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The modes of deformation are found to be strongly dependent 

on confining pressure, total strain, and composition. All rocks tested 

show the customary increase in strength with increasing confining 

pressure. The ultimate strength is found to be inversely proportional 

to the mean grain size of the framework, and calcite content. Unconfined 

ii 



compressive strengths and elastic properties are strongly dependent 

on porosity. Ductility is enhanced by increasing calcite content and 

increasing confining pressure, but is not influenced by clast variation 

in the framework. 

The deformational mechanisms are shown to be functions 

of the rock 1 s fabric and confining pressure. Extensional micro

fracturing in the quartz grains of a calcareous sandstone and an 

arenaceous carbonate are controlled by the Poisson's ratio of quartz 

and calcite, and the volume fraction of .the quartz grains. 
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ABSTRACT 

An experimental study has been carried out to investigate 

the effects of composition, rock fabric, confining pressure, and total 

strain on the deformational behaviour of sand s t ones. The rocks selec-

ted for the investigation included an orthoquartzite, two calcareous 

sandstones, a greywacke , and an arenaceous carbonate . Differences 

in rock properties and in the nature and distribution of strain have been 

shown by triaxial compression experiments in the range of 1 - 2500 bars 

confining pressure, 0. 5-20. 0 percent strain at the nominal strain rate 

-5 
CDf 1 0 per second. 

All the rocks show the customary increase in strength and 

ductility with increasing confining pressure. Unconfined compressive 

strengths are strongly dependent on porosity variations. In ge neral , 

the ultimate strength of the materials increases with diminishing mean 

grain size of the framework, and decreasing carbonate content. Ductility 

is not strongly controlled by framework variation, but rather by the 

calcite content. Static Young's moduli are significantly lowere d by 

porosity. None of the rocks tested approached theoretical values of 

Young's modulus predicted by the intrinsic properties of the cons tituent 

minerals. 
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At low confining pressures, the orthoquartzite fails along 

narrow fault surfaces. At elevated confining pressures, the ortho

quartzite deforms along broad cataclastic zones. In contrast to the 

orthoquartzite, the greywacke fails along narrow faults at all confining 

pressures. The calcareous sandstone and the arenaceous carbonate 

deform by cataclasis at low confining pressures. Microfracturing of the 

quartz grains and intracrystalline deformation accommodate the deforma

tion in the calcareous Oriskany sandstone. In the arenaceous carbonate 

all of the deformation is accommodated by intracrystalline deformation . 

The absence of microfracturing in the quartz grains even at relatively 

high total strains (lOo/o) can be attributed to the low volume fraction of 

quartz grains. The nature of deformation in the calcareous sandstones 

and the arenaceous carbonate is discussed in terms of a continuum 

mechanic model of deformed composite materials. 
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Chapter 1 

INTRODUCTION 

General Statement 

A knowledge of the deformational behaviour of rocks has 

considerable importance in the fields of mining engineering, petroleum 

engineering, engineering geology, geophysics, and structural geology. 

In structural geology, there exists a considerable quantity of field 

data on the geometry and kinematics of deformed rock structures; 

however, the processes of deformation and the nature of the stresses 

responsible for deformation cannot be observed in the field. The nature 

of these deformational processes and the factors which influence the 

deformational behaviour of rocks can best be studied in controlled 

laboratory experiments which attempt to simulate natural deformational 

environments. 

In the past three decades, experimental work in rock mechanics 

has been largely devoted to evaluating the influence of environmental 

parameters on the deformational modes and mechanisms of a variety of 

rocks and minerals. In more recent years, considerable effort has been 

expended on theoretical and experimental investigations of fracture initiation 

fracture propagation, and evaluation of various failure criteria . 
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Investigations of the fabric in natural tectonites have been 

confined largely to petrofabric studies of twin lamellae in calcite and 

dolomite, quartz deformation lamellae, quartz microfractures, and 

kink bands which are used to deduce the orientation of the principal 

stresses. The validity of this type of analysis has been verified by 

laboratory investigations on experimentally produced fabrics. For 

example, petrofabric analyses of experimentally deformed "sand 

crystals" (single crystals of calcite that poikilitically enclose a number 

of sand grains), and some calcite ce.mented sandstones indicate that 

twin lamellae in calcite and microfracturing in the detrital grains can 

be used to infer the orientation of the principal stresses (Friedman, 

1963). 

2 

Experimental investigations ori the influence of a rock's initial 

fabric on deformational behaviour have lagged behind studies on environ

mental effects and petrofabric analyses. Although numerous sandstones 

have been experimentally deformed by various workers, at present no 

systematic descriptions of rock fabric are sufficiently detailed to allow 

a comprehensive study on the effects of rock parameters . 



Purpose and Scope of the Investigation 

The mechanical properties of rocks for the most part are 

dependent on the state of stress to which they are subjected and their 

deformational environment. Rock parameters such as composition, 

grain size, anisotropy, porosity, etc. can modify and in some cases 

control the deformational properties in a particular stress field and 

environment. The present investigation was undertaken to evaluate the 

deformational and failure characteristics of sandstones subjected to 

triaxial compression as a function of composition, sedimentary fabric, 

cement content, confining pres sure and total strain. 

3 

During the period 1966-1969, the investigation required the 

writer, in conjunction with P.M. Clifford and D. H. Underhill, to develop 

a suitable triaxial testing apparatus, test procedures and data proces

sing methods. Using the techniques developed, a study was carried out 

to investigate the deformational behaviour of sandstones. Environmental 

conditions and variations in composition and fabric should lead to dif

ferences in the nature and distribution of strain. The writer concentra-

ted his major research effort on these particular aspects. 

Approach used in the Investigation 

Extensive research has been carried out by previous workers 

on the effects of confining pressure, pore pressure, temperature, and 

time on rock behaviour (Bredthauer, 1957; Handin and Hager, 1957; 

Handin and Hager, 1958; HandinEE·, 1963; Heard, 1963). A number 



of investigations have been devoted to assessing the individual effects 

of grain size, porosity, and anisotropy (Trask, 1959; Borg et al., 1960; 

Brace, 1961; Donath, 1964). For this reason, the present research 

involves the investigation of a number of rock parameters and their 

interrelations hips. 
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Initially it was hoped that "model sandstones" comprised of 

sand and plaster of Paris or concrete would be made such that each in

dependent rock parameter could be studied in turn. Porosity and homo

geneity variations in the artificial sandstones could not be reasonably 

controlled and this aspect of the project was discontinued. 

In lieu of the model sandstones, five natural rocks were 

selected for this study. In natural rocks, it is difficult to isolate indi

vidual fabric parameters. Therefore, samples were chosen such that 

wide compositional variations and a moderate range of grain sizes were 

obtained. These rocks included an orthoquartzite, greywacke, two 

calcareous sandstones, and an arenaceous limestone . 

To evaluate the effects of rock fabric, a careful characteriza

tion was made of each test material prior to deformation (Chapter 3). 

Using carefully standardized experimental procedures (Appendix A). a 

study was made of the strengths, ductilities and deformational modes of 

the five rocks. Standardization of experimental procedures allows the 

comparative data thus obtained to be used to sort out the influence of 

various rock parameters. 
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All together, 15 0 room temperature triaxial compression 

experiments on four of the test materials were conducted by the writer 

in the range of 1-2500 bars confining pressure, 0. 5 - 20. 0 percent 

-5 -7 
total strain, at nominal strain rates of 10 to 10 per second (Ap-

pendix-C ). The pertinent data from an additional 45 experiments on 

the calcareous Blairmore sandstone were provided by D. Underhill. 

The experimental strength data were examined with reference 

to the Mohr-Coulomb, Griffith, and maximum octahedral shear stress 

criteria of failure. 

In the final phase of the investigation, a number of experi-

mentally deformed specimens were examined in thin section in an 

attempt to correlate between observed deformational textures and de-

formational processes. 



Chapter 2 

REVIEW OF LITERATURE 

General Statement 

An understanding of rock failure under stress is important 

both to the geologist unravelling the mechanics of folding and faulting, 

and to the mining engineer striving to maximize rock breakage and 

minimize hazards from explosive rock bursts. The influence of 

environmental and fabric parameters on deformational behaviour cannot 

be fully evaluated without a knowledge of rock failure and deformational 

mechanisms. Experimental and theoretical rock mechanics attempt 

to resolve these questions. 

In experimental rock deformation, the stress-strain curve 

and the deformed specimen are the primary data sources . The stress

strain curve reflects, to some extent, the deformational mode and the 

deformational mechanisms within the test specimen. This chapter 

reviews the characteristic regions of the stress-strain curve, some of 

the prevalent theories of fracture, and the mechanisms of uniform flow 

(plastic deformation). 
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Stress-Strain Curve 

Brace (1964) subdivided an idealized stress-strain curve 

into four regions (Figure 1). Microscopic behaviour of a homogeneous 

brittle rock material can be correlated with the various regions of this 

characteristic stress-strain curve. 

In Region I, the stress- strain curve is characterized by a 

concave upward slope. The degree of curvature in Region I varies for 

different rocks, as it is a function of both the rock material and the amount 

of pore space (Brace, 1964). In general, compact rocks have a straight 

stress-strain curve in this region, whereas open structured rocks have 

a pronounced curvature. The application of confining pressure causes a 

straightening of Region I due to compaction and pore closure (Brace, 

1964). 

In Region II, the effective elastic moduli, Young's modulus 

and Poisson's ratio, have constant values (Brady, 1969b, 1969d). Region 

II terminates when the principal stress reaches a critical value, after 

which any further increase in load results in localized failure (Brady, 

1969b, 1969d). 

Important permanent changes in the microscopic character 

of the rock occur in Region III. These changes accompany a subtle, 

gradual flattening of the stress- strain curve. Microcracking occurs 
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STRAIN 

Figure 1. Idealized stress -strain curve. 



and the ratio of lateral strain to axial strain increases rapidly, 

whereas in Regions I and II, it is nearly constant (Brace, 1964). The 

rock becomes lighter in color, apparently due to grains becoming 

unlocked at their boundaries (Brace, 1964). 

Region IV is a very small region of constant stress in 

9 

brittle rocks in which the lateral strain increases rapidly, cracks grow 

out of grain boundaries at many sites, and large through-going fractures 

grow out of an array of en echelon cracks (Brace, 1964; Bombolakis, 

1968). 

On the basis of theoretical and experimental data, Bieniawski 

(l967a ~ l967b, l967c) postulates stages of brittle fracture in multi-

axial compression which can be correlated to the various regions of the 

stress-strain curve (Table I). In this study, Region V (maximum 

deformation) is extended to include ductile faulting and homogeneous 

deformation, as well as brittle fracture. Depending on the mode of de

formation, Region V may be characterized by a number of deformation

al mechanisms - forking and coalescence of cracks, cataclasis, 

intracrystalline gliding, or recrystallization. In the final phase of this 

investigation, the mechanisms of deformation in Region V are examined 

in four of the test materials. 



TABLE I. STAGES OF BRITTLE FRACTURE IN MULTIAXIAL 

COMPRESSION CORRELATED TO THE VARIOUS REGIONS OF THE 

STRESS-STRAIN CURVE 

Stage Stress-Strain Region 

1. Closing of cracks Region I. Crack closure 

2. Linear el & s tic deformation Region II. Fracture initiation 

10 

3. Stable fracture propagation Region III. Critical energy release 

4. Unstable fracture propagation 

5. Forking and coalescence of 

cracks 

Region IV. Strength failure 

(maximum stress) - onset of 

forking 

Region V. Rupture (maximum 

deformation) 
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Brittle Deformation 

The most familiar property of rocks is their brittleness at 

low temperatures and confining pressures. The characteristic feature 

of brittle solids is that they deform elastically up to a certain stress, 

then, suddenly break. Studies of brittle fracture stem from attempts 

to predict strengths of materials. 

A criterion of failure for a given material may be defined 

as a quantitative statement which predicts that failure takes place when a 

definite relation characteristic of the material is satisfied. Most 

criteria are phenomenological. However, the Griffith criterion is a 

genetic failure mechanism. The conventional failure criteria are based 

on simple assumptions about the critical factor determining rupture. 

Some of the common phenomenological failure criteria are: 

( 1) maximum principal stress 

(2) maximum principal strain 

(3) maximum shear stress (Coulomb-Mohr) 

(4) maximum strain energy 

(5) maximum distortional strain energy or maximum acta-

hedral shear stress. 

The most important of these are summarized by Robertson (1955) and 

discussed in detail by Nadai (1950). Experimental and theoretical data 

for a number of rocks and rock-like materials have been examined with 

reference to the various failure criteria by a number of workers 
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(Robertson, 1955; Heard, 1960; Rhinehart, 1966; Cherry et al., 1968; 

Hatano, 1968; Lundborg, 1968; Brady, 1969a, 1969c). 

Although numerous theories for fracture have been suggested, 

the most useful for interpretation of experimental data are the Coulomb, 

the Mohr, the Griffith, and the maximum octahedra! shear stress. 

The state of stress which causes fracture, fracture orientation, and to some 

ex tent the details of the fracture process are considered by the three 

former theories. 

1 . Coulomb Criterion 

The Coulomb criterion postulates that the shear stress 

tending to cause failure across a plane is resisted by the cohesion of 

the material and by a constant times the normal stress across the 

plane . The criterion for shear failure in a plane is, 

= S + fJ.O 
0 

( 2. 1) 

where a and...,... are the normal and shear stresses across a plane, 

S is regarded as an intrinsic constant for the material (the "cohesion" 
0 

or cohesive shear strength of the soil scientists), and fJ. is the coef-

fi c ient of internal friction. The coefficient of internal friction ( fl), 

can be defined by the angle of internal friction ( 0) 

fJ. = tan 0 ( 2. 2) 
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where r/J, is the angle between the "Mohr envelope" and the abscissa 

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

criterion predicts that the direction of shear fracture is inclined at an 

acute angle to the direction of the maximum stress and can be deter-

mined by the expression, 

-1 
8 = (1 /2)tan (1 /fl.) or 8 = 90-r/J 

2 
( 2. 3) 

where 8 is the angle between the maximum principal stress and the 

fracture plane. The criterion does not involve a 
2 

and is equivalent to 

the assumption of a linear Mohr envelope. 

The Coulomb criterion has been widely applied in soil 

mechanics (Drucker and Prager, 1952; Drucker, 1954; Finn, 1967). The 

Coulomb hypothesis is generally regarded as the best description of the 

failure of rocks subjected to stress under low confining pressures (Brace, 

1960). 

2. Mohr Criterion 

Mohr generalized the Coulomb criterion by extending it into 

three dimensions and by allowing for a variable coefficient of internal 

friction (Handin, 1969). The Mohr hypothesis postulates that material 

properties are a function of the state of stress and that shear failure 

occurs on those planes for which the shearing stresses ("r) are at a 

maximum and the normal stresses (a) are at a minimum. 



Experimentally determined values of the normal stresses 

at failure ( o 
1

, o 
2

, o 
3

) can be used to draw a series of ''Mohr circles" 

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

to the family of Mohr circles, defines the yield surface of the solid 

under combined stress conditions. Failure will not take place if 

values of o and "t' are below the envelope, but failure will occur if 

values of 0 and "T' just touch or lie above the envelope. 

failure. 

The Mohr hypothesis carries two important implications: 

(1) The value of the intermediate stress does not effect 

(2) The envelope is a function of the angle between the frac

ture plane and the maximum principal stress. 

Combined triaxial compression or extension, and torsion experiments 

on the effects of the intermediate principal stress indicate that the 

shear strength of a material does depend on the relative magnitude of 

the intermediate stress (Handin et al., 1967; Magi, 1967; Wiebols and 

Cook, 1968). As the mean stress (1 /2)(o 
1 

+ o 
3

) is increased, the Mohr 

envelope becomes concave downward such that the predicted plane of 

fracture becomes inclined at an increasing angle to the direction of 

the maximum principal stress (Jaeger and Cook, 1969). 

14 



3. Griffith Criterion 

The Griffith theory forms the basis of most analyses of the 

mechanism of brittle fracture (McClintock and Walsh, 1962; Murrell, 

1963; Brady, 1969a, 1969c). The theory predicts that macroscopic 

fracture starts at the tips of pre-existing flaws (Griffith cracks) which 

enlarge and spread under the influence of applied stress, Griffith 

(1921) assumed that the cracks would propagate under applied stress 

when the strain energy released by extending the crack equals the 

energy to create new crack surfaces. The tensile fracture strength 

a f is related to the flaw dimension c, by the following equation, 

1/2 
a f = (2E'( /Trc) (2. 4) 

where E is the Young's modulus, '(is the fracture surface energy, and 

c is the half length of the Griffith crack. Room temperature uniaxial 

compressive strength a , is eight times the tensile strength, or 
c 

1/2 
a c = 8(2E'(/7rc) ( 2. 5) 

becomes the expression of the Griffith criterion for compressive 

strength (Brace, 1961). The Griffith criterion is expressed by Hoek 

and Bittniawski (1965) in terms of the maximum principal stress at 

fracture (a
1

), the principal stress ratio (a
3

/a
1

), and the uniaxial 

compressive strength (a ) as follows, 
c 

15 
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(2. 6) 

In compression, the Griffith cracks probably close resulting 

in frictional forces developing on the crack surfaces. McClintock and 

Walsh (19 6 2) modified the Griffith criterion to account for the closing 

of flaw s in the following equation, 

( 2. 7) 

where 1-.1. is the coefficient of internal friction between crack faces and 

C1 is the uniaxial tensile strength. Equation 2. 7 can be expressed 
t 

for uniaxial compression as, 

( 2. 8) 

where C1 is the uniaxial compressive strength (Hoek and Bieniawski, 
c 

19 66). The modified criterion can be represented as a Mohr envelope 

by the expression, 

jT/ = 2K - 1-.1.<7 ( 2. 9) 

where K is the tensile strength, 1-.1. is the coefficient of sliding friction 

at the points of contact of crack surfaces (Brace, 1960). The modified 

Griffith and the Coulomb criterion are identical in the region of com-

pression suggesting that the Griffith mechanism of crack growth is 

operative in the fracture of rocks at low confining pressure (Brace, 1960). 
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4. Maximum Octahedral Shear Stress Criterion 

The maximum octahedral shear stress criterion predicts 

that yielding or rupture will occur when a constant amount of dis-

t ortional strain energy is stored in a volume element. The failure 

condition is expressed in terms of stresses as, 

(2. l 0) 

To account for all three principal stresses, but to avoid three dimensional 

diagramming, the stresses at failure are expressed in terms of the acta -

hedral shear stress as a function of the octahedral norrnal stress (mean 

pres sure). The mean pres sure is related to dilational strain energy and 

is expressed in terms of the principal stresses by the following equation; 

(2.11) 

Linearity of the octahedral shear stress with the mean pres sure is an 

approximate empirical criterion of failure for rupture of silicate 

rocks and to some extent for limestones (Robertson, 1955; Handin et al. 

19 67). 

Plastic Deformation 

In the general sense, the ductility of a material is its 

capacity for undergoing permanent deformation without fracturing. 

Ductility commonly implies a capacity for plastic deformation by the 



mechanisms of crystal plasticity, slip, and twinning (Pater son, 

1969). The term plastic deformation has many meanings because of 

disagreement amongst workers in various fields. In the geological 

context, the term plastic deformation is avoided and replaced by 

the concept of uniform flow, that is, macroscopically homogeneous 

deformation (Griggs and Handin, 1960). Uniform flow or permanent 

deformation is used in this study without any implications as to the 

shape of the stress-strain curve or the mechanisms responsible for 
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the permanent deformation of the body. The three geological mechanisms 

of flow are intracrystalline gliding, cataclasis, and recrystallization. 

In polycrystalline metals, ductility is achieved b y cr y stal

lographic slip. The plane of densest packing and the widest spa cing is 

the slip plane, and the slip direction is confined to the densest row of 

atoms (Hull, 1965). In ceramics, the slip planes and directions are 

affected by electrostatic forces and directional bonding . Von Mises 

(1928) and Taylor (1938) determined that five independent slip systems 

are required for ductility of a polycrystalline material. A slip system 

is said to be independent if simple shear cannot be achieved by any 

combination of other available slip systems (Groves and Kelley, 1963). 

The criterion is based on the assumption that in a polycrystalline ag

gregate, no discontinuities of displacement occur at the grain boundaries . 

This means that an individual grain undergoes the same homogeneous de

formation as the neighbouring assemblage of grains. The Von Mises 
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criterion has been used to explain the ductility of a number of compo

sitionally simple ceramic materials (Parker, 1963; Nabarro et al., 1964; 

Wachtman, 1967). In studying the deformational behaviour of sandstones, 

the possibility of achieving flow by intracrystalline gliding in calcite 

and quartz should be evaluated. 

At room temperature and atmospheric confining pressure 

(Oll2) <Olll) twinning(= e-twinning) commonly occurs in calcite. This 

provides three independent slip systems if the crystal is favourably 

oriented for twinning, but does not satisfy the Von Mises requirement. 

The translation gliding systems (lOll).( f 012 > (= r -translation) and 

( 0221) < r 012':> (= £-translation) may become operative' providing five 

independent slip systems, satisfying Von Mises requirement, and 

enabling calcite to deform in a ductile manner by crystalline gliding 

(Turner et al., 1954). Room temperature critical resolved shear 

stress at the yield point for e-twinning, r-translation and £-translation 

are approximately 80, 1100 bars and 2200 bars respectively (Turner 

et al., 1954, Borg & Han din, 1967). Under the experimental conditions 

of this study the initial resolved shear stresses for e -twinning, r

translation and £-translation may be achieved. This may account for the 

homogeneous deformation of favourably oriented calcite grains. 



