International Journal of Rock Mechanics & Mining Sciences 48 (2011) 888-898

Contents lists available at ScienceDirect

International Journal of
Rock Mechanics & Mining Sciences

journal homepage: www.elsevier.com/locate/ijrmms

Intemnational Joumnal of
Rock Mechanics
and

Mining Sciences

Superbrittleness of rocks and earthquake activity

B.G. Tarasov *, ML.F. Randolph

The University of Western Australia, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 15 March 2010
Received in revised form
1 June 2011

Accepted 22 June 2011

Keywords:

Depth earthquake activity
Rock embrittlement
Superbrittleness

Rupture mechanism

This paper demonstrates that, in contrast to relatively soft rocks, intact hard rocks failed in mode II can
increase their brittleness dramatically (hundreds of times) with rising confining stress. The brittleness
variation in this case follows a typical pattern of initially increasing, reaching a maximum and then
ultimately decreasing. The harder the rock, the greater is the effect of embrittlement. A shear rupture
mechanism discussed in the paper shows that the embrittlement results from reduction of friction
within the rupture zone with rising confining stress. Transient “negative friction”, which can be
generated within a certain range of confining stress renders rocks superbrittle. The similarity in
variation of rock brittleness with confining stress, and aftershock activity with depth, leads to the
supposition that the aftershock process can be caused by generation of new faults in the intact rock
mass surrounding the main fault where superbrittle behaviour determines the depth range of

earthquake activity.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The variation of aftershock activity with depth typically
follows a pattern of initially increasing, reaching a maximum
and then ultimately decreasing [1-4]. Aftershocks normally have
a spatial distribution around the main shock rupture and can
occur at a significant distant from the main rupture [4-6]. Fig. 1
illustrates these features. Fig. 1a shows the depth distribution of
seismic activity (number of aftershocks versus depth) for different
earthquake regions [4]. Fig. 1b shows the plane of seismicity for
the Borah Peak, Idaho, earthquake of 1983, with several after-
shocks a distance of about 3 km from the general fault plane [4].

The modern conceptual understanding of earthquakes is based
upon frictional stick-slip instability along pre-existing faults [1-8].
Increase in aftershock activity with depth is explained by experi-
mental results showing the transition from stable (ductile) sliding
along the faults at low confining pressures g3, to rising instability
(brittleness) with increasing o3 [7,8]. The spatial distribution of
aftershocks around the main shock fault is explained by the claim
that the crust is riddled with small faults of varying orientations
that are reactivated due to the stress transfer [4,9-11].

It is known that mining activity at great depth can trigger
severe shear rupture rockbursts, which are seismically indistin-
guishable from natural earthquakes [4,12]. Fig. 1c shows a plane of
seismicity caused by mining activity in the East Rand Proprietary
Mines gold mine, South Africa [12]. Special studies conducted in
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South African mines have shown that such rockbursts are asso-
ciated with spontaneous development of new large shear fractures
in intact rock mass, with hypocentres located at significant
distances away from the excavation [12-14]. Fig. 1¢ shows that
dynamic events can occur at distances of up to 150 m from the
excavation. Despite the obvious differences between a mainshock
earthquake fault and a mining excavation, both of them represent a
stress concentration within the surrounding rock mass. The obser-
vations made in mines allows the supposition that earthquake
aftershocks can also result from the generation of new shear
fractures in the surrounding intact rock mass, due to stress changes
caused by the main shock fracture [15]. However, the problem is
an apparent conflict between the observed increase in aftershock
activity with depth and the general belief that intact rocks under
triaxial compression (with ¢ > 0,=03) become less brittle with
rising confining pressure g3 (or depth).

Analysis of the post-peak behaviour of rocks of different
hardness conducted in this paper shows that, in contrast to soft
rocks, hard rocks show a dramatic increase in brittleness with
increasing confining pressure o. The brittleness variation in this
case follows a typical pattern of initially increasing, reaching a
maximum and then ultimately decreasing. The harder the rock,
the greater is the increase in embrittlement. We consider that the
rock embrittlement is caused by a special frictionless shear
rupture mechanism discussed earlier in [16-18]. In accordance
with this mechanism the embrittlement results from reduction of
friction within the propagating shear rupture with rising os.
Transient “negative friction”, which can occur within a certain
range of a3, makes rocks superbrittle. The similarity in variation
of rock brittleness with g3 and aftershock activity with depth
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Fig. 1. (a) Earthquake depth distribution for different regions [4]. Plane of seismicity caused by: (b) the Borah Peak, Idaho, earthquake of 1983, M=7.3 [4] and (c) mining
activity in the East Rand Proprietary Mines gold mine, South Africa (depth about 3 km) [12].

