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BRITTLE FRACTURE PROPAGATION IN ROCK UNDER COMPRESSION

IX. Hoek, M.Sc.(lkng) and Z.7T. Bienlawski, 2\ Sc.(Eng)-

ABSTRACT

The results of studies of the lnination and propagation of fracwure from a siigle Gniifith crack in a biaxial
compressive siress field are reported, It is concluded that Griffiths theory of briude fraciure offers a reliable
prediction of the fracture initiation stress but that the resulting fracwure propagation from a single crack can-
not accouitt for the macroscopic fracture of a specimen. Some preliminary results of studies on ciack amass
and on the effects of crack closure in compression are presented. The applicability of these results to the
prediction of rock fracture in predominanily compressive stress tields is discussed,

INTRODUCTION

Gne of the most serious problems encountered in deep-level gold mining
in South Africa is the sudden and violent fracture of rock, known in the
mining industry as a rockburst. Seismic location of the foci of these rock-
bursts (1% has established that they occur most frequently in the zones of
high compressive stress which surround the working faces of the mining
excavations, Since the mining industry is constantly striving to minimize
the hazards created by these rockbursts, an understanding of the mechanism
of rock fracture under compressive stress conditions is of vital interest.

Previous research(23 has shown that Griffith's brittle fracture theorv(3),
modified to account for the effects of crack closure in compression(d, is
a useful basis for the study of the fracture of hard rock. Brace(? , in dis-
cussing the nature of the pre-existing cracks in rock, suggests that the
grain boundaries act as or contain micro-cracks while joints and faults
can be regarded as macro-cracks,

An analysis of the stress distribution around a crack(® indicates the
points of fracture initiation as well as the initial direction of crack propa-
gation, As a result of the change in stress distribution associated with
fracture propagation it is, however, impossible to predict the final path
of the propagating crack. Consequently, a serious limitation of the Griffith
theory lies in the fact that it can only be used to predict fracture initiation.
In its usual form, it yields no information on the rate or direction of
fracture propagation.

In studying the fracture of brittle materials subjected to tension, frac-
ture is normally expected in a direction perpendicular to the applied tension,
in other words, in the plane of the critically oriented crack. In the case
of a brittle material subjected to compressive stress, one might therefore
expect that fracture propagation will also follow the direction of the most
critically oriented crack, i.e. the one which is inclined at 20-30° to the
major principal field- stress direction. It will be shown in this paper that
this anticipated result is incorrect and that there is no simple relationship
between the critical orientation of the original "Griffith crack' and the
orientation of the macroscopic fracture surface of a specimen.

THEORETICAL CONDITIONS FOR FRACTURE INITIATION
Griffith's original postulate on fracture initiation was based on energy
considerations and his equations contained a surface energy term(%), Because

* Members of the Rock Mechanics Division, National Mechanical Engineering Research Institute, South African
Council for Scientific and Industrial Research, Pretoria.
°® Superscripts refer to the list of references at the end of this paper.

Reprinted from International Journal of Fracture Mechanics 1 (1965) 137-155.
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of the difficulty of evaluating experimentally the surface energy of a ma-
terial, an alternative approach, which considers the stress concentration
at the crack tip, has been adopted by most workers in rock mechanics,

The current interpretation(? of Griffith's theory is that fracture initiates
when tensile stress induced at or near the tip of an inherent crack exceeds
the molecular cohesive strength of the material, Since the molecular co-
hesive strength is difficult to determine by direct measurement, the frac-
ture criterion is expressed in terms of the uniaxial tensile strength of the
material(®,

In order that the reader may readily follow the equations which are used
in this paper, a brief derivation of these equations, based upon the work
by Griffith(4) and McClintock and Walsh(®, follows.

It is assumed that the crack from which the fracture of a brittle rock
originates can be regarded as a flat elliptical opening in a two-dimensional
body which is subjected to a stress system* as illustrated in Figure 1.
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Figure 1. Stresses acting upon a crack which is inclined at an angle ¢
to the direction of the major principal stress @y.

