX2• In the present case, all o£ the deformation 

within the particle is elastic. Within the matrix, the plastic strain 



Fig. 28. (a) A hard particle in a plastic matrix. (b) When the particle· 
is removed form its hole, and the matrix undergoes a unjform primary 
shear displacement u1 • ax2, the hole is distorted as shown. (c) To 
replace the particle in its hole, a secondary shear displacement U2 • 
cx1 at the particle-matrix interface is first needed if the particle 
is to be elastically distorted only. (d) AlternativelY, the matrix 
can be displaced by prismatic punching to give displacements ul' and 
u2 • parallel to new axes x1 • and X2'• (e) One alternative for accomo
dation occurs through cavity formation along the x1' axis. (f) Another 
alternative is for the particle to fracture. (For clarity, diagram 
(b) shows a large sheer strain of o.;. In consequence, a subsequent 
uniform secondary shear u2·· cx1 would not restore the hole to a 
sphere. When strains are small, or are applied simultaneously, a 
uniform shear u2 restores the ellipsoid to a sphere). (After Ashby, 
1966). 
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is much greater than the elastic strain. If the particle is removed 

!rom the hole in matrix, the hole is tree to detorm, 81ld takes up 

the shape in (b), FiB• 2a. Suppose we replace the hard particle in 

its hole. In order to do this, it will either be neceas&r,J to (1) 

displace the surface or the hole until the remain~ deviation from 

the spherical shape can be carried elasticly by the particle, or 

(2) the particle can be deformed until it assumes the shape ot the 

hole, or ()) both mechanisms can contribute to accomodation. 

There are basically three ways in which this sccomodation can 

occur: (1) The matrix may undergo slip on one or more additional 

slip systems in order to displace the matrix-inclusion interlace J 

(2) Shearing may occur at the matrix-inclusion interrace with the 

simultaneous development or voids at the x•1 poles ot the particles; 

or ()) The particle is strained to a level where the strength is 

exceeded and fracture occurs. 

An important aspect of the strain is shown in Fig. 28 as the 

shear strain is accompanied by maximum compression at 4S degrees to 

the primary slip planes and maximum tension at 90 degrees to the 

compression axis(aa is the case for intini tisj.mal analysis ot any 

simple shear). The strain results in stress on the inclusion and 

the stress is transferred to the particle through shear stresses 

exerted on the particle by the matrix. As the stress is developed 

through the shear stress at the interface, the shape or the particle 

is important. MOre elongate particles will be more highly stressed. 

The critical !actor is probably the elongation and associated 
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tensile stress to which the particle is subjected. For most common 

brittle rock materials, including quartz, elongation ot as little as 

0.1 to 0.2 percent with accompanying tensile stresses of 1.0 to 2.0 kb 

would result in tensile failure. Stresses and strains with this 

order of magnitude could be achieved with the development of very 

little shear strain on the primary slip planes of the matrix. 

(iii) The fiber model -- Kelly(l967) discusses a model which is 

used to understand the nature of fiber reinforced materials. Consider 

a strong rod ot radius r embedded to a depth..( in a matrix as in Fig. 29. 

Suppose that the sliding friction betweell the rod and matrix produces 

a shear force 1"" per unit area. For the case where no matrix is 

present at the end of the rod, the total load necessary to pull the 

rod out is 

p • 2tr:d.1"" (.5-12) 

This will increase wi tbout limit as we increase .R. Assuming 

that the rod has a breakillg strength Of• then the maximum load which 

can be applied to the rod in terms of cS"f can be written 

~ • ..! • .J. , where d is the diameter (.5.;.1)) 
4'1" 2r d 

The ratioJ/d is the aspect ratio of th~ fiber. When the expression 

is rewritten as~ .~rd the so-called critical length is obtained. a;-
This is the length of fiber for which the tensile strength of the 

fiber is just equivalent to the shear stress exerted on the fiber. 

For any length greater than lcritical , the tiber will tail rather 

than pull out. for shorter lengths, the fiber remains intact and 

(5-14) 
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Fig. 29. Model used to determine the critical aspect ratio for fracture 
of a brittle fiber embedded within a matrix. 

Fig. JO. 

-r- = Interface shear stress 

df = Fiber tensile stress 

Schematic representation of interfacial shear stress (~) 
and fiber tensile stress (d£) when matr:iz exhibits (a) elastic 
and (b) elastio-plaatio deformatio~ter Krock & Broutman, 
1967). 
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shears by the matrix. 

This rather simple model bas been tested in tension for a 

composite material consisting of tungsten fibers within a copper 

matrix. Using appropriate values of tensile strength, <rf' for 

tungsten and shear strength, 1", for copper, a critical length or 5 

was predicted. Experimental verification of the model was carried 

o11t by pulling out embedded fibers as described above. End bonded 

fibers were found to have a critical length ot about 2J while tor 

fibers without the end bond, the critical ·length was found to be 

about 4(Kelly & T,yson, 196Sa). 

FUrther verification through experimental analysis vas carried 

out by subjecting a composite consisting of a tungsten wire within a 

copper matrix to tensile deformation{Kel17 & Tyson, 196Sb). Upon 

completion ot the test during which the copper was observed to deform 

throush plastic deformation, the tungsten wire was found to have 

broken into short segments. The segments were extracted and measured 

and most or the fragments were found to have i/d ratios between 1.5 

and ,.s. 
It has been susgested that this model is valid for two different 

oases. It the fiber-matrix interface is strong, then the value o.t' -r 
may represent the shear strength of the matrix material. It the 

matrix does not shear or the interface is weak, then the transfer of 

stress ~ be accomplished by frictional forces at the interface, and 

the equation becomes l • ~err , where u • coefficient ot friction (5-15) 
c ucr.: 

n 
between the two surfaces and ~ • normal stress at the fiber-matrix 

D 
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interface(Outwater, 1956). 

Now, if a similar model consiati.Dg or a quartz fiber withi.ll a 

calcite matrix is considered what critical length would be expected? 

For a triaxial extensioa teat executed at about 2.5 kb confining 

pressure, the strength or quartz misbt be expected to be about 2.0 kb 

which is then taken as 6£• The value or 'I" for calcite is less cer

tain, but a value or 1.0 kb is not out or line for the observed shear 

strength in ~ triaxial testa on calcite rooka. T.bis is also 

the approximate critical resolved shear stress for r-translation. 

For these values, 1/d, the critical aspect ratio equals 

2.0 k'b/(2 :x: 1.0 kb), which is equal to one. 

