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ARTICLE

Influence of stress path on stress memory and stress fracturing
in brittle rocks

Navid Bahrani, Benoit Valley, and Peter K. Kaiser

1. Introduction

It is well documented from laboratory experiments using strain

Abstract: A two-dimensional numerical model based on the distinct element method, previously calibrated to the laboratory
properties of undamaged and damaged Lac du Bonnet (LdB) granite, was used to investigate the influence of stress path on the
development of stress memory and stress fracturing in brittle rocks. Various cycles of loading and unloading, similar to those imposed
during Kaiser effect tests, were first applied to undamaged numerical specimens of LdB granite. The results of Kaiser effect test
simulations were found to be consistent with those of published laboratory and numerical investigations. Further simulations were
conducted to investigate the influence of stress path resulting from the excavation of a tunnel on the depth of stress fracturing around
the excavation boundary. For this purpose, the stress paths at points on and near the tunnel wall, obtained from a continuum finite
element model, were applied to the calibrated numerical specimen. It was found that the amount of damage in the numerical
specimens decreases rapidly with increasing distance from the excavation wall. The findings of this research shed some light on the
influence of stress path and grain-scale heterogeneity on stress memory in brittle rocks and stress fracturing around underground openings.
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Résumé : Un modele numérique bidimensionnel basé sur la méthode d’éléments distincts, précédemment calibrée aux propriétés du
laboratoire pour des granits intacts et endommagés du lac du Bonnet (LdB), a été utilisée pour étudier 'influence de chemin de
contraintes sur le développement de la mémoire de contraintes et de la fracturation des contraintes de roches a comportement fragile.
Plusieurs cycles de chargement et de déchargement, semblables a ceux imposés au cours d’essais d’effet Kaiser, ont d’abord été
appliqués a des échantillons numériques intacts de granit LdB. Les résultats de simulations d’essais d’effet Kaiser étaient cohérents
avec ceux des études numériques et des essais de laboratoire publiés. D’autres simulations ont été menées pour étudier I'influence de
chemin de contraintes résultant de I'excavation d’un tunnel sur la profondeur de la fracture de contraintes autour de la limite de
I’excavation. A cette fin, les chemins des contraintes aux points sur et prés de la paroi du tunnel, obtenus a partir d'un modeéle par
éléments finis des milieux continus, ont été appliqués a I’échantillon numérique calibrée. Il a été constaté que I'importance des
dommages dans les spécimens numériques diminue rapidement avec ’éloignement de la paroi d’excavation. Les résultats de cette
recherche mettent en lumiére I'influence de chemin de contraintes et de ’hétérogénéité a ’échelle des grains sur la mémoire de
contraintes dans les roches friables et la fracturation de contraintes autour d’ouvertures souterraines. [Traduit par la Rédaction]

Mots-clés : chemin de contraintes, fracturation de contraintes, dommages aux échantillons, effet Kaiser.

tensile cracks. In contrast, numerical simulations based on dis-
continuum methods such as recently developed grain-based mod-

monitoring and acoustic emission (AE) records that a brittle rock
gets progressively damaged due to initiation and propagation of
microcracks, and eventually fails by crack coalescence when its
peak strength is reached (Griffith 1924; Martin and Chandler 1994;
Martin 1997). This is due to the fact that brittle rocks are made of
heterogeneous mineral assemblies. The presence of heterogene-
ities results in the generation of internal stress variations in mag-
nitude and orientation and, in low compressive stress fields, leads
to tensile stresses that promote the generation of extension
cracks before the peak strength is reached.

Despite rapid developments in numerical modeling tools and
enhanced computing power, a realistic simulation of the progres-
sive failure of brittle rocks remains a challenge. Numerical simu-
lations based on continuum methods do not provide a realistic
representation of brittle rock fracturing process, as they ignore
the role of grain-scale heterogeneities on the development of

eling approaches in particle flow code (PFC) (Bahrani et al. 2014)
and universal distinct element code (UDEC) (Gao et al. 2016), al-
though respecting the grain-scale heterogeneities and inter- and
intragrain cracking, are usually limited to the simulation of labo-
ratory scale tests with simple stress paths. In the field, rock frac-
turing and failure processes are the results of complex stress
paths during rock excavations (Kaiser et al. 2001; Eberhardt 2001;
Diederichs et al. 2004). Such complex stress paths occur in situa-
tions involving progressive excavation of a volume of rock at var-
ious scales, such as the stress path of a point in the vicinity of the
wall of an advancing tunnel (Martin 1997), or inside the core dur-
ing drilling of a borehole in highly stressed grounds (Lim and
Martin 2010; Lim et al. 2012; Bahrani et al. 2015). Cyclic loading of
laboratory specimens also involves complex stress paths, e.g., dur-
ing Kaiser effect (KE) (Kaiser 1950) tests used for the determination
of in situ stress magnitudes (Lavrov 2003).
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Fig. 1. (a) Comparison of stress paths at tunnel wall during tunnel advance (after Read et al. 1998), and in core during drilling (after Bahrani
et al. 2015) obtained from elastic continuum models. (b) Tunnel wall failure in form of v-shaped notch (modified from Martin 1997, with
permission from C.D. Martin) and (c) drilling-induced core damage observed at 420 level of URL (modified from Martin and Stimpson 1994,

with permission from C.D. Martin). o;, maximum principal stress.
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As discussed by Lan et al. (2010) and Valley et al. (2010), grain-
scale heterogeneity in an intact brittle rock can be divided into
three types: (i) grain geometric heterogeneity resulting from dif-
ferent shapes and sizes of grains, (ii) grain property heterogeneity
resulting from stiffness and strength contrast between different
mineral grains, and (iii) grain contact heterogeneity due to varying
grain boundary lengths, orientations, and properties.

Numerical simulations of brittle rock specimens by Diederichs
(1999), Lan et al. (2010), Valley et al. (2010), and Bahrani et al. (2015)
provide insights into the influence of grain-scale heterogeneity on
the generation of internal tensile stresses under an overall com-
pressive stress field. It is concluded from the results of these in-
vestigations that the geometric variations in the shape of rock
grains as well as the stiffness contrast between them are the main
factors in generating tensile stresses in brittle rocks, which leads
to its progressive failure during compressive loading.

The stress paths of the laboratory tests to obtain the unconfined
and confined rock strengths are relatively simple and involve
monotonic increases in the axial and (or) lateral stresses. How-
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ever, the stress paths inside a core during drilling and near the
wall of an advancing tunnel can be more complex, involving
stress increase, decrease, and rotation in the region close to the
excavation (Martin 1993). Factors influencing the stress path,
amongst others, are the ratio of far-field principal stresses, and
the shape and direction of an excavation relative to the orienta-
tion of the in situ stress tensor. If the ratio of the induced stress to
the rock strength is high enough, this excavation-induced stress
change may lead first to rock damage with crack initiation, prop-
agation, and coalescence leading to failure of the rock, e.g., core
damage and disking in the case of drilling a core (Lim and Martin
2010; Lim et al. 2012) and spalling in the form of a v-shaped notch
in the case of an advancing tunnel (Martin 1993, 1997).

