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than 10 to 15 percent of the microfractures within sand grains of
calocite-cemented sands of low porosity are inclined at more than 60
degrees to di is in marked contrest with the non-cemented sands
where about 50 percent of the fractures are inclined at more then 60
degrees to 03,

Comparison of the various histograms indicates that the patterns
of preferred orientation do have some common features, In all cases
under a rather wide variety of experimental conditions, there is a
marked tendency for microfractures to be oriented nearly parallel to
61. However, this tendenoy is much more well developed for cemented
sands and sand crystals.

It is evident that the degree of preferred orientation of frac-
tures in the deformed Supai sandstone(Friedman, 1963) is lese well
developed than in cemented sands of low porosity or for send crystals,
although the degree of preferred orientation is more highly developed
than in non-cemented sands.

Friedman(p, 28-30) suggests that the observed spread of poles in
specimen 780 of the Supai sandstone can be accounted for by rotation
of the fracture plenes away from their initial positions.

Consideration of the orientation of microfractures within spec-
imens 1049, 4D15 and 5D19 shortened 22,1, 12,8 and 17.6 percent res-
pectively, indicates that even though all of these specimens have been
subjected to greeter amounts of shortening thaen were either of the
Supai specimens, they do not show the lower degree oflpreferred orient-
ation which Friedman suggests is caused by rotation during shortening.

It is therefore proposed that the greater variation in the orientation
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of microfractures in the deformed Supai sandstone specimens mmst be
accounted for in another way.

Ideally, it should be possible to account for all of the differ-
ences in microfrescture development in none-cemented and calecite-
cemented sands., The msjor differences are the conditions of formation,
character of the microfractures and the orientation of the miorofrac~

tures with respect to the imposed stress system,
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Chapter 5
GENERAIL DISCUSSION AND THEORY

Introduction

The deformational behavior of the calcite~cemented Blairmore
saendstone can be understood in terms of the competition between brittle
processes which result in fracture and ductile processes which are
responsible for shape change. The mechanical behavior of the rock
depends on the mechanical properties of the individual phases. It is
also necessary, however, to consider the differential behavior and
interaction of the relatively weak, ductile calcite matrix and the
strong "rigid" detrital grains, An understanding of the micromechanics
should provide an explanation for the development of the microscopic
fabric, as well as accounting for the strength and ductility of the

rock as a whole,

In the firat part of the discussion, we will look at the macro-
gcopic behavior and the stress-shortening records for the rock, Pare
ticular attention will be paid to how confining pressure affects the
behavior, We will then turn attention to the development of the

microscopic fabric.

Macroscopic Behavior and the Stress-Shortening Records

The stress-shortening records reflect the ability of the rock to
sustain loed under the experimental conditions, while at the same time

they indicate the amount of deformation which the specimens undergo as
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the load is applied, The appearance and shape of the specimen shows
how the deformation takes place and how it is distributed over the
specimen,

The record reflects both the inherent behavior of the rock and
the mechanical restraint of the test apparatus. It is therefore neces-
sary to consider the experimental effects in order to determine what
part of the behavior is intrinsic to the_rock itself,

(1) Experimental Effects

In the present study, the test apparatus is thought to influence
the deformational behavior as a result of the (1) relatively low
stiffness of the pressure vessel and loading system, and (2) through
end effects resulting from interaction of the test specimen and the
hard steel anvils through which the load is applied to the specimen,
Jacketing is thought to have had little effectjon the tests. A majority
of the tests were carried out in lighteweight polyethylene Jjackets
which have little stremgth, yet provide a moisture-proof seal., Tests
carried out in copper Jjackets were predominately within the brittle
range and gave results which were similar to those of tests carried
out in the l}ight-welght. jacketa.

The elastic recovery of .the test appsratus is most significant
to the teats carried.out under confining pressures up to 1,00 kb,

In this range characterized by brittle failure and slip on shear
surfaces, post-failure stress-shortening curves reflect the recovery
of the machine as much as the intrinsic behavior of the rock(See p. 22
for discussion).

End effects are known to be responsible for (1) the development
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of the barrel-shaped specimen during tests run under duotile conditions
and (2) the development of symmetrical deformation(e.g. symmetrical
faults) in tests carried out under more brittle conditions, It has
also been proposed that the anvils may be responsible for the devel=
opment of longitudinal fractures which develop in uniaxial compressive
tests carried out at atmospheric confining pressure(Jaeger & Cook,
1969, p. 139), or that the behavior results from the geometry of the
triaxial test(Jaeger & Cook, 1969, p. 148).

Lateral constraint resulting from frictional resistance at the
specimen-anvil interface is responsible for barreling of ductile
specimens and is a well-known phenomenon(Jaeger & Cook, 1969). 4
somewhat similar effect is observed in relatively brittle specimens
deformed within the type of test apparatus where the anvils are not
free to move laterally. Under these conditions, the ends of the test
cylinder remain nearly coexial and symmetricel features such as cone
jugate faults are observed to form(Donath, 1968). Such behavior ocours
in the present study as specimens shortened more than four to five
percent at confining pressures below about 1,00 kb develop conjugate
faults. The second peak in the stress-shortening record refleots
this aspect of machine restraint,

In contrast, deformetion under otherwise similar conditions but
in apparatus in which the apecimen is free to move laterally results
in the formation of only a single fault or ductile zone, Furthermore,
the stress-shortening record followe & downslopeing path terminating
at rupture at smaller amounts of total shortening than is observed in

the present study,
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(2) Intrinsic Rock Behavior

(a) Behavior snd strength in the uniaxial compression test

Stress-strain ourves for the Blairmore sandstone(Fig. 25 )deformed
under atmospheric confining pressure have the characteristic S-shape
associated with limestones and sandstones deformed under similar condi-
tions(Miller, 1965; Friedman, et al., 1970). This curve reflects the
normal elastic response of the rock and is expressed by the effective
Young's modulus, Because of the rather large corrections necessary to
account for the elastic distortion of the test apperatus, the experi-
mentally determined value to the Young's modulus may not be very accur-
ate, However, the values of the order of 0.2 to 0.5 x 106 bars are in
agreement with published values for limestones and sandstones(Birch,1966).

It is readily apparent that these values ere well below either the
intrinsic Young's moduli of the individual phages or a composite value
based on a simple rule of mixtures calculaetion, The low value is thought
to be caused by the presence of porosity and cracks, ' Both types of
imperfections mct to reduce the effective elastic constants to values
which are markedly less than the level of the intrinsic elastic constants
for material free from imperfections(Jaeger & Cook, 1969, p. 313-3213
Brace, 1964),

Under atmospheric confining pressure, the riging curve is terminated
by brittle fraoture at about .65 percent shortening. The sudden drop of
the record reflects the elastic recovery of the apparatus as discussed
earlier. Upon removel from the test ohamber, the specimens are found
to be divided by two or more irregular to planar surfaces oriented at

a small angle(i.e. 4 to 20 degrees) to the core axis.
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Fig. 25, Stress-strain curves for the calcite-cemented Blairmore sand-

stone deformed at room temperature, atimospheric confining pressure
and a strain rate on the order of 10-5 per second,
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The experiments indicate that the rock tested cen sustain an
axial load of 2.31 kb(mean of three tests-=2.28, 2.3% and 2.32 kb)
under the test conditions, This puts the rock within the "“very high
strength" class of Deere's classification system(1966) indicating
. that the rock has a high strength as compared with many rocks.

be Criffith Theory and the uniaxisl compressive strength

Discussions of the ultimate factors controlling brittle rock
strength have been limited in number, The only commonly considered
mechanistic theory of rock strength is the Griffith Theory.

The Griffith Theory asssumes the pre-existence of smsll flaws or
cracks within the material. These cracks act to produce stress concen-
trations of sufficient magnitude so that the theoretical cohesive strength
is reached in locslized regions at an average applied stress which is
well below the theoreticel value, For the uniaxial compressive condi-
tion, the Griffith Theory predicts a strength which is eight times the tensile
- 8(2EY /4tc )2,

Brace(1961;1964) has demonstrated that the Griffith Theory appar-

strength, and the Griffith equation is then Gzompressive
ently accounts for the failure strength of monomineralic rocks such as
"limestone and quartzite, and that the flaw size, 2c¢ is equivalent to
the grain size in these rocks. A similar relation has been shown for
anhydrite(Skinner, 1959). With the exception of Houpert(1966), who
found a grain size-strength dependence for granite which he related to
Griffith Theory, little consideration has been given to the determining
factors of the strength of rocks consisting of more than one mineral

Ephase .
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Work of Hasselmsn, Fulrath end other investigators(Hasselmen &
Fulrath, 19663 1967; Nivas & Fulrath, 1970; Tummala & Friedberg, 1970)
in ceramic systems, however, suggests an approach whereby the Griffith
Theory may be applied to give =n understanding of the brittle behavior
of some polymineralic rock materials(See discussion on p. 53).

Experiments performed by these investigators involved the deter-
mination of the strength of two phase ceramic materials consisting of
strong inclusions within a brittle glass metrix. The inclusions act
to limit the size of potential Griffith flaws by limiting the mean
free path within the glass matrix. The strengths of the ceramic mater-
ials can be accounted for if the Griffith flaw size is considered to
be equivalent to the mean free path within the brittle gless matrix.

The investigation of uniaxial compressive strength of the calcar-
eous Blairmore sandstone focuses on the determination of the potential
size of Griffith flaws. It is also necessary to consider other factors
which are thought to affect the brittle strength of two phase materials.

Griffith flaws sre most commonly thought to be situated at grain
boundaries or to lie along plenes of weakness within individual grains.
The dimensions of the detrital grains and the calcite grains were
determined during the petrogrephic study of undeformed material. In
addition, the meean free path within the calcite matrix was determined,
These values are plotted versus strength in Fig. 26. Comparison of
the strength of the Blairmore sandstone with the experimentsally deter-
mined uniexial strength curve of limesfones(Brace, 1964) indicates

that the strength is more than four times as great as the strengths of
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limestones of equivalent grain size.