It the model for slip at the interface is taken instead, then 

the value of the coefficient of friction between calcite and quartz 

would have to be used. Although this is not known, recent work on 

the friction between faces of sandstone and limestone suggest a coeffic

ient of .5 or more(Logan !1!!•• 1970). For equation (5-15), the 

critical aspect ratio is again about one. 

Although this fiber model may not be directly applicable to the 

present study because of the idealized grain shape and the assumed 

stress state, it does serve to demonstrate the probable nsture of 

stresses which act on particles within a matrix deforming by ductile 

flow. Furthermore, if appropriate values for a quartz fiber within 

calcite matrix are assumed, the results indicate that nearly equant 

grains of quartz may be subjected to sufficient stress concentration 

to cause tensile failure. Because or the high proportion of elongate 



grains in the Blairmo:re sandstone, the fiber model analysis 18&7 be 

more relevent than for a rock in which the detrital grains are all 

well rounded and have high spherici~. 
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(iv) Summar,r and discussion --Ashby's model indicates one way 

in w hioh tensile stresses may develop in an· inclusion which is in a 

matrix undergoing plastic deformation by simple shear. T.be fiber 

model shows more senerally how elastic stress concentrations develop 

as a result or shear stresses being exerted at the margins of the 

inclusion. The stress concentration within the inclusion has certain 

characteristics which should be considered f~her. 

The stress within the inclusion is elastic. Because the stress 

concentration is the product of interaction with a plastical~ deto~ 

ing medium, the greatest force is exerted near the midpoint or the 

inclusion. It the inclusion has the shape of an elongate fiber with 

a uniform cross sectional area, the stress will also be at a maximum 

near the center. In addition, the stress will be proportional to the 

length of the grain and _therefore, the greatest stress will develop 

in the most elongate grains. A& long as the shear stresses at the 

margins are uniform or vary in a uniform manner, the stress concentra

tion will affect the entire inclusion. This is in marked contrast to 

the stress concentrations resulting from grain to grain contacts which 

affect only the immediate vicinit,r of the point of contact. 

We should consider the more general case ot what happens in a 

caloi te-cemented sandstone which is undergoing shortening through 

homogeneous tlow. Friedman(l96') has shown that the majority or the 



calcite grains deform statisticallY in response to the principal 

stresses across the boundaries of' the apecill811 as a whole. As a 

result or the nature or the relations between stress and strain in 

the technique involved iD Friedman's stud3'( the Tamer teohnique), 

it JD81 be interred from the results that maximum elongation of' the 

oalci te grains(at least the component resulting from e1 twinnillg) is 

statistically parallel to d)• or tor triaxial compression parallel 

to the radius or the core axis. 
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It this strain or the calcite matrix is etf'ective in causing 

tensile stresses within the detrital grains as proposed in this 

section, then the maximum tensile stresses will reflect the statistical 

nature or strain or the calcite mtrix. !bat is to say that a major

it, of' the detrital grains will be subjected to tensile stresses 

which ere oriented aore or leas parallel to the radius of' the specimen 

core and therefore near].J' p~allel to cr;. Therefore, the microfrao

tures have a symmetrical relation to the principal stresses applied 

at the margins of the specimen. 

The writer feels that this may be one of the reasons that the 

significance of stress concentrations may have been overlooked in the 

past. In tact, they have been explioi tly excluded by Friedlllan(l96), 

p. )4) who wrote " .... both the caloi te cement and the detrital grains 

deform in response to the principal stresses across the boundaries of' 

the specimen as a whole rather than to local stress concentrations at 

grain contacts". 

Recognition or the f'aot that the symmetry of' the strains 
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associated with stress concentrations m$J reflect the symmetr.J of the 

applied stresses accounts tor the apparent relation between the 

orientation ot the miorotractures and applied stresses. It ool1 

becomes clear that the stress concentrations are a very necessary 

part of the system it we recall that the tensile stresses are neces

sar.y tor the development or extension fractures which form the vast 

majoriv or the microtraotures within the detrital ~ains, and that 

without the concentrations the applied stresses could not be expected 

to cause extension fracture. hrthermore, this mechanism can account 

tor failure of quartz and other detrital grains under applied stresses 

which are well below the compressive strengths of these materials. 

The following sequence is visualized to account tor the deto~ 

ation or a calcite-cemented sandstone. The first inelastic strain 

occurs by twinning of favorably oriented calcite araina. The detrital 

grains are affected in two ways at this point. The grains are sub

jected to an elastic strain by the deto~ng calcite. In addition, 

previously touching detrital grains are pressed together. Fractures 

are initiated at the touphing contacts after very little strain occurs 

as a result of the tensile component of the contact stress concentra

tion. Once the fracture is initiated further propagation is caused 

by the tensile stress exerted by the deforming calcite on the grain 

margins. The non-localized nature ot the atress(in contrast to the 

contact stresses) and the nearly uniform orientation of the stresses 

are responsible tor the ver,y systematic orientation of the micro

fractures. 
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ID addition, individual detrital grains and parts of grains 

which do not touch other detrital grains are subjected to tensile 

stresses by the deforming calcite. T.bese stresses are o£ sufficient 

magnitude to initiate fractures. Very little plastic strain is 

necessary i£ the strain is efficiently transmitted to the detrital 

grains. Propagation and orientation of these fractures is effected 

by the same forces. 

The effectiveness of the calcite matrix in controlling the ori

entation of the £raoture propagation accounts for the difference in 

orientation pattern between fractures formed in calcite-cemented 

and non-cemented sands. In non-cemented sands, the initiation and 

orientation of fractures depends upon stress concentrations developed 

at the slte of grain to grain oontacts(as proposed by Borg!! !l.•t 

1960a Gallagher!! !l•t 1970). The looallized and non-uniform dis

tribution of the stress concentrations accounts for the irregular 

character and variable orientation ot the fractures in non-cemented 

sands. The pre-eminence of the development ot the mch more pervasive 

and uniform stress concentrations caused by the plasticallY deformiDg 

matrix accounts for the more regular character ot the microfractures 

in the detrital grains ot calcite-cemented sandstones. 