Figure 1 compares the stress path of a point inside a core during
drilling from a vertical borehole parallel to the direction of min-
imum principal stress (o;), and the stress path of a point at the
wall of a horizontal tunnel excavated parallel to the direction
of intermediate principal stress (o). These stress paths were ob-
tained from elastic three-dimensional (3D) continuum models
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(Read et al. 1998, Bahrani et al. 2015) with properties of the un-
damaged Lac du Bonnet (LdB) granite and in situ stresses repre-
sentative for the 420 level of the Atomic Energy of Canada
Limited’s (AECL’s) Underground Research Laboratory (URL), Man-
itoba, Canada (Martin 1997).

In the case of core drilling, the magnitude of o, where o, is
maximum principal stress, inside the core increases as the mag-
nitude of o; decreases, until the stress path reaches the average
tensile strength of the undamaged LdB granite. Then, the magni-
tudes of o, and o, are gradually reduced to a “zero stress” state.
The cores retrieved from vertical boreholes exhibited various lev-
els of damage (Lim and Martin 2010; Martin and Stimpson 1994;
Eberhardt et al. 1999). An example of drilling-induced core disking
is shown in Fig. 1c. In the case of a tunnel wall, similar to the
coring stress path, o, increases and o, decreases until the stress
path gets very close to the failure envelope in the tension zone.
From this point, the stress path undergoes a cycle of loading and
unloading, and then it increases to a maximum stress of 169 MPa,
which is less than the average unconfined compressive strength
(UCS = 213 MPa) of undamaged LdB granite (Martin and Stimpson
1994; Eberhardt et al. 1999). Figure 1b shows the v-shaped notch
failure formed around the mine-by-experiment near the location
of the maximum tangential stress.

Despite many advances in numerical modeling over the last two
decades, realistic simulations of core damage leading to core dis-
king (Li and Schmitt 1997, 1998; Corthesy and Leite 2008; Bahrani
et al. 2015) and stress fracturing near excavation boundaries
leading to v-shaped notch failure (Hajiabdolmajid et al. 2002;
Potyondy and Cundall 2004; Cai and Kaiser 2013; Vazaios et al.
2018) in brittle rocks remain a challenging task. As discussed by
Bahrani et al. (2015), ideally a 3D distinct element method (DEM)
code that could capture all the pre- and post-peak fracturing
stages in brittle rocks would be required to realistically simulate
drilling-induced core damage and v-shaped notch failure near the
excavation. Alternatively, stress paths from 3D continuum mod-
els can be combined with two-dimensional (2D) DEM models to
simulate brittle rock failure processes.

In this investigation, the latter approach by which the 2D DEM
model previously calibrated to the laboratory properties of un-
damaged and damaged specimens of LdB granite by Bahrani et al.
(2015) is used to investigate the influence of stress path on two
specific aspects of brittle rock failure processes: (i) microcracks
initiation and stress “memory” effects in brittle rocks and (ii) mi-
crocrack accumulation and depth of stress fracturing around un-
derground excavations. The stress memory, in the KE test, which
consists of two loading stages, is evaluated by the stress level in
the second loading stage at which the microcracks initiated com-
pared to the maximum stress level in the first loading stage that
resulted in the generation of microcracks. If the two stress levels
are equal, the rock specimen is considered to have a memory of its
stress state in the first loading stage.

2. Background: DEM model of LdB granite

2.1. Laboratory properties of LdB granite

Evidences of sample disturbance have been documented at the
URL in Manitoba (Canada) by Martin and Stimpson (1994) and
Eberhardt et al. (1999). They showed that the UCS, Young’s modu-
lus, and the P-wave velocity measured on cores decreases and the
Poisson’s ratio increases with increasing sampling depth and con-
sequently increasing in situ stress magnitudes (Fig. 2). They sug-
gest that these effects were caused by increasing microcrack
damage in cores retrieved from greater depths. This was also sup-
ported by the strong nonlinearity of the stress versus volumetric
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Fig. 2. Laboratory and in situ rock properties with increasing depth
at URL (modified after Martin and Stimpson 1994).
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strain curve from damaged specimens, reflecting the higher vol-
ume of closing microcracks at the early stage of loading.

At the URL, a proxy for borehole wall damage can be obtained
by examining the in situ sonic velocity logs. Contrary to the veloc-
ity measured on cores in the laboratory, the in situ velocity ap-
peared to be depth independent (Fig. 2a). Note that sudden drops
in in situ P-wave velocity are related to fracture zones. This obser-
vation suggests that the intensity of the damage in the cores is
more than that in the borehole walls.

2.1.1. Models of undamaged and damaged LdB granite

Bahrani et al. (2015) used the DEM code, PFC2D (Itasca 2008) to
simulate microcracking of the core during drilling with different
borehole orientations.! In PFC, a brittle rock is simulated as an
assemblage of circular particles (disks), cemented at their contact
points using a bond model (e.g., parallel bond). This numerical

Due to the use of the 2D model, the results of this investigation are obviously not representative of the 3D stress conditions in the core or near the borehole
wall. While they are simulating a 2D slot excavation, the findings with respect to damage initiation and stress memory effects in the damaged cores are valid.
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Fig. 3. (a) Computed stress path in core using 3D elastic finite element method (FEM; dashed curve) and approximate stress path (grey arrows)
applied to clumped specimen for case of a vertical borehole drilled perpendicular to o, direction; (b) comparison between stress-strain curves
of undamaged and damaged clumped specimens after applying approximate stress path of core drilled from vertical borehole perpendicular
to o, direction; (c) computed stress path in core using 3D elastic FEM (dashed curve) and approximate stress path (grey arrows) applied to
clumped specimen for case of horizontal borehole drilled parallel to o;; and (d) comparison between stress—strain curves of undamaged and
damaged clumped specimens after applying approximate stress path of core drilled from horizontal borehole parallel with o, (after Bahrani

et al. 2015, with permission from Elsevier).
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method, called the bonded particle model (BPM), explicitly simu-
lates microcracking as bond breakage. In this method, predefined
complex empirical constitutive relations used in continuum nu-
merical methods are replaced with simpler particle contact-bond
logic without requiring plasticity rules. Once a bond breaks in
tension or shear, the displacement field as well as the transition to
the residual strength are controlled by particle geometry and fric-
tion at particle-particle contacts. This approach explicitly cap-
tures a fundamental characteristic of brittle failing rocks known
as the cohesion weakening frictional strengthening behavior.
The clumped particle modeling approach proposed by Cho et al.
(2007) was chosen for this study. A clump consists of multiple
circular particles that are glued together to behave as a single
rigid object. This approach generates irregular shaped particles
(similar to rock grains), leading to a more realistic kinematic be-
havior due to the geometric heterogeneity of the clumps, com-
pared to the conventional PFC model, where grains are simply
simulated by circular particles. The algorithm proposed by Cho
et al. (2007) was used to convert the conventional BPM to the
clumped particle model in a 3.17 cm x 6.34 cm specimen. Similar
to Cho’s clump model, the average clump size of 2 mm was chosen
to be equal to the average grain size (diameter) of LdB granite.
Note that using a smaller clump size would probably affect cali-
brated microproperties. However, this would not change the
macroproperties derived from the model, as in PFC the micro-
properties are adjusted until the macroproperties are matched
with the target values (in this case the uniaxial compressive
strength and the elastic modulus). Therefore, the results of a PFC
model can be considered independent of the clump size as long as
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the selected clump size remains small compared to the model
size. The selected clump size in the present study fulfills the In-
ternational Society for Rock Mechanics (ISRM) suggested method
for determining the uniaxial compressive strength of a rock spec-
imen, indicating that the largest grain size should be at least 10 times
smaller than the diameter of the rock specimen (Bieniawski and
Bernede 1979). The calibration process involved

1. Calibration of clumped specimen to the properties of undam-
aged LdB granite including tensile strength (o, = 6.7 MPa),
unconfined compressive strength (UCS = 213 MPa), and elastic
modulus (E = 65 GPa);

2. Application of an approximate coring-induced stress path
from a vertical borehole (borehole perpendicular to o, direc-
tion) to the undamaged clumped specimen to introduce dam-
age in the form of microcracks (Fig. 3a); and

3. Comparison between the properties of damaged clumped
specimens with those of damaged LdB granite specimens
(UCS =157 MPa and E = 52 GPa).