It is also found that the uniaxial compressive strength is
seventy percent higher than would be expected if the flaw size res-
ponsible for failure is equivalent to the mean free path within the
calcite matrix(found to be 0.068 mm. ),

The lack of agreement between the predicted and experimentelly
determined strengths indicates that either other factors must
influence the strength, or the Griffith Theory does not account for
the strength of this rock. Re-examinetion of the Griffith equation
shows that, with the exception of the numerical terms, the only other
variables are E and Y. The Young's modulus, E, is a material constant
which cannot increase significantly over the value for the individual
pheses. However, the effective surface energy, ¥ , has been shown to
increase by as much as 100 percent within glass systems when a disper-
sion of particles comsisting of a second phase is added(lange, 1970).

In the Griffith equation, the strength is dependent upon the
square root of ¥. It would therefore be necessary to increase the
value of X'to about 435 ergs/cmz, vhich is an increase of 190 percent
over the value of calcite alone(i.e. 230 ergs/cm?(Brace, 1961)). It
is not known whether such a large increase in ¥ does occur.

Other factors which have been found to effect the strength of
two-phase brittle ceramics are stress concentrations associated with
porosity, reguler and irréguler shaped inclusions(Eassélman & Fulrath,
1967; Tummala & Friedberg, 1970 ). Porosity has also been shown to

decrease strengths in various rock materials including sandstones
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(Balakrishma, 19633 Rector, 1970). In general, all of these factors
act to reduce the strength as compared with the matrix alone. They
do not therefore provide any insight into the high strength of the
rock undexr study.

(c) Behavior and Strength Under Confining Pressure

(1) Macroscopic behavior -- The initial portion of each

stress-shortening record has a steeply rising nearly linear elastic
gsegment, However, records of experiments carried out under confining
pressure differ from the uniaxial tests, After initial elastic
deformation, the record deviates from the linear portion and follows
a path of diminishing slope which is concave downward. This yielding
results in a marked increase in the deformation prior to reaching the
ultimate strength,

The Young's moduli of quartz and calcite differ only slightly.
' Therefore under elastic conditions, the intensity of stress and
amount of strain are essentially equal in the two phases. The rock
strength(i.e, in this case, the yield stress or onset of plastic
deformation) is controlled by the mineral with the lowest critical
stress(Kartesz, 1968). In fact, the yield stress of favorably oriented
single crystals of calcite is far exceeded in the macroscopic range of
the polycrystalline specimens as the criticel resolved shear stress
for e-twinning is only 50 bars. Calcite is therefore the first mineral
to deform in a non-elastic manner,

Once the ultimate strength is achieved, the record msrks a sudden
and precipitous drop in stress with accompanying shortening of about

two to three percent., Specimens from these tests are offset elong a
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shear surface oriented at an average of 30 degrees to the core axise,
Shortening is primarily taken up by sliding along the shear fracture
and the shape of the specimen is otherwise little changed from the
original,

The stress difference falls to some level which is significantly
less than the ultimate strength(e.g. from 2.75 to 1.25 kb at .25 kb
confining pressure or from 4.25 to about 3.0 kb at 1.00 kb confining
pressure), It then rises to form the second feult as discussed above,
end then falls to a somewhat lower level where it remains more or less
constant with further shortening., Most of the shortening is teken up
by sliding elong the shear frsctures., The observed stress is then
the stress necessary to ceuse sliding along the fracture surface and
is expressed as "= So + udp, where 4’= shear stress to produce sliding,
u = coefficient of sliding friction, 5, = a constant and 6, = the normal
stress on the surface upon which sliding occurs{Jeeger and Cook,

1969, p. 56).

At 1.25 end 1.50 kb confinihg pressure, the stress-shortening
record indicates that there (1) is en incresse in the amount of yield-
ing prior to attaining the ultimate strength, end (2) the rock strength
does not undergo a sudden drop once the ultimate strength is reached.
Instead, the record follows a gradually falling path which levels off
with increased shortening.

Although discrete fractures inclined at ebout 35 degrees to the
core axis merk the specimen surface, these failure surfaces diminish
as they pass into specimens which have been shortened only a few percent.

Within the specimen shortening is taken up by a more general deformation
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within a zone parallel to the fractures. Shape change occurs; however,
barreling is restricted to the central portion of the specimen,

At confining pressures of 2.0 kb and above, the specimen may
undergo 2,0 to 3.5 percent shortening before reaching the ultimate
strength, Under these conditions, the specimen reflects a more ductile
behavior and deforms through general barreling,

It should be noted, however, that within the range of experimental
conditions, we do not see completely homogeneous or fully ductile
behavior which is associated with a continually rising stress-strain
curve, Furthermore, local shear surfaces do develop within specimens
deformed more than about 5 percent at 2.0 kb and 12 percent at 2.5 kb
confining pressure.

(11) Microscopic behavior -- Examination under the microscope
revealed that in all specimens deformed between .25 kb and 2,60 kb
confining pressure, (1) twin lamellae developed within calcite grains
and (2) microfractures developed within detrital grains with a prefer=
red orientation nearly parallel to the core axis., These features are
distributed more or less uniformly over the specimens,

The microfabric is found to be related to (1) the confining pressure
of the experiment and (2) the amount of shortening which the specimen
undergoes. Increasing the confining pressure to .50 kb results in an
increase in the amount of calcite which exhibits twin lamellae up to
+50 kb where a majority of the grains contain lamellae, This is
accompanied by an increase in the number of microfractures within
detrital grains., Further inoreases in confining pressure are accome

panied by a reduction of fractured calcite grains and there is more
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.evidence of intense plastic deformation of calcite grains through other
mechanisms(probably r- or f-translation) which produce bent lamellae
and undulatqryﬁextinction.

Ihcreasing‘the amount of shortening results in (1) more calcite
grains becoming twinned, (2) the number of twin lamellae inorease with
shortening(at least at confining pressures greater than about 2.0 kb),
end (3) the number of microfractures within detritel grains increase,
with a continued preference for development nearly parallel to the core
axis.

Friedman(1963) has shown for similar rocks that the application
of confining pressure alone does not result in the development of
either twin lamellae or microfractures. Furthermore, he found that
twin lamellae and microfractures do not form during triexiel extension
tests carried out at 1.0 kb confining pressure and 150°C. on the
calcite-cemented Tensleep sandstone, even though the rock was deformed
to rupture., This is thought by the writer to reflect the very high
confining pressures required to obtain ductile deformation(in this
case, e-twinning) of rocks under extension conditions in general as
compared with compressive testing(as demonstrated by Heard, 1960).

It is therefore apparent that the presence of twin lemellae and
microfractures are indicative of tectonism(es noted by Friedmen,1963),
Furthermore, the development of lemellee and fractures develop simil-
taneously and it is this general distributed deformation which is
responsible for the yielding which occurs prior to achieving the ulti-
mete strength in the present study. There is a threshold confining

pressure below which failure by fracture may occur without the develop-
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ment of twin lamellae or fractured grains,

The increase in the number of microfractures with increased short-
ening is greatest at confining pressures above 1.0 kb,

This is attributed to the fact that deformation is much more generally
distributed at these higher confining pressures. In contrast, at lower
confining pressures much of the shortening is taken up through displace-
ment along shear fractures or zones and there is relatively little
yielding and distributed general deformation. This is shown disgram-
matically in Fig. 27,

There is also an observed decrease in the rate of fracture develop-
ment with increased shortening in excess of about 5 to 6 percent, This
is thought to reflect (1) the increasing importance of shortening
through shear displacement observed at higher levels of shortening and
(2) the general decreasse in the number of detritel grains which are
favorably disposed to develop fractures. In the second case, there is
a decresse in the number of touching unfrectured grains as more and
more grains are fractured, Also as detrital grains are fractured as
the result of interaction with the matrix, the length to width ratio
decreases and the grains are no longer stressed to failure(to be
discussed in a following section).

(iii) Summery of the effects of confining pressure -- Confining
pressure is shown to affect the strength, ductility and the orienta-
tion of macroscopic fracture development., In the brittle range, the
fracture stress increases rapidly with (ai - 65) rising from 2.31 kb
at atmospheric to 3,50 kb at .50 kb confining pressure(an increase of

240 bars for every 100 bars increase in confining pressure). The magni-
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tude of this effect becomes less with incressing pressure and the
strength increases from 5.50 to 5.90 kb over the range from 2,00 kb
to 2,50 kb confining pressure(an increase of about 90 bars for 100
bars increase in confining pressure).

With increasing confining pressure, there is a transition from
brittle behavior below 1.0 kb to ductile behavior above 2.0 kb,
Specimens sustain less than 1,50 percent shortening(elastic plus
plastic) below 1,00 kb confining pressure, while this increase to
about 3.50 percent at 2.50 kb confining pressure., Furthermore, while
the specimens deformed at pressures below 1.00 kb confining pressure
deform predominately by shear fracture, and undergo little shape
change; specimens deformed et confining pressures above 2,00 kb deform
through a general change in shape., A similar transition is observed
microscopically where increasing confining pressure results in the
suppression of fracturing of calcite grains. The onset of predomine
ately plastic deformation of the calcite is accompanied by the more
general development of microfractures in the detrital grains,

The orientation of macroscopic fractures and shear surfaces
changes from longitudinal at atmospheric to an average of 30 degrees
to 6] at low to moderate oconfining pressures increasing to nearly 0
degrees at 1,50 kb,

Confining pressure acts to increase the ultimate strength while

at the same time it promotes more gemeral plastic behavior.
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(3) Theory of the Effect of Confining Pressure on Brittle Deformation
Processes

Although the effect of confining pressure in inoreasing strenmgth
and ductility has been well known since the earliest investigations
of rock behavior, little comsideration has been given to the theoreti-
cal basis for this observation. We will therefore consider how
confining pressure agts to suppress brittle behavior while at the same
time promoting ductile deformation., Brittle failure results from
the development of macroscopic fractures. We will first consider

the initiation and propagation of cracks,

(a) Griffith Theory
We have already noted in an earlier section thet the

Criffith theory assumes the pre-existence of small flews or cracks
within the material. Under compressive conditions, it has been shown
both theoretically and experimentally that the most critically oriented
cracks within & biaxial stress field are in&lined at between 20 end
40 degrees to . These flaws may initiete fractures near the ends.
However, the fractures propegate less than one or two crack lengthe
following a curved path into & position parallel to di which is tacu
stable, It is then necessary to increase the applied load to several
times the load at primary initiation in order to continue propagation.

