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The initiation and propagation of failure in intact rock are a matter of fundamental importance in rock
engineering. At low confining pressures, tensile fracturing initiates in samples at 40%e60% of the uniaxial
compressive strength and as loading continues, and these tensile fractures increase in density, ultimately
coalescing and leading to strain localization and macro-scale shear failure of the samples. The Griffith
theory of brittle failure provides a simplified model and a useful basis for discussion of this process. The
HoekeBrown failure criterion provides an acceptable estimate of the peak strength for shear failure but a
cutoff has been added for tensile conditions. However, neither of these criteria adequately explains the
progressive coalition of tensile cracks and the final shearing of the specimens at higher confining
stresses. Grain-based numerical models, in which the grain size distributions as well as the physical
properties of the component grains of the rock are incorporated, have proved to be very useful in
studying these more complex fracture processes.
� 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

In order to understand the characteristics of rock and rock
masses as engineering materials, it is necessary to start with the
behavior of intact rock. From an engineering point of view, this
involves studying laboratory-scale samples, such as diamond drill
core, with dimensions in the range of 50 mm diameter. For many
rock types, the grain size is small enough that samples of this scale
can be considered homogeneous and isotropic.

The characteristics that will be discussed in the following text
are the strength and deformation characteristics of intact rock. As
illustrated in Fig. 1, a number of stress states need to be considered
and, as is common in most discussions on this topic, it will be
assumed that these stress states can be considered in two di-
mensions. In other words, it is assumed that the intermediate
principal stress s2 has a minimal influence on the initiation and
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propagation of failure in the samples. While some authors consider
this to be an over-simplification, a full three-dimensional treatment
of the topic would result in complex text which would defeat the
purpose of this presentation which is designed to be as clear and
understandable as possible.
2. Theoretical fracture initiation: background

2.1. Griffith tensile theory

Griffith (1921) proposed that tensile failure in brittle materials
such as glass initiates at the tips of minute defects which he rep-
resented by flat elliptical cracks. His original work dealt with frac-
ture inmaterial subjected to tensile stress but later he extended this
concept to include biaxial compression loading (Griffith, 1924). The
equation governing tensile failure initiation in a biaxial compres-
sive stress field is

s1 ¼
�8st

�
1þ s3

s1

�
ð1� s3=s1Þ2

(1)

where st is the uniaxial tensile strength of the material. Note that
tensile stresses are negative.

Murrell (1958) proposed the application of Griffith theory to
rock. In the 1960s, Griffith’s two-dimensional theory was extended
to three dimensions by a number of authors including Murrell
(1958), Sack and Kouznetsov whose work was summarized in
books on brittle failure of rock materials by Andriev (1995) and
nd propagation in intact rock e A review, Journal of Rock Mechanics
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Fig. 1. Typical failure characteristics of intact rock plotted in terms of major and minor
principal stresses and Mohr circles and envelope.
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Paterson and Wong (2005). These extensions involve examining
the stresses induced around open penny-shaped cracks in a semi-
infinite body subjected to triaxial compressive stresses s1, s2 and
s3. It was shown that the intermediate principal stress s2 has no
significant influence on the crack tip stresses inducing tensile fail-
ure initiation. Hence, this criterion is essentially equivalent to
loading a penny-shaped crack in a biaxial stress field, as shown in
Fig. 2.

The equation governing tensile failure initiation is

s1 ¼
�12st

�
1þ 2

s3
s1

�
ð1� s3=s1Þ2

(2)
Fig. 2. Tensile crack propagation from an inclined elliptical Griffith crack in a biaxial
compressive stress field.
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Note that, whereas the original Griffith theory predicts a ratio of
compressive to tensile strength sc=jstj ¼ 8, the penny-shaped
crack version predicts sc=jstj ¼ 12. The corresponding Mohr en-
velope for the penny-shaped crack version is

s2 ¼ jstjðjstj þ sÞ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sc
jstj þ 1

r
� 1

�2

(3)

where sc is the uniaxial compressive strength of the material.
The Griffith theory deals only with the initiation of tensile fail-

ure. It cannot be extended to deal with failure propagation and
eventual shear failure in compression. However, under certain
conditions when tensile stresses exceed the tensile strength, tensile
failure initiation can lead to crack propagation. In these cases the
tensile cracks propagate along the major principal stress (s1) tra-
jectory as shown in Fig. 2.
2.2. Modifications to Griffith theory for closed cracks

The original Griffith theory was derived from analyses of crack
initiation at or near the tips of open elliptical cracks. In the case of
rocks, most of the defects from which tensile cracks originate are
grain boundaries which are usually cemented and have to be
considered as closed cracks. McClintock and Walsh (1962) pro-
posed that tensile fracture from closed Griffith cracks can be pre-
dicted on the basis of the conventional MohreCoulomb
equation:where f is the angle of friction and s0 is the shear strength
at zero normal stress.

s ¼ s0 þ stanf (4)

Hoek (1965) discussed the transition from the Griffith theory for
open cracks, which applies for confining stresses s3 < 0, and the
modified theory for closed cracks which applies for compressive
confining stresses. For the principal stress plot, this transition oc-
curs at s3 ¼ 0, while for the Mohr envelope, the transition occurs at
the tangent points on the Mohr circle representing the uniaxial
compressive strength sc of the intact rock. The transition is illus-
trated in Fig. 3 in which the principal stress plots are shown for
friction angles of 35�, 45� and 55�.