Table 1 lists the microproperties obtained from the described
calibration procedure. Note that no standard deviation was as-
signed to the bond strength parameters. Therefore, grain geomet-
ric heterogeneity (different shapes and sizes of clumps) is the only
source of heterogeneity in the clumped model.

A detailed description of the calibration process is provided by
Bahrani et al. (2011, 2015). The stress path experienced by the core
during drilling for boreholes perpendicular to (vertical borehole)
and parallel with (horizontal borehole) the maximum principal
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Table 1. Microproperties of calibrated clumped particle model (after
Bahrani et al. 2015, with permission from Elsevier).

Parameter Value
Minimum particle radius, R,;,, (mm) 0.2
Ratio of maximum to minimum particle radius, R, /R nin 15
Contact and parallel bond stiffness ratios (normal to shear), 2.5
kn/ks and kK"K
Contact bond moduli, E. (GPa) 15
Parallel bond moduli, E, (GPa) 18
Particle friction coefficient, 0.3
Parallel bond radius multiplier, X 1
Parallel bond normal strength, o, (MPa) 124+1.2
Parallel bond shear strength, o, (MPa) 155
Clump radius, R (mm) 1+0.2

stress (o) direction were obtained from a 3D finite element model
(Bahrani et al. 2012, 2015). Note that the maximum principal stress
is nearly horizontal, and the minimum principal stress is nearly
vertical at the URL.

The stress-strain curves of the undamaged and damaged
clumped specimens are shown in Fig. 3b. This figure demonstrates
that the reduced strength and elastic modulus due to the presence
of microcracks in the damaged clumped specimen were properly
captured. Once the clumped specimens were calibrated to the
properties of both undamaged and damaged LdB granite speci-
mens (with simulated coring-induced stress path in the borehole
perpendicular to o), the stress path experienced during core dril-
ling from a borehole parallel with the o, direction was approxi-
mated (grey arrows in Fig. 3c) and applied to the undamaged
clumped specimen. Figure 3d compares the stress-strain curves of
the undamaged clumped specimen and that with the applied
coring-induced stress path of a borehole parallel with the o, direc-
tion. The stress-strain curves as well as the calculated UCS and E of
these two clumped specimens are essentially identical. Only the
post-peak behavior is slightly different.

Figures 4a and 4c compare the patterns of coring-induced mi-
crocracks generated inside the clumped specimens during the
unloading stages for boreholes perpendicular to (vertical bore-
hole) and parallel with (horizontal borehole) o, directions, respec-
tively. Note that unloading was simulated by moving the two
parallel walls on opposite sides of the PFC model (vertical or hor-
izontal walls) away from each other, while monitoring the reac-
tion forces acting on them from the clumps. The coring-induced
microcracks in these two specimens are tension cracks and ran-
domly located in the clumped specimens. The orientation of these
cracks is subparallel to the initial o, direction, thus is either per-
pendicular to or parallel with the specimen axes depending on the
drilling direction.

The locations and orientations of all the cracks (accumulated
during both unloading and loading stages) in the clumped speci-
mens at the end of axial loading (at 70% of the peak strength in the
post-peak region), in the cases of boreholes perpendicular to and
parallel with the o, direction, are presented in Figs. 4b and 4d,
respectively. The cracks in the case of the borehole parallel with o,
are oriented approximately parallel to the specimen long axis
(Fig. 4d), whereas cracks with orientations perpendicular to the
specimen long axis can be seen in the case of the borehole per-
pendicular to o, direction (Fig. 4b). The difference in the orienta-
tions of microcracks in these two cases suggests that cracks
perpendicular to the specimen long axis were generated during
the unloading stage in the case of the borehole perpendicular to
o, direction (i.e., vertical borehole; Fig. 4a), and their interaction
with cracks parallel with the specimen long axis, formed during
axial reloading, resulted in the failure of the clumped specimen at
an axial stress of 157 MPa.

Can. Geotech. J. Vol. 56, 2019

Table 2 compares the laboratory test and clumped specimen
calibration results for both undamaged and damaged LdB granite.
The mean and standard deviation values of the clumped speci-
mens are obtained from six models with different clumped parti-
cle arrangements, but with the same microproperties. As can be
seen from this table, excellent agreement exists between the ac-
tual test and numerical simulation results.

2.2. Strength degradation of damaged LdB granite

Once the clumped specimens were calibrated to the strength
and deformation properties of LdB granite under unconfined con-
ditions, they were tested for the confined strength. The strengths
of undamaged and damaged LdB granite and those predicted by
the clumped specimens at confining pressures up to 60 MPa are
compared in Fig. 5.

The strengths of undamaged and damaged LdB granite (Fig. 5a)
exhibit a typical nonlinear behavior over the full range of confine-
ment. This is the case for the clumped specimens up to a confining
pressure of about 10 MPa (Fig. 5b). Beyond this confining pressure,
the strength of the clumped specimen increases linearly with
increasing confinement. This resulted in a slight overestimation
of the confined strength of both the undamaged and damaged LdB
granite for o; > 30 MPa. The linear increase in strength with o in
the clumped specimens is interpreted to be due to the assumption
that clumps representing rock grains are unbreakable.

To quantify the influence of the generated microcracks on the
strength reduction of damaged specimens from undamaged spec-
imens a degradation parameter (DP) (Bahrani and Kaiser 2013,
2017) was introduced:

@ DP = [(oy; — oyg)/oy] x 100

where oy; and 0,4 are the strengths of undamaged (intact) and
damaged specimens, respectively. Figure 6 shows the degradation
parameter, DP, as a function of confinement, normalized to the
UCS of undamaged specimens (UCS;). In this figure, the DP values
of the clumped specimens and those of LdB granite exhibit a rapid
decrease from their initial values (about 25% to 30%) with increas-
ing confinement. Beyond a normalized confinement of about o/
UCS; = 0.1, the DP of the clumped specimen remains constant at
about 5%, a value that is eventually reached by the test data.

Figures 5 and 6 indicate that although the absolute laboratory
strength values of LdB granite (especially at high confinement)
could not be predicted by the clumped specimens, the strength
degradation caused by unloading-induced microcracks resulting
in the specimen cohesion loss is well captured by the clumped
specimens for the entire range of confinement.

3. Investigation of influence of stress path on
stress memory

The results of numerical simulations presented above (section 2.2;
Fig. 3) indicate that the strength and elastic modulus of the dam-
aged clumped specimen from the simulated core drilled parallel
to the o, direction (horizontal borehole) are identical to those of
the undamaged clumped specimen. This can be interpreted to be
due to the “stress memory” effect that is discussed in more detail
next.