This led to the conclusion that shear fractures most probably
develop from an overlapping array of closely spaced, en echelon cracks

vhich could coalesce to form the macroscopic shear fractura(Bombolakis,
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1964; Hoek & Bieniawski, 1965).
The stress to initiate fracture, 61, from the end of pre-existing
flaws cean be shown to be dependent upon the confining pressure, 65,
where
6 = 0y + 6,(26,/0,, + 3. ia, (5-1)
and 0, = uniaxial compressive strength of the rock(Hoek & Bieniewski,
1965).

(v) McClintock-Walsh Theory

The Griffith Theory assumes no forces ere carried across
the faces of the orack. But McClintock and Welsh(1963) argue that
cracks can close and carry normal and shear stresses due to friction,
These stresses will tend to increase the strength of the rock by
reducing the stress concentration at the ends of the orack from the
value it woqld have been in the absence of the friction stress which
resists the deformation of the crack. If the friction is taken into

consideration, the stress to initiate fracture, y» is shown to be

o‘l.o'3(1+u2§+u + 0, (5-2)
Q+u®fou

vhere u is the coefficient of friction between crack faces(Hoek &
Bieniawski, 1965). It has been found that this equation gives a much
better agreement with experimentally determined strengths than the
original Griffith equation., Values of u are found to most commonly

lie between .5 and 1,0.



(¢) The Effect of Confining Pressure on Crack Formation Result-
ing From Plastic Deformation
Most discussions of rock strength have been based on the
congsideration of striotly brittle materials, The ductile behavior of
calcite under confining pressure mskes it necessary, however, to
consider the possibility of fracture being initiated as a result of
plastic deformation,

Mioroyielding within individusl grains of a polycrystalline
materiel is thought to lead to fracture development in a variety of
metallic and ceramic materials(McClintock & Argon, 1966). In such
case, gtress concentrations result where translation slip(i.e. disloc-
ation pile-up) is blocked by some sirong obstacle. This may ocour
where slip in one grain interseots a grain boundary, If the stress
concentration is not relaxed through further slip in the adjacent
grain, orack initiation and propagation may occur,

Dower(1967) considers the effect of confining pressure on
fracture development resulting from this process and we will follow
his discussion, Dower assumes thet the propagation of a crack
requires more energy than its initiation. This wes subsequently
shown to be true under conditions of high pressure(Francc.s & Wilshaw,
1968).

Consider a corack of length ¢ at an engle 0~ to the slip plane,
wedged open by n dislocations of Burger vector b, under the action of

the applied tensile stress ¢ at an angle 45 degrees to the slip plane.
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1
Let the applied hydrostatic pressure be p. The assumption is 3

made that the hydrostatic pressure only affects the work done in
opening the crack, the energy W, of the crack under the stress system,
is comprised of:

(1) The elastic energy of the stress field set up by the crack;
this has been calculated by Stroh(1954) to ve[n?026/f4m(l - v}] 1n br/e, (5-3)
where G is the rigidity modulus, v the Poisson's ratio and r the
effective radius of the stress field.

(2) The surface energy of the crack; this is given by 2c¥', where
¥' is the effective surface energy of the crack. This effective sur-
face energy term includes the plastic work asscciated with the growth
of the crack, and may be much greater than the true surface energy.

(3) The elastic energy of the crack in the applied stress field;
Stroh(1955) calculates this to be

_ (1 - v)o?e?. (5-4)
8G

The work of Sack(1946) suggests that no great error results in
ignoring the effect of the hydrostatic pressure.

(4) The energy due to the increase in volume on opening the
crack; this consists of two parts, namely (a) the work done by the com~-
ponent of compressive stress normal to the crack, (-nbe/2)o"sin(6 - %),
and (b) the work done against the hydrostatic pressure (nbc/z)p.

The total energy of the crack is thus

Ve e Inbp s 2o - WO - a)de? - abe csinfe - )+ o . (5-5)
1-v) 8G 2 b 2

c
Strictly, this equation applies only to a twoedimensional model
but Sack(1946), who extedded the argument to a pemny-shaped crack,

showed that the difference will be a numerical factor only.
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For the crack to spread under the appled stress, W must decrease
as ¢ inoresases, and the length of the crack at equilibrium will be
given by dW/dc = 0. Thus

2,2 . 2
gWe0=_nb G __1+nbds¥'+p_osinfe_oP 1l -v)c . (5-6)
de Ww(l-v)ec 25 nb Q} h); 4G

Rearranging equation 5-6 we get

(1 - v)o 22 _gl_:_fm +p _ o‘sin(e __)';c + _1n%v%c = o0. (5-7)
LG 2( nb 4 l-v

The critical length of crack will occur when the roots of equation 5-7
sre equel, and this will happen when

4dr + p, _ o einf0 _w) =0 (5-8)
nb ° ( 4]

where p, is now the critical hydrostatic pressure for the transition
from brittle to ductile fracture. Rearranging equation 5-8 we get as
the critical condition

nb§°-+ o’sin(& _%Y)_pc} = 4Yr, (5-9)

Under tensile conditions, the crack will spreed catastrophioally if
the left-hand side of equation 5-9 exceeds 4¥', Under confining
pressure, the crack will not spreasd catastrophicelly. Failure may
result from the linking up of many small cracks.,

The increased ductility associeted with higher confining pressures
mey act to inocresse the plastic work essociated with ¥'. This acts
to increase ¢, the stress required to propagate a crack at confining
pressure, p.

(d) Summary of the Effect of Confining Pressure on Crack

Propagation

In all cases considered, whether fracture is initiated
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from pre-existing oracks, or whether cracks are nucleated as a result
of stress concentrations generated by plastic deformation, confining
pressure acts to suppress crack propsgation. In each case, 61
inocreases more repidly than 65, and therefore the differential stress,

6 - 65 increases. The shesr stress (61 - 55)/2 also increases.

(&) Confining Pressure, Ductile Deformation and the Brittle-Ductile
Transition

In contrast to orack propagetion which has been shown to be
pressure gensitive, the ductile processes of twinning and translation
gliding are generally insensitive to hydrostatic pressure(Paterson,
1967). Instead, they depend on some critical resolved shear stress
(ceres.s.) which remains essentially constant under different condi-
tions of hydrostatic pressure. This has been shown to be true for
oalcite(Turner, et al., 1954, p. 889).

In the present case, the increasing shear stress associated
with rising confining pressure may serve to activate a previously
inoperative slip system as the c.r.s.s. for the slip system is sure
passed. In the case of calcite, either r-translation, with a c.r.s.s.
of 1.50 kb, or f-translation with a c.r.s.s. of about 2,20 kb, may Le
activated (Borg & Turner, 1967). With increasing confining pressure,
shear stresses with these megnitudes are first developed in regions of
stress concentration, and then more generslly as the differential
stress is further increased.

Although tranalstion gliding leaves no visible evidence of having



occurred, the development of bent lamellae and undulatory extinction
within caloite grains are evidence that plastic mechanisms other than
twinning have contributed to the deformationm.

The activation of either system provides a contribution to
the five independent slip systems which are necessary(but not neces~
sarily sufficient) for gemersl homogeneous strain to occur as required
by the von Mises criteria(1928). Paterson(1969) hes indicated that
e-twinning plus either r- or f-translation give five independent slip
systems so that von Mises criteria are satisfied. Additional deform-
ation through minor fracture or kinking may act to relax the oriteria
somewhat,

An gnalogous case is seen for polycrystelline magnesium oxide
vhere slip occurs only on (110) at low confining pressures and brittle
failure predominates. At higher confining pressures, more widespread
plestic deformation involving (112) and (100) slip systems become
operative and fully ductile deformation occurs as von Mises criteria

are satisfied(Paterson & Weaver, 1970).

(5) The Effect of Confining Pressure on Strength

The general argument developed within this section provides a
basis to understand how confining pressure controls the strength of
the Blairmore sandstone. Under confining pressures at which deforms-
tion proceeds primerily by brittle processes(up to 1,00 kb in the
present study) increased confining pressure results in a rapid rise

in ultimate strength because the propegation of fractures from flaws
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is highly pressure dependent,

At higher confining pressures where high shear stresses activate
more general ductile behavior of the celcite, the strength(at equival-
ent amounts of shortening) increases less rapidly becesuse of the
relative insensitivity of twinning and tramslation gliding to oonfining

pressure(Paterson, 1967).

Mioromechanics and the Mioroscopic Deformational Behavior

(1) The Role of Detrital Grains

Under confining pressure, the detrital grains act as rigid
inclusions within the ductile caloite matrix. In general, these
grains have a high strength and may sustain only small amounts of
elastic strain(i.e. less than .5 percent) before brittle fracture
occurs. In this section, we will consider the behavior of quartz
and use it as a guide to understanding the behavior of the other

detrital grains,

(2) The Role of Quertz

Within the present study, quartz is observad to deform only by
fracture, Recrystallization or deformation by intracrystalline
mechanisms would not be expected to take place under the conditioms
of the experiments, and no evidence of this behavior was observed.

Netural quartz is one of the strongest common substances and

all attempts to render quartz ductile by high confining pressure at
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room temperature have failed(Griggs & Blacic, 1965). Single crystal
quartz has a compressive strength of 20 to 30 kb even at atmospheric
confining pressure. The strength(defined by differential stress)
increeses to between 36 and 55 kb under 2.5 kb confining pressure,
Under confining pressure, quertz fails by shesr frecture along a plane
oriented at an angle of 35 degrees to o; (Griggs et al., 1960).

Relatively less is known about the strength of quartz undér
conditions of the uniaxial tensile or triaxisl extension test,
Sosman(1927) found that the tensile strength of quartz is between 0.8
and 1,1 kb, If the behavior of single crystals is similar to the
behavior of polycrystalline quartzite(end many other brittle mater-
ials), the strength under extemsion conditions would be expected to
be between onq-twenty-fifth and one~tenth of the compressive strength.
The strength would then be between l.4 end 5.5 kb under 2.5 kb oon-
fining pressure,

All of the principal stresses were compressive in the present
study with the exception of the tests run under atmospheric confining
pressure, At no time, however, did the differential stress approach
the compressive strength of single crystal quartz. Furthermore,
esgsentially all of the microfractures within detrital grains develop
negrly parallel to di, and nearly all are inclined at less than 30
degrees. This contrasts sharply with the 30 to 40 degree inclina-
tion which is characteristic of shear fractures in quertz and other
brittle materials. In fect, it has been generally argued that in

order for fractures to form parallel to 6], the minimum principal
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streas, 65, must be zero or tensile. This conclusion has been reached
on the basis of uniaxisl and triaxial testing(Brace, 1964; Jaeger &
Cook, 1969) and from theoretical and model studies of crack propaga-
tion(Bombolakis, 1964; Hoek & Bieniawski, 1965).

