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Abstract

This paper presents the findings of an extensive laboratory investigation into the identification and quantification of stress-
induced brittle fracture damage in rock. By integrating the use of strain gauge measurements and acoustic emission monitoring,
a rigorous methodology has been developed to aid in the identification and characterization of brittle fracture processes induced
through uniaxial compressive loading. Results derived from monocyclic loading tests demonstrate that damage and the
subsequent deformation characteristics of the damaged rock can be easily quantified by normalizing the stresses and strains
observed in progression from one stage of crack development to another. Results of this analysis show that the crack initiation,
0., and crack damage, 0.4, thresholds for pink Lac du Bonnet granite occur at 0.390ycs and 0.750ycs, respectively. Acoustic
emissions from these tests were found to provide a direct measure of the rapid release of energy associated with damage-related
mechanisms. Simplified models describing the loss of cohesion and the subsequent development of microfractures leading up to
unstable crack propagation were derived using normalized acoustic emission rates. Damage-controlled cyclic loading tests were
subsequently used to examine the effects of accumulating fracture damage and its influence on altering the deformation
characteristics of the rock. These tests revealed that two distinct failure processes involving the progressive development of the
microfracture network, may occur depending on whether the applied cyclic loads exceed or are restrained by the crack damage
stress threshold. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Canada’s concept for the permanent disposal of
nuclear fuel waste proposes that a disposal facility be
located at a depth of 500 to 1000 m in the plutonic
rock of the Canadian Shield [1]. Some of the key con-
cerns regarding the design of the facility include the
implications of potential ground disturbance by the ex-
cavation method and the redistribution of in situ stres-
ses around the excavation. Both of these factors relate
to the extent of brittle fracture damage which could
adversely affect the stability of the excavation bound-
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ary and could increase the permeability of the near-
field host rock.

These concerns, however, are not restricted to the
design of nuclear waste repositories. Although a dispo-
sal vault is a unique underground facility, the design,
excavation and construction of the facility is similar to
that required for many other major underground en-
gineering projects (for example, transportation tun-
nels). Stability analysis for these openings, in cases
where discontinuities play an insignificant factor, typi-
cally involves a comparison between the state of stress
surrounding the excavation and the intact strength of
the host rock. If redistribution of stresses following ex-
cavation results in a critical imbalance in the energy of
the system, then the progressive degradation of the
rock mass strength through stress-induced brittle frac-
turing may ensue.
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Work at Atomic Energy of Canada Limited’s
Underground Research Laboratory (URL) has concen-
trated on quantifying rock damage through the identi-
fication of stress-induced crack generation [2—4].
Martin [2] showed that areas of high tangential com-
pressive stresses near the tunnel face significantly con-
tribute to the strength degradation of the rock through
brittle fracturing. Observations of in situ behaviour at
the URL suggest that strength degradation begins with
the initiation of the microfracturing process, termed
crack initiation, ¢, and can end in failure at stresses
well below the uniaxial compressive strength, oycs, of
the material. Martin [2] and Read et al. [5] identified a
crack damage stress threshold, o4 (<oycs) and equa-
ted this to the long term strength. Thus, the identifi-
cation of these processes and their associated
mechanisms are of key interest in predicting both the
short- and long-term stability of an excavation. This
paper presents the findings from two extensive series
of laboratory tests directed towards identifying and
quantifying the effects of stress-induced brittle fracture
damage during uniaxial compression.

2. Quantifying damage in rock

Munson et al. [6] and Martin and Read [7] have
observed that the microfracturing process can be corre-
lated to the progressive failure of a circular opening in
brittle rock. In general, microfractures contribute to
the failure process by locally altering the mechanical
properties of the material. The propagation of a micro-
fracture can be equated with the irreversible destruc-
tion of molecular cohesion along the generated
fracture path. In this sense, the microfracturing process
acts to ‘damage’ the material. As the number of propa-
gating fractures multiply, damage can be viewed as ac-
cumulative and can be correlated to observed
decreases in the elastic stiffness and cohesive strength
of the material (Refs. [8,9], respectively). Rock defor-
mation between fracture initiation and failure, there-
fore, can be attributed to the continuous accumulation
of stress-induced fracture damage.

The notion of fracture damage and the quantifi-
cation of its effects on the mechanical properties of a
material has developed into a field of study known as
damage mechanics. Mazars and Pijaudier-Cabot [10]
define damage mechanics as the description of the
local effects of microfracturing and the evolution of
the mechanical properties of the continuum as micro-
fractures develop. These effects include elastic stiffness
degradation, induced anisotropy, anelastic strains and
cohesion loss. The theory of damage, therefore,
describes the evolution of material behaviour between
the virgin state and the fracture-induced failed state.
Damage mechanics acts to quantify these changes by

introducing a continuous internal state variable called
the ‘damage’, which may be regarded as a continuous
measure of the state of internal degradation of the
stiffness of the material considered [11].

