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Mobilised strength components in brittle failure of rock 

V. HAJIABDOLMAJID*, P. KAISER* and C. D. MARTINt 

In deep underground excavations in hard rocks where 
stresses easily exceed the micro-crack initiation stress level 
inside the rock mass, proper consideration of the behaviour 
of rockmass during the brittle fracturing process in consti
tutive modelling is of paramount importance. Current 
empirical and conventional experimental methods for ob
taining the deformational behaviours of hard rocks under 
loading do not lead to results that can be matched with in 
situ failure observations. This paper demonstrates that this 
problem is not necessarily a matter of the general notion of 
size effect but rather can be related to the different 
circumstances under which the cohesive and frictional 
strength components are mobi1ized in laboratory compres
sion tests and around underground openings. It is also 
demonstrated that the propagation of the failed or break
out zone (depth and extent) is a function of the strain
dependent brittleness index IBe introduced in this paper, 
which explicitly considers the relative delay in friction 
mobilization relative to the rate of cohesion loss as func
tions of plastic strain. This new brittleness index charac
terizes the entire stress-strain curve (pre- to post-peak 
stages) and represents the involved micro-mechanisms dur
ing the brittle failure process: that is, initiation, propaga
tion, and coalescence of cracks. This study shows that 
brittleness of rock is the most dominant factor, in control
ling breakout shape, which explains the failure of stress
based criteria adopted by many researchers in predicting 
the stress-induced breakout depth around openings. 
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INTRODUCTION 
In general, the main concern in construction of underground 
openings in mining and civil engineering is ground control: 
that is, control of the rock failure processes leading to dis
placements of rock surrounding the excavations during their 
lifetimes. Unlike many other engineering domains, where the 
behaviour of structures under load can be analytically pre
dicted with great certainty, rock engineering still has to rely 
largely on empirical methods. The main reason for this is a 
lack of control over the material properties and loading condi
tions that are encountered around underground openings. In 
deep underground excavation, where stresses often exceed the 
strength of the rock mass, an additional uncertainty is intro
duced by the behaviour of rock during and after failure. 

Failure of underground openings in hard rocks is a func
tion of the in situ stress magnitudes, the mining-induced 
stress, and the degree of natural fracturing (jointing) of the 
rock mass (Hoek et ai., 1995). At low in situ stress 
magnitudes the continuity and distribution of the natural 
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Dans les excavations souterraines profondes dans des roches 
dures, Ii on les contraintes depassent facilement Ie niveau 
provoquant un micro craquelage i l'interieur de la masse 
rocheuse, il est essentiel de tenir compte du comportement 
de la masse rocheuse, pendant et apres la rupture, par une 
modetisation constitutive. Les methodes actuelles a base 
d'experiences empiriques et conventionnelles servant i ob
tenir Ie comportement deformant des roches dures sous 
charge ne donnent pas des resultats qui correspondent au 
observations de rupture in situ. Cet expose montre que ce 
probleme n'est pas necessairement une question d'effets de 
taille mais plutat peut etre lie au differentes circonstances 
sous lesquelles les composants i resistance cohesive et fric
tionneUe sont immobiHses dans les essais de compression en 
laboratoire et autour des ouvertures souterraines. Nous 
demontrons egalement que la propagation de la zone defaD
lante ou detachee (profondeur et etendue) est une fonction 
de I'indice de friabilite (IBe) dependant de la deformation 
presenre dans cet expose qui considere explicitement Ie 
retard relatif de la mobilisation de friction par rapport au 
tau de perte cohesive comme fonctions de la deformation 
plastique. Ce nouvel indice de friabilite caracrerise toute la 
courbe contrainte-deformation (au stades pre ou post 
crete) et represente les micro-organismes concernes pen
dant Ie processus de rupture friable: c'est-a-dire I'initiation, 
la propagation et la coalescence des dechirures. Cette etude 
montre que la friabilire rocheuse est Ie facteur dominant qui 
gouverne la forme de cassure, ce qui explique la deficience 
des criteres bases sur la contrainte adoptes par de nombreu 
cherchenrs pour predire la profondeur de cassure provo
quee par la contrainte autour des ouvertures. 

fractures in the rock mass control the failure process. How
ever, at elevated stress levels the failure process is affected 
and eventually dominated by new stress-induced fractures 
growing preferentially parallel to the excavation boundary. 
This fracturing is generally referred to as brittle rock failure 
by slabbing or spalling. Unlike ductile materials, in which 
shear slip surfaces form in such a manner that continuity of 
material is maintained, brittle failure is a process whereby 
continuity is disrupted to create kinematically feasible failure . 