The two important observations are (1) that quartz undergoes fracture
8t aspplied loads which are much below its norqal compressive strength
and (2) the fractures have the characteristic orientation of temsile,
rather than shear fractures, as would normally be expected under
triaxial compressive conditions. The implication of these factors is
‘that significant stress concentrations act on the individual grains
and the stress concentrations have & significant tensile component
vhich controls the propagation of the microfractures.

It should be noted that although there is considerable evidence
that the orientation of fracture in quartz is in part crystallograph-
ically controlled, investigation of deformed non-cemented(Borg et al.,
1960) and calcite-cemented quartz sands(Friedman, 1963) indicate that
this possible crystallographic control is greatly overshadowed by the
marked relation between the microfractures and principal stresses

across the boundaries of each specimen.

(a) The Development of Stress Concentrations Associated with
Detrital Grains
Discontinuities within a solid material, such as pores,
cracks or hard inclusions,result in enhancement of the stress over and
above the stress applied at the margin of the solid under consider-

ation, Stress concentrations may arise from either differential
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elastic properties or as & result of differential plastic behavior
(McClintock & Argon, 1966).

(1) Elastic stress concentrations -- The Herzian solution for
the stress distributions in two spherical bodies in contact has
previously been used to provide an understanding of the nature of
stress concentration of two sand grains in contact(Borg et al., 19603
Friedman, 1963)., We will review this solution in order to have a
basis to understand its relevance to the present study.

Following Timoshenko and Goodier(1951, p, 372-377), the maximm
preasure Giax occurs at the center of the circular contact surface

end is given by

6 = 006(aE2/R7 )2 _ (5-10)

where Q = compressive force, E = Young's modulus, and R = radius of
two spheres of equal size., This formmlation is valid for Poisson's
ratio between ,1 and .3 with only a five percent variation of dﬁax
resulting from this range.

The maximm tensile stress ocours at the oircﬁlar boundary of
the surface of contact. This stress acts in a radial direction with

regpect to the surface of contact and has the magnitude

Ciensile = {L=2¥) O (5-11)
3

where v is the Poisson ratio. The Poisson ratio of quartz is about
0.,1(Birch, 1966)., The maximum tensile stress for quartz is therefore

about 0,27 6

max* It should be noted that this is a 100 percent increase
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over the previously recognized value of 0.13 diax which was obtained
by using a Poisson ratio of 0.3(Borg et al., 1960).

Therefore, as previously noted, for a radius of 10~%cm. and a
Young's modulus of 106 bars, a force of only 13 gm would produce a
maximum stress of 30,000 bars, The tensile stress associated with
this would be 7,500 bars., Significantly, the stress concentration is
very localized and falls off rapidly within the spheres. At distances
of three to four times the radius of contact, the stress deoreases
to one-tenth or less of the maximum values., However, the stress at
the surface is sufficient to exceed the tensile strength, which is the
most critical strength in brittle materials like quartz which fail
in tensicn, |

Although the above solution is well-suited to the analysis of
non-cemented sands, its application is not thought to apply to calcite-
cemented sands under elastic loeding., In these materials, the quartz
grains ere dispersed within a matrix which hae nearly identical elastic
properties to those of quartz. The Young's moduli of gquertz and calcite

are 1,00 x 106 bars and .8% x 106

bars respectively(Brace, 1961).
Therefore, during loading where only elastic strains ocour, no signife
icant stress concentrations develop at the quartz grain-grain contact..
This difference between calcite-cemented and non-cemented sands
accounts for the difference in behavior of the two materials under
hydrostatic loading conditions. While non-cemented sands sustain
considerable fracturing when confining pressure is applied(Borg et al.,

1960), caloite-cemented sands, in contrast, show no signs of deformation
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(Friedman, 1963).

The similarity of Young's modulus for calcite and quartz(end
the other detrital grains) in fact eliminates the potential for any
significant elastic stress concentrations which may develop when an
inclusion of high Young's modulus is surrounded by & matrix of lower
Young's modulus, Investigations showing the relative magnitude of
stress concentrations arising from differential elastic properties
indicate that minor differences in Young's modulus comparable to the
difference between calcite and quartz will not give rise to signif-
icant stress concentrations(Edmonds & Beevers, 19683 Jaeger & Cook,
1969, pe 250).

(i1) Stress concentrations arising from plastic deformation --
While the differential behavior between caicite and quartz may be
insignificant under elastic Eonditions, the onset of plastic behavior
in calcite may give rise to more signifcant differential behavior,

Consideration of an analysis by Ashby(1966) to explain the
deformation of dispersion hardened metal crystals may provide some
insight into the phenomenon. We may consider a hard spherical part-
icle within a plastic matrix as shown in Fig. 28. Consider what happens
when the matrix undergoes a shear., A shear stress 7, is applied to
the specimen ceusing a homogeneous plastic shear a, in the matrix in
the xl direction on the femily of plenes normal to Xoy which we call
the primary slip plenes of the matrix. The displaceﬁent within the
matrix is then u) = axp. In the present case, all of the deformation

within the particle is elastic. Within the matrix, the plastic strain



Fig., 28. (a) A hard particle in a plastic matrix. (b) When the particle
is removed form its hole, and the metrix undergoes e uniform primary
ghear displacement uj = 8x5, the hole is distorted as shown. (c) To
replace the particle in its hole, & secondary shear displacement u2 =
cxj &t the particle-matrix interface is first needed if the particle
is to be elastically distorted only. (d) Alternatively, the matrix
can be displaced by prismatic punching to give displacements uy' and
uz' parallel to new axes x;' and x2°'. (e) One alternative for accomo-
dation occurs through cavity formation along the x;' axis. (£) Another
alternative is for the particle to fracture. (For clarity, diagram
(v) shows a lerge shear strein of 0.5. In consequence, a subsequent
uniform secondary shear up = cx; would not restore the hole to a
sphere. When strains are small, or are applied simultsneously, a
unéfgrm shear up restores the ellipsoid to a sphere). (After Ashby,
1966).
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is much greater than the elastic strain., If the particle is removed
from the hole in matrix, the hole is free to deform, and tekes up
the shape in (b), Fig. 28. Suppose we replace the hard particle in
its hole. In order to do this, it will either be necessary to (1)
displace the surface of the hole until the remaining deviation from
the spherical shape can be carried elasticly by the particle, or
(2) the particle can be deformed until it assumes the shape of the
hole, or (3) both mechenisms can contribute to accomodation.

There are basically three ways in which this accomodation can
occur: (1) The matrix may undergo slip on ome or more additional
glip aystéms in order to displace the matrix-inclusion interface;
(2) Shearing may ocour at the matrix-inolusion interface with the
simultaneous development of voids at the x'1 poles of the particles;
or (3) The perticle is strained to a level where the strength is
exceeded and fracture occurs.

An important aspect of the strain is shown in Fig, 28 as the
gshear strain is accompanied by maximum compression at 45 degrees to
the primary slip planes and maxioum tengion at 90 degrees to the
compression axis(as is the case for infinitisimal enalysis of any
simple shear), The strain results in stress on the inclusion and
the stress is transferred to the particle through shear stresses
exerted on the particle by the matrix, As the stress is developed
through the shear stress at the interface, the shape of the particle
is important. More elongste particles will be more highly stressed.

The critical factor is probably the elongation and associsted

144
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tensile stress to which the particle is subjected, Fpr most common
brittle rock materials, inoluding quertz, elongation of as little as
0.1 to 0.2 percent with accompanying tensile stresses of 1.0 to 2.0 kb
would result in temsile failure, Stresses and sireins with this
order of mesgnitude could be achieved with the development of very
little shear strain on the primary slip plaenes of the matrix,

(iii) The fiber model -~ Kelly(1967) disousses & model which is
ugsed to understand the nature of fiber reinforced materials. Consider
a strong rod of radius r embedded to a depth L in a matrix as in Fig, 29,
Suppose that the sliding friction betweer the rod and matrix produces
a shear force T° per unit srea. For the case where no matrix is
present at the end of the rod, the total loed necessary to pull the
rod out is

P = 2oris (5-12)
This will increase without limit as we increase [. Assuming
that the rod has a breeking strength o}, then the maximum load which

cen be applied to the rod in terms of 6} can be written

Of = X = _R , where d is the diameter (5:13)
b 2r 4

The ratio §/d is the aspect ratioc of the fiber., When the expressicu

is rewritten as X = 5£& the so-called oritical length is obteineds,  (5-14)
r
This is the length of fiber for which the tensile strength of the

fiber is just equivalent to the shear stress exerted on the fiber,

For any length greater then { , the fiber will fail rather

critical
than pull out. For shorter lengths, the fiber remains intact end
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Fig. 29, Model used to determine the critical aspect ratio for fracture
of & brittle fiber embedded within a matrix,
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Fig. 30, Schematic representation of interfacial shear stress (1)
and fiber tensile stress (0;) when matrix exhibite (a) elastic
and (b) elastic-plastic deformation(After Krock & Broutman,

1967).
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shears by the matrix,

This rather simple model has been tested in tension for a
composite material consisting of tungsten fibers within a copper
matrix, Using appropriate values of tensile strength, d}, for
tungsten and shear strength, 1, for copper, a critical length of 5
was predicted. Experimental verification of the model was carried
out by pulling out embedded fibers as described above, End bonded
fibers were found to have a critical length of about 23 while for
fibers without the end bond, the critical length was found to de
about 4(Kelly & Tyson, 1965a).

Further verification through experimental analysis was carried
out by subjecting a composite consisting of a tungsten wire within a
copper matrix to tensile deformation(Kelly & Tyson, 1965b).} Upon
completion of the test during which the copper was observed to deform
through plastic deformation, the tungsten wire was found to have
broken into short segments. The segments were extracted and measured
and most of the fragments were found to have {/d ratios between 1.5
and 3.5.

