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Abstract

Tunnels excavated in massive unfractured Lac du Bonnet granite at the 420 Level of the
Underground Research Laboratory showed typical signs of instability, i.e., spalling, slabbing,
notch development. Two-dimensional elastic stress analyses of the failed tunnels indicated
that failure was occurring at stress levels of about 100 MPa. A laboratory testing program
was carried out using conventional unconfined-compression tests and triaxial-compression
tests. In addition, uniaxial and biaxial tests of physical models containing circular holes
were also conducted. All the laboratory tests indicated that the laboratory strength of Lac
du Bonnet granite was twice the calculated stress level at which failure occurred. This
result led to a study of massive rock strength using laboratory data and field observations.

In classical geotechnics, the shear strength of a rock is regarded as made up of two
components, intrinsic strength or cohesion, and frictional strength. Laboratory tests were
carried out which showed that initially, when rock deformations are essentially elastic, there
is a maximum cohesive strength which is about 0.7-0.8 of the standard laboratory unconfined
compressive strength. As the loads increase above this maximum cohesive strength, friction
is increasingly mobilized and the associated nonelastic displacements damage the cohesion.
Consequently at displacements near the peak strength, i.e., when friction is fully mobilized,
approximately 70% of the initial cohesion has been lost. The laboratory tests showed that
most of the cohesion loss results from very small displacements. The loss in cohesion was
modelled using the Griffith locus based on a sliding crack model.

Microseismic monitoring of a circular test tunnel excavated on the 420 Level of the

Underground Research Laboratory revealed that considerable damage, i.e., cracking, was

iii



occurring near the face of the advancing tunnel. Three dimensional numerical stress analyses
were carried out to investigate the loading path near the face of the test tunnel. The analyses
showed that the loading path exceeded the crack initiation stress measured in the laboratory
tests but that the loading path did not exceed the initial cohesion values measured in the
laboratory tests. Thus the loading path stress magnitudes were not sufficient to mobilize
friction.

The effect of stress rotation, near the advancing tunnel face, was also investigated since it
has been demonstrated, for tensile loading, that cracks can be made to grow at a constant
load by rotating the direction of the applied load. Three-dimensional numerical stress
analyses showed that the principal stress directions near the face of the tunnel rotate as
the tunnel advances. It is proposed that the rotation of the stresses near the face amplifies
the damage in situ and that this damage is equivalent to the damage in the laboratory
tests in which the cohesion was reduced after only small displacements by 70%. Thus,
when the maximum principal stress magnitude is above the crack initiation stress, the
maximum cohesion in situ, that can be relied on, is only 50% or more of that measured in
the laboratory.

Two-dimensional modelling of the failure process was carried out using a phenomeno-
logical approach and a discrete fracture approach. The phenomenological approach uses
a degraded strength to simulate the damage that has occurred near the advancing tunnel
face. This approach, although practical, has several limitations, the most significant of
which is the assumption that the entire rock mass strength around the tunnel has been
degraded. The discrete fracture approach was carried out using a preliminary version of the
finite element code InSight?P designed to model fracture growth in compression. A major
advantage of the discrete fracture method is that it does not require the rock mass strength
to be degraded. This approach holds much promise and captures one of the key physical
processes, i.e. slabbing, observed around failing underground openings in brittle rocks.

The major contributions to our understanding of strength and failure that have resulted

v



from the investigations and analyses carried out during the course of this thesis are noted

below:

¢ Samples obtained from a pre-stressed medium were damaged by the sampling process

when the far field stress exceeded about 0.1c..

e The effects of scale, loading-rate and moisture on intact rock strength is minimal and

do not explain the observed strength reduction investigated in this thesis.

e Maximum friction and maximum cohesion are not mobilized at the same displace-
ments. By the time friction is fully mobilized a significant portion of the maximum
cohesion in the sample has been lost. The Griffith locus was successfully used to

model the mobilization of friction and the loss of cohesion.

e Cracking around underground openings initiates at about the same stress level as
crack initiation in the laboratory tests. The zone of crack initiation, with ¢ = 0,
appears to define the limit of progressive failure around the openings at the 420 Level

of the Underground Research Laboratory.

e The loading path of rock near the tunnel face suggests that stress rotation in the
areas of maximum tangential stress concentration is a significant contributor to the
localized degradation of the rock mass cohesive strength. Failure initiates in these

locally damaged areas when the maximum tangential stress reaches about 100 MPa.

e Failure around the underground openings at the 420 Level of the Underground Re-
search Laboratory initiates at a point, called the process zone, and is progressive.
Failure occurs as a slabbing mechanism and stops when the geometry of the notch

becomes convex and the process zone becomes contained.

e Modelling of the extent of failure cannot be captured by plane-strain modelling unless
some effort is made to account for the initiation of failure at a point near the tunnel

face before plane strain conditions are reached.
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Chapter 1

Introduction

In their efforts to extract resources from the earth and to find solutions for the disposal
of waste, engineers are forced to create openings at ever increasing depths in the earth’s
crust. In Canada, mineral extraction is taking place at depths of 2000 m with plans to
extend the mining operations to depths of 3000 m. In South Africa, the deepest working
levels are 3800 m below surface and shaft systems to mine at depth in excess of 4000 m are
being developed. In the nuclear industry in France, Sweden, Canada, Germany, the United
Kingdom and the United States, plans are being made for the disposal of spent fuel from
nuclear power plants at depths between 300 to 1000 m. In the petroleum industry, boreholes
at depths greater than 1000 m are drilled on a routine basis. The design of these openings
requires an estimate of the in situ stress and the strength of the rock mass. Both of these
topics have been the focus of much research for the past 40 years. Yet, in his general report
on Underground Openings in Overstressed Rock to the 6th Congress of the International
Society of Rock Mechanics held in Montreal in 1987 H. Wagner [151] from South Africa

stated:

“It is fair to say that more research has been devoted to the clarification of the
strength properties than any other aspect of the rock behaviour. Nevertheless,
it is still doubtful whether reliable predictions can be made with regard to the

failure of rock surrounding underground excavations.”
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Figure 1.1: Illustration of the difficulty in determining the rock mass strength around an
underground opening. The intact strength can be determined in the laboratory but the
rock mass strength must be determined by other means.

Wagner [151] also commented that one of the reasons for this difficulty is that strength
is usually obtained from small samples of intact pieces of rock tested under artificial loading
conditions. This strength must then be extrapolated to account for the presence of joints,
fractures and other planes of weakness in the rock mass (Figure 1.1).

The most significant attempt at quantifying the rock mass strength in recent years is the
empirical failure criterion developed by Hoek and Brown [75]. This failure criterion starts
with the intact rock strength and reduces that strength depending on the rock mass quality
as determined from the rock mass classification systems of Bieniawski [9] and Barton [4].

It is not surprising that the main focus of research on rock mass strength has been on

the reduction of the intact strength due to the presence of fractures as most civil and mining
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engineering projects take place at shallow depth in moderate to highly fractured rock masses
with low in situ stresses (Figure 1.2). In these situations, the rock mass strength is largely
attributed to frictional resistance along fractures. However, at depth, large volumes of
massive rock are sometimes encountered and frequently in these situations the in situ stress
is high, relative to the intact strength. Under these conditions the strength of the rock mass
can be attributed to the intact strength (Figure 1.2). For excavations in massive rock it is
generally assumed that the strength of an intact sample would be similar to that of the rock
mass. For example in the Hoek-Brown guide to their failure criterion, the parameters for
the failure envelope for massive rock are the same for laboratory and the in situ conditions.
This implicit assumption that the laboratory strength and in situ strength would be similar
if the rock mass was unfractured has not been questioned. Excavations in massive granite
in south-eastern Manitoba, for evaluating nuclear waste disposal concepts have provided an

excellent opportunity to test this assumption.

1.1 Problem Statement and Research Activities

The nuclear industry is faced with assessing the concept of deep geological disposal of nuclear
waste. One of the preferred characteristics for a suitable disposal site is low permeability.
Hence, unlike thé mining industry, which usually creates excavations in highly fractured
rock masses with major faults and geologic boundaries, the nuclear industry is looking for
uniform, stable conditions in rock masses with minimum faulting and fracturing. Thus, the
shafts and tunnels for a waste repository may be excavated in nearly intact rock. AECL
Research, which is charged with the responsibility for assessing the geologic disposal concept
in plutonic rocks in Canada, has constructed the Underground Research Laboratory (URL)
near Lac du Bonnet in south-eastern Manitoba. Portions of this facility are constructed in
massive unfractured granite.

The tunnels excavated at the URL at a depth of 420 m in massive unfractured granite,

displayed extensive spalling and slabbing during construction. Preliminary stress analyses
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of these tunnels indicated that the spalling and slabbing occurred where the maximum
tangential stress on the boundary of the tunnels exceeded approximately 80-100 MPa. Thus
the in situ strength around the perimeter of the tunnels is about 100 MPa or approximately
1/2 the unconfined compressive strength of intact rock samples tested in the laboratory.
Similar findings have been reported elsewhere [125, 128, 117, 69]. However, in those cases
explanations related to scale effects, heterogeneous materials and incipient fractures, were
offered as reasons for the observed strength reduction. At the URL, however, the rock mass
is relatively homogeneous and isotropic, elastic and fracture free. Thus the usual reasons put
forth for the observed strength reduction, including scale effects, can not be supported at
the URL. The inability of the classic stress-strength approach to predict tunnel performance

at the 420 Level of the URL prompted the research described in this thesis.

1.1.1 Finding A Solution

When comparing measured laboratory strength to calculated stresses around tunnels, two
important steps have to be carried out: 1) establish the far-field in situ stresses required
to calculate the stresses around the tunnel, and 2) establish how the laboratory strength
can be translated to a field strength. One additional step which is considered in this thesis
is to establish if the loading path around the tunnel is similar to the loading path in the
laboratory tests which were used to establish the in situ strength. In addition to these steps,
one must also consider the assumptions employed in the numerical analyses. The rock mass
at the URL is relatively homogeneous, isotropic, and fracture free, consequently, the anal-
yses which appear most appropriate are ones which represent a continuous, homogeneous,
isotropic, linear, elastic (CHILE) material. Thus, as a starting point, the calculated stresses
around the URL tunnels are based on linear elastic analysis.

The first step in determining the stresses at the boundary of the tunnels at the URL
was to establish the far field in situ stresses. It is well known that the measurement of in

situ stress is fraught with difficulties. Accordingly, it becomes essential to establish the in
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situ stress magnitudes and direction with some reasonable degree of confidence. Although
overcoring and hydraulic fracturing are traditional methods for determining the in situ
stress state at a point, the convergence method provides the stress state at the tunnel scale.
Martin et al [109] demonstrated that this type of stress measurement was considerably more
reliable than the information obtained from overcore measurements at the URL.

The second step in the process was to establish the laboratory strength for the rock mass
in which the tunnels will be excavated. In massive granite, this first appears as a routine
task. Testing of Lac du Bonnet granite has been on-going since about 1980 by the University
of Manitoba and AECL. Samples have been collected from two sources, Cold Spring Quarry
and the URL. Preliminary compilation of the tests results from these two sources indicated
that the strength of the granite varied spatially and also decreased considerably with depth
at the URL. This latter finding was rather surprising because in situ, the quality of the rock
mass improves with depth, i.e., the rock mass changes from a jointed rock mass near surface
to a massive rock mass at depth. Thus in order to establish the likely in situ strength at
the 420 Level of the URL, the possibility of sample disturbance needed to be explored.

Another important issue is translating the laboratory strength to the field strength.
In the initial stress-strength analysis the laboratory unconfined compressive strength was
compared to the calculated maximum tangential stress on the perimeter of the tunnel.
However, it is well known that the short-term unconfined compressive strength is somewhat
higher than the long-term strength of intact rock. The long-term strength of Lac du Bonnet
granite has been determined by Schmidtke and Lajtai [140] to be about 130 MPa. However,
this still does not explain failure occurring at stresses around 100 MPa. Interestingly, the
130 MPa long-term strength is projected from tests conducted over one month’s duration
and represents the predicted strength for times greater than 1000 years. The long-term
strength from the one month tests was 155 MPa. Because failure was occurring as soon
as the excavations were created it does not appear that the long-term strength plays a

significant role in the observed strength reduction around the tunnels. In addition to the
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long-term strength, there is also the issue of scale (volume) effects, loading-rate effects,
moisture effects and loading path effects. All of these effects are explored in this thesis.

As part of the study of the strength of Lac du Bonnet granite, physical model studies
were also carried out. The initial stress-strength analysis compared the laboratory uniaxial
compressive strength to the tangential stress around a tunnel. However, the stress at the
boundary of a tunnel is not truly uniaxial because of the tunnel curvature and the load
parallel to the axis of the tunnel. Thus in order to assess the strength around a tunnel
granite blocks containing a circular opening were loaded in uniaxial or biaxial compression
and cracking carefully monitored.

The next step in this research was to consider the role the loading path around the tunnel
might play in determining the strength of the rock. Talebi and Young [149] established,
by microseismic monitoring, that cracking, i.e., damage, was occurring ahead of the shaft
- excavated from the 240 Level to the 420 Level at the URL, although failure around the
shaft was not observed in the areas where cracking had occurred. Observations of the
failure process on the 420 Level indicated that it was progressive, i.e., initiating at a point
and progressing into a typical well-bore breakout geometry. Thus, in order to understand
the role of progressive failure a series of damage-controlled laboratory tests were conducted
which enabled the cohesion and frictional strength components to be isolated and tracked
as crack damage accumulated in the test specimen. This unique testing method indicated
that as crack damage accumulates, at stress levels below the peak strength, cohesion is
lost at a very rapid rate. Thus in a damaged sample, the cohesion can be as low as
about half the cohesion measured in an undamaged sample. The strength at the boundary
of an underground opening is essentially due to rock cohesion, thus these laboratory tests
demonstrated that if damage is occurring around an advancing tunnel face the rock strength
will be reduced to less than half the unconfined compressive strength.

The final stage of this research was to examine in detail how the loading path around an

advancing tunnel face, causes damage and to attempt to model the process. Two and three



CHAPTER 1. INTRODUCTION 8

dimensional numerical analyses were carried out. Finally numerical analyses were used to
simulate the failure process around a tunnel at the 420 level of the URL. Two approaches
to modelling the failure process were used, a phenomenological approach and a discrete
fracture approach. Both methods, demonstrate that progressive failure around the tunnel
can be modelled reasonably well once the mechanism of failure is thoroughly understood.
In summary, the primary objective of this thesis is to determine why the strength of
massive granite from back analysis of tunnels excavated at the 420 Level of the Underground
Research Laboratory was about 100 MPa when the the reported laboratory unconfined com-
pressive strength of the granite was around 200 MPa. This objective is met by investigating

the effects of scale, loading rate, moisture, damage and loading path on the rock strength.

1.2 Organization Of Thesis

This thesis examines the strength of openings in massive Lac du Bonnet granite at the
Underground Research Laboratory at depths between 240 and 420 m. Chapter 2 provides
the geotechnical setting for the URL. The in situ stress state at the. 420 Level of the URL
is established and the effects of this stress state on the properties of samples tested in the
laboratory is described.

Extensive testing of Lac du Bonnet granite has been carried out over the past ten
years. Chapter 3 provides a summary of those test results. It is commonly implied that
scale (volume) effects is the major reason for the reduction in strength from the laboratory
measured value to the in situ strength. Scale effects, loading rate effects, moisture, and
long-term strength are all investigated and reviewed in arriving at an estimate of the likely
in situ strength.

Interpretation of laboratory test results requires an understanding of the failure pro-
cess. Chapter 4 provides a review of laboratory testing in compression and establishes the
key fracture parameters in compression testing. Chapter 4 then examines the progressive

failure of brittle rock. The classical strength envelope for a brittle rock assumes that full
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cohesion and full friction are mobilized simultaneously. Results from damage-controlled lab-
oratory tests are used to investigate this assumption. A model, based on energy concepts,
is developed for progressive failure and compared to the laboratory results.

In Chapter 5 it is demonstrated that the back calculated strength around the excavations
at the 420 Level of the Underground Research Laboratory is about half the laboratory
unconfined compressive strength. Microseismic monitoring of a test tunnel shows that
damage is occurring to the rock immediately around the face of the advancing tunnel.
Mechanisms which could cause this damage are investigated, using numerical simulations,
and compared to the laboratory test results.

Chapter 6 describes two approaches, the phenomenological approach and the discrete
fracture approach, to modelling progressive failure around the openings at the URL. The
phenomenological approach requires no understanding of the failure process whereas the
discrete fracture method requires a thorough understanding of the failure process.

A discussion and summary of the thesis is provided in Chapter 7.



Chapter 2

Geotechnical Setting

The Underground Research Laboratory (URL) was constructed in southeastern Manitoba
for the purposes of conducting large scale in situ experiments related to the disposal of
nuclear fuel waste from nuclear power plants (Figure 2.1). The access shaft for the URL
began with the shaft collar construction in 1982 and was excavated in two stages. Stage
1 (upper shaft) was excavated from the surface to a depth of 255 m between 1983 March
and 1985 April. This stage was excavated as a nominal 2.8 m by 4.9 m rectangular shaft
by the traditional drill and blast benching method. Stage 2 (lower shaft) was excavated
from the 255-m depth to the 443-m depth between 1987 July and 1988 August. This stage
was excavated as a 4.6-m-diameter circular shaft using a full-face drill and blast technique.
Between 1985 and 1987, the 240 Level access tunnels were developed and the ventilation raise
was excavated between the 240 Level and the surface. The final activity of the construction
phase, development of the access tunnels on the 420 Level and the ventilation shaft from the
420 Level to the 240 Level, was completed in 1990. The URL at the end of the construction
phase is shown in Figure 2.2. The URL’s operat.ing phase, which began in 1989, will continue
until 2000 and will include a series of nine major experiments designed to address some of

the technical issues associated with the disposal of nuclear fuel waste [146].

10
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Figure 2.1: Location map of the Lac du Bonnet batholith and the Underground Research
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Figure 2.2: Isometric of the Underground Research Laboratory. The 420 Level is excavated
in massive, unfractured granite
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2.1 Geology
2.1.1 Regional Setting

Brown et al. [17] and Everitt et al. [46]. have described the geological setting of the URL.
In summary, the URL is located within the Lac du Bonnet granite batholith (LDBB),
which is considered to be representative of many granitic intrusions of the Precambrian
Canadian Shield. The batholith trends east-northeast and its elongated body is about 75
by 25 km at surface (Figure 2.1) and extends to a depth of about 10 km. The batholith,
dated as Late Kenoran age (2680+81 Ma), lies in the Winnipeg River plutonic complex
of the English River gneiss belt of the western Superior Province. The batholith is a
relatively undifferentiated pink and grey massive porphyritic granite-granodiorite. The
massive, medium- to coarse-grained porphyritic granite is relatively uniform in texture and
composition over the batholith, although locally it displays subhorizontal gneissic banding.

Low-dipping thrust faults and associated systems of predominantly north-northeast
striking subvertical joints occur throughout the LDBB. The style of fracturing within the
central portion of the LDBB near the URL is dominated by large, low-dipping thrust faults
and splays. The blocks between the thrust faults are crosscut by one or more sets of sub-
vertical joints, the pattern and frequency of which varies from one block (fracture domain)
to the next. The factors influencing the pattern of intra-block jointing include the overall
distance from the surface, the proximity to the bounding faults, and the local rock type.
The subvertical joints become less frequent, less continuous, and simpler in pattern with

increasing depth.
2.1.2 Local Setting

The local geological setting was first determined by site investigations carried out from the
surface. The location of the URL shaft was selected to provide a range of lithological and
structural domains. Excavation of the URL shaft intersected two major thrust faults that

dip about 25 to 30° southeast. These faults are referred to as Fracture Zone 3 and Fracture
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Zone 2 and the splays as Fracture Zones 2.5 and 1.9 (Figure 2.3). The fracture zones are
composed of chloritic slip surfaces, which grade into cataclastic zones where displacements
in the order of metres to tens of metres have occurred. Where the URL shaft intersects
Fracture Zone 2 there is an estimated 7.3 m of reverse displacement [46]. The cataclastic
zones range in thickness from 20 mm to 1 m and contain breccia and clay-gouge. These
fracture zones are considered to be the main pathways for groundwater flow in the Lac du
Bonnet batholith [37].

Between the surface and Fracture Zone 2.5, the rock is pink granite and contains a
prominent subvertical joint set striking about 020° near surface, to 040° at the 240 Level.
A less prominent subvertical joint set strikes between 150 and 180°. The pink colour is
due to alteration by groundwater flow. The general rock type below Fracture Zone 2.5 is
a massive unjointed grey granite. Excavation of the shaft from the 240 Level to the 420
Level and the excavation of the several hundreds of metres of tunnel on the 420 Level were
completed in this granite. In the immediate area of Fracture Zones 2 and 1.9, the grey

granite shows pink alteration.

2.2 In Situ Stress

In situ stress is one of the key parameters needed for the design of an underground opening.
Yet it is one of the most difficult and most costly parameters to obtain. Stress is defined
at a point and hence if one needs to know the stress in a large volume of rock then a large
number of measurements are required. In reality, only a few stress measurements are made
at any one site, e.g., only about 133 triaxial stress measurements have been made for all of
the Canadian Shield [70]. An exception to this paucity of data is the Underground Research
Laboratory, where about 350 triaxial stress measurements have been made in a volume of
rock about 100 m x 100 m x 500 m deep. In addition to the triaxial measurements,
2D overcoring, hydraulic fracturing, convergence measurements, microseismic monitoring,

well-bore breakouts and excavation back-analysis have also been used to help determine the
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designation. Below Fracture Zone 2 the rock is massive unfractured gneissic grey granite
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stress state. Within the Canadian Shield and the Underground Research Laboratory o
tends to be horizontal and o3 tends to be vertical. Hence, these data can be conveniently
divided into horizontal stress and vertical stress measurements. These will be discussed in

turn following a brief review of the limitations of stress measurement techniques.

2.2.1 Limitations of Stress Determination Techniques

Before discussing the horizontal and vertical stresses at the URL, it is important to be
aware of the limitations of techniques for determining in situ stress. The two traditional
techniques are the overcoring method and the hydraulic fracturing method. With the over-
coring method, the overcored samples must behave elastically in order to interpret the stress
magnitudes and orientations from the measured strains. At the URL, Martin and Chris-
tiansson [107] demonstrated that on the 240 Level the rock exhibited non-linear behaviour.
They demonstrated that the in situ stress from the overcore samples with this non-linear
behaviour could be approximated using a transverse isotropic model. However, below the
240 Level the non-linear behaviour was so severe that the overcoring technique provided no
information on the orientations of the in situ stresses but did provide approximate magni-
tudes [106].

In order to interpret hydraulic fracturing results the hydraulically produced fracture
must be coaxial with the axis of the borehole. Thus a hydraulic fracture test in vertical
borehole producing a coaxial fracture will provide the maximum and minimum horizontal
stress magnitudes and orientations, assuming o3 is vertical. However, at the URL below
Fracture Zone 2, hydraulic fracturing in near vertical boreholes produced only subhorizontal
fractures. A solution for the interpretation of data from such tests is provided by Ljunggren
and Amadei [103]. However as pointed out by Martin [105] the magnitudes for the maximum
horizontal stress and the ratio of maximum horizontal stress to minimum horizontal stress,
given by this solution, are unrealistically high. Hefny and Lo [67] provided a new method to

interpret horizontal hydrofracs. As with the solution given by Ljunggren and Amadei [103]
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it would appear that the new method also gives unrealistically high magnitudes and stress
ratios. Thus at the 420 Level of the URL in situ stress cannot be determined by the
traditional methods.

Several methods were developed and tested to determine the in situ stress state at the
420 Level. Of these methods, the convergence method was simplest to implement and

evaluate.

2.2.2 Convergence Method

The solution for radial displacements (u,) around a circular hole subjected to a biaxial stress
state is given by the well known Kirsch equations [75, 15]. Using these equations the radial
displacements are calculated given the far-field in situ stress. However, when attempting to
determine the in situ stress from the measured radial displacements the Kirsch equations,
such as those given in [75, 15], are not adequate. Using the theory of elasticity [53] a general
solution was developed for radial displacements which does not require prior knowledge of
the in situ stress state ( a complete derivation of the relationships between stress and radial
displacements is given in Appendix A). |

The total convergence U between two diametrically opposite points on the boundary
of a circular opening or 2u, can be expressed as follows, assuming the conditions of plane
strain, as

a

U=3g

{(1+ (3—4v)cos20)o, + (1 — (3 — 4v) cos20)oy + 2(3 — 4v)sin 207} (2.1)

where G = the shear modulus, v = Poisson’s ratio, o, 0y, Tpy = biaxial stress state and § =
orientation of the convergence diameter relative to the maximum stress (see Figure 2.4).
Thus U varies with position # around the opening. Note that for a given value of 8 equa-

tion 2.1 is of the general form

U=Cioz+ Cooy + C37zy (2.2)
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Figure 2.4: Horizontal section through shaft and location of convergence measurements.
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25 5 7.5 10 125 15
Excavation (m)

Figure 2.5: An example of measured convergence (Array 12) obtained during shaft con-
struction. The excavation distance on the x-axis in the figure refers to the distance of the
shaft bottom below the plane of measurement.

Hence equation 2.1 can be solved for the stress state provided at least three convergence
diameters are measured.

During the construction of the shaft at the URL from the 240 Level to the 420 Level
convergence of the shaft walls was recorded using a Kerns Distometer. The convergence
was recorded along four diametrical lines (A — A, B — B', C — C’, D — D') as illustrated
in Figure 2.4. An example of a typical convergence plot obtained during construction is
given in Figure 2.5. Using the measured convergence, it is possible to back calculate the in
situ stress state assuming the amount of radial displacements that have occurred before the
instruments were installed is known. Martin et al [110] established that approximately 60%
of the total convergence had already occurred prior to installation of the instrumentation
used in the shaft convergence arrays.

In a typical array there were four convergence measurements, yet only three are required

to define the biaxial stress state. Using the additional data, a least squares solution was
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obtained to equation 2.1 to determine the best fit far-field in situ stresses. The results from
all the shaft data are given in Table 2.1. A typical shaft convergence array, with the best fit
solution compared to the actual measurements, is given in Figure 2.6. The two convergence
arrays in Figure 2.6 illustrate the rotation of the maximum horizontal stress with depth
(see Table 2.1 for the locations of the arrays).

Convergence was also measured in a circular horizontal tunnel on the 420 Level using
six diametrical measurements. Figure 2.7 shows a typical result from that tunnel. Note the
dramatic change in stress ratio obtained from the Mine-by tunnel compared to the results
from the shaft convergence measurements (see Figure 2.6). This reflects the difference in
the horizontal stresses measured by the shaft convergence and the horizontal to vertical
stress ratio measured by the Mine-by convergence. A discussion of the results from the

convergence data follows in the next section.

2.2.3 Horizontal Stress

The relationship between the orientation of the maximum horizontal stress (0,4, ) and depth
indicated two distinct stress domains at the URL [106]: one from the surface to Fracture
Zone 2, where the maximum horizontal stress is oriented parallel to the major subvertical
joint set, striking about 040° (Figure 2.8); and the second extending below Fracture Zone
2, where the maximum horizontal stress has rotated about 90° and is aligned with the
dip direction (= 130°) of Fracture Zone 2 (Figure 2.8). The maximum horizontal stress
direction in the second domain is coincident with the direction of major compression noted
by Herget [68] for this area of the Canadian Shield.

The rotation of the maximum horizontal stress across the domain boundary may be
explained using a simple mechanical model. Fracture Zone 2 tends to follow the weaker
xenolithic layers within the Lac du Bonnet batholith. Considerable reverse slip in the
direction 130° has occurred along Fracture Zone 2 (about 7 m where the shaft intersects the

fracture zone), and this movement may have led to stress relief in the direction of thrusting.
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Table 2.1: Summary of horizontal stress magnitudes and orientations determined from
convergence measurements taken during shaft construction.

Depth Array omas Omin  Azimuth Ratio
(m) No. (MPa) (MPa) 0Omes (°) ZTme=

Omin

Beginning of Fracture Zone 2

267.6 2 40.3 25.2 143 1.60
269.7 3 38.1 22.1 129 1.72
271.9 4 39.9 34.0 050 1.17
273.2 5 43.1 394 80 1.09
274.2 6 70.8 51.8 100 1.37
276.2 7 59.1 40.5 061 1.46
283.2 8 56.7 46.4 089 1.22
287.6 9 53.7 48.5 033 1.11
288.8 10 54.7 46.3 056 1.18
Fracture Zone 1.9 :

290.0 11 59.5 45.3 072 1.31
203.3 12 54.1 42.3 062 1.28
303.3 13 53.6 414 067 1.29
End of Fracture Zone 2

334.0 16 43.5 40.0 153 1.09
346.4 17 43.2 38.4 163 1.12
364.0 19 57.0 49.5 142 1.15
374.2 20 61.5 55.9 161 1.10
393.7 23 56.4 39.6 129 1.42
400.8 24 55.9 49.4 140 1.13
410.8 25 55.1 50.9 169 1.08

429.2 26 73.6 62.3 131 1.18
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Figure 2.6: Comparison of the measured convergence from the shaft and the best fit solution
using equation 2.1.
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Mine-by Tunnel

Array 8
Opmax = 53.5 MPa
Opin = 13.8 MPa (mm)

Omax/Cmin = 3.86

Figure 2.7: Comparison of the measured convergence from the Mine-by test tunnel on the
420 Level and the best fit solution using equation 2.1.
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Figure 2.8: Plot of the azimuth of maximum horizontal stress versus depth. Note the
rotation of the stress below Fracture Zone 2 (FZ2). The isometric figure illustrates the
maximum horizontal stress orientation relative to the strike and dip of Fracture Zone 2.
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Below Fracture Zone 2 no such stress relief occurred because faulting is absent.