A much more comprehensive discussion on this topic is given in
Paterson and Wong (2005) but the plotted results are essentially
the same as those shown in Fig. 3. Hence, for the purpose of this
discussion, Eq. (4) above is adequate.

Zuo et al. (2008) examined the growth of microcracks in rock-
like materials on the basis of fracture mechanics considerations.
They assumed a sliding-crack model which generates wing cracks,
similar to those shown in Fig. 2, from close to the crack tips when
the frictional strength of the sliding surfaces is overcome. They
found that the failure initiation criterion can be expressed by the
following equation:

s1 ¼ s3 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m

k

sc
jstj scs3 þ s2c

r
(5)

where m is the coefficient of frictionwhich is equal to the tangent of
the friction angle, i.e. m ¼ tanf.

The coefficient k is used for mixed mode fracture and it can
be derived from various approximations based on a maximum
stress criterion or a maximum energy release criterion (Zuo
et al., 2008). Plots for Eq. (5), when m ¼ 0.7, 1 and 1.43
(f ¼ 35�, 45� and 55�), k ¼ 1 and sc=jstj ¼ 12, are included in
Fig. 3. Note that the same transition from open to closed crack
behavior has been assumed as for the MohreCoulomb criterion
(Eq. (4)) discussed above.
nd propagation in intact rock e A review, Journal of Rock Mechanics
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Fig. 3. Principal stress plots for various criteria for tensile failure initiation from closed
cracks in brittle materials such as rock.

Fig. 4. Dependence of length of tensile cracks on principal stress ratio s3/s1.
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2.3. Length of induced tensile cracks

Hoek (1965) carried out experiments inwhich flat open “cracks”
were machined ultrasonically into annealed glass plates which
were then loaded biaxially. The initiation of tensile cracks fromnear
the tips of these simulated cracks, as predicted by Griffith’s original
theory, was confirmed. However, it was found that the length of the
tensile cracks was limited by the ratio of the applied biaxial stresses
s3/s1. As reported by Cho et al. (2007), theoretical studies on closed
cracks have been carried out by several authors including Ashby
and Hallam (1986), Kemeny and Cook (1987), Germanovich and
Dyskin (1988), Martin (1997) and Cai et al. (1998). These studies,
the results of which are plotted in Fig. 4, confirm the importance of
confinement in limiting the length of induced tensile cracks from
pre-existing flaws in brittle materials subjected to compressive
loading. Fig. 5 summarizes some of this information in a different
form and shows a principal stress plot andMohr’s diagram for open
penny-shaped cracks subjected to different biaxial compressive
stress loadings.
Fig. 5. Plots of principal stresses defining tensile failure initiation from open penny-
shaped cracks in a homogeneous isotropic elastic solid loaded biaxially.
2.4. Summary

Griffith theory of brittle fracture initiation and its modifications
have been discussed in hundreds of technical papers. A particularly
useful review was presented by Fairhurst (1972) which is recom-
mended reading for anyone interested in pursuing this topic in
greater depth. While there can be no dispute that this is very
important background material for an understanding of the
Please cite this article in press as: Hoek E, Martin CD, Fracture initiation and propagation in intact rock e A review, Journal of Rock Mechanics
and Geotechnical Engineering (2014), http://dx.doi.org/10.1016/j.jrmge.2014.06.001
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mechanics of brittle failure initiation, it is of limited practical value
in the field of rock engineering.

This is because an isolated Griffith crack in a semi-infinite plate
is an inadequate model of the grain boundary network in which
tensile failure originates and propagates in intact rock as shown in
Fig. 6. This photograph shows that, while it would always be
possible to find a critically oriented grain boundary from which
tensile failure could initiate, it is unlikely that the induced crack
would follow the path suggested in Fig. 2 for homogeneous
isotropic materials. Rather, the tensile crack path would follow a
path dictated by grain boundaries with only isolated cracks running
across intact grains. This means that we have to explore other more
complicated models in order to fully understand the fracture pro-
cess in rock.

Before leaving the topic of Griffith theory and its modifications,
it is worth summarizing what we have learned from the discussion
given earlier since the same or similar issues will apply to the nu-
merical analysis of fracture initiation and propagation:

(1) The brittle failure process initiates and is, to a very large extent,
controlled by the tensile strength of intact rock or of its
component grains.