<«— Ductile «—  Semibrittle

«— Transitional

Super

le— Britle «— Brittle

too>M2E —

Self-sustaining failure

N\~ o m e e

Ductility €
- k=(E-M)M Absolute0
brittleness
t |
—00 k,=E/M -1 1

Fig. 2. Scale of brittleness index k=(E-M)/M and k;=E/M with characteristic shapes of complete stress—strain curves.

suggests that the aftershock process can be caused by generation
of new faults in intact rocks surrounding the main fault, with the
depth range of earthquake activity determined by the stress range
for superbrittle behaviour.

2. Brittleness index

Spontaneous failure, which can be treated as the manifestation
of rock brittleness, takes place in the post-peak region only.
Hence, post-peak energy balance of elastic and rupture energy
is an essential criterion for characterisation of brittleness. To
quantify rock brittleness at post-peak failure under conditions of
triaxial compression (¢, > 0,=03) we will use a brittleness index
k, which characterises the capability of the rock for self-sustaining
failure due to the elastic energy accumulated in the material body
during loading, and which is available for rupture development in
the post-peak region [18]. The index is quantified as

_dW, E-M

k_dWe_ M M

where dW, =do?(E-M)/2EM is the post-peak rupture energy
absorbed by the rupture process at stress degradation of the value
do; dW, = da?/2E is the elastic energy withdrawn from the speci-
men due to stress degradation of the value do, do? here corre-
sponds to (o2—of)—see Fig. 2 for explanation; E=do/de
is the unloading elastic modulus, M =do/de is the post-peak
modulus, and 6=(0,—03) is differential stress. All of these para-
meters can be determined from complete experimental stress—
strain curves.

Fig. 2 shows the scale of rock brittleness index k with
brittleness increasing from left to right. Complete curves (differ-
ential stress ¢ versus axial strain &) here illustrate the variation in
shape of these curves with variation in brittleness. It is supposed
for simplicity that the pre-peak parts of the curves are the same.
Areas restricted by dotted triangles correspond to elastic energy
W, stored within the rock material at the peak stress. Post-peak
parts of the curves characterised by a post-peak modulus M are
different for each curve. The shaded areas represent the post-peak
rupture energy W, associated with strength degradation at failure
from the peak stress to the residual strength (horizontal part of
the post-peak curves). The index k is negative, in the range
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— o <k <0, because the elastic energy is treated as positive
while the rupture energy is negative.

Within the range of brittleness index —1 <k <0 the elastic
energy dW, withdrawn from the material body at stress degrada-
tion on the value do exceeds the corresponding rupture energy
dW,, leading to self-sustaining failure (Class Il of post-peak
behaviour [19]). The self-sustaining failure normally has a spon-
taneous character even for a hypothetically perfectly stiff testing
machine. The greater the difference between dW, and dW, the
more violent is the self-sustaining failure. At conditions of
absolute brittleness dW,=0, M=E and k=0. For k< —1 the
rupture development is not self-sustaining because the rupture
energy exceeds the available elastic energy stored within the
material body (Class I of post-peak behaviour [19]). Additional
work must be done to cause complete failure. Variation in failure
regimes with increase in rock brittleness are indicated in the
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upper part of Fig. 2. In addition to traditional regimes - ductile,
semi-brittle, transitional and brittle - a new superbrittle failure
regime is proposed. Characteristic features of this regime are
discussed below. A brittleness index k;=E/M, similar to
k=(E—M)/M can also be used for rock brittleness characterisation
during post-peak failure (shown in the lower part of Fig. 2). The
brittleness index k; represents the ratio between the released
energy W, and elastic energy W..