It has been suggested that this model is valid for two different
cases, If the fiber-matrix interface is strong, then the value of 7T
may represent the shear strength of the matrix material, If the
matrix does not shear or the interface is weak, then the transfer of
stress may be accomplished by frictional forces at the interface, and
the equation becomes f = r0f , where u = coefficient of friction (5-15)

ud,
between the two surfaces andnd; = normal stress at the fiber-matrix
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interface(Outwater, 1956).

Now, if a similar model consisting of a quartz fiber within a
caloite matrix is considered what critical length would be expected?
For a trisxial extension test executed at about 2.5 kb confining
pressure, the strength of quartz might be expected to be about 2,0 kb
which is then taken as 6,, The value of 1 for calcite is less cer~
tain, but a value of 1.0 kb is not out of line for the observed shear
strength in many triaxiel tests on calcite rocks. This is also
the approximate critical resolved shear stress for r-translation,

For these values, {/d, the critical aspect ratio equals
2.0 xb/(2 x 1.0 kb), which is equal to ome.

If the model for slip at the interface is takem instead, then
the value of the coefficient of friction between calcite end quartz
would have to be used. Although this is not known, recent work on
the friction between faces of sandstone and limestone suggest a coeffic-
ient of .5 or more(Logen et al., 1970). For equation (5-15), the
critical aspect ratio is again about one,

Although this fiber model may not be directly appliceble to the
present study because of the idealized grain shape Qnd the assumed
stress state, it does serve to demonstrate the probable nature of
stresses which act on particles within & matrix defbrming by ductile
flow. PFurthermore, if appropriate values for a quartz fiber within
calcite matrix are assumed, the results indicate that nearly equant
grains of quartz may be subjected to sufficient stress concentration

to cause tensile failure. Because of the high proportion of elongate
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graine in the Blairmore sandstone, the fiber model snalysis may be
more relevent than for e rock in which the detrital grains are all
well rounded end have high sphericity,

(iv) Summary and discussion -~ Ashby's model indicates one way
in which tensile stresses may develop in an inclusion which is in e
matrix undergoing plastic deformation by simple shear. The fiber
model shows more gensrally how elastic stress concentrations develop
as a result of shear stresses being exerted at the margins of the
inolusion, The stress concentration within the inclusion has certain
characteristics which should be considered further.

The stress within the inclusion is elastic. Becasuse the stiress
concentration is the product of intersction with a plestically deform-
ing medium, the greatest force is exerted near the midpoint of the
inclusion, If the inclusion has the shape of an elongate fiber with
a uniform cross sectional area, the stress will also be at & maximum
near the center. In gddition, the stress will be proportional to the
length of the grain and therefore, the greatest stress will develop
in the most elongate grains., 4s long ss the shear sfreaees at the
margins are uniform or vary in a uniform manner, the stress concentra~
tion will affect the entire inclusion, This is in marked contrast to
the stress concentrations resulting from grain to grain contacts which
affect only the immediate vicinity of the point of contact.

VWe should comsidor the more general case of what happens in &
caloite-cemented sandstone whioh is undergoing shortening through

homogeneous flow, Friedman(1963) has shown that the mejority of the
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calcite grains deform statistically in response to the principal
stresses across the boundaries of the specimen as a whole., 4s a
result of the nature of the relations between stress and strain in
the technique involved in Friedman's study(the Turner technique),

it mey be inferred from the results that maximum elongation of the
calcite grains(at least the component resulting from ey twinning) is
statistically parallel to 63, or for triaxial compression parallel
to the radius of the core exis.

If this strain of the calcite matrix is effective in causing
tensile stresses within the detrital grains as proposed in this
section, then the maximum tensile stresses will reflect the statistical
nature of strain of the celcite matrix. That is to say that a major-
ity of the detrital grains will be subjected to tensile stresses
which ere oriented more or less parallel to the radius of the specimen
core and therefore nearly parallel to 65. Therefore, the microfrac-
tures have a symmetricel relation to the principal stresses applied
at the margins of the specimen,

The writer feels that this may be one of the reasons that the
gignifiocance of stress concentrations may have been overlooked in the
pest, In fact, they have been explicitly excluded by Friedmen(1963,
pe 3%) who wrote ",..both the calcite cement and the detrital grains
deform in response to the principal stresses across the boundaries of
the specimen as & whole rather than to local stress concentrations at
grain contacts",

Recognition of the fact that the symmetry of the strains
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asgociated with stress concentrations may reflect the symmetry of the
applied stresses accounts for the apparent relation between the
orientation of the microfractures end applied stresses. It only
becomes clear that the stress concentrations are a very necessary
part of the system if we recall that the tensile stresses are neces-
sary for the development of extension fractures which form the vast
majority of the microfractures within the detrital grains, and that
without the concentrations the applied stresses could not be expected
to cause extension fracture. Furthermore, this mechanism cen account
for failure of quartz and other detrital grains under applied stresses
whioch are well below the compressive strengths of these materials.

The following sequence is visualized to account for the deform-
ation of a calcite-cemented sandstone. The first inelastic strain
occurs by twinning of favorably oriented calcite grains. The detrital
grains are affected in two ways at this point, The grains are sube-
jected to an elastic strain by the deforming calcite., In eddition,
previously touching detriteal grains are pressed together. Fractures
are initiated af the toughing contacts after very little strain occurs
as a result of the tensile component of the contact stress concentra-
tion, Once the fracture is initiated further propagation is caused
by the tensile stress exerted by the deforming caslcite on the grain
margins, The non-localized nature of the stress(in contrast to the
contact stresses) and the nearly uniform orientation of the stresses
are responsible for the very systematic orientation of the micro-

fractures.
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In addition, individual detrital grains and parts of grains
which do not touch other detrital grains are subjected to tensile
stresses by the deforming celcite. These stresses are of sufficient
magnitude to initiate fractures. Very little plastic strain is
necessary if the strain is efficiently transmitted to the detrital
grains., Propagation and orientation of these fractures is effected
by the same foroces,

The effectiveness of the caloite matrix in controlling the ori-
entation of the fracture propagation accounts for the difference in
orientation pattern between fractures formed in calcite-cemented
and non-cemented sands. In non-cemented sands, the initiation and
orientation of fractures depends upon stress concentrations developed
at the site of grain to grain contacts(as proposed by Borg et al.,
19603 Gallagher et al., 1970). The locallized and nom-uniform dis-
tribution of the stress concentrations accounts for the irregular
character and veriable orientation of the fractures in non-cemented
sands. The pre-eminence of the development of the mmch more pervasive
and uniform stress concentrations caused by the plastically deforming
matrix accounts for the more regular character of the microfractures
in the detrital grains of calcite-cemented sandstones.

It would be expected that both mechanisms may sct to control
the development of fractures in poorly cemented sandstones which have
a high porosity. The change in orientation pattern with porosity or
conversely cement content is shown in Fig. 24 (p. 111)., In the

opinion of the writer, the less wellwdeveloped pattern of fracture
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Fractures initiated by elastic
stress concentrations at grasin-grain
contacts. Stress concentration is
very localized and orientation of
the developed stresses have only
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Fractures initiated by both grain-
grain contasct stress concentrations,
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a", 63", affect the entire grain and
have an orientation which is closely
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a majority of the fractures lie
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Comparison of the factors which control the initiation and

propagation of fractures within detrital greins of non-cemented

and calcite-cemented sands.

ture pattern.

Comparison of the resultant frac-



154

orientation observed in the porous(l?.s percent porosity)Supai sandstone
is caused by the development of some fractures by the contact stress
mechanism in that part of the rock where the calcite cement is absent.
This explanation is preferred over Friedman's(1963, p. 28)suggestion that

the fracture planes were rotated away from their original positions.

(3) Deformational Behavior of the Calcite Matrix

During plestic deformation of a polycrystalline aggregate, the
need to maintain continuity at the boundary between a grain end its
neighboring grains determines the deformation processes within the
grein and so determines the stress required for deformation(Taylor,
1938). It has been shown that the flow stress of ductile metals follows
the Hall-Petch relation, i.e., Ofy4, = Jp + K1~% (5-16)
where Ofjoy, is the stress required for flow at some constant strain,
65 and k sre material constants and 1 is the grain diameter
(Armstrong et al., 1962). The explsnation for this effect is thought
to lie in the difference in slip band formation in the single crystal
end in a polycrystal. In & single crystal, dislocations arriving at
e free surface cen emerge there, but, in a polycrystal, dislocations
arriving at a grain boundary cennot freely cross the boundary. When
the concentrated stress at the end is sufficiently high, & new dis-
location source will be unlocked and plastic deformation initiated in
the next grain. The reason that the flow stress is dependent upon
the grain size is that the stress concentration at the end of a slip

band is also dependent upon the slip band length. The stress concen-
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tration factor at a short distence r, shead of a slip band of length 1
is (1/4r)§(Eehelby et al., 1951).

Although the writer is unaware of a specific solution for the
stress concentration associated with twinning, the yield stress for
a polycrystalline material deforming by twinning has also been shown
to follow a grain size dependence expressed by 5-16 (Tetelman &
MeEvily, 1967, p. 252).

The relation of 5~16 can only be expected to apply once the
limiting grain boundary resistance has been reached. During plastic
deformation of a polycrystalline aggregate, the critical resistance ims the
stress necessary to initiate plastic deformation within the adjacent
grain,

This relationship has been demonstrated to hold for several
metals(Armstrong et al., 1962; Tetelman & McEvily, 1967). Although
no quantitative analysis has been carried out for limestones and
marbles, there is qualitative evidence that a similar relation does
hold (compare the high flow stress of the very fine-grained Solenhofen
limestone with the much lower values associated with equivalent strain
in more coarse-grained marbles).

It is therefore not unreasonable to expect that any reduction
in grain size will result in an increased resistance to flow. As the
detrital grains in the Blairmore sandstons effectively reduce the
calcite grain size, this factor probably accounts for at least part
of the high strength of the rock under ductile conditions.