(2) The initiation of tensile cracks at or near the tip of a Griffith
crack, whether this crack is open or closed, depends upon the
orientation of the Griffith crack in relation to the applied
stresses. Fracture will initiate at or close to the tip of a critically
oriented crack when the conditions defined by Eqs. (1)e(5) are
satisfied, depending upon the assumptions made in deriving
these equations.
Fig. 6. Crack path in a specimen of Witwatersrand Quartzite from a deep gold mine in
South Africa, sectioned after uniaxial compressive loading to about 75% of the uniaxial
compressive strength.
Photograph reproduced from Hoek and Bieniawski (1965).

Please cite this article in press as: Hoek E, Martin CD, Fracture initiation a
and Geotechnical Engineering (2014), http://dx.doi.org/10.1016/j.jrmge.2
(3) This process is extremely sensitive to the degree of confinement
and the extent of failure reduces quickly as the minor principal
stress (s3) increases from s3 ¼ st to s3 > 0, as shown in Figs. 1
and 5.

(4) At some level of confinement, in the range of s3=s1z0:2, ten-
sile failure can be suppressed completely and the peak strength
of the intact rock is controlled by shear failure for higher
confinement.

(5) For applications to confined rock materials, the closed Griffith
crackmodel (Eqs. (4) and (5)) is themost appropriate. The shear
strength of the confined defects (typically grain boundaries) is a
controlling parameter in the initiation and propagation of the
tensile failure.

(6) The ratio of uniaxial compressive to tensile strength (sc=jstj) is
an important parameter in understanding the failure of rock
and similar brittle materials.

3. Fracture initiation and propagation: laboratory tests

3.1. Peak strength and the HoekeBrown criterion

Hoek and Brown (1980) and Hoek (1983) described the devel-
opment of the HoekeBrown failure criterion as a trial-and-error
process using the Griffith theory as a starting point. They were
seeking an empirical relationship that fitted observed shear failure
conditions for brittle rock subjected to triaxial compressive
stresses. The equation chosen to represent the failure of intact rock
was

s1 ¼ s3 þ sc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mi

s3
sc

þ 1
r

(6)

where mi is a material constant.
Zuo et al. (2008) pointed out that the substitution of

ðm=kÞðsc=jstjÞ ¼ mi in their failure criterion (Eq. (5)) leads to the
HoekeBrown criterion for intact rock (Eq. (6)). They suggested that
the constant mi is not simply an empirical constant but that it has
real physical meaning.

During the 1970s, when the HoekeBrown criterion was devel-
oped, there was little interest in the tensile strength of rock and, in
fact, it was frequently assumed to be zero. The emphasis was on
confined shear failure which was assumed to control the stability of
the relatively small slopes and shallow tunnels that were con-
structed at the time. However, with the increase in depth of exca-
vations in civil and mining engineering projects and the depth of
boreholes in oil exploration and recovery, the issue of the tensile
strength of rock became increasingly important. In particular, the
process of brittle fracture which results in splitting, popping,
spalling and rockbursting in pillars and tunnels, and “breakouts” in
boreholes is a tensile failure process which is not adequately dealt
with by the HoekeBrown failure criterion. Simply projecting the
HoekeBrown equation (Eq. (6)) back to its s3 intercept with s1 ¼ 0
does not give an acceptable value for the tensile strength of the
rock.

Ramsey and Chester (2004) and Bobich (2005) have investigated
this issue in a series of experiments in which they used dogbone-
shaped specimens as shown in Fig. 7. By choosing appropriate di-
ameters for the ends and center of the specimen and by adjusting
the values of the confining pressure Pc and the axial stress Pa, a
range of values of s3 and s1 can be generated in the test section.

The results of tests on Carrara marble are reproduced in Fig. 8.
The HoekeBrown criterion (Eq. (6)) has been fitted to the shear
data obtained in these tests and the resulting curve has been pro-
jected back to give an intercept of s3 ¼ �17.2 MPa for s1 ¼ 0. As can
be seen in Fig. 8, this does not correspond to the tensile failure data
nd propagation in intact rock e A review, Journal of Rock Mechanics
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Fig. 7. Dogbone-shaped specimen used by Ramsey and Chester (2004) to investigate
tensile failure of Carrara marble.
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which gives an average tensile strength s3 ¼ �7.75 MPa. In other
words, the HoekeBrown criterion has no provision for predicting
the tensile strength shown in Fig. 8, and highlighted by the “Ten-
sion cutoff”.