Quartz deformed under the conditions of temperature, con

fining pressure and strain rate in this investigation does not have five 

independent slip systems; therefore the flow mechanism cannot be 

intracrystalline gliding (Heard and Carter, 1968 ). 

"Cataclastic flow involves displacements of constituent 
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grains of an aggregate relative to one another accompanied by mechanical 

granulation, breaking, or crushing of grains" (Handin and Hager, 195 7). 

In cataclasis, grain rotation and fracturing occur, resulting in the loss 

of cohesion on a small scale; but the body of material as a whole does 

not lose cohesion. Cataclasis is an active mechanism of flow on all 

scales from grain to grain up to sections several thousand feet thick 

(Stearns, 1969 ). C ataclastic deformation of both calcite and quartz 

can be expected under the experimental conditions encountered in this 

investigation. 

The third active mechanism of uniform flow is recrystal

lization. Significant recrystallization of calcite is not achieved at 

temperatures under 500°C (Griggs et al., 1960). Recrystallization of 

quartz also requires high temperatures and confining pressures in the 

order of 6Kb (Griggs et al. 1960; Green, 1967). The recrystallization 

mechanism clearly is not operative at the low temperatures, confining 

pressures and high strain rates at which the present series of experi

ments were conducted. 
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In summary, uniform flow in sandstones deformed under the 

environmental conditions of this study can be achieved in the following 

manner: 

and 

(1) cataclasis of the quartz grains. 

(2) cataclasis of the calcite grains, 

(3) twinning and intracrystalline gliding in calcite. 



Chapter 3 

EXPERIMENTAL INVESTIGATION 

General Statement 

The prime object of this experimental investigation is to 

evaluate the influence of composition, and sedimentary fabric on the 

deformational behaviour of sandstones under varying conditions of con

fining pressure, total strain, and strain rate. Test materials are 

de scribed in a standardized semi-quantitative manner to facilitate 

analysis and possible future comparisons with results of other investiga-

tors. Results of triaxial compression experiments are discussed with 

reference to the effects of environmental and fabric parameters on rock 

properties such as deformational mode, strength, ductility , elastic 

behaviour and deformational mechanisms. 

Test Materials 

1. Characterization of Test Materials 

Changes in a rock's fabric parameters should lead to 

changes in deformational behaviour of sandstones. Therefore, rock 

descriptions must be standardized in a semi-quantitative manner. 
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Griffiths {1961) has defined the basic properties of sedimentary 

rocks which he feels are necessary and sufficient for a unique des

cription of the rock, namely, particle composition, size, shape, 

orientation, and packing. However, it is convenient to determine 

other properties, e. g. porosity, fracture index and anisotropy in order 

to specify a material's mechanical properties. (Table II). 

The composition of the undeformed test materials has 

been determined by modal analysis of thin sections. Effective porosity 

measurements have been made by Core Laboratories -Canada Ltd. of 

Edmonton. 
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Grain sizes of the samples used are based on measurements 

in thin section. Grains for measurement are selected by traver sing the 

thin section in a manner similar to modal analysis so that the size 

frequency distributions obtained reflect a volume frequency rather than 

a weight percent. Maximum and minimum apparent diameters of each 

grain are measured. The maximum diameter is the largest intercept 

across the grain. In ambiguous grains the largest symmetrical axis is 

measured (Middleton, 1962). The minimum diameter is defined as the 

largest intercept perpendicular to the maximum diameter. 



TABLE II 

MATERIAL PARAMETERS OF SANDSTONES DETERMINED IN THIS 

STUDY 

(l) COMPOSITION (MODAL ANALYSIS) 

(2) POROSITY 

(3) GRAIN SIZE AND SORTING 

(4) GRAIN SHAPE 

ROUNDNESS (VISUAL ESTIMATE) 

SPHERICITY (THIN SECTION MEASURE) 

(5) GRAIN ORIENT A TION 

(6) CONTACTS PER GRAIN 

(7) "STRAIN INDEX" OF FRAMEWORK AND CEMENT 

(FRACTURE INDEX, LAMELLAE /MM) 

(8) ANISOTROPY 

24 
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The size measure obtained by this type of analysis is a 

function of size, shape, composition, orientation, and packi ng of the 

grains (Griffiths, 1967). A single mineral, quartz, is used as the basis 

of measurement so that compositional effects are eliminated. No other 

adjustments are made for the other variables. 

Two thin sections cut normal to the bedding were made of 

each sandstone. Fifty quartz grains were measured in each thin section; 

the results from each thin section were compared to those of the other 

thin section, and the two later combined to give a composite analysis. 

Some of the quartz grains have been significantly modified 

by authigenic quartz over growths. If the quartz over growth is in optical 

continuity with the grain it is considered to be mechanically part of the 

grain and included in the grain size measurement. If the quartz 

grains have a preferred dimensional orientation , the orientation of the 

thin section is likely to affect size determinations (Middl eton, 19 62) . 

formula, 

where 

meters. 

The size of the individual grains is calculated using the 

1/2 
C = -log

2
K(ab) 

C = the size of the grain in f/J units 

a = maximum grain diameter in thin section 

b = minimum grain diameter in thin section 

( 3. l) 

K = conversion factor to reduce measured values to milli -
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The mean grain size is calculated by the method of moments by a computer 

program (Parkash, 1968). One standard deviation of the grain size is 

used as a measure of the sorting (Folk, 1961). 

A description of the shape or geometric form of a particle 

is based on two measures, sphericity and roundness. 

sphericity is obtained by the equation, 

SPH = b/a 

A measure of the 

(3. 2) 

where b and a are the minimum diameter and maximum diameter in 

thin section respectively. Particle roundness is estimated by a visual 

comparison with standard roundness charts . 

Grain orientation is defined as the angle between the ob

served long axis of a quartz grain and the inferred horizontal bedding 

direction (Mellon, 1964). Values of grain orientation are based on 100 

quartz grain measurements for each of the test materials. 

Packing is a measure of the degree to which grains are in 

contact with or interlocked among their neighbours (Krumbein and Sloss, 

1963). The operational definition by which packing is estimated in this 

study is the number of contacts per grain. No allowance is made for 

the type of contact, i.e. , point contact, surface contact or inter-

penetrative contact. The majority of grains in the sandstones studied 

have either point contacts or surface contacts. 



The strain index of the framework and the cement i s 

expressed by the fracture index and the twin l amellae s pacing index 

respectively. The fracture index is based on the fractur i ng in one 

hundred grains per specimen as follows: Percent of u nfractured g rain s 

X 1, plus percent of slightly fractured grains (1- 3 fra c tur es ) X 2, plus 

percent moderately fractured grains (4-6 fractures) X 3, plus percent 

highly fractured grains (more than 6 fracture s ) X 4, plus percent 

demolished grains X 5 (Borg et al., 1960). Demolished grains are 

nests of fragments which retain the original grain outline or mylonitic. 

zones. The index may vary from 100 to 500. The method is subject iv e 

but the indices determined can be used to compare r ela tive a mou nts of 

fracturing between specimens. The twin lamella e spacing i ndex is 

based on the number of lamellae per millime t er whe n viewed on edge 

and measured along a line norm al to the twin planes (Friedman, 1963). 
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The effects of ani s otropy on the de formational behaviour can 

be ignored because all specimens were compr essed normal to bedding 

(McLamore and Gray, 1966). 

2. Potsdam Sandstone 

The Potsdam (Cambrian, Smith Falls, Ontario ) is a white, 

flaggy (3 ems), very fine grained, very well sor ted sandstone, with no 

visible fractures and an effective porosity of 8 . 2%. In thin s ection , the 

sandstone can be classified as a supermature orthoquartzite (F olk, 19 61) . 



On the basis of a modal analysis of 100 points the rock consists of 97o/o 

quartz and 3o/o calcite. Extensive quartz overgrowths have modified 

the. original clastic grains forming an interlocking but generally 

not interpenetrating texture (Plate lA). Long axes of sixty-six 
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percent of the quartz grains lie within 30° of the bedding (Figure 2). 

Untwinned calcite (lamellae index ( 1 0) occurs in small widely separated 

ovoid clots. A summary of the undeformed aggregate parameters is 

tabulated in Table III. 

3. Oriskany Sandstone 

The Oriskany (Lower Devonian, Cayuga, Ontario) is a white, 

massive (18 ems), fine grained, moderately well sorted, mature 

calcareous sandstone with an effective porosity of 6 . 3o/o. Small quartz 

overgrowths are present on a few of the grains and grain contacts are 

generally not penetrative (Plate lB). Only fifty-six percent of the quartz 

grains lie within 30° of the bedding (Figure 2). Fine to cryptocrystal-

line calcite is interstitial to the quartz grains, but occasionally occurs 

as irregular lamina 1 mm thick. The rock consists of 8 Oo/o quartz and 20o/o 

calcite. The observed roundness (subangular) of the quartz grains 

appears to have been significantly alt~red by calcite corrosion. Un

deformed material parameters are summarized in Table III. 



Plate 1 

A. Photomicrograph of the Potsdam sandstone. Note 

the quartz over growths and the interlocking nature 

of the grain contacts. (polarized light, X ll 0) 

B. Photomicrograph of the calcareous Oriskany sandstone. 

(polarized light, X 11 0) 
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TABLE Ill. COMPARISON OF CERTAIN PARAMETERS FOR UNDEFORMED SANDSTONES 

POTSDAM ORISKANY CALCAREOUS BLAIRMORE COLUMBUS 
BLAIRMORE "sand fraction" 

Grain Size 0 3.07 2. 05 2. 75 2.43 3.53 

Sorting 0. 26 0. 54 0.22 0. 25 0. 15 

Sphericity 0.63 0.69 0.61 0.62 0. 65 

Roundness 0.34 0.34 0.29 0. 25 o. 35 

Calcite% 3.0 20. 0 39.0 3.4 62.0 

Contacts /Grain 5.45 4.72 2. 09 4.39 1. 24 

Porosity% 8.2 6.3 1.6 4.5 14.9 

Specific Gravity gms Icc 2.54 2.55 2. 71 2.67 2.57 

Fracture Index 120. 0 116. 0 1.40. 0 110. 0 101. 0 

Lamellae Spacing 
Index 10.0 1 o. 0 10. 0 10.0 10. 0 

\.1.) 
....... 
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4. Blairmore Sandstone 

The Blairmore (Lower Cretaceous, Red Deer River, Alberta) 

is a grey "salt and pepper", flaggy ( 6 ems), fine grained, well sorted, 

sandstone with an effective porosity of 4. 5%. The sandstone can be 

clas~ified as an immature greywacke (Folk, 1961). Subangular to 

angular sand grains make up 73. 6% of the rock and consist of: 

feldspar (23. 2%), quartz (21. Oo/o), rock fragments (13. Oo/o), chert 

(1 0. 8%) and composite quartz grains (5. 6%). The clastic grains form 

a densely packed interlocking framework (Plate 2A). Long axes of 

sixty-one percent of the quartz grains lie within 30° of the inferred 

bedding (Figure 2). The matrix (20. 4%) consists of fine grained inter

granular detritus biotite and authigenic silica (?) and chlorite. The 

distinction between rock fragments -matrix-authigenic cement is difficult 

to ascertain in this fine grained sandstone. Calcite (4%) occurs as 

random grains throughout the rock. Compositionally and texturally 

the rock is similar to the silicate cemented phase of the Mountain Park 

sandstone (Blairmore) described by Mellon (1964, 1967). 

5. Calcareous Blairmore 

This facies of the Blairmore (Lower Cretaceous, Red Deer 

River, Alberta) is a black to dark grey, massive, fine grained, very 

well sorted, submature subgreywacke (Folk, 1961). Modally the rock 

consists of calcite (39.4%), feldspar (24. 7%), quartz(ll.4o/o), rock 



Plate 2 

A. Photomicrograph of the Blairmore sandstone. 

Quartz, feldspar, chert, and rock fragments are 

the prominent detrital grains. Matrix consists of 

authigenic chlorite and silica as well as some fine 

detrital material. (polarized light, X 135) 

B. Photomicrograph of the calcareous Blairmore sand

stone. (polarized light, X 11 0) 
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fragments (1 0. 7%), chert (8. 3%), mica ( 0. 8%), and other (5. 1 %) 

(Underhill, personal communication). Calcite grain sizes range 

from cryptocrystalline to coarse grains of irregular shape which enclose 

several sand grains (Plate 2B ). In thin section, the elongate subangular 

to angular clastic grains and mica mark a distinct parallel lamination . 

However, only 48% of the quartz grains lie within 30° of this lamination 

(Figure 2). Table III summarizes the characterizing parameters of the 

calcareous Blairmore sandstone. 

6. Columbus Limestone 

Thetest block of ''Columbus" (Devonian, Ingersoll, Ontario) 

is a buff brown, medium crystalline, massive, arenaceous and dolomitic 

limestone with an effective porosity of 14. 9%. Bedding in the test 

block is marked by a concentration of spirifer brachiopods and rugose 

corals. 

In thin section the rock consists of very fine graine d, s ub

angular to subrounded, very well sorted, "floating' ' sand grains in 

a groundmass of recrystallized sparry calcite (Plate 3). Micro-

scopic determinations of quartz grain size, sorting, etc. are sum

marized in Table III. Orientation of quartz grains vary between 0° 

(parallel to bedding) and 9 0° (normal to bedding) with only 54% within 

30° of the macroscopic bedding surface (Figure 2). Calcite grains range 



Plate 3 

Photomicrograph of the arenaceous and dolomitic Columbus 

lime stone. The sand grains "float'' in a cement of re

crystallized sparry calcite. Dolomite occurs as discrete 

rhombs. (polarized light, X 11 0) 
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in size from cryptocrystalline to 1 mm, with the majority of the grains 

(85o/o) 0. 125 mm. Dolomite occurs as discrete rhombs (0. 145 mm) 

scattered throughout the rock. Crinoid columnals and ossicles, frag

ments of brachiopod tests, and coral (?) fragments can be occasionally 

identified in some thin sections. Modally the rock consists of calcite 

(62. Oo/o), quartz (21. Oo/o) and dolomite (17. Oo/o). 

Influence of Environmental Parameters 

1. General Statement 

One of the prime purposes of experimental research in 

rock mechanics is to furnish information on the deformational mbdes 

and mechanisms so that this information can be related to observed 

rock structures in the field. 

36 

Griggs and Handin (1960) define three deformational modes -

extension fracture, fault, and uniform flow. Donath (1968 ) extend s t h e 

number of deformational modes to the following: 

( 1) extensional faulting 

( 2) brittle faulting 

(3) ductile faulting 

( 4) homogeneous flow 

(5) elastic (recoverable) deformation 



Extensional faulting (longitudinal splitting of the specimen) is mainly 

observed at very low confining pressures. Although the mechanism 

of forming extensional faults in a compressive stress field is not 

known, it has been attributed to submicroscopic flaws which act as 

stress risers to produce local tensile stresses (Heard, 1968). Brittle 

shear faulting is defined as faulting with loss of cohesion, whereas 

ductile faulting is faulting without the loss of cohesion (Donath, 1968). 

The brittle -ductile transition of a number of rocks has been well 

documented by several workers (Von Karman, 19ll; Adams, 1912; 

Heard, 1960; HandinE al., 1963). Extensional and shear faulting are 

gradational and apparently form by the same process of internal frac

turing (Brace, 1964). Homogeneous flow is defined as permanent 

deformation without any visible signs of faulting. Elastic deformation 
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is defined as strain which occurs instantaneously when stress is applied 

and is fully and instantaneously recovered when stress is removed. This 

definition is not strictly applicable in this study, and the definition 

used here is that elastic deformation means that 60o/o or more of the 

total strain is recoverable within a very short time when the stress is 

removed. 

A rock's mode of deformation is strongly affected by 

environmental factors such as confining pressure, total strain, pore 

pressures, temperature, strain rate, and the stress field in which it 



38 

occurs. Besides these environmental parameters, material parameters 

such as grain size, anisotropy, porosity, composition, homogeneity, etc. 

should be considered. Apparatus effects must also be taken into account 

when one is evaluating deformational modes. Apparatus stiffness affects 

the rate at which energy is dissipated at failure (Bieniawski et al., 1969). 

A 11 soft" testing machine like the one used in this investigation tends to 

cause a rapid dissipation of energy at fracture. A force equalizer such 

as Paterson (1958) used in his apparatus prevents bending moments 

and lateral movements of the anvil, thus forcing symmetrical deforma-

tion. This results in conjugate fractures when the specimens fail by 

faulting. The flat anvil used in this study allows minute shifting, and 

produces less rigid boundary conditions with the result that only a single 

fault plane forms at failure. 

2. Effect of Confining Pressure 

(a) Deformational Modes. The Potsdam sandstone fails by 

brittle shear fracture over the entire range of confining pressures studied 

(1-2500 bars). At 1 bar the specimens are characterized by a number of 

narrow fracture surfaces subparallel to the core axis, and the occasional 

fracture surface inclined at 45° to the core axis. The mode of deforma

tion is transitional between extensional faulting and brittle shear faulting. 

At low strains (Z3%) and confining pressures of 500, 1000, 1500, 2000 



39 

and 2500 bars the specimens exhibit narrow single faults of the brittle 

shear type. However, some less persistent conjugate faults are develop

ed in some specimens (Plate 4). 

Deformational modes of the Blairmore sandstone are 

essentially similar to those of the Potsdam sandstone. Extensional 

faulting characterizes specimens deformed at atmospheric confining 

pressures, whereas shear faulting occurs at higher confining pressures 

(Plate 5). At low strains the deformation is restricted to narrow, distinct 

faults with no development of conjugate faults. 

Specimens of . Oriskany sandstone deformed at confining 

pressures up to 1000 bars are characterized by shear faulting accompanied 

by a sudden release of stored elastic energy. Unconfined test specimens 

are characterized by extensional faulting. Both extensional and shear 

components are present in specimens tested at 250 bars confining pres-

sure (Plate 6). At 1100 bars confining pressure, faulting is accompanied 

by a gradual release of stored elastic energy, and at low strains the 

faults are long but tend to be less distinct. At 1500 bars confining 

pressure and low strains (~ 4o/o) a number of short, barely discernible 

conjugate fractures inclined at 45° to the core axis appear in the de

formed specimens (Plate 6). These 11 Luders Lines" are widely distribu

ted throughout the sample, and a tendency toward barreling can be 

observed. The specimen fails without losing cohesion and its deforma-



Plate 4 

Specimens of Potsdam sandstone deformed 2. 51 to 4. 89 

percent strain at various confining pressures (X 3) 

A. 1 bar, confining pressure (2.51 percent strain) 

B. 500 bars, confining pressure (4. 89 percent strain) 

C. 1000 bars, confining pressure (3. 60 percent strain) 

D. 2500 bars, confining pressure (4. 17 percent strain) 
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Plate 5 

Specimens of Blairmore sandstone deformed 4. 27 to 4. 58 

percent strain at various confining pressures (X 3). 

A. 1 bar confining pressure (4. 31 percent strain) 

B. 500 bars confining pressure (4. 27 percent strain) 

C. 15 00 bars confining pres sure ( 4. 49 percent strain) 

D. 2500 bars confining pressure (4. 58 percent $train) 
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Plate 6 

Specimens of Oriskany sandstone deformed 3. 66 to 4. 93 

percent strain at various confining pressures (X 3) 

A . 250 bars confining pressure (3. 66 percent strain) 

B. 1000 bars confining pressure (4. 54 percent strain) 

C . 1500 bars confining pressure (4.43 percent strain) 

D. 25 00 bars confining pressure (4. 93 percent strain} 
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tional mode is due tile faulting. Lude r s Lines and slight bulging 

characterize samples deformed at 2000 and 2500 bars confining pressure. 

Within the confining pressure range of this investigation, the 

permanent deformation of the Columbus limestone varies from extensional 

faulting at 1 bar to homogeneous flow at 2500 bars confining pressure 

(Plate 7). At 1 0 0 bars confining pressure, brittle fracture is accom

panied by a sudden and substantial loss of elastic energy; the deforma

tion is restricted to several parallel shear faults with minor development 

of conjugate slip surfaces (Plate 7). Numerous conjugate slip surfaces 

(Luders Lines) characterize the specimens deformed at 250 and 500 bars 

confining pressure. At higher confining pressures and low strains the 

specimens deform homogeneously and the permanent strain is distributed 

throughout the specimen. No visible faults occur in these specimens, 

but at low strains barreling cannot be observed. 

(b) Strength. Two strength parameters can be used in con-

sidering the ''strength'' of a material as determined in experimental rock 

deformation, that is, "yield strength (stress)" and ''ultimate strength'' 

(Robertson, 1955 ). "Ultimate strength" is defined as the maximum dif

ferential stress sustained by the specimen. The "yield stress" is 

defined as the maximum stress that a specimen can withstand without 

undergoing permanent (plastic) deformation either by solid flow or 

rupture (Coates, 1965) Permanent deformation does not imply any-



Plate 7 

Specimens of arenaceous Columbus limestone deformed 

1. 08 to 7. 92 percent strain at various confining pressures 

(X 3) 

A. 1 bar confining pressure ( 1. 08 percent strain) 

B. 100 bars confining pressure (1. 32 percent strain) 

C. 500 bars confining pressure (7. 92 percent strain) 

D. 2000 bars confining pressure (3. 15 percent strain) 
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thing about the shape of the stress-strain curve or the mechanism of 

deformation. In this study the "ultimate strength" is used as the 

strength parameter. 

The definition of ultimate strength becomes difficult to 
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apply when a specimen work hardens during deformation as there is no 

true maximum differential stress, and the stress at which the test 

terminates determines the strength of the material. Apparatus design 

and deformational mode can affect the values of experimentally deter

mined strengths (Appendix A). These factors must be taken into account 

in specifying strengths and comparing strength determinations between 

different laboratories. 