3. Experimental data for increasing rock embrittlement with
confining pressure

It is known that self-sustaining failure for rocks with positive
post-peak modulus can be conducted in a stable manner by the
use of stiff servo-controlled testing apparatus that allow the
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Fig. 3. Post-peak behaviour of rocks of different hardness at different levels of confining pressure o3: (a) sandstone [23], (b) quartzite, (c) Westerly granite [19],
(d) dolerite, and (e) controlled stage of post-peak failure of dolerite specimens at g3=60 and 75 MPa shown on a larger scale.
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excess elastic energy from the material body to be extracted by
applying negative axial strains in accordance with the positive
post-peak modulus M [19]. However, analysis of the available
experimental data for hard rocks shows that the vast majority of
results involve only the pre-peak deformation stage. Post-peak
control was achieved only under uniaxial compression and at
relatively low levels of confining pressures [19-22]. Increasing
the confining stress (g3) makes the post-peak rupture control
more and more difficult and finally impossible above a certain
level of g3 [19,22]. The impossibility of rupture control at high
confining pressures is usually explained as a technical problem
with the apparatus, without comprehensive analysis of the situa-
tion. The analysis conducted below shows that the main reason
for uncontrollable failure at high o3 is the extraordinary rock
embrittlement and what we refer to as superbrittle behaviour.
Definition for the superbrittle conditions will be given later.

Experimental results discussed below were obtained on
cylindrical specimens tested in triaxial compression, ¢ > g,=
o3, using very stiff (frame stiffness 20 MN/mm) servo-controlled
testing machines [22,23]. Fig. 3 shows four sets of curves
(differential stress g=(01-03) versus axial strain ¢) for rocks of
different hardness (a—sandstone [23], b—quartzite, c—Westerly
granite [19], and d—dolerite), with the hardness increasing from
sandstone to dolerite. The hardness is estimated roughly on the
basis of the average elastic modulus. All rocks were tested within
the pressure range of 0 < o3 <150 MPa. Failure of all the rocks
under confined conditions was by a form of shear rupture (mode
II). Controllable rupture development in the post-peak region was
achieved for sandstone and quartzite at all levels of 3. For
Westerly granite rupture control was achieved for 0 psi< o3 <
11,600 psi (~80 MPa). At 63=22,000 psi (152 MPa), control was
possible only at the start of the post-peak stage after which
explosive-like collapse of the specimens occurred. For o3>
22,000 psi (152 MPa) explosive-like uncontrollable rupture
occurred at the peak stress level.

Failure of dolerite specimens was controllable for o3 <30 MPa.
At greater confining pressures, 60 MPa < g3 < 150 MPa, control
was possible only at the start of the post-peak stage after which
explosive-like failure took place. The controlled post-peak stage
decreases with rising 3. Post-peak curves reflecting the con-
trolled stage of rupture development for 60 and 75 MPa are
shown in Fig. 3e on a larger scale.

To analyse the brittleness variation with rising 3 for the rocks
presented in Fig. 3 the post-peak curves were approximated by
straight lines for calculating the post-peak modulus M and
brittleness index k. The lines representing the post-peak slopes
for Westerly granite and dolerite tested at high o3 are plotted on
the basis of short controlled post-peak curves.

Fig. 4 shows the variation of brittleness index k with confining
pressure g3 for the rocks discussed, with brittleness increasing
from left to right. The graph for sandstone shows that increase in
o3 makes the rock less brittle. This behaviour is typical for soft
and insufficiently hard rocks. For the quartzite, increase in o3
within the range of 0-100 MPa makes it more brittle. At greater
o3 the brittleness decreases. The graphs for granite and dolerite
show very severe rock embrittlement. At 63=75 MPa the dolerite
became 250 times more brittle compared with uniaxial compres-
sion (k,=—1.5; k;5=—0.006). At 63=100 and 150 MPa the
brittleness increased significantly, further approaching absolute
brittleness (k=0). The dashed lines indicate the expected brittle-
ness variation for granite and dolerite at greater os: the brittle-
ness continues to increase until it reaches a maximum at some
level of o3 and than decreases since all rocks become ductile at
very high a3. For less hard rocks (such as the quartzite) the mode
of brittleness variation is similar but the maximum brittleness is
lower and the range of confining pressure where embrittlement
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Fig. 4. Variation of brittleness index k versus confining pressure o3 for rocks of
different hardness (modified from [18]).

takes place is smaller. The self-sustaining failure regime corre-
sponds to -1 <k <O0.