It would be expected that both mechanisms may act to control 

the development o£ fractures in poorly cemented sandstones vhiob have 

a high porosity. The change in orientation pattern with porosity or 

conversely cement content is shown in Fig. 24 (p. 111 ). In the 

opinion ot the writer, the leu well-developed. pattern of fracture 



NON-CJg<:ENTED SANDS 

Fractures initiated by elastic 
stress concentrations at grain-grain 
contacts. Stress concentration is 
very localized and orientation ot 
the developed stresses have only 
a statistical relation to the appl
ied stresses, 6"1 and 63• 

fCJj 

§&j' 
t 

Fracture propagation is controlled 
by the same stress concentrations. 
Frl'lctures propagate parallel to crl ', 
whose orieatation is determined b,1 
the local nature of the stress 
concentraction. Other factors such 
as wedging or bending may also con
tribute, but these factors are 
primarilY related to the point of 
contact stresses. 

~Oj 

t 
The result is that each of the frac~ 
tares has an orientation which is 
controlled by local stress concen
trations. The overall pattern is 
only statistically related to the 
applied stress system. 

~cr; 

• t 
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CALCITE-CEMENTED SANDS 

Fractures initiated by both grain
grain contact stress· concentrations, 
and by shear stresses exerted on the 
detrital grains by the plasticly de
forming calcite matrix. These stresses, 
0]_", o; 11

, affect the entire grain and 
have an orientation which is closely 
related to the applied stress • .,r. . 

{).~" 
~ (::::1 0~ c:::) -+---

~~ CFj" CS3 

Fracture propag!tion is controlled 
by by stress concentractions resulting 
from the ductilely deforming matrix. 
Fractures propagate parallel to <1j_", 
which is generally parallel to Oi• 
Fractures initiated by stresses at 
grain-grain contacts prcpaaate under 
the influence of c1J.", which has a 
more pervasive influence. 

~CSj 

~~" <frlful . 
~ ~ '\'ttlb 

_..#f~ 

fractures 

1 
The orientations of the effective 
stress concentrations are closely 
related to the orientation of the 
applted stress system. Therefore, 
a majority of the fractures lie 
near]Jr parallel to cr1• 

~ C>j a 
t 

Fig. ,0. Comparison of the factors which control the initiation and 
propagation or fractures within detrital grains of non-cemented 
and calcite-cemented sands. Comparison or the resultant frac
ture pattern. 
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orientation observed in the porous(l7.5 percent porosity)Supsi sandstone 

is caused by the development of some fractures by the contact stress 

mechanism in that part of the rock where the calcite cement is absent. 

This explanation is preferred over Friedman's(l96J, p. 28)suggestion that 

the fracture planes were rotated away from their original positions. 

O) Deformational Behavior of the Calcite YAtrix 

During plastic deformation of a polycr,ystalline aggregate, the 

need to maintain continuity at the boundary between a grain and its 

neighboring grains determines the deformation processes within the 

grain and eo determines the stress required for deformation(Taylor, 

1938). It has been shown that the flow stress of ductile metals follows 

the Hall-Petch relation, i.e., dflow • dO + kl-i (5-16) 

where ~low is the stress required for flow at some constant strain, 

~0 and k are material constants and 1 is the grain diameter 

(Armstrong~~., 1962). The explanation for this effect is thought 

to lie in the difference in slip band formation in the single crystal 

and in a polycr,ystal. In a single crystal, dislocations arriving at 

a free surface can emerge there, but, in a polycrystal, dislocations 

arriving at a grain boundary cannot freely cross the boundary. \ihen 

the concentrated stress at the end is sufficiently high, a new dis

location source will be unlocked and plastic deformation initiated in 

the next grain. The reason that the flow stress is dependent upon 

the grain size is that the stress concentration at the end of a slip 

band is also dependent upon the slip band length. The stress concan-
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tration factor at a abort distance r, ahead of a slip band of length 1 

is (l/4r )i (Eshelby !! .!!.•, 19.51 ). 

Although the writer is unaware of a specific solution for the 

stress concentration associated with twinning, the yield stress for 

a polfcr,ystalline material deforming by twinning has also been shown 

to follow a grain size dependence expressed by S.l6 (Tetelman & 

MbEvily, 1967, p. 2.52). 

The relation of 5-16 can only be expected to apply once the 

limiting grain boundary resistance has been reached. During plastic 

deformation of a polycr,rstalline aggregate, the critical resistance is the 

stress necessar.y to initiate plastic deformation within the adjacent 

grain. 

This relationship has been demonstrated to hold for several 

metals(Armstrong ~!!·• 1962; Tetelman & MCEvily, 1967). Although 

no quantitative analysis has been carried out for limestones and 

marbles, there is qualitative evidence that a similar relation does 

hold(oompare the high flow stress of the very fine-grained Solenhofen 

limestone with the much lower values associated with equivalent strain 

in more coarse-grained marbles). 

It is therefore not unreasonable to expect that any reduction 

in grain size will result in an increased resistance to flow. As the 

detrital grains in the Blairmore sandstone effectively reduce the 

calcite grain size, this factor probably accounts for at least part 

of the high strength of the rock under ductile conditions. 

In a polycr,rstalline calcite aggregate, stress concentration 

within a grain is normally relieved by plastic deformation within 



adjacent grains as the limiting boundary resistance is reached. 

However, if the adjacent grain is high strength quartz(or some 
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other strong rigid mineral) which is incapable of plastic deforma

tion under the prevailing conditions, then the stress within the 

initial grain may reach much higher values that it would in a material 

bearing no inclusions. 

In the last section, it was argued that stress oould be rel

ieved b7 either fracture and shape change of the hard inclusion or by 

additional deformation within the plasticallY deforming matrix. 

Although it is clear in the present study that the inclusions do fracture, 

this permits only limited stress relief, as most of the grain bound

aries ares till formed by rigid quartz grains. Therefore, if the 

material is to undergo additional ductile deformation, the matrix 

must undergo general deformation particularly in the vicinity of the 

grain boundaries. In the present case, the calcite must deform on 

less favorably oriented systems which may have large critical resolved 

shear stresses. 

In faot, there is good evidence that the calcite does undergo 

more general deformation especially in the immediate vicinity of' 

grain contacts with detrital grains. The development of bent lamellae 

near grain boundaries was observed in this study' and is noted by 

Friedman(l96), P• 19, 24 and 25). Even single calcite crystals 

containing sand grains favorably oriented for e-twinniQg were found to 

deform by additional mechanisms(Friedman, 196)). 
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Friedman also notes that single crystals of calcite containiDg 

sand grains which were not favorably oriented r or e-twiJming developed 

e-twins which tend to die out away from the sand grains(l96)). 