The stress field around an elliptical opening is related to the elliptical
coordinates £ and n which are defined by the following equations of trans-
formation of a rectangular system of coordinates x and z:

X
z

¢ sinh £ sin n,
¢ cosh & cos n

noH

In Figure 1, the system of rectangular coordinates x, z is parallel to
the axes of the elliptical opening: it is inclined at an angle ¢ with respect
to the system of rectangular coordinates x', z' which is parallel to the
directions of the principal stresses o; and o3, Of these, o; is algebral—
callylargest and 6, algebraically smallest of the three prmcmal stresses.

® Because of the predominance of compressive stress in rock mechanics problems, compressive stress is taxen

as positive,
In this analysis, the intermediate principal siress 63 is assumed to have a negligible influence upon fractire.
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The normal stress o,, and the shear stress T,, are related to the prin-
cipal stresses o; and o5 by the following equations:

2 0, = (0, + 03} - (0 - 03) cos2y, (1)

2 Ty, = {01 - o3) sin2¢. (2}

The stress o,,, parallel to the major axis of the crack, has a negligible
influence upon the stresses induced near the crack tip and need not be
considered in the following analysis.

The stresses oy and Ty Which act on the surface of the crack as shown
in Figure 1, exist only when closure of the crack has occurred and their
influence was considered by McClintock and Walsh(® in deriving their
modification to Griffith theory.

The tangential stress oy, around the boundary of an open elliptical crack,
due to the stresses o, and T, , can be calculated from the results pre-
sented by Inglis(® and is found tc be:

- Oux {sinh 2§, + e®o cos 2n - 1) + 27, eZo sin 2n

0’7 = ] (3)
cosh 2§, - cos2y

where §, is the value of the elliptical coordinate § on the crack boundary.

The maximum boundary stresses, both tensile and compressive, occur
near the ends of the crack (i.e., when the value of n is small). Since the
value of £, is also small for a flat ellipse, (3) may be simplified by se-
ries expansion in which terms of the second order and higher which ap-
pear in the numerator are neglected. This simplification results in the fol-
lowing equation, valid only for the stresses near the crack tip:

Op = 2 (oxx o * Txz n)/(Eoz + '72) (4)

Differentiation of (4) with respect to n and equating 80,,/317 to zero re-
sults in a quadratic equation in n from which the positions on the crack
boundary at which the maximum and minimum stresses occur can be de-
termined. Substituting these wvalues of n intc (4) gives the maximum and
minimum stresses on the boundary of the crack as:

2
ONEO =0 % (Oxxz t Txz )é (5)
where oy is the maximum or minimum value of the tangential stress oy,
of the ellipse boundary.
Expressing equation (5) in terms of the principal stresses o; and o3 from
equations (1) and (2) gives

[(o; + 03) - (01 - o03) cos 2¢]

- 1

Onéo T 7

£ [ {0 + o) - (0 - o) cos 2] (6)
The critical crack orientation ¢ . at which the maximum and minimum

stresses are induced near the crack tip is found by differentiating equation

(6) with respect to ¢ and letting doy /8 = 0, This gives:

Oy - 04
cos 2, = ——— 00— (7)
2 (0; + o3}

Note that this equation is only meaningful for values of oy /0, 2 - 0.33
and the critical crack orientation for smaller values of o,/0; must be
determined from other considerations.
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The maximum and minimum stresses at the boundary of a crack orien-
ted at the critical angle ¢, under conditions where oy /o, 2 - 0.33 are
found by substituting ¢ from equation (7) for ¢ in equation (6). If it is
accepted that fracture occurs as a result of tensile stress at or near the
crack tip, only the minimum (negative) stress given by this substitution
necd be considered. Hence

-(o) - ay)?
o, . &, = ——— (8)
4(01 + 03)

where g, denotes the minimum (algebraically smallest) value of the tangen-
tial stress on the boundary of the ellipse,

If it is postulated that the fracture of a brittle material initiates when
the maximum tensile stress at the crack tip is equal to the molecular co-
hesive strength of the material("”, then equation (8) expresses a fracture
criterion for a brittle material under conditions where o45/0; 2 - 0.33,
if o, is taken as the molecular cohesive strength of the material.