A numerical model was used to simulate the mechanism of stress rotation across the
fracture zone. At the URL, the maximum horizontal stress at depth is in the dip direction
of Fracture Zone 2 (see Figure 2.8) and the ratio between the maximum and minimum
horizontal stresses is about 1.2. These assumptions were employed in a UDEC [80] 2-
dimensional numerical model, as shown in Figure 2.9, where a vertical section of the URL
site was taken in the dip direction of Fracture Zone 2. The model was compressed in the
horizontal direction and Fracture Zones 2, 2.5 and 3 allowed to slip. The resulting horizontal
stresses versus depth are shown in Figure 2.9. As is the case at the URL (see Figure 2.8),
the maximum horizontal stress direction rotates from the dip direction of Fracture zone 2
below the fracture zone to the strike direction of Fracture Zone 2 above the fracture zone.
This type of stress release and associated stress rotation is commonly observed in modelling
with constant-displacement boundary conditions, where the block of rock above the fault
has lost its original load because of displacements along the fault. Two other points are also
worth noting from the results of this simple model: First, the magnitudes of the maximum
stress above Fracture Zone 2 are considerably less than the stress magnitudes below Fracture
Zone 2. In the UDEC model no allowance is made for vertical fracturing in the proximity
of Fracture Zones 2.5 and 3, which would tend to reduce the horizontal stresses even more
and bring the predicted stresses closer to those measured (Figure 2.9). Second, the stress
magnitudes below Fracture Zone 2 are fairly constant with depth (the model had a depth
of 1.5 km). This is in keeping with the stress measurements and construction observations
at the URL which suggest that the maximum horizontal stress from Fracture Zone 2 to 512

m is fairly constant at about 55 MPa (Figure 2.9).

2.2.4 Vertical Stress

The vertical stress magnitudes from and around the shaft at the URL were obtained from

triaxial overcore results, from hydraulic fracturing conducted in horizontal boreholes and
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Figure 2.9: Stress magnitudes from UDEC model, parallel to the dip direction and strike
of Fracture Zone 2, compared with measured values of maximum horizontal stress. Model
parameters were ¢ = 20°, K,, = 100 MPa/mm, K; = 0.01K,,v = 0.2 and F = 60 GPa.

from subhorizontal hydraulic fractures in near-vertical boreholes. A summary of the ratio of
o3 to the calculated lithostatic stress using a vertical stress gradient of 0.0265 MPa/m, based
on the density of the rock, is shown in Figure 2.10. Clearly, the measured o3 values in the
proximity of Fracture Zone 2 exceed the calculated lithostatic stress. Since o3 approaches
the calculated value both above and below Fracture Zone 2, it would appear that o3 values
are significantly affected by the presence of Fracture Zone 2. A possible explanation for this
phenomenon relates to the spatial variation in the thickness and normal stiffness of Fracture
Zone 2 [108]. A cross section through Fracture Zone 2 (Figure 2.11) reveals the variation in
the thickness of the fracture zone as well as the variation in normal stress measured on both
sides of the fracture. Martin et al. [108] found that the thickest parts of the fracture zone
correlated to the areas of high permeability, low normal stiffness and low normal stress,
whereas the portions of the fracture zone 10 m thick or less correlated to areas of low

permeability, high normal stiffness and high normal stress. Areas of high normal stiffness,
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Figure 2.10: Measured o3 normalized to the calculated lithostatic stress. Note the increase
in o3 around Fracture Zone 2 and how o3 approaches the calculated lithostatic stress above
and below the fracture zone.

where the fracture zone is less than 10 m thick would be expected to transmit a high normal
stress than the thicker and less stiff portions of the fracture zone. Figure 2.11 shows that
the areas around the shaft, i.e., where the fracture zone is thin, is transmitting high normal
stress.

Using the correlation between thickness and stress, an elastic solution was explored to
explain the variation in o3 with depth in Figure 2.10 as follows. Examination of Figure 2.10
reveals a similarity between the distribution of vertical stresses below the fracture zone and
the Boussinesq stress distribution found below a loaded plate or footing on an elastic half

space. The stresses measured above and below Fracture Zone 2 ranged from 6 to 43 MPa and
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Figure 2.11: Measured stresses normal to Fracture Zone 2. Note the increase in normal
stress as the fracture zone thins to about 10 m thick.

are shown in Figure 2.12. Using the thickness contours for the fracture zone to estimate a
“footing” size, two trial footings were analyzed (Figure 2.12). The smallest footing followed
the 10-m-thickness contour and the largest footing followed the 30-m-thickness contour. The
normal stress acting on the footing was chosen as 30 MPa for the small footing, and 25 MPa
and 20 MPa for the large footing. The stress was reduced for the large footing based on the
assumption that the bigger the area, the lower the average stress. These values were also in
keeping with the measured stress values shown in Figures 2.11 and 2.12. Using the solution
developed by Li [101], the vertical stresses below the fracture zone were calculated to a
depth of about 400 m. The results from this simple analysis are shown in Figure 2.13 and
illustrate that the high normal stress transmitted across the thinner section of the fracture
zone (Figure 2.11) affects the vertical stress for a distance of about 130 m below the fracture
zone. The UDEC modelling described earlier also indicated that the vertical stress around

Fracture Zone 2 was slightly above that due to the weight of the overburden. It is therefore
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Figure 2.12: Plan of the 240 Level with the thickness contours of Fracture Zone 2. The
figure shows the small and large footing used in the Boussinesq analysis and the measured
normal stress acting on Fracture Zone 2.

postulated that the combination of variations in thickness and normal stiffness, and the

reverse displacements are responsible for the vertical stress distribution in Figure 2.10.

2.2.5 In Situ Stresses at the 420 Level

The in situ stress measurements at the Underground Research Laboratory serve to show
that even in a large, relatively homogeneous pluton such as the Lac du Bonnet batholith,
in situ stress magnitude and orientation are highly variable. This is particularly true near
fault zones where our findings show that stress magnitudes can increase and/or decrease

significantly and stress orientations can rotate as much as 90° when these faults are crossed.
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Figure 2.13: Predicted vertical stress distribution beneath the small and large footings
compared with the measured vertical stress. The applied “footing” stress used for each
analysis is indicated.



CHAPTER 2. GEOTECHNICAL SETTING 31

However, away from these faults the in situ stress state is relatively uniform.

The extensive in situ stress data base at the URL has revealed three distinctive stress
domains (Figure 2.14). Stress Domain I which extends from the surface to Fracture Zone
2.5 contains the stress magnitudes which are considered normal for the Canadian Shield for
depths up to 200 m [70]. In this domain, the in situ deformation modulus is about 30 GPa
and the maximum horizontal stress (o) increases with depth to about 20 MPa above
Fracture 2.5.

Stress Domain II serves as the transition from Stress Domain I to Stress Domain III. In
this domain the rock mass contains very few joints and o) is about 25 MPa.

Within Stress Domain III, the rock mass contains no joints and the in situ deformation
modulus is about 60 GPa. Stress measurements within this domain have been carried out
to a depth of 550 m and show that there is little variation of the maximum horizontal stress
magnitude with depth (Figure 2.14). Drilling of boreholes to a depth of 1200 m also suggest
that there is no significant increase in horizontal stress with depth because the extent and
amount of core discing and well bore breakouts does not increase below 550 m. Hence the
magnitude of o; shown in Figure 2.14 for Stress Domain III is ~55 MPa and there is no
evidence, at present, to suggest that it increases significantly below 550 m.

In summary, despite the fact that the traditional methods of overcoring and hydraulic
fracturing in vertical boreholes did not provide meaningful information on the stress mag-
nitudes and orientations in Stress Domain III, other non-traditional methods did provide

sufficient information to develop a stress tensor including:

e the mean oymq, from the shaft convergence measurements was 55 MPa.
® OHmaz/0Hmin = 1.15 from the shaft convergence measurements.

® Oforizontal/ Overtical > 3 for horizontal excavations on the 420 Level since the measured

radial displacements diverged (This can only occur if the stress ratio > 3).
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Figure 2.14: Geological section through the URL showing three stress domains.

® Ouertical = 14 MPa. at the 420 Level. This was determined from hydraulic fracture

testing in horizontal boreholes. The value of 14 MPa is very close to the value of

11.1 MPa calculated from density of the overburden using a stress gradient of 0.0265

MPa/m.

e The under-excavation method [163] gave o1 = 55 MPa.

The in situ stresses shown in Table 2.2 have been determined for the 420 Level based on

the information above and on construction observations [105] and will be used in Chapters 5

and 6.

2.3 Sample Disturbance in Brittle Rocks

The design of an underground opening requires an estimate of the rock mass strength. The

first step in this process is to collect representative samples of the rock type and conduct

laboratory tests to determine the strength properties. These samples are generally obtained

from the location at which the opening will be constructed. It is generally recognized that

softer rocks, i.e., shales and porous sandstones, are susceptible to sample disturbance when

the samples are obtained at great depths and that this process affects their laboratory
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Table 2.2: Summary of in situ stress magnitudes and orientations at the 420 Level of the
Underground Research Laboratory.

Magnitude Trend Plunge
(MPa) ©) )

o1 55 +3 135 14
o9 48 £3 47 8
03 14 £2 73 74
Stress ratios
o1/09 1.15
o1/03 3.9

properties. In the previous section it was shown that the in situ stress magnitudes at
the URL vary considerably with depth and reach about 55 MPa at the 420 Level. Thus
it becomes important to quantify possible sample disturbance effects on the properties of
samples taken from the 420 Level of the URL.

The process of drilling a core sample from a stressed medium induces a stress concentra-
tion at the sampling point. When this stress concentration is sufficient, core discing [121, 43],
an extreme form of sample disturbance, is observed. In situ stress magnitudes generally in-
crease with depth, consequently, one would suspect that samples of the same rock obtained
at increasing depths should contain a higher density of microcracks. Thus the process of
stress-induced microcracking is progressive and a function of the stress environment, i.e.,
the sampling depth (Figure 2.15). Geotechnical properties of laboratory specimens are
affected by crack density. In this section we will examine the evidence and effects of stress-
induced microcracks, caused by sample disturbance, on the laboratory properties of Lac
du Bonnet granite samples obtained at depths ranging from near surface to 1000 m. This
sampling depth provided samples from the three stress domains established for the URL

(see Figure 2.14).
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Figure 2.15: Illustration of sample disturbance and depth. The stress-strain plots in the
right part of the figure illustrate the type of response as damage increases.
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Figure 2.16: Core discing. The core is 45 mm in diameter.

2.3.1 Visual Evidence for Sample Disturbance

The most significant form of visual evidence for sample disturbance is core discing (Fig-
ure 2.16). Core discing has been observed at the URL with core samples ranging in diameter
from 18 mm to 1.25 m. The thickness of the discs varies from a few mm to several cm with
stress magnitude, e.g., a borehole drilled from an underground opening on the 420 Level dis-
played the thinnest discs near the opening. As the borehole advanced away from the stress
concentration near the opening the thickness of the disc increased. It should be noted that
core discing is only observed in Stress Domain III and near fracture zones at the URL.
Other visual evidence for sample disturbance is the microcracks observed in samples.
Natural and stress-induced microcracks are differentiated by their physical characteristics.
Natural microcracks in crystalline rocks have rough or irregular walls and /or small infillings.
Stress-induced microcracks are identified by their smooth, parallel walls, which would mate
perfectly under normal stress (suggesting an extensional origin), sharp terminations and a
lack of infilling or bridging material [14, 29]. Stress-induced microcracks in samples from

Stress Domain III are up to 15 um in width in drill core samples and can be seen with the
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naked eye (see Figure 2.17). Within the samples from Stress Domain I the percentage of
microcracks is about 16% of that found in the Stress Domain III samples and there is no
significant increase in the percentage of microcrack porosity in the Stress Domain I samples
with depth. In Stress Domain III samples however, the percentage of microcrack porosity
increases with depth to about 20% of the total porosity (0.5%) of the samples at depths of
about 400 m [29]. An example of a stress-induced microcrack is provided in Figure 2.18.
An attempt was made using the imaging facilities and software at the University of
Manitoba Department of Geological Sciences to quantify crack length and density in various
samples. Techniques using reflected lighting were tried. Unfortunately, the technique did
not produce convincing evidence that the imaging software could separate “real” cracks from
contrasting mineral grains. These techniques, if made successful, could provide a significant

improvement to quantifying crack densities in rock samples.

2.3.2 Properties versus Depth

Samples were collected from various near-vertical boreholes drilled in the Lac du Bonnet
batholith near the Underground Research Laboratory, and were tested to establish the
unconfined compressive strength, tangent Young’s modulus, Poisson’s ratio and P-wave
velocity (Figure 2.19). All samples were tested at ambient room temperature and humidity
with a standard loading rate of 0.75 MPa/s (83]. It is evident from Figure 2.19 that either the
in situ rock is changing with depth or that the microcrack density in the samples is simply
increasing with depth. Based on the P-wave velocities measured in situ, and discussed later,
the latter is true.

P-wave velocity is sensitive to crack density and hence a good indicator of sample dis-
turbance. In order to establish if the P-wave velocity trends observed in the laboratory
samples in Figure 2.19 are present in situ, P-wave velocities from several borehole velocity

surveys carried out at the URL were compiled (Figure 2.20). The velocity surveys were
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Figure 2.17: Photograph of core from Stress Domains I (top sample in photo) and III
(bottom sample in photo). Most of the cracking in the core from Stress Domain III occurs
along grain boundaries.
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Figure 2.18: Stress-induced microcrack with characteristic well-matched parallel walls and
sharp tips in a sample of Lac du Bonnet granite from URL (after [29]).

carried out using a variety of techniques: standard borehole logging tool, cross-hole geo-
physics and microseismic survey. The cross hole geophysics survey at a depth of 420 m was
carried out from tunnels and boreholes which gave access to a 40 m x 40 m vertical panel
(Figure 2.21). The results from the survey indicate that there is essentially no difference
in P-wave and S-wave velocities in the vertical and horizontal directions in situ, indicating
isotropic conditions. Also note that the P-wave velocities are very similar to those measured
at the 240 Level. Figures 2.20 and 2.21 give no evidence to suggest that the microcrack
density in situ increases with depth and consequently it can be concluded that the core

samples taken at depth are disturbed.

2.3.3 Permeability

Katsube [86] carried out a series of permeability tests on samples taken from several near

vertical boreholes drilled in the Lac du Bonnet granite to depths of about 1000 m. The
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Figure 2.19: Laboratory properties versus depth. Note the significant decrease in P-wave
velocity with depth.
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Figure 2.20: P-wave velocities in situ. The sonic log for borehole URL6 show a constant

P-wave velocity with depth except where the fracture zones are encountered.
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Figure 2.21: P-wave velocities from vertical and horizontal ray paths. The spatial coverage
is 40 m x 40 m. (after Hayles, pers. comm.)
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Figure 2.22: Permeability versus depth. Note that the permeability starts to increase below
a depth of about 300 m, i.e., the beginning of Stress Domain III (after [86]).

tests were conducted on samples 45 mm in diameter and 20 to 30 mm in length using a
transient method that measured the decay of a small step change of pressure imposed at
one end of the sample. Tests were conducted for confined and unconfined samples where
the confining preésure was set to 22.6 KPa per metre depth. Katsube’s results are shown in
Figure 2.22 and show an increase in permeability with depth. The AK in Figure 2.22, which
is the difference between the confined and unconfined permeability, shows that significant
increases in permeability occur below a depth of about 300 m. This suggests that the

increases in K are found in core samples taken from Stress Domain III.

2.3.4 Modulus

Young’s modulus is very sensitive to crack density. The tangent moduli of samples from
Stress Domain I and Stress Domain III were determined at confining stresses ranging from
0 to 60 MPa (Figure 2.23). The modului were measured when the samples were loaded to

about 50% of their ultimate load. Figure 2.23 shows that the samples from Stress Domain I
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Figure 2.23: Tangent Young’s modulus versus confining stress. Note that the modulus from
Stress Domain I shows no dependence on confining stress.
showed no dependence on confining stress, whereas the samples from Stress Domain III show
a strong pressure-dependent modulus as described by Santarelli and Brown [139]. However,
the granite from Stress Domain I through III is all part of the same batholith and shows no
significant variation in mineralogy or grain size. In addition the samples were selected from
the main mass of homogenous granite and hence it i‘s concluded that the stress-dependent
modulus for the samples from Stress Domain IIT is an expression of the increased crack
density in the sample.

The modulus of the samples from Stress Domain III in Figure 2.23 remain somewhat
lower then the results from Stress Domain I, even at confining pressures above 20 MPa.
This would imply that the moduli of the damaged samples cannot be regained by simply

applying confining stress.
2.3.5 Compressive Strength

In order to estimate the rock strength based on laboratory testing, it becomes important
to establish whether or not sample disturbance affects the strength envelope. The sam-

ples were first divided into three groups corresponding to the three in situ stress domains
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established at the URL: Stress Domain I (0-200 m depth), Stress Domain II (240 Level)
and Stress Domain III (420 Level). The o; stress magnitudes increased from ~10-20 MPa
in Stress Domain I to =55 MPa in Stress Domain III, suggesting that the stress-induced
microcracking in the samples should increase with depth. The samples from Stress Domain
I were further subdivided into two groups (pink and grey) to determine if the colour would
indicate different properties. The samples from all domains were also screened for litho-
logical uniformity to ensure that only samples of the medium-grained homogenous granite
typical of the main mass of granite at the URL were analyzed.

Triaxial test results for the four sample groups were analyzed using the Hoek-Brown

failure criterion. The Hoek-Brown failure criterion is expressed in terms of ¢; and o3 by

o1 = 03 + y/mozo, + 502 (2.3)

where o; = stress at failure, o3 = confining stress, o, = uniaxial compressive strength of
intact rock and m, s = empirical constants.

The Hoek-Brown parameters for the four groups are summarized in Table 2.3 and pre-
sented in Figure 2.24. As shown in Figure 2.24, there is essentially no difference between
the two groups from Stress Domain I, indicating that the colour of the samples has no
bearing on the strength. Note in Figure 2.24 that the samples from the 240 Level show a
slight reduction in strength at low confining stresses, but that the entire strength envelope
is reduced for samples from Stress Domain III regardless of the confining stress. Based
on the relative shapes of these failure envelopes, it appears that the sample disturbance
process is one that reduces the cohesion of the highly disturbed samples to about 70% of
that of the undisturbed samples, but the frictional component of the failure envelopes is
not affected. This phenomenon was also explored by Rosengren and Jaeger [132] and later
by Gerogiannopolous [56]. By heating samples of coarse grained marble, the bonds between
the grain boundaries were fractured by the differential thermal expansion of the grains.

The material produced is a very low porosity tightly interlocking assemblage of grains. The
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Figure 2.24: Hoek-Brown failure envelopes for the data provided in Table I. Note the loss

in cohesion for samples from Stress Domain III.

Table 2.3: Comparison of Hoek-Brown failure criteria for medium grained granite samples

taken from different stress domains at the URL

Stress Domain m s Oc T n
I (0-200 m) 30.80 1 2132 0.96 147
I (0-200 m) 3196 1 209.9 0.98 63
IT (240 Level m) 34.83 1 1935 0.97 73
IIT (420 Level) 4036 1 149.6 0.95 113

results obtained by Gerogiannopolous [56] are given in (Figure 2.25). Note the similarity

between Figure 2.25 and Figure 2.24. It would appear that in both cases, granite and mar-

ble, the cracking reduces only the cohesion component of the strength envelope by grain

boundary cracking.

This hypothesis of reduced cohesion is in keeping with the strength predicted from the

sliding crack model of Cook [32]. For example if a crack length of 1 mm is used for the

average grain size and the crack length is increased to 3 mm, approximately a 40% reduction

in strength (cohesion) is realized (Figure 2.26). It is also worth noting that a further 3-fold

increase in crack length to 9 mm only results in a decrease in cohesion of about 25%. Thus

initial crack extension is significant, even as little as 1 or 2 mm.
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Figure 2.25: Hoek—Brown failure envelopes for intact marble and perfectly interlocked mar-

ble. Note the loss in strength affects the cohesion rather than the friction. (after [73]).
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Figure 2.26: Predicted failure envelopes for Lac du Bonnet granite with different crack

length. Note the increase in crack length only affects the cohesion and not the friction.
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2.3.6 Tensile Strength

The tensile strength of a material may be considerabley more sensitive to crack density then
the compressive strength, particularly in direct tension. Direct tension tests were carried
out on samples of Lac du Bonnet granite taken from Cold Spring Quarry, the 240 Level of
the URL and the 420 Level of the URL. The direct tensile strength for each of the groups
tested was 4.94+1.5 MPa, 3.54+0.3 MPa and 1.5+0.7 MPa, respectively. The tensile strength
of the samples from the 420 Level was only 30% of the tensile strength of the samples from
the Cold Spring Quarry and 42% of the tensile strength of the samples from the 240 Level.
Clearly the density of microcracks in the core samples plays a major role in determining

the tensile strength.

2.3.7 Damage Classification

The various stress domains at the URL have provided an opportunity to correlate sample
disturbance, e.g., crack damage, to far field stress conditions. A classification system, based
on this experience, has been developed for the Lac du Bonnet grahite which relates crack
damage to the ratio of maximum stress to the undamaged unconfined compressive strength
(D;) (see Figure 2.27). D; varies from 0 to 0.5. A D; ranging from 0 to 0.1 indicates the
samples are linear elastic, i.e., undamaged, and a D; ranging from 0.4 to 0.5 indicates the
samples will be totally damaged as core discing will be severe. Note that damage starts to
occur when the D; > 0.1. A similar classification was first developed in South Africa to

indicate sidewall failure in square tunnels in massive quartzite [75].

2.4 Summary

The data presented in this chapter has demonstrated two important points: 1) the in situ
stress at the 420 Level of the URL is reasonably uniform and that the stress magnitudes are
well defined, and 2) the laboratory properties of Lac du Bonnet granite are dependent on the

damage (crack volume) contained in the sample prior to testing. The latter is an important
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issue because sample disturbance, in the form of stress-induced microcracking in a brittle
rock, is a significant problem when trying to establish in situ rock properties at depth. The
results from the testing program show that the strength, deformability, and P-wave velocity
decrease as the samples are taken from higher and higher in situ stresses, i.e., increasing
depth. What is most important is that the cohesion of the damaged samples cannot be
regained by applying a modest confining stress, and if the damage is severe, such as with
the samples from the 420 Level, no reasonable amount of confining stress can compensate
for the cohesion loss. Hence, strength envelopes of damaged samples, i.e., samples from the
420 Level, do not reflect the in situ strength. Thus in order to estimate the in situ strength
of the Lac du Bonnet granite at the 420 Level of the URL, samples with a minimum amount
of crack volume should be tested. Base on the data base of testing done to date, this would
suggest that the properties of the samples of Lac du Bonnet granite from the Cold Spring
Quarry best represent the in situ strength at the 420 level of the URL.

Also the stress-dependent moduli observed in the samples of Lac du Bonnet granite from

stress domain III may be only an expression of sample disturbance rather then an intrinsic

property.



Chapter 3

Laboratory Properties of Lac du
Bonnet Granite

Laboratory testing of Lac du Bonnet granite has been carried out by the University of
Manitoba, AECL Research and CANMET since 1980. The two primary sources for the
testing samples are the Cold Spring Quarry and the Underground Research Laboratory
(see Figure 2.1). This chapter is a compilation of the results from the various testing
programs carried out by these organizations over the past ten years. Before considering
the laboratory results, it is worth noting that by Deere’s classification system for uniaxial
compressive strength and Young’s modulus [38], the Lac du Bonnet granite is a standard
granite when compared to other granites from around the world (Figure 3.1).

In addition to the summary of standard laboratory properties, which is given in the first
section of this chapter, considerable testing has also been carried out under the author’s
direction, at CANMET"s testing facilities in Ottawa and Elliot Lake, to determine the effect
of scale and loading rate on the strength of Lac du Bonnet granite. The results from those
studies are also summarized in this chapter.

Laboratory tests were also carried out at the University of Manitoba, as part of this
thesis, to investigate the strength of Lac du Bonnet granite around small circular openings
relative to the laboratory unconfined compressive strength. The results from this study are

presented in the last section of this chapter.

50
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Figure 3.1: Comparison of Lac du Bonnet granite with other granites using Deere’s classi-

fication system.
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3.1 Standard Laboratory Properties

The strength of intact rock is generally measured by standard, short duration compression
and tension tests. However, because of the long times required for nuclear waste storage, the
strength of Lac du Bonnet granite has also been studied using static fatigue testing methods
to determine the long-term strength. The long-term problem also brings up the issue of
slow, time-dependent cracking and consequently, considerable work has also been done to
establish the fracture toughness (K;.) of Lac du Bonnet granite under various environmental
conditions. This section summarizes the standard properties of Lac du Bonnet granite,

including the static-fatigue strength and fracture toughness.

3.1.1 Compressive Strength

Data on the compressive dry strength of Lac du Bonnet granite are summarized in Fig-
ures 3.2 and 3.3. The average unconfined compressive strength of Lac du Bonnet granite
generally ranges from 200 MPa for samples collected from near surface (0-200 m) at the
Underground Research Laboratory to about 220 MPa for samples from the Cold Spring
Quarry (see Table 3.2). The Hoek-Brown failure criterion is fitted to the data from triaxial
testing in Figure 3.3. The m value of 28.9 is in keeping with Hoek and Brown’s classification
for coarse grained igneous rocks [75].

The compressive strength of Lac du Bonnet granite was also determined in a wet en-
vironment. For these tests the samples were saturated over a seven day period and tested
using normal loading rates. For the both the samples from the Cold Spring Quarry and
from the URL the compressive strength wet was only slightly reduced (~ 1%) from the

compressive strength found for the dry samples of Lac du Bonnet granite (see Table 3.2).
3.1.2 Tensile Strength

The tensile strength of Lac du Bonnet granite has been determined using the indirect Brazil-

ian tensile test. The results are summarized in Table 3.2. Lajtai [95] also investigated the
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Figure 3.3: Failure envelope from triaxial testing of samples of Lac du Bonnet granite from
0-200 m at the URL. Also shown is the best fit to the Hoek-Brown failure criterion given
by equation 2.3
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Figure 3.4: Comparison of the wet and dry Brazilian tensile strength for Lac du Bonnet
granite from Cold Spring Quarry. The curves are best fit to the Weibull equation [95]

influence of moisture on the Brazilian strength of Cold Spring Quarry samples (Figure 3.4).
Here, the results clearly show a reduction in the dry tensile strength of 13.4 MPa to the

wet tensile strength of 10.4 MPa, a reduction of about 22%.

3.1.3 Static Fatigue Strength

Schmidtke and Lajtai [140] carried out a series of static fatigue tests on samples of Lac du
Bonnet granite from Cold Spring Quarry. For this set of tests a suite of samples is subjected
to a constant load and timed to failure. They concluded that the static fatigue limit for
Lac du Bonnet granite decayed as the log of time and that the mean 226 MPa short term
unconfined compressive strength would drop to 161 MPa in 1 yr, to 150 MPa in 10 yr, to
140 MPa in 100 yr and to 130 MPa in 1000 yr (Figure 3.5).

3.1.4 Fracture Toughness

Three independent methods were used to establish the fracture toughness of Lac du Bonnet

granite taken from the 240 Level of the URL: the three-point Chevron beam test; the short
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Figure 3.5: Summary of static fatigue tests on Lac du Bonnet granite (after {140]).

rod test; and the burst test [65]. The burst test is similar to sleeve fracturing [26]. In all cases
the ISRM suggested methods were followed [124]. The fracture toughness was determined
parallel and perpendicular to the core axis. The results from the various test methods are
summarized in Table 3.1 and indicate the fracture toughness varies from 1.49 to 2.02 with a
mean of 1.72 MPa./m. The results suggest the fracture toughness is directionally dependent
but the number of tests is small.

Wilkins [158] carried out a series of 3-point bending tests on samples of Lac du Bonnet
granite from Cold Spring Quarry in various moisture and temperature environments (Fig-
ure 3.6). The results in Figure 3.6 show that the K, is reduced by about 13% by immersing
in water at temperatures of 20°C. An additional 10% reduction occurs when the water tem-
perature is elevated to 80°C. Wilkins results for the dry environment at 20° are somewhat
lower than the fracture toughness of 2.5 MPa/m reported by Svab and Lajtai [148] for

Cold Spring Quarry samples.
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Table 3.1: Summary of fracture toughness test results for Lac du Bonnet granite from the
240 Level of the URL (after [65]).

Chevron Beam Short Rod  Burst

Method Method  Method
Mean (MPa+/m) 1.82
Stdev (MPa,/m) 0.08
n 5
Perpendicular to Core Axis
Mean (MPay/m) _ 2.02 1.64
Stdev (MPa,/m) 0.08 0.15
n 4 3
Parallel to Core Axis
Mean (MPa,/m) 1.64 1.49
Stdev (MPa./m) 0.08 0.15

n 4 3
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Figure 3.6: Comparison of the Mode I fracture toughness (K[.) tested in various environ-
ments (after [158]).

3.1.5 Summary of Standard Laboratory Properties

A summary of the standard laboratories properties of Lac du Bonnet granite obtained from
testing samples from the Cold Spring Quarry and samples from near surface (0-200 m)
from the Underground Research Laboratory is given in Table 3.2. It would appear that the
samples from the Cold Spring Quarry are stronger in all respects to the samples taken from
the Underground Research Laboratory. As discussed in Chapter 2 this is likely due to a

higher crack volume in the samples from the URL.

3.2 The Effect of Scale on Strength

One of the most common reasons put forth for the difference between the laboratory strength
of rock and the rock strength found in situ is the effect of specimen scale. This is not
surprising given that the rock mechanics community has spent the last 25 years trying to

understand the role of joints/fractures on the reduction of fractured rock mass strength, and
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Table 3.2: Comparison and summary of the laboratory properties for Lac du Bonnet granite
samples obtained from Cold Spring Quarry and near surface (0-200 m) at the Underground

Research Laboratory. (Note: All samples were tested at room temperature.

fracture toughness samples from the URL were obtained from the 240 Level.)