According to the principle of the KE, a material starts to emit AE
during loading only when the largest previously experienced
stress level is exceeded (Lavrov 2003). This phenomenon was first
discovered by Joseph Kaiser on small specimens of metal, wood,
and sandstone under tension (Kaiser 1950). Since then, many re-
searchers have investigated the potential of this phenomenon as
an inexpensive method for in situ stress determination (e.g.,
Villaescusa et al. 2002; Lehtonen et al. 2012). In a typical KE test,
the cumulative AE count versus axial stress is plotted (schemati-
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Fig. 4. (a) Coring-induced microcracks in case of borehole perpendicular to o, (vertical borehole); (b) microcracks generated from beginning
of test up to 70% of peak in post-peak region, in the case of borehole perpendicular to o;; (c) coring-induced microcracks in the case of
borehole parallel with o, (horizontal borehole); (d) microcracks generated from beginning of test up to 70% of peak in post-peak region, in the

case of borehole parallel with o, (after Bahrani et al. 2012).

Coring-induced
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Coring-induced
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Table 2. Comparison of laboratory and numerical
simulation test results after calibration on undam-
aged (intact) and damaged LdB granite.

LdB Clumped
Parameter granite specimen
Undamaged UCS (MPa) 21320 212+13
Undamaged E (GPa) 6515 65+3
Damaged UCS (MPa) 157+18 158+18
Damaged E (GPa) 5212 4813

cally shown in Fig. 7). The loading stages while the AE is moni-
tored are as follows:

1. The specimen is first loaded uniaxially to a given stress level,
which is called the previous maximum stress (PMS).

2. The specimen is unloaded to zero stress.

3. The specimen is reloaded beyond the PMS.

As the load in the second cycle approaches the PMS, a rapid
increase in AE appears. This point is called the recalled maximum
stress (RMS) and the ratio of RMS to PMS is called the Felicity ratio
(FR). The perfect KE is achieved when the FR is unity (Fig. 7a). A
Felicity effect (FE) occurs when the FR is smaller than one (Fig. 7b).

The damage criterion in the KE test (Fig. 8) is the locus of points
in a stress space where the criterion of crack growth (i.e., AE)
is just satisfied and additional permanent damage develops
(Holcomb and Costin 1986; Holcomb 1993). The damage criterion
proposed by Holcomb (1993) based on a penny-shaped crack
growth model was studied by Pestman et al. (2001) in the labora-
tory, and by Holt et al. (2001, 2003) using a BPM. In the laboratory
tests by Pestman et al. (2001), the horizontal stress components
(0y and oy,) for a given stress ratio (oy/oy,) were increased from
zero stress until the onset of AE (e.g., point 1 in Fig. 8). Once the
damage state was reached, the horizontal stress components were
decreased to prevent further damage. The stress state was then
shifted to the next stress ratio, and the stresses were increased
until the onset of AE at point 2 (Fig. 8). This experiment was
continued for different values of stress ratios and the Holcomb
damage criterion was obtained by mapping all the points, as dem-
onstrated in Fig. 8.

If the damage criterion in the KE test is not reached in the first
loading cycle, the specimen in the second loading cycle behaves
similar to a “fresh” specimen. Memory effect in the second cycle

R

B

(c) (d)

occurs when the axial stress exceeds the damage criterion, which
is the same as in the first cycle. This means that if the stress path
in the first loading cycle passes the damage criterion, the damage
criterion will shift, and no stress memory in the second loading
cycle is seen until the new damage criterion is reached.

Lavrov (2003) provided a thorough overview of the published
theoretical, experimental, and numerical investigations on the
KE, and raised several fundamental questions that need to be
addressed when this method is used to obtain in situ stresses. In
the following sections, the calibrated clumped specimen is used
to investigate the influence of uniaxial and triaxial stress paths
and more complex coring-induced stress paths on the formation
of stress memory (i.e., KE) are investigated. This includes five cases
with different stress paths presented in Fig. 9 and summarized in
Table 3. The stress paths are displayed on plots where the x- and
y-axes represent the lateral (07) and axial (o) stresses, respectively.
Cases 1 to 3 represent relatively simple stress paths similar to
those experienced during standard laboratory KE tests. Cases 4
and 5 correspond to the stress paths experienced by a core drilled
from the in situ stress state at the AECL’s URL with drilling direc-
tions parallel to o; and o, respectively. These stress paths are
identical to those presented in Figs. 3a and 3c. The lateral stress in
four of the five cases is the least principal stress (o). For case 5, it
is the maximum principal stress (o) prior to unloading. All simu-
lations are completed by uniaxial loading of the clumped speci-
mens past the peak strength with the loading direction aligned
with the specimen axis. The bond breakage corresponding to mi-
crocrack is monitored until this final loading stage to assess the
stress memory effects. A detailed description of the simulation
results is provided for each case in the following sections by refer-
ring to Figs. 10-14.

3.1. Case 1: simple uniaxial stress path

The calibrated undamaged clumped specimen was first uniaxi-
ally loaded to 60 MPa (stage 1 in Figs. 9b and 10). This resulted in
the generation of about 1000 microcracks (i.e., 1000 broken paral-
lel bonds) initiated at an axial stress of about 25 MPa. These cracks
were oriented subparallel to the loading direction (specimen long
axis). The clumped specimen was completely unloaded at stage 2
and then reloaded axially at stage 3 to failure. As shown in Fig. 10,
during the reloading stage the cracks started to grow as soon as
the axial stress exceeded the PMS (i.e., 60 MPa) reflecting a perfect
KE with FR = 1.0. Numerical studies by Hunt et al. (2003) with a
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Fig. 5. (a) Strengths of undamaged (intact) and damaged LdB granite
from laboratory tests; (b) strengths of undamaged and damaged
clumped specimens.
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similar stress path (i.e., loading, unloading, and reloading under
uniaxial stress condition) confirmed the capability of the BPM to
capture the KE observed in the laboratory tests on a sandstone.
The clumped specimen failed at an axial stress of 212 MPa.

3.2. Case 2: unloading from in situ condition followed by
axial reloading

The test started at a biaxial stress state (o, = 60 MPa, o, = 11 MPa)
as shown in Figs. 9c and 11. At stage 1, the lateral stress (grey curve
in Fig. 11) was first reduced from 11 to 0 MPa while the axial stress
(black curve in Fig. 11) was kept constant. Almost 800 microcracks
were generated during this stage. Similar to the previous case,
these cracks were oriented subparallel to the specimen long axis.
The clumped specimen was unloaded to zero stress at stage 2 by
reducing the axial stress to zero from 60 MPa, and then reloaded
uniaxially until failure at stage 3. During reloading, similar to the
previous case, the cracks started to grow when the axial stress
exceeded the PMS (i.e., PMS = 60 MPa) in accordance with a perfect
KE (FR = 1.0). The clumped specimen failed at an axial stress of
212 MPa.