From a mechanistic point of view, what happens during 
the brittle failure process of rock is the destruction of the 
strength derived from bonds between grains (cohesive 
strength). The frictional strength component gradually 
mobilises as the disintegrated blocks readjust and deform by 
shearing at newly created surfaces. Several investigations 
have demonstrated that tensile cracking is present in indu
cing damage during the brittle failure of rocks (e.g. 
Brace & Bombolakis, 1963; Wawersik & Brace, 1971; Peng 
& Johnson, 1972; Hallbauer et ai., 1973; Wong, 1982; 
Fredrich & Wong, 1986; Myer et ai., 1992; Martin, 1997; 
Hajiabdolmajid et ai., 2002; Kaiser & Hajiabdolmajid, 
2001). A most important element of this tension-induced 
cracking process is that the (normal) stresses at points of 
friction mobilisation are not constant. In other words, the 
effective normal stress (an) at the contact points changes 
gradually as the disintegrating rock mass is deformed (Fig. 
1). Hajiabdolmajid (2001) demonstrated that in these circum
stances the brittle failure process can be modelled using a 
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Fig. 1. Damage induced by tensile and shear mechanisms, 
leading to the non-simultaneous mobilisation of the strength 
components. Note that when the con1inement of U3 Is applied on 
the boundaries, owing to the heterogeneous nature of rock 
materials the local con1inements (or effective confinements ua) 
can be tensUe or compressive 

continuum modelling approach called the cohesion weaken
ing-frictional strengthening (CWFS) model. In this model 
the mobilised strength components (cohesive and frictional) 
are plastic strain (damage) dependent. The following equa
tions express respectively the adapted Mohr-Coulomb and 
Hoek-Brown failure criteria used in the CWFS model: 

or 

T = c(e) + 0 n(e)tan I/> 
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where in each case term 1 is the plastic-strain-dependent 
cohesive strength component, and term 2 is the plastic
strain-dependent frictional strength component. 

In situ, the act of excavation removes some or all of the 
confining pressure and gives rise to circumstances in which 
not all strength components are always equally mobilised 
(that is, they are not at their maximum effectiveness) in all 
stages of the failure process. Fig. 2(a) illustrates the concept 

Onset of 

(a) 

of non-simultaneous mobilisation of the strength components 
as fimctions of induced damage. In Fig. 2(a), e~ and 4 are 
the plastic strain (damage) levels necessary for cohesion loss 
and frictional strengthening respectively. Fig. 2(b) compares 
the mobilisation of the strength components in a compres
sion test with that around a circular tunnel in hard rocks at 
different stages of the loading process. 

COHESION WEAKENING-FRICTIONAL 
STRENGTHENING MODEL 

The concept of strain-dependent cohesion loss and frictional 
strengthening, explained above, was used to establish the 
CWFS constitutive model for brittle failure of rock in low 
confinement environments (Hajiabdolmajid, 2001). For the 
simulations reported here a modified Mohr-Coulomb failure 
criterion, defined as follows, was used as a yield fimction: 

1(0) = I(c, E") + I(on, lP)tanl/> (3) 

The model is characterised by its yield fimction, strengthen
ing/weakening fimctions, and flow rule. The plasticity model 
in FLAC2d (Itasca, 1995) was used to study the effect of 
non-simultaneous mobilisation of the frictional and cohesive 
strength components on the mobilised strength of rock under 
various loading conditions (Hajiabdolmajid, 200 I). In 
FLAC2d an effective plastic stIain parameter, V defined 
below in equation (4), was used to represent the accumulated 
plastic strains and the weakening/strengthening parameters 
(that is, e~ and 4). The parameter lP is calculated from the 
principal plastic strain increments, and is essentially a 
measure of the plastic shear strain (Hill, 1950; Vermeer & 
de Borst, 1984): 

lP = J Vr~-M-I-d£-f-+-d£-~-~-2-+-~-3d-~-3)dt (4) 

where def, d£~ and ~ are the increments of principal 
plastic strains. 