The molecular strength, o,, and the crack geometry, {,, cannot be de-
termined by direct physical measurements. However, their product can be
expressed in terms of the uniaxial tensile strength, o, determined on a
laboratory specimen. Since, for uniaxial tension (6; < 0, o7 = 0), o3/0, =
- w, equations (7) and (8), which are only valid for o5/0; 2 - 0.33, can-
not be used to find a relationship between o0,.§, and o, and equation (8)
must be resorted to for finding this relationship.

If the plane body containing the crack, illustrated in Figure 1, is sub-
jected to a uniaxial tensile stress (i.e. o3 < 0, o0; = 0), the maximum
stress at the crack tip (oy) is dependent upon the minor principal stress
gy only. Hence, equation (6) simplifies to

o o = o [H0 + con20) = [101 + com 2] ®

The maximum tensile stress at the crack tip occurs when the bracketted
term on the right hand side of equation (9) is a maximum. This occurs
when cos 2¢ = 1 or when ¢ = 0, giving

00‘£0= 20, (10)

If the minor principal stress o3 is tensile (negative), equation {10) de-
fines the fracture criterion for uniaxial tensile stress conditions in terms
of the molecular cohesive strength of the material (o,) and the crack ge-
ometry (£,). Denoting the uniaxial tensile sirength of the material, meas-
ured on a laboratory specimen, as o,*, equation (10) may, with o3 = o,
be re-written as:

o t

o,.E, = 20 (11)

Equation (8), which is valid for o5/0; 2 - 0.33, is of limited practical
use because the term g,. £, cannot be evaluated in the laboratory. If, how-
ever, this term is expressed in terms of the uniaxial tensile strength of
the material (o), according to equation (11), the fracture criterion becomes

(o7 - 03)2
= -80¢

(12)

t
(o, + o4)
———
* Note that the uniaxial tensile strength is negative by definition, Hence, in substituting a numerical value
for oy, the negative sign must be shown e.g, o, = - 100 lb/sq. in.
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The authors have found that the most useful interpretation of this eguation
is in expressing the major principal stress (o;), at fracture, in terms of
the principal stress ratio o;/o0; and the uniaxial tensile strengh (o) or
the uniaxial compressive strength (o.).

Thus:
g, = 03 - 4 o, [1 + (1 - o, /G()i] (13)
or
0y = 03 + 0 (2 o-3/0:: +%)i+%o’c (14)
Equation (14) is obtained by putting o3 = 0 and o, = o_ in equation (12)
and substituting thus obtained result (g, = - 8g,) in equation (13).
Equations (7), (13) and (14) are only valid when the principal stress ratio
o /oy > - 1/3. For values of o3/0; < - 1/3, fracture occurs when the

minor principal stress equals the uniaxial tensile strength of the material,
i.e. when g3 = oy.

_The Griffith fracture theory can also be represented by a parabolic Mohr
enivelope defined by the following equation:

% = 49, (0, - 0) (15)

where 7 is shear stress acting along the fracture surface; o is normal
stress perpendicular to the fracture surface,

Studies of rock fracture suggest that the inherent cracks from which
fracture propagates are contained within grain boundaries(® and can be
simulated by very long elliptical openings. Under compressive stress con-
ditions, closure of these cracks can occur before the tensile stress at the
crack tip is high enough to initiate fracture. When crack closure has oc-
curred, the shear resistance resulting from the contact pressure between
the crack faces has to be overcome before propagation of the crack can
occur,

MeClintock and Walsh(® modified Griffith's original theory to account
for the effects of crack closure in compression. If it is assumed that the
inherent cracks are initially closed, the relationship between the principal
stresses required to initiate fracture is