Development of seneral strain on less favorably oriented, more 

resistant slip systems will affect both the strength and ductility or 

the rook. In the first place, high stresses are required for even 

small amounts of macroscopic strain to occur as the rigid inclusions 

make it necessary that nearly all of the eccomodation at the grain 

boundaries occurs within the caloi te itself. This also affects the 

general ductility as large strains ~ only be accomodated once the 

calcite can readily deform on five independent slip s.yetems. 

In summary, the strength is thought to increase as a result of both 

a grain size effect and the constraint on deformation which is offered 

by the rigid inclusions. The ductility is decreased and therefore, 

the brittle-ductile transition is suppressed because of the constraint 

of the inclusions. Macroscopic shear fractures form at much higher 

confining pressures than in orthocalcite rooks because the stress 

required to develop shear fracture is mnoh less than that required 

for general deformation of the calcite. 

Applications of Composite Material Tbeorx 

The behavior of the calcite-cemented Blairmore sandstone follows 

the general pattern of behavior which is expected for a particulate 

reinforced composite material with a non-deto~ing dispersed phase. 

That is, as compared with the matrix, the strength is considerably 
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increased and the ductility is markedlf reduced. It this is in fact 

a valid analogy, it should be possible to define which variables will 

have the greatest effect on the deformational behavior or calcite

cemented rocks. It should also be possible to predict bow changes 

in these variables will affect the deformational behavior of the rook. 

Engineering composites with a non-deforming dispersed phase 

show a yield strength, tensile strength and fracture elongation 

which is dependent upon the mean free matrix separation and there

fore volume fraction of the dispersed phase(Krock, 196?). NormallY 

the strengths increase and the duotilit.Y decreases with increasing 

volume fraction. Although there is insufficient available data to 

definitively test this hypothesis, recent work by Reotor(l970) gives 

some supporting evidence. 

The arenaceous and dolomitic Columbus limestone containing 

21 percent quartz, 17 percent dolomite and 62 percent calcite was 

found to behave maoh like a pure limestone. Strengths were relatively 

low, and ductility was high. Microscopic examination indicated that 

the quartz and dolomite grains showed only very limited development 

of microfractures in specimens shortened up to 10 percent. These 

results indicate that there is little or no change in deformational 

behavior at the volume fraction level of this rook. The reinforcing 

effect mnst become effective between 40 and 60 percent volume frac

tion of sand-sized detrital grains. FUrther work will be required 

in order to fully define the volume fraction effect in these rocks. 

An tmportant consideration of any experimental study of rock 



deformation is what effect increasing temperature will have on the 

deformational behavior. Although the present s~ did not car.r,y 
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the investigation into higher temperatQres, it should be possible to 

predict the effect of increasing temperature on the behavior of cal

cite-cemented sandstones based on the principles of composite material 

behavior. 

The primar,r advantage of composite materials is not their abil

i~ to improve the room temperature strength, but rather their abilit,y 

to maintain the attendant yield strength increase and creep resistance 

over a wide temperature range - up to 80 percent of the melting poillt 

of the matrix. The effectiveness of the dispersion is determined by 

1 ts insensitivity to temperature increase (Krock & Broutman, 1967 ). 

With this in mind, we can predict that the behavior of calcite

cemented sandstones will depend primarily upon the behavior of the 

detrital grains. Even though the deformational behavior of calcite 

is quite sensitive to temperature chanps, strengths will remaiD high 

as long as the detrital grains remain strong and rigid. 

A similar dependence may be expected for changes of straiD-rate. 

As long as the detrital grains are deforming predominately by brittle 

fracture, it is probable that reduction of strain rate will have little 

effect on the deformational behavior or calcite-cemented sandstones. 

In summar.y, the known behavior of particulate reinforced com

posite engineering materials supported by available data on the behav

ior of calcite-cemented rooks provides the basis tor a general under

standing of the deformationallehavior ot these rooks. !he streDgth 



and behavior primarily depend on the relative volume fraction of 

the sand components(the greatest effect will be observed over the 

range of 40 to 60 percent detrital grains) and the operative con

fining pressure. It is probablflt however, that the strength will 

remain high even when the reck is deformed under increased tempera

tures and under decreased strain rates. 
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General Statement 

Chapter 6 

SUMMARY AND CONCLUSIONS 

The calcite-cemented Blairmore sandstone has been subjected to 

shortening o£ up to 20 percent in a triaxial test apparatus at an 

approximate shortening rate o£ lo-4/seoond, at room temperature and 

dry. The variation in macroscopic and microscopic de!~tional 

behavior has been defined over the range o£ confining pressure between 

1 and 2600 bars. The behavior may be compared and contrasted with 

the well lmown behavior o£ the constituent phases. 

The deformational behavior o£ the calcite-cemented Blairmore 

sandstone may be summarized as !ollowsa 

(1) The Blairmore sandstone undergoes a transition in deformational 

behavior from longitudinal fracture at atmospheric confining pressure, 

to brittle shear fracture up to 1.00 kb. Ductile faulting predominates 

at intermediate pressures and limited homogeneous flow occurs above 2.00 kb. 

(2) The rook has a uniaxial compressive strength of 2.)1 kb. The 

strength rises rapidly with increasing confining pressure up to 

1.00 kb, and less rapidly above this. 

()) As compared with calcite rocks the strengths are very high, the 

ductility is greatly reduced and the brittle-ductile transition is 

suppressed to much higher confining pressures. 

(4) At low confining pressures the calcite deforms through both 

fracture and, ductile processes. With increasing confining pressure 

fracture is suppressed. Under these conditions calcite deforms pri-

maril.y through twinning. Bowe'Ver, additional plastic mechanisms 

(probably translation gliding) is responsible for the development of 
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bent twin .lamellae and undulatory extinction. The twin lamellae 

show a considerable variation in orientation, but nearl7 all of the 

lamellae form at an inclination which is greater than )0 degrees to 

dl,. The number of iamellae increase with increased shortening. 

(S) The detrital grains deform by brittle fracture. Nearly all of 

the microfractures which develop are oriented more or less parallel 

to CSj, (inclined less than l.S to 20 degrees) • Although microtracturecl 

detrital grains occur within all specimens deformed under confining 

pressure (the minimum confining pressure employed was 250 bars), 

fracturing is more pervasive above 1.00 kb, where a Bl8.jority of the 

detrital grains are fractured. Bumerous fractures are present 

within specimens which have sustained as little as 2.14 percent 

permanent shorteniDg. The number or fractures increases rapidly with 

increased shortening up to about S percent, and then increases less 

rapidly. 