Also the

Cold Spring URL

Ratio

Quarry Cold Spring/URL
Tangent Young’s modulus at 50% uniaxial compression
Mean (GPa) 71 69 1.03
Stdev +4.7 +5.8
n 15 81
Poisson’s ratio
Mean 0.25 0.26 0.96
Stdev +0.04 +0.04
n 15 81
Uniaxial Compressive Strength (dry)
Mean (MPa) 228 200 1.14
Stdev - +15 +22
n 62 81
Uniaxial Compressive Strength (wet)
Mean (MPa) 222 198 1.12
Stdev +12 +18
n 14 10
Brazilian Tensile Strength (dry)
Mean (MPa) 13.5 9.3 1.45
Stdev +1.2 +1.3
n 43 39
Brazilian Tensile Strength (wet)
Mean (MPa) 10.4
Stdev +2.1
n 14
Fracture Toughness K. (dry)
Mean (MPa./m) 2.57 1.82 141
Stdev +0.15 +0.08

n 15 )

et



CHAPTER 3. LABORATORY PROPERTIES OF LAC DU BONNET GRANITE 59

has developed a wealth of empirical rules for determining the strength reduction. However,
it is not obvious that the scale effects apply to the strength of massive unfractured rocks.
Brown [18] reviewed published data on rock strength and found that the strength was
influenced by such factors as specimen geometry, end restraint, stress gradients, surface
conditions and the initial degree of microcracking present. He suggested that intact rock
that contained few natural microcracks would not show a size effect under uniform stress
conditions. Fairhurst [49] also reported that bending tests on granite beams ranging from
304 mm long x 25 mm thick to 9,144 mm long x 304 mm thick indicated virtually identical
strengths. Fairhurst [49] also reported that cylinders of limestone and marble ranging from

12 mm to 150 mm in diameter gave size-independent strength in uniaxial compression tests.

3.2.1 Unconfined Compressive Strength

Testing of scale effects was carried out on granite samples taken from the 240 Level of the
URL [82]. A total of 53 cylindrical samples, with diameters ranging from 33 to 300 mm, were
tested in uniaxial compression. The length to diameter ratio was kept constant at 2.5 for all
samples and the loading rate of 0.75 MPa/s was also constant for each test. The results are
summarized in Figure 3.7 and suggest a modest scale effect for the peak strength. Beyond
~ 140 mm diameter the uniaxial strength is relatively constant and trends towards about
0.8 of the uniaxial strength obtained from 63 mm diameter samples, which is considered
the standard core diameter for the URL.

Hoek and Brown [75] reported an empirical strength/scale relationship for various rock
types (Figure 3.8). Their relationship is given by
o _ (5_())0,18 5.1)

050 d

where 0,50 is the uniaxial compressive strength of a specimen of 50 mm diameter, and d
is the diameter of the specimen in mm. Inspection of the individual data points used to

derive Eq. 3.1 suggests that, for samples greater than 150 mm in diameter the strength
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Figure 3.7: Summary of the unconfined compressive strength as a function of scale. The
samples were taken from the 240 Level of the URL. Note how the peak strength is trending
towards a plateau value in the larger diameter samples and that this plateau value is about
0.8 of the peak strength obtained from the smaller standard core size.

may be asymptotically approaching 0.8 of the failure strength of 50 mm diameter samples
(Figure 3.8).

Fairhurst [49] has shown, based on elastic energy principles, that strength and sample
size can be expressed in the general form LS? = constant, where L is the length of the
critical flaw, e.g., an existing crack, and S is the strength of the test specimen. Thus, if
the size of the critical flaw increases with the specimen size, the strength should decrease
as L7%%. Millard et al. [113], Holland [76] and Salamon and Munro [136] demonstrated
that the strength of coal pillars could also be approximated by this relationship. It is well
known that coal contains numerous large flaws in the form of cleat planes or joints. If the
critical flaw is a grain boundary in a brittle rock like granite, then it would be expected
that provided the specimen is large enough to accommodate a representative sampling of
the full range of grain sizes, the strength will be independent of size. The grain size of Lac

du Bonnet granite ranges from 3 to 7 mm with an average of 5 mm. Thus from Figure 3.7



CHAPTER 3. LABORATORY PROPERTIES OF LAC DU BONNET GRANITE 61

-
w

—
o

—
—

o
©

o
o)

Uniaxial compressive strength of 50 mm diameter specimen
o

Uniaxial compressive strength of specimen

o
\l

50 100 150 200 250
Specimen diameter 4 (mm)

Figure 3.8: The unconfined compressive strength versus sample diameter (after [75]).



CHAPTER 3. LABORATORY PROPERTIES OF LAC DU BONNET GRANITE 62

it would appear that for samples taken from the 240 Level of the URL, a specimen diameter
of about 140 mm is required to contain a representative sampling of the grain sizes at that
location. Nonetheless, the effect of scale on the compressive strength of Lac du Bonnet

granite is not very significant.

3.2.2 Brazilian Tensile Strength

It is now well established that the tensile strength of rocks is stress gradient dependent.
Hodgson and Cook [71] showed that under uniform stresses, strength will be independent
of size but that with high stress gradients strength will be a function of sample size. They
concluded that the higher the stress gradient the higher the apparent strength. In laboratory
samples, stress gradients usually vary inversely with sample size, thus the size effect;should
be more apparent in small samples than in large samples.

The Brazilian tensile test is usually employed to determine the tensile strength of rock.
However, the stress distribution within the sample is not uniform except over the central
portion. Thus the tensile strength, determined from Brazilian tests, éhould show a strength
increase at the smaller sizes.

Brazilian tests [159, 120] were carried out on 182 samples of Lac du Bonnet granite,
from Cold Spring Quarry, ranging in diameter from 25 to 102 mm. These test data were
analyzed by the author and the results are summarized in Figure 3.9. It would appear that
the above discussion is correct and that once the diameter of the sample is greater then
about 50 mm the tensile strength is constant at about 10 MPa. The same tensile strength
data in Figure 3.9 is replotted versus sample volume in Figure 3.10. Using sample volume as
a guide it would appear that the sample volume must approach 100 cm?® before the 10 MPa
tensile strength is achieved.

The data presented in Figure 3.9 is in good agreement with the findings of Wijk et
al. [156]. Wijk et al. concluded that for Bohus granite, the tensile strength is independent of

sample size over a very large range. Hence it would appear that for samples with a diameter
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Figure 3.11: Summary of loading rate tests carried out on sandstone, after [138]. Note that
the loading rate has been normalized to the standard loading rate of 0.75 MPa/s and that
the failure stress has been normalized to the unconfined compressive strength (o.) at the
fastest loading rate.

of 60 mm or greater, the effect of scale on the Brazilian tensile strength is insignificant.

3.3 Effects of Loading Rate on Compressive Strength

The effect of loading rate on uniaxial compressive strength has been investigated by many
researchers. Sangha and Dhir [138] tested a sandstone over loading rates which varied from
29 to 2.9 x 107> MPa/s. Their results are summarized in Figure 3.11 and indicate that
slow loading rates (< 1MPa/s) tend to reduce the strength to a level approaching about
0.8 of the maximum strength achieved. Sangha and Dhir also noted that the modes of
rupture changed as the loading rate changed. At fast loading rates the failure occurred by
the development of shear planes. However, as loading rates decreased no consistent failure
pattern was discernible. They attributed this to the influence of stress gradients within
the sample. From these early studies the ISRM Commission on testing recommended a
standard loading rate between 0.5 and 1 MPa/s [19].

Loading-rate tests were also conducted on the grey granite from the 240 Level of the

URL [81]. Seven samples were initially tested at the recommended ISRM loading-rate
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Figure 3.12: Summary of the peak strength obtained from a series of loading rate tests on
Lac du Bonnet granite samples obtained from the 240 Level of the URL.

of 0.75 MPa/s. Subsequently, seven samples were tested at each of the loading rates of
0.075 and 0.0075 MPa/s, and six samples were tested at 0.00075 MPa/s. These results are
summarized in Figure 3.12. Three additional samples, 200-mm diameter, were tested at the
loading rate of 0.00075 MPa/s. In Figure 3.12 we again see the peak strength decreasing
towards about 0.8 of the strength obtained from the samples tested at the standard loading

rate.

3.4 Strength Around Circular Openings: Physical Model
Studies

The effect of size and stress gradients on the failure strength around underground openings
has been examined by many researchers, e.g., Carter [23], Ewy and Cook [47], Hamison
and Herrick [63], Mastin [112], Hoek [72], using various physical models. A summary of
the loading conditions used for some of these tests is provided in Figure 3.13. One of the
commonly reported outcomes of such tests is that the tangential stress at the boundary of
the borehole required to cause sidewall failure is about twice the unconfined compressive
strength of the material. Carter [23], and Haimson and Herrick [63] conducted an extensive

set of tests on limestone using circular openings which ranged in diameter from 6.4 to 110
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mm. The tests consisted of loading in uniaxial compression and monitoring, using strain
gauges, when sidewall failure occurred. Figure 3.15 is a summary of the results of their
study and indicates that as the borehole size increases the tangential sfress approaches the
unconfined compressive strength of the material.

A similar set of tests was carried out at the University of Manitoba on samples of Lac
du Bonnet granite from Cold Spring Quarry to investigate the effect of opening size on
the sidewall stress required to initiate failure. Eleven unconfined tests were carried out
with circular openings ranging in diameter from 20 to 103 mm. An example of the test
setup and a typical strain gauge configuration used to monitor the deformations is given
in Figure 3.14. The placement of strain gauges on each sample was modified depending on
sample size. The results from the eleven tests are given in Table 3.3 and are also plotted in
Figure 3.15. The results for the Lac du Bonnet granite generally agree with the results of
Carter [23], and Haimson and Herrick [63], and indicate that with boreholes greater than
about 75 mm the sidewall stress required to initiate spalling is about equal to the unconfined
compressive strength of the granite.

What is most obvious in Figure 3.15 is the increase in the tangential stress required
to cause sidewall failure for boreholes less then about 100 mm in diameter. Because most
laboratory studies are carried out with 25-mm diameter boreholes or less (see Figure 3.13)
a scale effect of 2 should be anticipated when comparing the ratio of tangential stress to
sidewall strength (Figure 3.15). However, it would appear that when the borehole is at
least 100-mm in diameter, the strength is close to the unconfined compressive strength
and the apparent scale-effects disappears. This result is also supported by field evidence
at the URL where a 3.5-m-diameter circular tunnel contained a central 100-mm-diameter
borehole. Both the borehole and the tunnel showed sidewall spalling indicating the absence

of scale effects in situ.
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Figure 3.13: Summary of the various boundary conditions used to investigate the failure
process around circular openings.
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Figure 3.14: Summary of the test set up and strain gauge configuration used to investigate
the effect of opening size on the sidewall strength around circular openings of Lac du Bonnet
granite from Cold Spring Quarry. This figure illustrates the largest experimental setup.
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Table 3.3: Summary of test results for blocks of Lac du Bonnet granite from Cold Spring
Quarry containing a circular opening and subjected to uniaxial loading.

Block Nominal Block Hole Sidewall Primary  Ratio  Ratio

Dimensions Diameter  Spalling Crack 30s/0. 30s/0¢
Label HWD Stress (os) Stress (o)

(mm) (mm) (MPa) (MPa)

F4-1 152 x 110 x 102 20 105 42 1.43 7.5
F4-2 152 x 110 x 102 20 120 48 1.64 7.4
F4-3 152 x 110 x 102 25 116 47 1.58 7.4
F4-4 152 x 110 x 102 20 110 40 1.50 8.3
F5-1 198 x 126 x 109 25 95 33 1.29 8.7
F10-1 378 x 255 x 103 52 92 36 1.26 7.8
F15-1 587 x 382 x 105 75 75 27 1.02 8.5
F15-2 587 x 382 x 105 75 92 24 1.25 11.6
F15-3 726 x 382 x 105 75 78 14 1.06 16.4
F20-1 739 x 508 x 105 103 86 27 1.18 9.5
F20-2 739 x 508 x 105 103 73 22 0.99 9.7

Note: The sidewall spalling stress (o) is the applied stress required to initiate spalling. The
actual tangential stress at the sidewall of the opening is 3¢,. o, refers to the unconfined

compressive strength of 220 MPa.
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Figure 3.15: Summary of the uniaxial testing of blocks containing a circular opening. Note
that the spalling stress, i.e., strength, around the opening shows a rapid increase as the
opening diameter decreases below about 75 mm but that the strength for the openings
greater than 75 mm is close to the uniaxial compressive strength.
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3.5 Long-Term Strength

Static fatigue or long-term strength has been investigated most extensively by the concrete
industry. As early as 1959 Rusch [133] summarized extensive studies where concrete samples
from the same batch mix were subjected to sustained loads as well as short term compression
tests. Rusch concluded that the long-term strength of concrete was defined by the stress level
associated with volumetric strain reversall and that this occurred at approximately 0.7 to
0.85 of the short term strength. Since 1959 other techniques have been used to determine the
long term strength of concrete including: Log Stress-Log Strain [39], Incremental Poisson’s
ratio [40] and Limiting Strain Concept [116]. However, it appears that Rusch’s general
conclusion that the long-term strength is defined by volumetric strain reversal is still valid
today.

One of the earliest set of tests to determine the long-term strength of rock was carried
out by Wiid [155]. Wiid, in presenting his results, normalized the stress level at failure to
the unconfined compressive strength of the material. His tests conducted on both wet and
dry samples of dolerite are summarized in Figure 3.16. Note that Wiid’s tests show two
distinct behaviours: if the sample is dry and the applied axial stress is greater than about
0.80,, failure occurs within several hours. However, if the applied axial stress is less than
the 0.80,, failure did not occur even after 360 hours of constant loading. If the sample is
wet, failure is seen to occur at stress levels below 0.80., suggesting that the presence of
water aids the failure process. Note that even for the wet samples the lowest stress which
actually caused failure was about 0.65 of the short-term unconfined compressive strength.
This is similar to the findings of Schmidtke and Lajtai [140] reported earlier.

It is clear from the above that moisture plays a significant role in the time-dependent
aspects of the long-term strength. Wiid [154] and Colback and Wiid [30] suggested that

moisture lowers the surface free energy in the path of the growing cracks which results in a

'Volumetric strain reversal is defined and described in Chapter 4
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Figure 3.16: Results from long-term tests carried out on dolerite (after [155]).

reduction in ultimate strength. If the loading rate is too fast, moisture will not have time
to migrate to the crack tips and the moisture will, therefore, have no effect on the strength.
Wiid also noted from his studies that the angle of internal friction of the rock was not
sensitive to moisture content, because the failure envelopes for different moisture contents
were offset but parallel. Wiid suggested that the reduction in strength with increasing
moisture content was due primarily to a reduction in the molecular cohesive strength of the
material.

Atkinson and Meredith [3] noted that the phenomenon of stress corrosion, can result
in significant subcritical crack growth, i.e., crack growth below the critical stress intensity
factor (Kp.) in quartz in a water environment. Stress corrosion is produced when a wet
sample is subjected to a load which causes stress concentrations at the crack tip. Under
such conditions a time-dependent response such as recorded by Schmidtke and Lajtai [140]
should be expected (see Figure 3.5). However, Labuz and Berger [93] carried out tests
on granite core subjected to zero load. They used a bar of aluminum as a reference and
simply sprayed a small amount of water on both the aluminum bar and the granite core.
The granite expanded by 15 microstrains within about 10 minutes, whereas the aluminum
bar remained unstrained. Labuz and Berger postulated that a 15% difference in Young’s

modulus in compression and tension caused local stresses in the sample, presumably when
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the sample was taken from the rock mass, and the water provided a means to equilibrate
these stresses through subcritical crack growth.

Though long-term strength reduction is influenced by moisture the primary process is
not moisture related. For any rock, the reduction from peak strength to about 75% of
peak strength occurs almost immediately (see Figure 3.16), whereas the additional decrease
to 65% of peak strength (the lowest reduction seen due to moisture in long-term strength
tests) is only an additional 10% of peak. The primary role of moisture is that it provides a

mechanism for time-dependent behaviour in brittle rock.

3.6 Summary

In Chapter 2 it was pointed out that the laboratory properties of Lac du Bonnet granite
were dependent on the density of microcracks in the samples and that the crack density in
the samples increased with the location depth of the sample, i.e., sample disturbance. In
this chapter standard properties of Lac du Bonnet granite were compiled from laboratory
tests conducted on samples obtained from either the Cold Spring Quarry or from the near
surface (0-200 m) at the URL. It was reasoned that by taking most of the samples from
these two locations the bias introduced by sample disturbance on the laboratory properties
would be minimized. However, as shown in Table 3.2 the samples from Cold Spring Quarry
are stronger in all respects to the samples taken from the URL, although the reduced
compressive strength for the URL samples is only about 10%. Because some of the samples
from the URL were taken from near fracture zones where stress concentrations exist, it
seems likely that sample disturbance did introduce a small bias into the test results.

In Chapter 2 it was shown that the in situ seismic velocities at the 420 Level of the URL
were nearly identical with the velocities measured near the surface of the URL. Thus, one
can conclude that the density of microcracks at the 420 Level must be similar to density
of microcracks near the surface and that the laboratory properties of the 420 Level must

be similar to the laboratory properties of the URL near surface samples. Because the 420
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Level consists of massive unfractured granite it is likely that the properties at this depth may
actually be better then those properties for the URL near surface samples and the samples
from Cold Spring Quarry. Nonetheless, before any disturbance the following properties are
considered representative of the Lac du Bonnet granite at the 420 Level: the unconfined
compressive strength (o.)=200 MPa; the Brazilian tensile strength (B;)=10 MPa; and the
fracture toughness (Kj.)=2 MPa,/m.

In addition to the measurement of standard laboratory properties, extensive testing was
carried out to investigate the effect of scale and loading rates on the unconfined compressive
strength. It was shown that by either increasing the sample volume (diameter), or lowering
the loading rate by several orders of magnitude the compressive strength only decreased by
about 20%. Figure 3.12 showed that this reduction also held true if the sample diameter
was increased and the loading rate decreased. Thus the compressive strength around the
perimeter of the underground openings at the URL should be reduced by 20% to about 160
MPa based on scale and loading rate effects. This value of 160 MPa is very close to the
same value (161 MPa) predicted by Schmidtke andeajtai [140] from their static fatigue
tests.

In an effort to determine if the strength around circular openings was different from the
unconfined compressive strength, a series of physical model tests was carried out. These
tests supported the notion that the strength of the rock surrounding a circular opening
was similar to that measured in unconfined compression tests, provided that the diameter
of the circular opening was greater than about 75 mm. At smaller diameters a noticeable
scale effect was present, i.e., the strength of the rock around the opening was greater then
the unconfined compressive strength. The lack of any scale effect with opening diameters
> 75 mm is also supported by observations at the 420 Level of the URL, where failure was
observed in both a 100-mm diameter borehole and a 3.5-m diameter tunnel.

In summary, there does not appear to be any evidence from the laboratory properties,

to suggest why the strength around tunnels excavated at the 420 Level should be reduced to
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half that measured in a standard unconfined compression test, particularly when the failure

process is observed immediately upon excavation.



Chapter 4

Compressive Failure In Brittle

Rock

Testing procedures for determining the compressive deformational behaviour of rock samples
are given by ISRM [19]. These include recording the axial (€44:q;) and lateral (€,4¢erq1) strains
in a sample as it is loaded with or without a fixed confining stress. Richart et al. [131],
in 1928, first noted that volumetric strain, in addition to the axial and lateral strains,
was also an important measurement in compression testing, and Cook [33] proved that the
volumetric strain of a sample measured by surface strain gauges was a pervasive volumetric
property of the rock and not a superﬁcial phenomenon. For a cylindrical sample subjected
to axial loading, with or without a confining stress, and under small strains, the volumetric

strain (SAV—V) is given by:

AV
7 X €agial + 2€lateral- (4-1)

Hence by plotting the axial, lateral and the calculated volumetric strains versus the applied
axial stress the path of a rock sample to failure can be followed. An example of axial,
lateral and volumetric strain versus axial stress curves for Lac du Bonnet granite in uniaxial

compression is given in Figure 4.1.

4.1 Stages in the Compressive Failure Process

The failure of brittle rocks has been investigated by many researchers {74, 13, 8, 12, 141,

153, 152, 126, 66, 150]. These researchers clearly showed that the stress-strain curves for
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Figure 4.1: A stress-strain diagram obtained from a single uniaxial compression test of Lac
du Bonnet granite. Note only the axial and lateral strains are measured. The volumetric
strain and crack volumetric strain are calculated.
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a brittle material can be divided into five regions (Figure 4.1). The initial region of the
stress-strain curves in Figure 4.1 represents the closure of existing microcracks in the sample
and may or may not be present depending on the initial crack density and crack geometry.
Once the existing cracks are closed, then the rock is presumed to be a linear, homogeneous,
elastic, material (Region II). The elastic properties of a rock sample can be determined
from this portion of the stress-strain curves. The Regions III to V represent the progressive

cracking of the rock and will be discussed in the following sections.

4.1.1 Region III: Stable Crack Growth

In 1921, Griffith [59] presented a theory which stated that tensile fracture of a brittle
material initiates at microscopic flaws or cracks. Using the Inglis [79] solution for the stress
on the boundary of an ellipse, Griffith suggested the material cracks as a result of intense
tensile stress concentrations near the tips of sub-microscopic elliptical flaws. If the material

is subjected to a tensile stress then, according to Griffith [59] the tensile strength (o}) is

oy = @- (42)
V e

where FE is the Young’s modulus, v is the fracture surface energy and c is the crack half-

given by

length.
Griffith [60] expanded his theory in 1924 to deal with compression and showed that the
uniaxial compressive strength, o., is 8 times the tensile strength or

2F~

= (4.3)

=28

The tensile strength for Lac du Bonnet granite is =10 MPa, hence the unconfined
compression strength should, according to Griffith, be &80 MPa. The measured unconfined
compressive strength of Lac du Bonnet granite is ~200 MPa. Griffith assumed that once
the stress level around the microscopic flaw was sufficient to overcome the fracture surface

energy then failure or rupture would occur. Since 1924, several researchers, most noticeably
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Brace [11], Hoek[72], and Bieniawski [8] have demonstrated that cracks do start to form
at axial stresses of about 8¢; under uniaxial compression and at low confining pressures in
biaxial loading, but that this form of crack growth is stable, i.e., failure will not occur at
this stress level. In the unconfined compression test stress has to be increased to nearly 3
times this level before failure occurs. Hence, Region III marks stable crack growth, which
implies that additional load is required in order for cracks to extend.

Using the Inglis [79] solution for stresses around an ellipse it is easy to see why these
axial cracks are stable. Assume an inclined ellipse to represent an existing crack in a sample
loaded in uniaxial compression (Figure 4.2). When the sample is subjected to a small load
tension develops on the boundary near the tips of the ellipse. When the tensile strength
is exceeded, a tensile crack will grow at this location, and extend in the direction of the
applied load. However, at a small distance away from the boundary of the ellipse the tension
disappears and hence the crack growth would be arrested until the load is increased.

The onset of crack growth marks the beginning of Region III and for Lac du Bonnet
granite in uniaxial compression begins at an axial stress (o) of about 40% of the peak
strength (Figure 4.1). The most important feature of stable crack growth is that the cracks
propagate parallpl to the direction of the applied compressive load, because it is observed
that only the lateral strain gauge registers the cracking. o is difficult to identify from the
laboratory stress-strain curves, particularly if the sample already contains a high density
of microcracks. o is best determined using a plot of crack volumetric strain versus axial
strain. Crack volumetric strain is calculated as follows. First the elastic volumetric strains
are calculated using the elastic constants (E, v) determined from the linear portion of stress-

strain curves in Region II by

1-2v
E

AV/Velastic = (Ul - 03) (44)

The elastic volumetric strains are subtracted from the total measured volumetric strains to

determine the volumetric strains caused by axial cracking (Figure 4.1). o; is the stress at
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Figure 4.2: The tangential stress around an elliptical crack under uniaxial compression.
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which dilation just begins on the crack volume plot as shown in Figure 4.1. Researchers [74,
8, 64] have found that the cracking associated with stresses slightly above o; do not result
in reducing the rock strength. Therefore these random stable axial cracks are not considered
damaging to the rock strength in laboratory tests.

Brace and Byerlee [12] investigated the onset of cracking and found that it varied between
30 to 60% of the peak strength (of) for various low porosity rock such as aplite, basalt,
diabase, granite, marble, quartzite, quartz monzonite and soapstone. They noted that this
range was also found in concretes.

A sample of Lac du Bonnet granite was loaded in uniaxial compression and monitored
for cracking using acoustic emission techniques [50]. The results are given in Figure 4.3 and
illustrate a monotonic increase in acoustic emission (crack growth) during Region III of the
stress—strain curves. Note also the relatively flat portion of the acoustic emission curve in
the elastic Region II. These findings are similar to those of Scholz [142] and Mogi [114],
who noted that in Region III the noise associated with microcracking occurs randomly

throughout the sample as independent events.

4.1.1.1 Types of Cracking

One of the issues which has received considerable study is the type of cracking which occurs
during this stage of stable crack growth. Unlike unstable crack growth, discussed in the
next section, cracks associated with stable crack growth are very difficult to detect visually.
The difficulty arises from the fact that brittle solids such as rock contain numerous faws.
These flaws include grain boundaries, holes along the grain boundaries, stiff grains such
as quartz adjacent to softer grains such as biotite, cleavage planes within the grains and
partially healed tectonically-formed microcracks. The various types of cracks reported are
summarized in Figure 4.4 [150, 90, 91, 52]. The so called “Griffith crack” is an inclined
flat ellipse with wing cracks developing near the ends of the ellipse in the areas of high

tangential tensile stress (Figure 4.4). Unfortunately the “Griffith” crack is seldom observed
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Figure 4.3: The number of microseismic events recorded during the uniaxial compression
testing of a sample of Lac du Bonnet granite from the 240 Level of the URL compared to
the volumetric strain and crack volume. Note the increase in the number of events at the
crack initiation stress (see Figure 4.1 for definitions).
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Figure 4.4: Tllustration of the types of cracks observed, during compression tests, by various
researchers [150, 90, 91, 52].

in rock samples.

Tapponnier and Brace [150] used a scanning electron microscope (SEM) with a resolution
of about 0.1 pm to investigate cracks in thin sections obtained from samples of Westerly
granite subjected to various loads. Tapponnier and Brace were unable to report, with any
confidence, any difference in crack population between three samples taken at 37, 56 and
84% of the failure load. Foneska et al. [52], using SEM and acoustic emission measurements
on granodiorite, dolerite and marble, concluded that above 50% of the failure stress small
grain boundary and serrated cracks begin to appear, having dimensions of a few um in
length and widths of ~ 0.1 um. Bombolakis [10] loaded a prismatic sample of a very
coarse pegmatite. He noted that crack growth began at between 50 and 66% of the peak
strength and that the first cracks to grow were the existing axially-oriented cleavage cracks
in feldspar. This observation is also in keeping with the findings of Lajtai [97], who noted
that the feldspars in the Lac du Bonnet granite were the first to register cracking. It is also
important to note that during stable crack growth, the axial cracks are contained within

individual grains, i.e., there are no trans-granular axial cracks (see Figure 4.4).
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4.1.2 Region IV: Crack Damage/Unstable Crack Growth

The axial stress level where the total volumetric strain reversal occurs marks the beginning
of Region IV and represents the onset of unstable crack growth as defined by Bieniawski 8].
This onset generally occurs at axial stress levels between 70 to 85% of the peak strength. It
is at this stress level that the axial strain versus axial stress relationship becomes non-linear
and hence sliding must be initiating along flaws and grain boundaries (see Figure 4.1). This
stress level has particular significance in the concrete industry as it is used to establish the
long-term strength of concrete [133, 134, 45, 116]. Lajtai et al [97] found that the unstable
crack stress for the Lac du Bonnet granite from the Cold Spring Quarry occurred at 0.71
of the peak strength. Schmidtke and Lajtai [140] also did extensive long-term compression
testing of Lac du Bonnet granite from Cold Spring Quarry (see Chapter 3). Their results
were reanalyzed by the author and have been replotted in Figure 4.5. Figure 4.5 clearly
shows that for “long-term” loads above & 0.70 of the short-term peak strength failure occurs
almost immediately. Thus, the increase in load above the unstable crack stress is only a
temporary strain hardening effect which cannot be relied on for even short-term strength.
Hence, we will refer to this stress level as the crack damage stress (0.4) because loads above
this stress level result in damage to the material which cannot be tolerated even under a
constant load.

Hallbauer et al. [66] pointed out that this phase is characterized by the most signifi-
cant structural changes to the sample, with the density of microcracks increasing by about
sevenfold. Figure 4.3 supports these observations as the the amount of acoustic emission
increases dramatically beyond 4.

Bombalakis [10] notes that when the stress level reaches 0.y there is an “abrupt devel-
opment of finite frictional slip along inclined flaws and grain boundaries, beginning with the
displacements of the order of the dimensions of grain-boundary asperities. Crack growth

still occurs at various locations throughout the specimen at this stage but there is also a
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Figure 4.5: The compressive strength of Lac du Bonnet granite from Cold Spring Quarry
subjected to different uniaxial loads. The failure stress has been normalized to the short-
term unconfined compressive strength o..
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Figure 4.6: Typical post-peak stress-strain response of Lac du Bonnet granite.

detectable concentration of growth along potential shear zones.”

4.1.3 Region V: Peak and Post-Peak Behaviour

The peak strength of the material (o) marks the beginning of post-peak behaviour, Region
V, and is almost universally used to establish the failure strength envelope. An example of
the complete stress-strain curves for Lac du Bonnet granite is shown in Figure 4.6. Beyond
the peak, the lateral and axial strain curves indicate continuing dilation. The axial stress
versus axial strain that was only slightly affected by the initial microcracking process, shows
a rapid decrease which is interrupted by one or more short strengthening interludes, marked
by steps in the descending axial stress curve. Lockner et al (104] reported that during the
first portion of the post-peak axial stress versus axial strain descent, the loci of the seismic

events indicated the development of a major inclined shear fracture.
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Table 4.1: Summary of step-loading experiments on ice (after [20]).