4. Mechanism of rock embrittlement at high confining
pressures

4.1. Frictionless model of primary ruptures

The mechanism of rock embrittlement discussed below is
based upon modern understanding of shear fracture develop-
ment. It is known that a shear rupture can propagate in its own
plane due to creation of short tensile cracks in front of the rupture
tips [15,24,25]. This forms the universal structure of shear
ruptures represented by an echelon of blocks (or slabs) separated
by tensile cracks—known as ‘book-shelf structure [15,24-27].
The initial angle f3, of the tensile crack and block inclination to the
shear rupture plane is about 30°-40° [28]. Shear displacement
along the fault causes rotation of the blocks of the ‘book-shelf
structure between the rupture surfaces [24-27].

Fig. 5a illustrates the essence of the shear rupture mechanism
according to modern understanding. All existing shear rupture
models consider shear displacement of the fault faces in the fault
head as a frictional process (e.g. [15,24-27]). It is assumed that
the blocks of the ‘book-shelf structure formed at the fault tip
collapse during rotation creating friction within the fault head.
A graph under the shear rupture in Fig. 5a shows the shear
resistance variation along the fault head. The cohesive strength
Teon and the initial resistance caused by the front blocks are
substituted gradually by frictional resistance due to block col-
lapse. At the end of the rupture head the resistance reaches the
minimum value, which is determined by friction 7

In accordance with this model any increase in g3 increases the
friction within the rupture zone including the rupture head,
which must be followed by an increase in rupture energy and
decrease in brittleness. The question is: what kind of changes in
the described rupture mechanism can cause the observed very
severe embrittlement of rocks?

It is known that increase in g3 makes tensile cracks and,
consequently, rotating blocks shorter. We can suppose that at
special levels of o3 the blocks can become short enough to
withstand rotation without collapse, thus operating as hinges.
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This can only happen in hard rocks because very strong material
is required to achieve this. The very high strength of the rotating
blocks is provided also by a scale effect: the smaller the rock
fragment (rotating block) the stronger it is. The thickness of shear
ruptures in experiments showing high brittleness was less than
0.1 mm [16], which suggests that the dimensions of the rotating
blocks involved in these shear ruptures should be about the
same order.

Fig. 5b illustrates a model where rotating blocks behave as
hinges. Due to consecutive formation (by splitting) and rotation of
the blocks, these should form a fan structure within the rupture
head. A remarkable feature of the rotating blocks (hinges) in the

second half of the fan structure (where f > 90°) is the creation of
active forces (see explanation below on the basis of Fig. 6).
A graph under the shear rupture in Fig. 5b shows the shear
resistance variation along the fault head. The bottom part of the
graph represents active forces (negative resistance) acting in the
second half of the head and assisting the fault displacement. We
refer to the negative resistance symbolically as ‘negative friction’.
In the core zone represented by blocks that have completed their
rotation the normal residual friction is restored.

A physical model in Fig. 6 illustrates features of the fan head
formation. All blocks of the model are confined by two elastic
belts (on top and bottom) representing material of the rupture
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faces. Normal stress o, is applied to the structure. This model
introduces key roles of elasticity of the face material and normal
stress in the fault structure development. Due to elasticity of the
face material the rotating blocks are separated from the intact
material and rotated sequentially under the effect of applied
shear force F, forming a fan-shaped structure. The picture illus-
trates different stages of the fan head formation. The forces
shown indicate schematically the variation in total shear resis-
tance of the growing rupture head (here, F is the applied force; Fi
and Fj are reactive and active forces). The forces F; and Fj are
functions of normal stress o, elasticity of the face material and
geometrical characteristics of the rotating blocks (see more
details in [17,18]). During formation of the first half of the fan
head the shear resistance increases and reaches maximum, F g,qx,
at the moment when the first half of the fan structure is formed.
This rupture process takes place during the pre-peak stage of the
material loading. Acoustic emission studies show that for hard
rocks the localised shear fracture development starts close to the
peak strength [25,29]. Unlike relatively soft rocks where intensive
distributed microcracking precedes the rupture localisation for
hard rocks the localised shear fracture development can occur
practically without distributed microcracking [25,29]. In the
model the microcracking process is associated with tensile crack
formation causing separation of the rotating blocks from the
intact rock mass in the rupture tip.