3.2. Fairhurst’s generalized Griffith fracture criterion

Fairhurst (1964) proposed that the Griffith failure criterion,
discussed in Section 2 of this paper, could be generalized in terms of
the ratio of compressive to tensile strength sc=jstj as follows (a
detailed derivation is given in the Appendix):

(1) If w(w � 2) s3 þ s1 � 0, failure occurs when s3 ¼ st;
(2) If w(w � 2) s3 þ s1 � 0, failure occurs when

s1 ¼
ð2s3 � AstÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAst � 2s3Þ2 � 4

�
s23 þ Asts3 þ 2ABs2t

�q
2

(7)
Fig. 8. Results from confined extension tests and triaxial compression tests by Ramsey
and Chester (2004).
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A ¼ 2ðw� 1Þ2
2

9>>>=

B ¼ ½ðw� 1Þ=2� � 1

w ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sc=jstj þ 1

p >>>;
(8)

Fitting Eq. (7) to the results plotted in Fig. 8 gives the combined
plot shown in Fig. 9.

Reliable direct tensile test data on rock are very rare and the
authors have only been able to assemble the limited number of
results included in Table 1. However, by fitting both HoekeBrown
and Fairhurst curves to these data, as shown in Fig. 9, it has been
possible to arrive at a preliminary relationship between the Fair-
hurst tension cutoff (defined by sc=jstj) and the HoekeBrown
parameter mi plotted in Fig. 10. While more work remains to be
done on this topic, particularly more tests of the type carried out by
Ramsey and Chester (2004) and Bobich (2005), the authors suggest
that Fig. 10 provides a useful practical tool for estimating a tensile
cutoff for the HoekeBrown criterion.

Examination of Table 1 shows that, for lowmi values, the Hoeke
Brown criterion over-estimates the tensile strength compared with
the Fairhurst criterion. However, for mi > 25 the HoekeBrown
criterion under-estimates the tensile strength by an amount that is
generally small enough to be ignored for most engineering
applications.

Hoek (1965) assembled a significant quantity of laboratory
triaxial test data for a variety of rock types and concrete and these
results (peak strength values) are plotted in a dimensionless form
in Fig. 11. It can be seen that individual data sets plot on parabolic
curves and that a family of such curves, covering all of the shear
data collected, can be generated for different values of the Hoeke
Brown constantmi. The constantmi is an indicator of the brittleness
of the rock with weaker and more ductile rocks having low mi

values while stronger and more brittle rocks have highmi values. A
few data points for s3 < 0 are included in Fig. 11 and these are dealt
with adequately by the tension cutoff discussed above.
Fig. 9. Combined plot of HoekeBrown and Fairhurst failure criteria with tension cutoff.

nd propagation in intact rock e A review, Journal of Rock Mechanics
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Table 1
Analysis of data containing reliable tensile values.

Fairhurst (st � 2 MPa) HoekeBrown (shear data) Data set and reference

sc (MPa) st (MPa) sc=jstj sc
(MPa)

st
(MPa)

mi

128.5 �7.74 16.6 129 �15.6 8.25 Carrara marble
(Ramsey and Chester,
2004)

516.5 �33.72 13.9 557 �65.9 8.45 Blair dolomite
(Brace, 1964)

95.5 �6.41 14.9 102 �10.6 9.65 Berea sandstone
(Bobich, 2005)

125.5 �8.72 14.4 131 �12.4 10.60 Webtuck dolomite
(Brace, 1964)

614.0 �25.5 24.1 592 �28.7 20.65 Granite aplite
(Hoek, 1965)

220 �7.06 31.1 227 �6.01 32.4 Lac du Bonnet granite
(Lau and Gorski, 1992)

Fig. 11. Dimensionless plot of triaxial test results from laboratory tests on samples
from a wide range of rock types and concrete.
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3.3. Interpretation of laboratory triaxial tests

In order to understand the application of the HoekeBrown
failure criterion to intact rock behavior, it is useful to consider a
practical example which involves uniaxial and triaxial tests on
specimens of Lac du Bonnet granite from the site of the Atomic
Energy of Canada Limited Underground Research Laboratory at
Pinawa inManitoba, Canada (Read andMartin,1991). The specimen
preparation and testing were carried out by the CANMET Mining
and Mineral Sciences Laboratories in Ottawa, Canada, which has a
long-standing international reputation for high quality testing
services.

Using strain and acoustic emission measurements, Lau and
Gorski (1992) determined the crack initiation, onset of strain
localization and peak strengths for each confining pressure in a
series of triaxial tests carried out in a servo-controlled stiff testing
machine, based on the procedure summarized in Fig. 12 (Martin
and Chandler, 1994). The results of these tests are plotted in
Fig. 13. The HoekeBrown failure criterion (Eq. (6)) has been fitted to
each data set and the fitted parameters are included in Table 2. Note
that, because the mi value for the peak strength is 32.4, no
correction has been made for the measured tensile strength, as
discussed above.

It is clear from Figs. 12 and 13 that fracturing in laboratory
samples is a complex process and that simply measuring the peak
stress does not capture this fracturing process. However, it is also
clear from Fig.13 that we can define the boundaries for this process,
i.e. fracture initiation, onset of fracture localization and collapse
Fig. 10. Relationship between sc=jst j and mi from Table 1.