Conclusions 
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The deformational behavior of the Blairmore sandstone can be 

understood in terms of the competition between the various modes of 

local fracture and of shape change. At low confining pressures frac

ture and brittle behavior predominate, while at high confining pressures 

plastic processes and shape change predominate. 

The rapid increase in fracture strength in the brittle range 

associated with rising confining pressure occurs because the process 

of fracture propagation responsible for failure is very sensitive 

to changes in hydrostatic pressure. This is found to be true for all 

of the theoretical models of fracture propaeation(G.riffith and 



McClintook-Walah tor brittle behavior; Dower and Francois-Wilsbaw 

tor initiation by plastic processes). 
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Significantly, this accounts tor the tact that 6i increases much 

more rapidly than 63, which provides an increasing shear stress, 

(cr1 - cr3)/2. The increasing shear stress resulting from increased 

confining pressure serves to activate additional slip systems within 

calcite which have a high critical resolved shear stress. This forms 

the basis tor the brittle-ductile transition ot calcite. Activation 

ot one or more additional slip systems provides the five independent 

slip systems which are required by the von Mises criteria in order 

tor say solid to undergo homoseneous ductile flow. 

With the onset ot general ductile deformation o£ the calcite, 

fracture ot the calcite contributes ver,y little to the deformation. 

1n tact, the transition from brittle-ductile occurs over a range ot 

confining pressures, and increased confining pressure is accompanied 

by increased ductility. Once ductile processes make a significant 

. contribution to the deformation, further increases in contining pres-

sure are accompanied by only moderate increases in strength because 

. the pressure sensitivit.J ot the plastic processes ot ductile £low is 

not great. 

The behavior ot the rock is determined by the mechanical behavior 

ot the individual phases and their interactions. The interactions 

(which imply the homogeneous hypothesis ot deformation ot Taylor) 

profoundly at£ect1he microscopic behaVior ot the individual phases. 

They, in turn, account tor the differences in behavior between this 



rock and tbe behavior or rocks consisting or the individual phases 

such as limestones and quartzites. 

Although it may appear that the deformation mechanisms of 

calcite and quartz are the same in calcite-cemented sandstones as in 

the monomineralie ag~egates, such as marbles and quartz sands, tbe 

writer proposes that it is necessar,r to consider the interaction or 

the different phases for the following reasons& (a) The strength and 

macroscopic deformational behavior or the rook is much different than 

would be expected based on the properties or orthooalcite rocks1 

(b) In general, the detrital grains fracture at applied stresses m.uoh 

below their normal confined compressive strengths1 (c) The detrital 

grains do not fail by shear fracture as would be expected under 

triaxial compressive conditions, but rather by extension fracture. 

Consideration or the differential mechanical properties between 
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the ductile matrix and the rigid detrital grains and their interaction 

provides a basis to understand the development of the microtabric as well 

as the macroscopic behavior and strength. Contrasting mechanical 

properties such as differential ductility may give rise to stress 

concentrations. The effect of stress concentrations is to signifi

cantly alter the state or stress within, and in the immediate vicinits 

of, the detrital grains. Both the absolute me.snitudes and the rela-

tive ratios of the effective stresses may change. By considering the 

effect or stress concentrations, it is possible to rationalize the 

observ~d behavior or the detrital grains(tailure at relatively small 

applied stresses through the mechanism of extensional failure) vi tb 

the stresses applied at the margins of the specimen. 



In the present case, the most significant stress concentration 

is thought to develop as a result of the differential ductility between 

the calcite matrix and the rigid detrital grains.. The plastic 

deforming calcite exerts shear stresses on the surface of the detrital 

grains. The shear stresses in turn generate tensile stresses within 

the detrital grains. The symmetry of the stress concentration(and 

of the orientation of the resultant fractures which it produces) 

reflects the symmetry of both the applied stress and the material 

being acted upon. It is for this reason, that the fractures are 

oriented parallel to the maximum principal stress of the applied system, 

not as a direct response to the applied system. 

The interaction also has an effect on the deformation of the 

plRstically deforming calcite. The forces exerted on the calcite serve 

to restrain deformation. Furthermore, the boundaries of the rigid 

grains serve to block deformation within the calcite and essentially 

all acoomodation and shape change must therefore occur solely within 

the calcite grains themselves. In order for this to occur, slip or 

twinning must take place on the less favorably oriented systems, and/or 

on systems which have large critical resolved shear stresses. These 

factors, coupled with the small effective calcite grain size(determined 

by the distance between the detrital grains), are responsible for the 

high strength and low ductility of this rock. Because the calcite is 

not as free to deform ductilely as when detrital grains are not present, 

the rock deforms by shear fracture under conditions where limestone and 

mArble normally deform by homogeneous flow. 
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The deformational behavior of this rock has much in common with 

the behavior of particulate reinforced composite engineering materials. 

Because of this similarity, it should be possible to predict what 

effect changes in other variables may have on the deformational behavior 

of this rock based on the well-known behavior of composite engineering 

materials. 

The following sequence of events is visualized for ductile 

deformation: 

(1) Yielding first develops by a-twinning in favorably oriented calcite 

grains in response to shear stresses directly related to the stresses 

applied to the margins of the specimen. 

(2) With the onset of yielding, transverse tensile stresses are gener

ated within the detrital grains by the plastic.ally deforming calcite. 

Detrital grains previously touching each other, but previously "cushioned" 

by calcite, are forced together. 

(J) Fractures are initiated by (a) the tensile component of elastic 

stress concentrations which develop at the site of detrital grain to 

grain contacts, and by (b) elastic tensile stresses generated within 

the detrital grains by the shear stresses exerted by the plastically 

deformtng calcite. 

(4) The propagation and orientation of the fractures is controlled by 

the tensile stresses exerted by the calcite. ~vidence for the import

ance of this mechanism comes from two observations. bTactures are 

frequently developed within detrital grains which do not make contact 

with other detrital t,rrains. The fractures are systematically oriented 



and reflect the control of a pervasive stress which is not localized, 

as is the case for stress concentrations generated at detrital grain 

to grain contacts. 
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(.5) The development of miorofractures within the detrital grains does 

not significantlY affect the deformational behavior of the calcite. 

This is because much of the grain boundary between the oaloi te and the 

detrital grains is unchuged, but retains the character ot a risid 

non-yielding interface. Further deformation requires that calcite 

deform by slip or twinning on the less favorably oriented and highl7 

resistant systems. The need for additional meohaniams of accolllllod.

tion is particularly acute near the grain boundar,r interface where 

bent lamellae and undulator,y extinction is observed to be most intensely 

developed. 