Calculated average stress-strain curves for specimens of 

Potsdam sandstone deformed at various confining pressures are given 

in Figure 3 . The initial portion of each curve is nearly linear up to the 

ultimate strength beyond which there is a sudden and abrupt dro p in t h e 

differential stress. The rapid release of stored elastic energy dur i ng 

faulting is typical of brittle shear failure. Figure 4 shows that there 

is a large initial increase in the compressive strength between 1 and 

500 bars confining pressure after which the strength continues to 

increase but at a reduced rate (150 bars for every 100 bars confining 

pressure). The large initial increase probably reflects closing of 

cracks and a general compaction of the specimen by the applied con

fining pressure. 
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Figure 5 shows the average stress-strain curves for the 

deformation of the Blairmore sandstone as a function of confining pres

sure. The curves are essentially similar to those obtained for the 

Potsdam sandstone, namely, increasing maximum differential stress at 

higher confining pressures, linear deformation up to the ultimate 

strength, and a sharp drop in the differential stress at rupture. At 

confining pressures greater than 500 bars the strength increases gradual

ly, such that for every 100 bar increase in the confining pressure the 

strength is enhanced approximately 150 bars (Figure 6). 

Figure 7 summarizes the stress-strain relationships of the 

Oriskany sandstone. The ultimate strength increases systematically 

with confining pressure except at 1100 bars confining pressure. In 

Figure 8 the effect of confining pres sure on the ultimate strength of 

the Oriskany sandstone is illustrated. Scatter in the points reflects 

material differences between specimens, or in some cases slight dif

ferences in specimen end conditions. Above 500 bars confining pres

sure, the strength increases 100 bars per 120 bars increase in con

fining pressure. 

Average stress-strain curves for the arenaceous Columbus 

limestone as a function of confining pressure are given in Figure 9. 

Unlike the stress-strain curves of the sandstones, these curves show 

a complete spectrum from brittle faulting to work hardening (rising 
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stress-strain curve) ·. Values of the ultimate strength of specimens 

deformed at confining pressures greater than 1000 bars are directly 

related to total strain. Figure 1 0 illustrates the variation of strength 

with confining pressure. For the puposes of this diagram, strengths 

at 1000, 1500, 2000 and 2500 bars confining pressure are based on 

total strains of 18%, 17%, 16% and 16% respectively. 

(c) Evaluation of Failure Criteria. An extensive and 

rigorous evaiuation of the various failure criteria is beyond the scope 
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of this investigati on. The following discussion is a qualitative examina

tion of strength date of the various test materials and the Coulomb-Mohr, 

Griffith and the octahedral shear stress failure criteria. 

The Coulomb-Mohr criterion postulates that failure will 

occur when the shearing stress exceeds the cohesion of the material plus 

the frictional resistance on the shear fracture planes . Mohr envelopes 

for the Potsdam, Blairmore, Oriskany sandstones, and the arenaceous 

Columbus limestone are illustrated in Figure 11. The maximum 

principal stress is the maximum differential stress plus confining 

pressure sustained by the specimen, and the minimum principal stress 

is equivalent to the confining pressure ( a
2
:a

3
). The fracture angle e I 

is defined as the angle between the fracture surface or fault and the 

direction of maximum principal compression. The predicted angles 

of fracture derived from the Mohr diagrams for the confining pressure 
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values of 1, 5 00, 1000, 15 00, 2000 and 25 00 bars are compared to the 

average experimentally observed fracture angles in Table IV. The 

experimental and the predicted fracture angles increase systematically 

as the principal stresses at failure increase (Table IV). The predicted 

orientation of the fracture angle differs from those observed (Table IV). 

The experimentally determined fracture angles can be influenced by the 

ratio of the specimen length to diameter of the test specimens, suggesting 

that the observed fracture angles may be a result of test procedures 

(Jaeger and Cook, 1969). Smaller fracture angles are related to larger 

length to diameter ratios. Although the Coulomb-Mohr criterion is 

not an adequate failure criterion here, it is widely and successfully 

applied in engineering problems and will remain useful in depicting 

experimental results until an adequate mechanistic theory of fracture 

is developed. 

The Griffith criterion is the only mechanistic criterion 

available at this time. In order to establish whether the original or 

the modified Griffith theories adequately predict brittle rock failure, 

the test results are reduced to a dimension 1 e ss form by dividing 

each rock strength value by its uniaxial compressive strength (Hoek 

and Bieniawski, 1965 ). These dimensionless strength values are 

plotted in Figure 12 along with the various Griffith fracture loci from 
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a 9, a a 9 a a a a a a a 
p 9 p 0 p 0 p 0 p 0 p 0 
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equations 2. 6 and 2. 7. A comparison of the experimental results with 

the various predicted loci of the Griffith criterion suggest that the 

modified Griffith criterion with coeffcients of internal friction of 0. 5 

to 1. 0 predicts fracture of most of the test materials. Hoek and 

Bieniawski (1965) point out that although the Griffith 11 
••• theory of 

brittle fracture offers a reliable prediction of fracture initiation 

stress, ... the resulting fracture propagation from a single crack 

cannot account for the macroscopic fracture of a specimen. 11
• 

The octahedral shear stress criterion has been used as 

an approximate empirical criterion for a number of rocks (Robertson, 

1955; Handin et al. ,1967). Plots of the octahedral shear stress 

versus the mean pressure for failure of the Potsdam, Blairmore and 
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Oriskany sandstones are shown in Figures 13, 14 and 15. The values of 

the octahedral shear stress for these rocks are essentially similar and 

are approximately linear with increasing principal stresses at failure. 

The values of the octahedral shear stress versus the mean pressure 

for the Oriskany sandstone can be divided into two populations. The 

first population is representative of samples which have failed in a 

brittle manner (1 to 1000 bars confining pressure), whereas the second 

population is representative of samples which have failed by ductile 

faulting (1100 to 2500 bars confining pressure). 



('t') 

0 
........ 

X 
(/) 

~ 
< 
ttl 
~ 

(/) 
{/) 

~ 
~ 
rt 
{/) 

~ 
< 
~ 
:I: 
{/) 

....1 
< 
~ 
~ 
< 
b 
u 
0 

3. 0 

2.0 

1.0 

/ 

/ 

•• • 

"' "' 

/ 

/ 

1.0 

/ 

/ 

... 
/ 

"' 
/ 

2.0 

.. , • / 
, 

• ... _.,. 
/ 

/ 

3. 0 

, . 
"' • 

• . .., 
"' 

"' .... 
• / .. ,. . 

Nurn.ber of samples = 23 

Correlation coefficient = • 986 

'1' =.519+.569P 
oct m 

4.0 5.0 

MEAN PRESSURE, BARS X 10
3 

Figure 13. Octahedral shear stress versus mean pressure for failure of Potsdam sandstone. "' ..-



('f) 

0 
...... 

X 
{/) 

~ 
< 
It) 

-{/) 
{/) 

P:l 
~ 
~ 
{/) 

~ 
P:l 
::r: 
t1) 

...:I 
< 
~ 
0 
P:l 
::r: 
< 
~ 
l) 
0 

3.0 

2.0 

1.0 

:/ 

/ 

/ . 
• • 

/ 

/ 

/ 

/ 

1.0 

,. 
y 

/ 

/ 
/ 

• 
• I . / 

/ 

/ 

2.0 3.0 

• ... ., 
/ 

MEAN PRESSURE, BARS X 1 o
3 

/ 

,. 
• 
• 

,.. ,.. . 
, I• ·• ,.. .. ,. 

,. 
/ 

Nwnber of sample s = 25 

Correlation coefficient = . 984 

,. = . 6 7 6 + . 5 24 p 
oct m 

4.0 5.0 

Figure 14. Octahedral shear stress versus mean pressure for failure of Blairmore sandstone. 
0' 
N 



('t) 

0 ..... 
><: 
tJ) 

ex:: 
< 
~ 

tJ) 
tJ) 

~ 
~ 
1:-1 
tJ) 

ex:: 
< 
~ 
::r:: 
tJ) 

...:1 
< 
~ 
~ :r: 
< 
1:-1 
l) 
0 

3.0 

2. 0 

1.0 

/ 

/ 

~ 

/ 

/ 

. / 
.:,.. 

1.0 

/ 

• / 

:/ 
/ 

• .... .,., ......... ~· 
/ ·'~·: . 

• ........ 
:, 

Number of samples ·= 17 

Correlation coefficient = . 991 

• 
/ 

·:! / • ....... 
• 

• . : / 
.;,--

•• ....... 
• 

Number of samples = 36 

Correlation coefficient = . 927 

.,... = .816+439P 
oct m 

1' = . 279 + . 714P 
oct m 

2. 0 3. 0 4. 0 5. 0 

MEAN PRESSURE, BARS X 1 o3 

Figure 15 . Octahedral shear stress versus mean pressure for failure of Oriskany sandstone . 
C1' 
VJ 



64 

The octahedral shear stress criterion may be used to predict 

yielding in the arenaceous Columbus limestone, but the onset of plastic 

flow from the stress-strain record is difficult to ascertain. In this 

investigation, the ultimate strength at 1, 100, 250, 500 bars confining 

pressure, and the differential stress at 1% total for 1000 and 1500 bars 

confining pressure are arbitrarily chosen as the yield stresses. No 

values are used for the tests run at 2000 and 2500 bars confining pres

sure because permanent deformation apparently occurs close to the 

onset of axial loading. The plot of the octahedral shear stress for the 

Columbus limestone tends to flatten with increasing mean pressure 

(Figure 16). This behaviour is a reflection of the transition between 

brittle and homogeneous deformational behaviour. 

(d) Elastic Properties. The elastic limit is the point on 

the stress-strain curve at which the deformation ceases to be linear 

and totally recoverable (Region II). The elastic limit is difficult to 

detect and its choice is strongly dependent on instrument sensitivity; 

moreover, for porous sedimentary rocks the application of a confining 

pressure may produce irrecoverable strain due to pore collapse (Handin 

and Hager, 1957). Values of elastic moduli are strongly influenced by 

the conditions under which they are obtained, namely, stress-strain 

region, a loading or unloading cycle, and strain rate (Brace, 1964; 

Brady, 1968). 
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The Potsdam, Blairmore and Oriskany sandstones behave 

essentially elastically up to the onset of faulting ( 60% of the total strain 

is recoverable). The static Young's modulus is calculated on a loading 

cycle over the same interval of strain ( 0 to 1 %) in order to facilitate 

comparison between tests. This interval of strain customarily lies 

within Region II of the stress-strain curve except in atmospheric tests 

where Region I is also present. Strain rates in this interval of strain 

-5 
are in the order of 1 0 . 

Figures 1 7, 18, 19 and 20 illustrate the effect of confining 
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pressure on the static Young's modulus. The open circles 0, represent 

calculated means, the horizontal bars_, represent the limits of ob-

served variation. Values of the Young's modulus for the Potsdam, 

Blairmore and Oriskany sandstones have a large initial increase be-

between 1-500 bars confining pressure and then increase gradually or are 

approximately constant at confining pressures greater than 1000 bars. 

Literature values of the Young's Moduli for sandstones range from 

6 6 
0. 088 X 10 bars to . 975 X 10 bars. The large initial increase in 

Young's modulus is generally attributed to a general compaction of the 

specimen (Brace , 1964). 

The effect of confining pressure on the Young's modulus 

of the Columbus limestone (Figure 20) differs markedly from the 

behaviour observed in the sandstones. Although there is a general 

increase in the Young's modulus at low and moderate confining pres-
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sures, at 2000 and 2500 bars confining pressure there is a sharp and 

substantial decrease. The stress-strain curves for the Columbus 

limestone (Figure 9) also indicate that the truly elastic region has 

diminished substantially and is in fact negligible at confining pressures 

of 2000 and 2500 bars. Values of Young's modulus determined at these 

confining pressures are virtually meaningless because permanent de

formation occurs close to the onset of axial loading. 

3. Effect of Total Strain 

(a) Deformational Modes. It is obvious that the mode of 

deformation is strongly dependent on the ainount of strain to which a 

rock is subjected. At very low strains most rocks are essentially 

elastic whereas at higher strains they can undergo uniform flow, 

brittle fracture or ductile faulting. 
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Plate 8 illustrates different specimens of Potsdam sandstone 

deformed to various amounts of strain at a confining pressure of 2500 

bars. At low strains (Z 2%) the mode of deformation is brittle shear 

faulting along a single narrow fault. At higher strains a second fault is 

formed in a conjugate orientation. The formation of the second fault 

can be correlated to a sharp drop in the differential stress on the stress-

strain curve (Plate 9). The magrtitude of the drop in the differential 

stress is less than that associated with the first fault. As was pointed 

out earlier the generation of the second fault may be entirely related to 

apparatus constraints. The effects of total strain and confining pressure 



Plate 8 

Specimens of Potsdam sandstone deformed at 2500 bars 

confining pres sure to various percent strains (X 3) 

A. 2. 39 percent strain 

B. 4. 17 percent strain 

C. 7. 00 percent strain 

D. 8. 71 percent strain 
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Plate 9 

Stress-strain record for the Potsdam sandstone deformed at 

2000 bars confining pressure to various percent strains with 

associated deformational modes. 
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can best be illustrated by a diagram of total strain versus confining 

pressure (Figure 21 ). In this type of diagram and others of a similar 

nature, a specimen's deformational mode is characterized by a 

number of standard symbols, namely, extensional faults (+), single 

brittle shear faults(/), conjugate shear faults (X), ductile faults (.6), 

permanent homogeneous deformation (0), and elastic deformation (t). 

Boundaries between the various fields are based on the deformational 

mode of individual specimens and to some extent the stress-strain 

curve (e.g., Plate 9). 
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The deformational modes of the Blairmore sandstone as a 

function of total strain are similar to those of the Potsdam sanc;lstone 

(Figure 22). Unlike the Potsdam sandstone the Blairmore is characteri

zed by more distinct faults with little or no apparent cataclasis visible in 

the test specimens (Plate l 0). 

At confining pressures less than 1100 bars the effect of total 

strain on the deformational behaviour of the Oriskany sandstone is 

similar to that observed in the Potsdam and Blairmore sandstones 

(Figure 23). At confining pressures greater than l 000 bars no abrupt 

drop in the differential stress accompanies faulting (Figure 7). At 1500 

bars confining pressure and total strains less than 2o/o the mode of de

formation is elastic; at 3% total strain ductile faulting occurs; at 5% 
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Plate 10 

Specimens of Blairmore sandstone deformed at 2500 bars 

confining pressure to various percent strains (X 3) 

A. 1. 03 percent strain 

B. 2. 48 percent strain 

C. 4. 81 percent strain 

D. 13. 89 percent strain 
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total strain a single shear fault occurs, and at total strains greater 

than 7o/o conjugate shear faults characterize the specimen (Plate 11). 
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At 2000 and 2500 bars confining pressure numerous, barely discernible 

slip surfaces (Luders Lines) uniformly distributed throughout the 

specimens appear at total strains of approximately 3o/o. With increas

ing strain the specimens barrel and more prominent fault surfaces 

develop. 

At low confining pressures and low strains the Columbus 

lime stone is characterized by brittle deformation. Ductile faulting is 

the characteristic mode of deformation at total strains greater than lo/o 

at 250 and 500 bars confining pressure. At 1000 bars confining pressure 

the Columbus limestone deforms elastically up to total strains of appro

ximately lo/o; undergoes permanent homogeneous deformation between 

1-2% total strain; ductile faulting occurs at total strains greater than 2o/o 

(Figure 24). At high confining pressures no field of elastic deforma-

tion can be detected and the specimens deform homogeneously up to 

relatively high total strains before the onset of ductile faulting (Figure 

24 and Plate 12). 

During impregnation of the deformed cores prior to thin 

sectioning some specimens of the arenaceous Columbus limestone broke 

into a series of approximately equal thickness disks along planes per

pendicular to the compressional axis (Plate 13). This disk-type of 



Plate 11 

Specimens of Oriskany sandstone deformed at 15 00 bars con

fining pressure to various percent strains (X 3) 

A. 1. 73 percent strain 

B. 2. 65 percent strain 

C. 4. 43 percent strain 

D. 6. 15 percent strain 

E. 14.50 percent strain 
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Plate 12 

Specimens of arenaceous Columbus limestone deformed at 

2000 bars confining pressure to various percent strains (X 3) 

A. 3. 15 percent strain 

B. 7. 00 percent strain 

C. 11. 21 percent strain 

D. 15. 61 percent strain 
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PI ate 13 

Disk-type failure in the arenaceous Columbus lime stone 

deformed at 15 00 bars confining pressure to 16. 95 percent 

strain(X 3.2) 
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failure characterizes specimens which had been subjected to total 

strains of greater than 7%. Similar behaviour also occurs in saturated 

and jacketed specimens of sandy shale and is apparently related to pore 

pressures in rocks of low permeability (Bredthauer, 1957). In the 

Columbus limestone a possible explanation of this type of behaviour is 

that, upon impregnation and setting, the epoxy cement causes failure 

along incipient but invisible planes of weakness normal to the compres

sional axis. These incipient planes may be similar to dendritic markings 

observed in alabaster deformed to strains greater than 15% (Boyd and 

Currie, 1969). Another possibility is that the disk-type failure is a 

relaxation phenomenon. Murrell (1966) interprets disk-type fractures 

". . . as a result of inhomogeneous plastic deformation in the rock 

specimen internal stresses exist in it after the external loads are re

moved, and these are sufficient to open up microscopic cracks and even 

cause the specimen to fracture in some cases.''· 

(b) Ductility. Handin and Hager (1957) define ductility 

qualitatively as the total percent deformation before fracture. In this 

investigation, ductility is defined as the total strain a rock undergoes 

before fracture or faulting. No distinction is made between faulting 

with or without loss of cohesion. Ideally one would like to base ductility 

on the basis of permanent strain rather than total strain, but it is dif

ficult to specify the elastic limit on the stress-strain curve. The 
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''ductility" of a rock is a function of the conditions of deformation and 

rock parameters. There is no universally applicable measure of 

ductility, but a relative classification based on total strain before 

faulting has been used as a basis of comparison between materials. A 

material is said to be very brittle, brittle, moderately brittle (transi

tional), moderately ductile, and ductile if the total strain before faulting 

or fracture is less than l, l to 5, 2 to 8, 5 to 10, and greater than 10 

percent respectively (Handin, 1966). In this study, the five-fold 

classification of ductility is not useful in comparing the relative ductili

ties of the test materials. For example, the onset of ductile faulting in 

the Columbus limestone at 1500 bars confining pressure occurs at 2% 

total strain (moderately brittle}, but the specimen continues to deform 

in a ductile manner up to total strains of l 7% (Figure 24). 

Ductility as a function of confining pressure is plotted in 

Figures 25, 26, 27 and 28 for each of the four rocks tested by the writer. 

All the rocks show the customary increase in ductility with increasing 

confining pressure. The Columbus limestone is clearly the most duc

tile of the four rocks. Ductilities of the Potsdam and the non-calcareous 

Blairmore sandstones are essentially similar. The ductility of the cal

careous Oriskany sandstone is generally greater than the ductilities of 

the Potsdam and the Blairmore sandstones, but usually less than the 

ductility of the Columbus limestone. 
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4. Effect of Strain Rate 

(a) General Statement. The most common types of tests 

which explore the relationships between differential stress, strain, 

and time are the creep, constant strain rate, and constant loading 

90 

rate tests. In a constant strain rate test, the differential stress applied 

to the sample varies with the strain such that the rate of strain remains 

constant. In a creep test, the rate of strain varies with time while a 

constant stress difference is maintained. A continuous build up of the 

differential stress with time occurs in a constant loading rate test. 

Unlike the constant strain rate test, the rate of strain is 

variable in a creep test and the constant loading rate test. Constant 

strain rate and creep tests are thought to be more akin to natural de

formational conditions (Heard, 1968). 

The apparatus used in this study provides a constant loading 

rate, therefore a material's behaviour is reflected by changes in the 

strain rate related to changes in the mode of deformation. The strain 

rate specified in this study refers only to the rate of strain in the elastic 

region, and not to a strain rate over the entire test. 

(b) Strength and Ductility. Previous experimental work at 

room temperature on the Yule marble indicates a slight but systematic 

decrease in strength which is directly related to decreasing strain rate 



(Heard, 1963). On the other hand, the strength of a quartz sandstone 

does not vary systematically with decreasing strain rate (Donath, 

1968) . The effect of strain rate on a calcite cemente d sands t one on the 

basis of these experimental results is not easily predi ctable . 

Some preliminary tests were performed on th e c a lcareous 

Oriskany sandstone to evaluate the capabilities of t h e 11 strain-pump11 

and to clarify experimental procedures at reduced rate s of strain. 

The results of these experiments are tabulated in T able V. The non

systematic variation in strength and ductility probabl y reflects insuf

ficient data and to some extent sample variation . Additional experi

ments will have to be run before any conclusions re gar ding the effect 

of strain rate on the strength and ductility of calcite c emented sand

stones can be made. 

Influence of Fabri c Parameters 

1. General Statement 
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The mechanical properties of rocks for the most part depend 

on the state of stress to which they are subjected. Oth er than generaliza

tions as to rock composition, rock fabric parameter s are usually con

sidered to have minor effects, and are generally igno r ed in experimental 

rock mechanics. By using standardized techniques of rock description 

and testing procedures, it was hoped that the influence of composition 



TABLE V. SUMMARY OF TRIAXIAL COMPRESSION TESTS ON THE ORISKANY SANDSTONE 

DEFORMED AT CONFINING PRESSURES OF 1000 AND 2500 BARS AND VARIOUS STRAIN 

RATES 

Confining Pressure, Nominal Strain Ultimate strength, Ductility, Number of 
Bars Rate Bars Percent Tests 

1000 1 o-5 
4081 2.00 8 

1000 1 o-6 
3602 2.00 3 

2500 1 o-5 
5849 3.40 10 

2500 10- 7 
5890 5.76 1 

-.!) 