In equation (3), the term I(on, V) represents the variation 
of the effective confinement as a fimction of the effective 
plastic strain (induced damage). Owing to the limitations of 
the continuum modelling, the plastic strain dependence 
of effective confinement cannot be directly considered. 
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Fig. 2. Strain-dependent mobilisation of the strength components In the laboratory and in situ. Note that the 
frictional strength may need higher levels of damage In order to reach its full mobilisation 
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However, the effect of this dependence can be represented 
by the plastic strain dependence of the frictional strength 
component (an tan</» in the CWFS (continuum) model by 
making friction angle, </>, a plastic-strain-dependent property 
(Hajiabdolmajid, 2001). 

STRAIN-DEPENDENT MOBILISATION OF STRENGTH 
(IN SITU AND LABORATORy) 

Between 1990 and 1995 Atomic Energy of Canada Lim
ited carried out the Mine-by Experiment. This experiment 
involved the excavation of a 3·5 m diameter circular test 
tunnel in homogeneous massive granite (Martin, 1997). The 
primary objective of the experiment was to investigate the 
brittle failure process. To achieve this objective the twlnel 
was excavated in 0,5-1 m increments using a line-drilling 
technique and monitored with state-of-the-art displacement, 
strain and microseismic instrumentation, coupled with exten
sive video documentation. The test twlnel was excavated at 
the 420 level in intact and very sparsely fractured Lac du 
Bonnet granite. One of the objectives of the Mine-by 
Experiment was to assess the predictive capability of numer
ical models in capturing the extent and shape of the failed 
zone. As part of this work the in situ stress magnitudes in 
the vicinity of the twlnel were determined to be al = 
60± 3 MPa, a2 = 45 ±4 MPa, and a3 = 11 ±2 MPa 
(Martin, 1997). During excavation, a progressive brittle 
fracturing process (starting from the twlnel wall) resulted in 
the development of V-shaped notches, which propagated to a 
radial depth of 1· 3a (a is the twlnel radius) measured from 
the centre of the twlnel, typical of borehole breakouts in the 
regions of the compressive stress concentration in the roof 
and floor (Fig. 3). The maximum induced stress at the twlnel 
surface was calculated to be considerably lower than the 
measured laboratory unconfined compressive strength of 
cylindrical samples taken from the surrounding rock. Various 
hypotheses have been suggested to explain this brittle failure 
process of rock (Martin, 1997; Potyondy & Cundall, 1998). 
Hajiabdolmajid (2001), using a strain-dependent mobilisation 
law (Fig. 1) attributed the low mobilised in situ strength 
around the Mine-by twlnel to the brittleness of failing rock, 
which causes the rock to fail in situ at much lower stress 
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Fig. 3. Shape of failed zone observed around the Mine-by 
tunnel (after Read, 1996) 

levels than in the laboratory. The following describes the 
implication of this strain-dependent mobilisation law 
(CWFS) to explain the mobilised strength in brittle failure 
of rocks in the laboratory and in situ. 

Back-analysis of the brittle failure of the Lac du Bonnet 
granite around the Mine-by twlnel demonstrated that the 
frictional strength mobilises to its full capacity with a slower 
rate than the cohesive strength stabilises at its residual value 
(4 > e~ in Fig. 2) (Hajiabdolmajid, 2001). Schmertmann & 
Osterberg (1960) also demonstrated that in overconsolidated 
cohesive soils the cohesive component of strength reached 
its full mobilisation very early in the test, whereas the 
frictional component (an tan</» required 10-20 times the 
strain for its full mobilisation to be approached. 