The concept of a continuous measure of damage has
been used extensively to describe various types of fail-
ure in metals and other types of solids. Lemaitre and
Chaboche [12] review these damage models which
include damage formulation based on ductile plastic,
creep and fatigue failures. Singh and Digby [11] review
a number of similar damage relationships developed
for brittle materials. In each of these cases, the effects
of microfracturing are quantified through the develop-
ment of a damage variable within a constitutive
equation which, in turn, acts to describe the degra-
dation of elastic stiffness for a given material. One of
the simplest of these relationships, the uniaxial linear
elastic damage law, can be written as:

o
fo = — 1
c=T-DE (¢)
where

& = elastic uniaxial strain

¢ = uniaxial stress

D = damage

E = eclastic or Young’s modulus

Although this model assumes all material behaviour
(i.e. elasticity, plasticity, viscoplasticity) is affected in
the same way by damage defects, the formulation pro-
vides a coherent and efficient stress—strain relationship
[12].

The measurements required for these formulations
have for the most part involved the coupling of defor-
mation with damage. Shao and Khazraei [13] have
demonstrated that laboratory stress—strain data can be
used to both establish the required damage parameters
and to calibrate the derived damage models. The ver-
satility of laboratory stress—strain data is also demon-
strated through its ability to measure a wide range of
rock behaviour. This has allowed for the development
of damage models for such complex behaviour as
creep deformation in rocksalt [6,14] and subcritical
crack growth [15]. To a lesser extent, the development
and calibration of damage models have also been
achieved using acoustic emission [16,17].

The quantification of microfracturing damage has
proven to be a valuable consideration in the design of
underground openings. The application of a damage
criterion allows for the practical implementation of
fracture processes derived through laboratory exper-
iments. Simple relationships such as those proposed by
Martin and Read [7] can be used to correlate the
microfracturing process observed in laboratory tests to
the extent and characteristics of the damaged zone sur-



E. Eberhardt et al. | International Journal of Rock Mechanics and Mining Sciences 36 (1999) 361-380

disturbed zone
(rock not weakened)

damaged zone
(rock weakened)

undisturbed zone X
¢03

failed zone
(slabbing failure)

Fig. 1. Characteristics and extent of the disturbed and damaged zone
surrounding a tunnel in a plane perpendicular to the tunnel axis
(after Ref. [7]).

rounding an underground excavation in brittle rock
(Fig. 1). Establishing the parameters associated with
the initiation and propagation of microfractures, how-
ever, has proven difficult as existing methods based on
laboratory testing incorporate a high degree of error
and subjectivity [8]. Uncertainties also exist with
respect to the mechanisms acting during the microfrac-
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turing process and how these processes contribute to
the progressive degradation of material strength. These
issues are addressed in Section 3.

3. Experimental procedures and interpretation of
laboratory test data

Based on laboratory studies involving the stress—
strain behaviour of brittle rock [18,19], the failure pro-
cess can be broken down into a number of stages
characterized by changes in the measured axial and lat-
eral strain response recorded during uniaxial and triax-
ial compression tests (Fig. 2). These stages include:

1. Crack closure.

2. Linear elastic deformation.

3. Crack initiation and stable crack growth.
4. Crack damage and unstable crack growth.
5. Failure and post peak behaviour.

Crack closure, o, occurs during the initial stages of
loading when existing cracks orientated at an angle to
the applied load close. During crack closure, the
stress—strain response is non-linear, exhibiting an
increase in axial stiffness. Once the majority of existing
cracks have closed, linear elastic deformation takes
place. Crack initiation, o, represents the stress level
where microfracturing begins. The growth of these
cracks has been shown to occur in the direction of the
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Fig. 2. Stress—strain diagram showing the stages of crack development (after Ref. [2]). Note that the axial and lateral strains are measured and

the volumetric and crack volumetric strains are calculated.
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major principal stress, g;, so that cracks not aligned
with o, grow along a curved path to align themselves
with g; [20-23]. The opening of cracks with faces par-
allel to the applied load are therefore detected as a
departure from linear lateral and volumetric strain
behaviour. Crack propagation is either stable or un-
stable. Under stable conditions, crack growth can be
stopped by controlling the applied load. Unstable
crack growth, also referred to as the crack damage
stress threshold, o.4, has been associated with the
point of reversal in the total volumetric strain curve
(Fig. 2) and is the condition at which the relationship
between the applied stress and the crack length ceases
to exist and other parameters, such as the crack
growth velocity, take control of the propagation pro-
cess [19]. Under such conditions, crack propagation
will continue until failure even if the applied loading is
held constant.

Studies at the URL have focussed on using the
crack initiation (o) and crack damage (o.q) stress
thresholds to better quantify the in situ state of
damage surrounding tunnel excavations. Confidently
establishing these thresholds through laboratory test-
ing, however, proved difficult especially with respect to
crack initiation. It was found that methods based on
the calculation of the crack volume, as described by
Martin and Chandler [9] and Hatzor and Palchik [24],
were limited due to their dependence on the use of the
elastic constants £ and v. Eberhardt [4] has shown
that although the Young’s modulus, E, for Lac du
Bonnet granite can be determined with a reasonably
high degree of confidence and consistency, the non-lin-
earity of the lateral strain response complicates the de-
termination of Poisson’s ratio, v. This non-linearity

pre-amp filter
pre-amp filter

sample

transducers

pre-amp filter

event duration q
AE pre-amp filter peak amplitude 720 MB hard drive

Table 1
Average crack threshold values for pink Lac du Bonnet granite
(standard deviation in parentheses)

Threshold parameter Value (MPa)

Number of tests 20

Crack closure, o¢c 47.3 (£2.7)
Crack initiation, o; 81.5 (£3.7)
Secondary cracking, o> 103.9 (+£5.0)
Crack coalescence, o 132.8 (£9.0)
Crack damage, o4 156.0 (£13.2)

Peak strength, oycs 206.9 (£13.5)

introduces a large degree of uncertainty into the crack
volume calculation used to determine the crack in-
itiation threshold. Other methods based on visual
inspection of the lateral and volumetric strain curves
(e.g. Lajtai and Dzik [25]) were found to be even more
limited due to poor data resolution and subjectivity in
interpreting the results.