N 



and sedimentary fabric on the deformational beh aviour of sandstones 

could be evaluated. 

In the four sandstones tested, the following parameters are 

constant; sorting, sphericity, roundness, fracture i ndex and lamellae 

spacing index (Table III). The influence of specific g ravi t y is ignored 
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as it is a measure of both composition and pore v olume . A good cor

relation between porosity, contacts per grain and c a lcite content re

flects a sample bias in the test materials (Table VI). The real con

tribution of these parameters may be diffi cult t o establis h because of the 

sampling bias. 

2. Strength 

The strength of a rock as determi ned in t he laboratory is an 

average macroscopic property of the mat eri a l. Consistent values of 

strength can be obtained only from relative ly h omo geneous materials. 

The test materials are reasonably homogene ou s on the mesoscopic 

scale, but microscopically they are heterogeneous . Scatter in the test 

results usually reflects deviations from homogen e ity as the test proce

dures are carefully standardized. 

Table VII tabulates the correlation coefficie nts between 

sandstone strengths and the significant fabric paramete rs. In uncon

fined tests (l bar), a negative correlation occurs betw e en contacts per 
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TABLE VI. SIMPLE CORRELATION COEFFICIENTS BETWEEN 

SANDSTONE FABRIC PARAMETERS 

-
Contacts Grain 

Calcite % Porosity 
Size per Grain 

Grain 
1. 00 -0.141 -0. 068 0. 05 

Size 

Calcite% 1. 00 -0.859 -0.738 

~ontacts 
1. 00 0.964 

per Grain 

Porosity 1. 00 

TABLE VII. SUMMARY OF SIMPLE CORRELATION COEFFICIENTS 
BETWEEN SANDSTONE STRENGTHS AND VARIOUS FABRIC 

PARAMETERS AT DIFFERENT CONFINING PRESSURES 

~onfining 
Number of Grain Calcite Contacts 

!Pres sure 
Samples Size Percent per Grain 

Porosity 
Bars 

1 13 0.369 o. 578 -0.896 -0.870 

500 13 0. 742 0.222 -0.365 -0.230 

1000 23 0. 115 o. 012 -0.310 -0. 43 7 

1500 23 o. 704 -0.372 -0. 032 -0. 040 

2000 25 0.589 -0.533 0. 218 0.210 

e5oo 24 0. 572 -0. 708 0. 405 0.366 
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grain (packing) and strength~ This relationship is not real, that is, 

it reflects the nature of the original starting materials. An increase in 

the number of grain contacts should lead to an increase in the frictional 

resistance between grains, which in turn should cause an increase in 

strength. A positive correlation between contacts per grain and porosity 

suggests that porosity is the significant and controlling factor influencing 

unconfined compressive strengths (Figure 29). The profound influence 

of porosity on the unconfined compressive strengths of other sandstones 

has also been demonstrated by Price (1963) and Morgenstern and Puhukan 

(1969). At higher confining pressures, the effect of porosity on strength 

is minor apparently because of pore collapse and compaction of the 

specimens (Table VII). 

If straight sections of grain boundaries are assumed to be 

Griffith cracks, the Griffith theory predicts that strength should in

crease with diminishing grain size. The enhancement of strength with 

diminishing grain size has been observed in rocks such as marble 

(Brace, 19 61, 19 64), granites (Haupert, 1966), loose sands (Krumbein, 

1959; Borg et al., 1960; Holmes and Goodell, 1964), mixtures of clay, 

sand and water (Trask, 1959), and concrete (Hughes and Chapman, 1966). 

Figure 30 illustrates the effect of mean grain size on the strengths of 

the different sandstones at various confining pressures. The variation 

of grain sizes between samples is small (250f.1. to 125f.1.), therefore the 

magnitude of the grain size effect is small. 
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Conllnlnl preaaure • Z500 bar a 

number of aamplea • Z4 

correlation coeCicient • . 57Z 

Confining preuure = 2000 bare 

number of aamples = 25 

correlatjon coeficient = . 589 

Confining pressure = 1500 bars 

number of samples = 23 

correlation coe!icie"t = . 704 

C onfinin 'l pressure = 100 0 bar e 
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correlation coeficient = • 115 
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correlation coefic ient = . 742 

Figure 30. Maximum differential stress as a function of grain size at 
various confining pressures 



Variation in rock composition should lead to differ e nce s in 

strength. Previous work by Price (1960, 1963) has shown that t he 

strengths of sandstones and siltstones with clay matrices a nd low 

porosity (<.3. 5%), are largely controlled by their quartz conte nt a nd 

98 

the degree of compaction. The four sandstones in this invest igation 

have a wide compositional range, but the mechanical effec ts o f c o m p o

sitional variation can best be interpreted on the basi s of cal cite content . 

Calcite content does not appreciably influence strengths at l ow confining 

pressure, but becomes effective at higher confining pressur e s (T able 

VII). The influence of calcite content can be related to the a ctivation 

of additional slip systems in the calcite at e levated confi ning pressures . 

Homogeneous deformation of the calcite by intracrystalli ne gliding and 

twinning leads to strength reductions in the calcareous s a ndst ones. 

The effect of packing (contacts per gr a i n ) is m a sked at low 

confining pressures by porosity effects. Low corre lati on coe fficients 

at elevated confining pressures suggest that packing alone is not a 

significant variable controlling strength vari ations (Tabl e VII). 

To test for the cumulative dependencies of the m e asured 

independent variables against a single dependent variabl e (strength), 

a multiple linear regression analysis was performed . T he resulting 

data at various confining pressures are summarized in T able VIII. 

The empirical strength predicting equations are difficult t o evalu ate 



TABLE VIII. SUMMARY OF MULTIPLE LINEAR REGRESSION USING SANDSTONE DATA 

WITH STRENGTH AS THE DEPENDENT VARIABLE AT VARIOUS CONFINING 

PRESSURES. (X
1 

= grain size, x
2 

= calcite percent, x
3 

= contacts per 

grain, x4 = porosity) 

Confining Pressure Number Empirical Multiple Variability 
Bars of Strength Predicting Equation Correlation Accounted for 

Samples Coefficient 

1 13 S 
0 

= 3. 7 7-. 6 2X 
3 

-. 0 2X 
2 

+ . 2 7X 
1 

0.99 98% 

500 13 S 
0 

= 2. 81 + • 24X 
1 

0. 74 55% 

1000 23 S 
0 

= 4. 9 9 - . 1 OX 
4 

-. 01 X 
2 

0. 70 49% 

1500 23 S 
0 

= 5 . 5 1 + • 3 7X 
1 

- . 0 3 X 
2

- . 24X 
3 

0.87 76% 

2000 25 S
0 

= 5. 25+. 42X
1

-. 02X
3

-. 06X
4 

0.82 67% 

2500 24 S
0 

= 5.42-. 02X
2
+. 36X

1 
0.83 69% 

-.n 
-.n 
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because of the relationships between packing, porosi ty , and calcite 

content. 

In summary, the following general conclusions c a n be made: 

( 1) The unconfined compressive strengths of the san d stones 

are largely controlled by porosity variations ~ 

I 

(2) Strength is inversely proportional to mean g r a in size. 

(3) At confining pressures greater than 1000 b a rs, increasing 

calcite content decreases the observed strength. 

(4) In this particular suite of specimens pac ki ng does not 

significantly influence the strength. 

3 . Elastic Properties 

Some calcareous sandstones can be c onsi de r ed a s particle 

reinforced composite materials. Ideally particul ate - re i nfo rced compo-

sites have a particle volume greater than 25%, and the p article diameter 

and mean free matrix path exceeds 1 f.! (Krock and B rou tma n, 1967). In 

particulate -reinforced composites both the matrix and the dispersed 

particles act as load bearing constituents. Strengthening occurs in 

composites when the dispersed phase resists matrix deformation. 

The magnitude of the mechanical restraint of a parti cle to deformation 

in the matrix is a function of interparticle spacing-to di ame ter ratio, 

and the ratio of the elastic properties of the matrix and the p article 

(Krock and Bro\ltman, 1967). The "rule of mixtures law" can be 



because of the relationships between packing, porosity , and calcite 

content. 

l 00 

In summary, the following general conclusions c a n be made: 

(l) The unconfined compressive strengths of the san d stones 

are largely controlled by porosity variations. 

(2) Strength is inversely proportional to mean gr ain size. 

(3) At confining pressures greater than l 000 bars, increasing 

calcite content decreases the observed strength. 

(4) In this particular suite of specimens packin g does not 

significantly influence the strength. 

3. Elastic Properties 

Some calcareous sandstones can be cons ide re d as particle 

reinforced composite materials. Ideally particulate -reinforced compo

sites have a particle volume greater than 25%, and the par ticle diameter 

and mean free matrix path exceeds l f.l (Krock and B rou tma n, 1967). In 

particulate -reinforced composites both the matri x and the dis per sed 

particles act as load bearing constituents. Strengthening occurs in 

composites when the dispersed phase resists matrix deformation. 

The magnitude of the mechanical restraint of a particle t o deformation 

in the matrix is a function of interpartic l e spacing-to d i ameter ratio. 

and the ratio of the elastic properties of the matrix and t h e particle 

(Krock and Broutman, 1967). The " rule of mixtures law" can be 



applied to predict the elastic modulus of a composite, that is, 

E=VE +VE ( 3. 3) 
c m m p p 

where E is the elastic modulus of the composite, V and V are 
c m p 

the volume fractions of the matrix and the particles, and E and E 
m p 

are the elastic moduli of the matrix and the particles (Krock and 

l 01 

Broutman, 1967). This expression formulates an upper-bound condition 

on the composite's elastic modulus. 

Theoretical elastic moduli based on equation 3. 3 of the 

five rocks tested are displayed in Figure 31. In the calcareous Blair-

more sandstone the elastic modulus of the particles are calculated on 

the basis of the relative proportions of the different clasts, and their 

estimated elastic moduli. In the Columbus lime stone, both the 

dolomite and the quartz are considered to be dispersed brittle particles 

for the purposes of calculating the Young's modulus of the composite. 

These calculations are influenced by large uncertainties in the elastic 

moduli of the various constituents (Birch, 1966). However, the cal-

culations provide a reasonable estimate of the composite's predicted 

elastic modulus. 

Experimentally determined static Young's moduli for the 

various test materials fall well below that predicted by the rule of mix-

tures law (Figure 31 ). For com par at ive purposes, the experimentally 
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determined value of the Young's modulus for the Redwall marble 

(porosity= 13. 9%) has been added to Figure 31 (Birch, 1966). The 

discrepancy between predicted and determined values of Young's 

moduli cannot be resolved if lower boundary conditions are imposed 

in calculating the theoretical composite elastic moduli. The dis-

crepancy can be attributed to porosity effects. Small amounts of 

porosity have a large effect on experimentally determined elastic 

moduli (Walsh and Brace, 1966). Pores in rocks can fail under con

fining pressure when the stress on the pore walls exceeds the local 

fracture strength, and permanent deformation occurs due to pore 

collapse (Walsh and Brace, 1966). The combined effect of hydro

static pressure and the large strain interval used in calculating the 

elastic moduli significantly lowers the experimentally determined 

Young's moduli. More precise elastic moduli could be obtained by 

substantially increasing instrument sensitivity such that total strains 

of less than 0. 1% can be accurately monitored. At this strain level, 

and at low confining pressures the effects of pore collapse would be 

minimized. However, even at very low strain levels microscopic and 

submicroscopic "cracks'' play a significant role in reducing elastic 

moduli in rocks with no pore porosity (Walsh and Brace, 1966). 

103 



In summary, the elastic moduli of the sandstones based on 

the simple rule of mixtures law takes into account only the intrinsic 

properties of the constituent minerals. Porosity, either as pores or 

cracks significantly lowers the Young's modulus of rocks. 

4. Ductility 

104 

Ductility, defined as the percent strain before faulting is 

also influenced by both environmental and material parameters. Dif

ferences in sandstone composition should lead to differences in ductility. 

The large compositional variations of the test materials are ideally 

suited for an investigation of compositional, cement, and framework 

effects on ductility. 

Ductilities of the orthoquartzite and the greywacke 

(Potsdam and Blairmore sandstones respectively) are essentially 

similar (Figures 25 and 26). This indicates that ductility is not strongly 

controlled by clast variation in the framework. 

Table IX tabulates the simple correlation coefficients be

tween sandstone ductilities and the various material parameters. At 

confining pressures greater than 1000 bars, ductility is inversely 

proportional to the strength (Table IX). In general, any material para 

meter that enhances strength will decrease ductility. Because of this 

relationship, at elevated confining pressures ductility is directly 
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TABLE IX. SUMMARY OF SIMPLE CORRELATION COEFFICIENTS 

BETWEEN SANDSTONE DUCTILITIES AND VARIOUS MATERIAL 

PARAMETERS AT DIFFERENT CONFINING PRESSUR ES 

Confining Number of 
Strength 

Grain Calcite 
Porosity 

Contacts 
Pressure Bars Samples Size Content per Grain 

1 13 0.458 0.28 5 -0.405 -0.274 -0. 099 

500 13 0. 101 0.372 -0. 094 0. 149 -0. 074 

1000 23 - o. 537 -0. 55 0 -0.292 0. 635 0.629 

1500 23 -0.743 -0.572 0.584 -0.235 -0.255 

2000 25 -0. 753 -0. 735 0.451 -0.134 -0.110 

2500 24 -0. 742 -0.577 0. 765 -0.441 -0.480 



proportional to calcite content and increasing grain size of the 

framework (Table IX). 

Packing and porosity apparently do not significantly 

influence the ductilities of this particular suite of sandstones. 

The influence of calcite content on the ductility at various 

confining pressures is illustrated in Figure 34 Values of ductility 

for the limestone end member are based on Donath's (1968) investiga

tion of the Crown Point limestone. Calcite content acting independent

ly has an insignificant effect on ductility at atmospheric confining 

pressure. At progressively higher confining pressures, significant 

increases in ductility occur with increasing calcite content. This 

behaviour can be attributed to the increased ductility of the calcite 

cement. At elevated cnnfining pressures, the presence of e-twinning 

and r-translation enables favourably oriented calcite to deform in a 

ductile manner by intracrystalline deformation. Increasing calcite 

content provides a greater number of calcite crystals in the favour

able orientation. 

The effect of material parameters on ductility can be 

summarized as follows : 
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(1) Ductility is not strongly influenced by framework variation. 

(2) Ductility is directly proportional to calcite content at 

elevated confining pressures. 
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(3) Ductility is directly proportional to increasing mean 

grain size of the framework. 

(4) Ductility is not strongly influenced by packing and 

porosity in this suite of samples. 

5. Deformational Modes 

Several environmental factor s influence the deformational 

modes of rocks. In this section, the effec t of m aterial factors will be 

discus sed. 

Deformational modes are strongly r elat ed to a rock's 

ductility, therefore, any material paramet er which influences ductili ty 

will have an effect on a rock's deformational mode. From the previous 

discussion on the effect of material facto rs on ductility, we would pre

dict tha t increasing c alcite cont ent and increasing me an grain size in 

the framework will decrease t h e field of brit tle behaviour. 

It is difficult to evaluate the e ffe cts of f r amework grain 
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size on the ductility without considering the mechanisms of deformation. 

Qualitat ively, we would expect coarse grain s t o be more susceptible to 

local fracturing than fine grains. T h is microfr a ctu ring relieves some 

of the local stresses, lowers the strength, and subse qu ently increases 

the duc t ility of the material. Microfract u rin g during Region II and just 

prior to faulting has been acoustically moni to red by other workers 

(Goodman, 1963 ; Brace, 1964; Chugh and Hardy, 1968; Hardy et al., 19 69) . 



Deformational modes as a function of carbonate (calcite ) 

content and confining pressure at a fixed amount of total strain are 

diagrammatically illustrated in Figure 33. This diagram is based on 

the five "sandstones" referred to in this study, and the l OOo/o carbonate 

end member is based on Donath's (1968) investigation of the Beldens 

marble. The boundaries in Figure 33 are not rigidly fixed becaus e 
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their position is based on specific samples. If other samples are used, 

boundaries may shift somewhat, but the general relationships i llu strated 

are still valid. An extension of this diagram in the third dimension (total 

strain) is shown in Figure 34. The boundaries between deformational 

mode fields are complex due to the nature of the boundary betwe e n 

elastic and homogeneous deformation. This is a consequence of arbi

trarily defining the region of elastic behaviour. Elastic defo r m ation 

may also be considered as a type of homogeneous deformation . In 

nature, and in the laboratory it is not feasible to truly de lineate the 

boundary between elastic and homogeneous deformation . 

The effect of material factors on the deformational modes 

of "sandstones" can be summarized as follows: 

( 1) A sandstone's deformational mode is strongly i nfluenc ed 

by its ductility. 

(2) The field of brittle behaviour decreases with inc r easing 

calcite content. 
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(3} lncreasing mean grain size in the framework increases 

the ductility, and, therefore, decreases the region of 

brittle behaviour .. 

6. Deformational Mechanisms 

(a} Observed Deformational Features. In an attempt to 
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correlate between experimentally observed deformational features and 

natural deformation, a series of approximately "iso-strain" thin sections 

were made (Table X}. The selected specimens were intended to be re

presentative of Region V, that is, experimental tests were terminated 

immediately after fracture, or close to the onset of ductile faulting or 

homogeneous deformation. 

The Potsdam sandstone is brittle at all confining pres sure s 

tested. Failure occurs along narrow, well defined faults at 1 bar 

(Plate 14A). No significant deformation occurs outside the major fault 

surface, nor is there any significant development of mylonitized material 

in the shear zone. At 500 bars confining pressure, the fault zone becomes 

wider (0. 5 -lmm} and incipient mylonite develops in the shear zone 

(Plate 14B}. At progressively higher confining pressures, the fault 

zone broadens, or multi ple sub-parallel faults are developed. At 25 00 

bars confining pressure, the major fault zone is a broad cataclastic 



TABLE X. SUMMARY OF TOTAL STRAINS OF THIN SEC TIONS 

EXAMINED AT VARIOUS CONFINING PRESSURES 

Confining 
Pressure, Bars 

1 

500 

1000 

1500 

2000 

2500 

Potsdam 

2.36 

4.89 

3.60 

4.74 

3.59 

4.17 

Blairmore Oriskany Columbus 

3.58 2.26 1. 08 

4.27 3.62 1. 69 

3.87 4.39 2 . 20 

4.49 4.43 2. 51 

5. 12 5. 08 3 . 5 1 

4.81 4.22 3.37 
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Plate 14 

A. Potsdam sandstone deformed at 1 bar confining 

pressure to 2. 36 percent strain. Note narrow 

well defined fault and the lack of deformation 

outside the major fault zone (polarized light, X 55). 

B. Potsdam sandstone deformed at 5 00 bars confining 

pres sure to 4. 89 percent strain. Note the development 

of crushed material in the two fault zones (polarized 

light, X 55). 

C. Potsdam sandstone deformed at 25 00 bars confining 

pressure to 4. 17 percent strain. The major fault zone 

is a broad cataclastic zone of crushed and fractured 

quartz grains encompassing the entire field of view 

(polarized light, X 55). 
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zone ( 1. 5 -2mm), but the deformation is still restricted to the major 

macroscopic shear zone (Plate 14C ). This sequence of deformational 

features is similar to that observed in the Berea sandstone at low and 

intermediate effective confining pressures (Handin et al., 1963). 
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The Blairmore sandstone is brittle at all confining pressures 

and the macroscopic and microscopic faults are narrow, and well defined, 

but they contain little or no fault gouge (Plates 15A ). In some thin 

sections "step features'' on the fault surface oppose the sense of dis

placement on the fracture (Plate 15B). Currie (1969) suggests that 

stepped fracture surfaces are developed in a specific range of confining 

pressures. The sense of displacement on the microscopic level is 

marked by drag features developed in biotite grains adjacent to the 

rupture surface (Plate 15C). At confining pressures less than 1500 

bars, no significant grain fracturing occurs away from the major macro-

scopic shear surface. At higher confining pressures, microfracturing 

occurs preferentially in the quartz grains with only minor fracturing in 

the other framework clasts. 

At low confining pressures (1-500 bars), fracture surfaces 

in the Oriskany sandstone are marked by a zone (<lmm) of cataclastical

ly deformed calcite and quartz grains. Microfractures are most preva

lent in coarse grains and are strongly oriented sub-parallel to a
1 



Plate 15 

A. Bl airmore sandstone deformed at 5 00 bars confining 

pressure to 4. 27 percent strain. The fault zone is 

narrow and well defined but contains little fault gouge 

(polarized light X 135 ). 

B. Blairmore sandstone deformed at 1000 bars confining 

pressure to 3. 87 percent strain. Note the ''step 

features" on the fault surface which oppose the sense 

of displacement (polarized light, X 135). 

C. Blairmore sandstone deformed at 1000 bars confining 

pressure to 3. 87 percent strain. Note that the sense 

of displacement on the fault surface is marked by 

drag features in the biotite grains adjacent to the 

fault surface (polarized light, X 37 ). 
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Plate 16A & B). At 1000 bars confining pressure , the fault zone is 

similar in nature to that observed at 5 00 bars, but fractured quar tz 

grains now occur up to 5 rnm away from the fracture surface. A t 

higher confining pressures, no faults are visible in thin section , but 

microfracturing in the quartz grains now occurs throughout the s peci-

men (Plate 16C ). Some of the microfractures in the quartz grain s a re 

short and apparently do not have any specific orientation with respect 

to the applied stress field but the majority of the microfracture s a re 

sub-parallel to a ( P1ate l6C ). 
l 

The arenaceous Columbus limestone is brittle at low 

confining pressures (1-l 00 bars); the observed mechanism of de -

formation is cataclasis. C ataclastic deformation of the cal cite causes 

a darkening in the appearance of the calcite in the vicinit y o f the f ault 

surface (Plate l 7 A). In the region of ductile faulting and hom o geneous 

deformation no visible faults occur in the thin section , but the c alc ite 

is darker in color and more intensely twinned than the undefo rmed 

material (Plate 17B). Microfracturing in the quartz and dol omite is 

minimal even at total strains up to 1 Oo/o (Plate 17C). 