Thanks to the creation of an active force F 4 at formation of the
second half of the head, the total shear resistance of the fan head
decreases. This happens due to the effect of normal stress ¢, and
elastic forces in the face material on blocks positioned at angles
S >90°. Elastic energy accumulated within the face material in
the first half of the fan head is released in the second half.
Decrease in resistance of the fan-head structure corresponds to
the start of the post-peak deformation stage. At completion of the
fan-structure formation the value of the active force becomes
equal to the reactive force F'amax=F'rmax- Thus the fan structure
represents a self-equilibrating mechanism and can move sponta-
neously as a wave with very small shear resistance.

In the idealised fan-head model the resistance to rupture
propagation is determined only by the tensile strength of the
material associated with consecutive formation of blocks in front
of the propagating rupture. It is important that the fan head can
propagate independently of the core zone, which can remain
immobile due to high frictional resistance. In this situation the
rupture energy is determined by shear resistance of the fan head
only. The fan-head rupture mechanism represents the most
energy efficient shear rupture mechanism.

This model explains the reason for the impossibility of con-
trolling rupture beyond a certain stage of the post-peak deforma-
tion, as observed at high o3. To analyse this we may divide the
post-peak curve obtained for the dolerite specimen at 63=60 MPa

into four stages with equal intervals of differential stress (Fig. 6b
bottom). Each stage is characterised by average values of unload-
ing elastic modulus E and post-peak modulus M. It is assumed
that modulus E=84,000 MPa is constant for all four stages due to
relatively small stress degradation between the peak stress and
the point of instability start. During the rupture development
from stage (1) to stage (4), modulus M decreases, approaching
modulus E. At stage (4) levels of post peak modulus
(M=84,500 MPa) and elastic modulus (E=84,000 MPa) become
very close. Areas located between the E and M lines represent the
post-peak rupture energy dW, which decreases dramatically with
the rupture development. Theoretically at M=E the rupture
energy becomes equal to zero and material exhibits absolute
brittleness. Decrease in rupture energy is associated with devel-
opment of the second half of the fan head.

Fig. 7 shows variations of modulus E and M and brittleness
index k versus differential stress ¢ for the same dolerite specimen.
At stages (1) and (4) values of the brittleness index are -0.85 and
-0.006, resepctively. We can suppose that after stage (4) forma-
tion of the fan head is complete and the head starts to propagate
spontaneously as a wave, independently on the rupture core,
rendering further rupture control impossible. Experiments con-
ducted on the physical fan-head model showed that the length of
the fan head is a function of the normal stress ¢,. Increase in g,
reduces the fan head length. This explains why the controllable
stage of the post-peak deformation decreases with increase in os.

4.2. Frictionless model of complex shear ruptures

Generally faults represent complex formations involving rela-
tively wide rupture zones of crushed rock, which implies very
high rupture energy and, consequently, relatively low brittleness.
However, a specific rupture mechanism governing the fault
development provides frictionless rupture conditions within the
fault zone at different stages of the fault development, which
makes the failure process very brittle. This mechanism is
discussed below.

It is known that segmentation is a fundamental feature of fault
development [4,30-34]. A similar segmented structure of fault
zones extends throughout the seismogenic depth, deeper that
10km in the earth’s crust [33,34]. Faults are composed of
essential structural elements: fault segments with an en echelon
array and fault jogs (overlap zones). Laboratory experiments [35]
have demonstrated that fault development can result from con-
secutive advanced triggering of new shear fractures (new seg-
ments) in front of the propagating fault. The triggering is caused
by the stress transfer ahead of the fault through rock mass already
stressed close to failure. The fault and segments propagating
toward each other form jogs (overlap zones) where they meet.
Analysis of the segmented fault structure formed under
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conditions of high confining pressures or great depths suggests
that formation of compressional type of jogs predominates under
highly confined conditions [13,35]. A possible reason for that is
discussed in [18].