The plastic strain limits at which the cohesive strength 
reaches a residual value (e~) and the frictional strength fully 
mobilises (4) are two material properties, and they were 
obtained by using the laboratory damage-controlled test 
results on Lac du Bonnet granite (Martin, 1997) and by 
back-analysing the breakout zone around the Mine-by twlnel 
(Hajiabdolmajid, 2001). The plastic strain limit required for 
the reduction of the initial cohesion (Cj = 50 MPa) to its 
residual value (cr = 15 MPa) was found to be 0,2%. The 
frictional strength in brittle failure of the Lac du Bonnet 
granite in situ needed more than two times plastic straining 
(damage) in order to reach its full capacity (4 = 0·5%). 
This means that in the brittle failure of granite, around the 
Mine-by twlnel, the cohesive strength reduces to 30% of its 
original value by the time the frictional strength has reached 
only 40% of its full capacity. Fig. 4 demonstrates the 
application of the CWFS model in predicting notch forma
tion and failure arrest around the Mine-by twine!. Fig. 4(a) 
illustrates the prediction of the shape of failed zones around 
the twlnel, and Fig. 4(b) demonstrates the mechanism of 
failure arrest by showing the induced damage (plastic strain) 
contours and the progressive frictional strengthening that 
leads to the failure arrest. As expected, the induced damage 
decreases when moving from the twlnel wall towards the 
notch tip. This is in general agreement with the characterisa
tion results reported by Read (1996), which demonstrated 
that, outside the notch, the rock mass was essentially un
damaged. Most importantly, this approach properly predicts 
the arrest of the failure process, which is difficult if not 
impossible to simulate with traditional models. The arrest of 
the observed slabbing process after a new, more stable 
geometry is reached can be explained by an increase in 
confinement (progressive frictional strengthening), coupled 
with a decrease in the induced damage (plastic strain) and 
thus a decrease in cohesion loss, arresting the failure process 
and the growth of the notch. Beyond the damaged zone 
(beyond the notch) where there is no plastic straining there 
is no mobilised frictional strength, and the cohesive strength 
is not affected (see also Fig. 11). In Fig. 4(b) the mobilised 
frictional strength an tan </> is calculated using principal 
stresses from the FLACld model and the strain-dependent 
friction angle. 

Figure 5(a) demonstrates a simple application of the 
CWFS model in compression tests using FLACld. Fig. 5(a) 
represents a simple linear cohesion weakening process 
(£~ = 0·2%) with a fully and instantaneous frictional strength 
mobilisation (4 = 0), using the material properties of the 
Lac du Bonnet granite (Table 1). A peak strength ac = 
260 MPa was found, which is about 15% higher than the 
uniaxial compressive strength obtained in the laboratory 
compression tests (224 MPa in undamaged samples of rock). 
Fig. 5(b) demonstrates the same tests as in Fig. 5(a) using a 
non-simultaneous mobilisation of the cohesive and frictional 
strength components. In both scenarios (A and B in Fig. 
5(b)), the material properties are the same (Table 1), except 
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Fig.4. Modelling brittle failure in situ: (a) prediction of notch formation around the Mine-by tunnel using the CWFS model; (b) 
mechanism of cohesion loss-frictional strengthening and failure arrest Inside breakout zone 
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Fig. 5. Effect of frictional strengthening rate on mobilised strength: (a) with instantaneous frictional strengthening 
(4 = 0%); (b) with delayed frictional strengthening 

Table 1. Lac du Bonnet granite properties used in models 
---------------------r-------
Initial friction angle, </Imitia!: degrees I 0 
Peak friction angle, </Ipeak: degrees I 48 
Initial cohesion, Ci: MPa I 50 
Residual cohesion, C,: MPa I 15 
Tensile strength, at: MPa I 10 
Defonnation modulus, ED: GPa I 60 
~o~s~n~ ~~:....v _ _____________ L __ ~~ __ _ 

that the plastic strain limit at which the frictional strength is 
fully mobilised (en differs. 

In test series B, the strain limits are equal (eg = 
4 = 0-2%). In test series A. the plastic strain limits are 

chosen in accordance with the results of back-analysis of the 
breakout zone around the Mine-by tunnel (eg = 0·2% and 
4 = 0·5%). A much lower strength is obtained in the case 
of non-simultaneous frictional strength mobilisation (about 
ao = 100 MPa), which is of the order of the results obtained 
for the crack initiation stress level (Martin, 1997). Of 
particular interest in Fig. 5(b) (tests A) is the stress-strain 
curve when two different strain limits for cohesion weaken
ing and frictional strengthening are chosen. This mechanism 
of strength mobilisation as a function of plastic strain is 
demonstrated in more detail in Fig. 6. The mechanism of 
strength mobilisation shown in Fig. 6 leads to a bilinear 
failure envelope in which, at low levels of confining pres
sure, the cohesive strength dominates, and at higher levels of 
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Fig. 6. Stress-strain curve in the CWFS model when frictional strengthening is delayed 
(4 >~) 