Deformational features observed in thin sections c a n be 

summar i zed as follows : 
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Plate 16 

A. Oriskany sandstone deformed at 5 00 bars confining 

pressure to 3. 62 percent strain. Microfractures are 

most prevalent in the coarse quartz grains and are 

strongly oriented sub-parallel to the applied stress 

(north-south) (polarized light, X 37). 

B. Enlargement of Plate 16A showing the nature of the 

shear fault zone and the orientation of the micro-

fractures (polarized light, X 11 0). 

C. Oriskany sandstone deformed at 25 00 bars confining 

pressure to 4. 22 percent strain. Note the nature and 

the orientation of the quartz microfractures (polarized 

light, X 120). 
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Plate 1 7 

A. Arenaceous Columbus limestone deformed at 100 bars 

confining pressure to 1. 32 percent strain. The fault 

zone contains cataclastically deformed calcite and quartz. 

Cataclastic deformation of the calcite causes a general 

darkening in the appearance of the calcite in the vicinity 

of the fault surface (polarized light, X 57). 

B. Arenaceous Columbus limestone deformed at 500 bars 

confining pressure to 2. 20 percent strain. Note that the 

deformational strain in this specimen is accommodated by 

twinning (and intracrystalline gliding) in the calcite. 

Quartz and dolomite (rhombohedral form) remain un

fractured (polarized light, X 450). 

C. Arenaceous Columbus limestone deformed at 2000 bars 

confining pressure to 10. 26 percent strain. Note that 

microfractures are not well developed even at relatively 

high total strains (polarized light, X 45 0). 
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( 1) The Potsdam sandstone is characterized by cataclastic 

fault zones which broaden with increasing confining pressure. Most of 

the permanent deformation occurs in the major zone of movement be

yond which there is little or no grain fracturing. 

(2) The Blairmore sandstone ruptures along narrow, well 

defined faults which contain little or no fault gouge. Microfracturing 

of the quartz grains becomes prevalent at confining pressures greater 

than 1500 bars. 

(3) The Oriskany sandstone is characterized by cataclastic 

faultzones at low confining pressures. Microfracturing occurs pre

ferentially in the large quartz grains. The extent of microfracturing 

is governed by the confining pressure. 
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(4) The macroscopic shear surfaces in the arenaceous 

Columbus limestone are characterized by granulated calcite and quar tz . 

At elevated confining pressures no visible faults occur in thin section, 

but the calcite is darker in appearance and more intensely twinne d tha 

the undeformed mater i al. Microfracturing in the quartz grains is 

rare. 

{b) Interpretation of Deformational Features. The differe nces 

in the observed deformational features can be related to the characte r 

of the test materials. In the Potsdam sandstone frictional resistance 

between grains is relatively low because of the initial porosity. 



Porosity facilitates intergranular movements and grain fracturing in 

the fault zone. At low confining pressures, friction on the fault surface 

is low with the result that only minimal amounts of cataclastic material 

are formed. At higher confining pressures, frictional resistance to 

movement is larger, but some granulation of the grains has already 

been initiated by the original porosity. Grain breakage reduces the 

grain size and hence increases the frictional resistance between the 

grains. It becomes mechanically easier to granulate previously un

crushed material, of relatively coarse grain size, than to continue 

to comminute the material already granulated. Hence the zone of 

cataclasis broadens. 

In contrast to the Potsdam sandstone, the Blairmore sand

stone has a low porosity and therefore the frictional resistance (co-

hesion) between grains is relatively large. Once a rock's cohesive 

strength is exceeded, the rock ruptures on macroscopic shear sur

faces, but no significant movement occurs on the fault surface because 

of high frictional resistance on the fault surface. This is reflected on 

the stress-strain record by a renewed increase in the differential 

stress sustained by the specimen (Figure 5). 

In the Oriskany sandstone, the observed mechanism of 

deformation at confining pressures between 1-l 000 bars is cataclasis. 

At elevated confining pressures the deformational mechanism reflects 

a change in the deformational mode. In this case, the deformation 
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occurs by intracrystalline deformation in the calcite and grain fractur 

ing throughout the framework. 
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At low confining pressures, cataclasis is the principal de

formational mechanism in the Columbus limestone, although some intra

crystalline deformation in the calcite is also pre sent. At elevated 

confining pressures, the major mechanism of deformation is twinning 

and intracrystalline gliding in the calcite, and perhaps some basal 

slip in the dolomite grains. At room temperature the critical re-

solved shear stress for basal translation in dolomite crystal s is 

about l kilobar (Higgs and Handin, 1959). 

Many of the observed deformational features in the 

Columbus limestone and the Oriskany sandstone can be interpreted 

in terms of recent theoretical studies on composite materials . The 

following discussion on elastic -plastic stress analysis of the con

stituents of a composite material is based on the work of Drucker 

(1965, 1966). Drucker , using the principles of continuum mechanics, 

has analyzed the influence of the volume fraction of brittle inclusions 

in an elastic -plastic matrix. The matrix may be perfectly plastic or 

become so by work hardening. A small volume fraction of dispersed 

inclusions has only a small effect on the overall plastic stress -strain 

behaviour of the composite, that is, the stress-strain relations for 

the composite are almost identical to those of the matrix alone. 



The application of a small amount of stress, for example, 

bending of a beam containing a small volume fraction of inclusions in a 

ductile work hardening matrix, has little effect on the deformational 

behaviour . With the continued application of stress, the inclusions 

remain elastic, deform less than the matrix, and therefore carry 
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more than their share of the load. The inclusions on the compression-

al side of the bendi ng beam do not expand laterally as much as the due-

tile matrix. This generates a tensile stress in the particles which is 

balanced by a compressional stress in the matrix (Drucker, 1966). 

At some advanced stage in the loading, the tensile stress in the inclu

sion exceeds the tensile strength of the particle, resulting in extension

al fracturing of the inclusio n . 

When t he composite contains a large volume fraction of 

brittle particles , the ductile matrix that surrounds the particles is 

relatively small compared to the particle size. Drucker (1965, 1966) 

a nalyzes this situation by assuming a two dimensional model of hexagons 

(partic les ) joined together by a "cement" of uniform thickness, h. In a 

composite with a large volume fraction of particles, the thickness h, 

is small when compared to the length of the side of each hexagon, a. 

Figure 35 sketches the distribution of normal stresses on the sides of 

the hexagons in uniaxial compression with different "cements''. Local 
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stress discontinuities at the corners are ignored. The main features of 

Figure 35 are that the peak stresses are of the order of twice the applied 

stress a AVG' stresses of opposite sign to the applied stress are about 

equal in magnitude to that of the applied s.tress, and the magnitude and 

distribution of the stresses are essentially insensitive to the type of 

"cement". 

If the inclusions are strong and brittle, extensional frac

ture s will occur at some stage in the plastic deformation of the campo

site in a manner similar to that for a low volume fraction composite. 

When the volume fraction exceeds 5 Oo/o, the inclusions become the main 

load bearing constituents of the material. Fracturing of the inclusions 

in an appreciable amount will lead to the ultimate failure of the campo

site no matter how ductile the matrix. At high volume fractions, strain 

in the matrix is several times the nominal strain of the aggregate . At 

these volume fractions, if fracture of the inclusions occurs in a work 

hardening matrix, the failure of the composite as a whole will be 

brittle (Drucker, 1966). 

The continuum theories of elasticity and plasticity contain 

no scale effect, that is, no distinction is made between large and small 

particles. However, in metal composites large inclusions have little 

effect, whereas, small particles will significantly harden the composite. 

The major role of particles in metals is to act as barriers to dis-



location motion and to generate slip in the matrix on planes of high re

solved shear stress. The generated slip planes intersect and multiply 

with increasing stress; the intersecting slip planes then provide the 

main barriers to further slip and the particles themselves become 

irrelevant (Drucker, 1966). Decreasing grain size of the inclusions and 

an increasing voiume fraction would enhance the early generation and 

multiplication of intersecting slip planes . 

The preceding discussion on the deformational behaviour of 

composite materials has important implications regarding the deforma-

tion of calcite cemented sandstones. If the composite model is to apply 

to calcite cemented sandstones, large differences in the elastic moduli 

of quartz and calcite are required. The Young's moduli of quartz and 

calcite are not significantly different ( 1. 03 and 0. 85 X l 0
6 

bars 

respectively), but large differences in the Poisson' s ratio (appro

ximately 0. 12 for quartz and 0. 25 for calcite) fulfil the requirement . 

In the composite material model, generation of tensile 

stresses on the brittle inclusion approximately equal to the applied 

compressive stress, readily explains the observed extensional micro-

fractures in the quartz grains of deformed calcite cemented sandstones . 

The lack of fracturing in the quartz grains of the arenaceous Columbus 

limestone even at relatively high strains (l Oo/o) can be attributed to the 
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low volume fraction of quartz grains. On the basis of studies in compo-



site materials, the quartz fraction would have to exceed 40o/o before it 

becomes effectively stressed by the matrix at relatively low strains 

(Corten, 1967). Microfracturing which does occur in the arenaceous 

Columbus limestone can be related to local increases in the volume 

fraction of quartz grains. 

The Oriskany sandstone can be considered as a composite 

material containing a high volume fraction of dispersed brittle inclu-

sions (80o/o). In this case, the strain in the matrix may be several 

times the nominal strain of the aggregate (Drucker, 1966). Extensive 

microfracturing of the quartz grains, occurs in a work hardening 

matrix at relatively low total strains (Plate l6C ), with the result that 

the ductility of the composite as whole is low (brittle to moderately 

brittle (Figure 27)). 

Friedman (1963) has proposed an alternative hypothesis 

to explain the deformational features observed in calcite cemented 

sandstones. In calcite sand crystals which have been loaded un

favourably for the development of twin lamellae, Friedman (1963) 

attributed the presence of twi n lamellae in calcite to movement on 

extensional microfractures in the detrital grains. Movement on the 

extensional microfractures in the detrital grains would generate local 

stress conditions such that CJ 
1 

is oriented t o produce a resolved shear 

stress parallel to the twin plane. This interpretation contrasts with 
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Drucker's hypothesis in which the extensional microfractures in the 

detrital grains are a direct result of the ductile deformation of the 

calcite. Drucker's hypothesis is favoured for the following reasons: 

(1) the large differences in the Poisson's ratio of quartz 

and calcite is sufficient to cause local stress situations in which o 
1 

is oriented to produce twinning even in unfavourably loaded calcite 

grains; 

(2) the critical resolved shear stre ss to produce twin 

lamellae in calcite (~ 80 bars) is less than the tensile strength of 

quartz. (Unconfined, room temperature tensile strength of the 

Cheshire quartzite as determined by indentation hardness tests is 

approximately 300 bars (Brace, 1964).) It is reasonable to conclude 

that twinning would occur in the calcite prior to microfracturing of 

the quartz grains. 

Extensional microfractures produced in experimentally 

deformed calcite cemented sandstones have their counterparts in 

natural deformational textures. Stauffer (1970) describes micro

boudinage (pull-apart) textures in a number of deformed metamorphic 

rocks. He concludes that the most significant process producing 

microboudinage is " ... movement within the matrix material under 

conditions such that a moderate to high intergranular cohesion was 
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maintained between the matrix and the strain marker (though not neces-

sarily between the matrix granules).". This implies that deformation 

of the matrix primarily is responsible for the observed microboudinage 

texture. 



Chapter 4 

SUMMARY AND CONCLUSIONS 

General Summary 

The influence of environmental, compositional, and 

fabric parameters have been investigated in a series of triaxial com

pression experiments on four sandstones and an arenaceous carbonate. 

Standardized and quantitative descriptions of the test materials have 

been made using basic rock properties, such as, particle composition, 

size, sorting, shape, orientation, and packing. Other properties 

such as porosity, fracture index, twin lamellae index of the calcite, 

and anisotropy orientation al8:> have been determined to fully specify 

the undeformed materials. The sorting, sphericity, roundness, 

fracture index, and twin lamellae index are essentially similar in 

all the sandstones. Influence of anisotropy is minimized because 

all specimens have been compressed normal to bedding. 

The study of environmental, compositional, and fabric 

effects on the deformational properties of the sandstones and the 
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arenaceous limestone tested in this investigation can be summarized 

as follows: 

l. Strength Variations 

( l) The strengths of the test materials increase with 

increasing confining pressure. 

(2) The unconfined compressive strengths of the test 

materials are inversely proportional to the porosity. 

At elevated confining pressures, porosity is not a 

significant variable controlling strength variations. 

(3) Strength increases with diminishing mean grain size 

of the framework. 

(4) Calcite content does not appreciably influence strength 

at low confining pressures , but at higher confining 

pressures, strength is inversely proportional to the 

cal cite content. 

(5) The effect of packing (contacts per grain) is masked 

at low confining pressures by porosity effects. At 

elevated confining pressures, packing alone is not a 

significant variable in controlling strength variations 

in this suite of sandstones. 
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(6) The Mohr-Coulomb failure c r i t erion i s useful for 

depicting experimental r esults but predicted fracture 

angles do not agree with tho se ob served. The octa

hedral shear stress criterion i s a us e ful empirical 

criterion for failure of the sandsto nes , n amely, 

linearity of the octahedral shear s tress with mean 

pressure. The modified Griffith criterion is the 

best mechanistic criterio n fo r prediction of experi

mental failure strengths. 

2. Elastic Properties 

The static Young's modulus is s i gnificantly lowered 

by porosity. None of the rock s t est e d a pproached the 

theoretical values of the Young's m odulus predicted by 

the rule of mixtures law a n d the intrinsic properties of 

the constituent minerals. 

3. Ductility Variations 

( 1) Ductility is directly proportional to increasing con

fining pressure. 

(2) At confining pressures greater than 1000 bars, 

ductility of the sandstones is inversely proportional 
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to strength, and therefore, ductility is directly 

proportional to increasing mean grain size of the 

framework. 

(3) Ductility is not influenced by framework variation. 

(4) Ductility is greatly enhanced by increasing calcite 

content at elevated confining pressures. 

(5) Ductility is not strongly influenced by porosity and 

packing in this suite of sandstones. 

4. Deformational Modes 

{l) The deformational mode of a specimen is primarily 

controlled by ductility. Therefore, any property 

which enhances ductility will decrease the field of 

brittle behaviour. 

(2) The deformational mode is strongly dependent on the 

amount of strain to which a rock is subjected . 

5. Deformational Mechanisms 

( l) The Potsdam sandstone ruptures at low confining 

pressures. Cataclastic fault zones which broaden 

with increasing confining pressure characterize the 

Potsdam at elevated confining pressures. 
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(2) The Blairmore sandstone ruptures o r f a ults at all 

confining pressures along narrow, well defined faults 

with little or no development of fau lt gouge. 

(3) Cataclasis along faults c h aracte riz es the Oriskany 

sandstone at confining pressures below 1000 bars. 

At elevated confining pre s sures , deformation occurs 

by intracrystalline gliding and twinning in the calcite, 

and grain fracturing of the fram ework. 
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(4) The arenaceous Columbus limest o ne is characterized 

by cataclastic fault zones at confi n ing pressures below 

250 bars. At higher confining pres sures, the major 

mechanism of deformation is twi nning and intracrystal

line gliding in the calc i t e. Quartz remains relatively 

unfractured even at relatively high total strains (l Oo/o). 

(5) The deformatio n al features observed in the Oriskany 

sandstone and the arenaceous Columbus limestone can 

best be explained by Drucker ' s a nalysis of brittle in

clusions in an elastic - pla s t ic matrix. The presence of 

extensional microfractures in qu artz can be attributed 

to tensile forces generated by t he l a rge differences in 

the Poisson's ratio of qua r tz and calcite. The lack of 

microfracturing in the quartz grains of the Columbus 



limestone can be attributed to the low volume fraction 

of quartz grains in the ductile calcite matrix. 

Drucker's analysis would predict microfracturing 

in these quartz grains at some higher value of total 

strain. 

Geological Implications 

The behaviour of quartz grains in a plastic or work harden-
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ing matrix can be used as a model for interpretation of some deformed con-

glomeraies. Extensional fractures are commonly observed in compe-

tent granitic pebbles in a matrix of highly deformed volcanic pebbles 

and "greenstone" matrix (Fllate 18). 

The 'Seine' conglomerate, a deformed Precambrian conglo

merate near Fort Frances, Ontario, consists of 70o/o pebbles and 30o/o 

matrix (M. Y. Hsu, personal communication). Granitic pebbles form 

less than 20o/o of the conglomerate. A study of the deformed volcanic 

pebbles indicates a total shortening of 60%, but the granitic pebbles 

have homogeneously deformed only 0-20% (mean 1 Oo/o) (M. Y. Hsu, 

personal communication). The granitic pebbles can be considered to 

be undeformed, brittle inclusions in a highly ductile matrix. In one area, 

most of the granitic pebbles have extensional fractures which are 

sub-normal to the maximum elongation, that is, sub-parallel to the 

inferred direction of a 
1 

(Plate 18). Generally, fractures of this type 



Plate 18 

Deformed Precambrian conglomerate showing the development 

of extensional fractures in granitic pebbles, Fort Frances, 

Ontario (photograph courtesy of M. Y. Hsu). 
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are considered to be brittle ext ensi onal fr a ctures which post date the 

maj or deformation . On the basis of Drucker's analysis (1965, 1966), 

and the observed deformational features of quartz grains in calcite 

cemented sandstones, an alternative interpretation may be proposed. 

During deformation the brittle and e l as tic granitic pebbles do not 

expand laterally as much as the ductile matrix. This generates a 

tensile stress in the granit ic p e bbl es , whic h, at some stage exceeds 

the tensile strength of the granitic pebble s r e sulting in extensional 

fracturing. A large amount of deformati on (in this case 60% shorten-

ing) is required to achieve thi s r esult because of the low volume 

fraction of granitic pebbles. In areas of l a rge volume fraction of 

granitic pebbles, one would predict that extensio nal fracturing in 

the pebbles would occur at lower t ot a l s trains, and be more extensive-
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ly developed. T h is interpret a tion implies that the extensional fracturing 

in this example does not pos t d a te the major deformation but is syn-

tectonic. 

Recommendations for Future W ork 

Results from the experim e nta l aspects of this investigation 

suggest that the experimental faciliti es a nd te c hniques should be 

utilized to carry out an extensive program of experiments to fully 

evaluate the continuum mechanics app ro a c h to the deformation of 

calcareous sandstones. 



It is suggested that the i nit iation of microfracturing in 

quartz as a function of total strain, s t rain rate, confining pressure, 

and such fabric properties as volume fr a ction , grain size, and 

sphericity can be usefully studied with the aid of the exp erimental 

facilities and techniques developed during this inv estigation. Volume 

fractions of quartz grains should be below 60% to minimize grain con

tacts and provide good grain-cement bondin g . 

It is recommended that an extens iv e s tudy of the micro

scopic relations of the deformed specimens b e carried out in order to 

examine deformational features and t o apply the recent developments 

of numerical approaches for continuum m echanics problems (Voight 

and Dahl, 1970). 
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2. Pressure Vessel 

An exploded photograph and a schem a tic diagram of the 

pressure vessel are given in Plat e 20 and Figu r e 3 7. The pressure 

vessel, designed to withstand confining pressur es of 2500 b a rs, is 

made from a cylindrical piece of steel whi ch has bee n m ac hined and 

hardened. Upper and lower retaining plug s, and n e opr ene 0-rings 

provide a pressure seal for the confini n g fluid. The upper plug is 

mechanically linked to the anvil and the t est spe c imen. In a similar 

manner, the piston is mechanically linked to t he hydr aulic ram through 

the lower retaining plug. A small por t i n the w all of the test chamber 

allows the passage of confining flui d (ke r o s e n e ). T he anvil is drilled 

15 5 

to allow passage of fluid to the specimen for pore pressure experiments. 

The specimen is removed through t h e top of the pressure vessel by un

screwing the upper retaining plug. 

3. Confining Pressure System 

Confining pressures a r e gener a t e d using a manual Enerpac 

model P228 hydraulic jack rated at 40, 000 p s i. Movement of the piston 

into the test chamber causes an i ncrease in t he confining pressure and it 

is, therefore, necessary to regulate t his i ncrease. Thi s is accomplished 

by: 



Plate 20 

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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Figure 37. Schematic diagram of pressure vessel-press assembly. 



(1) a balance overflow system whi ch allow s exc e s s kerosene 

to flow into a reservoir in the hydraulic jack b ehind the a dvancing ram, 

(2) a small hole in the piston which allow s kerosene to flow 

behind the advancing piston. 

A temperature compensated ( -25 ° to 125 °F) Heise gauge cal ibrat ed in 

bars is used for monitoring the confining pressure. During an experi-

mental test small drops in confining pre ssure, due m a inly to apparatus 

distortion, occur in the initial loading stages. Thes e a re e asily c or

rected by making minor adjustments with the hand jack. Small in

creases in confining pressure (approximately 5 bar s) occur when the 

specimens fail. This increase can be attributed to specimen dila 

tancy at failure. 

4. Loading System 

The loading system consists of a 20 ton Enerpac hydraulic 

ram which is held to the pressure vesse l b y a c ylindrical steel collar 

(Figure 37). The ram is mechanically linked to the test specimen via 

a load cell, piston rod , and the pi s ton. V ariation in loading rates is 

achieved by a gear train in a motor -dr iven hydraulic pump (Plate 21). 