Eberhardt et al. [8] found that crack initiation
threshold values could be more accurately determined
using an approach that combined the use of acoustic
emission event counts with a moving point regression
analysis performed on uniaxial stress—strain data.
These threshold values were further confirmed through
measured changes in other AE event properties such
as the ringdown count, event duration, rise time [26]
and the elastic impulse ‘energy’ rate [8]. These tech-
niques also led to the delineation of two additional
crack thresholds which mark the initiation of cracking
within the stronger quartz grains of the Lac du Bonnet
granite, termed the secondary crack initiation
threshold, o, and a threshold marking the beginning

AET 5500 486 PC

event count 25 MHz

12MB RAM

ringdown count

“in-house” software

LLSYS3
load cell .
\ T time /7
load
strain gauges / axial strain
lateral strain

486 PC
correlation of AE and
50 MHz / stress-strain data
;8(1:4131;{ /}?al\;[d drive calculate AE rate and energy
moving point regression analysis

and stiffness calculations

Fig. 3. Schematic of strain gauge and acoustic emission instrumentation, and data collection systems.
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Table 2

Crack thresholds normalized with respect to uniaxial compressive
strength for pink Lac du Bonnet granite (standard deviation in par-
entheses)

Crack threshold Normalized relationship

Number of tests 10

Crack closure, o 0.230ycs (+0.02)
Crack initiation, o; 0.390ycs (£0.03)
Secondary cracking, g.i» 0.510ycs (£0.03)
Crack coalescence, o 0.650ycs (£0.04)
Crack damage, 0.4 0.750ycs (£0.05)

of crack interaction and coalescence, termed the crack
coalescence threshold, o.. The different threshold
points for pink Lac du Bonnet granite are shown in
Table 1.

4. Simple damage relationships derived from uniaxial
compression tests

Results from a series of 10 uniaxial compression
tests were examined in order to quantify the state of
microfracturing damage with respect to stress, strain
and acoustic emission properties. Testing was con-
ducted at the University of Saskatchewan’s Rock
Mechanics Laboratory on cylindrical samples of pink
Lac du Bonnet granite obtained from the 130 m level
of the URL (i.e. 130 m below ground surface).
Samples were prepared for testing according to ASTM
standards with length to diameter ratios of approxi-
mately 2.25 and were instrumented with six electric re-
sistance strain gauges (3 axial and 3 lateral at 60°
intervals, 12.7 mm in length, with a 5% strain limit)
and four 175 kHz resonant frequency, piezoelectric AE
transducers. Uniaxial loading was applied to the
samples at a constant rate of 0.25 MPa/s so that fail-
ure occurred between 5 and 10 min as recommended
by the ISRM [27]. Applied loads and the resulting
strains were recorded using an automatic data acqui-
sition system, sampling at an average rate of 2-3 read-
ings per second, thereby overcoming any deficiencies in
data resolution. The AE monitoring system consisted

Table 3

of a bandpass filter with a frequency range of 125 kHz
to 1 MHz and a pre-amplifier with 40 dB total gain
and a dynamic range of 85 dB. The AE data was
recorded with an AET 5500 monitoring system using a
threshold value of 0.1 V. A schematic of the testing
system used is provided in Fig. 3.

4.1. Normalized stresses and strains

A method available to quantify damage induced
through uniaxial compression is to normalize the stres-
ses and strains required to pass from one stage of
crack development to another. Table 2 shows the re-
lationship between axial stress, normalized with respect
to the uniaxial compressive strength, oycs, and the
different stages of crack development for the pink Lac
du Bonnet granite. The system of normalizing stress
values for the crack initiation and crack damage
thresholds has been widely used at the URL. Martin
[28] reported values of 0.3—0.4 oycs for the crack in-
itiation threshold, o, and 0.7 oycs for the crack
damage threshold, o.4. These values correspond to
those presented in Table 2. Standard deviations for the
normalized values were seen to be relatively small,
although increased standard deviations were recorded
with increasing stress levels Table 1, likely relating to a
degree of randomness in the crack propagation pro-
cess.

Test results were also analyzed to determine the pro-
portioning of axial and Ilateral strains between
threshold intervals. Results shown in Table 3 reveal
that approximately 30% of the total axial strain
occurred during crack closure and nearly half occurred
before any cracking was detected. In contrast, only
7% of the total lateral strains were recorded during
the crack closure interval thus demonstrating that
crack closure predominantly involves cracks preferen-
tially aligned perpendicular to the applied load. The
largest proportion of total lateral strain, approximately
66%, was seen to be attributable to the coalescence
and unstable propagation of growing cracks (Fig. 4).