Loading Stress % Max. Comments
Step (MPa)  Stress.
1 2.35 35 First inclined crack forms
2 3.92 59 Larger inclined cracks form
3 5.17 78 Small sail cracks form
4 5.48 83 Sails elongate while new inclined cracks are
formed
5 5.8 88
6 6.19 94 Two large sails interact retarding each other
7 6.35 97 Sails become wings
8 6.58 100 Wings reach ends and specimen splits

4.1.4 Fracture in Ice

Ice is a polycrystalline material which when loaded rapidly in compression, behaves in a
brittle manner similar to rock. Shulson et al. [145], Cannon et al. [20] and Shulson [144],
using high speed photography techniques, filmed the compressive failure process of ice.
Their results showed that sliding occurs along grain boundaries at loads above 50% of
the peak strength. Sliding along these grain boundaries eventually leads to the formation
of axial cracks in the form of wing-cracks at loads above ~ 80% of the peak strength.
Shulson et al. [145] concluded that the frictional crack sliding-wing crack mechanism plays
an important role in the brittle compressive failure of ice. Cannon et al. [20] carried out a
step-loading experiment on 150 x 150 x 40 mm samples of columnar ice with grains 6 to 12
mm long. Eight loading steps were applied to the sample causing initiation and propagation
of cracks. The tests were terminated when the propagating cracks reached the sample ends.
The results are summarized in Table 4.1 and indicate the initial step in the failure process
is sliding along grain boundaries, with the wing or axial cracks developing much later in the

failure process.
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4.1.5 Summary of Observations in Compressive Failure

The failure process in rock subjected to compression loading commences with the growth
of stable axial cracks (Region III). These axial cracks grow in numbers until the loads are
high enough that sliding can initiate. Sliding begins at the crack damage stress and marks
the end of Region III and the beginning of Region IV. As the loads are increased above the
crack damage stress through-going axial cracks are generally formed (Figure 4.7). Beyond
the peak strength of the sample the material can no longer carry the peak loads and so the
axial stress decreases rapidly. It is in this Region (V) that the sliding which initiated at the
crack damage stress manifests into a through-going shear zone. A summary of the various
Regions during the compressive failure process of laboratory samples is given in Table 4.2.
In the remainder of this chapter we will explore more evidence to support these observations

and look in detail at the failure process when sliding commences.

4.2 Fracture Parameters in Compression

In the previous section three characteristic stress levels were identified in the laboratory
stress/strain curves (see Figure 4.1): the crack initiation stress (o,;) caused by stable tensile
cracking, the crack damage stress (o.q) caused by crack sliding, and the peak strength (o).
In order to understand material behaviour it is important to establish which of these stress
levels are true material parameters and which are a function of the particular loading
conditions used in the uniaxial test. Hudson et al. [78] concluded that the peak strength of
a sample was a function of the boundary conditions of the test and hence not an inherent
material property.

Glucklich and Cohen [57, 58] used stored strain energy to explain peak strength scale
effects, which are commonly observed. They point out that during the stage of stable
crack growth there is equilibrium between the external load and the crack length. This
was also confirmed by Hoek and Bieniawski [74]. Both the loads and the stable crack

lengths increase up to the critical moment at which the strain-energy release rate equals
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Figure 4.7: Illustration of when various stages of axial cracks are noted during compressive

loading. Note that the axial cracks that cross grain boundaries are not observed until the
load is very near the failure load.
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Table 4.2: General relations between crack growth observations and measured strains during

loading of laboratory samples in compression.

Region  €4zial €lateral €volumetric Comments
Crack Closure
1 Nonlinear Linear Compression Closure of microcracks in the sample.

Linear Elastic (No crack growth)
II Linear Linear

Stable Crack Growth ~ 40%o
III Linear

Unstable Crack Growth ~ 80%o
v Nonlinear Nonlinear Dilation

Post Failure
Vv Nonlinear Nonlinear Dilation

Compression

Nonlinear Compression

Linear elastic range.

Crack initiation occurs. Cracking oc-
curs mainly along cleavage planes in
individual minerals and from voids in
the grains and along grain boundaries.
All crack growth during this region is
occuring parallel to the applied load
because only the lateral strain shows
nonlinear behaviour. SEM studies at
this loading stress have not found ax-
ial crack growth greater than the grain
size. Random acoustic emission events
occur throughout the sample.

This region marks the beginning of
permanent crack damage and sample
dilatancy. The dilatancy occurs with
the development of cracks parallel to
the applied load and the growth of
inclined cracks (grain boundaries) be-
cause both axial and lateral strains are
nonlinear. A rapid increase in acoustic
emission events occurs.

Development of macrocracks which
leads to collapse of the sample.
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or exceeds that of energy absorption. At this moment crack propagation becomes unstable
and the material reaches its peak strength. For heterogeneous materials such as rock the
propagating failure crack will most likely encounter material which is stronger or weaker
(an area of pre-existing stable cracks) than the mean strength. In either case, after the
propagating crack advances through the softened or hardened material there is an excess of
energy released which is converted to kinetic energy and is available to do work against the
remaining uncracked material. It is here that the volume of the sample and the stiffness
of the testing machine play a critical role because the stored energy in the total system
dictates the energy release rate. In essence, Glucklich and Cohen are pointing out that a
properly conducted compressive strength test would balance the stored strain energy in the
sample and loading frame with the fracture surface energy required for fracture growth,
L.e., there would be no kinetic energy available to propagate the crack. In reality this is
very difficult to do because in compression testing two modes of cracking are developing
simultaneously, the axial crack and the sliding crack. One approach to this problem is to
reduce the loading rate such that the fracture surface has time to grow and increase the
sample volume to minimize the effect of heterogeneity on the fracture process. A similar
approach is used to reduce strain hardening effects in more ductile materials [92].

The long-term test data of Schmidtke and Lajtai [140] (see Figure 4.5) also suggest
that the peak load above the crack damage stress is only sustained by the rock for a short
duration and cannot be relied on for the long term. This leaves only o; and o4 as possible
fracture parameters which should therefore be independent of sample volume.

To determine the effect of scale on 0.4 and o, the stress-strain curves for 53 samples
with diameters ranging from 33 to 300 mm diameter, were analyzed by the author. The
results are summarized in Figure 4.8 and the peak strength is shown for comparison. Both
oci and 0.4 appear to be unaffected by sample volume. Note that except for the largest
sample diameter tested, the data suggest that the peak strength is trending towards the

o4 strength, i.e., = 0.7 of the peak strength. This result is in keeping with that of Hoek
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Figure 4.8: The effect of sample diameter on peak strength, crack damage stress and crack
initiation stress.

and Brown [75] who showed the unconfined compressive strength reducing to ~ 0.8 of the
peak strength of a small sample, as the sample diameter increased from 10 to 200 mm (see
Figure 3.8).

In an effort to minimize the potential influence of uncontrolled strain energy on the test
results one final series of tests was carried out which attempted to combine the effects of
scale and a slow loading rate. Four 200-mm diameter samples of Lac du Bonnet granite from
the 240 Level of the URL were tested at the loading rate of 0.00075 MPa/s, which is 1000
times slower then the normal loading rate. In two samples failure occurred at the stress level
generally associated with o4 and those samples did not display the normal volumetric strain
reversal (Figure 4.9). Interestingly, the samples which were subjected to slow loading rates
all developed characteristic shear planes rather than the axial splitting planes generally
associated with standard unconfined testing (Figure 4.10). This also concurs with the

previously mentioned notion that the failure mechanism for .y is one of sliding. It would
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appear that with the appropriate boundary conditions, i.e., loading rate, loading frame
stiffness, and sample volume, the peak strength of a sample of Lac du Bonnet granite would
be reduced to about 0.7-0.8 of the standard uniaxial strength (0c), similar to the failure
loads of Schmidtke and Lajtai [140] from their static fatigue tests.

Having established that o4 is the true peak strength of the rock in a monotonically-
loaded uniaxial compression test and that o,y and o are scale-independent parameters
with completely different modes of origin, the next step was to determine the effect of the

amount of crack damage in a specimen on these two parameters.

4.3 Damage—Controlled Testing

The growth of cracks during a single-stage monotonic loading test was described earlier.
Much less is known about the cracking process in multiple-loading-unloading tests and
practically nothing of crack growth in the post-peak region. The laboratory testing program
described below was designed to fill this need. The tests were carried out by incrementing
the émount of crack damage in the sample and then re-testing the sample to evaluate the
effect of the increased damage on the stress level 0c and o¢q. The incremented damage was
accomplished by a series of load-unload cycles, with each load-unload cycle referred to as a
damage increment.

The Lac du Bonnet granite used in this testing program is medium to coarse grained
and composed of approximately 30% K-feldspar, 30% plagioclase, 30% quartz and 10%
mafic minerals, mainly biotite. The average grain size of the medium grained granite is
about 3 mm. The samples were obtained from the 420 Level of AECL’s Underground
Research Laboratory. Six post-peak uniaxial compression tests and thirty-one post-peak
triaxial compression tests were conducted on the 63-mm-diameter grey samples.

The testing was carried out by CANMET, the Canada Centre for Mineral and Energy
Technology [100]. Specimens were prepared in accordance with the methods suggested by

the International Society for Rock Mechanics [19]. The end surfaces of each specimen were
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Figure 4.9: The combined effect of sample diameter and slow loading on peak strength,
crack damage stress and crack initiation stress on a sample of Lac du Bonnet granite from
the 240 Level of the URL. In this sample the crack damage stress is coincident with the
peak strength.
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Figure 4.10: Photo of the failure surface developed in a sample of Lac du Bonnet from
the 240 Level of the URL, subjected to 0.00075 MPa/s loading rate. The failure surface is
inclined 23° with respect to the direction of loading. Note the short axial cracks that form
adjacent to the failure surface.
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ground flat to 0.025 mm to ensure that they were parallel to each other and perpendicular
to the axis of the specimen. The post-failure tests were conducted using an MTS 815
Rock Test System, a computer-controlled, servo-hydraulic compression machine, consisting
of a 2.22 MN rated load cell, load frame, hydraulic power supply, triaxial cell, confining
pressure subsystem, test controller, test processor and DEC micro PDP 11/73 computer.
The triaxial cell is equipped with three linear variable differential transducers (LVDT) for
the measurement of axial strain and a circumferential extensometer to measure the lateral
strain.

The confining pressure and the axial stress were initially increased simultaneously from
zero to the required confining stress at the rate of 0.75 MPa/s. The axial stress was then
increased using axial strain-rate control at a rate approximating a loading rate of 0.75
MPa/s. The instrumentation was scanned every 3 seconds. Load-unload cycles were carried
out at 40 MPa increments up to approximately 75% of the peak strength. As the peak
strength of the sample was approached special care was taken to prevent rapid failure in
order to continue the test into the post-peak region. After reaching ~75% of the peak
strength the load-unload cycles were performed at 0.063 mm increments of circumferential
deformation using axial-strain control. A test took about eight hours to complete with a
typical result shown in Figure 4.11. It should be noted that for the unconfined samples
the load could not be completely removed during the unloading cycle. In the unconfined
case the load was reduced to about 5 MPa or = 2% of the peak strength. For the confined
samples this was not a problem as the samples were unloaded to the confining pressure.

An initial concern was whether the load-unload cycles influenced the overall stress-
strain curve. Figure 4.12 compares the results from an unconfined damage-controlled test
to a traditional uncycled unconfined post-peak test. Figure 4.12 illustrates that the general
shape of the stress/strain plot is unaffected by the loading method. This was also found
true for the confined tests. An important corollary of Figure 4.12 is that the same amount

of damage accumulates if the axial stress is taken directly to a certain axial stress, o,



CHAPTER 4. COMPRESSIVE FAILURE IN BRITTLE ROCK

Axial Stress (MPa)

200

150

100

50

| MB124205
L 03 =2 MPa

Axial Strain (%)

97

Figure 4.11: Example of the repeated loading and unloading used in a damage-controlled
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Figure 4.12: Comparison of the axial stress-axial strain curves of an unconfined damage-
controlled test and a standard unconfined post-peak test. (Note: The load-unload cycles of
the damage-controlled tests have been deleted.)

(0a > 0cq) or by increasing the number of load-unload cycles. This is important in that
the rock around the tunnel does not experience the multiple load-unload cycles used in the

damage-controlled tests.

4.4 Test Results

The purpose of the testing was to determine the effect of damage on the stress levels
associated with crack initiation and crack damage with each load-unload cycle. Damage
can be measured by the permanent axial strain (€8) in a given load-unload cycle and a
damage parameter (w,) can be defined as the cumulated permanent axial strain in any one

test.
n

We = Z (€8); % (4.5)

=1
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Figure 4.13: Damage is defined as the permanent volumetric strain resulting from a single
damage increment.

The volumetric strain encompasses both the damage in the lateral and axial direction
and can be related to crack initiation and crack damage stress (see Figure 4.1). In a given
test, a damage increment (i), i.e., a load-unload cycle, will produce permanent volumet-
ric damage (eg).- A damage parameter (w) is therefore also defined as the accumulated

permanent volumetric strain in any one test (Figure 4.13)

W= Z (e5); % (4.6)
i=1

The volumetric damage definition is preferred to the axial damage definition because

it is a volumetric rather than a one-dimensional measure and therefore records the total

damage in the sample.

It is useful to plot the peak stress, o,y and Oci versus the damage parameter w. The
collection of these values of peak stress, 0.4 and o, for any one test will be referred to as

the peak(w) locus, the 0.4 locus and the o; locus.
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4.4.1 Crack Initiation and Crack Damage

The crack initiation stress occurs when the load first exceeds about 0.2 to 0.4 of the peak
strength. Initially, in the early stages of the test, the crack initiation stress appears to
increase slightly, however, as damage accumulates the slope of the crack initiation locus
appears to level off. One could speculate that the initial increase in the o locus is related
to less critical cracks requiring more load to reach crack initiation. Given the difficulty
in determining the o; stress in the early stages of the test, it may be that the initial o
slope is within the error of the analysis. Also, this phenomenon was not observed in all
the test results. Thus it is reasonable to conclude that the crack initiation locus remains
fairly constant with each damage increment and is therefore independent of the damage
accumulated in the sample (Figure 4.15).

Figure 4.14 shows the crack initiation stress as a function of confining stress. It would
appear that the crack initiation stress is only slightly dependent on the confining stress, as
indicated by the linear best fit line shown in the figure. This is not too surprising if, as
stated previously, the crack forming process is tensilé.

The crack damage stress first occurs at about 0.8 of the peak strength during the first
damage increment. However, unlike the crack initiation stress, the crack damage stress
reduces significantly in the early stages of the test and reaches a threshold value as the
damage accumulates in the sample (Figure 4.15). Plotting the test results against axial
damage (w,) presents essentially the same picture (Figure 4.16). This phenomena is seen
at all confining stress levels and is quite consistent from test to test (Figure 4.17). Similar
observations [135, 143, 62] have been made during the cyclic testing of brittle rocks. It
should be noted that the threshold value of 0c4 corresponds approximately to o, when
the sample is unconfined. As the confining stress is increased the threshold value of Ocd
becomes greater than o.; (Figure 4.18). Figures 4.19 and 4.20 are examples of the test

results obtained for each of the confining stresses used in the damage-controlled tests.
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Figure 4.14: Crack initiation stress, o, as a function of confining stress, o3. The line
through the data points is a linear best fit.

4.4.2 Deformation Constants

Young’s modulus and Poisson’s ratio can be determined for each damage increment. Each
increment is treated as a separate test and the modulus and Poisson’s ratio are computed
for the part of the stress-strain curve that lies between the crack closure stress and the crack
initiation stress. A plot of Young’s modulus and Poisson’s ratio versus damage is compared
to the crack damage locus in Figure 4.21. As the sample is subjected to increasing damage,
a gradual reduction in stiffness is indicated (Figure 4.21). In the post-peak region of the
test in which the peak(w) stress dropped from about 150 MPa to 56 MPa (~ 35% of
maximum value), the modulus decreased from 50 to 24 GPa (~ 50% of maximum value).
At a confining pressure greater than 20 MPa, the reduction in the modulus in the post-peak
regime was considerably less. In all cases, the strength reduced faster than the modulus.
In the early portion of testing, i.e., before o.q is reached, Poisson’s ratio is about 0.14

and increases to about 0.2 at the maximum o4 (Figure 4.21). As the peak(w) stress level
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Figure 4.15: Example of the crack initiation stress and the crack damage stress as a function
of damage. Note that at low confining stresses the crack damage stress is essentially the

same magnitude as the crack initiation stress.
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Figure 4.16: Crack damage stress as a function of axial damage. Note the same general

trends as in Figure 4.15.
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Figure 4.17: Crack damage stress and the peak stress as a function of damage for two
unconfined samples. Note the repeatability between tests.

exceeds the initial o,y and starts its descent to the post-peak strength, Poisson’s ratio
increases quite sharply to a 0.9. It is obvious that above 0.5 this ratio is only relating
lateral strains to axial strains and is not an elastic constant. As the 04 threshold is reached
and after the ini;cial large drop in the post-peak strength the ratio remains relatively high
ranging from 0.6 to 0.9. The locus of Poisson’s ratio clearly reveals two phases of crack
growth. The first phase occurs in the pre-peak strength portion of the test when Poisson’s
ratio increases quite rapidly indicating significant axial crack growth. The second phase
occurs in the post-peak strength region where the first significant strength drop occurs.
This phase is more indicative of sliding than axial cracking. The second phase occurs at

the same stage as shear fracture development as identified by Lockner et al [104].
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Figure 4.18: Crack initiation stress and the crack damage stress as a function of damage
for a confined sample. Note that at higher confining stresses the crack damage stress is
considerably higher than the crack initiation stress. The large damage increment towards

the end of the test indicates the difficulty in controlling the test at this stage of failure.
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Figure 4.19: Summary of peak strength and crack damage loci for samples of Lac du Bonnet
granite from the 420 level of the URL tested at confining stresses ranging from 0 to 15 MPa.
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Figure 4.20: Summary of peak strength and crack damage loci for samples of Lac du Bonnet
granite from the 420 level of the URL tested at confining stresses ranging from 20 to 60

MPa.
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Figure 4.21: Young’s modulus and Poisson’s ratio as a function of damage for an unconfined
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sample.



CHAPTER 4. COMPRESSIVE FAILURE IN BRITTLE ROCK 109

4.5 Crack Damage Locus

The theoretical locus of crack growth for brittle materials has been evaluated by Berry 6, 7],
for tensile crack extension, and by Cook [32] for crack sliding. Cook [32] refers to this
limit for crack growth as the Griffith locus and it follows the general form ABCD given
in Figure 4.22. According to Berry, the Griffith locus can be interpreted in the following
way. The portion AB, during the early stages of crack extension, indicates a rapid loss
in strength with no increase in axial strain. Unless the strain energy released from the
elastically strained regions around the propagating crack is removed from the system, the
excess energy will be converted to kinetic energy. It is generally not possible to follow
the unloading path AB because most systems, e.g., an underground opening, have a finite
unloading stiffness, represented by AC in Figure 4.22. Thus a crack starting at o4 will
propagate dynamically!. Berry [6] noted that the excess strain energy represented by the
shaded area ABC will cause the crack growth to accelerate. Hence it will continue to
extend even as the stress drops below o¢ corresponding to point C on the failure locus.
Below o¢ the crack will finally stabilize when the excess strain energy ABC is equal to the
strain energy CDE. The area ABC=CDE and hence the energy CDE is the surface energy
required to creaté longer cracks. The material containing the longer crack is now represented
by OD with a reduced modulus F.,4.. These cracks are now loaded to a subcritical stress
level o and hence will not propagate until the stress level is increased to op. Thus the
Griffith locus has two key elements; the stiffness of the initial material which controls the
position of OA, and the crack properties which controls the shape and position of BCD (see
Figure 4.22).

Thus far the crack damage locus has been plotted versus the damage parameter w which
is defined by the volumetric strain. Although o4 is defined by the volumetric strain reversal

it also corresponds to the onset of non-linearity in the axial stress versus axial strain plot,

Tn a servo-controlled laboratory test the energy which causes the dynamic propagation is controlled.
Hence it is possible to follow this stage of crack growth.
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Figure 4.22: Tllustration of the Griffith locus.

as shown in Figure 4.1. Earlier it was suggested that this nonlinear response is a direct
result of sliding along crack surfaces angled with respect to the direction of the maximum
load. Thus it is instructive to replot the test results to see the relationship between the
crack damage locus and the peak(w) stress versus axial strain. Figure 4.23 shows a typical
plot of the crack damage locus and peak(w) stress locus versus axial strain. The volumetric
strain versus axial strain is also shown to illustrate how the plot is generated. Note that the
reduction of o4 to its threshold level occurs by damage increment 10, i.e., before the peak
strength of the sample is reached. This was not evident in the previous plots. The shape
of the damage locus on an axial stress versus axial strain plot is similar for all confining
stresses.

It has been suggested that the crack damage stress is defined by sliding because the
axial strain registers permanent damage. This would imply that the crack damage locus
is the locus of axial stress required to initiate crack sliding or simply the Griffith locus

as defined by Cook [32]. The underlying assumption used in the Griffith locus of Cook,
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was first proposed by Starr [147] in 1928. Starr showed that sliding of a frictionless crack,

subjected to a shear displacement, occurred when

8aG

m(l—v)c (47)

To =

where v is the Poisson’s Ratio, G is the modulus of rigidity, 7, is the shear stress in the
direction of crack slip, ¢ is the crack half length, and « is the fracture surface energy.
Cook [32] modified equation 4.7 to take account of friction along the crack in compressive
shearing, replacing 7, by T — uo,, where 7 is the shear stress in the direction of the crack
slip, p is the friction across crack faces, and o, is the normal stress acting on the surface of
the crack. Only a brief summary of Cook’s original work follows and the interested reader
is referred to Cook’s paper for the derivation of the formulas ( a complete derivation of
the Griffith locus is given in Appendix B). For the confined case consider a single elliptical
crack of length 2¢, inclined at some angle 6 to the direction of the applied load o1, in a
specimen where n represents the number of cracks per unit volume (see Figure 4.22). Using

the approach of Cook the critical axial strain, €cr, at which sliding occurs, is given by

o1 — 2v03 2 Wf)
= W, + — .8
Cer 2G(1+1/)+bl(01—03)( st )m (48)
where
T 72 — 252
Ws = Z(l—I/)L_G'u,—ElC2
_ T (T = pon) 5
W = 2(1 v)uoy, o ¢
8alG
c =

(1 = v)(7 = pon)?
For the conditions of triaxial compression and assuming the plane of the crack is parallel

to the direction of the intermediate compressive stress:

op = DI _ 21203 0599 (4.9)
T = ZZ%gin26

2
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where 6 is the angle of the critical crack and the direction of the maximum applied load,
oy.

Hence €. in equation 4.8 can be obtained provided the crack density n and the fracture
surface energy o are known. The other parameters are available from standard laboratory
tests and the fracture surface energy can be equated to the strain energy release rate G by
G = 2a. The strain energy release rate is one of the most important parameters with regard
to fracture and is defined as the the amount of energy release per unit increase in crack
surface area. Rice [130] proposed a method for determining G, the strain energy release
rate at failure, for shear faulting. Using Rice’s approach Kemeny and Cook [88] calculated
a G value of 1.05 J/m? for the creation of a single shear fault for Westerly granite. An
alternative approach is to calculate the fracture surface energy [16] by

2
KIC

a=(1——u)4G

(4.10)

where K. is the fracture toughness for Mode I crack failure, i.e., tensile splitting. An
alternative approach for calculating the fracture surface energy is described in Appendix C.

Although K. is the fracture toughness for Mode I crack failure and the model describes
Mode II crack slip, K. has been measured for the Lac du Bonnet granite and provides a
reasonable starting point in evaluating the model. To calibrate the model against the o4
locus for the crack density n, the o4 locus from an unconfined test was fitted to equation 4.8
to determine n. The other input parameters, for equation 4.8, were taken from laboratory
test results. Those parameters were then used to predict the critical strain, €. at confining
stresses of 2, 15 and 30 MPa from equation 4.8, and the predicted values were compared
to the measured crack damage locus at those confining stresses (Figure 4.24). It should
be noted that the nonlinear strains which were measured in the initial “seating phase”
of each test were simply taken as a constant value which was added to all the calculated
results in order to compare the predictions with the measured strains. The parameters

used in equation 4.8 are shown in Figure 4.24. It should be noted that in F igure 4.24 the
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Figure 4.24: Comparison of the measured crack damage locus and the predicted Griffith
locus at various confining stresses.
initial positive slope of the locus is somewhat less than that of the measured values at the
higher confining stresses and the discrepancy increases with confining pressure. This occurs
because no correction for the increasing stiffness (E) of the samples with confining stress
was made. Because of the high density of microcracks in the samples, Young's modulus
increases from about 50 GPa for the unconfined samples to about 60 GPa for the 30 MPa
confining stress. Even without this correction the agreement between the measured and the
predicted léci is quite good.

According to Cook, the critical condition for the initiation of crack slip occurs when
stresses acting on the crack exceed the fracture surface energy (4a) which is given by

T T — poy)?
_,,)L_L)_

5(1 ¢c>4da (4.11)

Substituting equation 4.9 into equation 4.11 provides the strength of the specimen in a
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general Mohr-Coulomb form:

8aG
o(i-1) 14+ £
o1f > 1-v) +o LL&Q_)_ (4.12)

~ sinfcosf(1 — ptanb) 31—utanc9
Note that the critical angle of § will be related to y in order that (1 — pon) in equa-
tion 4.11 is a maximum when

O = l tan~! l
2 7

Thus, equation 4.12 can be rewritten by substituting 6., from equation 4.13

8aG
er(=2) +O’3<V1+# +“> (4.14)

(4.13)

01

T Vit@ g Vitpl—p

It was stated previously that the crack damage loci were similar in shape regardless of
confining stress. Figure 4.25 shows typical examples of the crack damage locus for some
of the tests at different confining stresses. Not all of the results are shown for reasons of
clarity. Figure 4.26 shows the o4 threshold values as measured in all the tests plotted in
o1-03 space. The reason for plotting the ¢, threshold value in Figure 4.26 is related to the
theoretical basis of the Griffith locus. Earlier, it was noted that the initial rapid decrease
in Griffith locus was essentially one of unstable crack propagation. The crack only became
quasi-stable once it reaches the plateau or threshold portion of the Griffith locus. In the
damage-controlled testing, the servo-control mechanism on the testing machine allowed us
to follow the o4 locus even in the initial unstable portion. However, around an underground
opening once the crack starts sliding, it is likely that it will propagate until the o4 threshold
is reached. Also shown in Figure 4.26 is the initial crack damage stress for each test and
a Hoek-Brown envelope is fitted to the data. Interestingly, at high confining stresses the
initial crack damage stress approaches the crack damage threshold.

The condition for sliding, according to equation 4.12 is a linear relationship in o;-03
space. The crack damage threshold values also follows a linear relationship in o;-03 space
(Figure 4.26) which gives a friction angle of 47.6°. This friction value is similar to residual

friction angle of 45° reported by Gyenge et al. [61] and 42-43° reported by Lajtai and
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Figure 4.25: Crack damage locus at various confining stresses.

Gadi [98] for Lac du Bonnet granite (Figure 4.27). The peak strength, for each test, is also

shown in Figure 4.26 and a Hoek-Brown failure envelope is fitted to the data.

4.5.1 Interpretation of Test Results and Griffith Locus

Coulomb (1796) [15] postulated that the shear strength of rock and of soil is made up of
two components,~ a constant cohesion and a normal stress-dependent frictional component.
It is generally assumed that these components are mobilized at the same displacements
such that both components can be relied on simultaneously in rock engineering design. The
strength of intact rock is determined in the laboratory using triaxial tests and the cohesion
and friction components are combined in the strength value obtained from any one test.
The Griffith locus can be used to determine the relationship between cohesion and friction
during the failure process.

The shear criterion given in equation 4.14 can be reduced to

20G d) 2 ¢>
=2y —— - 45 + —~ 4.15
o1f cﬁ(l_y)tan(45+2)+03tan < +2 (4.15)
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by substituting p = tan ¢, where ¢ is the friction angle.
The shear strength of a material with friction and cohesion is also given by the well

known Mohr-Coulomb criterion
o1f =25, tan [ 45 + é +o3tan® (45 + é 4.16
f 2 2

where .S, is the empirical cohesion intercept and ¢ is the friction angle. It is interesting to
note that the shear criterion in equation 4.15 differs from equation 4.16 only by a constant.
In equation 4.15 this constant is expressed in terms of fracture surface energy and crack
length, whereas in equation 4.16 the constant is the empirical shear strength. More im-
portantly, examination of equations 4.15 and 4.16 reveals that fracture surface energy and
crack length only apply to the cohesion of the material and that the frictional strength is
not dependent on these parameters.

The interpretation of a standard set of uniaxial test results, using equation 4.16 would
imply that

o1f = 25, tan (45 + g) (4.17)

Thus the cohesion can be equated to the strength just as sliding starts, which for our tests
results is given by the crack damage stress. For an unconfined test, at the instant sliding

starts, the cohesion becomes

25, =04 (4.18)

Once sliding initiates the strength of the sample starts to increase above the crack damage
stress. However, we have seen from our test results that as the sample is subjected to
increasing damage, only a small amount of damage to the sample is necessary to bring
the crack damage stress to a threshold value, suggesting that cohesion must also decrease.
The total strength of the sample has not changed therefore the frictional component of
equation 4.17 must be increasing as the cohesion is decreasing. In equation 4.15 the drop
in cohesion is related to an increase in crack length. Figure 4.28 is an example of this

progressive fracturing, illustrating the loss in cohesion and the mobilization of friction.
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Figure 4.28: Mobilization of friction and loss of cohesion as a function of axial strain.

Ultimately at large displacements the peak stress and the crack damage stress should be
equal as illustrated in Figure 4.28.