In a polycrystalline calcite aggregate, stress concentration

within a grain is normally relieved by plastic déformation within
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adjacent grains as the limiting boundary resistance is reached.
However, if the adjacent grain is high strength quartz(or some

other strong rigid mineral) which is incapable of plastic deforma=
tion under the prevailing conditions, then the stress within the
initial grain may reach much higher values that it would in a material
bearing no inclusions,

In the last section, it was argued that stress could be rel-
ieved by either fracture and shape change of the hard inclusion or by
additional deformation within the plastically deforming matrix.
Although it is clear in the present study that the inclusions do fracture,
this permits only limited stress relief, as most of the grain bound-
aries are still formed by rigid quartz grains, Therefore, if the
materiel is to undergo additional ductile deformation, the matrix
must undergo general deformation particularly in the vicinity of the
grain boundaries. In the present case, the calcite must deform on
less favorably oriented systems which may have large critical resolved
shear stresses.

In fact, there is good evidence that the calcite does undergo
more general deformation especially in the immediate vicinity of
grain contacts with detrital grains. The development of bent lamellae
near grain boundaries was observed in this study and is noted by
Friedmen(1963, p. 19, 24 and 25), Even single celcite orystals
containing sand grains favorably oriented for e-twinning were found to

deform by additional mechanisms(Friedman, 1963).
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Friedman also notes that single crystsls of calcite containing
sand grains which were not favorably oriented for e-twinning developed
e-twins which tend to die out away from the sand grains(1963).

Development of general strain on less favorably oriented, more
regsistant slip systems will affect both the strength and duotility of
the rock. In the first plece, high stresses are required for even
small amounts of macroscopic strain to occur as the rigid inclusions
make it necessary that nearly all of the eccomodation at the grain
boundaries occurs within the calcite itself, This also affects the
general duotility as large strains may only be accomodated once the
calcite can readily deform on five independent slip systems.

In sumnary, the strength is thought to increase as a result of both
a grain size effect and the constraint on deformation which is offered
by the rigid inclusions. The ductility is decreased and therefore,
the brittle~ductiile transition is suppressed because of the constraint
of the inclusions. Macroscopic shear fractures form at much higher
confining pressures than in orthocalcite rocks because the stress
required to develop shear fracture is much less than that required

for generel deformation of the calcite.

Applications of Composite Materisl Theory

The behavior of the calcite-cemented Blairmore sandstone follows
the genersl pattern of behavior which is expected for a particulate
reinforced composite material with a non-deforming dispersed phase.

That is, as compared with the matrix, the strength is considerably
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increased and the ductility is markedly reduced., If this is in fact
a valid analogy, it should be possible to define which variables will
have the greatest effect on the deformational behavior of calcite-
cemented rocks. It should also be possible to predict how changes
in these variables will affect the deformational behavior of the rock.

Engineering composites with a non-deforming dispersed phase
show & yleld strength, tensile strength and fracture elongation
vwhich is dependent upon the mean free matrix separation and there-
fore volume fraction of the dispersed phase(Krock, 1967). Normslly
the strengths increase and the ductility decreases with increasing
volume fraction, Although there is insufficient available data to
definitively test this hypothesis, recent work by Rector(1970) gives
some supporting evidence,

The arenaceous end dolomitic Columbus limestone containing
21 percent quartz, 17 percent dolomite and 62 percent calcite was
found to behave much like a pure limestone, Strengths were relatively
low, and ductility was high. Microscopic examination indicated that
the quartz end dolomite grains showed only very limited development
of microfractures in specimens shortened up to 10 percent. These
results indicate that there is little or no change in deformational
behavior at the volume fraction level of this rock. The reinforecing
effect must become effective between 40 and 60 percent volume frac-
tion of sand-sized detrital greins. Further work will be required
in order to fully define the volume fractioh effect in these rocks,

An importent consideration of any experimental study of rock
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deformation is what effect increasing temperature will have on the
deformational behavior, Although the present study did not carry

the investigation into higher temperatures, it should be possible to
predict the effect of increesing temperature on the behavior of cal-
cite-comented sandstones based on the principles of composite material
behavior.

The primary adventage of composite materials is not their abile-
ity to improve the room temperature strength, but rather their ability
to maintain the attendant yield strength increase and creep resistance
over & wide temperature range - up to 80 percent of the melting point
of the matrix. The effectiveness of the dispersion is determined by
its insensitivity to temperature increase(Krock & Broutman, 1967).

With this in mind, we can predict that the behavior of calcite=
cemented sandstones will depend primarily upon the behavior of the
detrital grains. Even though the deformational behavior of calcite
is quite sensitive to temperature changes, strengths will remain high
as long as the detrital grains remain strong and rigide.

A similar dependence may be expected for changes of strain-rate,
As long as the detrital grains are deforming predominately by brittle
fracture, it is probable that reduction of strain rate will have little
effect on the deformational behavior of caloite-cemented sandstones.

In summary, the known behavior of particulate reinforced com=-
posite engineering materials supported by available data on the behav-
ior of calcite-cemented rocks provides the besis for a general under-

standing of the deformational tehavior of these rocks. The strength
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and behavior primarily depend on the relative volume fraction of
the sand components(the greatest effect will be observed over the
range of 40 to 60 percent detrital grains) and the‘ operative cone-
fining pressure, It is probable, however, that the strength will
remain high even when the rock is deformed under inoreased temperse

tures and under decreased strain rates,



Chapter 6
SUMMARY AND CONCLUSIONS

General Ststement
The calcite-~cemented Blairmore sandstone has been subjected to

shortening of up to 20 percent in a triexisl test apparatus at an
spproximate shortening rate of 10'“/hecond, at room temperature anmd
dry. The variation in macroscopic and microscopic deformational
behavior has been defined over the range of confining pressure between
1 and 2600 bars. The behavior may be compared and contrasted with
the well known behavior of the constituent phases.

The deformational behavior of the calcite-cemented Blairmore
sandstone mey be summerized as follows:
(1) The Blairmore sandstone undergoes s transition in deformational
behavior from longitudinal fracture at atmospherio confining pressure,
to brittle shear fracture up to 1.00 kb. Ductile faulting predominates
at intermediate pressures and limited homogeneous flow occurs above 2.00 kb,
(2) The rock has a uniaxial compressive strength of 2.31 kb, The
strength rises rapidly with increesing confining pressure up to
1.00 kb, end less rapidly above this.
(3) As compared with calcite rocks the strengths are very high, the
ductility is greatly reduced and the brittle-ductile transition is
suppressed to much higher confining pressures.
(&) At low confining pressures the caloite deforms through both
fracture and ductile processes. With increasing confining pressure
fracture is suppressed. Under these conditions caleite deforms pri-
marily through twinning. However, edditional plastic mechanisms

(probebly translation gliding) is responsible for the development of |
161
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bent twin. lamellae and undulatory extinction. The twin lamellae
show a considerable veriation in orientation, but nearly all of the
lamellase form at an inclination which is greater than 30 degrées to
di. The number of lamellae increase with inoraase§ shortening.

(5) The detritel grains deform by brittle fracture. Nearly all of
the microfractures which develop are oriented more or less parallel
to 67(inclined less than 15 to 20 degrees). Although microfractured
detrital grains occur within all specimens deformed under confining
pressure(the minimum confining pressure employed was 250 bars),
fracturing is more pervasive above 1.00 kb, where a majority of the
detrital grains sre fractured. BNumerous fractures are present
within specimens which have sustained as little as 2.1l4 percent
permanent shortening. The number of fractures increases rapidly with
increased shortening up to about 5 percent, and then increases less
rapidly.

Conclusions

The deformational behavior of the Blairmore sandstone can be
understood in terms of the competition between the various modes of
local fracture and of shape ohange. At low confining pressures frac-
ture and brittle behavior predominate, while at high confining pressures
plestic processes and shape change predominate.

The rapid increese in fracture strength in the brittle renge
associated with rising confining pressure occurs because the process
of fracture propagation responsible for feilure is very semsitive
to changes in hydrostatic pressure. This is found to be true for all

of the theoretical models of fracture propagetion(Griffith and
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MoClintook-Walsh for brittle behavior; Dower and Francois-Wilshsw
for initiation by plestic processes).

Significantly, this accounts for the fact that di increases much
more repidly than 05, which provides an increasing shear stress,

(g - 05)/2. The increasing shear stress resulting from increased
confining pressure serves to activate additional slip systems within
calcite which have a high critical resolved shear stress. This forms
the basis for the brittle-ductile tremsition of caelocite. Activation
of one or more additional slip systems provides the five independent
slip systems whioh are required by the von Mises criteria in order
for any solid to undergo homogeneous ductile flow,.

With the onset of general ductile deformation of the calecite,
fracture of the calcite contributes very little to the deformation,
In fact, the transition from brittle-ductile occurs over a range of
confining pressures, and increased confining pressure is accompanied
by increased ductility. Once ductile processes make a significant

_contribution to the deformation, further increases in confining prese
sure are accompanied by only moderate increases in strength because

- the pressure sensitivity of the plastic processes of ductile flow is
not great.

The behavior of the rock is determined by the mechanical behavior
of the individual phases and their interactions. The interactions
(whioch imply the homogeneous hypothesis of deformation of Taylor)
profoundly affect the microscopic behavior of the individual phases,

They, in turn, account for the differences in behavior between this
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rock and the behavior of rocks consisting of the individual phases
such as limestones and quartzites.

Although it may appear thet the deformation mechanisms of
calcite and quartz are the same in calcite-~cemented sandstones as in
the monomineralic aggregates, such as marbles and quartz sands, the
writer proposes that it is necessary to consider the interaction of
the different phasses for the following reasons:s (a) The strength and
macroscopic deformational behavior of the rock is much different than
would be expected based on the propérties of orthocalcite rocks;

(b) In general, the detrital grains fracture et applied stresses much
below their normal confinéd compressive strengths; (c) The detrital
graing do not fail by shear fracture as would be expected under
triaxial compressive conditions, but rather by extension fracture,

Consideration of the differential mechanical properties between
the ductile matrix and the rigid detrital grains and their interaction
provides a basis to understand the development of the microfabric as well
as the macroscopic behavior and strength, Contrasting mechanical
properties such as differential ductility may give rise to stress
concentrations., The effect of stress concentrations is to signifi.
cantly alter the state of stress within, end in the immediate vicinity
of, the detrital grains. Both the absolute megnitudes and the rela-
tive ratios of the effective stresses may change, By considering the
effect of stress concentrations, it is possible to rationalize the
observed behavior of the detrital grains(failure at relatively small
applied stresses through the mechanism of extensional failure) with

the stresses applied at the margins of the specimen.
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In the present case, the most significant stress concentration
is thought to develop as a result of the differentisl ductility between
the calcite maetrix and the rigid detrital grains. The plastic
deforming calcite exerts shear stresses on the surface of the detrital
grains. The shear stresses in turn generate tensile stresses within
the detrital grains. The symmetry of the stress concentration(and
of the orientation of the resultant fractures which it produces)
reflects the symmetry. of both the applied stress and the material
being acted upon, It is for this reason, that the fractures are
oriented parallel to the maximum principal stress of the applied system,
not as a direct response to the applied system.