Fig. 8 shows seven steps of the fault development in accordance
with the ‘advance triggering’ segmentation mechanism [17]. The
fault propagates from left to right. Solid arrows represent seg-
ments; hollow arrows show directions of the applied shear stress.
The segments form compressional overlap zones on meeting.
When the extending overlap zone in hard brittle rocks reaches
some critical length it fractures dynamically into an echelon of
rotating blocks forming the book-shelf structure. The book-shelf
structure represents a fundamental feature of any shear fracture
(fault). The initial orientation of tensile cracks separating the blocks
coincides with the direction of the major compressive stress
(B,=30°-40°) [28]. The overlap zones, by joining, can form long
faults involving book-shelf structures. Photographs of such shear
fractures with the book-shelf structure caused severe rockbursts in
deep South Arican mines are shown in Fig. 8b [13]. The photo-
graphs show also that displacement along the fault is accompanied
by rotation of the blocks (f=70° 90° 120°). In special cases
discussed below the rotating blocks can operate as hinges decreas-
ing dramatically the shear resistance of the fault.

An idealised fault model involving an echelon of rotating
blocks is shown in Fig. 9a [16]. Shear F and normal N forces are
applied to the model. Fig. 9b illustrates the variation in normal-
ised fault resistance F/N as the angle f increases during shear
displacement of the fault. The resistance decreases, reaching zero
at f=90°, beyond which it becomes negative (releasing energy).

The negative resistance (‘negative friction’) is provided by the
normal force N (function of g3) existing across the fault, which
encourages block rotation beyond f=90°, consequently assisting
the fault displacement. This mechanism makes the material
extremely brittle, because of the loss of any positive resistance
over a finite displacement until the restoration of frictional
resistance once the blocks have completed their rotation.

To understand correctly the role of the book-shelf structure in
rock embrittlement it is necessary to take into account also the
following features of segmented faults observed experimentally
[35]: (1) faults are multi-hierarchical formations; (2) once a
number of segments of a given hierarchical rank coalesce, they
behave as a whole as a new and longer segment of one higher
rank; (3) segments of higher rank can trigger a new segment
(rupture) at greater distance; and (4) the new triggered segment
starts as a primary rupture.

Fig. 10 shows schematically three stages associated with
development of three types of segments of different rank. Shear
stress direction here is indicated by open arrows, the fault
propagating from left to right. The fault nucleates as a primary
rupture because the self-equilibrating fan-head mechanism mobi-
lised in very thin primary ruptures is the most energy efficient
shear rupture mechanism. When the primary rupture becomes
sufficiently long a new primary rupture (segment) can be trig-
gered in front of the current one at a distance x; due to stress
transfer. Further propagation of these ruptures can trigger the
third one and so on. On meeting, these ruptures play a role of
segments of rank-I and form corresponding overlap zones with
the book-shelf structure. After joining of a number of segments of
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Fig. 10. Evolution of fault structure with development of segments of different ranks (multi-hierarchical structure).
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Fig. 11. (a) Model of brittleness variation versus confining pressure g3 (b) Estimated variation of brittleness index k versus confining pressure for Westerly granite.

rank-I the combined formation starts behaving as a segment of
higher rank-II. The rank-II segment can trigger a series of new
primary ruptures at different distances with maximum remote-
ness of x;. The key feature of fault segmentation is the fact that
a new segment triggered by the current segment of any rank
nucleates as a primary rupture (due to the most energy efficient
shear rupture mechanism). At its propagation towards the current
segment (and in the opposite direction) the new segment will be
subjected to similar evolution as occurred for the current seg-
ment. After linkage of a number of rank-Il segments due to
creation of corresponding overlap zones with the book-shelf
structure, the next rank-III segment will be formed (shown on a
smaller scale ~ 1:5). Further development of this fault will be
accompanied by creation of higher rank segments.

The most important feature of the fault structure evolution
relevant to the main subject of this paper is the fact that low rank
segments with corresponding book-shelf structure represent basic
elements of any higher rank segment for any fault (including very
large ones). At fault development, frictionless conditions can be
provided first of all in low rank segments where relatively small
displacement is required to rotate blocks of the book-shelf structure
up to angle 5 > 90°. Once frictionless conditions have been reached,
displacement along the low rank segments occurs extremely vio-
lently. Relatively thin localised zones of very intense destruction can
be observed in practise in each fault. The initial frictionless structure

of these segments is completely destroyed by explosive-like exten-
sive shear, creating gouge material. Higher rank segments with the
book-shelf structure, where blocks rotate with angle 8 <90°, serve
as a damping mechanism accommodating large fault displacement.
Hence, we can suppose that low rank segments are responsible for
high rock brittleness at the fault development.