Fig. 7. Failure surfaces: with no weakening, with cohesion 
weakening only, and with cohesion weakening-frictional 
strengthening behaviours (bilinear). 11m represents the peak 
mobilised strength 

confinement it is replaced by the frictional strength (Figs 7 
and 10). The notion that the yield envelope for cohesive 
materials is bilinear is not new. Schofield & Worth (1966) 
demonstrated that this type of yield envelope was appropri
ate for stiff overconsolidated clays, and used this notion to 
lay the foundations for critical-state soil mechanics. Taylor 
(1948) also suggested this type of yield envelope for inter
locked sands. 

The strain sensitivity of the mobilised strength and the 
entire failure process (pre- to post-peak stages) to the non
simultaneous mobilisation of the strength components were 
further investigated using the non-linear functions for cohe
sion loss and friction mobilisation. Fig. 8 illustrates the 
results of the simulation of the uniaxial compression tests 
using various rates for cohesion loss and frictional strength
ening (e~ and ~ in insert in Fig. 8). In all these models the 
material properties remain the same; however, both the 
mobilised strength (peak strength) and the entire stress
strain curve (pre- to post-peak) have been affected by chang-
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Fig. 8. Sensitivity of mobilised strength and stress-strain curve 
to plastic strain limits and to strain-liependent (non-linear) 
functions for cohesion loss and friction mobilisation 

ing the strain limits (e~ and e~). The most brittle behaviour 
is associated with the lowest cohesion loss strain limit (small 
e~: that is, high cohesion loss rate) and highest frictional 
strength strain limit (large ~: that is, low strengthening 
rate). The plastic strain limits e~ and ~ are used in the 
following section to define a strain-dependent brittleness 
index (lB.: see insert in Fig. 8). 

In the conventional uniaxial testing method currently in 
use, the loading system and the geometry of the (cylindrical) 
sample promote conditions in which the frictional strength is 
almost instantly and simultaneously present from the start of 
the failure process (that is, ~ Rl 0). It is argued that, in the 
conventional laboratory compression tests, the geometry of 
the sample (cylinder) creates a situation in which the 
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Fig. 9. Crack propagation in cylindrical sample and in situ: (a) hoop tension; (b) circumference cracks 
developed in a uniaxial test; (c) mobilisation of strength components in laboratory compression test; 
(d) easy propagation of a single crack (or Dmited number of cracks) around excavation (schematic): (e) 
mobilisation of the strength components in situ 

propagation of the dilating cracks is kinematically con
strained (Figs 9(a) and (b)). Because of the hoop tension 
(Fig. 9(a)), radial micro confinement is introduced inside the 
sample, and consequently, at the time when microcrack 
propagation and coalescence along the major principal stress 
initiate (along the axis), there is an induced local confine
ment (an > 0). The presence of a confining pressure on the 
newly created surfaces of the cracks means the mobilisation 
of the frictional strength (frictional strengthening or friction 
hardening), leading to a significant resistance against crack 
propagation: that is, instantaneous mobilisation of friction 
(Fig. 9(b)). In these circumstances there is a need for an 
increase in deviatoric stress in order to make further crack 
propagation possible. This is eventually manifested in a 
much higher strength observed in conventional laboratory 
compression tests compared with the mobilised strength in 
situ (Fig. 10). These conditions often lead to the formation 
of an oblique shear plane (shear band) when the density of 
microcracks has reached a critical level. 

Around underground openings, however, the large geome
tries and large radius of curvature cannot confine the propa
gation of the dilating cracks (Fig. 9(b)). The limited number 
of dilating cracks propagate easily with lower level of 
frictional strengthening (friction hardening). Owing to this 

limited contribution of the frictional strength, the open 
cracks propagate much more easily around the excavation 
wall than inside the cylindrical samples during laboratory 
compression tests. In these conditions (in situ) the frictional 
strength is fully mobilised only when significant damage 
(cohesion loss) has been inflicted on the cohesion reserve of 
the rock along the failure plane, which implies that frictional 
strength does not mobilise quickly enough to contribute to 
the overall mobilised strength (peak): that is, large ~ - E~ 
(Fig. 9(e)). This can explain the very low strength (stress 
level associated with the slabbing process) observed around 
the Mine-by tunnel (Fig. 10). 