Normalized strains can also be used in the develop-
ment of simple constitutive relationships for appli-
cation in analytical, empirical or numerical models. In

Axial and lateral strains, corresponding to the stages of crack development, normalized with respect to the maximum strains recorded at failure

for pink Lac du Bonnet granite (standard deviation in parentheses)

Crack threshold

Normalized axial strain

Normalized lateral strain

Number of tests 10

10

Crack closure, o
Crack initiation, o;

Secondary cracking, o,
Crack coalescence, o

Crack damage, oq

0.33¢0x_max (£0.04)
0-458ax7max (0.04)
O~558ux_max (iOOS)
0-681;e\x7n1ax (10.05)
0.7T¢4x_max (£0.05)

0'0731al7m:1x (ioo])
0.1 6313171111\)( (i003)
0'23Slzll_max (i004)
0-348lalimax (ioos)
0~4431al_max (i007)
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Fig. 4. Percentage of total strains associated with each stage of crack development for pink Lac du Bonnet granite.

some cases specialized numerical codes such as FLAC
[29], allow the formulation of subroutines through
which normalized values can be used to dictate the
modelled material behaviour. Table 4 defines the de-
formation process for Lac du Bonnet granite in terms
of the variation in the axial deformation modulus,
Eger, and the ratio of lateral to axial deformation, vger.
It should be noted that unlike the elastic constants, E
and v, these parameters combine linear and non-linear
strains accumulated within the given stress interval.
These deformation parameters can subsequently be in-
corporated into numerical models allowing for more
realistic simulations in terms of changes in material
behaviour with progressive microfracturing. Fig. 5 il-

Table 4

Deformation parameters for pink Lac du Bonnet granite in terms of
the axial deformation modulus, E4., and the ratio of the lateral to
axial strains, Vger

Stress interval Eq4cr (GPa) Vdef
Number of tests 10 10
Crack closure (0 to o) 42.2 0.09
Elastic deformation (o to a.;) 63.8 0.23
Stable cracking I (o, to o.n) 65.6 0.29
Stable cracking II (o to gc) 64.7 0.34
Crack coalescence (05 t0 gcq) 62.8 0.45
Unstable cracking (g.q to oycs) 60.8 1.01

lustrates the fit of the modelled deformation par-
ameters to the normalized stress—strain curve derived
from a uniaxial compression test performed on a pink
Lac du Bonnet granite sample. One advantage of using
a simple design methodology such as this is that once
the deformation parameters are determined the model
provides a quick approximation of the material beha-
viour. However, this simple methodology only
addresses the deformation characteristics of the rock
observed in the laboratory, it does not address the loss
of cohesion and material strength associated with pro-
gressive microfracturing.

4.2. Normalized acoustic emission

Normalized strain gauge measurements provide a
simple means to describe the deformation character-
istics of samples during the progressive accumulation
of microfracturing damage. These measurements
include the plastic strains associated with crack devel-
opment, as well as elastic strains and plastic strains as-
sociated with the deformation of constituent minerals.
The direct correlation of these strains to the loss of
cohesion, however, becomes somewhat more difficult.
Acoustic emissions, on the other hand, provide a direct
measure of discrete damage events in brittle material
such as pore collapse, crack propagation and grain
boundary movements [30].
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Fig. 5. Uniaxial stress versus strain plot for pink Lac du Bonnet granite comparing laboratory test data to modelled behaviour presented in

Table 4.

Acoustic emission data was analyzed to develop a
simple relationship between AE activity and the gra-
dual loss of cohesion and the accumulation of damage.
Total AE event counts up to each crack threshold
were normalized with respect to the total number of
events recorded at failure so that comparisons could
be made between individual tests. This procedure was
necessary since a number of factors can cause vari-
ations in the sensitivity of the AE transducers from
test to test. For example, the degree of coupling
achieved between the sample and the transducers can
have a significant effect on the total number of events
recorded. The AE detection sensitivity can also be phy-
sically controlled through adjustments to the gain and
detection threshold. Several settings were tested before
being finalized (these values were presented earlier). It
was found that the relative proportion of events
recorded between the different thresholds of crack
development remained fairly constant regardless of the
AE detection sensitivity. One exception to this obser-
vation was with respect to the number of events
recorded during the crack closure interval. Lower
detection threshold values (i.e. increased sensitivity)
resulted in higher event counts during crack closure.
This was likely due to the increased sensitivity to lower
energy events associated with the mechanisms acting
during crack closure. To correct for this, events
recorded during crack closure were subtracted from

the total cumulative count. Thus, events ‘recognized’
up to the crack initiation threshold include only those
recorded after crack closure.