The cohesion loss described above can only occur if nonelastic deformations are required
to mobilize friction and the frictional component is made up of a residual component (%)
and a roughness or interlocking component (¢;), such that the total frictional resistance can
be expressed as ¢pp;. As friction is mobilized, the interlocking is at a maximum and as the
damage accumulates the residual friction and the minimum cohesion must be approached

(see Figure 4.29). In Figure 4.29 the value of ¢ was calculated using

¢ =2tan™! (;—;) ~ g— (4.19)

Also in Figure 4.29 the damage has been normalized with respect to the value of w at the
end of the test, the strength has been normalized to the peak strength and the cohesion has
been normalized to the maximum cohesion. Figure 4.29 illustrates that the peak friction
angle (¢ = 63°) occurs as the rapid drop in cohesion declines. With increasing damage the

friction angle gradually decreases to about 42°. This friction value is similar to the residual
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friction angle of 45° and 42° for Lac du Bonnet granite reported by [61, 98]. Thus for the
test in Figure 4.29 it appears that the residual friction is nearly reached. The peak friction
angle of 63°, although high, is not unrealistic, e.g., Dusseault and Morgenstern [42] reported
that natural slopes of uncemented locked sands have inclinations greater then 54°. Thus
63° does not seem unreasonable for perfectly interlocked mineral grains subjected to small
displacements.

According to Figure 4.29 the friction angle of the material changes as damage accumu-
lates in the sample. Hence the angle the sliding plane makes with the applied load must
also be changing. The critical angle of failure for equation 4.17, relative to the applied load,

can be found from a Mohr’s circle and is given by

_ ¢
0=45-3 (4.20)

Using equation 4.20, the angle 6 between the applied load and the sliding surface was
calculated as the friction angle changed (Figure 4.31). In the initial stages of the test when
there is essentially no damage, ¢ = 0 and § = 45°. As damage accumulates and the crack
damage stress starts to decrease 6 also decreases and reaches a minimum of about 15° when
the crack damage stress reaches its threshold value. By the end of the test the failure
plane is oriented at ~ 25° which is in agreement with the orientation of the failure plane
in Figure 4.10. It is obvious that the nucleation and growth of a shear fracture is complex.
In this simple analysis no allowance is made for the role of the axial crack in the failure
process. Du and Aydin [41] have shown that the axial cracks tend to form echelon arrays.
These arrays probably provide the nucleation of the shear crack. Hence, the orientation of
the shear crack from the onset of damage through to when the friction is at its maximum in
Figure 4.31 is an oversimplification, because it is assumed that the shear crack is a through
going crack, not one that is interrupted by small axial cracks. An illustration of the concept
of cohesion loss and the role played by the axial cracks is illustrated in Figure 4.30.

A damage-controlled test of Lac du Bonnet granite was carried out and the test stopped

SR
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diagram. A possible role for axial cracks is illustrated on the right and top portion of the
figure.
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shortly after the crack damage stress decreased to near its threshold value. The peak stress
at this point in the test was 190 MPa. The sample at this point appeared very much intact
although there was some evidence of cracking visible on the surface of the sample. The
sample was then cut parallel to the direction of loading and visually inspected for cracks.
Figure 4.32 shows the cracks observed in this sample and clearly shows a major crack located
near the centre of the sample, ~ 20 mm long, and inclined 11° with respect to the direction
of loading. This 11° inclination is very close to the predicted 15° inclination in Figure 4.31
for when the cohesion reaches its threshold value and ¢ is at its maximum. It should also
be noted that small axial cracks are present in the sample and essentially form two echelon

arrays, as suggested by [41].
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Figure 4.32: Photo of the cracks developed in a damage controlled test as the crack damage
stress reaches its threshold value. The major crack (=~ 20 mm long) in the center of the
sample is inclined 11° with respect to the direction of loading. The test sample was 63 mm
in diameter.
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4.5.2 Crack Damage Locus in Other Rock Types

It has already been stated that the Lac du Bonnet granite from the Cold Spring Quarry
is stronger in all respects to the Lac du Bonnet granite from the URL. Hence the samples
from Cold Spring Quarry should be more brittle then the samples from the URL. Damage-
controlled testing was attempted on two 63-mm diameter samples from the Cold Spring
Quarry. These tests were carried out when we were getting the “bugs” out of the system.
As a result, the data quality is not comparable to that presented in the previous test
results. Nonetheless the data in Figure 4.33 can be used to examine the differences between
the samples of Lac du Bonnet granite from the 420 Level of the URL and the Cold Spring
Quarry. The results in Figure 4.33 show the characteristic decrease in crack damage stress
with increasing axial strain. However, note how little axial strain is required to cause the
crack damage decrease. For the Lac du Bonnet granite from the Cold Spring Quarry the
slope of the crack damage curve is nearly the same as the initial loading curve.

It was suggested previously that the crack damage locus represented the locus of sliding
and that the crack damage threshold indicated when friction was fully mobilized. It has also
been shown that the peak stress and initial crack damage stress in a sample is a function
of crack damage. Figure 4.34 is comparison of the peak stress and crack damage stress
as a function of normalized damage for two samples of Lac du Bonnet granite tested with
a confining stress of 2 MPa. The sample with the highest peak stress is from the Cold
Spring Quarry and represents the undamaged sample. The second sample in Figure 4.34
is from the 420 Level of the URL and represents the damaged sample. Note that the peak
stress and initial crack damage stress is strongly dependent on the initial amount of damage
in the sample yet the crack damage stress threshold for both samples is nearly identical.
This supports the notion that the initial crack damage stress and the peak stress are a
function of the initial cohesion of the sample but that the crack damage threshold, which

represents when friction is fully mobilized, is independent of the initial amount of damage
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Figure 4.33: Damage-controlled test results for two samples of Lac du Bonnet granite from
Cold Spring Quarry. Note the small amount of axial stain required to cause the crack
damage locus to decrease to the crack damage threshold.
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Figure 4.34: Damage-controlled test results for two samples of Lac du Bonnet granite tested
with a confining stress of 2 MPa. One sample is from Cold Spring Quarry and the other
sample is from the URL 420 Level. Note the large difference in peak stress betwen the two
samples but almost no difference in the crack damage stress threshold.

in the sample.

For comparison purposes three samples of Indiana limestone were also tested using the
damage-controlled procedure. It should be noted that the testing procedure for the Indiana
limestone was also not as well controlled as for the 420 Level granite samples. Hence, load-
unload cycles near the maximum loads are missing. The tests were carried out unconfined
and with confining stresses of 4 and 10 MPa. This rock has a Young’s modulus of about
25 GPa which is nearly half the modulus of Lac du Bonnet granite but it still shows the
characteristic crack damage decrease, although now it takes considerable more axial strain
to achieve the crack damage threshold (Figure 4.35). At low confining stresses the crack
damage threshold is essentially the same as the crack initiation stress. However, as the

confining stress increases, the crack damage threshold greater than the crack initiation

stress (Figure 4.36). This feature also occurred in the samples of Lac du Bonnet granite.
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Figure 4.35: Damage-controlled test results for an unconfined sample of Indiana Limestone.
Note the increase in the amount of axial strain required to cause the crack damage locus to
decrease to the crack damage threshold compared to the brittle sample of Lac du Bonnet
granite from Cold Spring Quarry (see Figure 4.33).
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Figure 4.36: Damage-controlled test results for two samples of Indiana Limestone at different
confining stress. Note the increase in the crack damage threshold above the crack initiation

stress as the confining stress increases.
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Figure 4.37: Damage-controlled test results for an unconfined sample of Rocanville potash.
Note the increase in the amount of axial strain required to cause the crack damage locus to
decrease to the crack damage threshold compared to the brittle sample of Lac du Bonnet
granite from Cold Spring Quarry (see Figure 4.33).

Under ordinary temperature and pressure, most rocks are brittle. Salt rocks are no
exception. Despite being more ductile than the typical rock, microcracking is common in
salt rocks. Specimens of Rocanville potash salt rock (Rocanville, Saskatchewan, Canada),
dilate during uniaxial compression and the growth of cracks is obvious to the naked eye.
The rock has a strength that is only one tenth of that of Lac du Bonnet granite although
the modulus is about 16 GPa or about 1/3 to 1 /4 of the Young’s modulus of a granite. In a
damage-controlled test, the crack damage stress seems to follow a course that is very similar
to that observed for the granite (Figure 4.37). The most significant difference between the
Lac du Bonnet granite and this salt rock is the significant amount axial strain required to
cause the crack damage to decrease to a threshold value.

In examining the damage-controlled test results from the granite, limestone and potash

the slope of the crack damage locus, during its rapid descent to the crack damage threshold,
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is seen to shift from a positive slope for the granite to a negative slope for the potash. In
terms of the Griffith locus this implies that the softer material cannot produce unstable
crack growth. Hence crack growth can only occur by increasing the loads. In potash time-

dependent deformations also occur.

4.6 Crack Damage Stress in the Brazilian Test

In the previous sections failure in compression tests on cylindrical samples was analyzed.
Those tests showed that the cohesion limit, in compression, could be equated to the crack
damage stress, i.e., the stress level at which crack propagation occurs, and this stress level
was defined by the volumetric strain reversal on the volumetric strain versus axial strain
curve. In this section compression loading of circular discs (Brazilian test) are analyzed to
determine if the crack damage stress can also be used to define the tensile cohesion limit.
The tensile strength of rock is also commonly determined using the Brazilian tensile test
(Figure 4.38). The Brazilian tensile test is an indirect method of determining the tensile

strength in which the tensile Strength OB is given by
OBt = ( )

where P is the load at failure, D is the diameter and # is the thickness of the disc-shaped
sample.

The tensile strength of rock is found from a direct tension test and for this test setup the
stress at failure is equal to the tensile cohesive strength. It is well known that the tensile
strength obtained from direct tension tests is less than the tensile strength obtained from
the Brazilian test. The reason for this discrepancy is usually attributed to stress gradients,
although the modulus ratio between compression and tension may also play a role (28].

In an effort to determine if the crack damage stress obtained from the Brazilian tests
gave a more reliable indication of the tensile cohesive strength, twenty Brazilian tests were

carried out. Each sample was instrumented with an axial and lateral electrical resistance
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Figure 4.38: Experimental setup for a Brazilian test.

strain gauge and strain monitored throughout the test. A typical plot of the measured axial

and lateral strains, and the calculated volumetric strain given by
AV/V = €azial + €lateral (422)

versus o is given in Figure 4.39. o in Figure 4.39 is calculated using equation 4.21.

The samples of Lac du Bonnet granite, from Cold Spring Quarry, used in the testing
program were taken from both ends of samples that were used to measure the direct tensile
strength (see Table C.1 in Appendix C. Hence, the scatter due sample variation was mini-
mized. A summary of the results from the twenty Brazilian tests is given in Table 4.3. The
mean Brazilian tensile strength is 8.8 MPa and the mean crack damage stress is 7.4 MPa,
giving a ratio of 0.84. This ratio of 0.84 is very similar to the ratio between crack damage
stress and peak strength found in uniaxial compression. More, importantly the crack dam-
age stress of 7.4 MPa is considerably closer to the direct tensile strength of 6.9 MPa than
the Brazilian strength of 8.8 MPa. A summary of the comparison is given in Figure 4.40.
Thus it seems reasonable to conclude that the crack damage stress in the Brazilian test

represents tensile cohesive strength.
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Figure 4.39: The stress strain curves obtained from a Brazilian test.
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Table 4.3: Summary of the tensile strengths obtained from the Brazilian test.

Sample Diameter Thickness Ocd Peak Ratio
Number (mm) (mm) (MPa) (MPa) o.4/Peak
34.134A 44.97 20.73 7.67 8.80 0.87
34.134B 44.97 22.50 6.54 9.11 0.72
34.449A 44.98 22.97 9.65 9.65 1.00
34.449B 44.98 21.87 5.73 8.34 0.69
34.763A 44.97 22.96 7.50 9.63 0.78
34.763B 44.97 22.64 5.05 8.48 0.60
34.133A 44.98 22.38 6.73 6.73 1.00
35.133B 44.98 22.15 6.80 7.80 0.87
35.533A 44.98 23.44 7.60 9.11 0.83
35.533B 44.98 21.84 6.12 8.35 0.73
35.860A 44.98 22.06 10.01  10.67 0.94
35.860B 44.98 22.06 9.16 9.16 1.00
38.030A 44.98 22.85 8.06 9.85 0.82
38.030B 44.98 22.99 7.07 9.39 0.75
38.517A 44.99 23.28 7.12 7.12 1.00
38.517B 44.99 22.32 4.32 7.49 0.58
41.043A 44.91 22.86 9.97 9.97 1.00
41.043B 44.91 21.74 7.21 8.97 0.80
41.362A 44.92 22.72 9.04 9.42 0.96
41.362B 44.92 22.05 7.36 9.06 0.81

mean 7.42 8.80 0.84
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Figure 4.40: Comparison of the results from the direct tension tests and the Brazilian
tension tests. Note that the crack damage stress gives nearly the same tensile strength
value as the direct tensile test.

4.7 Application of the Griffith Locus

The Griffith crack damage locus can be readily applied to the rock surrounding an under-
ground opening. As the face of the opening approaches and passes the volume of rock which
eventually beconﬁes part of the tunnel surface, the principal stresses associated with this
rock will change significantly in both magnitude and direction. Stresses in excess of the
crack damage, 0.4, locus occurring at any period in the rock’s loading history around the
opening will result in a localized increase of damage to the rock and a corresponding loss
of cohesion. The degree of damage will be highest at the surface of the opening where con-
finement is zero and stress concentrations are greatest, and this damage will decrease with
increasing distance into the rock. From equations 4.15 or 4.16 it is clear that when o3 = 0
the frictional component of the rock’s strength plays essentially no role in determining the
strength around an underground opening. The strength, is determined by the cohesion

which is a function of crack damage. Hence the strength around an underground opening,
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in a high stress environment, will be lowest at the tunnel surface. In such situations, back
analysis of the failed or damaged openings would suggest much lower strength than that
found from routine laboratory testing. For our test results the cohesion loss was greater
than 50% of the unconfined compressive strength. This low strength material would only
be present in a local area around the tunnel which has experienced the damage and the
rock mass outside this damaged zone would still have the undamaged strength.

This concept of cohesion loss through damage would imply that the failure envelope
for damaged rock around a tunnel would be quite different from that normally assumed.
Figure 4.26 showed the three failure envelopes, one for peak strength, one for the initial
crack damage and one for the crack damage threshold. Earlier it was shown that when
o3 = 0 the peak strength is a function of time, and that even for short periods of one day
cannot be relied on. It is assumed that this would also apply when o3 > 0, although the
time to failure would probably increase. Thus it is proposed that when the stress level has
not exceeded the initial crack damage stress, i.e.,, w = 0, the true strength of the intact
rock mass is given by the initial crack damage envelope. In the damaged zone, i.e. w > 0,
near the tunnel wall where o3 ~ 0, the strength would equal the crack damage threshold.
However, where o3 > 0 and damage has not occurred, i.e., w = 0, the initial crack damage
strength would still be available. Thus the failure envelope would be extremely steep in
the region close to the tunnel wall (see Figure 4.41). Hence the traditional failure envelope
would not apply in such circumstances.

A similar analogy to the one above could be used to explain the sample disturbance
phenomenon described in Section 2.3. It was shown in Section 2.3 that sample disturbance
causes a loss in strength (cohesion) of the samples taken from the 420 Level of the URL
and that this loss in cohesion is progressive with depth from the surface. Hence, by plotting
the crack damage stress of samples taken from the three in situ stress domains at the URL
one should be able to map the Griffith locus of the damaged samples. The crack damage

stress of samples from the three stress domains is plotted in Figure 4.42. It is clear from
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Figure 4.41: Proposed in situ failure envelope for damaged rock around an underground
opening.
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Figure 4.42: Calculated Griffith locus compared with crack damage locus obtained from
uniaxial tests on samples from different depths.

Figure 4.42 that the crack damage stress obtained from the samples is very similar to the
predicted Griffith locus. The sliding portion of the Griffith locus is not available from the
samples and it is suggested that this portion of the locus may coincide with core discing.
It was illustrated in Figure 4.1 that the crack volumetric strain could be determined from
the measured axial and lateral strains. It was also shown in Figure 4.1 that if a sample
contains an initial crack density, this crack volume is reflected in the crack closure portion of
the crack volumetric strain. The initial crack volumetric strain was determined on samples
obtained from the three stress domains at the URL. Figure 4.43 is a plot of the initial crack
volumetric strain calculated for each sample versus the corresponding unconfined crack
damage stress for that sample. At present there is no way to relate crack volumetric strain
to crack length without making many assumptions related to the shape of the cracks. As
a first approximation, the relationship between crack length and the crack damage stress
given in equation4.15, for an unconfined sample, is also plotted in Figure 4.43. The results
are encouraging and indicate that a relationship may exist between crack volumetric strain

and crack length. However, before any conclusions can be drawn considerably more testing
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Figure 4.43: Crack damage stress versus crack volumetric strain compared to the predicted
change in strength (crack damage stress) versus crack length.

would have to be carried out.

4.8 Summary

The progressive failure of Lac du Bonnet granite has been demonstrated by damage-
controlled testing. It is well known that the strength of intact rock is made up of two
components, cohesion and friction. It is proposed that as the granite is loaded in com-
pression its strength is derived from only the cohesion component. When the load exceeds
the cohesion, which occurs at about 0.7 to 0.85 ( ~ 0.8 in Figure 4.29) of the compressive
strength, the strength now consists of a reduced cohesion and mobilized friction. However,
as friction is mobilized some of the initial cohesion is lost. This concept of cohesion loss is
well recognized in soil mechanics [115] and has also been suggested by Charlez [27] for rock.

The loss in cohesion was traced using the crack damage locus. The locus of cohesion,
at various stages in the failure process was Ihapped by determining the stress level required
for the onset of sliding (0.4). Initially, in an undamaged sample and at the onset of sliding,

the strength of the sample consists of 100% cohesion. At this stage friction is not mobilized
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in the sample. With increasing loads above this initial cohesion limit, the sample becomes
damaged. This damage results as sliding occurs along preferred planes within the sample.
As a result of this mobilization of friction, cohesion is rapidly lost, such that by the time
the sample reaches its peak strength the cohesion has decreased to a threshold value. At
this stage the strength of a uniaxial sample is composed of ~ 30% cohesion and ~ 70%
friction. With further damage beyond the peak strength, i.e., more sliding, the frictional
component of the strength also decreases rapidly. By the end of the test the frictional
strength component reaches its residual value, which corresponds to a friction angle of
= 42°.

The crack damage locus was modelled using the Griffith locus based on a sliding crack.
The predicted loci agreed very closely with the measured crack damage loci obtained from
the damage-controlled tests. This agreement between the predicted and measured loci
supports the notion that the crack damage stress can be used to predict the onset of sliding

and must therefore also represent the cohesion limit in the sample.



Chapter 5

Failure Around Openings in
Massive Rocks

In Chapter 2 it was shown that the in situ stresses on the 420 Level of the URL were
relatively uniform and that the rock mass was homogeneous, massive and fracture free.
Thus elastic analyses of openings on the 420 Level should provide an accurate estimate of
the tangential stresses on the boundary of the excavations. The stability of the tunnels on
the 420 Level can then be assessed by comparing the calculated stresses to the unconfined

compressive strength of the rock.

5.1 Initial Back-Analysis of the 420 Level Tunnels

The excavations on the 420 Level were created using full-face drill and blast techniques and
are shown in Figure 5.1. In addition to the drill and blast excavations, a special 3.5-m-
diameter test tunnel was also excavated using a combination of line drilling and mechanical
rock breaking using hydraulic splitters [122]. The major excavations, called Rooms, on the
420 Level have been aligned with the general direction of the principal stresses, such that
Room 405 and the test tunnel are parallel to o2, and Rooms 409 and 413 are parallel ;.
The design excavation profiles for Room 405 and Room 413 were analysed using the
boundary element program Examine?®. The maximum tangential stress on the boundary
of the excavation, obtained from the numerical analysis, was 130 MPa for Room 405 and

110 MPa for Room 413 (Figure 5.2). The excavation geometry used in the modelling has

141
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Figure 5.1: Layout of the excavations on the 420 Level of the URL and the locations of the
profiles used in the numerical stress analyses.
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some influence on the stress magnitudes, hence extreme stress magnitudes concentrated at
sharp corners in Figure 5.2 should be ignored.

The excavations were carried out using drill-and-blast techniques. Hence, drill-hole
traces or half-barrels on the perimeter of the excavation mark the as-built profile of the
excavation. The lack of half-barrels indicates either the rock was damaged during blasting
or the rock has failed since excavation. Traditionally there are no half-barrels found on the
floor of the excavations at the URL because additional blasting agent is placed in the floor
blast holes to “lift” the muck, resulting in increased blast damage to the excavation floor.
However it is routine at the URL to maintain all the half-barrels on the walls and roof of
the excavation. Figure 5.3 shows the half-barrels found in Rooms 413 and 405. Room 413
was excavated parallel to o1, and it was subjected to a maximum in-plane stress ratio of
3.4. The half-barrels are visible nearly everywhere around the perimeter (Figure 5.3) except
at one location in the roof. Thus, very little failure has taken place in Room 413. In Room
405 however, the perimeter blast hole traces (half-barrels) are only observed on the side
walls and the roof contains the classic v-shaped notch characteristic of spalling failure. The
in-plane stress ratio for Room 405 is 3.9.

The spalling failure observed in Room 405 was found in all tunnels excavated parallel
or near parallel to Room 405, i.e., parallel to o5. The stable conditions found in Room 413
were also found in all excavations on the 420 Level parallel to Room 413, i.e., parallel to
o1. The difference in magnitude between o1 and oy is only 7 MPa, yet the difference in
excavation response is dramatic.

In Section 2.3 it was shown that the samples from the 420 Level are not representative of
in situ conditions because of sample disturbance and that the properties of Lac du Bonnet
granite from Cold Spring Quarry are probably close to in situ conditions. In Chapter 3
the long-term strength of Lac du Bonnet granite from Cold Spring Quarry was given as
161 MPa after one year [140]. However, it was shown in Chapter 4 that the cohesive

strength of Lac du Bonnet granite is about 0.7 of the short-term unconfined compressive
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Figure 5.2: Results of the stress analysis for Room 413 and Room 405. The maximum
tangential stress for Rooms 405 and 413 is 130 MPa and 110 MPa, respectively.
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Figure 5.3: As-built profiles of Room 413 and Room 405. Note the classic v-shaped notch
in the roof of Room 405 indicating spalling-type faliure.

strength o¢, (220 MPa) or about 155 MPa. Hence, the long-term unconfined strength in
situ, oc,,, will be taken as 150 MPa which is slightly lower than the lowest failure load of 155
MPa found by Schmidtke and Lajtai [140]. This is considerably lower than the short-term
unconfined compressive strength, ., of 220 MPa which is considered representative of Cold
Spring Quarry samples. The O¢, value of 150 MPa, is also very close to the unconfined
compressive strength of “disturbed samples” from the 420 Level of the URL.

If we compare the calculated, maximum tangential stresses on the boundaries of Rooms
405 and 413 to the in situ strength value, o, of 150 MPa, one could safely assume that
the tunnels are completely stable. Unfortunately, this is not the case as described above.
If we take the tangential stress of 110 MPa for Room 413 as the limiting stress for failure
we would conclude that the strength around the underground openings at the 420 Level of
the URL is ~ 0.50, or ~ 0.70,,,.

Pelli et al. [125] also concluded from their analysis of the Donkin-Morien tunnel, a 7.6
m-diameter tunnel excavated in massive sedimentary rocks, that the strength in the local
failure zones around the tunnel was about 0.5 to 0.60.. Similar findings have been reported
elsewhere [117, 69], although in those cases it was not clear that the rock masses were free

of fractures. Thus it appears that the experience at the URL is not unique, in that, failure
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around the underground openings at the 420 Level occurs when the tangential stress around
the openings is well below the short-term unconfined compressive strength, o..
In the next section,the tunnelling experience at the 420 Level of the URL is compared

with the tunneling experience from South Africa in massive brittle rocks.

5.2 South African Experience

Several attempts have been made in South Africa to quantify the stability of underground
openings in massive brittle rock. Ortlepp et al. (123] used a simple far-field stress criterion
and showed that for the case of 3- to 4-m diameter tunnels in quartzites minor spalling was
first observed when the maximum far-field stress exceeded 0.2 of the uniaxial compressive
strength (o.) and that heavy support was required if the far-field stress exceeded 0.4 of
the uniaxial compressive strength. In the case of a circular tunnel in a hydrostatic far-field
stress conditions the tangential stress concentration factor for the stress at the boundary
of an excavation is 2. Here spalling will initiate when the tangential stress reaches about
0.40,.

Wiseman (see [151]) improved on this criteria by using the maximum and minimum in-
plane stresses acting on the excavation and the uniaxial compressive strength to determine

a relationship between the stress concentration factor (SF) and strength where

SF=3O’1—0’3 (51)

Oc

Wiseman noted that if the stress concentration factor exceeded 0.8 the amount of spalling
around an excavation increased rapidly. At the excavation boundary o3 = 0 and Wiseman’s
criterion for spalling initiation reduces to o1 = 0.250,.

Stacey [128] developed an extensional strain criterion to predict the failure based on
(0‘3 - l/(0‘1 -+ 0’2) (5.2)

where E is the Young’s modulus and v is Poisson’s ratio.
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This gives a linear failure envelope similar to Mohr-Coulomb with the cohesion given in
terms of E and v. Stacey noted that the critical extensional strain at failure, €., could be
found in laboratory samples by plotting axial strain against lateral strain. Stacey noted that
such a plot produced an inflection point which represented the critical strain. Figure 5.4
is a plot of the axial and lateral strain for a sample of Lac du Bonnet granite from Cold
Spring Quarry. Unfortunately it is difficult to determine an inflection point in this plot.
Nonetheless Stacey was simply pointing out that crack initiation is first registered by the
lateral strain gauge and not by the axial gauge. Thus under ideal conditions, i.e., the
sample is essentially crack free, it may be possible to determine the crack initiation point
by plotting the strains as Stacey suggested. It was demonstrated in Chapter 4 that the
crack initiation stress can be easily determined by calculating the crack volume as shown
in Figure 4.1. Stacey’s values for critical strain typically occurred at 1/3 of the maximum
strength obtained from the uniaxial compressive strehgth test, which implies that around
the boundary of the opening failure would be observed at about 0.30,.

What is most interesting from the three South African criteria noted above is that all
three indicate that spalling around an excavation will oceur if the boundary stress is greater
than about 1/4 to 1/3 of the uniaxial compressive strength.

Hoek and Brown [75] compiled case histories from South Africa where sidewall failures
were observed in square tunnels in massive quartzite. They developed a simple classifica-
tion based on the ratio of the far-field maximum stress (o1) to the short-term unconfined
compressive strength oc. A 01/0. = 0.1 represented a stable unsupported tunnel, whereas
a 01/0. = 0.5 represented possible rock burst conditions. Sidewall spalling was found to
occur when o1/0, > 0.2. Their results are summarized in F igure 5.5. The stability of

the openings on the 420 Level of the URL was assessed using the South African criterion
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Figure 5.4: Plot of axial strain versus lateral strain for a sample of Lac du Bonnet granite
from Cold Spring Quarry.

of Hoek and Brown, with ¢, = 220 MPa and the in situ stress o;=>55 MPa, which gives
01/0c = 0.25. Thus, according to this criterion the openings on the 420 Level of the URL
should experience minor to severe spalling (Figure 5.5) which agrees with the 420 Level

observations.

5.3 Failure Processes in Physical Models

It is clear from the South African experience and from the experience at the URL, that
the stability of underground openings cannot be assessed by comparing the laboratory
unconfined compressive strength to the calculated tangential stress. In Chapter 3 it was
shown that the strength around circular openings in the laboratory matches quite well the
short-term unconfined compressive strength. Thus it appears that the laboratory tests do
not replicate the loading path followed by the in situ rock mass. However, before this aspect
is explored, it is instructive to examine the fracture patterns that develop around circular
openings in laboratory physical model tests.

The stress distribution around a circular opening [84], for the conditions in Figure 5.6,

is given by
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Figure 5.5: Stability of square tunnels in very good quality massive quartzite (after [75]).

o = B (1 )+(1-K)(1+3-g-;)cosze]
o = §1+K)(1-%)-(1-K) (1 - 4% +3%) cos 26] (5.3)
§1(1—K) (1+2% - 3%) sin 2]

At the boundary of the opening r = a, and equation 5.3 reduces to

Trg =

o9 = pl(1+K)+2(1- K)cos26]
Orr = 0 (54)
e =
Thus, for the unconfined case K = 0 and the tangential stress at the zone of spalling in the
sidewall is 3p and the tangential stress in the zone of tension in the roof is —p.
The failure process around the an underground opening in brittle rock is usually de-
scribed as spalling or slabbing, and the shape of the failed zone is commonly called, well-
bore breakout, “dog-ear” or v-shaped notch. Researchers [72, 54, 55] using physical model

studies demonstrated that the spalling fracture initiates a complex process of progressive
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Figure 5.6: Notation for equations 5.3 for a circular opening in a biaxial stress field.

failure which can lead to the collapse of an opening. This failure process occurs in the zone
of maximum compression around the opening and is the process mostly common observed in
underground openings. However, investigations in the laboratory have identified two other
types of fractures around circular openings: tensile or primary fractures and secondary or
remote fractures (Figure 5.7). Hoek [72] carried out biaxial compression tests on chert and
noted all three types of fractures around a 19 mm diameter circular opening. Hoek [72] also
demonstrated that the primary fracture only propagated a short distance from the opening
because the stresses at the tip of this fracture become compressive a short distance away
from the opening. However, the initiation and propagation of the primary fractures do cause
local stress redistribution which means that it is not possible to predict the final fracture
configuration from an examination of the elastic stress distribution around the unfractured
opening. Hoek found that the remote fractures form after the primary cracks initiate and

are found in the regions of tensile stress. Hoek suggested that these remote fractures result
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Figure 5.7: Types of fractures found around circular openings in laboratory model tests.

from the stress redistribution caused by the primary fractures.