Brittleness of failing rock 
Using the concept of strain-dependent mobilisation of 

strength, a strain-dependent brittleness index was introduced 
by the following equation, which explicitly considers the 
contribution of the cohesive and frictional strength compo
nents during the failure process (Hajiabdolmajid, 2001): 

I 
~ -E~ 

Bt =----er- (5) 



MOBILISED STRENGTH COMPONENTS IN BRITTLE FAILURE OF ROCK 333 

'" Q. 

600 

500 

400 

::i: 300 
b 

o 

50 

IBe = -1 ,-------------
C ,,':J 80 
0 
gj 20 ¥ 60 
.<: \'If 
0 40 u 

10 g 
20 ~ 

u.. 
0·0 0·1 0·2 0·3 0 ·4 0 ·5 

Plastic strain: % 

/' ----
- - - c~kinitiatio; 

10 20 30 40 50 

Fig. 10. Bilinear failure envelope found by implication of the concept of brittleness index in the CWFS constitutive model 

This definition of brittleness implicitly considers the ease 
of microcracking dming the failure process by considering 
the rate at which the strength components are mobilised as 
fimctions of damage (plastic strain). From the physical point 
of view the brittleness index as defined by equation (5) 
reflects the presence of both tensile and shear mechanisms 
in inducing microcracks (damage), and how constrained (or 
free) these cracks are to propagate. The rock mass properties 
and loading system characteristics are expected to influence 
the brittleness (that is, the cohesion loss and frictional 
strengthening rates, or e~ - e~). For instance, two loading 
systems, one in a laboratory compression test and the other 
around a large underground opening, may give rise to differ
ent conditions for cohesion loss and frictional strengthening 
rates. Fast mobilisation of the frictional strength component 
(or slow cohesion loss rate) is represented by Is. ~ 0: that 
is, 0 ~ e¥ ~ e~ (Figs 8-10). The plane strain loading condi
tion around a large underground opening in hard rocks may 
be characterised by IBt > 0: that is, e¥ > e~ (e.g. in Lac du 
Bonnet granite around the Mine-by tunnel ~ = 0·2% and 
e¥ = 0·5%; IBt = 1·5). Fig. 10 compares the strength envel
opes associated with various brittleness indices (illustrated in 

the insert in Fig. 10). The in situ strength envelope is 
illustrated by the bilinear failure envelope that corresponds 
to lOt = 1·5 (characterising the failure process of the Mine
by tunnel). The significant effect of the simultaneous-instan
taneous frictional strengthening (lBt = -1) can be noticed 
(dashed thick line) by realising how much (+170 MPa) the 
peak strength has increased at a 3 = 0 compared with the 
mobilised strength when the frictional strengthening is 
delayed (that is, e~ = 0'2%, e¥ = 0·5%; lOt = 1·5, in situ 
bilinear) in Fig. 10. 

However, the effects of material properties such as lithol
ogy, fabric, mineralogy and foliation should also be consid
ered (see subsequent section, 'Rock mass properties and the 
brittleness of failing rock'). This can be better understood 
by considering the various micromechanism processes in
volved (tensile and shear) in the initiation, propagation and 
coalescence of microcracks in cohesive geomaterials in gen
eral and in hard rocks in particular. The microcracks in hard 
rocks may initiate from pores, point loading or local stiffuess 
mismatch: these mechanisms promote a more brittle crack 
initiation and propagation, accompanied by limited plastic 
straining (fast cohesion loss and/or slow friction mobilisation 
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rate: that is, large ~ - eV, leading to a minimum contribu
tion of (micro) friction (frictional strengthening). The pro
cesses, which involve the initiation and propagation of 
cracks at the grain boundaries (frictional cracks), cleavage, 
foliation, and soft inclusion, most likely need more plastic 
straining and a higher degree of (micro) frictional strength
ening (that is, small ~ - e~, less brittle failure and higher 
mobilised frictional strength). 