Please cite this article in press as: Hoek E, Martin CD, Fracture initiation a
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peak stress. In the next section, a numerical approach that can
simulate this process is examined.

3.4. Numerical approaches

Since the early 1980s, there has been an exponential growth in
the sophistication and power of numerical programs which have
been increasingly applied to the study of failure initiation and
propagation processes in soil, rock and concrete. Fig. 14 illustrates
two phenomenological approaches that are typically used to
replicate the failure process numerically. The early approaches
often used the sliding-crackmodel to capturemany of the elements
discussed in the earlier section on Griffith theory. More recently,
there has been an increasing focus on the force-chain crack model
using discrete element formulations (Fig. 14). A small selection of
some of the more significant papers in this latter field includes:
Cundall and Strack (1979), Diederichs (1999, 2003), Potyondy and
Cundall (2004), Pierce et al. (2007), Lorig (2007), Cho et al.
(2007), Cundall et al. (2008), Lan et al. (2010), Potyondy (2012)
and Scholtès and Donzé (2013).

Potyondy and Cundall (2004) pointed out that systems
composed of many simple objects commonly exhibit behavior that
is muchmore complicated than that of the constituents. They listed
the following characteristics that need to be considered in devel-
oping a rock mass model:
nd propagation in intact rock e A review, Journal of Rock Mechanics
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Fig. 12. Stages in the progressive failure of intact rock specimens subjected to compressive loading.
Modified from Martin and Christiansson (2009).
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(1) Continuously nonlinear stressestrain response, with ultimate
yield, followed by softening or hardening.

(2) Behavior that changes in character, according to stress state;
for example, crack patterns quite different in tensile, uncon-
fined- and confined-compressive regimes.

(3) Memory of previous stress or strain excursions, in both
magnitude and direction.

(4) Dilatancy that depends on history, mean stress and initial
state.

(5) Hysteresis at all levels of cyclic loading/unloading.
(6) Transition from brittle to ductile shear response as the mean

stress is increased.
(7) Dependence of incremental stiffness on mean stress and

history.
(8) Induced anisotropy of stiffness and strength with stress and

strain path.
(9) Nonlinear envelope of strength.
(10) Spontaneous appearance of microcracks and localized macro

fractures.
(11) Spontaneous emission of acoustic energy.

Within the limitations of this document, it is clearly not feasible
to present a summary of the many approaches that have been
adopted in the numerical modeling of intact rock fracture initiation
Please cite this article in press as: Hoek E, Martin CD, Fracture initiation a
and Geotechnical Engineering (2014), http://dx.doi.org/10.1016/j.jrmge.2
and propagation. Nor it is possible to judge the extent to which the
requirements outlined above by Potyondy and Cundall (2004) have
been met in these studies. A most useful DEM (discrete element
method) approach is considered to be that given by Lan et al. (2010)
who presented results of a study of fracture initiation and propa-
gation in Äspö diorite and Lac du Bonnet granite. The mineral grain
structures for these two crystalline rocks are shown in Fig. 15.

The program UDEC (Itasca, 2013) was used in this study and a
Voronoi tessellation scheme was employed to create polygonal
structures which closely simulated the mineral grain structures
shown in Fig. 15. Each grain has a unique identity, location and
material type and the average grain size distribution has also been
simulated in these models. The properties of the principal grain
minerals (plagioclase, K-feldspar and quartz with biotite in the Lac
du Bonnet granite and with chlorite in the Äspö diorite) were
exported to an ASCII file which was then imported into the UDEC
model using the FISH internal macro-language. The model geom-
etry is then created automatically in UDEC and the grains are made
deformable by discretizing, each polygon using triangular zones.
These deformable grains, which were unbreakable in the Lan et al.
(2010) study, are then cemented together along their adjoining
sides as shown in Fig. 16.

Fig. 17 shows the results of two uniaxial compression tests
carried out by Lan et al. (2010) on UDEC models of Äspö diorite and
nd propagation in intact rock e A review, Journal of Rock Mechanics
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Fig. 13. Tensile crack initiation, strain localization and peak strength for Lac du Bonnet
granite from tests by Lau and Gorski (1992).

Fig. 14. Two models commonly used to simulate cracking observed in heterogeneous
assemblages of polygonal shaped minerals.
Modified from Nicksiar and Martin (2013).
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Lac du Bonnet granite. The stressestrain response, the crack initi-
ation stress (sci), the crack damage stress scd and the peak stress sf
show excellent agreement with those defined from laboratory tests
on Äspö diorite by Staub and Andersson (2004) and on Lac du
Bonnet granite by Martin and Chandler (1994).
Table 2
Results of triaxial tests on Lac du Bonnet granite.