AE counts were also normalized with respect to the
total number of events recorded at the crack damage
threshold, 6.4, since a high number of events were
recorded during unstable crack propagation leading up
to failure. Results from the analysis of event counts
are presented in Table 5. Assuming that the number of
AE events detected up to ultimate failure can be
directly correlated to damage, it may be inferred that
the majority of damage-causing mechanisms occur
during unstable crack propagation (approximately
83%). However, if it assumed that once crack propa-
gation becomes unstable and failure, therefore, appears

Table 5

Cumulative AE event count, normalized with respect to the total
events at peak strength and the crack damage threshold, for pink
Lac du Bonnet granite (standard deviation in parentheses)

Crack threshold AE/(AE at 6pcar) AE/AE at g.4)

Number of tests 5 10
Crack initiation, o; 0.006AE a1 (£0.002) 0.063AE o (£0.041)
Secondary cracking, g¢p 0.024AE o (£0.011) 0.185AE o (£0.084)
Crack coalescence, 6.5 0.094AE o (10.031) 0.552AE, a1 (£0.090)
Crack damage, o 4 0.175AE o1a1 (£0.024) 1.000AE o (£0.000)
Peak strength, oycs 1.000AE (a1 (£0.000) n/a
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Fig. 6. Plots of normalized damage and relative cohesion versus normalized axial stress from AE event counts for pink Lac du Bonnet granite.

to be inevitable, then the data can be normalized with
respect to g.q4 Table 5. From this respect, approxi-
mately 55% of the damage-causing mechanisms lead-
ing up to unstable crack propagation occur prior to
crack coalescence and 45% afterwards. Using these
values, it is possible to develop simplified criteria
which describe the accumulation of damage (gradual
loss of cohesion) resulting in the brittle failure of the
sample.

It is possible to use the values shown in Table 5 to
construct a simplified model describing the damage or
loss of cohesion leading up to unstable crack propa-
gation. Fig. 6 demonstrates the fit of the model to test
data for the Lac du Bonnet granite and also shows the
progressive loss of cohesion as a function of the nor-
malized AE damage. It is also possible to fit a third
order polynomial to the test data which would allow
for the direct incorporation of a continuous function
describing the accumulation of AE detected damage
throughout loading. Derived with respect to mean
values for the ten tests this function can be written as:

o (226> 1.50
W AE = —< 5 - +03) (2)
Ocd 04 Ocd
where
wAag = acoustic emission cumulative damage par-
ameter (AE count/total AE count at o.q)
Ocd = crack damage threshold (MPa)

o = axial stress (MPa)

The r-squared value (i.e. R?) for the fit of this ex-
pression to the experimental data is 0.9995. A similar
relationship can be derived to include the acoustic
events recorded between the crack damage and peak
strength thresholds (i.e. normalizing the cumulative
AE count with respect to the total number of events
recorded at failure). However, due to the sharp
increase in the number of events recorded just prior to
failure a good fit can only be obtained using a sixth
order polynomial. This essentially renders the relation-
ship intractable due to the increased complexity
required to describe the entire damage curve. The sim-
plified relationship derived with respect to the crack
damage threshold Eq. (2) is thus more practical.

The simplest application of a damage criterion
based on AE events would likely be in the form of a
failure criterion incorporated into a numerical model
and would allow direct comparison between modelled
stresses and the degree of induced microfracturing
damage. It would also be possible to implement these
relationships in a constitutive model that allows for
plastic deformation with increasing damage. The
obvious deficiency of these simplified models, however,
is that they are derived from laboratory-based uniaxial
compression tests. Further study would be required to
determine the sensitivity of these models to confining
stresses, thus taking into account the true nature of
the stress state surrounding an underground opening.
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5. Damage-control cyclic loading tests

The relationships previously described characterize
the effects of microfracturing damage induced through
single stage loading in uniaxial compression tests.
However, the stress history of the near field rock sur-
rounding an underground opening is more complex.
For example, Martin [2] has shown that the state of
stress at a point ahead of the tunnel face can increase,
unload and then increase again as the tunnel advances
towards and passes the point. If these stresses induce
microfracturing but not failure, then the mechanical
properties of the rock may vary significantly from
point to point depending on the local stress history.
These loading and unloading cycles ahead of the face
may damage the rock to a level where it fails when
exposed in the tunnel well below the undamaged
strength values for the rock.

Martin and Chandler [9] performed a series of cyclic
loading tests, termed damage-control tests, to correlate
increasing damage to changes in cohesion and the mo-
bilization of friction. In the development of these re-
lationships, cohesion was equated to the crack damage
threshold, o.q, for each cycle normalized with respect
to the peak strength of the rock. The friction angle
was similarly related to the o.q4 under the assumption
that friction was mobilized at this point. These tests,

however, primarily concentrated on loading conditions
which would allow the test to be carried on into the
post-failure region of the stress—strain curve. They
were also limited to strain gauge measurements (i.e. no
acoustic emission measurements).

To further investigate the role of cyclic loading in
contributing to damage, a series of cyclic loading tests
were performed in which the various stages of crack
development presented in the first part of this study
were measured in combination with the detection of
acoustic emissions. In these tests, damage was defined
in terms of the permanent axial, lateral and volumetric
strains (wayx, Wia; and wy,, respectively), in addition to
the recorded number of acoustic events, wag. It should
be noted that a separate analysis of both the perma-
nent axial and lateral strain parameters was underta-
ken, as opposed to limiting the analysis to volumetric
strain. This allowed for differentiation between perma-
nent strains resulting from either the initiation and
opening of cracks, primarily detected through lateral
strain measurements, or the closure or coalescence of
cracks, primarily detected through axial strain
measurements [8]. For each case, the damage measured
over a single load—unload cycle, or damage increment
‘i’ (Fig. 7), was normalized with respect to the total
damage measured throughout the test. These par-
ameters are thus defined as follows:



370 E. Eberhardt et al. | International Journal of Rock Mechanics and Mining Sciences 36 (1999) 361-380

™

increasing volumetric ,’/,’;,“" |
strain damage (O // /

N4

200 —
160 —

= 120

£

g

w

8 4

5

v

=

Z 80 —
40

0 T

-3000 -2000

' T ! I

-1000 0 1000 2000

Volumetric Strain (ustrain)

Fig. 8. Axial stress versus volumetric strain showing the migration of the volumetric strain curve with each damage increment.