(1 + u?t + p (16)
g, = O + o
1 3 (1 + /JZ)& - u c

where u is the coefficient of friction between the crack faces and o, is
the uniaxial compressive strength of the material.
The critical orientation of a closed crack is given by

Tan 20, = 1/u (17)

Equations (16) and (17) are valid when the normal stress o, acting across
the crack is compressive, i.e., when

o, =% [(o; + 03) - (0, - 05) cos 20| >0 (18)
When o, is tensile, the original Griffith theory, defined by equations (7)
and (12) is applicable.

The modified Griffith theory can be represented by a straight-linc Mohr
envelope having the following equation:

7 = uo - 20, (19)
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ROCK FRACTURE

In order to establish whether the original and modified Griffith theories
are applicable to the prediction of rock fracture behavior, a survey of
published rock fracture data was undertaken. To facilitate comparison of
the results they were reduced to a dimensionless form by dividing each
strength value of a particular rock by its uniaxial compressive strength,
These dimensionless strength values are plotted in Figure 2 together with

o » ___._" L + 1
MODIFIED GRIFFITH CRITERION Be /‘—;—J,_u G
A

r Al
Hzt8 k=10 p=08
-t 5~ 5 4

®- L ,

o5

D)

(5] [c
a5 @ A
[:2

O,
o
©

® -
&
e

?x

9
=5

MAJOR PRINCIPAL STRESS AT FRACTURE
UNIAXIAL COMPRESSIVE STRENGTH

/ 0,2 0,2 O,

~0-3 hdl +0'3 “-0 5 v2.0
MINOR PRINCIPAL STRESS AT FRACTURE _ 0,
UNIAXIAL COMPRESSIVE. STRENGTH A

Figure 2. Triaxial fracture data for rock materials.

the original and modified Griffith fracture loci, derived from equations
(14) and (16),
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TABLE 1

SUMMARY OF TRIAXIAL TEST RESULTS ON ROCK AND CONCRETE

Graph . ]
Poirft Material lb/scq. in Tested by

1 Marble 13 700 Ros and Eichinger

2 Marble 18 000 Ros and Eichinger

3 Marble 20 000 Von Karman

4 Carnthage Marble 10 000 Bredthauer

5 Carthage Marble 7 500 Bredthauer

6 Wombeyan Marble 10 000 Jaeger

7 Concrete 2 380 McHenry and Kami

8 Concrete 3 200 Akroyd

9 Concrete 6 000 Jaeger

10 Concrete 5 700 Fumagalli

11 Concrete (28 day) 3 510 Balmer

12 Concrete (90 day) 4 000 Balmer

4 13 Granite Gneiss 25 500 Jaeger

14 Barre Granite 24 200 Robertson

15 Granite (slightly alrt) 10 600 Wreuker

16 Westerly Granite 33 800 Brace

17 Iwaki Sandstone 1 180 Horibe & Kobayashi
18 Rush Springs Sandstone 26 000 Bredthauer

19 Pennant Sandstone 22 500 Price

20 Darley Dale Sandstone 5 780 Price

21 Sandstone 9 000 Jaeger

22 Oil Creek Sandstone it Handin

23 Dolomite 24 000 Bredthauer

24 White Dolomite 12 000 Bredthauer

25 Clear Fork Dolomite . Handin

26 Blair Dolomite hat Handin

21 Blair Dolomite 75 000 Brace

28 Webtuck Dolomite 22 000 Brace

29 Chico Limestone 10 000 Bredthauer

30 Virginia Limestone 48 000 Bredthauer

31 Limestone 20 000 Jaeger

32 Anhydrite 6 000 Bredthauer

33 Knippa Basalt 38 000 Bredthauer

34 Sandy Shale 8 000 Bredthauer

35 Shale 15 000 Bredthauer

36 Porphry 40 000 Jaeger

31 Sioux Quartzite b Handin

38 Frederick Diabase 71 000 Brace

39 Cheshire Quartzite 68 000 Brace

40 Chert dyke material 83 000 Hoek

41 Quarnzitic Shale (Dry) 30 900 Colback and Wiid
42 Quartzitic Shale (Wet) 17 100 Colback and Wiid
43 Quartzitic Sandstone (Dry) 9 070 Colback and Wiid
44 Quartzitic Sandstone (Wet) 4 970 Colback and Wiid
45 Slate (primary cracks) 4 300 Hoek