3.3. Case 3: loading in confined conditions, unloading, and
uniaxially reloading

The undamaged clumped specimen was initialized with a hy-
drostatic stress of o, = 03 =11 MPa (Figs. 9d and 12). From this stress
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Fig. 6. Strength degradation graph showing consistency between
degradation parameter (DP) of damaged LdB granite and that of
clumped specimen.
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state, the axial stress (o) was increased at stage 1from 11 to 60 MPa
while the lateral stress (o;) was kept constant at 11 MPa. As can be
seen in Fig. 11, the increase in the cumulative crack number occurs
at an axial stress of about 36 MPa, which confirms the shift in the
damage criterion due to confinement compared to that of case 1
(i.e., 25 MPa), where the specimen was uniaxially loaded. The shift
in the damage criterion is due to the initial confining pressure of
11 MPa. At stage 2, the axial stress was reduced back to 11 MPa. The
specimen was unloaded to zero stress by first removing the lateral
stress at stage 3 and then axial stress at stage 4. The clumped
specimen was then loaded uniaxially (stage 5) to failure. The crack
growth was observed at an axial stress of RMS = 28 MPa, which
results in an FR of 28/60 = 0.47. The clumped specimen failed at an
axial stress of 212 MPa.

This behavior was observed in the laboratory KE tests con-
ducted by Filimonov et al. (2001) under a similar stress path. They
observed distinct AE initiation during the second cycle at a stress
level lower than the maximum load in the first cycle (i.e., FR < 1).
They suggested that when a specimen, preloaded under triaxial
stress state, is reloaded in the second cycle in uniaxial compres-
sion in the direction of first cycle o, the distinct AE take-offin the
second cycle takes place at U{I according to the following equation:

2) oy =0~ K+ oy

where of and o}, are the principal stresses of the first loading cycle,
and K is the friction coefficient between crack faces. Filimonov
et al. (2001) suggested a K value of about 0.5 to 0.6 for rock salt,
which is close to its friction angle of 28°, obtained from triaxial
tests over the range of 0-10 MPa confining pressure. In the numer-
ical analysis previously described, K is calculated to be 1.2, which
is close to the friction coefficient of 1.4 (equivalent friction plus
dilation angle of 55°) for LdB granite.

The results from cases 1-3 indicate that the clumped specimen
captures the behavior observed in laboratory KE tests under both
uniaxial and triaxial stress conditions. Note that the direction of
axial stress (o,) in the second cycle is the same as that in the first
cycle in these three cases (i.e., no stress rotation was simulated).
Moreover, the damaged clumped specimens fail at the same peak
compressive stress when reloaded uniaxially, although they had
experienced different stress paths in their previous loading-
unloading cycles.

In the following section, the concept of stress memory and the
KE are used to better understand microcracking under stress
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Fig. 7. Schematic acoustic emission (AE) versus axial stress for Kaiser effect (KE) test on virgin rock: (a) perfect KE occurs when recalled
maximum stress (RMS) is same as previous maximum stress (PMS); (b) Felicity effect (FE) occurs when RMS is less than PMS.
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paths representative for two drilling simulations as described ear-
lier. Figures 13 (case 4) and 14 (case 5) show the cumulative number
of cracks (during unloading and loading stages) versus stress (axial
and lateral) for horizontal (parallel to the o) and vertical (perpen-
dicular to the o) drilling scenarios.

3.4. Case 4: drilling in o, direction (horizontal borehole at
the URL)

As shown in Fig. 13, in the case of the horizontal borehole, no
cracks are generated at stage 1 when o (or axial stress, o) is
reduced from 60 to 40 MPa. The cracks start to grow in the second
stage during the reduction of o (or lateral stress, o;) from 11 to
0 MPa. These cracks, as aforementioned and shown in Fig. 4c are
oriented subparallel to the specimen axis. At stage 3, o, is reduced
from 40 to 0 MPa and no new cracks are generated. At stage 4 (i.e.,
where the specimen is reloaded axially), no new cracks appear
until the axial stress reaches 38 MPa. This stress level (i.e., RMS)
corresponds to the stress level at which the first crack was gener-
ated during unloading (i.e., stage 2), and is less than the PMS (i.e.,
60 MPa). Therefore, the FR, the ratio of RMS to PMS, is 38/60 = 0.63.
Note that no stress rotation has occurred and the UCS of the
damaged clumped specimen is the same as that of the undamaged
specimen (i.e., 212 MPa).

3.5. Case 5: drilling in o; direction (vertical borehole at
the URL)

In the case of the simulated core drilled from the vertical bore-
hole (borehole perpendicular to the o, direction), the cracks are
generated as soon as o (axial stress in this case) is reduced from
11 MPa to zero (Fig. 14). As previously discussed and shown in Fig. 4a,
these microcracks are oriented perpendicular to the specimen
axis. In the second stage, when o, (lateral stress in this case) is
reduced to zero no new cracks are generated. At stage 3, the
clumped specimen is loaded axially, which means that the maxi-
mum principal stress direction has been rotated by 90°, from
perpendicular to parallel to the specimen axis. At this stage,
cracks initiate at an axial stress (RMS) of 22 MPa. This stress level
corresponds neither to the PMS experienced by the specimen
(PMS = 60 MPa), nor to the stress component parallel to the bore-
hole orientation (i.e., parallel to the specimen axis during unload-
ing stage, o3 = 11 MPa). The FR is calculated to be 22/60 = 0.37. As
can be seen from Fig. 14, only in this case is the UCS of the dam-
aged clumped specimen less than that of the undamaged speci-
men. This is attributed to stress rotation (see change in the
direction of o, in the two inserts in Fig. 14).

The experimental investigation by Holcomb and Costin (1986)
and experimental and numerical investigations by Lavrov et al.
(2002) indicate that specimens for uniaxial laboratory compres-
sion in the KE test should be retrieved as close as possible to the
direction of maximum principal stress. They found that the KE is
only properly observed when the deviation of reloading direction
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Fig. 8. Schematic graph of stress path in laboratory tests by
Pestman et al. (2001) and generation of Holcomb damage criterion
on oy—oy, stress space (after Zang and Stephansson 2010).

Holcomb
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Oy,

from o axis is less than 10°. In the laboratory tests performed on
Brazilian disks by Lavrov et al. (2002), the disks were subjected to
two loading cycles with or without disk rotation angle between
the two cycles. Lavrov et al. (2002) report that in the case of disk
rotation angle of 7.5°, the AE take-off occurred close to the first
cycle maximum load (i.e., FR close to unity), whereas in the case of
disk rotation of 15°, the AE take-off happened at an axial stress,
which is about half of the first cycle maximum load (FR close to
0.5). The results of loading the damaged clumped specimens in
the case of the borehole perpendicular to the o direction support
the findings of Holcomb and Costin (1986) and Lavrov et al. (2002):
no KE exists when the deviation of the loading direction from in
situ o axis is 90°.

It is known that stress rotation during tunnel advance can cre-
ate damage oriented at angles other than the final excavation
boundary-parallel crack directions, which may result in strength
reduction ahead of the tunnel face (Eberhardt 2001; Diederichs
et al. 2004). The reduced strength of the simulated damaged core
drilled from the vertical borehole compared to the strengths of
undamaged clumped specimen and the simulated damaged core
drilled from the horizontal borehole is largely due to the rotation
of the maximum principal stress from perpendicular to the spec-
imen axis during unloading stage to parallel to the specimen axis
in the reloading stage. This results in a complete disappearance of
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Fig. 9. Stress paths used for study of stress memory effects: (a) stress component orientation for axial ¢, and lateral o, stresses and (b—f) for
cases 1-5. All five cases are finally reloaded in the uniaxial condition to investigate the stress magnitude at which microcracking is reactivated

(formation of new microcracks).
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Table 3. Lateral and axial stress magnitudes (in MPa) at end of each loading-unloading stage for study of “stress memory” in cases 1-5.