Hoek [72] found that the remote fractures occurred after the primary fractures but
before the sidewall fractures. However, other researchers (119, 99] have found that the
remote fractures occur after the sidewall fractures provided the samples are subjected to a
biaxial stress (Figure 5.8). Carter et al. [25, 22] also found, for the unconfined case, that
the remote fractures occur before the sidewall fractures. The unconfined model studies
reported in Chapter 3 also support the notion that the remote fracture occurs after the
primary fracture has developed but before the spalling fracture initiates (see Table 3.3).

One block of Lac du Bonnet granite from the 420 Level of the URL was tested with
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in laboratory model tests at low confining stress. The “x” pattern at the sidewall of the

opening denote the area where crushing occurred (after (99]).
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a confining stress close to the 14 MPa minimum stress found in situ to investigate the
formation of fractures around a biaxially loaded opening. The block dimensions had to be
selected taking regard of the limitations of the 5.3 MN capacity loading frame. Hence the
opening diameter was also constrained in size, because the distance from the opening to
the edge of the block needed to be sufficient to minimize boundary effects. Based on the
results from the unconfined tests a hole diameter of about 60 mm produced only modest
scale effects. These constraints gave a block dimension of 343 x 345 x 103 mm with a hole
diameter of 60.7 mm (Figure 5.9). The block was biaxially loaded but unconfined in the
direction perpendicular to the opening axis and the strain gauges used to detect sidewall
spalling and tensile fracturing placed inside the opening.

The block was initially loaded by increasing the axial load and the confining load simul-
taneously to 15 MPa. The confining stress was maintained at 15 MPa using a manually
operated hydraulic ram as the axial load increased. The deviatoric load on the block at
which spalling initiated was about 66 MPa (Figure 5.10). Using equation 5.3, the stress
at the sidewall of the opening where failure is occurring is about 228 MPa. This value
is about 1.5 times greater than the unconfined compressive strength of 149 MPa given in
Table 2.3 for the 420 Level granite. This is in keeping with the maximum scale effects found
in the unconfined model study for a 60 mm diameter hole (see Figure 3.15). It should be
noted however, that the 66 MPa deviatoric load represents the initiation of yielding and
that the sample was subjected to deviatoric loads greater than 110 MPa without collapsing
the opening. At a deviatoric load of 86 MPa. sidewall spalling was clearly visible. The final
shape of the opening is given in Figure 5.11.

The strain gauge pattern used to monitor the sample provided sufficient information
to determine the sequence of fracturing while applying the load. An example of the strain
gat.lge response is given in Figure 5.12. In this case the remote fractures occur after the side-
wall spalling. This is opposite to the situation for the unconfined blocks where the remote

fractures occur before the sidewall spalling. The major difference between the unconfined
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Figure 5.9: Test set up for confined block (03 = 15 MPa) of Lac du Bonnet granite taken
from near the entrance of the Mine-by test tunnel at the 420 Level of the URL.
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Figure 5.10: Tangential strains versus the deviatoric loads for a block with o3 = 15 MPa.
See Figure 5.9 for the the strain gauge locations.

Figure 5.11: Shape of the opening after axial loading to 110 MPa. Sidewall spalling initiated

at axial loads of 66 MPa but collapse of the opening did not occur. Note the characteristic
“dog ear” shape of the zone sub jected to sidewall spalling.
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Figure 5.12: The fracture sequence found during the testing of the confined sample. Note
that the remote fracture occurs after the sidewall spalling.
and confined tests is that in thg confined case the primary fractures only extend a short dis-
tance, about la, beyond the opening whereas in the unconfined blocks the primary fracture
extends about 4a. Thus, the stress redistribution caused by the primary fractures plays
a role in controlling the sequence of the remote and sidewall fractures. These laboratory
results may explain why remote fractures have not been reported found in situ.

The model studies carried out on samples of Lac du Bonnet granite illustrate two im-

portant points.

e The strength around the circular openings, in both the confined and unconfined tests,
is slightly above the measured short-term unconfined compressive strength and there-

fore offers no solution to the observed stability issue discussed earlier.

o The occurrence of fracture patterns around an underground opening may be influenced

by local stress redistribution caused by the formation of the first fractures.

In the laboratory the fracture patterns are mapped by strain gauges. However, in situ
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other techniques, such as microseismic monitoring, are used to map fracture locations. In
the next section, this technique was used to locate fractures around a circular tunnel on the

420 Level.

5.4 Microseismic Monitoring

It is well known that cracking, i.e., damage, occurs around an opening excavated in a highly
stressed brittle medium [35, 34]. Two examples, of extreme scales, are the process zone
around the tip of an advancing crack [127, 94] and the cracking associated with deep-level
mining [1, 85]. The energy released by this cracking process underground is referred to as
excavation-induced seismicity. Earlier work at the URL had established that considerable
microseismic activity was associated with the sinking, by drill and blast techniques, of a
circular shaft from the 240 Level to the 420 Level [149]. In order to determine if the
microseismic activity was caused by the blasting or simply related to stress redistribution,
a test tunnel for the Mine-by Experiment was excavated without the use of blasting on the

420 Level of the URL.

5.4.1 Test Tunnel Excavation

The 3.5-m-diameter test tunnel had a circular profile and was excavated parallel to o9
(Figure 5.13). This configuration provided the maximum stress concentration in the roof
and floor of the tunnel. The tunnel was excavated in 1-m and 0.5-m increments (Figure 5.14)
using perimeter line drilling and mechanical breaking of the rock stub [122]. Excavation of
each increment could be completed in two 8-h shifts, but experimental activities constrained
progress to 1 round about every 3 days. The temperature of the test tunnel was maintained
at the ambient rock temperature of 10.5°C 40.5° and > 90% relative humidity by an air
conditioning unit. Extensive state-of-the-art geomechanical instrumentation was installed
prior to the start of the excavation, and was used to monitor the complete mechanical

response of the rock mass around the tunnel (129].
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Figure 5.13: Location of the Mine-by test tunnel and the microseismic triaxial accelerome-
ters on the 420 Level.
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Figure 5.14: Vertical cross section through the test tunnel showing the location of microseis-

mic triaxial accelerometers and the location of Rounds 8 and 13. The spatial distribution
of the accelerometers can be seen in F igure 5.13.
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The Mine-by test tunnel was excavated over a six month period. Failure in the roof and
floor was observed immediately as each excavation round was taken and progressed as the
test tunnel was advanced. Figure 5.15 illustrates the development of the notch in the roof
over about a five month period. The progressive development of the notch in the floor is
not available because the floor always contained “tunnel muck” until the tunnel advance
was completed. However, the final shape of the notch in the floor is very similar to the
notch in the roof. The dates given in Figure 5.15 do not reflect the actual times required
for the notch to develop but the dates of the actual notch survey. The thickness of the
spalling slabs which created the notch varied from a few mm to tens of mm and there did
not appear to be any preferred direction of slabbing, i.e., the slabs formed on both sides
of the notch. Regardless of the process causing the notch development the orientation and
geometry of the notch was consistent from the start of the test tunnel to the end of the test

tunnel and this orientation is consistent with the 14° plunge of ) (Figure 5.16).
5.4.2 Microseismic Events and Observations

An array of 16 triaxial accelerometers was also installed to monitor the microseismic events
associated with the excavation [111]. The accelerometers, with a frequency response from
50 Hz to 10 kHz (+3 dB), were grouted in place at the end of diamond-drilled boreholes
(Figure 5.13). The accelerometer array was designed for focal sphere coverage and a source
location accuracy of about £0.25 m near the centre of the tunnel. The sampling rate was
set to 50 kHz, allowing the study of seismic events with moment magnitudes as small as
-6. The sequencing of the construction schedule for the test tunnel provided about 12 h of
quiet time for monitoring after the initial perimeter drilling and about 12 h of quiet time
for monitoring after mechanical breaking of the rock stub. This provided a total of about
24 h of monitoring per round of tunnel advance.

Preliminary processing of the microseismic data was carried out in the field using auto-

mated source location computer software developed at Queen’s University [31]. Some 25000
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Figure 5.15: Progressive development of the notch geometry in the roof and floor of the
Mine-by test tunnel over a five month period.
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Figure 5.16: Mine-by test tunnel after excavation.

The notch geometry observed in the roof
and floor was caused by the spalling process.
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events were source located. Inspection of all 46 rounds showed similar trends. Figure 5.17
is an example of the spatial location of the microseismic events recorded at the end of
one round. Note the clustering of microseismic events in the areas where the spalling will
eventually occur.

A detailed analysis of Round 13, located near the centre of the tunnel, was carried
out by manual picking of the first P and S wave arrivals [111]. This process improves the
source location accuracy considerably. In addition to the microseismic data, detailed survey
information on the development of the notch geometry is also available for this round. The
location of Round 13 is shown in F igure 5.14.

The perimeter drilling was carried out in the pattern shown in Figure 5.18 for Round 13.
The perimeter drilling started at the bottom of the tunnel at point A, and went clockwise
to point B. The perimeter drilling then started at point A and went counter clockwise to
point C. During the perimeter drilling, cracking was commonly observed as the drilling
approached the roof where the maximum stresses were concentrated. Figure 5.18 shows the
47 microseismic events recorded over a 10-h period immediately after the perimeter drilling
was completed. During this period the events do not show strong clustering, although there
Is a slight grouping of events where the notch is eventually first observed. Note that the
first notch is near vertical, yet the stress orientation would suggest that the notch should
be off-centre by 14° (Figure 5.18). It appears that the sequencing of the perimeter drilling
may play some role in defining where the notch initiates.

After the initial microseismic monitoring period the rock stub shown in Figure 5.18 was
broken out, from the bottom to the top, using mechanical hydraulic rock splitters. This
process took about 6 h. After the rock stub was removed, 52 new microseismic events were
recorded during a 16-h monitoring period (Figure 5.19). These events show strong clustering
in the roof, slightly ahead of the existing notch and particularly where the notch eventually
occurred. Feignier and Young [51] analyzed the microseismic events from Round 3 of the

test tunnel and found, using a moment tensor inversion technique, that all of the events
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Figure 5.17: Location of microseismic events at the end of Round 8.

Note that cracking is
occurring ahead of and around the advancing face.
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Figure 5.18: Location of microseismic events at the end of perimeter drilling of Round 13.
Note the slight clustering of events in the roof where the first notch eventually appears.
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located where the notch eventually occurred were dilational (see Figure 5.14 for location of
Round 3).

It would appear that the concentration of induced seismic events near the tunnel face
is defining the region where the notch geometry will appear. This concentration of events
might be considered similar to the process zone ahead of an advancing crack tip [94]. Visual
observations during notch development indicate a process zone does develop at the apex
of the notch. Note that the dates in F igure 5.19 do not reflect the actual times required
for the notch to develop but the dates of the actual notch survey. The development of the
notch was related to the advancement of the tunnel and to the scaling carried out for safety
reasons. It should also be noted that the formation of the notch is not evident at the tunnel
face because of the 3D geometry, but starts forming about 0.75 to 1 m back from the tunnel
face, and is fully developed 2 m back from the face.

It should be noted that in the preceding discussion and in Figures 5.18 and 5.19, the
majority of the microseismic events are concentrated only in the roof of the tunnel. In fact
microseismic events also show the same clustering in the floor but it occurs after the tunnel
has advanced another round. Thus the clustering in the roof and floor is offset by about
1 m along the tunnel axis. This time lag for the floor events is due to the confining stress
provided by the weight of the tunnel muck in the floor.

Another feature of the excavation rounds investigated is the induced seismicity occurring
ahead of the tunnel face (Figure 5.19). Presumably this damage is occurring because of the
stress concentrations caused by the tunnel face. The moment magnitudes for the events
associated with Figure 5.19 ranged from -6 to -4 (Figure 5.20). It should be noted that
the microseismic events in Figures 5.19 and 5.18 are not the only crack related events
taking place around the test tunnel, but merely the events recorded by the 16 triaxial
accelerometers. For example, Carlson and Young [21] recorded, using 1 MHz transducers,
over 720 microseismic events in the sidewall of the test tunnel during a 13 h monitoring

period. Hence, the damage is probably associated with microseismic events that have a
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Figure 5.19: Location of microseismic events at the end of Round 13. Note the strong
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cracking occurring ahead of the face.
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Figure 5.20: Moment magnitudes for the microseismic events recorded at the end of Round
13.

wide range of moment magnitudes. Similar cracking has been observed in the deep mines
of South Africa [85], although the damage at the URL is small by comparison.

The microseismic monitoring has shown that cracking in the regions of maximum tan-
gential compression starts ahead of the advancing tunnel and continues until the tunnel]
stabilizes, i.e., until the spalling stops. Unexpectedly, no microseismic events were recorded
in the areas of tensile cracking or remote cracking as seen in the physical model studies.
Also, the tensile fracture was not visually observed on the wall of the test tunnel. It is
possible that the tensile strains in the sidewall of the tunnel are accommodated by existing
flaws such that no single tensile crack appears. Another possibility is that the damaged skin
has a E./F; = 2 [28] where E, is the Young’s modulus in compression and E; is the Young’s
modulus in tension. This could result in reduced tensile stresses. However, in the case of
the remote fracture it is likely that the stresses are simply not large enough to produce the
remote fractures in situ.

In Section 5.1 it was demonstrated that the strength around the underground openings

at the 420 Level of the URL is considerably less than that measured in the laboratory.
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However, it was also shown in Chapter 4, that the strength of intact rock is a function of its
loading history. For example, if the rock around an underground opening has been damaged
by the advancing tunnel, then according to the Griffith locus of sliding the cohesion of the
intact rock will be considerably less than that given by the undamaged samples. In the
laboratory testing program in Chapter 4 the cohesion was found to reduce to about 25% of
its initial value after small amounts of damage. It is now clear that considerable damage is
occurring around the underground openings at the 420 Level of the URL as the tunnels are

excavated.

5.5 In Situ Crack Initiation

The microseismic monitoring provides a means of determining where cracking is occurring
in situ. It also provides an opportunity to determine an in situ failure envelope. A three
dimensional stress analysis was carried out using Examine3P to determine the stress state
at the event source (Figure 5.21). Figure 5.22 shows the calculated stress magnitudes at the
microseismic events for Round 8 (see Figure 5.14 for location). The o magnitude at which
cracking is occurring is fairly low, about 73 MPa, and appears to be only slightly dependent
on 03. The laboratory testing showed that the crack initiation stress which was the first
sign of cracking in compression loading occurred at about 49 MPa and was only slightly
dependent on the confining stress (see Figure 4.14). The crack initiation stresses obtained
from the laboratory tests is also shown in Figure 5.22 and shows the same general trend as
the stresses calculated at the microseismic events but at a lower intercept. It was pointed
out in Chapter 2 that the samples from the 420 Level are disturbed. Hence, it is suggested
that the lower crack initiation stress in the laboratory, compared to the crack initiation in
situ, is caused by this sample disturbance, i.e., the in situ material is stronger.

The Griffith [60] failure criterion is one of crack initiation and is given by

(01— 03)2 = 8030y + o3) (5.5)
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Figure 5.21: Example of the Examine3P model used to determine the stress state at the
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face of the tunnel.
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Figure 5.22: The stress state at the microseismic events recorded for Round 8 from the
Mine-by test tunnel. The data are compared to the Griffith and Cook failure envelopes and
the o.; locus from the damage-controlled laboratory tests.

where o is the tensile strength. Hence the cracking events examined were not coming from
the notch but from events ahead of and very close to the tunnel face, consequently, this
cracking could be considered crack initiation. Figure 5.22 shows the Griffith failure envelope
for a tensile strength of 8.8 MPa. The Cook failure envelope, equation 4.14, is also provided
in Figure 5.22. In this case the friction component of the failure envelope is set to ¢ = 0 to
indicate that friction has not been mobilized. A crack length of 5 mm for the Cook failure
envelope gives a much better fit to the data than the Griffith failure envelope. The results
imply that only the cohesion portion of the failure envelope is affected by this cracking and
that this cracking is only slightly dependent on confining stress.

A similar analysis was carried out for Round 13 from the Mine-by test tunnel. In this
case the microseismic events were divided into two groups, the events which occurred ahead

of the tunnel, and the events which occurred around the tunnel. It should be noted that
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for both round 8 and 13 the events are all located with about £2 m of the tunnel face.
Figure 5.23 shows a similar pattern to F igure 5.22 and again suggests that the cracking
registered by the microseismic events is only affecting the cohesion component of the failure
envelope, i.e., friction is not being mobilized in this early stage of the failure process.

The stress analyses presented in this section show that the failure process begins by crack
initiation, and it appears that this initiation is only slightly dependent on confining stress.
This finding is in many way similar to the laboratory findings presented in Chapters 3 and 4
where it was also shown that crack initiation was the first stage in the failure process and
that it also was only slightly dependent on confining stress. It should also be noted that the
microseismic events, i.e., crack initiation, are located in the regions of maximum deviatoric

stress which are shown in Figure 5.24.

5.6 Mechanisms Causing In Situ Damage

Creating an underground excavation causes the rock near the face of the advancing exca-
vation to follow a complicated loading path. In many situations the maximum stress at a
point will increase, unload and subsequently increase again as the tunnel advances towards
the point and passes it, while at the same time the minimum stress goes to zero. The
loading path near the tunnel face cannot be duplicated in the laboratory at any reasonable
scale because in addition to the change in stress magnitude near the face the principal
stress directions are also changing. In the preceding section it was shown that cracking is
occurring around the face of an advancing tunnel. In this section two possible factors are

explored to explain the causes for the in situ cracking: face effects and stress rotation.

9.6.1 Face Effects

Numerical analyses using the three dimensional boundary element programs MAP3D [157]
and Examine3P [36] were carried out to investigate the change in stress magnitude near the

face of an advancing tunnel. All numerical analyses were carried out on a 486 PC and the
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Figure 5.23: The stress state at the microseismic events recorded for Round 13 from the
Mine-by test tunnel. The data are divided into events that occurred ahead of the tunnel
face and events that have occurred near the the tunnel, and compared to the Griffith and
Cook failure envelopes.
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data processing carried out using the commercial software Mathematica™ [160]. The first
step was to establish the numerical parameters required to provide a reasonably accurate
solution. A flat face tunnel creates singularities near the face, consequently the number of
boundary elements and the distance from the excavation boundary dictate the accuracy of
the solution. The circular geometry of the Mine-by test tunnel also provides an analytical
check on the accuracy of the results for the plane strain case, which occurs about 1 to 2
diameters away from the face. Thus for the test tunnel the maximum tangential stress
concentration at the boundary of the tunnel, for plane strain conditions, is 151 MPa using
01 = 55 MPa and o3 = 14 MPa (see Table 2.2) and equation 5.3. The complete stress
distribution around the tunnel is given in Figure 5.25.

The numerical model used to simulate the tunnel advance is shown in Figure 5.26.
Figure 5.27 illustrates the change in principal stress magnitudes at a point A as the tunnel
face approaches and then advances beyond the point. Approximately 200 data points were
extracted from the numerical analyses to produce each line in Figure 5.27. For this case
the numerical accuracy was sacrificed, as shown by the o3 > 0 inside the tunnel near the
tunnel face. The objective of this exercise was to only identify areas with the greatest stress
changes, consequently this was considered acceptable. It is clear from Figure 5.27 that the
face causes the stress magnitudes to increase and decrease at all positions around the tunnel
boundary. However, it is only in the roof that the o, magnitude increases to a greater value,
after the tunnel has passed by, than that which occurred at the face. The microseismic data,
showed that most of the cracking was occurring in the roof of the test tunnel, consequently
a more accurate analysis was carried out at the maximum stress concentration in the roof.

For this case, the same geometry was used as shown in Figure 5.26, with lines at 10,
100, 200 and 300 mm into the tunnel roof. However in this case the element density was
increased such that at 10 mm from the boundary of the tunnel the maximum tangential
stress was about 150 MPa which is very close to the plane strain analytical solution of 151

MPa. Figure 5.28 shows the results from this analysis and clearly indicates that a sharp
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Figure 5.25: Two-dimensional stress distribution around the 3.5-m diameter test tunnel.
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rise in o1 occurs at the face position at 10 mm from the tunnel boundary. However, at
100 mm from the tunnel boundary this stress spike is essentially absent and o, shows only
a gradual increase from the far-field magnitude of 55 MPa to the plane strain condition.
Thus it seems likely that the stress spike seen at 10 mm is only an artifact of the stress
singularity caused by the flat face.

In Chaper 4 the damage to the laboratory loaded samples did not occur until after
the cohesion, i.e., the initial o.4, of the material was exceeded. Thus, based on an in
situ strength (cohesion) of 150 MPa this would occur only as the tangential stress around
the tunnel reached the plane strain conditions of 151 MPa. In Figure 5.28 plane strain

conditions are reached at about 1 diameter away from the face or at 3.5 m in the case of
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Figure 5.29: Section through the Mine-by test tunnel showing the location of the initiation
of failure and the oy contours. Note that the failure starts when the maximum tangential
stress is about 80 to 100 MPa.

the test tunnel. However, as shown in Figure 5.29 failure actually initiates (based on visual
observation) much closer to the tunnel face, where the maximum tangential stress is in the
range of 80 to 100 MPa. This visual observation is also supported by the microseismic
events which shows that the notch develops within about 0.5 m from the tunnel face (see
Figure 5.19). Thus it is suggested that some other mechanism must be responsible for

degrading the rock strength near the tunnel face.
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5.6.2 Stress Rotation

The tunnel face not only causes the stress tensor to change in magnitude but it also causes
the stress tensor to rotate. New analyses were carried out using the boundary element
program Examine3P to investigate stress rotation. As before the number of boundary
elements was optimized to give the plane strain solution of 151 MPa for the maximum
tangential stress. In this case lines with 200 monitoring points were selected parallel to the
tunnel axis at the 0°, 20°, 40°, 60°, 80° and 90° (roof). The results are given in Figures 5.30
and 5.31. Only the rotation of o3 is plotted in Figures 5.30 and 5.31 because any crack would
grow in the plane perpendicular to o3. Thus, the rotation of o3 represents the rotation of
the pole normal to the crack surface.

Figures 5.30 and 5.31 indicate that rotation of 03 occurs everywhere around the tunnel.
However, in the roof the rotation ahead of the face is at a maximum and a rotation of
about 23° occurs. Wu and Pollard [161] conducted tensile tests on a, brittle material to
investigate the influence of the orientation of existing cracks on crack growth in tension.
By rotating the applied tensile stress relative to the orientation of the existing cracks they
demonstrated that the existing cracks influenced the growth of new cracks (Figure 5.32).
They also demonstrated that by simply keeping the stress constant but rotating its direction
they could generate crack patterns in different directions (Figure 5.32). At rotation angles
from about 0 to 45° the new cracks tended to grow from the tips of existing cracks. Beyond
45° two separate fractures formed. Thus, it is suggested that because the o; magnitude
starts increasing, above the crack initiation stress of & 70 MPa, and rotating near the
tunnel face, a similar form of crack growth could be occurring close to the tunnel where
the microseismic activity was recorded. This form of crack growth would result in a loss in

cohesion of the rock strength, because it is causing the crack length to extend.
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Figure 5.32: Illustration of the influence of existing cracks on the orientation of secondary
crack growth, after [161).

5.6.3 Combined Stress Rotation and Face Effects

The stress analyses above have indicated that the advancing face of the Mine-by test tunnel
is subjected to a complicated loading path, involving both increasing and decreasing stress
magnitudes, and stress rotation. A series of 3-dimensional stress analyses was carried out
to follow the loading path of various reference points ahead of the tunnel and as the tunnel
advances towards and passes the reference point (Figure 5.26). In each case, the reference
point starts 10 m ahead of the tunnel and is referred to as the “far-field” and its stress path
is followed until the tunnel has passed the reference point by 10 m and is referred to “Inside
tunnel”.

As shown previously the maximum tangential stress occurs in the roof where failure is
observed. Figure 5.33 illustrates the stress path for a point 10 mm from the tunnel boundary

in the roof. Also shown on Figure 5.33 is the peak strength failure envelope of the URL
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near-surface granite (Figure 3.3), the peak strength failure envelope from the URL 420 Leve]
granite (Figure 4.26), the crack damage threshold envelope (Figure 4.26), the crack initiation
line from the microseismic monitoring (Figure 5.22) and the crack initiation line from the
laboratory testing (Figure 4.14). Figure 5.33 indicates that the loading path occurring at
the point in situ exceeds even the laboratory crack initiation stress. Figure 5.33 also shows
that the loading path does not exceed the peak failure envelope of the 420 Level granite,
although the 150 MPa tangential stress is very close to the failure envelope. However, failure
is first observed when the loading path reaches point B in Figure 5.33 or about 100 MPa,
as described previously. At this point, when o) reaches 100 MPa, the loading path is well
above the crack damage threshold. However, from the damage-controlled testing program
described in Chapter 4, recall that the only way to create the crack damage threshold was
to do damage to the rock at stress levels above its cohesion strength of 150 MPa. Thus, in
order to apply the crack damage threshold as a failure criterion the loading path for the rock,
at some point in its loading history, must have exceeded 150 MPa. From Figure 5.33 this
only occurs after failure is observed, i.e., failure is observed long before the loads reach the
critical value of 150 MPa. It appears that the rock in situ is damaged but that the damage
is not created by loads exceeding 150 MPa. It is suggested that the damage occurs because
the loads are above the crack initiation stress and are rotating, as described previously.
Thus, the rotation angle of o3 relative to its orientation at the far-field reference point is
also determined and shown adjacent to the loading path.

Figures 5.34 and 5.35 illustrate the stress path for three points, one at the maximum
compressive stress in the roof, one at the sidewall located at 60° from o) and one at the
sidewall located 0° from o,. The effect of the tunnel face » as the reference point is passed,
is shown on Figure 5.34 and 5.35 where loading path moves sharply to the right and sub-
sequently sharply to the left. It should be noted that some of the high stress magnitudes
near the tunnel face result from the stress singularity caused by the tunnel face. Also shown

on Figures 5.34 and 5.35 is the crack initiation envelopes and the crack damage threshold
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described above. Examination of Figures 5.23 reveals that at all positions around the tunnel
the stress path exceeds the crack initiation envelope and the crack damage envelope. Thus
if failure is defined by the crack damage stress then failure should be observed every where
around the tunnel. However, as shown in Figure 5.15 failure is only observed over a small
region of the tunnel perimeter. Therefore the crack damage envelope, alone cannot be used
to define the limits of failure. The major reason for the limited failure zone may be the
combination of stress rotation and loading path. The major difference between the sidewall
and the roof is that it is only in the vicinity of the roof, where the loading path reaches its
maximum stress, that the stress direction goes through a complete cycle of rotating to its
maximum of 25° at the tunnel face and then rotating back, almost to its original direction.
It is proposed that this reversal of the rotation angle is responsible for the crack damage
because now the increasing stress can take advantage of the cracks initiated at lower stresses
and different orientations. In effect the maximum stress initiates a crack at about 70 MPa
and then inclines the crack relative to its direction and exploits the plane of weakness it
initially created.

Similar stress analyses, to those described above, were carried out at distances of 0.25
m and 0.5 m from the tunnel boundary. These results are given in Figures 5.36 and 5.37. It
is clear from Figﬁres 5.36 and 5.37 that from 0.25 m and beyond from the tunnel boundary
the loading path exceeds the crack initiation stress but remain well below the crack damage
stress. Interestingly, the stress rotation has decreased to less then 10° at 0.5 m. Thus at
0.5 m from the tunnel boundary it is not likely that the rock strength has been degraded
from its in situ value by the advancing tunnel face.

The conclusion that the damage around the Mine-by test tunnel only extends to about
0.5 m from the tunnel boundary is in part supported by the microseismic data and by the
depth of the notch in the roof. If we use 0.5 m as the limit of the damaged rock then the
notch depth would be 2.25 m from the centre of the tunnel or 1.3a, where a is the tunnel

radius of 1.75 m. Figure 5.15 shows that the notch does grow to a depth of 1.3a.
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5.7 Failure Process Observations

The excavating method used in the Mine-by test tunnel allowed detajled inspection of the
failure process. In Section 5.4.1 the microseismic monitoring indicated where damage was
concentrated around the tunnel. Once the tangential stress at the boundary of the tunnel
reaches the strength of this damaged material the failure process commences. The spalling
process generally started at a distance of about 0.5 to 1 m back from the face where the
tangential stress is about 100 MPa. Initially the spalling zone is relatively small, measuring
only about 100 to 200 mm along the tunnel perimeter. The material in this zone turns a
milky colour when it starts to fail as if the material is being crushed. The process continues
until plane strain conditions are reached down the tunnel. This intervening period is the
most violent time in the tunnel advance. Once plane strain conditions are reached the
violent spalling quickly decreases. Stability is eventually achieved, although the process
may take several months.

One of the observed phenomena which is consistently associated with the spalling process
is the “process zone”. The process zone is the crushed zone referred to above and the
intensely crushed material within this zone gives rise to considerable dilation (Figure 5.38).
Initially, this process zone seems only to provide a nucleus for the initiation of the notch
and the dilation is accommodated by small flakes of material, < 50 mm in diameter, falling
from the crushed area. However, as the notch develops the process zone is more contained
at the notch tip and the dilation now expresses itself as small-scale buckling at the tip of
the notch (Figure 5.39). The small-scale buckling has been observed to take several weeks
to several months to develop and is generally observed as the notch becomes stable.

Another failure process initiated by the development of the process zone is curved slab-
bing (Figure 5.38). In this case it appears as if the curved slabs form as the process zone is
growing. This slabbing might be considered equivalent to core discing, i.e., each core disc

forms as the drill bit is advanced a certain distance, only in this case the drill bit is the
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Figure 5.38: Illustration of the process zone at the tip of a notch.

Figure 5.39: Photo of the buckling observed at the notch tip. Note the pen for scale,
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Figure 5.40: Photo of the curved slabbing observed at the notch tip. Note the thickness of
the slabs is about equal to the grain size (=~ 4 mm).
process éone. An example of this phenomena is given in Figure 5.40.