It is important to note that the frictionless mechanism acti-
vated in primary fractures and in segmented faults do not affect
the initial and the frictional residual rock strength (and conse-
quently the Mohr-Coulomb criterion). The frictionless behaviour
manifests itself transiently during failure in the post-peak region
between the peak and residual strength.

5. Model of brittleness variation with confining pressure

Now we can discuss the reason for the specific rock brittleness
variation with confining pressure shown in Fig. 4. Let us consider
first the variation in brittleness versus confining pressure g3 on
the basis of experimental results presented in Fig. 4 for Westerly
granite and dolerite. Fig. 11a illustrates this variation schemati-
cally. The horizontal axis here represents the degree of brittleness
and involves four traditional categories (brittle, transitional, semi-
brittle, and ductile) as well as a new one—superbrittle. Fig. 11a
explains the essence of the rock brittleness variation with o3,
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showing fragments of shear ruptures with characteristic features
of the fault structure (book-shelf structure). Within the range of
confining pressure O0-G3mineemp) the brittleness variation can
accord with the commonly accepted frictional model due to
collapsing of the long rotating blocks (curve S; observed for
Westerly granite). Within the embrittlement pressure range,
O3min(emb)—03max(emb), due to shortening of the rotating blocks,
the frictionless mechanism is activated, increasing the rock
brittleness compared with the frictional rupture mechanism.
The efficiency of the frictionless mechanism is determined by
how perfect and uniform the fault structure is. At the low end of
the embrittlement pressure range, when the relative length
(length/thickness) of the rotating block is still large, the blocks
are subjected to partial destruction (buckling) as they rotate. At
higher o3, with shorter blocks, this imperfection decreases,
rendering the frictionless mechanism more efficient. The optimal
efficiency takes place at osuiemsy When the blocks rotate with
minimum destruction making the material ultimately brittle. At
greater o3 the efficiency reduces because shorter blocks gradually
lose any potential for creating negative resistance from rotation.
Finally very short blocks lose this capability completely and the
rock behaviour returns to the commonly accepted frictional
mode. Idealised stress-displacement curves on the right illustrate
evolution of the rupture resistance with displacement for differ-
ent conditions of the rotating blocks, showing the negative shear
resistance occurring over a certain g3 range.

In accordance with this model of rock embrittlement, two
specific zones of confining pressure g3 can be distinguished. (1)
Embrittlement pressure range (G3min(emb)—03max(emb))—a ZONE
where the frictionless mechanism is activated decreasing the
frictional rupture resistance. (2) Superbrittle pressure range
(G3min(sup)~03max(sup))—a zone where the frictionless mechanism
is capable of creating ‘negative friction’. This zone is shown by the
shaded area. It should be noted that the superbrittle failure
regime represents the most brittle form of the self-sustaining
failure regime.

Using experimental data we can estimate very roughly stress
boundaries for embrittlement (3min(emb) 03max(emp)) and superb-
rittle behaviour (3min(sup) O3max(sup)) fOr Westerly granite. The
lower limit for embrittlement o3mintem») ~ 30 MPa corresponds to
the confining pressure from which rock brittleness starts to
increase. The lower limit for superbrittle behaviour G3min(sup)
~ 100 MPa corresponds approximately to the confining stress at
which rupture control becomes impossible (when the effect of
‘negative friction’ comes into play). What is the upper level,
O3max(emb), at which the frictionless mechanism should be sup-
pressed and the rupture mechanism return to the commonly
assumed frictional response? We can estimate this on the basis of

gime

DEPTH, km

quake [4] and variation of brittleness index k with depth for Westerly granite.

the following experimental results obtained on hard rocks [36].
An important change in the fracture mechanism was observed
experimentally by Shimada [36] at the level of confining pressure
when the cohesive strength equals the frictional strength. Two
types of brittle fracture, ‘low-pressure’ and ‘high-pressure’ types,
were distinguished:

(1) The low-pressure type fracture occurs when the cohesive
strength is higher than the frictional strength, the main
features being: (a) numerous microcracks and crushed zones
associated with the main fault, which is oriented at 15°-40° to
the major stress o direction, and (b) rapid increase in acoustic
emission (AE) as a final explosive-like fracture is approached.