Although a mechanical loading system would provi d e c ons tant strain 

rates, a hydraulic system allows one to investiga t e strai n rate changes 

related to deformational modes. 
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Plate 21 

A close -up view of the gear train of the strain pump. 

The strain pump provides constant pumping rates over a 

-2 -8 
range of strain rates from 10 per second to l 0 per 

second. 
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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 during the test and monitor changes in strain rate. Strain 

rates for any particular experiment are specified only for the elastic 

portion of the stress-strain curve. 
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Load cells were made by mounting in series four Budd 

strain gauges (Type C-6-141-B) on 1-1/2 by 1/2 inch cyclinders of 

"Ultimo 200" steel. These gauges have a high resolution and are 

virtually temperature insensitive between 62° and 1 00°F. The load 

cells are calibrated by applying known loads in a Tinius Olsen testing 

machine. A Budd P-35 0 Strain Indicator is used to calibrate the load 

cell and 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 aft er 

corrections for the confining pres sure, frictional contributions of the 

ram and piston, and changing cross sectional area of the specimen have 

been made. 

Displacement of the piston is measured by a Sanborn LVDT 

which 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 t o 
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specimen strain after corrections have been made for the elastic 

distortion of the apparatus. An accurate strain measurement system 

for triaxial tests on rock materials is difficult to obtain. Most workers 

record compressive strain by external measurement of the loading 

piston displacement. A major difficulty of an external measuring 

system is encountered when small strains (0. 5%) are being studied. 

The majority of experiments in this study were terminated at total 

strains greater than 1%, therefore minimizing errors due to strain 

measurement. 

Elastic distortion of the apparatus for various axial loads 

and confining pressures was determined by using a steel blank of 

known Young's modulus as the test specimen. It was found that the 

apparatus distortion, as determined by axial loading, differed slightly 

from that obtained by applying different confining pressure loads. 

These differences are accounted for in reduction of experimental 

data. 

Specimen Preparation 

Specimens used for triaxial compressive tests were cored 

perpendicular to bedding from blocks of material using a half inch I. D. 

diamond bit. Specimen ends were cut by a diamond saw to an approximate 

length of slightly greater than one inch, and then were ground plane-



parallel to within 1/1000 of an inch. Extrapolation of Hoskins and 

Horino 1 s (1968) experiments on the influence of end conditions on the 

determination of compressive strength of various rocks indicates 

that non-parallelism of less than 0. 0012 inches for half inch diameter 

specimens would not significantly alter specimen strength. Plane

parallel ends were obtained by using a thin section grinder in earlier 

experiments, but in later experiments a lathe and tool post grinder 

was used. The specimens were air dried in an oven at 200°F for a 

period of at least one week. Weighing of test samples showed no 

significant water loss after three days. 
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The test specimen is sealed from the enclosing confining 

pres sure fluid by a thin copper or polyethylene jacket such that the 

strain is achieved in dry material. During initial tests on the Oriskany 

sandstone, thin copper j ackets in confjunction with Tygon tubing was 

used for specimen jacketing. In later experiments, 6 mil polye thylene 

and translucent polyethylene tape was used for jacketing. Although dif

ferent jacket techniques apparently did not influence the outward appear

ance of the stress-strain curve, the distribution of strain in some 

materials is significantly different. 



After deformation, test specimens were photographed on 

·one to four sides in their jackets. After jacket removal, specimens 

were impregnated with epoxy cement and the specimen sawed in half. 

One sawed half is used for this sectioning, the other half is retained 

as a permanent record of the tested core and is used as an opaque 

section. 

Test Procedure 

The test specimen within its polyethylene jacket is taped 

between the anvil and the piston with polyethylene tape. The upper 

retaining plug with the attached specimen assembly is secured into 

the top of the pressure vessel. Priming of the loading system is 

achieved by means of a small hand jack until the ram and the piston 

rod seat against the specimen assembly. An arbitrary zero is set 

on the X- Y recorder and designated as seating at atmospheric pres

sure. Confining pressure is then applied using the appropriate hand 

jack to the desired level. A calibration of the load axis, Y is made at 

this point using the Budd Strain Indicator. 

Application of the confining pressure usually drives the 

piston rod down slightly off the specimen assembly. Reseating is 

achieved by using the gear driven pump. When the specimen assembly 

is reseated, the gear driven pump is not stopped but allowed to load the 
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specimen to failure or to a predetermined strain level. The axial force 

required to overcome frictional resistance and reseat the specimen under 

confining pres sure is later subtracted when calculating the applied load 

at any point. 

When a test has reached the de sired strain, the gear driven 

pump is shut off and a second calibration of the Y -axis is made. The 

load is removed at the same rate at which it was applied by putting the 

strain pump into the reverse position. After the load is removed, the 

seating displacement under confining pres sure is noted such that per

manent strain under confining pressure can be calculated. The confin

ing pressure is then allowed to drop to atmospheric pressure, the 

specimen assembly is reseated, and the final displacement on the X

axis is recorded. When the specimen is removed from the pressure 

vessel, a final micrometer length measurement is made and used to 

check the electronic calculation of permanent strain. 

Data Processing 

Values of load and displacement are picked from the X- Y 

recorder record with special care taken to choose inflection points on 

the load-displacement curve. These values and pertinent 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 strain based on changes in cross

section of the test specimen on the assumption that the strain is 

homogeneously distributed (Appendix B). 

The calculation of the differential stress after the specimen 

has failed can be complicated by the deformational mode. It must be 

considered that the strain may be concentrated in a narrow or wide 

zone depending on the confining pressure. If a specimen deforms 

homogeneously the cross-sectional area over which the force acts is 

determined by assuming that the specimen has remained cyclindrical. 

However, if shortening occurs by movement along a fracture, then the 

material deformed homogeneously only to the point of failure and all 

subsequent observable shortening is related to displacement on the 

fracture. Therefore, any subsequent calculation of strain should be 

based on the cross-sectional area just prior to faulting (Donath, 1968). 

If a specimen deforms by ductile faulting, the strain is distributed 

over a much larger area, but it is necessary to assume a changing 

mean cross-sectional area. However, a number of experiments on the 

brittle sandstones used in this study which were terminated at various 

strains indicated that rather than considerable movement taking place 
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along the fault plane after faulting, the differential stress rose and a 

second fault was generated. It was, therefore, concluded that a 

uniformly changing cross -section area was a valid assumption even 

for specimens which have undergone brittle deformation. 

In order to facilitate interpretation and comparison of 

several tests, a number of subroutines have been added to the main 

program. One subroutine provides interpolated values of stress fo r 

0. Zo/o increments of strain. These values of stress are used in another 

program to compute an average stress-strain curve for a number of 

tests run under identical experimental conditions. Values for each 

test are then compared to the computed average for every 0. Zo/o of 

finite strain, and its deviation from the average is calculated and 

listed. If the average deviation for an entire test is g reater than lOo/o , 

data from this test are rejected and the analysis is repeated. A 

deviation of less than lOo/o is accepted and inferred to be due to sam p le 

variation. Due to difficulties in measuring strains of less than lo/o , 

no tests with less than Zo/o total strain were rejected. 

A plot program and subroutine plots the corrected stress

strain curve for individual tests and for the computed average stress-

strain curve. 
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A listing of computer programs used in this study is given 

in Appendix B. 
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Appendix B 

COMPUTER PROGRAMS 

General Statement 

The computer programs used in this investigation have 

been written in Fortran IV for a CDC 6400 computer . Programming 

assistance was provided by Mr. Julian Coward of the Geology Depart 

ment. A slightly modified program of Parkash (1968) is used to cal

culate the standard statistical measures from grain size data 

obtained in thin section. 

Calculation of the Stress-Strain Relations 

Fortran Program No. 1 (Table XI) corrects for the 

elastic distortion of the apparatus and provides diffe r ential s tr e s s 

(based on changes in cross-sectional area) and specimen strain at 

any time or point N during a test. It can be used in conjunction 

with the plot and the interpolation subroutine. 

Interpolation Subroutine 

Fortran Program No. 2 (TableXII) interpolates for 

differential stress for specified increments of 0. 2% strain. 
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TABLE XI. FORTRAN PROGRAM NO. 1 -CALCULATION OF 

STRESS-STRAIN RELATIONS 

D I rv, EN::, I ON T I T L E I 4 l 'D I 1 u u l 'F I 1 u J l 'ED I 1 iJ 0 l '~~LSI l U 0 l 'A ;~ I 1 0 CJ l 
DIMENSION YDDI1u~J,XOD11~vl 
DI~E~::,IuN Y81luultYAXI1vLltN011~~~'~(1Gu) 

COt·~l''iON I .~XS I PC 
CALL IDPLOT 

1 REA~I5t101lTITLE,DATE 

10 l F ORi•iA T I 5 A 1 u l 
READ I 5 , 1 u 2 l C ;, , C t:; ' C C I ' F >1 I ' k L I '~~ C I 'PC: 'F ; ~ 1 

102 FOR NATI8FlJeul 
f~ L 0 = k L I i:- 2 • ':) '+ 
r-< oo = r~ u I -x- z • ':) 4 
CC=CC I ,'t-2. :;4 
Ffv:L=F f•', I*2.54 
READ1~,103lG~AT,DSCP,DRSATtDRSCP,O~IEN,CF 

103 FOR MATI6F1u . ~l 

READI5,1u4lDJ,FO,DN1tDN2,T,DCP1 
104 FOR~ATI7F1u.ul 

N1=LJN1 • 
"l2 = r)N 2 
I = 1 

110 READI5,105lNOII J,DN,FN 
D I I l =DN 

FR=FR1-FO 
FIIl=FN-FC 

1U5 FOf-(,.;AT 15X,A?t2F1v.Ul 
ISTAi·d=l\0( I l 
I F I i\i 0 I I l • t. J • ? r i e 8 i3 6 8 l G 0 T U 2 u u 
IFINOIIl.EQ .?H9~9~9)GOT020C 

I= I+ 1 
GOT011J 

2vu ITOT=I-1 
CE=U~*CciCC 

D02lv I=1tiTOT 
210 t.Dill=Cl*Fill 

kLCP=RLU-CC~IuCPl-USATl+JSCP 

0022~., I=1tiTOT 
RLS I I l =I..: L O-CC~ I D I I l -U.J I I l -JS/\ T l +CF 

220 Sl I l=l uv.*lr\LCP- i<L.SI I l li :<LCP 
S C P = ( ~~ L 0- i-\ L C P l I 1-< L 0 
V0=3.1415 ~ *~L0*1~DGI2.l**~• 
VCP=VO*IIl.-0CPl **3l 
b~=-IPC*VOIIVCP-VGl l 
X K = I 1 I B~·~ l 
DO 23v l=ldTOT 
A'~ Ill =VCPihL::J I I) 
Y D I I l = C t : -n I r I I l - F I'- l I 1\ I'~ I I l 

2 :; u Y f1 X I I l = Y lJ I I l + P C 



wRITE!6,3l~lP C ,DRSCP 
WRITE!6t3l2l~ R ,SN,~P 

wRITE!6t3l3JE, S P ~ 

WR!Tl!6t3l4l b~,X~ 

170 

3U2 F0KI'•Al!l6Hvvt~ IGI I-i AL L t."\ GT r ttl5X, Fl0 . ~ ,4H (r/i .2 6X t 25Hr(l <ELA~T D!Su1-<T 
2 1-.P ? Akl ,s X , E l u .L., 7ti C·ilo AK l 

320 wRITE(6,32ll 
311 FO Kr11AT(l6HvL C:1'-.G TH i..J i'l:J EI~ C.Yd5X,Fl C . :.Jd H C, ,, ; 2 7.Xd 8Hr(2 !LvAD CG .. . ::d A 

1NTJ,l2X,Flv.vo ~H 8 AR~/ D IVl 

3U4 F OI-<.'·iA T!l 8 r·lv vrd G L '-lA L :.;l A • '• cl::: f~ d3X,F lu . '.H 3H Ci'It 2 7 X , 26rit<.3 ([)1-:.f-' L i-l( i:: ,·• t.. 
1 i\ T C 0 h S T A I'J f l , 4 X , F l u • 4 , 7 H l. ;"1 I lJ I V l 

3LJ5 FJ i~. · i AT<l6 H vv i \lGi f·iA L VOLv .•iltl5Xo r l 0 . :; , 6 H (l·d 3 )t 2 4 X t l:jHK4<DI ~ f G J~T lv • ·· 

1 (01-l .::,TA td l' i X tflv.5ol4ri Ld i•iEi'l.::d Ui\J Lt. S.::, ) 
306 FOR~AT!l6H ~ V C LU M E 0N DER (P,l5XtFl 0 . 5 t 6H CM < 3 lt 2 4X, l5HREFERE~CE FU~ 

lCEtl5X,Flv. 2 o4 H D IVJ 
3 v 7 F 0 f~ :< A T ( 2 3 H v 1\. , I S C T i~ 0 P Y ,) l-< I E:.f'l TAT I 0 i·\ ' 8 X , F 1 U • Ci ' 8 H DE G I~ E E S ' 2 2 X ' 2 "'H S E ~ T I 

H..tG DISPL ACl:. ··.t:f'H d u X,Fl J .2o4f- l D I \/ l 
:i3 u 8 FO f-<> t A T!26HJU I ~ P LJ.\ C Ei•1 E N T AT L F.i~u <UO l , 5X • Fl0 . 2 o4 H DIVo26X,29h.:.;E .\T i i-... 

lG ui :, PU\ C t:. •·· t. i>.lf l.J f\C> l R C? di-,F l ..;. L: ,4 ri ul\/ l 
3 u9 FOki •• AT<Z-/H ur<.JI~Ct: 'J l 5r'L.AC ~ ··· l•' < f ,·, r LLi< U,4 X o r l O. l o4H UIV , 2. 6 X , z..::H I...:t.:....;:...-\ 

1Ti t..t G DI ~PU\CE•·iUdo 8 X,F 1 -.i. 2 ,4 i 1 u i VJ 
31 u FOi~ i ·.,\ T < 1 ~Hv C J!·, F I ;n i\G ? .:; t:s~u :~ E, 12 X , F 1 0 . 0 , SH BARS , 2 :.>X , 2 3Hi~L;:,C:A T I :,u v 

1 S P L U i\1 f) t:. !-.i C P , 7 X , F 1 v • 2 , '• H C I V l 
312 F01~:11. AT<1 2 H"' STi~ AI:'-. l-\A TE,4X,E11.4ol1 H Ptk St:.COI'.JlJ , dX o7 H LOG SJ~ , 2X o F1'"' 

2 • 3 , 6 X d 7 H P E KH AN E ,\, T S T:-< A I ~~ , 4 X , F 1 J • 2 , '1 H P E 1-\ C Ei H l 
313 F v K • ·. AT!l6Hv Y 0 ln.: G•~ i•,u DGLLJ..)o4X, t: 1.:....4, 5H o ARS ,2vX,1 6H ,\ d:./\~Uktu STh.-\ 1 

1N,4X,Fl u . 2 , .~ H PE R CEN T> 
314 Fv .~ ;•,J\T(l J H du LK ,, ·, u OUL vi So<+A,lll. 4 ,:> H bAI~.::> o bX , 1)H ((.);•,Pt-\t::S.::, I L)ILlY,4 ..\ , 

1E11.4, 7 H 1 / ~AR SJ 

3 2 1 F G R; .·: A T ( 1 H"' • l 6 X ' 5 ~K H Aid , 1 1 i\ ' 5 H C riA f~ T , '-:J X ' 8 H S P t:. C I H t: i ~ ' 8 X ' 8 :-1 P E :~ C [ t.J1 ' 5 X ' 
112HD IFF EkE~T I A L, 4X ,5 HAXI~ Li bH PO I ~T ,1 1X • 4HLUA D ,12X,SHDI~PL• 9A , 0ri 

2 LEN GT H ' 1 ·.J X ' 6 riS T i~ A I i'-l , 7 X ' 6 H S T 1-< E S S ' 1 i...' X ' 6 H ~ h( E S S I I l 
341 F O R 14 A T ! l X•I 5 ' l~X , F lv. 3 ,6X,FlU• 3 • 4X , Flu . So6X,F1U.2,2 X ,FlO.J,4X, Fl-..~ . 

1"") 
I= 1 

3 4 U 1'J I~ I T E ( 6 ' 3 4 1 l I ' F ( I l ' D ( I l ' I~ L S ( I l • S ( I l ' Y D ( I l ' Y A X ( I l 
I=I+l 
I F ( I • L [ • i T 0 T l Ci 0 T 0 3 l; u 

S R = < S ( N I l - ~) < f~ 1 l l I < T * 6 v ;_; u l 
S N=A LOG1 v < .:::>/~ l 
~ P = l vv * ( DI\~J ~~ r - 0.::,1\ r ) * ( (/;'(U..t 

t::= (Y O ( i ~2 l - YL; ( , ·~ 1 l l I ( f ~ L ~ ( 1d l - i< L;.; ( ,;2 )) 
S Pi·i= 1 v u . * ( 1-.!Lu - F ,'• i l) lr<Lu 
wR ITE<6• 3v ll fiT L l , [) A TE 

3vl F O ' 
. : " ·' 

1 1\ T ( 1 H l ' d H S ~ l C I ;v·, E i~ ' 1 2 X ' 4 A 1 v ' 1 () X , 12 H J A T [ 0 F T E .:., T , 1 8 X , A l C l 
w ~ ITt.(6,3 v 2l K L O , CA 
~'i R I T E ! 6 , 3 11 l :-< L C P , C d 
w R IT E <6o3v 4 l ~Do , c c 
~RIT E !6,3 v~ l ~O ,C c 

~·J R I I E ( 6 , 3 ;.., b l \1 C P , F R 
wR IT E <6,J 0 1l 0R I EN , GSAT 
W ~I I E ( 6, 3 '-' J l [JO , ;_.)( P 1 
~ R IT E <6,3 09 l FO , D~~A T 



401 CONTii'JUE 
CALLPLOTS S ( ~ ,yD,ITOT,TITLE,DATEl 

IF<I~TART.E ~ .5rl 8 8888l GO TO l 
CALL PLOT(~.vtveu,999l 

STOP 
END 
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TABLE XII. FORTRAN PROGRAM NO. 2 - INTERPOLATION 

SUBROUTINE 

SUBRO~TINE I~TRPL CXX,XDD,YDD,YY,N,ICKl 
C T~-iiS Subf-WUTl,~E GIVE:.S L!f'lEf\;"' INTU<PvLATICh oETwEE i\i THE n.,u 
C NEARE5T ~OINT~ IN AR~AYS ADJINJ, A~0 YDOINl OF SILE N 
( XX I;:, iHt. I .wUT UU/\i>.;tl IY \..Ut,.-<0.:.>1-.>UI'liJl,~G lu Af..(KAY XUD 
C YY IS THE OUT~UT Qu/\NIITY FRON THE ~UINf XX 
C ICK IS A T:::ST. Ir ICK =0 TI-IE:.N IiHI::..i~f-.lULATiui'J r;::, OK. IF ICK= 1 THt'~ 

C THE INPUT POINT XX DOES NOT LIE BET~EEN ANY OF THE POIN TS I~ ARRAY 
C XDDINl 

DIMENSION XlJDINl tYDDINl 
XHG=XDDINl 
XLW=XiJDI1l 
YHG=YDD ( i'J l 
YUv=YUO I 1 l 
ICK=v 

·ICK1:,o CK2-U 
XHG"' l r;()liOtid. u 
XUv=-10vOvvu.v 

C TO FIND ThE T~O NEAREST POINTS IN ARRAY XDD 
DO 3vv I=1,1'\ 
I F C X l) U I I l • G T • X X l I C K 1 = 1 
IFIXODIIJ.Ll.XXIICK2=1 
IFIXCDCI).GT.XX.I-\ND.XGDIIl.LT.XHGl GOTO 1GG 
IFIXDDIIl.LT.XX.AND.XDDII l.GT.XLWl GOTO 2GO 
GOTO 3uv 

1•..;0 XHG=XDDIIl 
YHG=YLJDII l 
IHG=I 
GOTO 3uu 

2 ...; u X U\' = X D U I I l 
Y L\<1 = Y D D I I l 
I L lti = I 

3CU CONTI ,-..;uE 
YY=YLW+IYHG-YL~l*IXX-XL~)/IXHG-XLWl 

IFCICK1.EO.~.cR.IC~2.E Q .ul GOTO 40v 
RET ui~ ~~ 

4G0 ICK=1 
RETUf~N 

END 



Plot Subroutine 

Fortran Program No. 3 (Table XITI) plots a curve of the 

differential stress (axial stress minus confining pressure) versus 

strain for individual tests. With minor modifications the program is 

also used to plot averaged stress-strain curves. 

Test Comparison Program 

Fortran Program No.4 (Table XIV) provides the average 

values of differential stress in 0. 2% increments of strain for a number 

of tests run under identical conditions. The program then compares 

the individual tests with the computed average for each 0. 2% incre

ment of strain. 