An attempt was made to examine the process zone in situ. A slot was cut by drilling
a series of boreholes in the apex of the notch radial to the tunnel. Figure 5.41 shows the
location of the process zone at the tip of thé notch and also shows some of the features
associated with the process zone. Note in Figure 5.41 the curved thin slabs, localized
buckling and the large amount of dilation associated with the process zone.

The development of the notch is extremely complex. However, from the observations

made at the URL several features stand out:

¢ The failure process starts over a small region (50-100 mm) on the boundary of the

tunnel.
e The failure process is initiated by crushing the rock in this region.

¢ The crushing process produces dilation.
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Figure 5.41: Photo of the process zone at the notch tip. Note the convex shape of the notch,
and the thin curved slabs and the large amount of dilation in the process zone.
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o The dilation leads to slabbing and buckling.

Figure 5.42 is an attempt to illustrate the major processes in the development of a notch.
In the early stages it appears the slabs are long (460 mm) but relatively thick (= 20 mm),
giving an aspect ratio of ~ 20 : 1. However as the notch develops the thickness of the slabs
decreases to < 10 mm, and in some cases approaches the size of the mineral grains, 3-5 mm.
In all cases, a process zone is present. This process zone could be considered equivalent to

the small scale process zone found around a crack tip [127, 94].
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Figure 5.42: Illustration of the major processes found in the development of a notch.



Chapter 6

Modelling the Failure Process

In simulating the failure process one is faced with having to choose a material model which
best represents the physical process. With material such as rock, some type of strain-
softening model is generally used (Figure 6.1). The strength of the rock in the strain-
softening model reduces as the load exceeds a critical value but the rock is still able to carry
a reduced load. By this process of strain softening, load is redistributed from the region of
failed material to other regions around the opening below the critical load.

As shown in Section 5.7, the failure process in brittle rock at the 420 Level involves
a series of slabs spalling off as the notch developed. Thus, the amount of strain softening
involved in the failure process is minimal except perhaps in the process zone. It is suggested,
based on observations, that an elastic brittle model (Figure 6.1) is more representative of
the failure process than a strain-softening model. With this model, once the load capacity
of the material is exceeded the material can no longer carry load and in the numerical
simulations must be removed. The removal of the material is simulated by modifying the
geometry of the opening to reflect that a slab of rock has been eliminated. Thus, a complete

simulation will require several runs, each with a slightly different geometry.

6.1 Notch Development

For the Mine-by test tunnel, stability occurred when the notch reached a depth of 1.3a,

where a is the tunnel radius measured from the center of the tunnel. One of the reasons
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Figure 6.1: Types of material behaviour generally used to model failures around under-
ground openings.

stability is achieved as the notch grows, is illustrated in Figure 6.2. Assume a circular tunnel
-subjected to a biaxial stress state of 55 and 14 MPa. Numerical analyses were carried out
in a series of steps to investigate the stress history at point B, located some distance from
the tunnel boundary, as the notch develops (Figure 6.2). At the instance the tunnel is
excavated, the maximum stress at B is less than that at the boundary of the tunnel. At
the boundary of the tunnel the tangential stress exceeds the strength of the material and
hence the notch starts to develop. As the notch develops, the Mohr circle of stress for point
B moves further from the failure envelope (Figure 6.2). When the notch has developed to
within 10 mm from B, the stress state at B is far from the failure envelope and notch growth
cannot continue. Obviously, this is an approximation to the process. However, the notch
growth causes a change in the geometry which results in a new stress distribution that is
entirely different from that for the original circular tunnel. This change in the geometry is
a key element in order for the notch to achieve stability [162, 48].

It appears that the final shape, as well as the depth of the notch, is determined by stress
redistribution as the notch develops. Figure 6.3 illustrates the concave and triangular notch
shapes commonly used in numerical modelling of the failure process (48, 162]. The notch

shape observed in situ at the URL varies from the triangle to the convex shape. At the
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Figure 6.2: Stress history of a point as the notch develops.

URL the stable notch shape indicates a slight amount of convex curvature (see Figures 5.3
and 5.15). However, in South Africa where the in situ stresses are much higher than at
the URL, the convex shape in Figure 6.3 is commonly observed (D. Ortlepp, personal
communication). Thus, it appears that the amount of convex curvature observed is related

to the stress level causing the failure.

OOC

Concave Triangle Convex

Figure 6.3: Various notch shapes. The concave and triangle shapes are generally used in
modelling. Varying degrees of the convex shapes are generally observed in situ.
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6.2 Phenomenological Modelling

An elastic numerical stress-strength analysis to determine the stability of an underground
opening requires knowledge of the stress state, the geometry of the problem and the strength
of the material. The in situ stresses for the 420 Level were given in Section 2.2.5 and the
shape of the excavations on the 420 Level provide geometry. The remaining unknown is the
strength of the rock mass. Analyses of Rooms 413 and 405 were carried out to evaluate the
strength of the rock mass.

The design excavation profiles for Room 405 and Room 413 were analysed using the
boundary element program Examine?®. The first series of analyses used the traditional
laboratory peak strength obtained from laboratory triaxial tests. No signs of instability
were evident from this analysis.

It was shown in Chapter 4 that the cohesion decreases as damage accumulates in the
rock. In Chapter 5 it has also been shown that damage, in the form of cracking, is occurring
near the face of the tunnel as the tunnel is advancing. Thus, it is likely that locally around
the tunnel, where the damage is accumulating, some cohesion, i.e., strength, is lost. Recall
from Section 2.3 samples taken from the 420 Level of the URL showed a reduced strength
due to sample disturbance. It is suggested that the process causing the sample disturbance
is similar to the process causing the damage around the tunnel and therefore, as a first
step, the initial crack damage stress of the disturbed samples will be used to estimate the
damaged strength around the tunnel (see Figure 4.26). A second series of analyses was
carried out for the same conditions as above but using the Hoek-Brown failure envelope
for the initial crack damage stress given in Figure 4.26 with o, = 100 MPa, m = 20,and
s = 1. o. was degraded from the o, = 114 MPa measured for the laboratory samples to
0. = 100. This reduction in o, was made in light of the other evidence that indicated that
failure occurred when the maximum tangential stress reached about 100 MPa. From this

analysis, failure is evident in Room 405 as indicated by the 1.0 strength-to-stress contour



CHAPTER 6. MODELLING THE FAILURE PROCESS 202

line (Figure 6.4). Room 413 however is marginally stable. Recall that the half-barrels on
the roof of Room 413 indicate that the room is stable, which correlates with the numerical
results (see Figure 5.3).

The failure criterion for damaged rock used above satisfies the observation that open-
ings excavated paralle]l to o; show greater stability than openings excavated parallel to o,.
However, if the damaged failure criterion is correct, then the final geometry of Room 405
must also be stable, because all spalling activity stabilized shortly after plane strain condi-
tions were achieved. To simulate the failure process in Room 405, the excavation profile in
the model was modified by removing the rock within the contour where the strength /stress
ratio equals 1. The simulation started with the design profile and progressed through four
excavation steps (Figure 6.5).

A final analysis is carried out on the excavated profile. Note the general agreement be-
tween the shape of the opening in the roof predicted by the model and the actual excavation
profile. Also note that in the model the excavated profile in the roof is stable except at the
very tip of the v-shaped notch. Boreholes were drilled in the roof and floor to determine if
fracturing existed outside the measured profile (Figure 6.5). In the roof, fracturing was not
evident, although the stresses were high enough to cause 300 mm of well-bore breakouts to
extend along the walls of the borehole drilled in the v-shaped notch. In the floor, fracturing
Wwas more pervasive and extended to a depth of about 300 mm.

The process described above is phenomenological, i.e., no effort is made to follow the
failure process except to reduce the rock strength. Obviously, this approach has practical
merit because it is easily modelled by available numerical techniques and it provides a
reasonable approximation to the problem. However, the limitation of this approach is that
it assumes the rock strength everywhere around the opening has been damaged. Clearly,
from the microseismic data, the most extensive damage is only occurring in limited areas
around the tunnel, i.e., areas of maximum tangential stress concentrations. Also, from the

laboratory test results it is seen that the cohesion depends entirely on the amount of damage.
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Figure 6.4: The strength to stress ratio for Room 405 and 413 when o, = 100 MPa, m = 20

and s = 1. Compare the stability to Figure 5.3.
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Figure 6.5: Progressive failure of Room 405 using the phenomenological approach.
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Thus the strength around the openings will vary from a maximum value (undamaged) to a
minimum value (maximum damage).

In the example above, the excavated shape of the opening was known and provided the

profile for the final analysis. However, in some cases this information may not be available.
If this information had not been available at the URL, the predicted depth of the notch
would have been much larger. This problem arises because the model is a 2-dimensional
analysis of a 3-dimensional failure process. For example, a plane strain stability analysis
of a circular opening shows the failure zone as a thin layer in the roof (Figure 6.6). If this
layer is removed in an attempt to represent the progressive nature of the spalling process,
stability can only be achieved when the notch reaches a depth of about 2a from the centre
of the opening [162]. This occurs simply because too much material has been removed in
the initial modelling step. If, on the other hand, when only a small amount of material
is removed to simulate the actual observations, stability is achieved with a much smaller
notch. It is clear that any attempt to model the progressive failure must account precisely
for the actual failure sequence.

The phenomenological approach can only approximate this complexity. In the next

section a modelling approach based on crack growth is used to investigate the failure process.

6.3 Discrete Fracture Modelling

Modelling of discrete fracture propagation has received considerable attention over the past
ten years. In most cases linear elastic and nonlinear elastic fracture mechanics are employed
using some form of a sliding crack model (118, 137, 77, 48, 87, 89]. More recently BaZant
et al. [5] used strain energy of a splitting crack to model the notch development around a
circular opening. One of the difficulties with the formulation of models based on fracture
mechanics is that when the stresses are compressive a shear mode stress intensity factor
is used for which the predicted angle of crack propagation is different from that observed

in rock where fractures tend to follow the direction of the maximum compressive stress.

s
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Figure 6.6: Stability around a circular tunnel. Note the thin layer of material (< 1) which
has failed. In situ failure initiates at a point not as a thin layer.
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Since fractures in compression tend to follow the direction of the maximum compressive
stress, this problem can be overcome by avoiding fracture propagation models based on a
sliding crack. A compressive fracture model which has this feature is described by Lajtai
et al. [97, 96].

It was shown in Section 5.7 that the failure process involves localized crushing, leading
to dilation and subsequent slabbing. In order to simulate this process a linear elastic finite
element program InSight2P [44], currently being developed at the University of Manitoba,
was used. This finite element code runs on a 486 IBM compatible personal computer and
is completely user-friendly. Presently, the program is linear elastic and has the capability
to have multiple material types and to assign a specific material type to an individual
finite element. Various failure criteria are available within InSight?P to compute factors of
safety. The program also contains the empirical compressive crack model developed at the
University of Manitoba [97, 96]. With this model a crack is represented by an open ellipse
and the growth of the crack is controlled by a stress averaging technique at the crack tip.
This empirical fracture model can model the growth of cracks parallel to the direction of
the maximum load. A complete discussion of the merits of this crack modelling approach is
given by Carter [22]. It should be noted that the program InSight2P is in the development
stage and that the compressive crack model currently in the program is presently being
verified against laboratory results. Although the program has not been rigorously tested,
its use is considered justified in this thesis because the program has many features which
make it well suited for modelling the failure process.

It has been shown by Carter et al. [24] that most failure criteria have difficulty accurately
describing both the tensile and unconfined compressive strength of rock as well as the
confined strength. They showed that a three parameter function, called the Rocker function,
best described the strength envelope of Lac du Bonnet granite, particularly when o3 ~ 0.

The Rocker function is given as
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R
g3
=0, |{1—- = .
71f U( Ut) (61)

where 0, is the maximum principal stress at failure, o, is the unconfined compressive
strength, o, is the tensile strength and R is the curve fitting exponent. The Rocker function
has been implemented in InSight?P in a special form of the strength to stress ratio called
the USR [97] which can be used to define where fracture occurs. The [/ SR, which can be
considered equivalent to a factor of safety, is defined as

USR = 9t

(6.2)

- y/(5)+ ()]
The condition for fracture occurs when USR = 1. The parameters used to define the Rocker
function for the undamaged Lac du Bonnet granite are o, = 150 MPa, o; = 8 MPa and
R=08.

The first step in the modelling process was to establish that the automatic mesh gen-
erator in InSight?P provided enough accuracy to predict correctly the maximum tangential
stress of 151 MPa for the plane strain solution (Figure 6.7). With the boundary of the
tunnel discretized into 100 elements the plane strain analytical solution was achieved.

It was noted in Chapter 5 that failure initiated when the maximum tangential stress
reached 100 MPa. Thus, the first step in modelling the failure process was to select far
field stresses which produced the 100 MPa tangential stress in the crown of the tunnel.
To achieve this tangential stress at the boundary of the tunnel the far-field stress was set
to 40 MPa and 14 MPa. This approach approximates the 3-dimensional effect of the face
on the tunnel tangential stresses, i.e., when the tunnel section is within 1 m of the tunnel
face. With these stress conditions, a small region in the crown of the tunnel was assigned
a Young’s modulus which was lower than the Young’s modulus for the rest of the rock
mass. The purpose of this region of lower modulus was to simulate the damage due to crack
initiation and stress rotation, which had occurred near the tunnel face, and the crushing of

this damaged rock which occurs at about 100 MPa. The modulus of the crushed region was

gradually lowered from 60 GPa, i.e., the uncrushed rock, to 5 GPa to simulate the crushed
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1.75m

Figure 6.7: Finite element mesh generated by the automatic mesh generator in the program
InSight2P.
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Figure 6.8: Tension on both sides of the process zone when the maximum tangential stress
is 100 MPa.

process zone. During the course of reducing the modulus to 5 GPa, tension was observed
near the boundary of the tunnel on both sides of the crushed zone (see Figure 6.8). This
tension was first observed when the reduced modulus reached 30 GPa. Interestingly, the
physical model studies also showed that when spalling initiated in the zone of maximum
tangential stress, tension was observed remote from the boundary of the tunnel but close
to the zone of spalling.

In Section 5.4 the microseismic data showed that cracking had initiated in the region
that is now in tension in Figure 6.8. It was therefore considered reasonable that a fracture
could propagate from this tensile region. An elliptical fracture about 70 mm long with a
width of 1 mm was manually inserted in this tensile region with the long axis of the fracture
in the direction of the maximum principal stress trajectory. After the fracture was inserted
the mesh was rediscretized and the maximum in situ stress raised from 40 to 55 MPa to

represent the tunnel advancing to the point where the maximum tangential stress reached
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the plane strain condition of 151 MPa. This analysis indicated that the fracture was unstable
(Figure 6.9). The fracture was subsequently extended and the analysis repeated. Again the
longer fracture was found to be unstable and hence the fracture length increased again. Each
time the fracture was lengthened the direction of extension followed the maximum principal
stress trajectory. Eventually the fracture tip reached the process zone and became stable.
However, the other fracture tip still remained unstable (Figure 6.10). At this stage in the
process the crack tip farthest from the maximum tangential stress concentration should start
to move towards the boundary of the tunnel to produce a slab with a thin edge as shown
in Figure 5.42. Inspection of the maximum principal stress trajectories near the crack tip
shows that they are oriented towards the tunnel boundary and that a failed zone is induced
ahead of the crack closer to the tunnel perimeter (Figure 6.10). These features suggest
that the crack should now start to curve towards the tunnel boundary. Unfortunately, the
thickness of the slab between the crack and the tunnel is so thin that the analysis cannot
be extended because numerical problems arise and the numerical simulation for this slab is
therefore completed. Interestingly, the crack tip near the process zone also starts to curve
around the process zone because the maximum principal stress trajectories tend to flow
around the softened zone. This phenomenon could account for the curved slabs shown in
Figure 5.40 which were found close to the notch tip.

The physical model studies in Chapter 5 demonstrated that once a crack formed at
the boundary of a circular opening the resulting stress distribution could not be predicted
based on closed-form solutions from elastic theory. Figure 6.11 shows the distribution of the
maximum principal stress for a crack located in the region of maximum tangential stress.
Clearly, the stress distribution is quite complex and completely different than the stress
distribution in the absence of the crack.

It is now assumed that a similar slab has formed on the other side of the region of the
crushed process zone and so the geometry of the tunnel is modified in the shape of a small

notch to reflect the removal of two thin slabs. The modulus is now reduced in a new region
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Figure 6.9: The crack with an unstable crack tips. Note that the tip nearest the process
zone has the largest unstable area.
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Figure 6.10: The crack has been extended until one crack tip reached the process zone. At
this point the crack tip closest to the tunnel perimeter is still unstable. Also note other
zones of instability around the process zone now appear.
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Figure 6.11: Distribution of the maximum principal stress around a crack located in the
region of maximum tangential stress.

at the notch tip to simulate that the change in geometry has caused a stress concentration
at the apex of the notch which leads to more crushing of the damaged rock. Hence the
process repeats itself. As a result of the softened process zone at the notch tip tension
again develops on either side of the notch. A compressive crack in this region is unstable
and grows parallel to the maximum principal stress trajectory. Interestingly, if the crack
is place at an angle to the maximum principal stress trajectory, the failure does not occur
near the tip of the crack, but off to the side, suggesting that the crack would not extend but
that an offset or en echelon crack would form. It is only when the crack is parallel to the
maximum principal stress direction that the crack tips become unstable. Thus, it appears
that the compressive fracture will propagate parallel to the tunnel boundary until it reaches
a critical length, relative to the geometry of the opening, at which time it will tend to move
towards the tunnel boundary.

This procedure of creating a softened process zone followed by discrete fracturing into
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thin slabs would continue until a stable notch forms. At present, this iterative process in
InSight?P is completely manual and requires considerable Jjudgment for successful execution.
However, the major advantage of the discrete fracture approach is that it appears to capture
the overall failure process, and avoids having to artificially degrade the rock strength around
the tunnel, as with the phenomenological approach. Interestingly, the process of notch
development using the discrete fracture model becomes more a problem related to geometry
rather than rock strength.

The “as-built” shape of the Mine-by test tunnel was analyzed using InSight2P to deter-
mine the effect of the process zone on stability. The surveyed geometry, obtained about 4
months after the tunnel was excavated, was used without modification. The tensile principal

- stress around the tunnel is shown in Figure 6.12. Note that tension occurs on the sidewall
of the tunnel and that localized tension also occurs where the tunnel geometry is slightly
irregular. Even in the areas where the geometry is irregular the tensile stress is only about
—1 MPa. A process zone with the same modulus used in the previous analyses was inserted
at the tip of the notch in the Mine-by tunnel and the analysis repeated (Figure 6.13). Un-
like the results in Figure 6.8, now the “process zone” has no effect on the tensile stress
distribution around the notch (compare Figures 6.12 and 6.13). The geometry of the notch
in the roof was then modified in an attempt to smooth out the surveyed geometry and to
extend the notch tip to a point. The results from this geometry modification are shown
in Figure 6.14. The geometry modifications do remove some of the tensile stresses on one
side of the notch but the overall change is quite minor. These analyses illustrate that the
final stress distribution around the Mine-by test tunnel is now rather insensitive to minor
geometry changes. This is quite different from when the tunnel was initially circular.

A final analysis of the Mine-by test tunnel was carried out to calculate the factor of
safety using equation 6.2 (Figure 6.15). The results in F igure 6.15 indicate the tunnel is

now stable except for minor tensile failure in the sidewall.
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Figure 6.12: Distribution of the tensile principal stress around the Mine-by test tunnel.
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Figure 6.13: Distribution of the tensile principal stress around the Mine-

a “process zone” has been inserted in the notch tip.
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by test tunnel after
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Figure 6.14: Distribution of the tensile principal stress around the Mine-by test tunnel after
some of the irregular geometry of the notch tip in the roof was removed.
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Figure 6.15: Stability of the Mine-by test tunnel. Only tensile failure in the sidewalls is
indicated.



Chapter 7

Summary and Conclusions

The major objective of this thesis was to investigate why the strength of massive granite
from back analysis of tunnels excavated at the 420 Level of the Underground Research Labo-
ratory was about 100 MPa when the reported laboratory unconfined compressive strength,
oc, of the granite was around 200 MPa. In the past, strength reductions found around
underground openings have generally been attributed to scale effects, i.e., the strength de-
creases as the volume of the sample increases. At the URL it was obvious that scale effects
could not explain the strength reduction because a 100-mm diameter borehole displayed
the same failure as a 3.5-m diameter tunnel.

The testing programs carried out as part of this thesis revealed that excavating tunnels
at the 420 Level causes damage around the advancing tunnel face and that this damage
reduces the rock strength. The following is a summary of the progressive damage/failure

process found around the underground openings at the URL.

7.1 Laboratory Progressive Failure

Analyses of unconfined compression test results revealed that cracking in compression begins
at about 0.4o0,.. This cracking continues as the load increases until the crack damage stress
is reached at about 0.80,, at which point the sample starts to dilate. The load can be
temporarily increased above this stress level but rock cannot sustain this load for any

significant length of time. Thus, the crack damage stress is the true strength or cohesion

219
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of the rock in unconfined compression. This concept is in complete agreement with the
concrete industry which defines the long-term strength of concrete at the crack damage
stress.

The laboratory properties of Lac du Bonnet granite were reviewed in Chapter 3. In
Chapter 4 it was shown that the crack damage stress of Lac du Bonnet granite was not sig-
nificantly influenced by scale effects and that properly conducted laboratory tests would fail
at the crack damage stress, again supporting the notion that the traditional peak strength
is an artifact of the test loading conditions. Also, it was shown that although the initial
cracks during a compression test form parallel to the direction of the maximum applied
load, the final failure surface is one which is inclined at about 23° to the direction of the
applied load. This inclined failure surface was more pronounced in the tests which failed
near or at the crack damage stress, suggesting that the axial splitting mode of failure may
also be an artifact of the test conditions.

Damage-controlled laboratory tests were carried out to investigate the influence of crack
volume on the crack damage stress. The testing program demonstrated that the crack
damage stress decreased significantly to a crack damage threshold as damage accumulated
in the sample. This threshold value coincided with the crack initiation stress for unconfined
tests but as the confining stress increased the crack damage threshold value was always
above the crack initiation stress.

The locus of crack damage stress with increasing damage was modelled using the Grif-
fith locus of sliding and found to be in excellent agreement. The Griffith locus, which is
based on fracture mechanics, was first introduced by Berry [6, 7] for tension and Cook [32]
for compression. In developing the Griffith locus for triaxial compression, it became ob-
vious that the strength of the material described by the Griffith locus had two strength
components — cohesion and friction, but only the cohesion was controlled by the fracture

mechanics properties such as fracture surface energy and crack length.
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It is generally assumed that cohesion and friction are mobilized at the same displace-
ments. The damage-controlled tests and the Griffith locus provided a means of separating
the portion of the strength due to cohesion, basic friction and friction caused by roughness.
At the instant the crack damage stress is first reached in a compression test the strength
is essentially cohesion. At loads beyond the crack damage stress, friction becomes mo-
bilized. Unfortunately, in the process of mobilizing friction, some cohesion is lost. When
displacements are large this cohesion loss can amount to 50% or more of the initial cohesion.

Damage-controlled tests of Indiana limestone and Rocanville potash showed similar
results to those from the granite testing program, the major difference being the slope of
the Griffith locus in the softer rocks. It appears that the loss in cohesion in potash would
not be nearly as rapid as in granite.

"The concept of cohesion loss as a rock is damaged suggests that the traditional failure
envelopes for rock around underground openings are not adequate. At the boundary of the
openings the strength could be reduced to less than 50% or more of the initial cohesion.
However, at some distance from the boundary, where o3 > 0 the strength of the undamaged
rock is not degraded. Thus around ‘the opening the failure envelope is very steep, being
equal to ~ 0.30. at 03 = 0 and rising steeply to the initial crack damage stress when o is

slightly greater than zero.

7.2 In Situ Progressive Failure

The concept of reducing cohesion with increasing damage was explored through the phe-
nomenon of sample disturbance. The process of extracting a sample from a medium stressed
above a critical level causes stress-induced microcracking which in the extreme case pro-
duces core discing. It was shown that the strength, i.e., cohesion, of samples with extensive
microcrack damage, is significantly reduced when compared to undamaged samples. What
Is most important is that it is only the cohesion component of the strength envelope which

is affected by the damage and that this cohesion cannot be regained by applying a confining
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stress. The laboratory testing program revealed that the properties of Lac du Bonnet gran-
ite varied, depending on the location of the samples and that the strength of the samples
from Cold Spring Quarry was noticeably higher than the strength of the near surface sam-
ples from the URL. This variation in rock properties was attributed to the crack density of
the laboratory samples and not to the crack density in situ.

Physical models of openings of various diameters were loaded in uniaxial and biaxial
compression. These model studies were carried out to examine the strength around circular
openings. In the physical model studies the tangential stress required for spalling failure
to occur around circular openings was about 220 MPa. This is considerably higher then
the observed in situ strength. Thus physical model studies could not replicate the reduced
strength observed in situ. Hence it was concluded that the reduced strength must be caused
by something which is unique to the tunnel excavation in sitw.

Microseismic monitoring of a 3.5-m diameter test tunnel revealed that considerable
cracking was occurring around the face of the advancing tunnel. This cracking was found
to occur to a depth of about 1.3a relative to the centre of the tunnel, where a is the tunnel
radius. The microseismic events ahead of the tunnel face represent the initiation of cracking
and not the failure strength. Stress analysis revealed that the stress magnitudes at the loca-
tion of these microseismic events agreed very well with the crack initiation stress obtained
from the laboratory testing program. The crack initiation stresses for the microseismic
events also fitted the Cook envelope with ¢ = 0, again suggesting friction had not been
mobilized. Although the Griffith failure envelope for compression is suppose to represent
the initiation of fracture, it gave a poor fit to the in situ microseismic cracking stress.

The in situ crack initiation envelope developed from the microseismic events was then
used to evaluate the stress path at various locations around the tunnel as the tunnel face
advances. It was shown that the stresses around the tunnel did not exceed the crack
initiation envelope beyond about 1.5a from the center of the tunnel, where a is the tunnel

radius. Thus at distances less then 1.5q cracking should be occurring. This agreed quite
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closely with the locations of the microseismic events and the measured depth of spalling
around the Mine-by test tunnel.

The unconfined in situ compressive strength of Lac du Bonnet granite is estimated at
150 MPa. This is considerably less than the short-term unconfined compressive strength,
0c, of 220 MPa for undamaged samples from Cold Spring Quarry and has been degraded to
reflect the laboratory findings discussed in Chapter 4. The 3-dimensional numerical analyses
showed that the tunnel stresses near the face of an advancing tunnel did not exceed 150
MPa and at the point on the tunnel boundary where failure was observed the calculated
maximum tangential stress was only about 80-100 MPa. Thus from the numerical analyses
and the best estimate of the in situ strength it appeared that the loading path followed
in the laboratory tests was not the loading path followed in situ, because according to the
laboratory results failure should not have occurred.

In addition to the stress path around the tunnel, the effects of stress rotation were
also considered. Wu and Pollard [161] demonstrated, for tension, that a stress rotation
could influence the direction and origin of crack growth and cause additional crack growth
without increasing the load. It was shown that the compressive stress near the tunnel face
also rotates and it is proposed that this stress rotation contributes to the loss in cohesion.
In the Mine-by test tunnel the o1 stress magnitude increases above the crack initiation
stress of 70 MPa at 0.25 m ahead of the tunnel face, to about 100 MPa at 0.5 m inside the
tunnel. Because the stress directions were rotated by the advancing tunnel, it is postulated
that the crack length is increased above what would be expected with no rotation. The
result of this additional crack growth is reduced cohesion. Interestingly, it is only at the
maximum tangential stress concentration that the stress rotates to its maximum value
(> 25°) at the tunnel face and then rotates back to its original position as the tunnel
advances. At other positions around the tunnel perimeter the stress either does not rotate
or does not rotate back to its original position. It is suggested that this complex loading

path is responsible for the damage, i.e., loss in cohesion, in the region of the maximum
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tangential stress concentration.

Observations made during the excavation of the Mine-by test tunnel revealed the failure
process initiated at the maximum tangential stress concentration and that in this zone the
rock failed by crushing. After this crushing occurred thin slabs were released violently from
around the crushed zone. This crushed zone can be considered equivalent to the “process
zone” at the tip of an advancing crack. Once the slabbing process initiates, it continues as
the tunnel face is advanced. When the notch finally stabilizes the geometry of the notch

displays a characteristic convex shape with the process zone at the tip of the notch.

7.3 Modelling the Failure Process

Physical model studies of a circular hole in blocks of Lac du Bonnet granite were carried
out with and without confining stress. The unconfined samples revealed that three types
of cracks occurred around the circular openings: primary crack, remote crack and the
spalling crack. The primary crack occurred first followed by the remote crack which was
subsequently followed by the spalling crack. The sequencing of the remote and spalling
cracks was reversed for the confined case. This change in fracture sequence for the confined
case occurs because the primary crack does not grow very far compared to the unconfined
case. Thus the sequence of fracturing is influenced by the stress redistribution which occurs
as a result of the initial primary crack. In both the unconfined and confined physical
models the spalling cracks formed when the maximum tangential stress on the boundary of
the circular hole was slightly greater then the unconfined compressive strength.

Two approaches were used in the modelling of the failure process around underground
openings: the phenomenological approach and the discrete fracture approach. The phe-
nomenological approach made no assumption of the mechanisms involved in the failure
process. It simply assumes a degraded rock strength everywhere around the opening. In
this case the strength was assumed to be approximately equal to the initial crack damage

stress envelope obtained from the testing of the damaged samples from the 420 Level of the
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URL. It was reasoned that the damage process around the tunnel is similar to the damage
process in extracting a sample, and therefore, the initial crack damage stress of the dam-
aged samples would be a reasonable estimate of damaged in situ strength. A strength to
stress ratio is used to locate the “failed zones”. In this modelling approach an elastic-brittle
material behaviour is assumed such that once the failed zones are located, then the tunnel
shape is modified to reflect the removal of this failed material, i.e., the slabbing process.
After the geometry is modified the elastic analysis is rerun. The process is repeated until
a reasonably stable geometry is achieved. For this modelling approach to work, some idea
of the final stable shape is required. Also, the approach is sensitive to the amount of the
material removed in each step. In this simplified approach, a notch which extends about 2a
from the tunnel centre is produced. This is considerably deeper than the notches observed
at the URL.