46 Slate (secondary cracks) 15 900 Hoek

47 Dolerite 37 000 CSIR

48 Quartzite (ERPM Footwall) 31 000 CSIR

49 Quarntzite (ERPM Hanging wall) 43 200 CSIR

50 Glass 91 000 CSIR

* Uniaxial compressive strength
= presented in dimensionless form by McClintock and Walsh
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It is evident from Figure 2 that, in spite of the wide variety of materials
included (listed in Table I), there is a remarkable agreement between the
experimental results and the fracture initiation behavior predicted by the
modified Griffith theory. Detailed examinated of the results reveals tha:
coefficient of internal friction u, given by the slope of the modified Grif-
fith fracture locus, is closely related to the rock type tested. The igneous
and metamorphosed sedimentary rocks (granites, dolerite, quartzites) are
characterized by coefficients of friction of greater than 1. 0; the sedimentary
rocks (sandstones, limestones and shales) have coefficients of friction be-
tween 1,0 and 0.35.

A coefficient of internal friction of greater than unity implies that the
shear resistance is greater than the normal stress acting across the crack,
This apparent anomaly is probably due to interlocking of surface irregula -
rities or, carrying the thought to the extreme, due to the fracture initiating
from an elastic discontinuity rather than an actual crack.

Itmust be emphasized that both the original and modified fracture theories
predict fracture initiation from a single crack and that, strictly, they can-
not be applied to the fracture of a specimen as a whole. It has already
been suggested by Brace and Bombolakis (!9 that fracture propagation from
a single crack follows a more complex path than is generally assumed and
that it is the presence of favorable crack arrays which coalesce to form the
macroscopic fracture surface, that make the Griffith theory applicable to
predicting fracture of rock and rock specimens.

FRACTURE PROPAGATION FROM A SINGLE CRACK

In order to study the propagation of fracture from a single crack, 6 inch
aquare by 1/4 inch thick plates of annealed glass were carefully prepared.
Open "Griffith cracks' were ultrasonically machined into these plates. The
length of the crack was kept constant at 1/2 inch and its axis ratio at
25 : 1, The cracks were orientated at their critical angles as determined
by Equation (7).

The plates were subjected to uniformly distributed edge loading in the
tension and compression loading devices described in the Appendix to this
paper, The specimens were studied photoelastically while under load and
the stress at which fracture initiated as well as the direction of crack
propagation was noted, A typical isochromatic pattern obtained in a plate
subjected to uniaxial compression is reproduced in Figure 3.

The stresses at which fracture initiated are plotted in terms of the majoc.
and minor principal stresses, in Figure 4 and as Mohr circles in Figure
5, The theoretical fracture loci according to the original Griffith fracture
initiation criterion, defined by equations (13) and (15), are given by the
curves in Figures 4 and 5. The agreement between these and the experi-
mental plots is considered satisfactory.

In uniaxial tension, fracture initiation and fracture of the specimen oc-
curred in the period of a few milliseconds. As can be expected, the frac-
ture propagated in a direction normal to the direction of applied tension.