Grain Size Study 

Fortran Program No. 5 (Table XV) calculates the standard 

statistical measures using the method of moments from grain size 

data obtained in thin section. Also, this program calculates the mean 

and variance of sphericity, roundness, and packing of the grains 

studied in thin section. 
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TABLE XITL FORTRAN PROGRAM-NO. 3 - PLOT PROGRAM 

SUbk00TI~E ~LuTSSI~,YD,IT~T,TITLE,DAf~l 

REAL MAXSS,MAXS~ 
or.v,Ei'-.;S !vi\ s ( 1 Vu) 'YD ( lu(;) 'TITLE ( 4) ,,,iAXSN ( 2) ,rv;AX;>S ( 2) 
COI•H·iO.\; I AXS I PC 
ENCGUc(3,lu5,APClPC 

1 U 5 F 0 R ;.; A T < F 8 • v l 
CALL j:Jf.<ELI··•I:.:JILS• ·~,5Il~S,,11;AXSI'I,.· , AXSStXTICK~,yTIC~.S, 

2XTIC.:J.L,YTIC..;.L.J 
CALL _t~,X IS~ I , . , /',X.S:~ , i·.AX:;.;::, , X T I CK.::J, Y TICK..), X T I C.::JZ, Y T I CSZ l 

C DRA~ IN SPOTS AT ~GI~TS 

CALL PLT i<SPI :.HYDn.~.l2dH+, .:: .utiTOTl 

C D R A<' I I N L I i ~ E. S G E 1:.1:: E!'• P J I i H S 
DO 1 u ,_,r = 2 ,r T (, T 

1 J 0 CALL 1-' L T L ,.,. ( ._) I I - 1 l , Y D I I - 1 l , S ( I l ' Y 0 ( I l l 

C TITLE GkAPH 
CALL L E 1 T E:O< ( 1 v , v • l2 ' J. li ' 1 • J ' J • !. ' 1lnLY E C I •"• t,,\J = 
CALL LETTE R 14u,~e12,u.~.3.v,u.2, TITLEl 
CALL LETTEI~ (1v''-•12'v•0'1•0'v•u' 1uHl)AfE= 
C/~LL LETTEf, I13,U.12,..;.J,l.J,..;.4,13HCO i~ Fli\ilf\G P= 
CALL LETTER<s,~.l2,J.~,3 • ...,,0.4,APCI 
CALL LETTERilu,~.l2'v•v'3•u'u.u, DATEl 

C MOVE TO NEW 1-'LOT 
CALL PLOTI~IZSNtv•u,-3) 
CALL PLCTI2.v ,u.u,-3) 
RETiJRN 
END 
SUt3 ;-wu T li'>iE A X ISS ( i·.AX Si, ,.·.;A ,.<.S S 'X TICK S ' Y TIC ~S' X TICS Z 'Y TIC SZ l 

C THIS SL..GRCdl INE DEFINES .AXIS 
REAL i·iAXSS,i•iAX:JN 
D I r'iENS I Oi\1 ,.,f,X;:-,,\J ( 2 l , i· iAXSS ( 2 I 

C URA~ IN AXl~ LI~l~ 
C A L L P L T L i~ ( u • v , u • u , ,-},A X ~ i\i I 1 ) ' ..; • v l 
CALL P L T L N ( u. u , u • iu ' li • v , i·l..\ i\.:,;..) ( 1 l l 

C PUT Il'l TICr-.0 vi·~ X AXIS M~u U\tkL XTIC=O.C 
XTIC=v.u 

100 CALL PLlLNIXTICtu.v,XTIC,XflCSZl 
ENC00~(4,l~l,AXXlXTIC 

1vl FOr~ :.: ATIF4.ll 

CALL PLTLC.TI4, ·ue12,-9u.,xl IC,XTICSL.,AXXl 
XTIC=XTIC+Xl!CK:.-
IFIXTIC.LT.I·,;.X..)NI~llGO 10 1GU 

C PUT IN TICK..) 0~ YAXI5 AN~ LABEL YTIC=U.v 
YTIC=veJ 

2vU CALL PLTL~Ivev,YTIC,YfiC.SL,YTICl 
YYT=YTICilvv ·~· ·-.~ 

ENCUDt(4,lvl,AYYlYYT 
CALL ?LlLEl(4,u.12,vev,-1.7,YTIC,AYYl 
YTIC=YTIC+Yi ICK:::> 
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IFCYTIC.LT •. . ;AXSS(lll GO Tu 20u 175 
C LA8EL AXISES 

CALL L~TTER (1v,G.lB,J. ~ ,z.0, ve 7'1uHST RAIN 0/Gl 
CALL LETTEkC25,U.l8t90.0,0.1,3.7t25HDIFFEkE NTIAL STRESS KbAI<Sl 
RETLJRN 
END 
SUt3i-(Ou T IN E P ~~ELI 1,.i ( S I L ..::> 1\i , S 1 Z SS, ;.,A X S;'l, ~·~AX;:, S, X TICKS, Y T I C KS , 

2XTICSL,YTIC::;;ZJ 
REAL t·lAXSS , f,,AXSN 
Dli•1ENSION ,.,AX~.SC2l ,;,1A XSNC21 

C THI S SJBROUTINE I~ITILIZES THE PLOT SIZE ETC. 
SIZ.SS=lU.v 
SIZS,\=8.C 
MAXSS(ll= 7uvu.v 
i•1AXSN ( 1 I =2v. v 
MAXSSC2l=-l~~v.u 

MAXSNCZl=-2.0 
L T fvi A f~ G = 1 • u 
80HiG=l.O 
XTICKS=l. v 
YTICKS =lv0Gev 
XTIC.SL=-2vvev 
YTICSL=-v.4 

C ~OT~ STRAINc~S~ P~T uN X AXIS 
C STRESS EQ. ~S PuT ON Y AXIS 

Cf\LL F •\C: TOR ( 2 , ,•iA XSi\1, ,, ,A XS ~,, S I l..Sr~, S I i::SS • L I !,~1\I=<G dOTfi,G ) 
RETuRN . 
END 
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TABLE XIV. FORTRAN PROGRAM NO. 4- TEST COMPARISON 

PROGRAM 

D I 1·1 E i~ S I 0 :-.. ~ 1 :::; A V ( l J v l ' J E V ( l U , 1 v v l , lJ t: v .S G ;/~ ( l ~ l , lJ EVA V E ( l 0 l 

[) I I· 1 E I~ S I Li 1\1 T I T L C: ( l <..: ' 4 l , D ;.., f;:. ( 1 v l ' .S T 1'-l ( 1 G ' 1 v ~ l , S f ~ ( 1 v , 1 v J l , J J ( l v J 
I~EAO( ~,1u ~.; ),\STUP 

C J J = f~ U ;v~ 8 E r< u F 1-< t: A [) H~ G S 
1 U u F 0 f..( iv'1 A T ( I 2 J 

JJ ivtAX = 0 
JJI\ i lN=1vv"v'-'v 

C Nu~~lk OF lL~T~ IN CCL~~N 2 
[)0 ?v J=l,l~..o v 

S T S 1\ V ( J l = v • v 

DO 5v I=1 dv 

STS(I,Jl= v · '-' 
5L) DEV([,j }=uev 

DC 3uu II=l, ~STOP 

I~ E A lJ ( ? ' 1 u l l ( I I T L E ( I I ' J l , J = l , 4 l , D A T t: ( I I l ' J J ( I I l 
lvl FORI· IAT(4.4l.-,Lv/\,.4lv,5X,I:')l 

JSTCP=JJ(lil 
IF (JJ.,',f\A.L I • ...J...J (I I l J JJ,· iAX::.JJ (I I l 
! r { J J 1:, I ~ : • 0 T • _: J ~ l l J ~ v J. · 1 ! ; ~ ~ J J ( l l ) 
DO 2Jv K=1' vSTO P 

2 ·JO REA C' ('J,2 0 1l ~T N (IJ,Kl, :.; T S (II, K J 

201 F Of\ ,·'1 /\ T ( 2 Flu. 2 l 
3 J u c oN r 1 r...; u t: 

DO 4uu l=l,JJ ~ AX 

STOP=vev 
SU i·i=u. v 

DO 4vJ ...J=l, , ~ ST0P 

IF(JJ(Jl.G E .I l STC P=ST ~P +l. U 

Sl.Ji-,=S uf·:+S T S ( J, I l 
4L u ST.Sf\V(Il= S u ~ / ~ TOP 

0 0 5 v v I = l , ;..; ~ T C P 
DO 5uv J=l' J...J ~ AX 

DIFF= S T~.4V(JJ-5T~(I,Jl 

5uv DtV( I ,JJ=Dlr F -;qvueu/STSAV(Jl 
DO 45v I=1, NS TOP 
JIJ::JJ( I l +l 
DO '•5v K=JlJ,JJ i·.A X 

4~u DEV(J,K):.:: v ev 
DO 6Lu I=l,lv 

6 2 G ••/ 1-< I I E ( 6 , 6 2 l l ( f I T L E ( I , J l , J = 1 , 4 l , D A T C: ( I J 

6 2 1 F C i-< :.; AT ( l X, 4 /..,1 v, l v X, ~1 lu l 
~·J I-( l T E ( 6 , 6 v u l 

6 Uv F OiC f\i (7H sl ,..;,/1 I ,\, ,3X,9riAVE Sff.(~~,J7 X,8riS f i~L.SSt::::; ,4U X, l 4r·iL,;lVI/,f!():.; ,, -· 
1/ U ) 

'tl K I T c ( 6 ' (J " l l 



6~1 F ORMA T<2 ~X , l l v rll 2 
1 1u 1 2 3 

SSSS=v.2 
D06v9 K= 1, JJ i.' AX 
~RITE ( 7, 6 lll ~ ~ s~ ,S f SAV ( ~l 

3 
4 

4 ? 6 
6 7 d 

17 7 

8 
l ul 

9 

I\ R I T E I 6 , 61 v l ~ J .S S , .S r SA V ( K l , ( .S T ~ <. I , K l , I = 1 , 1 0 l , < D t.:: V ( I , K l , I = 1 , 1 J l 
S SS~=SSSS + ~ . z 

6 U9 CON TI ~U C: 

6l u FCif~.· l AT! lX, F6 . 2 ,4 X , F6 e v , 1-.~f" 6. ~ ,4Xd ~FS.l l 
6 1 1 r· ui..C: ,,, A f (lX,fu.L:,4Xtl-· 6· .... ) 

DO 7 u l J=1, ;~S TUP 

DEV SUH ( J l=u•v 
DO 7u v I=1, J -.Ji•i•'\X 

700 D EVSU ~ IJ l =AbSIDEV < J,I l l+O~ V S w~ I Jl 

7 u 1 D E VA V E < J l = DE V S .J i .; ( J l I J J < J l 
wRITE!6,71-..~ l iuEVA\tE(-.JJ ,J= l,N~TGP J 

71 v F OR :·1A T I 5 uH Ld::. 'J SU i-'. = 

2 
STOP 
END 

1vF 5 .l l 
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TABLE XV. FORTRAN PROGRAM NO. 5 - GRAIN SIZE STUDY 

C GRAIN SIZE S TUDY 
D1MENSION AI5UJ), BI5COJ,(I500l , KFRl13CJ, KFI30l, KLON G I3~ l 

l S PI 5lJ u l 'K A C u ,,i I 3 v l 'D 1 ( 5 J C; l 'D 2 I 5 '~· c l , D 3 ( 5 C 0 l , 0 4 ( 5...:; 0 l , F ;.iT ( 8 l , 
2 IDE NT I 2 l 'FACT ( 5 v 0 l '~ P E I 5 0 J l , i~O I 5 v u l , GC I ? C 0 l 

REAL 1\.F ,l(~lJ , . , ,,<,fl'E •LSU i· , ,r,A(U,•i,i<..LJ,JG 
READ (5,101 l K P ~ CS 

[) 0 6 1 K K = 1 ' :<.. P 1,;: 0 ~ 
1~ E A;.., 1 :; , 1 v .:: 1 r l.J c i\ r 
wRITE I 6, 1v3 l IOENT 
R E AD I 5 , 1 v 4 l F ,-., T 
N=1 

1 READ I 5 'F ,.; T l A I I'~ l , El ( ,' ~ l , F 1\ l T I N l , S P E I i >~ l , 1-< 0 ( r; l , C C I .'~ l 
IFIAINJ.LT.u.ul GO TO 2 
,\I=N+ 1 
GO TO 1 

2 N=N-1 
AN=N 
DO 3 I = 1, 1'l 

IF I FACT I I l • L Q . v l f- Al T I I l = F :...c T I I -1 l 
AIIJ= .!diP FACTIIJ 
8 I I l = G I I p - F AC T I I l 
C I I l = - I A L 0 G l v I ~ G1 i~ T I A I I l ·H· o ( I l l ) l I 0 • 3 0 1 0 3 

3 CONTI f'lUE 
51= vev 
DO 4 I = 1 , r·~ 
D1 Ill= Clll 
Sl=Sl+ Dliil 

4 C 0 N T I I'< u C. 
S2= v ev 
DO 71 I=l, i~ 

D21ll ~ ( llll ) -:H~o~ 
~2 = S 2 + u-2 I I l 

7 1 C 0 i\l T I i~ u t: 
S3= v ev 
DO 7 2 I= 1 , i~ 

D31I l = I Cl I l l ** 3 
53= 53 +() 3 ( 1) 

72 CONTI 1'WE 
S4= vev 
DO 7 j I=l,~~ 

U41Il =I CIIl l**4 
54= 04+ ()4( Il 

7 3 C Of'\T I i'i U E 

SS2 =v.u 
S53 
SS4 
5::..>2 
.SS:; 

= 
= 
= 

= 

0ev 
veU 
::, 2 -II .:Jl l -:a £:) / At'.,. 
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SS4 = 54 - S3* 51* 4.0/ A·~ -r S2* S1* S1* 6.C/ A~ -:<*2 -I (~1)-!:· *4 

1 ) * 3. u I A I'l-l:·* 3 • li 
AK1 =(J 
AK2= 0 
AK3=u 
AK4=u 
AK1 = 51/A:\J 

( A i'~ - 1 • G l l * S S 2 A~2 = ll.v/ 
Al<.3 = IAN/( 
AK4 = IAN/( 

( A,'~- 1 • u l * ( AN- 2 • u l l l * S S 3 
(A :'~-l.U)*(A.~-2.0l*IA I'Ij -3.ul l) * I IA~+1.~l *SS4 -(3. C* 

11AN-leul/ANl * ISS2l**2l 
M-11 = A< 1 

1 

AM2 = AK2*( AN-l.ul I AN 
A f"• 3 = A K 3 * { A i-~- 1 • u l * { Ad- 2 • u l I I\ i-J * * 2 • li 

A1'14 

GGl 
GG2 
GG1 
GG2 
.SG1 

= ( (A,'l-1oU) /( (A r,+lov) -~· (A,, ~·*2 oJ)) ) -'~- ( (A i\I -2.~ P-(A;• -3o U)kf\ o'-. 4 + 
3 ov* ( U\ i~ -1.u)·lH~2 . ,,) ->< A,<.2·lH~·2) 

=u.u 
= u.o 
= AK3/IAK2P··:q .5 
= AK4 /(Ar-..2)>~--><£: 

= SURT 
1 

SG2 
l 

( 6 • c ·;(- A f" -;;- ( A i'l.- 1 • v ) I ( ( AN- 2 • u ) * ( A I 'i + 1 • v ) -::- ( A i\i + 3 • u ) ) 
= SQf~ T I 

2 4. u ·:<A j \j * ( ( A j~- 1 • u ) -;:- * 2 • u ) I ( ( A i'-1- 3 • 0 ) * ( A' ·, - 2 • u ) -;_< ( 1-\,\ + 3. u ) -;~ ( 1\ I" + 5 • u ) ) 
2 ) 

TGl = GG1/SG1 
TG2 = GG2/SG L 

C SORT IN Tv ...;UAI<TER PHI CLASSES 
TOP = - v . 2S 

DO 6 NC LSS= 1,25 
KS= J 

DO 7 I= 1, N 
IF ICIIJ.LT.TOP . AND. C IIJ.GE.ITOP-U.25ll r<.S = KS+l 

_7. corn I 1'1Uc 
TOP = TOP+ v .2 5 
KF INCL SS J= K::.., 

6 CONTI i'-IUE 
KFRt.lll=KFill 
KSU ;·~= v. v 

2U1 KSv i·i= KF ( i'-lCL~S ) + KSUr-·, 
D02v2 NCLSS = l , 25 

202 KF!~CLSSl=lvvo v *KFINCLSSJ/KS0~ 
DO 2u3 N CLS~=2,2~ 

N C L S X =- r, C L S S - l 
2u3 I<.FRE ( t\:CLS.J l =r'..~ I IKL.SS l + K F i~t. ( NC LSX l 

C SPflt. I~I CITY ut:TEk i•d ,-.JAT I Oi\ S 
DO 9 I = 1 , 1'-1 

SPIJ) = t3 (JJ/ A !Il 
IF (.SPill . GT . 1.vul GO TO 23 
GO TO 9 

23 SPI!l =lo U/ SP ill 
9 CO NT INUE 

C SORT H.IO Uol Si-'1illnC11Y CLAS~l.S 



TOP = u.l 180 
DO 10 NLASS= 1,1~ 

KP = u 
DO ll I = l'N 
IF ( SP!Il .LE. TOP. A,'-W. SP!Il.GT.<TOP-C.1ll KP=r.:..P+l 

1 1 C 0 NT I i'l U t:: 
KLONG (NLA5~l = KP 
TOP = TOP + u.l 

1u COi''lTlfWE 

302 

KACU1/i ( 1) =1'-..Lv;--lG ( 1) 

LSUt•; =u.u 
D03u1NLASS=l,1 C 
l Su:·~=KLONG ( ~" LAS S l +LSUi-'1 
DO 302 NLASS=l,lv 
KLOi\!G ( NLA~S l = L.-u. u-~KLCNG ( NU\~_;_} l ILSU;-', 
DO ju3 NLA~~=L,lv 

NLASSX=f~L ASS-l 
KAC0i•\ ( NLA.S~ l =KL C.H" G ( t~Li\SS l +i<.A(u,-: ( NLA,_:).JX l 

Pl = v.u 
P2 = :.;.u 
DO ~u I = 1' N 

Rl=SP<Il 
R2 = R H-SP ( I l 

Pl = P1 + 1-U 
P2 = P2+R2 
Rl=u.u 
f~2 = u. v 

50 corn I NUE 
SPHEA. = P11i\r'-J 
S P;) T f\ = ( P 2 - ( P 1 * P 11 A 1 'l l l I ( A i" - l • 0 l 
~RITE(6,l~Sl Sl, sz, ~3, S4' ~~~' ~,_:)3, ~~4 , AKl' A~2' A<j , ~~ 4 , 

l Ar'.l' A,-,z, !~-··:> ' A,.,4,GGl,GG2' ~Gl' ~G2,SfJ'''cA,~~Js/,.'\dGl, -IGL 

l'i f~ I T E ( 6 , l v o l 
SPH=u.G 
DO 41 NLASS= 1,1~ 

SPH= SPH+ v.l 
vVRITE(6,Ju7l S~H' KLJi-..G(,lLASSl, KA(u,,i(r~U\SSJ 

.,~r~ITt:: !6d vo l 
PHI = u.u 
DO jl NCL~~= l,l~ 

PHI= PHI+ ve2~ 
"'RITE(6,1u':Jl PHJ, KF!NCLSSl, KFRE!NCLSSl 

3 l C 0 N T I iW t-: 
WRITU6dL_,t) 

61 CO:'.Ji I f·JUE 
l U l FOI--< :·:f1r (l3l 
lu2 1--'"0 :~ ;.-;;\T ( i.i1o' UX, 13' 7X, F5.4 l 
lU3 Fui<,,AT (II 4vX, SlH il·*':--x-;;--,;-*-;;, 2A6' 'JH "-;;--~- -:HHH<* 1145X,J7ri G,"';d,~ ...:iL 

lE ST0l.JY l 
1Ut, For~ .;;d ( 8Alv l 
lL-5 FOI\f-,AT ( 1,,x, 4H ::0 1=, Fd.J, Iu;.<., 4H ::.,2=, FB.l' ll.:X,:if-1 S3 =, F :i . l ' 

1 1'--X, 4H ~Lt =,F8.l/l~X,~ fl SS2=• Ftl.j, 1vl, 5H SS3=,FU.3' ::-rl :.;,S~= , 

2 F8.3/ luX, 4H Kl=, Fo.J, luX, 4H ;'.2=, Fd.3, lOX, '+H KJ=, f'd .:.:., 
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3 lvX t 4H 1(4= t F d . 3 t ll uX t 41-t ;.t,!= t F8 . 3 t lUX t 4H i·I Z= t F0.::> , lU X t 
4 4H 1'13= ' Fb . _, , lvX t 4 H i•,4= t F o . ::>/ ~ox , 4H Gl= , Fd . J,l0X , 4H G2=, 
5 F8 . 3 / ZuX , SH ~G1 =, F 8 . 3 t 1 vX , ·sH SG2 =, Fc e 3/ 
6 2GX , lclH ,•,l:.f\i~ SPHERICITY =, F8 . 3 tl 9H SPH . STA.~ . DEV . =t Fs . ::,; 
7 l5X , 5H TGl= ' F8 . 3 , 15X t 5H TG2= , f8 . ~ 1 

106 FOI<i•i AT ( / / 4vX , 17H .3PHE,.; I CI T Y STUDY / 50X , 1JH FI-<EQUENCY, lOX, 
1 21H C~~ULATIVE FRlU~ENCY I 

1v 7 FOR MAT I 23H CL ASS ~ I TH U~ . Ll \ilT =t F5e 2 t 28X , F5 . 2 , 24X,F5.~1 

108 FOI-<•·•AT U / 4vX , llH SI2.E SluUY / 5 JX , l v H Fi·d: QuENCY , lGX , 21H CU,<Li LA 
1 T I v E F r-< t: u u t. 1-.. c Y 1 

lu9 FOR t"iAT I .23H CLA.:J~ ·,..;rTH UP . L ! t·\ I T =, F7. 3 , 28X , F ? . 2 , 24X,F:) • .::) 
11 0 FORMAT I l Hl l 