Stress (MPa)

Initial stress Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Case No. oy T, o o, oy o, o o, oy o, o o,
1 0 0 0 60 0 0 0 212* — — — —
2 1 60 0 60 0 0 0 212* — — — —
3 1 1 1 60 1 1 0 1 0 0 0 212*
4 1 60 1 40 0 40 0 0 0 212* —
5 60 1 60 0 0 0 0 158* —_ —_ —_ —_

*Peak strength of clumped specimen.

stress memory in the damaged clumped specimen as shown in
Fig. 14.

During loading of the damaged clumped specimen with the
simulated coring stress path of horizontal borehole (case 4, where
no stress rotation exists), almost no additional microcracks devel-
oped before the unloading crack initiation stress level is reached
(i.e., 40 MPa in Fig. 13). However, microcracks were generated
early on during reloading of the simulated core drilled from the
vertical borehole (case 5, at 22 MPa in Fig. 14). This resulted in an
accumulation of more microcracks by the time the crack initia-
tion stress level in the previous unloading stage is reached, which
in turn resulted in a weaker clumped specimen compared to the
damaged clumped specimen with the simulated coring stress
path of the horizontal borehole. This is in accordance with field
observation by Martin and Christiansson (1991) at the 240 level of
the URL, showing that overcored samples from boreholes drilled
perpendicular to the o, direction had more stress-induced micro-
cracks than those drilled parallel with the o, direction.

3.6. Limitations of this 2D investigation
The coring stress paths obtained from the 3D finite element
model are much more complex than those applied in this study.

In the approximate stress paths applied to the clumped speci-
mens, one of the principal stresses (o, or o;) was decreased at a
time and no stress rotation during unloading stages was simu-
lated. This resulted in the generation of microcracks that were
either subparallel or subperpendicular to the specimen axis. In
the actual coring stress paths, obtained from the 3D finite ele-
ment model, the stress components continuously rotate relative
to the borehole axis as the core is drilled out. Applying such a
complex stress path to the clumped specimen would have re-
sulted in the generation of microcracks obliquely aligned to the
specimen axis. Microcracks oriented at a variety of angles inter-
sected by preferred oriented microcracks in certain quartz grains
were observed by Eberhardt et al. (1999) in the damaged samples
retrieved from the 420 level of the URL. Such inclined microcracks
may cause further alteration to the damage criterion, stress mem-
ory formation, and strength reduction in the core retrieved from
borehole parallel to the o, direction. The impact of crack damage
due to inclined cracks is not captured by this study. However, this
investigation clearly demonstrates that stress path influences
crack damage and stress memory. It follows that in situ stress
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Fig. 10. Case 1: simulation of standard laboratory KE test on
calibrated clumped specimen under uniaxial stress condition.
Stage 1: axial loading; stage 2: axial unloading; and stage 3: axial
reloading (all stages under an unconfined condition).
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Fig. 11. Case 2: investigation of memory effects on calibrated
clumped specimen under biaxial stress condition; gray curve
represents lateral stress (o;), and black curve represents axial stress
(0,)- Stage 1: lateral unloading; stage 2: axial unloading; and stage 3:
axial reloading under unconfined condition.
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Fig. 12. Case 3: simulation of KE test under triaxial stress condition.
Gray curve represents lateral stress (o3), and black curve represents
axial stress (o,). The lower chart presents a zoomed-in view. Stage 1:
axial loading under a confined condition; stage 2: axial unloading
under a confined condition; stage 3: lateral unloading; stage 4: axial
unloading under an unconfined condition; and stage 5: axial
reloading under an unconfined condition.
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estimations using the KE can be flawed if the cause for lower FRs
is not recognized and boreholes are not properly oriented.

4. Influence of stress path on depth of stress
fracturing near underground opening

4.1. Background

Brittle failure in the form of v-shaped notch was observed
around the mine-by-experiment tunnel at the 420 level of the URL,
Canada. The experiment was conducted in a massive, sparsely
fractured rock mass and the v-shaped notch failure with a depth
of up to 0.5 m around the tunnel did not interact with any major
joints or fractures (Fig. 1b). According to the results of stress mea-
surements, the maximum and minimum principal stresses are 60
and 11 MPa in magnitude, and oriented nearly horizontal and
vertical, respectively. The mine-by-experiment tunnel excavated
in the direction of the intermediate principal stress provides a
suitable case for a 2D stability analysis.
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The Kirsch equation indicates that the maximum tangential
stress in elastic rock should reach 169 MPa at the tunnel roof. The
average uniaxial compressive strength of undamaged specimens
of LdB granite is 213 MPa. If the latter were considered represen-
tative of the tunnel wall strength (assuming geological strength
index (GSI) = 100), no compressive failure should have occurred
around the tunnel as the strength would be about 25% higher than
the maximum tangential stress.

4.2. Review of previous numerical investigations
Hajiabdolmajid et al. (2002) showed that for a rock mass
strength of 128 MPa (i.e., GSI = 80) in an elastic model a very thin
zone with a factor of safety of less than unity is developed in the
region of the notch. A more realistic simulation of progressive
failure and notch formation in an elastic model can be performed
by iteratively removing failed elements. In this approach, as ex-
plained by Martin (1997), the finite elements with strength factors
of less than unity are identified and removed. The analysis is then
repeated with the new geometry. This process is continued until
the final notch profile is achieved. Martin (1997) found that the
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Fig. 13. Case 4: cumulative number of cracks versus stress in
simulated core drilled from borehole parallel to o,. Gray curve
represents lateral stress (o; or o) and black curve represents axial
stress (o, or o). Stage 1: axial unloading under a confined condition;
stage 2: lateral unloading under constant axial load; stage 3: axial
unloading under an unconfined condition; stage 4: axial reloading
under an unconfined condition.
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Hajiabdolmajid et al. (2002) also used elastic-perfectly plastic
and elastic-brittle constitutive models with an unconfined rock
mass strength of 128 MPa and found that these two approaches
underestimate the depth of failure. Brittle rock failure processes
involve a loss of cohesive strength by tensile cracking at the early
stages of loading, and the mobilization of frictional strength com-
ponent when the cohesional strength component is significantly
reduced (Martin and Chandler 1994). Therefore, a constitutive
model that can capture the delay in frictional strength mobiliza-
tion should simulate rock brittle failure processes more realisti-
cally. Hajiabdolmajid et al. (2002) adopted a strain dependent
cohesion-weakening frictional-strengthening (CWFS) model where
the residual cohesion and friction angle values are assigned to the
model as a function of plastic shear strain. Using the strain-
dependent CWFS model, Hajiabdolmajid et al. (2002) could cap-
ture the shape of the v-shaped notch observed at the URL. The
assumption for the rock mass strength in their analysis was
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tive number of cracks versus stress in
the borehole parallel to the o, direction.
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128 MPa. Diederichs (2007) used an instantaneous CWFS model
with the Hoek-Brown strength parameters and a rock mass
strength of 100 MPa. This approach is similar, but simpler than
that adopted by Hajiabdolmajid et al. (2002), as the cohesive
strength reduction and frictional strength increase are indepen-
dent of plastic shear strain.