W = )i 3)

> (),
i=1

WDt = n(sfm)i 4)
> (&b
=1

S G 5)
Z(gsol)i
i=1

wap = i ©)
> (),
i=1

where

Waxs Dlats = damage parameters
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&by, b = permanent strain

and &5,

N = number of recorded AE events

i = damage increment (i.e. one load—

unload cycle)

Relationships derived from these parameters were
tested and analyzed for two different load histories: (i)
cyclic loads which exceeded the crack damage
threshold with each damage increment and (ii) cyclic
loads restricted to stresses just below the crack damage
threshold.

5.1. Damage-control testing above the crack damage
threshold

In the first damage-control test, a sample of pink
Lac du Bonnet granite was loaded in uniaxial com-
pression to a stress level above g.q (approximately 180
MPa). The sample was then unloaded, completing one
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Fig. 9. Normalized axial (w.,y), lateral (w,) and volumetric (wy,)) strain damage versus damage increment for pink Lac du Bonnet granite.

damage increment, and then reloaded. This process
was repeated until the sample failed at damage incre-
ment ;=46 (i.e. 46 cycles). Load rates for these cycles
were approximately 25 to 30 MPa/min with the test
taking approximately 8 h to complete. In general, the
test procedure closely followed that described by
Martin and Chandler [9] with the exception that the
test was not carried into the post peak region. Fig. 8

shows that with each damage increment, permanent
volumetric strains accumulated in the sample and com-
prised both the axial and the lateral strain damage
components (Fig. 9). It should be noted that there was
an apparent decrease in the volumetric strain damage
between 10 and 20 cycles (Fig. 9), even though increas-
ing damage was recorded in both the axial and lateral
directions. This result is an artifact of the volumetric
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Fig. 10. Crack damage, 0.4, and crack coalescence, o, threshold stresses versus damage increments for pink Lac du Bonnet granite.
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strain calculation for small strains in a cylinder based
on the axial and lateral strain (i.e. &yl = €ax T 261at)-

In terms of material behaviour, increases in damage
over a number of load and unload cycles were seen to
progressively reduce the strength of the rock as
measured by the crack damage threshold. Fig. 10
shows that o.q for the sample slowly increased up to
damage increment =26 before rapidly dropping to
values well below the initial crack initiation threshold,
0., for the rock. Values for the crack coalescence
threshold, o., followed a similar pattern with the
exception that small-scale fluctuations occurred
throughout the test. These oscillations reflected similar
oscillations in the absolute axial strain damage (Fig.
11) and likely reflect the build-up and release of loca-
lized energy as cracks coalesce. Fig. 12 illustrates these
possible mechanisms in which the coalescence of inter-
acting cracks would be accompanied by large plastic
strains as the bridging material between the cracks
weakens and collapses. The coalescence of smaller
cracks would result in the development of new, effec-
tively longer cracks in which the crack tip would be
located in less damaged material and therefore stiffer
material. Increased load (i.e. stresses) would be
required during the next damage increment to develop
the process zone around the tips of these newly formed
cracks, i.e. o, would increase. This process may repeat
itself during subsequent load—unload cycles. These
increases in the crack coalescence threshold, however,
only occur over short intervals of one or two damage
increments; the decreasing trend of the curve (Fig. 10)
indicates a general degradation of strength.

The progressive accumulation of damage in the
sample also resulted in the degradation of stiffness.
Young’s modulus, E, and Poisson’s ratio, v, were cal-
culated for each cycle by assuming linearity between
the crack closure and crack damage thresholds. Fig. 13
shows that through the first 25 damage increments,
changes in E and v show a gradual softening of the
rock sample. In general, Poisson’s ratio over these
damage increments increased at a greater rate than the
Young’s modulus values decreased. This would seem
to indicate that the predominant mechanism through-
out these cycles is the steady growth of axial cracks.
At damage increments 26 and 37, however, increases
in Poisson’s ratio values were seen and were followed
by decreases in the Young’s modulus. It is interesting
to note that damage increment 26 coincides with the
peak crack damage threshold shown in Fig. 10 and
both damage increments 26 and 37 approximately co-
incide with decreases in the crack coalescence
threshold.