In biaxial compression, the fracture propagation followed a consistent
pattern. Fracture initiated at a point on the crack boundary near but not
~.t the crack tip(*”and followed a curved path (e. g. Figure 6, or upon care-
tul cbservation, Figure 3). Generally, fracture propagation ceased when the
crack path had become parallel to the major principal stress direction,
In all cases, the applied stress was increased to at least three times the
fracture initiation stress and, if the cracks showed no teadency to propa-
gate further, the test was discontinued on the assumption that fracture of
the specimen would not occur except at much higher stress levels,

The lengths of the stable cracks were found to be related to the ratic
of the applied principal stresses as illustrated in Figure 6, This finding
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Figure 3. Photoelastic patiernina glass plate containing an elliptical crack from which fracture has propagated,

is similar to that previously reported by Hoek(}d for the propagation of
cracks from a circular hole in a biaxial compressive stress field.

Under uniaxial compressive stress conditions, fracture propagation com-
menced with the sudden appearance of a small crack of approximately 0.2
times the original crack length., Normally a crack would appear at only one
end of the initial crack but would be followed, within a period of a few
seconds* and at the same applied stress level, by a mirror image crack
at the other end of the initial crack. Further propagation of these cracks
required increased applied stress and this is plotted against crack length
in Figure 7,

In the case of biaxial compression, insufficient information is available
to permit plotting graphs similar tc that shown in Figure 7. From exami-
nation of available records, however, it appears that the length of the ini-
tial and final cracks did not differ by more than a few percent, This im-
plies that, if the crack can be propagated, the stress required to do so
would be as much as about ten times greater than the initiation stress and,
as such, ceases to be of practical interest.

From these results it can be concluded** that a single Griffith crack can-
not account for the failure of a specimen in a compressive field unless the
ratio of applied principal stresses is less than or equal to zero i.e. in
uniaxial compression or when one principal stress is tensile, It is also
suggested that, where failure of the specimen originates from a single crack,
the direction of macroscopic fracture is normal to the minor (algebraical-
ly smallest) principal stress direction, i.e, in uniaxial compression paral-
lel to the compressive stress direction.

* In many of these tests fracture initiation was observed to be significantly time-dependent but no concli-
sions can be drawn from the present results because of a lack of adequate records in this respect,
® Somewhat similar conclusions have been reached by Brace and Bombolakis, (10)
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FRACTURE PROPAGATION FROM A CLOSED CRACK

Since it appears reasonable to assume that the inherent cracks from which
the fracture of hard rock initiates are initially closed!!®, an attempt was
made to produce initially closed cracks in annealed glass plates,

The method used to produce these cracks involves inducing a hairline
crack of the required length on the surface of the glass plate, A hardenecd
roller type glass tool which induces this crack as a result of the stress
distribution under the contact point has been found preferable to a diamond
tool which scores the glass surface, The shallow hairline crack is propa-
gated through the thickness of the plate by reflected tensile stress waves
generated by impacting the glass plate on the face opposite to that con-
taining the crack.

At the time of writing it has not been possible to produce closed cracks
of the same length in sufficient quantity to permit similar tests to those
described in the previous section to be carried out. However, the authors
feel that precise control of the main parameters involved in the process
of closed crack formation, namely the quality of the initial hairline crack

.\

4 g L
Gltridazwdis L
Figure 8, Fracture propagating from a closed crack in glass.

and the magnitude of the impact required to propagate it through the plate,
will ultimately cnable them to reproduce these cracks as required.

A few of the better quality cracks which have been obtained were tested
inuniaxial compressionand a typical result obtained is illustrated in Figure 8.

This photograph suggests some modification of the mechanism of fracture
propagation assumed by McClintock and Walsh(® in their study of the frzc-
tion effects on closed cracks. They postulated that when the shear stres
acting parallel to the crack surfaces exceeds the shear resistance due o
friction, relative movement of the crack faces will occur and fracture wi
propagate from the crack tip.

The authors' observations of fracture propagation from closed cracks in

glass leads to the conclusion that the crack tip itself plays a very rmin--
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role in the fracture process, The primary factor responsible for fracture
initiation is the relative movement of the crack faces, Slight irregnlaritics
in the crack surface result in an uneven stress distribution along the crack
surfaces and tensile fracture initiates in the tensile stress zones which
occur at points where the crack surface is relatively free to move, The
formation of these tensile cracks is clearly illustrated in Figure 8.