PREDICTION OF THE DEPTH OF FAILURE 
The damage induced by the cracking process around 

openings in hard rocks weakens the rock by reducing its 
cohesive strength component. The largest reductions occur at 
the opening wall, where the damage is the greatest. This is 
schematically shown for a circular tunnel in a high vertical 
stress environment (Uj is vertical) in Fig. 11. Outside this 
damaged zone the cohesive component of strength can be 
considered to be almost unaffected from the stability point 
of view (Fig. 11). In Fig. 11 the amount of induced damage 
(0" representing the induced damage or plastic strain) de
creases significantly from the tunnel wall towards the notch 
tip (see the previous section). At the tunnel wall the 
propagation of cracks is not kinematically constrained, and 
the frictional strength does not contribute significantly to the 
mobilised strength (Figs 4(b) and 11 : that is, low mobilised 
strength, l& = 1·5 in Fig. 10). However, when the breakout 
zone is deepened and reaches a certain geometry (higher 
confinement), the propagation of microcracks forming 
macrocracks by coalescence is increasingly constrained. 

Thus cohesion loss and frictional strengthening rates (e~ 
and en, which are characteristics of rock types and the 
loading conditions, determine how deeply the process of 
brittle fracturing will propagate. In other words, the brittle
ness (the ease of microcracking) in the presence of favour
able in situ stress conditions determines the shape of the 
breakout zone. 

Here, the effect of changing the parameters of the CWFS 
model-that is, the cohesion loss and frictional strengthening 
rates (considered in the brittleness index, equation (S))-on 
the depth of failure around the Mine-by Tunnel is investi
gated. Fig. I2(a) demonstrates that the normalised depth of 
failure (DOF) increases with increasing brittleness (IBt). The 
depths of failure in Fig. I2(a) are obtained by having a 
constant plastic strain limit for cohesion loss (e~ = 0·2%) 
and changing the plastic strain limit for full mobilisation of 
the frictional strength component (~ = 0-1%), as illustrated 
in Fig. I2(b). 

This demonstrates that a direct relationship exists between 
the brittleness index (1&) and the propagation of the failed 
zone around the opening. The brittleness index as defined by 
equation (5) represents the difference between the two strain 
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Fig. 11. Mobilisation of strength components and failure arrest 
around excavation 
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Fig. 12. Brittleuess and depth of failure: (a) normalised depth 
of failure as a function of brittleness index, 13£; (b) plastic 
strain limits associated with the brittleness indices shown in (a) 

limits for cohesion loss and full frictional strength mobilisa
tion, which considers how rapidly the cohesive strength is 
lost and the frictional strength is mobilised. The faster 
the cohesion is lost (that is, small e~), or the slower the 
frictional strengthens (that is, large ~), the higher the 
brittleness index (1&) and the more extended the failed 
zone. For the rock mass and in situ characteristics of 
the Mine-by tunnel, the following two equations represent 
the relationships between the brittleness index (1&) and the 
normalised depth offailure and extent angle (a) (Fig. 13): 

DOF = 25(1 + I&r (6) 

(7) 

It follows that the brittleness index is a dominant factor, 
often more so than stress, in controlling the breakout shape. 
This explains the failure of the methods adopted by many 
researchers in establishing stress-related breakout prediction 
models. 

Fig. 13. Geometric characteristics of failed zone in equations (6) 
and (7). a, extent angle; dr, depth of failure 
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ROCK MASS PROPERTIES AND THE BRITTLENESS OF 
FAILING ROCK 

It is expected that different rocks will possess different 
strain limits for cohesion loss and frictional strengthening 
(different brittIeness: that is, 4 - E~) in different loading 
conditions. Thus creating the same opening in the same far
field stress environment inside different rocks with different 
brittleness will lead to different failed zones. The Mine-by 
tunnel at the Underground Research Laboratory nicely illus
trates this, where the tunnel passes from granite to the 
granodiorite of the Lac du Bonnet formation. 