Examination of the state of damage at increment 26
suggests a correlation between the crack damage
threshold and cohesion. Fig. 14 shows that when bro-
ken down into its individual strain components, the
permanent damage induced is unequally shared. In
terms of the lateral strain damage parameter, iy,
only 30% of the permanent lateral strains occurs
before the peak crack damage threshold is reached at
damage increment 26. In contrast, over 60% of the
axial strain damage was induced prior to this point.
Presumably, during the loading history of the sample,
the state of crack development reaches a critical point
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beyond which further damage results in an increasing
rate of loss of cohesion in the sample. The magnitude
of induced axial damage prior to this critical point,
relative to lateral damage, suggests that crack inter-
action and coalescence plays a much larger part in the
development of significant damage than does the in-
itiation of new cracks.

The influence crack interaction and coalescence have
on the crack damage level can be assessed by relating
data from the damage-control test to data from the
uniaxial compression tests. In the latter, the initiation
of fractures in the Lac du Bonnet granite began at ap-
proximately 40% of the peak strength or 82 MPa

Table 1. Continuous cracking associated with the sec-
ondary initiation of fractures in quartz grains (i.c. g¢j»)
was detected at 50% of peak strength or 102 MPa.
These values agree with those determined for the first
cycle of the damage-control test (82 and 106 MPa, re-
spectively). It is postulated that for the first damage
increment, a population of cracks was initiated which
subsequently propagated and coalesced on a local level
but without reaching an advanced state of coalescence
as would be expected under prolonged unstable crack
propagation conditions. Upon the second, third and
ensuing load increments, the initiation of new fractures
is expected to be minimal but the propagation of exist-
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Fig. 13. Plots of Young’s modulus and Poisson’s ratio versus cyclic damage increments for pink Lac du Bonnet granite.

ing fractures would be extensive. AE event counts and
observations from the damage-control test confirm
these hypotheses. In each of the cycles following the
first cycle, no new AE events were detected until the
crack coalescence value from the first cycle was

reached. Furthermore, significant cracking in these
cycles wasn’t detected until the crack damage threshold
from the first cycle was reached (Fig. 15).

It would appear that with each damage increment,
new cracking is limited but at stresses above o exist-
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ing cracks reactivate, propagate and coalesce. The his-
tory of axial damage also suggests that the weakening
and breakdown of bridging material between these
cracks at higher stresses contributes to a significant
proportion of the recorded plastic strain. These obser-
vations conform to those made through numerical

modelling studies of crack tip interactions [31], in
which cracks propagating in a uniaxial stress field were
found to interact in such a fashion that the resulting
crack population consisted of a relatively small num-
ber of long cracks as opposed to a large number of
small cracks (as was found to be the case under triax-
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Fig. 17. Axial (w,y), lateral (wy,) and volumetric (wy,;) strain damage versus damage increments for load cycling of pink Lac du Bonnet granite

below the crack damage threshold.

ial loading conditions). Significant increases in lateral
strain damage following the maximum o.q value
suggests that the crack population reaches a state
where cracks coalesce to form larger cracks which, in
turn, coalesce until a critical plane is formed along
which failure of the sample occurs (Fig. 16). It should
be noted that although significant damage was induced
in the sample in the cycles leading up to failure with
reductions in cohesion and stiffness, failure still
occurred in an explosive manner at a load of 196
MPa. The effects of microfracturing damage did not
completely ‘disaggregate’ the granite so that it would
fail in a plastic, soil-like manner. Instead, microfrac-
turing acted to reduce the cohesion to a point whereby
a series of unstable cracks could more readily form a
critical plane along which failure occurred.

5.2. Damage-control testing below the crack damage
threshold

In Section 5.1 it was shown that the crack damage
threshold of the material rapidly decreased at the
point where the lateral and axial strain damage par-
ameters reached values of 0.29 and 0.67, respectively.
These values closely match damage values determined
for the crack coalescence threshold through monotonic
loading (0.34 and 0.68, Table 3). It appears that the in-
teraction and coalescence of propagating cracks plays
a significant role in the degradation of material
strength. This role was further explored through a sec-
ond damage-control test. The setup and procedure for

the test was identical to the first damage-control test
with the exception that the maximum load for each
damage increment was kept below the crack damage
threshold. The test took 12 h to complete over which
time 59 load—unload cycles were applied to the sample,
pink Lac du Bonnet granite, before the sample failed.
An average loading rate of 24 MPa/min was used.
Results from this test indicate that the behaviour of
the sample was markedly different from that seen in
the first damage-control test (where the maximum cyc-
lic loads applied exceeded o.q). Although both the
crack initiation and secondary crack thresholds were
exceeded during the first cycle, the load was removed
before the cracks reached an unstable propagation
state (this was achieved through real-time monitoring
of the AE event rate). It then appears that with each
subsequent damage increment, both new cracks and
existing cracks initiate and propagate. Fig. 17 shows
the progressive accumulation of permanent strain
damage measured throughout the test. Although the
axial strain damage curve shows a steady rate of
increase similar to that seen in the first test (Fig. 9),
the lateral strain damage curve follows a different pat-
tern. In the first test, a high degree of lateral strain
damage was observed during the first cycle as new
cracks initiated and propagated, followed by a rela-
tively low amount of apparent damage in the sub-
sequent cycles. The lateral strain damage curve
maintained a low rate of increase even though loads
exceeding the crack damage threshold were being
applied. It wasn’t until the lateral strain damage par-
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Fig. 18. Log plot of the AE event count versus damage increments for load cycling of pink Lac du Bonnet granite below the crack damage

threshold.

ameter reached an approximate value of 0.3, at
damage increment 33, that the rate of damage drasti-
cally increased (Figs. 9 and 16). In the second damage-
control test (Fig. 17), the lateral strain damage curve
was seen to follow a steady rate of increase throughout
each cycle. Since lateral damage is indicative of the

opening (i.e. initiation and propagation) of new cracks
parallel to the direction of loading, it would appear
that new cracks are generated with each damage incre-
ment.