Using an elastic model, Cai and Kaiser (2013) found that the
tunnel boundary irregularities can increase the induced stresses
to as high as 240 MPa, higher than the average UCS of 213 MPa
obtained from the laboratory test. Considering the effect of tun-
nel boundary irregularities in a strain-independent CWFS model,
Cai and Kaiser (2013) simulated the observed progressive brittle
failure leading to the formation of v-shaped notch. Using this
approach, the in situ rock mass spalling strength was estimated to
be about 80% of the strength of the undamaged LdB granite under
an unconfined condition (i.e., UCS of about 175 MPa).

The DEM has also been used by different researchers to simu-
late stress fracturing around underground openings, particularly
the URL’s mine-by-experiment tunnel. Potyondy and Cundall
(2004) used PFC2D (Itasca 2008) and calibrated the model to the
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Table 4. Summary of attempts at simulation of v-shaped notch formation at AECL URL mine-by-tunnel experiment, and estimated rock mass

strength.
Back-calculated rock Depth of notch

Model description mass UCS (MPa) failure Reference
Continuum, elastic: simulated with monotonic removal 114 Overestimated Martin (1997)

of failed material
Continuum, elastic 128 Underestimated Hajiabdolmajid et al. (2002)
Continuum, elastic—-perfectly plastic 128 Underestimated Hajiabdolmajid et al. (2002)
Continuum, elastic brittle 128 Underestimated Hajiabdolmajid et al. (2002)
Continuum, strain-dependent CWEFS 128 Captured Hajiabdolmajid et al. (2002)
Discontinuum: bonded particle model (BPM) 120* Captured Potyondy and Cundall (2004)
Discontinuum: dynamic BPM (low damping) <120* Captured Hazzard and Young (2004)
Continuum, strain-independent CWEFS material 100 Ccaptured Diederichs (2007)
Discontinuum: UDEC-GBM, strain-dependent CWFS 205 Slightly Shin (2010)

model for bonds between blocks underestimated
Continuum, strain-independent CWFS: simulated with 175 Captured Cai and Kaiser (2013)

tunnel boundary irregularities
Finite element-discrete element (FDEM) 120 Captured Vazaios et al. (2018)

Note: CWFS, cohesion-weakening frictional-strengthening.
*Estimated.

UCS of undamaged LdB granite. They found that the observed
failure can only be captured either by increasing the far-field
stresses or monotonically reducing the bond strength. In the lat-
ter case, they found that the v-shaped notch failure could be cap-
tured by applying a strength reduction factor of 0.6 to the bond
strength. The UCS of the PFC model in this case is estimated to be
60% of that of LdB granite, about 120 MPa. Hazzard and Young
(2004) used the same model and microproperties and ran the
model in dynamic mode with low numerical damping. The UCS of
this model is estimated to be less than 120 MPa, due to the use of
low numerical damping (Hazzard et al. 2000). The seismicity sim-
ulated by the dynamically run PFC model by Hazzard and Young
(2004) was comparable to the actual seismicity recorded around
the mine-by-experiment tunnel at URL, in terms of the locations
and magnitudes of the events.

Shin (2010) calibrated an unbreakable grain-based model (GBM)
in UDEC to the direct tensile strength, Brazilian strength, and
unconfined and confined compressive strengths of undamaged
LdB granite. In UDEC-GBM, a rock is simulated with polygonal
grains, and the grains are assumed to be unbreakable. Shin (2010)
demonstrated that when a strain-dependent CWFS model is used
for the grain boundaries, a more realistic volumetric strain can be
predicted than when a strain-independent CWFS model is used.
He then used the UDEC-GBM model, calibrated to the laboratory
properties of undamaged LdB granite (i.e., UCS of 205 MPa), to
simulate the stress fracturing and notch failure around the URL’s
mine-by-experiment tunnel. He found a reasonable agreement
between the profile of the v-shaped notch with the depth of dam-
aged zone simulated by the UDEC-GBM. A slight underestimation
of the depth of failure by the UDEC-GBM was explained by the fact
that the removal of the damaged zone and the resultant stress
redistribution were not simulated.

Very recently, Vazaios et al. (2018) used a 2D finite-discrete ele-
ment method (FDEM) and was able to realistically simulate the
progressive stress fracturing leading to the formation of v-shaped
notch around the URL’s mine-by-experiment tunnel. The uniaxial
compressive strength of the rock mass model used to simulate the
observed failure was 120 MPa.

This review of previous numerical investigations indicates,
with the exception of Shin (2010), that the strength of the rock
mass back-calculated using numerical simulations is less than the
UCS of undamaged LdB granite obtained from laboratory tests
(i.e., < 213 MPa). A summary of this review is presented in Table 4.
The close agreement in the results of UDEC-GBM model by Shin
(2010) with an assumed undamaged UCS of 205 MPa with the
observed v-shaped notch is interpreted to be due to two factors:

the adopted strength model for the grain boundaries (i.e., strain-
dependent CWES) and the assumed geometric heterogeneity. The
validity of the latter factor, which was not captured in the other
studies reviewedherein, is investigated next.

4.3. Indirect approach to estimate depth of stress fracturing
near the URL’s mine-by-tunnel

Microcracks typically initiate at the grain boundaries that usu-
ally constitute the weakest points in a massive rock with little or
no defects. This is promoted by the heterogeneous nature of brit-
tle rocks at the grain scale, which results in the generation of
tensile stresses even under overall compressive loading condition.
As discussed by Diederichs (2007) and Valley et al. (2010), these
tensile stresses facilitate brittle rock failure process.

An ideal numerical model to simulate stress fracturing around
a tunnel would be one that includes the entire tunnel excavation
and captures the effect of grain scale heterogeneities. Such a
model would be able to capture grain-scale crack initiation, prop-
agation, coalescence, and the development of fractures to a scale
relevant for tunnel wall stability considerations. However, this
would require discretizing the problem domain over more than
three orders of magnitude leading to excessive memory and com-
puting power requirements. Thus, rock grains and small-scale
heterogeneities are usually not explicitly simulated in numerical
models of tunnel simulation. For this reason, equivalent contin-
uum models with complex constitutive material behaviors are
still needed and widely used to predict failure at the rock mass
scale (e.g., tunnel). Some researchers tried to overcome these
limitations by coupling continuum and discontinuum codes
(Potyondy and Cundall 2004; Cai et al. 2007; Katsaga and Potyondy
2012; Lan et al. 2013).

In this study, an indirect approach is adopted, whereby compo-
nents of continuum and discontinuum codes are combined to
simulate stress fracturing around the mine-by-experiment tunnel
at the URL (similar to the simulation of core drilling). This ap-
proach is based on the application of 2D stress paths at points
on and near the tunnel boundary, obtained from a continuum
model, on the previously calibrated clumped specimen, where
rock grain-scale geometric heterogeneity and therefore grain-
scale fracturing is explicitly captured.

First, the 2D finite element program RS? (by Rocscience) was
used to simulate the mine-by-experiment tunnel with the labora-
tory properties of undamaged LdB granite. The RS? model input
parameters are listed in Table 5. The internal pressure reduction
approach was adopted to simulate a pseudo 3D tunnel excavation
in a 2D model. This approach, as discussed in section 3.6, does not
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Table 5. Properties of RS2 model of mine-by-tunnel
experiment.