The interaction also has an effect on the deformation of the
plastically deforming calcite. The forces exerted on the calcite serve
to restrain deformation. Furthermore, the bounderies of the rigid
grains serve to block deformation within the calcite and essentially
all accomodation and shape change must therefore occur solely within
the caleite grains themselves., In order for this to occur, slip or
twinning must take place on the less favorably oriented systems, and/or
on systeés which have large critical resolved shear stresses. These
factors, coupled with the small effective calcite grain size(determined
by the distance between the detrital grains), are responsible for the
high strength and low ductility of this rock. Because the calcite is
not as free to deform ductilely as when detrital greins are not present,
the rock deforms by shear fracture under conditions where limestone and

marble normally deform by homogeneous flow,
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The deformationsl behavior of this rock has much in common with
the behavior of particulate reinforced composite engineering materials.
Because of this similarity, it should be possible to predict what
effect changes in other variables may have on the deformational behavior
of this rock based on the well-known behavior of composite engineering
materials,

The following sequence of events is visualized for ductile
deformation:
(1) Yielding first develops by e-twinning in favorably oriented calcite
grains in response to shear stresses directly related to the stresses
applied to the margins of the specimen.
(2) With the onset of yielding, transverse tensile stresses are gener-
ated within the detrital grains by the plastically deforming calcite.
Detrital grains previously touching each other, but previously "cushioned"
by calcite, are forced together,
(3) Fractures are initiated by (a) the tensile component of elastic
stress concentrations which develop at the site of detrital greain to
grain contacts, and by (b) elastic tensile stresses gen;rated within
the detrital grains by the shear stresses exerted by the plasticelly
deforming calcite.
(4) The propagation and orientation of the fractures is controlled by
the tensile stresses exerted by the calcite. bLvilence for the import-
ance of this mechanism comes from two observations. Fractures are
frequently developed within detrital grains which do not make contact

with other detrital grains, The fractures are systematically oriented
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and reflect the control of a pervasive stress which is not loocalized,
as is the case for stress concentrations generated at detrital grain
to grain contacts,.

(5) The development of microfractures within the detrital grains does
not significantly affect the deformational behavior of the calcite.
This is because much of the grain boundary between the calcite and the
detrital grains is unchanged, but retains the character of a rigid
non-yielding interface. Further deformation requires that calcite
deform by slip or twinning on the less favorably oriented and highly
registant systems, The need for additional mechanisms of accommoda-
tion is particularly acute near the grain boundary interface where
bent lamellae and undulatory extinction is observed to be most intensely
developed.

(6) Much of the increased strain is accomplished by the development
of additional twin lamellae.

(7) At low to moderate confining pressures, the ultimate strength

is reached once the favorably oriented twin and slip systems have been
exhausted. A point is reached at which the increased differential
stress required for further ductile deformation reaches the level
where shear fractures are propageted and failure occurs,

(8) At high confining pressures, similar behavior is observed.
However, considerably more plastic deformation may occur because of
the higher prevailing shear stresses., Strain hardéning oceurs with
increased shortening until the onset of incipient shear fractures is

observed once the ultimate strength is achieved. Continued deformation
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is accomplished through a combination of additional plastic deformation

in the calcite and by displacement on shear surfaces.

Geologicel Implications

It is proposed that the results of this study may provide the
basis of understanding the deformation of several geological
materials which are similar or have analogous properties to the
calcito-cemented sendstone investigated in this study,

The direct appliocation to the reinterpretation of work by
Friedman(1963) on celcite-cemented rocks is readily aspparent. In
fact, the similarity of such features as grain size and calcite
content between the Blairmore sandstone and some of the rocks invest-
igated by Friedman indicate that these rocks have many properties in
ocommon, While the results of the prasent study confirm many of the
observations made by Friedman, the writer thinks that the interpreta-
tion developed in the present investigation provides a much more
thorough understanding of the deformational processes involved, and
also accounts for some previously unexpleined features and relations,
In perticular, it accounts for the gemeral macroscopic behavior of the
rocks, while at the same time it resolves the general problem of the
development of microfractures within the detrital grains.

One of the most important contributions to the understanding of
deformational processes of rock materials resulting from this work,
is the recognition of the role which stress concentrations play in

the development of extension fractures. Differential ductility of a
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deforming material may be responsible for the development of localized
astates of stress within the material which are much different from

the stress applied at the mergins of the rock as a whole., Because

the state of stress is one of the most powerful variables in control=-
ling the deformational behavior of rock materials, recognition that
strees concentrations may develop is fundamental to understanding the
deformation of these materials.

The natural occurrence of such features as extension fractures,
tension fractures, "microboudinage" etec. which occur within relatively
strong, rigid mineral grains is well documented in the literature.
Such features have been shown to form normal to the axis of principal
elongation within many deformed rocks and are known to occur within
quartz(Carter & Friedman, 19653 Stsuffer, 1970), feldspar(Dalziel &
Bailey, 1968; Stauffer, 1970), garnet(Harker, 1932, p. 195, 3083
de Sitter, 1956; Naha, 1959; Remsay, 1967, p. 1823 Dalziel & Bailey,
1968), and pyrite(Spry, 1969, p. 242). They are also found under
similar conditions within pebbles and boulders of deformed conglomer=
ates(Stauffer, 1970; Remsay & Sturt, 1970; Hsu, 1971),

However, nowhere(to the writer's knowledge) is there any consider-
ation given to the mechaniesm and stresses responsible for the develop~
ment of this fundamental deformational feature. The mechanism of stress
concentration associated with rigid inolusions within & ductilely
deforming matrix provides a rational explanation of how tensile
stresses may develop locally within & material which is subjected to
compregsive siresses. This mechanism provides a fundamental under-

standing of the development of such features based on rational mechanics,
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Another-contribution of this study is laying of the groundwork
for attacking the general problem of how rocks consisting of more
than one minera)l phase which normally have highly contrasting mech-
anical properties will deform, The understanding provided through
the investigation of the calcite-cemented Blairmore sandstone, conside
ered together with the known behavior of engineering composite mater-

ials, provides a basis for such a study.
Recommendations for Future Work

Several experiments masy be formulated in order to further
evaluate the factors which control the deformational behavior of
calcite-cemented sandstones., A series of experiments may be carried
out using the apparatus and techniques which were developed during the
present study, and this could be extended by employing model studies
and theoretical analysis,

The effect of volume fraction on the behavior of calcite-cemented
sandstones over the range between 40 and 60 percent sand fraction is
of particular interest., Experimental deformation of sandstones within
this volume fraction range would not only define the effect of this
variable on macroscopic behavior and strength, but would also allow
detailed verification of the nature of microfracture development in
those cases where the detrital grain to grain contacts do not occur,

A ptatistical study could be carried out which relates micro~
fracture development to such factors as the axial ratio of the detrital
grains, or to mineralogy(elongate grains or relatively weak minerals

should show the development of more fractures),
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The hypothesis proposed to explain the high gtrength of the
Blairmore sandstone has several implications for the behavior of cal-
cite., The effect of grain size on the flow stress of limestone should
be evaluated by deforming several limestones of known grain size and
otherwise uniform properties in order to test the general epplicability
of the Hell-Petch relation to this rock type.

By comparing the nature of strain development within orthocalcite
rooks and calcite-cemenied sandstones, it should be possible to deter-
mine how strain development differs within the two rock types. Atten-
tion should focus on the general intensity such as comparing twin
lamellae indioces for the two rocks deformed under comparable condi-
tions, This could be of partiocular interest if a more precise defin-
ition of the thickness of twins could be better determined.

The high strength and diminished ductility ia thought to be
primarily related to the need for relatively great amounts of general
strain to develop in the immediate vicinity of the interface between
the calcite and the detrital grains. It mey be possible to compare
the development of strain at grain boundaries in orthocaleite rocks
and calcite-cemented sandatones in order to determine whether such a
difference does in fact exist,

The proposed mechanism of interaction of the calcite and detrital
grains is thought to be responsible for the fracture development
within the detrital grains, Comparison of the orientation of individual
miorofractures with the sirain of the surrounding calcite grains(for

instance, using the Turner technique through which the principal
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straine in the calcite may be defined) should serve to test the valid-
ity of this relationship,

More generally, tests of the predictions made with the aid of
composite material theory(which indicate that the behavior of the
composite will be primarily controlled by the properties of the
strong dispersed phase) may be made by performing experiments over a
range of temperature and strain rates. This should be useful as
calcite behavior is very sensitive to changes in both temperature
and strain rate, while quartz and other common constituents of sand
grains ere quite insensitive except at high temperatures and very low
strain rates,

A model or theoretical study should be devised which better
defines stress concentrations resulting from plastic or ductile flow
around rigid inclusions, particularly for ineclusions whioch have a

shape characteristic of send grains(spherical to ellipsoidal ),
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Appendix A

Test Apparatus and Experimental Techniques

Design of the Triaxial Test Apparatus

(1) General Statement
The experimental equipment used in this study comsists of four

__basic systems

(1) pressure vessel

(2) confining pressure system

(3) loading ram and loading rate“aystem

(4) instrumentation

A general view of the triexial test apparatus and a schematic

diagram are shown in Plate 3 and Fig. 31 respectively,

(2) Pressure Vessel .
A photograph showing the components, and a schematic diagram of

the pressure vessel are given in Plate 4 and Fig. 32, The pressure
vessel was built at Columbia University, and with the exception of

minor alterations, it is the same as described by Donath(1970a).