Confining stress (MPa) Crack initiation (MPa) Strain localizatio

0 131 108
2 157 121
4 159 136
6 219 168
8 199 165
10 264 197
15 258 205
20 286 220
30 e 269
40 354 284
60 533 394

HoekeBrown
parameters used

sc ¼ 106 MPa, mi ¼ 15 sc ¼ 140 MPa, m

Please cite this article in press as: Hoek E, Martin CD, Fracture initiation a
and Geotechnical Engineering (2014), http://dx.doi.org/10.1016/j.jrmge.2
The paper by Lan et al. (2010) is a good example of the appli-
cation of numerical modeling to the study of fracture initiation and
propagation in intact rock and is recommended reading for anyone
interested in this field. Much more work is required to bring this
approach to maturity.

Professor E.T. Brown, in a foreword to the scoping study for the
application of numerical methods to mass mining wrote: “In my
opinion, the development of the bonded particle model based on
the PFC and PFC3D distinct element codes by Dr. Peter Cundall and
his co-workers at Itasca represents one of the most significant
contributions made to modern rock mechanics research. It is now
well established that this model has the ability to reproduce the
essential, and some more subtle, features of the initiation and
propagation of fracturing in rocks and rock masses.” Numerical
modeling has now progressed beyond the original bonded particle
models developed by Itasca but Brown’s comments remain valid as
we look ahead to the research that remains to be done on these
n (MPa) Peak strength (MPa) Average tensile strength
(direct tension) (MPa)

220 �7
255
298
344
368
391
432
471
591
593
712

i ¼ 20 sc ¼ 227 MPa, mi ¼ 32.4
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Fig. 15. Example of mineral grain structure observed in polarized light thin section. (a) Äspö diorite. Width of the image is 4 mm (modified from Lampinen (2006)). (b) Lac du
Bonnet granite. Combined polarized and fluorescent microscope image of specimen from Underground Research Laboratory in Canada. Width of image is 4 mm (modified from
Åkesson (2008)).
Images reproduced from Lan et al. (2010).
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complex fundamental processes of failure initiation and
propagation.

A word of warning. In the rush to get into print, many authors
have published papers on numerical modeling in which pictures of
fracture propagation in Brazilian disk tests or uniaxial compression
tests have been included as a demonstration of the validity of the
numerical approach used. It is relatively easy to produce results
which appear to be credible for these tests but, unfortunately, in
many cases the numerical methods used are immature and fail
when applied to more complex problems.

In the following section, we briefly consider two approaches
that may be used to evaluate fracture initiation and propagation in
situ. The process is commonly referred to as spalling.
4. Fracture initiation and propagation in situ: spalling

There are two practical issues associated with spalling: (1)
identifying the conditions that will initiate spalling, and (2)
defining the extent and depth of spalling. The results from two
well-documented in situ experiments in crystalline rock are used to
examine these practical issues.
Fig. 16. Layout for an unconfined compression test for a Lac du Bonnet granite sample
and an Äspö diorite sample using the UDEC model. The different gray scales indicate
the degree of mineral grain strength. Higher strength grains have a darker color.
Reproduced from Lan et al. (2010).
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4.1. Test tunnel of the URL Mine-by experiment

Martin et al. (1997) have described spalling observed in a test
tunnel (Fig.18) inmassive Lac du Bonnet granite at a depth of 420m
below surface in the Underground Research Laboratory. The intent
of the experiment was to study the damage resulting from stress
redistribution associated with the full-face mining of 3.5 m diam-
eter tunnel. The mining was carried out using line drilling and rock
splitters to avoid the potential for blasting-induced damage. This
technique allowed full-face 1-m advance increments.

An extensive program of in situ stress measurements was car-
ried out at this site and the rock mass surrounding the test tunnel.
The in situ rock mass stresses at this location were a sub-vertical
stress sv ¼ 11 MPa and a sub-horizontal stress of ksv ¼ 60 MPa,
inclined at 11� to the horizontal, with an intermediate sub-
horizontal stress of 44 MPa.

The spalling which occurred after excavation of the test tunnel is
illustrated in Fig. 19. This spalling occurred as a relatively gentle
fracture process during the excavation advance. The full extent of
Fig. 17. Calibrated stressestrain response with laboratory data for (a) Äspö diorite and
(b) Lac du Bonnet granite. The drawings at the right show the damage pattern of the
specimen.
Images reproduced from Lan et al. (2010).
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Fig. 18. Layout of the Mine-by experiment at the 420 m level of the Underground
Research Laboratory.
Modified from Martin and Read (1996).

Fig. 20. Definition of the zone of potential spalling in massive Lac du Bonnet granite,
from Fig. 13. The changes in the stresses in the rock surrounding the tunnel are also
shown as points A and B in this plot.
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the spalling was only evident once the tunnel had been cleaned and
loose spall remnants removed by scaling. When these remnants
were removed in the floor, it was sufficient to trigger minor
amounts of new spalling, suggesting the important role of small
confining stress in controlling the spalling process.