C CA L CULAT i u;-.,s >'iiTH ESTPi1\TE[) VALUES vF SPHERICITY , lWU;'ll)i'-lE.:JS 
C CJ\LCULATI-J,'l AVEI-\J\GE EST i i•iATElJ SF-'ht:lnCI T Y AND ~fA i\IUA :~u DEV!Ailu :\ 

SSPt:=u . v 
DO Suv I=l t f'-i 

8U0 SSP[=~SPE+~~EI I l 

ASPL=::,SPl:./t~ 

DSPE=u . U 
DO 8ul I=l , N 

BJ I DSPE=DSPE+ IASPE - SPEII I 1**2 
AN=N - 1 
STDS=ID SP E/A N l**v . ') 
WR I TEI6 , 8~2lAS~E , STD~ 

8 u 2 F 0 R ,. i AT I l.X , l 5 riA V E-. 1~ AGE E S I :.J PH ' 4 X , F 1 U • 2 ' 4 X ' 3 H STU ' l X ' F l CJ • 4 l 
C C1'.LCLJL .A T I iJt'l CF ~· ·EI~i'-i tS T I ,-·iA TED t~UuNiJt~E-..:JS A:"[) I rs Dl VI A 1 I Ui-. 

c 

SPO-:-:U. \J 

DO 9vv I=l,N 

900 SRG=SRO+R~II I 
AFW=Si-<OI N 
DRO=v . u 
DO !Jvl I=l , h, 

901 DRU=U~O+ IA ~J -~GI I l 1**2 
AN=I'J-1 

9 \..l 2 

DRO=IJRO/ANl** u . 5 
V-.1 R I T E I 6 , <J v 2 l A R 0 ' C 1·<0 
F 0 f-< I ·, A T ( 1 X ' 2 l H A v E '' f\ G E E s T i \ 0 LJ :-.: [.; I \j E s s ' 4 X ' F l (.; • 4 ' 4 X ' 3 H ~ I D ' l X ' F l :..: • L, l 
C;\LCLJLAriOt\ ~F ,., f:Af-l Cu,H/\(T::., ~C:i~ Gi-<1-d l, M,J Il;,:, 0tVIAIICr" 

SGC=v • v 
l)O')uu 1=1 , ;~ 

? <Ju SGC=SGC+GCII I 
;.\GC = SGC I i'-l 
OGC=v.v 
DO 5Ul I=l, t''-l 
DGC= UG C+IA GC- GCII I 1**2 

5 ~_., 1 cmn r i'juE 
t'\N=h-1 . 
SJGC= I lJCJC/.4.~ I ->:--~-u . 5 

WRIT~I6,jv 2 1AGC , ~UGC 

5v2 FOI~~· ~ AlllX, 2 6 r iA VU\i\Gc CUtHf,(l:.) 1-'Lf..; Gi-<AIN , 4X , Flv • 2 ' 4X , 3h ST[) ,lX,Fl v • .:., 

1 I 
STOP 
ENL> 



Appendix C 

SUMMARY OF EXPERIMENTS 

The pertinent experimental data of the triaxial com-

pression tests on the Potsdam sandstone, Blairmore sandstone, 

Oriskany sandstone, and the arenaceous Columbus limestone at 

-5 
room temperature and strain rates of the order of 10 per second 

are summarized in Tables XVI, XVII, XVIII, and XIX. Experimental 

results on the Oriskany sandstone deformed at strain rates of the 

-6 -7 
order of 10 and 10 are summarized in Tables XX and XXI. 

182 



TABLE XVI. SUMMARY OF TRIAXIAL COMPRESSION TESTS ON POTSDAM SANDSTONE, BLOCK 71-A, 

AT ROOM TEMPERATURE AND STRAIN RATES OF THE ORDER OF 10-
5 

PER SECOND 

Confining Ultimate Mean Octahedral Total Fracture 
Deformational Experiment 

Pressure Strength, Pressure, Shear Strain 
Ductility, 

Angle to 
Number Percent Mode 

KB KB KB Stress, Percent C11' 
KB degrees 

5. 1 Atmospheric l. 00 0. 33 0. 47 2.22 0.62 2 Extensional fault 
6.9 Atmospheric l. 25 0. 40 0. 56 2.51 0.63 0 11 

6.4 Atmospheric l. 11 0.37 0. 52 2.36 0. 61 0 11 

4.6 0. 50 3 . 54 1. 68 l. 67 4.26 l. 39 28 Brittle fault 
6.6 0. 50 3.44 l. 65 l. 62 8. 15 l. 30 29 11 

6.7 0. 50 3.53 l. 68 l. 66 4.89 l. 25 21 II 

4.7 l. 00 4. 11 2 . 37 l. 94 9. 75 l. 91 32 11 

4.8 l. 00 4. 42 2 . 47 2. 08 6.41 l. 72 30 II 

4.9 l. 00 3. 90 2 . 30 l. 84 3.60 l. 64 32 II 

4.10 l. 00 3 . 90 2 . 30 l. 84 3.21 l. 56 33 II 

4 . 11 l. 00 - - - 0.84 - - Elastic 
5. 2 l. 50 5. 3 7 3 . 29 2.53 4.74 l. 72 35 Brittle fault 
5.4 l. 50 5 .24 3 . 25 2.47 16.4 7 l. 87 NM ':' II 

5 . 5 l. 50 5. 19 3.2 3 2 . 44 7 . 53 l. 90 36 II 

5 . 6 l. 5 0 5 . 2 2 3. 24 2 . 46 3.59 l. 60 24 11 

5 . 8 l. 50 - - - l. 4 8 - - Elastic 
5.9 2 . 00 5 .81 3.94 2 . 74 9.57 l. 86 35 Brittle fault 
5. 10 2 . 00 5 . 42 3 .81 2 . 56 4. 9 3 l. 70 36 II 

5. 11 2 . 00 6. 07 4. 02 2 .8 6 3.31 1. 97 31 II 

5 . 1 2 2. 0 0 5.93 3.97 2 .8 0 3 .59 2 . 24 34 11 

6. 1 2. 0 0 6.32 - - l. 69 - - Elastic 
4. 1 2.50 6.37 4.62 3 .00 4. 17 2.55 3 6 B r ittle f a u lt 
4.3 2 . 5 0 6.60 4. 7 0 3 . 1 1 8. 71 2 .5 3 3 1 II 

1-' 

4.4 2 . 50 6.23 4 . 58 2.94 7. 00 2. 01 4 1 11 00 
w 

4.5 2. 50 6 . 50 4.67 3. 06 2 .39 2. 39 3 3 II 

6. 2 2 . 50 6.49 4. 78 3. 23 2. 76 2 . 1 6 33 II 

NM':' :"ro t measurable 



TABLE XVII. SUMMARY OF TRIAXIAL COMPRESSION TESTS ON BLAIRMORE SANDSTONE, BLOCK 51 A, 

-5 
AT ROOM TEMPERATURE AND STRAIN RATES OF THE ORDER OF 10 PER SECOND 

Experiment 
Confining Ultimate Mean Octahedral Total Fracture 

Number 
Pressure Strength, Pressure, Shear Strain Ductility, Angle to Defo rmatio na 1 

KB KB KB Stress, Percent Percent a 1' Mode 
KB degrees 

1.7 Atmospheric 1. 54 0. 52 o. 73 4. 24 0. 90 0 Extensional fault 
1.8 " 1. 43 0.48 0.68 3.58 0.84 0 " 
2. 1 " 1. 80 0.60 0.85 4.31 0.98 10 " 
3.8 0. 50 3.37 1. 62 1. 59 4.27 1. 48 26 Brittle fault 
4.6 o. 50 3.44 1. 65 1. 62 8.96 1. 35 24 " 
4.7 o. 50 3.36 1. 62 1. 58 8. 17 1. 39 28 " 
1.5 1. 00 4. 77 2.59 2. 25 14.33 1. 33 30 " 
1.9 1. 00 4.49 2. 50 2. 11 14. 24 1. 49 25 " 
1. 11 1. 00 4.49 2. 50 2. 12 3.87 1. 51 33 " 
3.4 1. 00 4. 26 2. 42 2. 01 7.52 1. 62 27 " 
3.6 1. 00 4 . 35 2.45 2. 05 1. 61 1. 61 - Elastic 
3.7 1. 00 - - - 0 . 62 - - Elastic 
2.4 1. 50 5.38 3. 29 2.54 4.49 1. 85 32 Brittle fault 
2. 7 1. 50 5. 29 3.27 2.49 9.96 1. 82 30 " 
2.9 1. 50 5 .20 3.23 2.45 13.55 1. 81 27 " 
3. 3 1. 50 5. 19 3.23 2.44 1. 84 - - Elastic 
1.4 2.00 6. 15 4. 05 2 . 90 5. 12 1. 95 30 Brittle fault 

1.6 2. 00 6. 15 4. 05 2. 90 1. 93 1. 93 - Elastic 
1. 12 2 . 00 5.72 3.91 2. 70 13.89 1. 98 35 Brittle fault 

3.5 2. 00 5.53 3.84 2. 61 8.95 2.49 34 " 
2. 1-A 2. 50 6 . 56 4.69 3. 09 4.58 2.62 32 " 
2. 2 2. 50 6. 28 4.59 2.96 13.89 2. 80 31 I I 

2.3 2. 50 6. 29 4.60 2 . 96 4 .81 2.65 36 II ...... 
CP 

2.5 2. 50 6. 35 4 .62 2 . 99 2.48 2.48 - Elastic *" 
2.6 2. 50 - - - 1. 03 - - Elastic 
2. 1 0 2 . 50 6 0 13 .f .5 -t 2 . 89 7. 9 7 2 . 57 32 B ritt1e fault 
3.2 2. 50 6 . 14 .f . 55 2. 89 8.44 2 . 71 37 " 



TABLE XVIII. SUMMARY OF TRIAXIAL COMPRESSION TESTS ON THE ORISKANY SANDSTONE , 

BLOCK 61-A, AT ROOM TEMPERATURE AND STRAIN RATES OF THE ORDER OF 10-
5 

PER SECOND 

Experiment 
Confining Ultimate Mean Octahedral Total 

Ductility, 
Fracture 

Deformational 
Pressure Strength, Pressure, Shear Strain Angle to 

Number 
Kb Kb Kb Stress, Percent 

Percent 
a l, 

Mode 

Kb degrees 

2.5 Atmospheric 0. 92 0 . 31 0.44 2.26 0. 52 0 Extensional fault 
3.9 II 0.86 0.29 0. 40 l. 72 0.49 0 II 

5.10 II 0.92 0.31 0.43 l. 61 0. 40 0 II 

5 . 11 II 0.89 0.30 0.47 l. 65 0.41 0 II 

2.9 0.25 2 . 10 0.95 0.99 3.82 0.55 Z2 Brittle fault 
5.4 0.25 2.36 l. 05 1.11 3.66 0.96 14 II 

5. 12 0.25 2.21 0 . 99 1.04 7.36 0. 79 26 II 

5.6 0 . 50 3.25 l. 58 l. 53 2. 69 0.93 18 II 

5.7 0. 50 3.23 l. 58 l. 52 3. 25 l. 16 24 II 

5.8 0. 50 3.37 l. 62 l. 59 3.62 0. 94 27 II 

2. 1 l. 00 4. 13 2.38 .l. 95 4 . 39 2.05 27 II 

2 . 4 l. 00 4.50 2 . 50 2. 12 4.72 l. 97 32 II 

3.2 l. 00 3.94 2.31 l. 86 4 . 54 l. 95 28 II 

3 . 3 l. 00 3.91 2. 31 l. 85 4.48 2.22 28 II 

3.5 l. 00 3 . 99 2.33 l. 88 15. 04 l. 84 37 II 

6 . 1 l. 00 4.10 2 . 37 1. 94 15. 05 l. 91 30 II 

7. 11 l. 00 3 . 89 2.30 1. 83 l. 96 l. 96 - Elastic 
7. 1 2 l. 00 - - - 0 . 79 - - II 

3 . 10 l. 1 0 3 . 98 2 . 43 l. 88 15 . 41 l. 89 37 Brittle fault 
4.3 l. 10 4.02 2 . 44 1. 89 9.45 l. 60 42 II 

4 . 7 l. 10 4 . 13 2 . 48 l. 95 5. 74 2 . 27 33 II 

..... 
6.2 1. 10 3 . 99 2.43 l. 88 15 . 70 l. 83 36 II 00 

U1 
2. 10 l. 25 4 . 23 2.66 1. 99 15. 91 2.59 NM ':' II 



Experiment 
Confining Ultimate Mean Octahedral Total 

Ductility, 
Fracture 

Pressure Strength, Pres s ure, Shear Strain Angle t o 
Deformational 

Number Percent Mode 
Kb Kb Kb Stress, Percent a 1' 

Kb de rees 

2. 12 1. 25 3.81 2. 52 l. 80 15.87 2.50 NM Brittle fault 
4. 10 1. 25 3.95 2.57 l. 86 12. 96 1. 97 NM II 

4.12 1. 25 4.23 2. 66 l. 99 8. 13 2. 09 NM II 

6.6 1. 25 4.33 2.69 2. 04 4. 71 2. 17 37 I I 

3. 5 1. 50 5. 11 3.20 2.41 14.50 2. 09 34 II 

3. 6 1. 50 4.66 3. 05 2.20 14.20 2 . 53 33 I I 

3. 11 1. 50 4.47 2.99 2. 11 5 , 33 2.26 27 I I 

4.6 l. 50 4. 66 3. 05 2. 20 6. 15 2. 40 30 II 

4. 11 l. 50 4 . 15 2.88 l. 96 5.97 2.45 NM I I 

5.9 1.50 4.50 3.00 2. 12 5.80 1. 98 NM II 

6.5 l. 50 4.70 3. 07 2.22 Is. oz 2. 54 37 II 

7. 7 1. 50 4 . 48 2.99 2. 11 4.43 2. 71 42 Ductile fault 
7.8 l. 50 4.67 3 . 06 2.20 2. 65 2.34 43 II 

7.9 1. 50 - - - 1. 73 - - Elastic 
2.7 2.00 5 . 22 3 . 74 2. 46 10. 74 3. 21 37 Ductile fault 
2 . 11 2.00 5 . 29 3 . 76 2.49 5. 08 3. 13 42 II 

4. 1 2. 00 5 . 21 3 . 74 2.46 9. 06 2.85 30 I I 

4.2 2. 00 5.26 3. 75 2.48 18. 39 3.58 40 I I 

4.9 2. 00 4 . 99 3.66 2. 35 8.53 3. 97 37 II 

5 . 3 2.00 5. 10 3.67 2 . 40 10. 12 3. 01 35 II 

6.3 2.00 5 . 43 3.81 2.56 13.43 2.20 37 II 

7.4 2 . 00 5 .34 3 . 78 2. 52 4. 71 2.9 9 NM II 

7.5 2. 00 5 . 39 3 . 80 2.54 3 . 36 3. 14 NM II 

7.6 2.00 - - - 2.85 - - Elastic 
2. 6 2 . 50 6. 26 4 . 59 2. 95 7. 08 3.07 42 Duc tile fault 
2.8 2. 5 0 5 . 72 4.4 1 2.69 6 . 16 3.30 ~ 40 II 

3. 7 2 . 50 5. 5 7 4 . 36 2 . 63 15.34 3. 5 7 NM II 

4.4 2. 50 6. 1 0 4.53 2. 87 15. 17 3. 36 33 II 

4.8 2 . 5 0 5.9 1 4.47 2. 79 8. 4 0 3.6 5 NM II ........ 

5.2 2.5 0 5. 71 4. 40 2. 69 7 . 91 3.38 NM 
00 

II 0' 

6 . 4 2.50 5.97 4 . 49 2.81 4 . 22 3.28 4 1 II 



Confining Ultimate Mean Octahedral 
Experiment 

Pressure Strength, Pressure, Shear 
Number 

Kb Kb Kb Stress , 
Kb 

7 . 1 2. 50 5.68 4 . 39 2.68 
7 . 2 2. 50 5.53 4.34 2.61 
7 . 3 2. 50 - - -

':' NM = Not measurable 

Total 
Ductility, 

Strain 
Percent 

Percent 

4.93 4. 13 
2.95 2.95 
l. 33 -

Fracture 
Angle t o 

CJ 
l' 

degrees 

43 
-
-

Deformational 
Mode 

Ductile fault 
Elastic 
Elastic 

...... 
00 
-J 



TABLE XIX. SUMMARY OF TRIAXIAL COMPRESSION TESTS ON THE COLUMBUS LIMESTONE, 

-5 
BLOCK 81A, AT ROOM TEMPERATURE AND STRAIN RATES OF THE ORDER OF 10 PER SECOND 

Experiment 
Confining Ultimate Mean Octahedral Total 

Ductility, 
Fracture 

Deformational 
Pressure Strength, Pressure, Shear Strain Angle to 

Number 
Kb Kb Kb Stress, Percent 

Percent a Mode 
1 ' 

Kb de rees 

1.1 Atmospheric 0. 46 0. lJi 0. 21 1. 08 0. 34 10 . Extensional fault 
1.3 II 0.45 0. 15 0. 21 1. 37 0. 34 2 II 

1.6 II 0.41 0. 14 0. 19 0.99 0. 35 NM ':' II 

2. 2 0. 10 0. 7 5 0.35 0. 3 5 7.86 0.56 28 Brittle fault 
2.3 0. 10 0.85 0.38 0. 40 1. 32 0.48 33 Brittle fault 
3. 12 0. 10 0. 70 0.33 0.33 1. 19 0 . 54 NM II 

1.5 0. 25 0. 97 0. 57 0.46 4.53 0.84 32 Ductile fault 
1.9 0. 25 0.94 0. 56 0.44 1. 30 0.84 40 II 

2. 1 0. 25 0.99 0. 58 0. 47 0. 83 0.83 - Elastic 
3 . 1 0. 50 1. 02 0.84 0.48 1. 69 1. 13 NM Ductile fault 
3. 2 0. 50 1. 08 0.86 0.51 18.56 0.97 36 II 

3.3 0. 50 1. 18 0.89 0. 56 7.92 1. 13 44 II 

3.4 0. 50 1. 31 0.81 0.62 0.93 0.83 - Elastic 
2. 11 0. 50 1. 04 0.85 0.49 12 . 72 1. 74 ~40 Ductile fault 
2.4 1. 00 - - - 2. 20 - NM II 

2.5 1. 00 - - - 1. 42 1. 42 - Homogeneous 
3.6 1. 00 1. 9 0 - - 17. 75 - 40 Ductile fault 
3. 7 1. 00 - - - 7. 30 - NM II 

3. 11 1. 00 - - - 0. 64 0. 64 - Elastic 
2. 7 1. 50 2. 69 - - 16. 95 - ~40 Ductile fault 
2. 10 1. 50 - - - 0. 69 0.69 - Elastic 

3.9 1. 50 - - - l 0. 77 - NM Ductile fault 
>-' 

3. 1 0 1. 50 - - - 2.51 2.51 - Homogeneous oo 
00 



Experiment 
Confining Ultimate Mean Octaheclral 

Number 
Pressure Strength, Pressure, Shear 

Kb Kb Kb Stress, 
Kb 

4.9 1. 50 - - -
1 . 11 2.00 - - -
3.5 2.00 - - -
4. 1 2.00 3. 14 - -
4.2 2.00 - - -
4.3 2.00 - - -
4.4 2.00 - - - -
4.5 2.00 - - -
4.6 2. 50 3. 76 - -
4.7 2.50 - - -
4.8 2. 50 - - -
4.10 2. 50 - - -
4. 12 2 . 50 - - -

NM ':' Not measurable 

Total 
Ductility, 

Strain 
Percent 

Percent 

7.59 -
11. 07 -
15. 61 -
16. 01 -
11. 21 -

7. 08 7. 08 
3. 15 3. 15 
1. 10 1. 10 

15.93 15.93 
7.44 7.44 
3.37 3.37 
1. 38 1. 38 

10.26 10.26 

Fracture 
Angle to 

a 1' 
degrees 

~ 40 
NM 

~ 40 
~ 40 

NM 

-
-
-
-
-
-
-

Deformational 
Mode 

Ductile fault 
II 

I I 

II 

II 

Homogeneous 
II 

II 

II 

II 

II 

II 

II 

...... 
(XJ 

-..D 



TABLE XX. SUMMARY OF TRIAXIAL COMPRESSION TESTS ON ORISKANY SANDSTONE, BLOCK 61-A, 

AT ROOM TEMPERATURE AND STRAIN RATES OF THE ORDER OF 10-
6 

PER SECOND 

Experiment 
Number 

6. 7 

6. 8 

6.9 

TABLE 

Experiment 
Number 

6. 11 

Confining Ultimate Mean Octahedral Total Fracture 
Deformational 

Pressure Strength, Pressure, Shear Strain 
Ductility, 

Angle to 
Kb Kb Kb Stress, Percent 

Percent 
0' 1 ' 

Mode 

Kb de rees 

l. 00 3. 71 2. 24 l. 75 4. 29 l. 98 31 Brittle fault 

l. 00 3. 57 2 . 19 l. 68 4.44 l. 93 33 II 

l. 00 3 .5 7 2. 19 l. 68 4.41 l. 8 7 32 II 

XXI. SUMMARY OF TRIAXIAL TEST ON ORISKANY SANDSTONE, BLOCK 61-A, AT ROOM 
-7 

TEMPERATURE AND A STRAIN RATE OF THE ORDER OF 10 PER SECOND 

Confining Ultimate Mean Octahedral Total 
Ductility, 

Fracture 
Deformational 

Pressur e Strength, Pressure, Shear Strain Angle to 
Percent Mode 

Kb Kb Kb Stress, Percent 0' l ' 
Kb de rees 

2. 50 5 . 89 4.46 2. 78 9 .36 5. 76 ~40 Ductile fault 

....... 

"' 0 
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