( 6) Much of the increased strain is accomplished by the development 

of additional twin lamellae. 

(7) At low to moderate confining pressures, the ultimate strength 

is reached once the favorably oriented twin and slip systems have been 

exhausted. A point is reached at which the increased differential 

stress required for further ductile deformation reaches the level 

where shear fractures are propagated and failure occurs. 

(8) At high confining pressures, similar behavior is observed. 

However, considerably more plastic deformation may occur because of 

the hig.ber prevailing shear stresses. Strain hardening occurs with 

increased shortening until· the onset of incipient shear fractures is 

observed once the ultimate strength is achieved. Continued deformation 
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is accomplished througb a combination of additional plastic deformation 

in the calcite and by displacement on shear SDrfaces. 

Geological Implications 

It is proposed that the results of this study msy provide the 

basis of understanding the deformation of several geological 

materials which are similar or have analogous properties to the 

calcite-cemented sandstone investigated in this study. 

The direct application to the reinterpretation ot work by 

F.riedman(l963) on calcite-cemented rooks is readily apparent. ln 

fact, the similarity of suoh features as grain size and calcite 

content between the Blairmore sandstone and some of the rocks invest

igated by Friedman indicate that these rooks have many properties in 

common. While the results of the present study confirm JR8D7 of the 

observations made by Friedman, the writer thinks that the interpreta

tion developed in the present investigation provides a much more 

thoroush understanding of the deformational processes involved, and 

also accounts for some previously unexplained features and relations. 

In particular, it accounts for the general macroscopic behavior of the 

rocks, while at the same time it resolves the general problem of the 

development of miorofractures within the detrital grains. 

One of the most important contributions to the understanding of 

deformational prooesaes of rock materials resulting from this work, 

is the recognition of the role which stress oonceatratione play in 

the development of extension fractures. Differential ductilit.J of a 
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deforming material ~ be responsible tor the development or localized 

states or stress within the material which are much different from 

the stress applied at the margins or the rock as a whole. Because 

the state of stress is one or the most powerful variables in control

ling the deformational behavior or rock materials, recognition that 

stress concentrations may develop is fundamental to understanding the 

deformation of these materials. 

!he natural occurrence or such features as extensioa fractures, 

tension fractures, "microboudinage" etc. which occur within relativel7 

strong, rigid mineral grains is well docWII8nted in the literature. 

Such features have been shown to form normal to the axis or principal 

elongation within maay deformed rocks and are known to occur within 

quartz{Carter & Fri&dm&D, 1965f Stauffer, 1970), teldspar(Dalziel & 

!aile7, 1968J Stauffer, 1970), garnet(Harker, 19)2, P• 195, J08J 

de Sitter, 1956J Naha, 19591 Rams81, 1967, P• l82J Dalziel & Bailey, 

1968), and pyrite(Spr.y, 1969, P• 242). They are also found under 

similar conditions within pebbles and boulders ot deformed conglomer

ates(Staufter, 1970J Ramsay & Start, l970J Bsu, 1971). 

However, nowhere(to the writer's knowledge) is there any consider

ation given to the mechanism and stresses responsible tor the develop

ment or this fundamental deformational feature. The mechanism or stress 

concentration associated with rigid inclusions Within a duotilel7 

deforming matrix provides a rational explanation ot how tensile 

stresses may develop locally within a material which is subJected to 

compressive stresses. This mechanism provides a fundamental under

standing ot the development ot such features based on rational mechaDics. 
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Anothe:r ·,contribution of this study is laying of the gr:oUildvork 

for attacking the general problem of how rocks consisting of more 

than one mineral phase which normally have highly contrasting mech

anical properties will deform. The understanding provided tbroush 

the investigation of the calcite-cemented Blairmore sandstone, consid· 

ered to88ther with the known behavior of engineering composite mate:r

ials, provides a basis fo:r such a stuq. 

Recommendations for FUture Work 

Several experiments may be formulated in order to further 

evaluate the factors which control the deformational behavior of 

calcite-cemented sandstones. A series of experiments maT be carried 

out using the apparatus and techniques which were developed during the 

present study, and this could be extended by employing model studies 

and theoretical analtsis. 

The effect of volume fraction on the behavior of calcite-cemented 

sandstones over the range between 40 and 60 percent sand traction is 

ot particular interest. Experimental deformation of sandstones within 

this volume fraction range would not only define the effect of this 

variable on macroscopic behavior and strength, but would also allow 

detailed verification of the nature of miorofraotare development in 

those oases where the detrital grain to grain contacts do not occur. 

A statistical study could be carried out which relates micro

fracture development to such factors as the axial ratio of the detrital 

grains, or to mineralogy(elongate grains or relatively weak minerals 

should show the development of more fractures). 
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The bT,pothesis proposed to explain the high strength of the 

Blairmore sandstone has several implications for the behavior of cal

cite. The effect of grain size on the flow stress .of limestone should 

be evaluated b7 deforming several limestones of known grain size and 

otherwise uniform properties in order to test the general applioabilit, 

of the Ball-Patch relation to this rock ~e. 

B.v comparing the nature of strain development within orthooaloite 

rooks and calcite-cemented sandstones, it shoUld be possible to deter

mine how strain development differs withto the two rook t.ypes. Atten

tion should focus on the general intensit7 such as comparing twin 

lamellae indices for the two rocks deformed under comparable condi

tions. This could be of particular interest if a more precise defin

ition of the thickness of twins could be better determined. 

The high strength and diminished ductilit7 is thought to be 

primaril7 related to the need for relativelJ great amounts of general 

strain to· develop in the immediate vicinit,y of the interface between 

the calcite and the detrital grains. It m~ be possible to compare 

the development of strain at grain boundaries in arthocaloite rocks 

and calcite-cemented sandstones in order to determine whether such a 

difference does in fact exist. 

The proposed mechanism of interaction of the calcite and detrital 

grains is thought to be responsible for the fracture development 

within the detrital grains. Comparison of the orientation or individual 

miorofractures with the strain of the surrounding calcite grains(for 

instance, using the Turner technique through which the principal 
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strains in the oaloite ~ be defined) should serve to test the valid

it, of this relationship. 

MOre generally, tests of the predictions made with the aid of 

composite material theor,y(which indicate that the behavior of the 

composite will be primarily controlled by the .properties .of the 

strong dispersed phase) may be made by performing experiments over a 

range of temperature and strain rates. This should be useful as 

calcite behavior is ver.y sensitive to changes in both temperature 

and strain rate, while quartz and other common .constituents of sand 

grains are quite·insensitive except at high temperatures and ver.y lov 

straill rates. 