These observations were validated through the AE
event counts. Fig. 18 shows that a constantly increas-
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Fig. 19. Axial stress versus damage increments for load cycling of pink Lac du Bonnet granite below the crack damage threshold showing the
stress levels at which new and significant cracking was detected through AE monitoring.
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Fig. 20. Plots of Young’s modulus and Poisson’s ratio versus cyclic damage increments for load cycling of pink Lac du Bonnet granite below the

crack damage threshold.

ing trend can be seen in the number of AE events
detected with each damage increment. The plot also
shows that damage increments with increased AE ac-
tivity correlate to large increases in the lateral strain
damage curve but not the axial strain damage curve. It
was also observed that the loads at which significant
AE events were detected generally decreased through-
out most of the test (Fig. 19). In the first damage-con-
trol test with loading exceeding o 4, these values were
seen to remain fairly constant (Fig. 15). This would
seem to imply that with each damage increment a
crack population of both new and existing cracks
develops and grows. This pattern continued right up
to failure at damage increment 59. Failure of the
sample occurred in a brittle manner at a load of 110
MPa (approximately 0.5 oycs), well below the crack
damage threshold for undamaged Lac du Bonnet gran-
ite Table 1.

Limiting the damage increments to loads below the
crack damage threshold was also seen to have a pro-
nounced effect on the stiffness of the sample. Results
from the first damage-control test showed that the de-
formation constants, E and v, progressively decreased
(Fig. 13). In contrast, the deformation constants calcu-
lated for the second damage-control test showed little
change. Young’s modulus and Poisson ratio values for
this test remained fairly constant with each damage
increment with the exception of a large jump in the
Young’s modulus between damage increments 27 and
33 (Fig. 20). This rapid increase in material stiffness

suggests that some form of strain hardening may have
occurred within the sample, possibly as angular asperi-
ties along coalesced crack faces locked-up.

These results suggest that by limiting the cyclic
loads to stresses below the crack damage threshold,
the degree of plastic yielding exhibited by bridging ma-
terial (as depicted in Fig. 12) was greatly reduced. The
breakdown of this material during crack coalescence
and unstable crack propagation in the first test was
seen to contribute to a large proportion of the plastic
axial strains. It can thus be argued that significant in-
ternal breakdown in material stiffness does not occur
until the crack population reaches a state, both in den-
sity and size, through which large scale crack inter-
action and coalescence can occur. This was not
observed until the last four or five damage increments
of the test (Fig. 20).

6. Summary and conclusions

A number of experimental approaches were explored
in an effort to quantify stress-induced microfracturing
damage observed in uniaxial compression tests. Test
results demonstrated that damage and the deformation
characteristics of the damaged material could be
readily quantified by normalizing the stresses and
strains required to pass from one stage of crack devel-
opment to another. It was shown that crack initiation
and crack damage for pink Lac du Bonnet granite
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occur at 0.390ycs and 0.750ycs, respectively. A
damage dependent stress—strain relationship for the
pink granite was determined using measurements of
the axial deformation modulus, Eg.r, and the ratio of
lateral to axial deformation, V4er.

Acoustic emissions were found to provide a direct
measure of the rapid release of energy associated with
damage-related mechanisms. Simplified models describ-
ing the loss of cohesion and the subsequent develop-
ment of microfractures leading up to unstable crack
propagation were derived using normalized acoustic
emission rates. Results indicate that approximately
55% of the damage-causing mechanisms leading up to
unstable crack propagation occur prior to crack co-
alescence and 45% occur afterwards. A third order
polynomial was found to describe the accumulation of
damage leading up to unstable crack propagation.

Damage-controlled cyclic loading tests were used to
examine the accumulation of damage and its influence
on the deformation and fracture characteristics of
granite samples. Several damage parameters were de-
rived, permanent axial (w,y), lateral (wy,) and volu-
metric (wyo) strain, as well as the recorded number of
acoustic events (wag) induced with each damage incre-
ment (7). Results from the first of these damage-con-
trol tests, involving cyclic loads exceeding the crack
damage threshold, showed that subsequent to the first
damage increment very little new cracking occurred.
Instead, existing cracks reactivated and propagated in
an unstable fashion until the load was reduced.
Results suggest that failure occurred through a process
involving the coalescence of smaller cracks into larger
cracks which, in turn, coalesced until a critical plane
of failure was formed.

Results from the second damage-control test, in
which cyclic loads were kept below the crack damage
threshold, revealed that the slow development of the
microcrack population resulted in the initiation and
propagation of new cracks with each damage incre-
ment. Failure occurred when the crack population
reached a state, both in density and size, through
which large scale crack interaction, coalescence and
unstable propagation ensued. This was marked by a
large decrease in material stiffness over the last five
damage increments of the test.
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