In all the tests carried out by the authors it was found that these shor:
tensile cracks formed at regular intervals over a fairly wide stress range,
Fracture propagation occurred when the cracks closest to the tips of the
initial crack propagated as illustrated in Figure 8, Once this state of frac-
ture propagation had commenced, initiation and propagation of the other
short tensile cracks ceased,

While the actual fracture initiation process may differ from that postulated
by McClintock and Walsh, the authors feel that it may eventually be pos-
sible to express the fracture initiation criterion by means of an equation
very similar in form to equation (168), Once sufficient experimental evidence
is available, the theoretical conditions for fracture initiation will be rc-
examined and, if necessary, modified.

PRELIMINARY STUDIES OF CRACK ARRAYS

It is evident, from the results presented in this paper, that fracture of a
specimen is unlikely to occur unless a large number of cracks are pre-
sent. Obviously, the spatial distribution of these cracks will influence the
mechanism of fracture initiation and propagation and it is considered es-
sential that this aspect of the problem be investigated if the fracture mech-
anism of rock is to be fully understood.

The results of a preliminary study of arrays of open cracks are included
in Table II. It is evident from these results that the interaction of cracks
within the array influences both the initiation stress and the mechanism

Figure Y. Reflected light photoelastic patrern showing strawn distribution in a large grained granite plate
subjected 10 unlaxial con:pressici,
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of crack propagation. The future research program calls for a detailed
study of the various parameters which influence the behavior of crack ar-
rays.

In addition to the tests on glass plates described above, the authors are
also studying the mechanism of crack initiation and propagation in plates
of rock. These plates, measuring 6 inches square by 1/4 inch thick, have
a dish-shaped central portion ground out of each face, giving a three inch
diameter centre section of 1/8 inch thickness., One side of this reduced
section is covered with a birefringent layer and the strain pattern associated
with fracture initiation is studied by means of reflected polarised light (4,
A typical photoelastic pattern obtained in these studies is illustrated in
Figure 9 which shows stress concentrations around individual grains and
the point of fracture initiation,

A study of the reverse side of the plates used for these tests permits
detailed examination of the crack path. A low magnification micrograph of
a typical crack in quartzite is reproduced in Figure 10, The stepped path

Figure 10, Crack path in a quarzite specimen subjected to uniaxial compression.

followed by the propagating crack is evident in this photograph and the
authors hope that, by studying the fracture paths in such specimens, a
rational picture of rock fracture can be built up.
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A Fracture Remarks
rray Initiation
11180 Fracture propagation occurred with
Ib/sq. in increasing applied stress as illustrated
) in Figure 1
\r D
t -
‘N
W ] 8 750 Fracture initiation at lower stress than
i : tb/sq. in single crack due to greater “crack
I length". Individual cracks do not
? & 1 join.
4 "h'
11 590 Individual cracks do not join. Array
: Ib/sq. in does not appear to influence initiation
__! or propagation.
[~
-._j
|-
:r'¢ - 9 900 Crack array influences propagation so
’ 355 Ib/sq. in that centre cracks tend to move
.5" together.
i
[ T :
13 420 Cracks join although initiation stress
[-V Ib/sq. in is higher.
)
‘_i:)
"’“
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CONCILUSIONS

The results presented in this paper have shown that the Griffith theory
offers a reliable basis for the prediction of fracture initiation from a single
open crack, It is concluded, however, that a single crack cannot account
for the failure of a specimen unless one of the applied principal stresses
is zero or tensile.

The effects of crack closure in compression have been shown to differ
from those assumed by McClintock and Walsh but it is anticipated that this
difference will not significantly influence the final fracture criterion.