A model or theoretical study should be devised which better 

defines stress concentrations resulting from plastic or ductile flow 

around rigid inclusions, particularl7 for inclusions which have a 

shape characteristic of sand grains(spherical to ellipsoidal). 
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Appendix A 

Test Apparatus and Experimental Techniques 

Design or the Triaxial Teat Apparatus 

(1) GeBEal Statement 

The experimental equipment used in this study consists or four 

.basic ayatemsJ 

(1) pressure vessel 

(2) confining pressure system 

(J) loading ram and loading rate system 

(4) instrumentation 

A general view of the triaxial teat apparatus and a schematic 

diagram are shown in Plate :3 and Fig. Jl respectively. 

(2) Pressure Vessel . 

A photograph showing the components, and a schematic diagram of 

the pressure vessel are given in Plate 4 and Fig. :32. The pressure 

vessel was built at Columbia University, and with the exception of 

minor alterations, it ia the same as described by Donath(l9?0a). 

()) Confining Pressure System 

Kerosene is used as the confining pressure medium. Confining 

pressures are generated using a manual Enerpac model P228 hydraulic 

jack rated at 40,000 psi. MOvement of the piston into the teat chamber 

causes a decrease in the volume of the teat chamber, which would 

normally result in an increase in the confining pressure. However, 

18? 



Plate ) 

A general view of the triaxial test apparatus. 
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Figure 31 Schematic diagram of triaxial test apparatus. 
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Plate 4 

Exploded photograph of the pressure vessel showing the piston, specimen, 

anvil, upper and lower retaining plugs, piston rod and the load cell. 
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constant confining pressure is maintained through a balance overflow 

system which allows the excess kerosene to flow into a reservoir in 
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the hydraulic jack behind the advancing ram. A temperature compensated 

(·25° to 125°F) Heise gage is used to monitor the confining pressure. 

Confining pressure measurements are accurate to within 10 bars or less. 

( 4} Loading System 

The load is applied through a 20 ton Enerpac hydraulic ram which 

is connected to the pressure vessel by a cylindrical steel collar. 

The ram is mechanically linked to the test specimen by a load cell, 

piston rod and the lover piston. The hydraulic ram is driven by a 

motor-driven hydraulic pump which was designed and built at MCMaster 

University during the period 1966-1969. This system provides a constant 

loading rate. 

(5) Instrumentation 

A Hewlett-Packard model 2D-2A, X-Y recorder is used to record 

the axial load and the piston displacement. A Cramer electric motor 

and a switching device interrupts the Y-axis to provide a time signal 

on the record from which shortening rates may be calculated. 

The axial load is measured with the aid of a load cell made by 

mounting four Budd metal film strain gages(Type C-6-141-B) on 1-i by 

J- inch cylinder of "01 timo 200" steel. These gages have a high resolu

tion and are virtually temperature insensitive between 62° and l00°F. 

The load cells are calibrated by applying known loads in a Tinius 

Olsen testing machine. A Budd P-J50 Strain Indicator is used to 



calibrate the load cell and to amplify the signal from the load cell 

to the X-Y recorder. 

The axial stress in the specimen can be calculated from the 

axial load after corrections for confining pressure, frictional con

tributions of the piston, and changing cross-sectional area of the 

specimen have been made. The stress is estimated to be accurate 

within 3 percent. 

Displacement of the piston is measured by a Sanborn LVDT which 
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is mechanicallY linked to the ram. Output from the LVDT is fed to the 

X-axis of the X-Y recorder. Piston displacement is converted to 

specimen strain after corrections have been made for the elastic dis

tortion of the apparatus. 

The corrections resulting from the elastic distortion of the 

apparatus is relatively large, as the elastic distortion is 1.)610 

x 1o·S em/bar. The relatively large corrections make determination 

of specimen strain unreliable for small amounts of specimen strain 

(0.5~). For strains greater than this, the correations produce 

errors of no more than about 5 percent of the observed value. 

(6) Specimen Preparation 

Cylindrical test-pieces one-half inoh(l.25 om) in diameter were 

cored from the source block with a diamond drill. All of the cores 

used in this series of experiments came from a volume of rock occurring 

at the same stratigraphic interval. The source volume is about five 

inches x five inches x one and one-half inches(l2.7 em x 12.7 em x 

4.3 om). 
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The long axes of the cores are oriented normal to the apparent 

bedding lamination. The ends of the cores were ground flat for form a 

right cylinder with an overall length between 0.990 and 1.010 inches 

(2.515 em and 2.794 om). Non-parallelism of the ends was kept below 

.0012 inches(.OO)O om). Results of an investigation of the effects 

of non-parallelism on rock strength by Hoskins and Borino(l968, p. 6-7) 

indicate that non-parallelism in excess of this amount resulted in 

reduced fracture strength. 

The finished cores have a true diameter of about 0.490 inches 

(1.245 om). The cylindrical surface was given no special treatment. 

However, normal drilling procedure produced a smooth surface with no 

marked plucking or grooving. ~asurement of the diameter of all corea 

to within .0001 inch(.00025 om) indicated that the taper along the 

length was less than .001 inches(.0025 om) in all cases. 

After fabrication, the cores were placed in a drying oven tor a 

period ot one week or longer at an approximate temperature of 90°C. 

Controlled weighing experiments indicated tnat the weight loss resulting 

from drying occurred within the initial week, and the weight remained 

essentially constant after tha~. 

Wben the deformation experiments were to be runt the test core 

was removed from the oven and allowed to cool. The length and 

diameter were then measured with a vernier micrometer to within 

.0001 inch(.00025 om). The cores were jacketed and prepared tor the 

experimental run. 

During the initial stages of the study, the test specimens were 



jacketed in cylindrical copper jackets one inch in length and .005 

inch(.Ol27 em) thick. The jacketed specimen was then placed in T,ygon 

tubing of .062 inch{.l57 em) wall thickness which was wired to the 
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end anvils to keep out the kerosene used as a confining pressure medium. 

During later stages, a jacketing technique was used employing one wrap 

ot .006 incb(.Ol5J em) polyethylene film covered by about three wraps 

ot .009 inch(.0228 em) polyethelene adhesive tape which forms an effec

tive seal on·the anvils. 

At the completion or the test, the specimen was photographed 

and then immersed in epoxy resin. 