Fig. 20 shows the zone of potential spalling for the Lac du Bonnet
granite in which the test tunnel was mined as well as the stress
changes associated with the tunnel excavation. The measured in
situ stresses, denoted by point A in Fig. 20, are equal to the principal
stresses s1 ¼ 60 MPa and s3 ¼ 11 MPa in the rock before the tunnel
was mined. The 11� inclination of the stress field can be ignored in
the discussion which follows. After excavation, the minor principal
stress in the tunnel wall is reduced to s3 ¼ 0. The maximum
principal stress on the tunnel roof and floor is given by
Fig. 19. Spalling in the roof and floor of a circular test tunnel in the Underground
Research Laboratory at Pinawa in Manitoba, Canada.
Photo courtesy of AECL.
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smax¼ 3sv(k� 1)¼ 169MPa. These stresses are plotted as point B in
Fig. 20.

These roof and floor stresses fall just above the curve defining
strain localization and well above the tensile failure initiation
curve. Martin and Christiansson (2009) concluded that in the
absence of in situ results, the laboratory crack initiation stress (see
Fig. 13) could be taken as a lower bound for the spalling strength.
More recently, Nicksiar and Martin (2013) compiled the crack
initiation stress for a range of rock types. The results are illustrated
in Fig. 21 and demonstrate the consistency of tensile crack initiation
observed in laboratory tests. Using a spalling initiation criterion
based on this approach is a useful first step and supported by recent
experience. Diederichs et al. (2010) implemented this approach in a
continuum model with good success.

Knowing that spalling may occur, the next step is to establish
the severity of the failure. The depth of the notch created by spal-
ling is dependent upon the ratio of the maximum boundary stress
to the uniaxial compressive strength (peak) or smax/sc as shown in
Fig. 22 (Martin et al., 1999). In the case of the test tunnel under
discussion here, this ratio is 169/227 ¼ 0.74 and hence the notch
depth is approximately 0.3e0.4 times the tunnel radius according
to Fig. 22.

Experience with the application of the trend line in Fig. 22 in-
dicates that the uniaxial compressive strength should be the mean
uniaxial compressive strength value (Rojat et al., 2009). Deter-
mining the mean uniaxial compressive strength may appear
straightforward. The scatter in the values for 13 samples of Lac du
Bonnet granite is shown in Fig. 23. Notice that the mean value of
211 MPa is less than the sc value of 227 MPa given in Table 2 using
the HoekeBrown equations. This is a typical finding and in this case
reflects the effect of the microcracks common in Lac du Bonnet
nd propagation in intact rock e A review, Journal of Rock Mechanics
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Fig. 21. Tensile crack initiation in various rocks.
Modified from Nicksiar and Martin (2013).

Fig. 23. Example of the distribution of uniaxial compressive strength for 13 samples of
Lac du Bonnet granite.

Fig. 24. Mild spalling in the sidewalls of a vertical raise bored shaft in an underground
mine.
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granite. Despite the suggestions in the ISRM Suggested Methods,
conducting uniaxial tests requires significant care in order to
reduce the effect of uneven and/or misaligned sample ends. Simply
conducting a large number of tests is no substitute for properly
preparing the samples, and in many cases can be misleading as the
mean value often decreases as the number of samples increases,
due to poor quality control with sample preparation.

Figs. 24 and 25 show examples of mild spalling and severe
rockbursting in underground excavations, representing the ex-
tremes of the process under discussion here. Practical experience
suggests that shallow spalls are generally associated with pure
tensile failure which causes thin slivers or plates of rock to peel off
the tunnel surface. These occur with little “popping” and, once the
maximum depth of the spall has been achieved, they remain stable
provided that there are no changes in the surrounding stress field
due, for example, to excavation of adjacent openings.

Deeper spalls, such as that in the Mine-by tunnel described
above, are somewhat more complicated in that shear failure
probably becomes involved as the notch tip moves away from the
excavation boundary. Numerical analyses of this failure process
have proved to be extremely challenging and it has to be said that
much work remains to be done before the complex interaction of
Fig. 22. Observed spalling notch depths plotted against the ratio of maximum
boundary stress to uniaxial compressive strength (Martin et al., 1999).
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tensile and shear processes associated with deep spall notches can
be predicted with any degree of confidence.

Rockbursts, such as that illustrated in Fig. 25, are probably
associated with conditions in which the maximum induced
boundary stress approaches the uniaxial compressive strength of
the surrounding massive rock. These events involve implosion of
the rock into the tunnel with the release of significant amounts of
Fig. 25. Severe rockbursting in an access tunnel in a deep level gold mine in South
Africa.
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energy. The authors are not aware of any currently available nu-
merical tools that offer any credible means of explaining or pre-
dicting the rockburst process.