(3) Confining Pressure System

Kerosene is used as the confining pressure medium., Confining
pressures are generated using a manual Enerpac model P228 hydraulic
jack rated at 40,000 psi. Movement of the piston into the test chamber
causes a deorease in the volume of the test chamber, which would

normally result in an increase in the confining pressure, However,
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Plate 3

A genersl view of the triaxial test apparatus.
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Figure 31 Schematic diagram of triaxial test apparatus.
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Plate &

Exploded photograph of the pressure vessel showing the piston, specimen,

anvil, upper and lower retaining plugs, piston rod and the load cell.
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constant confining pressure is maintained.through a balance overflow
syastem which sllows the excess kerosene to flow into a reservoir in

the hydraulic jack behind the advencing rem. A temperature compensated
(~25° to 125°f) Heise gage is used to monitor the confining pressure.

Confining pressure measurements are acourate to within 10 bars or leas,

(4) Loading System
The load is applied through a 20 ton Enerpac hydraulic ram which

is connected to the pressure vessel by a cylindrical'steel coller.

The rem is mecﬁanical;y linked to the test specimen by a load cell,
piston rod and the lower piston. The hydraulic ram is driven by a
motor-driven hydraulic pump which was designed and built at McMaster
University during the period 1966-1969. This system provides a constant

loading rate.

(5) Instrumentation

A Hewlett-Packard model 2D-24, X-Y recorder is used to record
the axial load and the piston displacement. A Cramer electric motor
and a switchihg device interrupts the Y-axis to provide a time signal
on the record from which shortening rates may be calculated,

The exial load is measured with the aid of a load cell made by
mounting four Budd metal film strain gages(Type C-6-141<B) on 1-3 by
% inch cylinder of "Ultimo 200" steel. These geges have a high resolu-
tion and are.virtually temperature insensitive between 62° and 100°F,
The load cells are calibrated by applying known loads in & Tinius

Olsen testing machine. A Budd P-350 Strein Indicator is used to
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calibrate the load cell and to emplify the signal from the load cell
to the XY recorder.

The axial stress in the specimen can be calculated from the
axial load after corrections for confining pressure, frictional con-
tributions of the piston, and changing cross-sectional area of the
specimen have been made. The stress is estimated to be accurate
within 3 percent.

Displacement of the piston is measured by a Sghborh 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 to
specimen strain after corrections have been made for the elastic dis-
tortion of the apparatus.

The corrections resulting from the elastic distortion of the
apparatus is relatively large, as the elastic distortion is 1.3610
x 1077 om/bar. The relatively large corrections méke determination
of specimen strain unreliable for small amounts of specimen strain
(0.5%). For strains greater than this, the correations produce

errors of no more than about 5 percent of the observed value,

(6) Specimen Preparation

Cylindrical test-pieces one-half inch(1.25 cm) in dismeter were
cored from the source block with a diamond drill. All of the cores
uged in this series of experimente came from a volume of rock occurring
at the same'étratigraphic interval, The source volume is about five
inches x five inches x one and one-half inches(12,7 eﬁ'x 12,7 em x

L’o3 cm)o
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The long axes of the cores are oriented normsl to the apparent
bedding lamination, The ends of the cores were ground flat for form a
right cylinder with &an overall length between 0.990 and 1,010 inches
(24515 cm and 2.79% cm), Non-parallelism of the ends was kept below
+0012 inches(.0030 cm). Results of an investigation of the effects
of non-parallelism on rock strength by Hoskins and Horino(1968, p. 6-7)
indicate that non-parallelism in excess of this amount resulted in
reduced fracture strength.

The finished cores have a true diameter of about 0.490 inches
(1.245 em)., The cylindrical surface was given no specisl treatment.
Eowever, normal drilling procedure produced a smoqth surface with no
marked plucking or grooving. DMeasurement of the diemeter of all cores
to within 0001 inch( .00025 cm) indicated that the taper along the
length was less than .001 inches(.0025 cm) in all cases.

After fabrication, the cores were pleced in a drying oven for a
period of one week or longer at an epproximate temperature of 90°C.,
Controlled weighing experiments indicated that the weight loss resulting
from drying occurred within the ipitial wveek, and the weight remained
essentially constant after that.

When the deformation experiments were to be run,lthe test core
was removed from the oven and allowed to cool. The length and
diameter were then measured with & vernier micrometer to within
.0001 inch(.00025 om). The cores were jacketed end prepered for the
experimental run,

During the initial stages of the study, the test specimens were
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jacketed in cylindrical copper jackets one inch in length and .005
inoch(.0127 cq) thick. The jacketed speciman was then placed in Tygon
tubing of .062 inch(.157 cm) well thickness which was wired to the
end anvils to keep out the kerosene used as & confining pressure medium.
During later steges, a jacketing technique was used employing one wrap
of 006 inch(.0153 cm) polyethylene film covered by about three wraps
of .009 inch(.0228 cm) polyethelene adhesive tape vhich forms an effec-
tive seal on the anvils.

At the completion of the test, the specimen was photographed

and then immersed in epoxy resin,

(7?) Data Processing
Values of load and displacement ere picked from the X-Y recorder

record. Care is tsken to pick enough points so as to define the curves
within close limits. These values and related constants are recorded
and later punched on IBM cards.

The stress-strain relations for each test are determined using a
computer program which corrects for the elastic distortion of the
apparatus and provides true shortening based on an assumption of
constant volume, end chenging cross sectional area(i.e. that strain
is uniformly distributed throughout the specimen).

In order to facilitate interpretation and comparison of several
tests, additional subroutines heve been added to the main program.
One subroutine provides interpolated values of stress at 0.2% incre-

ments of strain. These values of stress are used in another program
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to compute an average stress-shortening;curve for a number of tests
run under identical conditions. Vhlues'for each teast are then compared
to the computed average for every 0.2%-6f shortening and its devia-
tion from the averege is calculated and listed. This provides an
index of the degree of variation between the tests. In genersl, all
of the tests were found to deviate less than 10% from the averege.

A plot program and subroutine plots the corrected stress-

shortening curve for individﬁalltesta and for the computed average
stress-shortening curve.

The progrems were written by Mr. R, Rector with assistance from

Mr, Julian Coward and are given in Rector(1970).



TLiBL: 8 SmMIL3Y OF TRIAXIAL CCIZRESSIO

Appendix B

SV

K TESTS (1l Co.lLC-IECUS BLAIRMCORE SALDSTONE, BLOCK 41, AT
RCOM TEMERATURZ AND STRAIN RATES OF THE CRDER OF 107

PER SECCED.

Experiment Confining Ultimate Permanent Shortening Total Fracture Deformational
Number Pressure Strength Shortering at Ultimate Shortening Angle to ¥ode
Kb Kb Percent Strength Percent o
0] - &3 Percent Degrees
5D6 Atmospheric 2,28 5681 «65 5481 Irregular Extensional fault
508 Atmospheric 2,34 L 44 063 4 bl 16 to 20 Extensional fault
5D9 Atmospheric 2.32 596 062 596 L4 to 20 Extensional fault
5D3 25 2.98 3.18 +88 4,07 25 to 35 Brittle fault
5D4 25 2.79 b5 1.00 L,88 27 & 36 Brittle fault
5D5 «25 2.83 3.43 «99 3.95 20 & 32 Brittle fault
5D11 25 2,96 7 .64 1.11 8.63 27 Brittle fault
4D1 +50 3653 3453 1.09 3.89 30 Brittle fault
4p2 « 50 3.69 3.18 1.16 3.92 30 to 35 Brittle fault
4D3 50 342 15.95 1,06 17.06 27 & 27 Brittle fault
5D12 50 345 7.91 1.27 9.01 32 & 33 Brittle fault
3Dé6 1.00 4,26 2.64 1.13 3.30 3 Brittle fault
3D7 1.00 4435 2.64 1.13 313 38 Brittle fault
3D9 1.00 L4y 3435 1.19 3.87 33 Brittle fault
4p12 1.00 4,30 2oLty 1.72 4,18 38 Brittle fault
4D18 1.00 4,31 14,00 1l.45 15.09 NeM* Brittle fault
501 1.00 4,18 5e54 1.57 6,61 . 37 Brittle fault
5D13 1.00 4.29 9.90 1.69 11,50 32 & 34 Brittle fault
4D16 1.25 4,70 5e54 1.81 6.98 31 Ductile fault
4117 1.25 L.69 13.82 1.74 15.55 37 & 39 Ductile fault
LDh 1.50 5.02 13.85 2.46 15,54 - Ductile fault
4D5 1.50 4,90 3.26 2.24 k.53 28 & 34 Ductile fault
4pé6 1.50 5.00 Se74 2.38 10,26 34 Ductile fault
4p11 1,50 4,87 4,22 2.33 6404 33 Ductile fault
4p13 1.50 5605 19,82 2.08 22.06 30 % 32 Ductile fault

*N.M, = not measurable
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Experiment Confining Ultimate Permanent Shortening Total Fracture Deformational

Number Pressure Strength Shortening at Ultimate Shortening Ang}e to Mode
Kb Xb Percent Strength Percent 1
0] -03 Percent Degrees

4D15 1.50 5.04 12.83 1.87 14,71 35 to 40 Ductile fault
3011 2.00 5428 12.68 . 2.59 15,02 *35 to 38 Ductile fault
3D12 2.00 530 12.30 2,21 14,17 35 Ductile fault
3D13 2400 542 13.05 2.41 14,99 37 Ductile fault
4D10 2.00 547 12.36 2.97 14,26 38 Ductile fault
4D14 2.00 5462 11.71 2,42 13.78 Lo Ductile fault
5014 2.00 5454 9.52 3.21 12,28 37 Ductile fault
3015 2.00 5457 5.09 2.54 732 - Ductile fault
3D16 2.20 541 12.99 2.84 14,65 36 Ductile fault
3D18 2420 5458 2.14 2.73 3.69 - Homogeneous
4D9 2.20 5,68 7.63 3.31 9.73 - Homogeneous
5D2 2.40 5476 11.84 314 14.30 35 Ductile fault
3D14 2450 5468 12.15 3.20 13.53 26 & 38 Ductile fault
5D16 2450 5.88 11.81 3.99 14,61 - Homogeneous
5D17 2450 5493 6450 3.48 9.23 - Homogeneous
5D19 2450 5.89 17.57 2.24 204,26 34 & 38 Ductile fault
3D10 2.60 5495 2.64 3.33 L4l - Homogeneous
3D19 2.60 5.55 11.49 3.62 14,12 - Homogeneous
4p8 2.60 6ollt 9.84 3.34 10.93 39 Ductile fault
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