( 7) Data Processing 

Values of load and displacement are picked from the X-Y recorder 

record. Care is taken to pick enough points so as to define the curves 

within close limits. These values and related constants are recorded 

and later punched on IBM cards. 

The stress-strain relations for each test are determined using a 

computer program which corrects for the elastic distortion of the 

apparatus and provides true shortening based on an assumption ot 

constant volume, and changing cross sectional area(i.e. that strain 

is uniformly distributed throughout the specimen). 

In order to facilitate interpretation and comparison of several 

tests, additional subroutines have been added to the main program. 

One subroutine provides interpolated values or stress at o.2,% incre

ments of strain. These values of stress are used in another program 
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to compute an average stress-shortening curve for a number of tests 

run under identical conditions. Values 
1

ror each teat are then compared 

to the computed averese tor every 0.2% or shortening and its devia

tion from the average is calculated and listed. This provides an 

index ot the degree ot variation between the teats. In general, all 

ot the testa were found to deviate less than 10% from the average. 

A plot program and subroutine plots the corrected stress
! 

shortening curve tor individual teats and tor the computed average 

stress-shortening curve. 

The programs were written by Mr. R. Rector with assistance from 

Mr. Julian Coward and are given in Rector(l970). 



Appendix B 

T.l.J3L.::; 8 SUIJ-~;_·{Y OF TRlAXHL CCL'lt~~.iSIOK TESTS Ul C1 . .:...C:3EC:US BhitiR1K•RE SA:.DSTON'~, B::_ocK 41, AT 
RUOJ'.! TOC'ERATURZ AJ:.;'D STRAin RATES OF TEE ORDER OF 10- PER SECO!\D. 

Experiment Confining Ultimate Permanent Shortening Total Fracture Deformational 
Number Pressure Strength Shortening at Ultimate Shortening .Angle to Hode 

Kb Kb Percent Strength Percent 0]. 
<1"1 - Oj Percent Degrees 

SD6 Atmospheric 2.28 S.81 .65 5.81 Irregular Extensional fault 
S:::l8 Atmospheric 2.34 4.44 .63 4.44 16 to 20 Extensional fault 
SD9 Atmospheric 2.32 s.96 .62 5.96 4 to 20 Extensional fault 
SD3 .2S 2.98 3.18 .88 4.07 2S to 35 Brittle fault 
5D4 .25 2.79 4.s4 1.00 4.88 27 & 36 Brittle fault 
5D5 .25 2.83 3.43 .99 3-95 20 & 32 Brittle fault 
5Dll .25 2.96 7.64 1.11 8.63 27 Brittle fault 
4Dl .so 3oS3 3·53 1.09 3.89 30 Brittle fault 
4D2 .so 3.69 3.18 1.16 3.92 30 to 35 Brittle fault 
4DJ .so 3.42 15.95 1.06 17.06 27 & 27 Brittle fault 
SD12 .so ).4s 7.91 1.27 9.01 32 & 33 Brittle fault 
3D6 1-.oo 4.26 2.64 1.13 3.30 34 Brittle fault 
JD7 1.00 4.Js 2.64 1.13 3.1J 38 Brittle fault 
3D9 1.00 4.41 J.3S 1.19 3.87 JJ Brittle fault 
4Dl2 1.00 4.30 2.44 1.72 4.18 38 Brittle fault 
4D18 1.00 4.31 14.00 1.45 15.09 N.M.* Brittle fault 
SDl 1.00 4.18 s.s4 l.S7 6.61 37 Brittle fault 
SD13 1.00 4.29 9.90 1.69 11.50 32 & 34 B:ri ttle fault 
4Dl6 1.25 4.70 s.54 1.81 6.98 Jl Ductile fault 
4Dl7 1.25 4.69 1).82 1.74 1S.55 37 & 39 Ductile fault 
4D4 1.50 s.o2 1).85 2.46 15.54 - Ductile fault 
4DS l.SO 4.90 ).26 2.24 4.SJ 28 & 34 Ductile fault 
4D6 1.50 s.oo 8.74 2.)8 10.26 J4 Ductile fault 
4Dll l.so 4.87 4.22 2.33 6.04 JJ Ductile fault 
4Dl3 l.SO s.os 19.82 2.08 22.06 JO !.; J2 Ductile fault 

*N .:r-1. = not measurable 
..... 
\0 
~ 



Experiment Confining Ultimate Permanent 
Number Pressure Strength Shortening 

Kb Kb Percent 
6l -0) 

4D15 1.50 5.04 l2.8J 
JDll 2.00 5.28 12.68. 
J:Ul2 2.00 5.30 12.)0 
3Dl3 2.00 5.42 1J.05 
4D10 2.00 5.47 12.36 
4D14 2.00 5.62 11.71 
5D14 2.00 5.54 9.52 
5Jl5 2.00 5·57 5.09 
JD16 2.20 5.41 12.99 
JD18 2.20 5.58 2.14 
4D9 2.20 5.68 ?.63 
5D2 2.40 5-76 11.84 
JD14 2.50 5.68 12.1.5 
5Dl6 2.50 5.88 11.51 
5Dl7 2.50 5-93 6.50 
5Dl9 2.50 5.89 17.57 
}DlO 2.60 5.95 2.64 
3Dl9 2.60 5-55 11.49 
4D8 2.60 6.14 9.84 

Shortening Total 
at Ultimate Shortening 
Strength Percent 
Percent 

1.87 14.71 
2.59 15.02 
2.21 14.17 
2.41 14.99 
2.97 14.26 
2.42 1).78 
J.21 12.28 
2.54 7.J2 
2.B4 14.65 
2.7J 3.69 
3.Jl 9.7J 
).14 14.)0 
3.20 1J.5J 
J.99 14.61 
).48 9.2J 
;.24 20.26 
J.JJ 4.44 
J.62 14.12 
3.34 10.93 

Fracture 
AnS.ie to 

Degrees 

J5 to 40 
· 35 to 38 

J5 
37 
38 
40 
37 
-
J6 
--
}5 

26 & 38 
-
-

J4 & 38 
-
-
39 

Deformational 
Mode 

Ductile fault 
Ductile fault 
Ductile fault 
Ductile raul t 
Ductile raul t 
Ductile fau1 t 
Ductile fault 
Ductile fault 
Ductile fault 
Homogeneous 
Homogeneous 
Ductile fault 
Ductile fault 
Homogeneous 
Homogeneous 
Ductile fault 
Homogeneous 
Homogeneous 
Ductile raul t 

...... 
\0 
CD 