Examples have been given of studies of crack arrays and of fracture
propagation in rock which indicate the direction of future research.
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Figure 11. Apparatus for subjecting plate models to uniaxial tension.
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APPENDIX

APPARATUS FOR THE APPLICATION OF UNIFORMLY DISTRIBUTED
EDGE LOADS TO PLATE MODELS

TENSILE LOADING APPARATUS

The apparatus for applying uniformly distributed uniaxial tension to 6 inch
square by 1/4 inch thick plate models is illustrated in Figure 11, Load
distribution is achieved by means of a ""whipple tree' arrangement of pin-
jointed segments. The eight small segments which transmit the load to the
model itself are bonded onto the model edge with epoxy resin.

Loading of the model and the photoelastic study of the stress distribution
around the crack is carried out on the 12 inch diameter lens polarisceope
which has been described elsewhere by Hoek (9,

BIAXIAL, COMPRESSION LOADING APPARATUS

The biaxial compression loading apparatus which was used in the tests
described in this paper was designed for general rock mechanics model
studies and extreme care was taken to ensure uniformity of the load dis-
tribution. The quality of the results which can be obtained in this machine
are adequately illustrated in the photoelastic photographs reproduced in
this paper,

The load is applied to the accurately ground edges of the model through
stacks of semi-circular segments. These segments are held in alignment
by means of a set of copperberryllium leaf springs. The photograph of the
partially dismantled load distribution frame reproduced in Figure 12 shows
the arrangement of these segments and springs.

Figure 12, Partially dismantled biaxial loading frame showing details of the load distribution mechanism.
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The load {s applied onto the large segments by means of 4 hydraulic
jacks, designed to exert a thrust of 100 tons each. These jacks are located
in a circular frame illustrated in Figure 13. All the jacks are intercon-
nected and fed by a single variable volume high pressure hydraulic pump,

Figure 13, Apparatus for subjeciing plate models to biaxial compression,

L.oad control is achieved by means of a needle bleed-off valve in the hy-
draulic circuit. The horizontal jacks can be isolated to allow the application
of uniaxial compression in the vertical direction. Alternately, different
diameter pistons can be fitted into the horizontal jacks to give a constant
ratio of vertical to horizontal load,

The applied load is measured by means of strain gauges bonded onto the
four large segments onto which the jacks act, The signals from these gauges
are displayed on a digital voltmeter which permits direct load read-out
in tens of pounds.

Received June 14, 1965,
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ZUSAMMENFASSUNG = Die Versuchergebnisse fiber die Bildung und Fortpflanzung von Brlichen, die von ei-
nem einzelnen Griffith-Riss in einem zweiachsigen Spannungsfeld ausgehen, werden beschrieben. Die Folge-
rung ist, dass die Theorie von Griffith flber Sprédbrilche eine sichere Voransage von der Spannung bei Bruch-
bildung ist. Aber dass die darauffolgende Fortpflanzung vom Bruch, von einem einzelnen Riss aus, nicht ver-
antwortlich sein kann fir den Gesamtbruch der Probe. Ein paar vorlXufige Forschungsergebnisse ifber Rissan«-
ordnungen und die Auswirkung der Schliessung von Rissen durch Druck, werden gegeben, Die Anwendung von
diesen Ergebnissen fllr das Voraussagen vom Versagen des Gesteins bei vorwiegenden Druckspannungsfeldern
werdzn besprochen,

RESUME - Un rapport a &té fait des résultats d'é&tudes de 1'amorgage et de la propagation d‘une fracture,
partant d'une seule fissure genre Griffith et se développant dans un champ de contrainte de compression bia =
xiale. On peut en conclure que la théorie Griffith de fraction de fragilité offre une prédiction sfire de la
contrainte de départ de la fracture, mais que la propagation de la fracture, qui en résulte -partant d’une
seule fissure- ne justifie pas la fracture macroscopique du spécimen, Quelques résultats préliminaires d'&w-
des sur des rangées de fissures et 1'effer de fermeture des femtes sous compression sont soumis, L°application
de ces résultats sur la prédiction de la fracture du massif sous des champs de tension prédominants compres-
sifs est discutée,