4.2. Numerical simulation of spalling

The approach described above to estimate the onset and depth
of spalling is a reasonable first step. But to make progress in the
support interaction needed for tunnel design, proper numerical
approaches are needed. While this is still an on-going research
topic, one approach that goes from the laboratory calibration to
spall prediction is described briefly below.

The nuclear industry in Finland and Sweden is preparing for
the construction of a geological repository for used nuclear fuel at
a depth of about 450 m. Their concept requires excavation of 1.75-
m-diameter 8-m-deep boreholes and spalling is a design issue
that must be addressed. Andersson et al. (2009) described and
reported the results of a full-scale experiment (APSE) that
examined the development of spalling around two of the large
diameter boreholes. The APSE experiment was carried out at the
450-m level of the Äspö Hard Rock Laboratory in southern Swe-
den. Lan et al. (2013) described how the UDEC modeling work
originally described by Lan et al. (2010) was used to model the
spalling process. Fig. 26 shows the model configuration and the
grain-scale geometry. The approach and the properties of the
grains and the contacts were exactly the same as that given in Lan
et al. (2010).

The APSE experiment was unique because the magnitude of the
stresses on the boundary of the large boreholes was controlled by
excavation-induced and thermally induced stresses. The experi-
ment demonstrated that in situ experiments could follow the same
Fig. 26. Grain-based UDEC model developed by Lan et al. (2010) and used to simulate the
Modified from Lan et al. (2013).
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loading conditions and control that are normally associated with
laboratory tests.

The configuration of the experiment allowed the boundary
stresses to be applied gradually. This facilitated observing the
spalling process at different stages. Fig. 27 provides comparison of
the results from the UDEC model with the visual observations at
two loading stages. An important conclusion from the APSE work is
that the findings related to fracture initiation and propagation that
were observed in the Mine-by test tunnel in massive un-fractured
granite were applicable to the fractured water-bearing rock mass
of the APSE experiment.

The approach described by Lan et al. (2010, 2013) demonstrated
that the properties of the laboratory tests can be used to evaluate
the in situ spalling process when coupled with numerical ap-
proaches that capture all stages of brittle failure, i.e. from fracture
initiation through to fracture propagation. While this approach
holds much promise, it is still limited to two dimensions, and much
work needs to be done before this approach becomes state of
practice.

5. Conclusions

Our understanding of initiation and propagation of fracturing in
intact rock has resulted from detailed analysis of the stressestrain
data from laboratory-scale samples with dimensions in the range of
50 mm diameter. At low confining pressures, tensile fracturing
initiates in these samples at 40%e60% of the uniaxial compressive
strength and as loading continues, these tensile fractures increase
in density and ultimately coalesce, leading to strain localization and
macro-scale shear failure of the sample. The Griffith theory of
brittle failure provides a simplified model assuming that all
spalling process observed by Andersson et al. (2009).
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Fig. 27. Modeled damage at stages III and IV compared with observation. Modeling
result shows the distribution of tensile cracking and shear cracking at different damage
stages.
The photograph and illustration are modified from Lan et al. (2013).
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fractures initiate from the tips of inclined flaws, namely grain
boundaries in the sliding-crack model. The HoekeBrown failure
envelope is used to capture the collapse load associated with this
localized macro-scale shear fracture. However, it has been neces-
sary to add a tension cutoff, based on a generalized fracture theory
proposed by Fairhurst (1964) in order to accommodate the tensile
failure observed in detailed laboratory tests.

Fracture initiation while tensile in nature is more difficult to be
modeled.With the improvements in computing power, the discrete
element codes have shown that the force-chain crack model is a
viable alternative to explain the tensile fracture initiation coalition
of tensile cracks and the final shearing of the specimens at higher
confining stresses. Grain-based numerical models, based on the
discrete element formulation, in which the grain size distributions
as well as the physical properties of the component grains of the
rock are incorporated, have proved to be very useful in studying
these complex processes. They have also demonstrated that the
approach based on laboratory processes is useful for capturing
spalling, the in situ process of fracture initiation and coalescence.
While this approach holds much promise, the current grain-based
models are still limited to two dimensions, and much research
needs to be carried out before this approach becomes state of
practice.
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Appendix

According to the generalized Fairhurst criterion:

(1) If w(w � 2) s3 þ s1 � 0, failure occurs when s3 ¼ st;
(2) If w(w � 2) s3 þ s1 � 0, failure occurs when
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(A2)

Let A ¼ 2(w � 1)2 and B ¼ [(w � 1)/2]2 � 1, and rearrange
Fairhurst’s equation:

s21 þ s1ðAst � 2s3Þ þ
�
s23 þ Asts3 þ 2ABs2t

�
¼ 0 (A3)

s1 can be written by

s1 ¼
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