Parameter Value

Unconfined compressive strength, UCS (MPa) 213

Tensile strength, o, (MPa) 6.7
Poisson’s ratio, v 0.3
Elastic modulus, E (GPa) 65

generate out-of-plane cracks and therefore does not account for
stress-rotation effects on rock damage near and ahead of the tun-
nel face.

Figure 15a shows the o, contours around the tunnel as well as
elements yielded in tension at the sides of the tunnel for a tensile
strength of 6.7 MPa. As expected, no elements yielded in shear or
tension at the tunnel roof, where the maximum tangential stress
is 169 MPa and the rock behavior remained elastic for a UCS =
213 MPa. Figure 15b presents a close-up view with seven monitor-
ing points located at or near the excavation boundary and in the
center of the observed zone of failure by spalling. The farthest
point (No. 7) in Fig. 15 is above the observed notch and just beyond
the zone where microseismic events were detected (Fig. 16a).

The stress paths for the seven monitoring points are plotted in
the o,-0; stress space in Fig. 16b. Due to the 2D simplification, the
stress paths here are simpler (linear) compared to those obtained
by 3D models (Martin 1997; Read et al. 1998). The laboratory crack
initiation stress level (Martin 1997) is also shown in this figure. The
stress paths at point 1 to point 6 exceed the crack initiation crite-
rion, whereas the stress path of point 7, located just above the
notch (Fig. 16a), approaches but never reaches the crack initiation
stress level. A point between No. 6 and No. 7 therefore defines the
extent of the excavation damaged zone, consistent with the dam-
age limit of 70 MPa shown in Fig. 16a.

The stress paths shown in Fig. 16b were then applied to the cali-
brated undamaged clumped specimen (UCS = 213 MPa). Figure 16¢
shows the microcracks (failed bonds) at the end of stress paths. It can
be seen from this figure that the level of damage in the clumped
specimens decreases rapidly with increasing distance from the exca-
vation wall (i.e., with increasing confinement). Interestingly, for the
point located outside of the observed failure zone and below the
crack initiation threshold, the corresponding stress path generated
very little damage. This is consistent with the extent of microseismic
events detected in the field (Hajiabdolmajid et al. 2002).

Comparing the results of finite element analysis (Fig. 15) and
clumped specimens (Fig. 16), it is concluded that although the UCS
of rock models in both cases are the same (both 213 MPa), only the
clumped specimens capture the stress fracturing and predict the
extent of damaged zone observed in the field. This is attributed
to the grain-scale geometric heterogeneity implemented to the
clumped specimen, which causes the generation of tensile stresses
between the clumps (grains) during compressive loading, and the
initiation of microcracks at a stress level that is well below the
peak strength. Unfortunately, the adopted approach does not al-
low to simulate the spalling process. It is postulated that the sim-
ulation of spalling process would require the application of the
actual 3D stress path (similar to that shown in Fig. 1).

5. Conclusions

Pre-peak microfracturing processes developed during compres-
sive loading of brittle rocks (crack initiation, accumulation, and
coalescence) and the associated rock damage needs to be consid-
ered when dealing with rock mechanics problems involving
drilling-induced core damage, which may influence the results of
standard rock mechanics laboratory tests (e.g., UCS and elastic
modulus), in situ stress measurements based on rock strain (i.e.,
overcoring techniques), strength (i.e., borehole breakout), and
stress memory (i.e., Kaiser effect (KE) test). Homogeneous, contin-
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uum numerical approaches do not explicitly simulate the pre-
peak microfracturing stages, and therefore are not suitable for
investigating the impact of stress fracturing. In a review pre-
sented in this article of past research efforts, it was shown that
continuum and most discontinuum numerical approaches were
required to assume a lower rock strength than the average intact
strength determined from laboratory tests, to be able to estimate
the depth of v-shaped notch failure around the mine-by-experiment
tunnel at the AECL’s URL. It was demonstrated that the discon-
tinuum modelling approach used in this study (i.e., clumped par-
ticle model) calibrated to the laboratory properties of undamaged
LdB granite estimated the depth of stress fracturing without re-
quiring any assumption on the rock strength. This is due to the
ability of this modeling approach to simulate the grain-scale geo-
metric heterogeneity and pre-peak fracturing processes. These
processes were shown to control the amount and orientations of
drilling-induced core damage, stress memory in cored samples,
and the extent of stress fracturing near underground openings.

Various stress paths representative for those followed during
laboratory KE tests and core drilling from boreholes of various
orientations were applied to a clumped specimen, previously cal-
ibrated to the laboratory properties of undamaged (intact) LdB
granite. The stress level associated with crack initiation in the last
loading stage and the peak strength were determined in all sim-
ulations. It was found that the damaged specimen experiencing
the stress path representative for drilling a core from a borehole
perpendicular to the o direction (vertical borehole at URL) had a
lower strength compared to that of the damaged specimen expe-
riencing the stress path representative for drilling a core from a
borehole parallel with the o, direction (horizontal borehole). This
can be explained by the notion of stress memory (i.e., KE). No new
microcracks were generated during reloading the damaged spec-
imens from the horizontal borehole, until the maximum stress
level previously experienced by the specimen (during drilling pro-
cess) was reached. However, in the case of a damaged specimen
taken from the vertical borehole, new microcracks initiated and
accumulated early on during the reloading stage (before reaching
the previous maximum stress (PMS) level). This was interpreted to
be due to the rotation of maximum principal stress direction from
the original stress state (perpendicular to the specimen axis) to
the applied loading direction (parallel with the specimen axis).
Such a stress rotation resulted in a weaker specimen, in accor-
dance with previous laboratory tests on Brazilian disks and field
observations at the URL.

In the case of stress fracturing around the mine-by-experiment
tunnel, the stress paths obtained from a 2D model were applied
to the previously calibrated numerical specimens. It was found that
the amount of damage decreases with increasing distance from
the excavation boundary due to the increase in confinement. It is
concluded that the extent of stress fracturing in the tangential
stressed roof or floor at the AECL’s URL could have been predicted
by applying a 2D stress path on a well calibrated DEM model that
considers the grain-scale geometric heterogeneity and pre-peak
fracturing processes in an overall compressive loading condition.

The limitation of the adopted numerical approach is that true
3D stress paths had to be approximated. Unfortunately, this pre-
vented the detailed study of inclined microcracks generated dur-
ing stress rotation. The simulation of the true 3D stress paths in a
core during drilling or a point at the wall of an advancing tunnel
(as illustrated in Fig. 1) remains a challenge using the adopted
numerical approach, and therefore deserves further investiga-
tions. The 3D coupled continuum-discontinuum numerical
approach will likely be the future solution for solving rock
mechanics problems, such as the simulation of stress fracturing
and spalling and the estimation of depth of failure near the walls
of an advancing tunnel or a borehole as well as the drilling-
induced core damage, which may lead to an alteration in the
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Fig. 15. (a) o, contours around excavated tunnel and (b) close-up view of Fig. 15a showing locations of monitoring points. [Colour online.]
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Fig. 16. (a) Locations of monitoring points relative to failed zone and locations of microseismic events (modified from Martin 1997, with
permission from C.D. Martin), (b) stress paths of seven monitoring points during tunnel excavation along with laboratory crack initiation
stress threshold, (c) damage (dark gray lines represent bond failures) in clump model after application of 2D stress paths.
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results of laboratory tests on rock samples and in situ stress mea-
surements.
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