(2) The high-pressure type fracture occurs when the cohesive
strength is lower than the frictional strength, with character-
istic features being: (a) there are fewer microcracks in total
and they are not concentrated close to the main fault but are
homogeneously distributed throughout the specimen, sug-
gesting that cataclastic ductile flow could occur; (b) AE
activity remains constant followed by a sudden final fracture;
and (c) the main fault is sharp and oriented at approximately
45° to the compressive stress g, direction.

It is known that AE events in a brittle rock mainly correspond to
the generation of microcracks. The frictionless mechanism discussed
above is associated with intensive microcracking in the fan head
before instability, and in the head and overlap zones during
instability. At high 03 > 03maxemp) the frictionless mechanism is
substituted by a frictional shear rupture mechanism that cannot
generate such AE activity. On the basis of the above experiments we
can suppose that the frictionless ruptures described here correspond
to a form of low-pressure rupture. It is established that at room
temperature the confining pressure boundary between low- and
high-pressure ruptures corresponds to 800 MPa for Mannari granite
[36]. This pressure level can be considered as the high pressure
boundary (63=03maxemp)) for the frictionless mechanism in this
rock at room temperature. The high pressure boundary for superb-
rittle rock behaviour (63=03maxsup)) Should be lower. Special
experimental studies are needed to study this question. Here we
estimate arbitrarily the high pressure boundary for superbrittle
behaviour for Mannari granite as o3maxsup) =~ 600 MPa. Westerly
granite has similar mechanical properties to Mannari granite [36].
Hence, we can suppose that for Westerly granite boundary levels of
confining pressure are: G3minemb) ~ 30 MPa, 03maxemp)~ 800 MPa,
O3min(sup) & 100 MPa and 0 3max(sup) & 600 MPa. Fig. 11a shows varia-
tion of brittleness index k versus confining pressure g3 for Westerly
granite in accordance with the above estimations. The granite
should exhibit maximum brittleness at about ¢3ysup) = 300 MPa.
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Fig. 13. Theoretical curves illustrating brittleness variation for four rocks of
different hardness and different capability to embrittlement (modified from [18]).

A graph in Fig. 12 illustrates these results as applied to the
earth’s crust. The possible effect of elevated temperature on the
frictionless mechanism activity is taken into account, decreasing
levels of the high pressure boundaries o3maxemp) and G3max(sup)-
This is done arbitrarily due to the lack of any experimental
information in this regard. A probable zone of superbrittle rock
behaviour is indicated on the graph. Fig. 12 shows that the
character of rock brittleness variation with depth is comparable
with the typical variation of earthquake activity illustrated by the
Borah Peak, Idaho, earthquake of 1983 [4]. The similarity in
variation of rock brittleness and aftershock activity with depth
suggests that the aftershock process may be caused by the
generation of new faults in intact rock mass surrounding the
main fault, with the depth range of earthquake activity deter-
mined by the stress range for superbrittle behaviour.

Fig. 13 shows theoretical curves illustrating brittleness varia-
tion for four rocks of different hardness (in accordance with
Fig. 4). The hardness increases from rock 1 to rock 4. The
embrittlement pressure range for rocks 1, 2, and 3 are indicated
in the picture. The softer the rock the less embrittlement occurs.
Soft rock (4) with normal frictional rupture mechanism does not
exhibit embrittlement at all. Different ranges of confining pres-
sure where different rocks exhibit embrittlement can explain the
different depth ranges of aftershock activity presented in Fig. 1.

6. Conclusions

This paper proposes a new approach for explanation of the
specific variation of aftershock activity with depth. Previously
unexplored properties of hard rocks - increase in brittleness with
rising confining pressure with superbrittle behaviour for condi-
tions corresponding to the depth of maximum earthquake activity
- give grounds to suppose that earthquake depth activity reflects
rock brittleness variation with depth. Other key conclusions are:

e The paper proposes specific brittleness indexes to estimate
rock brittleness during post-peak failure.

e Characteristic features of superbrittle conditions are defined.

e Experimental results obtained for rocks of different hardness
show that the effect of rock embrittlement due to confining
pressure increases with increase of rock hardness.

e A mechanism causing rock embrittlement with rising confin-
ing pressure is proposed.

e The new approach allows better understanding of the
mechanics of deep seated dynamic events such as earthquakes
and shear rupture rockbursts.
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