Using the concept of brittleness index one can explain the 
differences observed between the granodiorite and granite of 
Lac du Bonnet around the Mine-by tunnel, while the in situ 
stresses and environmental conditions can be considered 
constant along the length of the tunnel. The stability in the 
granodiorite or the slabbing in the granite can be related to 
differences between their brittleness. The two materials 
(granite and granodiorite) are reported to have very similar 
strength and deformational (laboratory) properties but dif
ferent grain size distributions: granite is coarser than gran
odiorite (Martin et aI., 1997). In the granodiorite at the 
Underground Research Laboratory the size of all grains is 
roughly equal (1 mm) and somewhat more uniformly distrib
uted. It is likely that the greater heterogeneity of mineraI 
composition and grain size in the granite contributes to a 
faster cohesion loss rate (with straining) and/or slower fric
tional strengthening (slow friction hardening: that is, higher 
brittleness). Therefore the mobilised strength in (in situ) 
failure of granodiorite is higher than the mobilised strength 
in (in situ) failure of granite (Figs 10 and 12). This cannot 
be simulated and considered in models in which the failure 
initiation and arrests are simulated using purely stress-based 
criteria. 

The smaller grain size limits the intergranular flaw size, 
which plays the role of a weak link in initiating the micro
cracks. Several researchers have shown that the uniaxial 
compressive strength of granitic rocks decreases with in
crease in the mean grain size (Onodera & Kumara, 1980; 
Prikryl, 2001). Onodera & Kumara (1980) also showed that 
the percentage of boundary-related cracks (intergranular 
cracks) decreases with increasing grain size whereas the 
number of intragranular cracks increases. This might be used 
to argue that, in fine-grained polycrystaIline rocks, the inter
granular cracks are more abundant than in coarse-grained 
rocks. The propagation of intergranular cracks (there are 
more in fine-grained rocks) mobilises more strength. owing 
to the increased involvement of frictional strength and/or the 
slower cohesion loss. The propagation of intragranular 
cracks is more brittle, and involves a lower frictional 
strength contribution. This leads to the conclusion that 
homogeneous fine-grained rocks tend to possess lower brit
tleness (lBt is smaIl) than heterogeneous grain sized rocks. 
More experimental studies should be undertaken to verifY 
these statements. More investigations should also be con
ducted to relate the strain-dependent brittleness index intro
duced here to a series of measurable properties for any rock 
type (igneous, metamorphic and sedimentary). These proper
ties can then be used to classify the brittleness of various 
rocks. This study showed that in the case of igneous rocks 
such as granite and granodiorite the grain size and its 
distribution might have had a dominant effect in making 
granite a more brittle material. For other rock types there 
might be other significant characteristics, such as mineral
ogy, presence of soft inclusions, and foliation, determining 
their brittleness. 

The concepts of non-simultaneous and strain-dependent 
mobilisation of strength components have been used here to 
explain and interpret the observations made in the failure of 

a hard rock such as granite, but these concepts were first 
used in soil mechanics to explain the strength mobilisation 
of soils in the laboratory and in situ (Schmertmann & 
Osterberg, 1960; Conlon, 1966). Thus more studies might 
also be needed to investigate the significance of brittleness 
(as it is defined in this study) and its consideration for the 
stability analysis of structures in the field of geotechnical 
engineering, and for interpretation of the results in labora
tory experiments on various soils. 

CONCLUSIONS 
Strain-dependent cohesion loss and frictional strengthening 

can explain the lower strength (low stress levels for initiation 
of slabbing) in situ, compared with the uniaxial compressive 
strength of rock samples in laboratory compression tests. 
The cohesion weakening-frictional strengthening (CWFS) 
model, which considers the mobilisation of the strength 
components as functions of plastic strain (damage), can 
capture both the formation and the stabilisation of the break
out zones around openings in hard brittle rocks. 

It was shown that the propagation of the failed zone (the 
shape of the breakout zone) is a function of the brittleness 
index (lBt) introduced here, which explicitly considers the 
delay in mobilisation of the frictional strength (4 - E~) 
relative to the cohesion loss rate. The brittleness is a 
dominant factor in controlling the breakout shape. It was 
shown that, if the failure process of rock occurs (adequately) 
in a brittle manner, the in situ mobilised strength can be 
described by a bilinear (concave upwards) failure envelope 
such that, in low confinement, the cohesive strength predo
minates the mobilised strength, and it is later replaced by 
the frictional strength when cohesion is lost. More experi
mental developments are needed to study the mobilisation of 
these strength components and the brittleness of various 
geomaterials as functions of strain in the laboratory, and in 
situ loading conditions. 
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