After observing the crack growth in the physical models, it was postulated that the
process zone must be a key factor in modelling the notch development. The 2-dimensional
finite element program InSight?2D, containing an empirical compressive crack model, was
used to investigate the spalling process. The initial far-field stresses were set to provide a
maximum tangential stress of 100 MPa, the stress level at which failure was first observed.
The process zone, which was observed in situ, was represented in the InSight?® model
by assigning a small region in the zone of maximum tangential stress a reduced modulus
equivalent to about 1/12 of the undamaged modulus of 60 GPa. This softened process zone
caused tension to appear near the boundary of the tunnel on both sides of the process zone.
A compressive crack was then manually inserted into this region of tension, parallel to the
direction of the maximum principal stress. The far-field stress was then increased to provide
the maximum tangential stress given by the plane strain conditions. The compressive crack,
with the new stress conditions, became unstable. The crack was then extended until it
reached the process zone, at which point the other crack tip still remained unstable. Crack

propagation continued until the crack tip approached the boundary of the tunnel. Although
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the crack propagation in InSightP is entirely manual, the program appears to capture all
the key elements observed during the failure process in situ: a process zone, slabbing, and
convex curvature near the notch tip. The major advantage of the discrete fracture approach

1s that the rock mass strength is not degraded as with the phenomenological approach.

7.4 Conclusions

Listed below is a brief summary of the key contributions and conclusions of this thesis
towards an advancement in the understanding of rock failure and rock strength around

underground openings.

1. The broad distribution of stresses in a large rock mass can be explained using elastic

theory.

2. Samples obtained from a pre-stressed medium may be damaged by the sampling pro-
cess. This damage, which starts to occur when the far field stress exceeds about 0.150,
affects the strength of the sample. In particular, the damage reduces the cohesion but
does not affect the friction. Thus intact samples obtained from a pre-stressed rock

mass may not necessarily represent the in situ intact strength.

3. The effects of scale, loading-rate and moisture on intact strength of granite is minimal

and do not explain the observed strength reduction investigated in this thesis.

4. The laboratory unconfined compressive strength (o.) of granite is not a material
property but is dependent on the loading conditions. The crack initiation and crack
damage stress were found to be essentially independent of loading conditions and are

considered material properties.

5. Cracking initiates in laboratory samples at about 0.40. as stable crack growth parallel

to the direction of the maximum applied load.
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6.

10.

11.

Sliding in a sample occurs at about 0.7-0.80, when the crack damage stress exceeds

the cohesive strength. Initially, as sliding first starts the mechanism is unstable.

Damage-controlled tests can be used to map the locus of stress associated with crack
initiation and sliding. The Griffith locus of sliding was applied to the sliding locus

obtained from the damage-controlled tests and gave excellent agreement.

The results from the damage-controlled tests and the application of the Griffith locus
demonstrated that friction and cohesion are not mobilized equally as a sample is
strained. By the time the friction is fully mobilized a significant portion of the initial
cohesion in the sample is lost. This implies that the prediction of failure around
tunnels which are experiencing damage cannot be based on strength envelopes derived

from traditional laboratory tests.

The Cook failure criterion was extended and the extension separated the Cook failure
envelope in 0;-03 space into cohesion and friction with the cohesion as a function of

crack length and fracture surface energy.

Cracking around underground openings initiates at about the same stress level as
crack initiation in the laboratory tests. Like the laboratory test results, the crack
initiation n situ suggests that the cracking is only affecting the cohesion of the rock
mass. The zone of the crack initiation, with ¢ = 0, appears to define the limit of
progressive failure around the openings at the 420 Level of the Underground Research

Laboratory.

The loading path of rock near the tunnel face suggests that stress rotation in the
areas of maximum tangential stress concentration is a significant contributor to the
localized degradation of the rock mass cohesive strength. Failure initiates in these
locally damaged areas when the maximum tangential stress reaches about 100 MPa

which is approximately 50% of o.
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12. Failure around the underground openings at the 420 Level of the Underground Re-
search Laboratory initiates at a point, called the process zone, and is progressive.
Failure occurs as a slabbing mechanism and stops when the geometry of the notch
becomes convex and the process zone becomes contained. The depth of this type of
failure at the Underground Research Laboratory is about 1.3a, where a is the tunnel

radius.

13. Modelling of the extent of failure cannot be captured by plane-strain modelling unless
some effort is made to account for the initiation of failure at a point near the tunnel

face before plane strain conditions are reached.

7.5 Future Research

In any new approach to an old problem there are always areas that require further research.

The two areas which need additional research for the problem posed in this thesis are

e the effect of stress rotation on crack growth in compression

¢ numerical modelling of the failure process

Laboratory tests to investigate the effect of stress rotation on crack length would be
difficult to perform because to truly simulate the advancing tunnel the load would have
to be maintained while the sample is rotated. There does not appear to be any simple
test configuration for this problem. However, this issue is very important because in any
underground situation stress rotation occurs in advance of the excavation. If the rock
strength can be degraded by simply holding the stress constant above the crack initiation
stress and rotating the direction of application it could have a direct impact on the sequence
of excavation, e.g., where multiple openings occur.

The process zone appears to be the key to the failure process. A numerical model

which simulates the behaviour of the process zone, i.e., dilation, may provide a better



CHAPTER 7. SUMMARY AND CONCLUSIONS 229

understanding of the failure process. The current version of InSightP greatly enhances our
ability to quickly explore excavation-related problems. Future versions need to automate

the crack growth and spalling process, and simulate tunnel advance.
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Appendix A

In Situ Stress From Convergence

Measurements

Consider an infinite plate of thickness ¢ with a circular hole of radius a located at the origin

as illustrated in Figure A.1. Let the applied stress in the z direction be ¢, and in the Yy

direction be o,.

In an zy coordinate system a counterclockwise rotation of angle 8 will result in the

following stress transformation.

Oy = 0pc0820 + oy sin? 4 + 27y sinf cos @
oy = o0gsin%0+ oy cos2 6 — 27,y sinf cos
Tary = Z5725in20 + 7, (cos?  — sin? §)

Thus in polar coordinates and at r = oo equations A.1 become

Or)._ = 0,c0s%0 + o, sin2 4 + 272y sinf cos §
=00 y 4

(06)r=c0c = 0zsin®0+ oy cos?f — 27,y sinf cos

(Tr6)r—so = 57 sin20 + 7,y (cos® 6 — sin? 9)

A.1 Solution

(A.1)

(A.2)

Using the approach of Fung (53], the plane strain (€2 = 0) problem shown in Figure A.1

can be solved by assumming a stress function of the form

® = Ar?+ Blogr + Cjcos26 + Casin 20 + D72 cos 20 + Dor? sin 20+

£y ios 20 + E, iin 20

243

(A.3)
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Figure A.1: Circular hole in a an infinite plate with far-field stress conditions.
where the stresses in terms of the stress function ® are given by
2
o = 1384228 (A9
_ 2 (109
e =~ (;7)

The above satisfies the equilibrium equations and satisfies the biharmonic equation such
that

Vid =0

The tangential stress (ay), radial stress(c,) and the shear stress (1r6) for equation A.3,

in polar coordinates, is given by

Ogg = 2A—-T% +2D1cos2t9+2Dgsin26’—!—@JﬁM +@2T%iﬂﬁ

Oy = 24+ 5 405 4Gsn20 _ 9p 00599 — 2Dy sin 20— As
6F;cos20 _ 6E;sin20 ( . )
rd rd
Tro = —2Gsin26 + 292 cos26 + 2D, sin 26 — 2Dy cos 20 — 8E15in26 4 5Bpc0s20

Boundary Conditions (r = c0)
Using the trigonometric identities

1 -
sing — cos 26
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2
in 26
sinfcosf = o
2
equations A.2 give
(08)r=co = %@- + Z%G’i cos 20 — T, sin 20
(Or)r=co = ZE5% + 22224 00526 + 7, sin 26 (A.6)
(Tro)r=co = T57=5in 26 + 74y cos 26

Solving equations A.5 for r = co and equating the results with equations A.6 gives

. Oztoy
A - 4

Dy = %% (A7)

Dy = I
Boundary Conditions (r = a)
The boundary conditions at r = q are
(0r)r=a = (Tr)r=a = 0

Solving equations A.5 for r = a and equating the results with equations A.6 gives

e
- ()
Cy = a’ry (A.8)
E, = —ao* (&%
o e

2

Substituting equations A.7 and A.8 into equation A.5 gives

Oz+0y az(a'z-i-ay) + (0z—0y)(3a% —4a2r2 414)

o = 2 ; a7 57 cos 20+
(3a —-40.271:4-}—1' )Tzy sin 20
2 — 3 4 4
op = Zpfui t(oton) | (Coxtey)Batirh) (o500 (A.9)

4 .
- (1 + ‘%—) Try Sin 20
(~3a*+2a%r?474)(27z cos 20—0 sin 2040, sin 26)

g = )
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From elastic theory

and

0. = v{o, + oy)

which gives
€& = —é— [(1 — o, — (1 + 1/)0'5} (A.10)
This gives the total radial displacements due to the far-field stresses plus the radial
displacements due to the hole.
The radial displacements u, as a function of 8 will be the difference between u, due to
the hole and u, with the hole absent and can be found by substituting equations A.9 into

‘equation A.10 and carrying out the integration from r = a to oo

ur(6) = 1 E” {[zw (1= v)o, - vog) dr — /T=°° (1 = 0)0prens — v09r_sy) dr} (A.11)

=q r=a

which gives the convergence (U) as

U= % (1+(3—4v)cos20)o, + (1 — (3~ 4v) cos 26)oy, + 2(3 — 4v) sin 207} (A12)

where G = the shear modulus and v = Poisson’s ratio.

Equation A.12 is of the general form
U= Cio, + CQO'y + CgTIy (A13)

Hence equation A.12 can be solved provided at least three convergence measurements are

taken.

A.2 Example Calculation

Changes in the shaft diameter using four diametrical lines was monitored during the con-
struction of the 2.3-m diameter circular shaft from the 240 Level to the 420 Level (Fig-
ure A.2). Using the orientation of each diameter in F igure A.2 it is possible to determine

the values of o, oy and 7,y for equation A.13.
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—
X

Figure A.2: Convergence measurements used for the construction of URL Shaft from 240
Level to the 420 Level.
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Example: Set up the matrix for the coefficients (C) for the orientation of each diameter

Car Caa Cys 5 Ua
Cp, Cgy C i U
B1 Cpy Cps o b= B (A.14)
Cc1 Cc2 Ces i, Uc
Cp1 Cpa Cps i Up

where
€1 = & {(1+(3-4v)cos26)}

Cr = FH{(1-(3-4v)cos26)} (A.15)
C3 = &{2(3-4v)sin26}
Ci..3 in equation A.15 refers to the coefficients, 6 is the orientation of the convergence
line and the subscripts A--- D refer to the diameters in Figure A.2. The in situ stresses
(02, 0y, Tzy) responsible for the convergences can be found from equation A.14 using a least

squares matrix solution (see the next section for the details of the solution) given the values

- of the elastic constants (G, v).
A.2.1 Least Squares Matrix Operations

For m equations and n unknowns the following is the least squares matrix solution for n

values of the unknown parameter X

[C]mxn {X}nxl = [U]mxl

Cun + Cip + Cin X1 U,
Coa + Cop + Con Xo | | Ua
Do+ T+ : S R
Cmni + Cma + Cmn X, U

The solution to the above equation is given by:

Xt = (€ Clan) ™ Cosem Ul (A.16)

The X;..., obtained by solving equation A.16 correspond to a least squares approxima-

tion in which the errors e; are given equal weight [102].



Appendix B
Griffith Locus

B.1 Elastic Strain Energy

Energy is defined as the capacity to do work and work is the product of a force by the
distance in the direction the force moves. For a body loaded in uniaxial compression (see

Figure B.1) the elastic strain energy (S.E.) stored in the body is

1
S.E. = §P5
where
Pl
=5

and P is the applied force, [ is the length, b is the width and E is the Young’s modulus of

elasticity.
Substituting for § gives
1 P2
SE. = 3%E
and since o = b—}; then S.E. becomes
1o%lb
SE. =~ .
E 2 F
The shear modulus (G) is given by
E
G=—r— B.1
2(1+v) (B-1)
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Strain
/ Energy

b

Figure B.1: Strain energy for a body of length (), width (b) and unit thickness loaded in
uniaxial compression.

and S.E. can be expressed as

o2lb o2lb

1
5B = 221+ )G~ 41 +0)G’

(B.2)

B.2 Strain Energy Release Rate

Griffith [59] used energy methods to develop a criteria for crack extension. The elastic
modulus of a plate with a crack is given as E. and with a crack that has extended by ¢+ dc,
as E.yq4. in Figure B.2. In Griffith’s original formulation the system was rigidly fixed, hence
the load had to drop as the crack extended and the stiffness had to decrease to E.i4c. The
energy of the plate with crack ¢ is given by OAC and when the crack extends to ¢ + dc
the energy is given by OBC. Thus the energy released as the modulus softens from E, to
E¢tdc is equal to the area OAB and must be equal to or greater than the fracture surface
energy i.e. the energy required to create a unit surface area of new fracture. Based on this

approach Griffith stated that the condition for crack extension occurred when

dU  dW
de — dc
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o r
£
w
EL‘
A Ec +dc
===
[
Crack Length ¢
Crack Length ¢ + dc
1
0 C Crack Extension

Figure B.2: The Griffith conditions for crack extension in uniaxial tension for a fixed grip
system.

where U is the elastic energy and W is the energy for crack growth. Griffith found that the

crack growth occurs when

EG

O = I
mc

where G is the strain energy release rate per crack tip. For plain strain conditions G is given

by

2 2

K? o°me o°re
S=E S maet - = 1) (59

where K7 is the stress intensity factor which describes the stress at the tip of the crack in

Figure B.2. For the conditions in Figure B.2 the stress intensity factor is given as

K; = ov/mec.

B.3 Griffith Locus in Tension

Following along the original work of Griffith, Berry [6, 7] developed the Griffith locus of

failure for the “growing crack” when the load was in tension. Cook [32] extended Berry’s
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work to the case of uniaxial compression. This section is a review of that work before
extending the Griffith locus to triaxial compression.

Assume a single crack subjected to a constant tensile stress as in Figure B.2. If the
crack is closed and then slowly released the released energy (W) is stored around the crack.

For crack extension at both crack tips

dWy
2G = .
G dc
Hence the stored energy
2 o2 mc? o?rc?
s—~—w(1—l/)— e (1—1/) (B4)

If € is the strain associated with the external load & in the presence of the crack then

the total work done (WD) by the application of ¢ is

WD = %ae(bl) (B.5)

The total work done (WD) as the specimen containing the crack is subjected to a load ¢
is equal to the work stored in the specimen without the crack (S.E.) plus the work stored

around the crack as the crack opens (W,).
WD =SE.+W, (B.6)

Substituting eq B.2 and eq B.4 into eq B.6 gives

1 o2lb o2mc?
27 =g et e 1Y)

from which

€ =

o 1 9

—= | = 1-— . B.7

&[5y - vl (B.7)

where n = the number of cracks per unit volume and bl = volume per crack,i.e. n = i
Since a crack extending in its own plane, will extend in 2 opposite directions % =2¢G

and since 2 crack surfaces are created with the extension of one crack tip 2G > 4+ where v

is the fracture surface energy for tension and G is the strain energy release rate.
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Thus from eq B.3

2
20 = gc(l—u)zél'y

and the critical crack length required for extension becomes

4G

Substituting eq B.8 into eq B.7 gives the critica) strain (€cr) required for crack extension,

i.e., failure.
o 1 + 16v2G?
G|2(1+v) oin(l-v)

5(1—v)n

€cr

which reduces to
. - o + 167%Gn
T 2G(14v) o3n(l —v)

(B.9)

Equation B.9 is the plane strain equivalent of Berry’s [6] Griffith locus developed by
Cook [32]. Equation B.7 defines the linear stress-strain paths for different crack sizes and
densities prior to failure and equation B.9 defines the region of the stress-strain curve over

which equation B.7 is valid.

B.4 Griffith Locus in Compression

Starr {147] showed that the strain energy, for plane strain, in a plate due to a crack under-

going shear displacement was given by

wT2c?

UV="¢

(1-v) (B.10)

where 7 is the shear stress parallel to the frictionless crack, c is the crack half-length and E
1s the Young’s modulus. Cook [32] modified equation B.10 to take in to account the friction

along the crack due to the compressive shearing. Equation B.10 then becomes

(T — poy)?c?

U= T (1-v)

where 41 is the coefficient of friction and o, is the compressive normal stress across the crack.

In this case the crack is inclined at an angle 6 to the maximum applied load (Figure B.3)
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b
Figure B.3: The Griffith conditions for crack extension in triaxial compression.
and hence the crack is subjected to a normal stress (o) and shear stress (7) where
On = 01 5in% 0 + o3c0s2 6

T = (01 — 03) cos@sin 6

Since
sin? 6 = %(1 — cos 26)
9 1
cos®§ = 5(1 + cos 26)
in 26
cosf@sinf = sin2
then
onp = 1+0s _01-03 cos 26 (B.11)
2 2
r = & ;”3 sin 26 (B.12)

In this case because the crack is closed, a frictional force po, will arise across the crack

surface and sliding of the crack surface will occur when

T > Uo,
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As the closed crack crack is released the work done and hence the additional strain energy
can be found using Figure B.4. In Figure B.4 it is assumed that 7 decreases while On
remains constant, and that slip stops when 7 < poy,.

Refering to Figure B.4, the work done is
1 2
W, = 520767- = dct* when uo, =0

and when po, > 0

W 2 s o (B2
As o is increased from zero, in the presence of the crack, the surfaces displace linearly

from 0 to 6(7 — po,) and the work done against the friction forces is W;/2 (see Figure B4).
In Figure B.4 when p = 0 than

W = 6cr? (B.14)

According to Starr [147] the work done against a frictionless crack u = 0 is given by
2
W = ga - 21/)72% (B.15)

Therefore the crack displacement 6 can be found by equating equations B.14 and B.15 which

gives
T
= 4_5(

In this process the total work done (WD) as the specimen containing the crack is

) 1-v)c (B.16)

subjected to a load o, is equal to the work stored in the specimen without the crack (S.E.)
plus the work stored around the crack as the crack opens (W) plus the frictional work
associated with crack slip (W), thus

WD =S.E + (Ws + %/i> (B.17)

Since the total work done on the specimen with the crack by the deviatoric stress o1 —03 is

WD = (”1 . 03) bl (B.18)



APPENDIX B. GRIFFITH LOCUS 256

2ct We ={2C(T—u0n) 6(T—M0n)}%
VVe = cé(‘C—MUn)Z
i
5 W; =2c po, 3(t-uo,)
£ 2cuo,
]
W,
% W —2—f = C uo, 8(-po,)
<
\\ Wi
Z
4»
0 d(t~uoy) ot

Mean Shear Displacement

Figure B.4: Shear force and displacement (8) of a crack surface.

then WD in equation B.17 can be solved for axial strain € as in the tension case.

The elastic strain in a specimen under triaxial compression is given by

€ = —Ll?-[O’l —1/(0'2 +0‘3)]
€ = -b [0'2 — I/(O’l + 0'3)] (B.lg)
€& = 7{: [03 — v(o1 + 03)]

Since in a triaxial compression test 09 = 03 therefore the elastic strain energy is

S E. = (€o0]+ €0+ €303) -”2—1 = (¢} — dvoi03 + 20% — 2u0} % (B.20)
SE. = (@5%m)a-luoy ‘
Now the total work done becomes
o1 — o3 01— 03\ 01 — 2uo3 Wf>
= s+ —L B.
( . )ebl ( . ) = bl+<W+2 (B.21)

When po, > 0 the work associated with W, and W; is given, according to Cook (32],

as
Ws = Z(1-v) _‘“——<T2—52%—2)02 (B.22)
Wy = %(1 — v)uo, -——(T"ga")CQ
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Figure B.5: The Griffith locus in triaxial compression.

Equation B.21 can now be solved for strain (¢)

_ O1—vos 2 [= (PP~ pPd) , (T = pow) 5
R Tel G R S {4(1 Vg + 5 (L= vpon—rg—2 tn (B.23)

Equation B.23 defines the linear stress-strain paths for different crack sizes which is
essentially a map of how the modulus changes as the crack grows Figure B.5.

As before the criterion for crack extension is

dW; > do

where a = the fracture surface energy.

From Cook [32]

T~—UOn 2
We Z(l - I/) —'——( 'é. ) C2 (B 24)
dW. (1 (r—pon)? )
dc 7( - U) G ¢

Thus the critical crack length at failure is

(r - ,u‘fn)2

daw, &
= —2—(1 - z/)——G—-c = 4o

dc
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which may be rewritten as

8aG
c= Y —1 (B.25)

Substituting the critical crack length at failure from equation B.25 into equation B.23
gives the critical strain at failure and is referred to as the Griffith locus. The locus is shown

in Figure B.5 as the two solid lines. As expected the locus is sensitive to confining pressure.

B.4.1 Sensitivity of Griffith Locus to Input Parameters

The Griffith locus was shown in Figure B.5. It can be seen from Figure B.5 that the locus
can be divided into two parts: part one consists of the positive slope and reflects the stiffness
of the material when the cracks are very small, and part two consists of the negative slope
or threshold and defines the strength of the material as a function of crack length.

The Griffith locus contains five unknowns, G = the shear modulus, v = Poisson’s ratio,
p = coefficient of friction, 6 = critical crack angle, o = fracture surface energy and n =
number of cracks. The locus is also dependent on o3 = the confining stress. Only n
is difficult to quantify. All the other parameters are available from standard laboratory
testing methods. However, it is difficult to determine which of these parameters the Griffith
locus might be highly sensitive to. Thus a parametric study was carried out to investigate
the sensitivity of the locus to input parameters. The input parameters for the study were

taken from standard laboratory test results for Lac du Bonnet granite.

Modulus

The shear modulus (G) in equation B.23 can be related to the modulus (E) by equation B.1.
Figure B.6 shows the change in Griffith locus as E varies from 20 to 70 GPa. The modulus
determines the position of the positive slope of the Griffith locus and has essentially no

effect on the negative slope position, i.e., the threshold value of the locus.
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Figure B.6: The Griffith locus as a function of modulus (E).

Poisson’s ratio

Figure B.7 shows the change in Griffith locus as Poisson’s ratio (v) varies from 0.15 to 0.3.
The Poisson’s ratio for Lac du Bonnet granite is typically around 0.22. As indicated in

Figure B.7 v has no effect on the Griffith locus.

Fracture Surface Energy

The fracture surface energy () in compression is seldom measured. However, « in tension
is found through equation B.3 and K. can be obtained through simple laboratory tests.
Figure B.8 shows the change in Griffith locus as K, varies from 1 to 2 MPa/m. The
fracture surface energy has essentially no effect on the positive slope position (stiffness) of

the locus and only minor effects on the threshold value of the locus.

Number of Cracks

Figure B.9 shows the change in Griffith locus as the number of cracks goes from 0 to 10,000.
Notice that when n = 0 there is no sliding and the result is a straight line corresponding to

the modulus of the material. Hence it is the number of cracks which determines when the
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Figure B.7: The Griffith locus as a function of Poisson’s ratio (v).
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Figure B.8: The Griffith locus as a function of fracture toughness (K.).
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Figure B.9: The Griffith locus as a function of the number of cracks (n).

slope of the locus changes from positive to negative. Also note that when 1000 < n < 10, 000

there are only minor changes in the position of the locus.

Coefficient of Friction

Figure B.10 shows the change in Griffith locus as p varies from 30 to 60°. Friction has only
minor effects on the locus threshold and no effect on the positive slope.

Critical Crack Angle

Figure B.11 shows the change in Griffith locus as 8 varies from 20 to 60°. The locus is fairly
insensitive to @ in the range 20 to 30° but the threshold rises quickly as the @ increase above
30°. This is not surprising since rotating the crack away from the applied load is similar to

applying a confining stress which has a significant effect on the threshold position.

Confining Stress

Figure B.5 shows the change in Griffith locus as the confining stress(cg) increases from

5 to 10 MPa. This shows that the threshold of the Criffith locus, for any given crack
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Figure B.10: The Griffith locus as a function of the coefficient of friction (n).
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Figure B.11: The Griffith locus as a function of the critical crack angle ().
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Figure B.12: The Griffith locus as a function of confining stress (o3).

length is increased by an increase in the confining stress. The impact of confining stress
is illustrated in Figure B.12 which shows that much larger strains are required for failure
when the confining stress is increased. This is very similar to the notion that as confining
stress increases a material becomes less brittle. Thus the confining stress has a significant

effect on the Griffith locus.

B.5 Failure Envelope

Equation B.25 may be written as

8aG

= (B.26)

T — Uo, >

which gives the shear strength of the material in terms of crack length (c¢) and fracture
surface energy (a).
Using

op = 018in% 60 + o3 cos? 6

T = (01 — 03) cosfsinf
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in equation B.26 gives

8aG

(01 ~03)cosfsind — p(o; sin? 4 + o3 cos® 0)> | ———
(1l —v)c

Dividing by sin @ cos gives

8aG
o V 7 (1-v)
(01—03)—p01tan0—u3 > Y rl=ve

tand ~ sinfcosf

[ _8aG
1 >> 7erC—!—uc

tanf/ ~ sinfcos#f

which reduces to

o1(1 - ptané) — o3 (1 +

and solving for o, gives

8aG
m(l—v)e o (1 + E%) (B27)

01:5in9cos¢9(1—utan9) 31—-,utan9
Note that in equation B.27 the critical angle (6.-) will be related to x in order that o1

in equation B.27 is a minimum.

Let
()
1~ ptand
Thus
d 2
SX  BOTO 06— cos26)
df  (usinf — cosf)
Hence
% =0 when #sin26 — cos26 =0

Simplifying gives the relationship in Figure B.13

ptan26 —1 =0 or tan29=i

Using the following relations based on Figure B.13

sin28 = L
V1+p?
cos20 = L

V1+p?
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u

Figure B.13: Relationship between angle 6 and -

sin20 = 2sinfcosf =

V1+p?
cos20 = 1-292sin20=_—F _
V1+ 2
2sin?g = YLIEtH —p
V1+u?
Then
2sin?4 I
tanf = 231n60089 L+u? —u
Thus

dX L 2
W—Owhenc’)cr—tan (V14 p2—p)

Now equation B.27 can be written as

2 8aG

— w(1—v)c " 03
VIT@—p | (Vi)

or

) 8aG
o) [ VI+ 2+ p (B.28)
/J,

VI+pu? - V1t p?—p

since

1 14+ p24p
(ViFw-p) VIt#-u
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Note that equation B.28 give a linear failure envelope similar to the general Mohr-

Coulomb form. The cohesion part of equation B.28 can be reduced using

2
KIC

20 =G = = (1-10?)
and
_FE
2(1+v)
Therefore
5 8aG _ 8 K?(1-v2) E
7(l—v)e cr(l—v) 2F 2(1+v)
KIc
= 2\/5\/7T_c

Hence equation B.28 becomes

itk [T o
IL+ps—p I+pe—p
Ashby and Sammis [2] derived a similar expression for crack initiation
\/_~LQ Y {\/1+u§+u (B.30)
\/1+u§—u VIt —p

The only difference between the two equations is 2v/2 in equation B.29 and V3 in equa-

tion B.30. It should be noted that
KIC

NG

is considered equal to the tensile strength when K Ic 1s the Mode I fracture toughness. Thus

it is preferable to use equation B.28 as the fracture surface energy (a) is a material property
and not dependent on the mode of fracture.

According to equation B.26 failure initiates when the shear driving stresses are greater
resisting stresses in terms of fracture surface energy, and it has been shown that the form

of this failure envelope is linear.
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Since u = tan ¢ then

8aG
2 T(1-v)c {\/1 +tan? ¢ + tan gzﬁ}
3

o] = + o
! \/1+tan2¢>——tan¢ \/1+tan?¢~tan¢
Using
1 sin ¢
t 2 = d =
1+ tan® o 0570 and tan¢ cosd

this becomes

gy =

) 8aG 1 + sin ¢
i— 7 —7
T(1—v)c + 03 ’:cos¢> cos ¢

1 sin ¢ 1 _ sing
cos?d  cosg cos¢  cosd
which reduces to
9 SalG cos ¢ a (1 + sin (b)
o1 = ol et
! m(1-v)cl—sing ' “\I—sing

But

cos’p=1-— sin® ¢

cos¢  y/1—sin?¢ _ V(1 —sing)(1 +sing)

l-sing  1-sing V(1 —sing)(1 — sin §)
cos¢g  [1+sing
1-sing \1-sing
_ 8aG 1+sing 1+sing
1= 2\/7r(1 - V)C\/l —sing +os <1 -—singb)

1+sind 2( ¢>
. T
1—sing 2 (#+3

which gives

or

Which gives

Since

equation B.26 can be expressed in the general Mohr-Coulomb failure form of

o1 = 25, tan (45 + g) + o3 tan? <45 + g)

267

Thus the cohesion .S, in Mohr-Coulomb can be stated in terms of fracture surface energy

8aG

So = m(l—v)c
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B.5.1 Sensitivity of Failure Envelope to Input Parameters

As stated previously equation B.28 is a linear failure envelope with two components, cohe-
sion and friction. The cohesion part of equation B.28
/_8aG
2 w(la—u)c
Vi—p?—p

is dominated by the fracture surface energy (a) and the crack length (c) and the friction
part of equation B.28 is dependent entirely on u. In the following sections a parametric
study is carried to determine which of the input parameters has the most significant impact

on the failure envelope.

Crack Length

Figure B.14 shows the change in strength as ¢ ranges from 1 to 9 mm. The grain size of the
Lac du Bonnet granite is about 5 mm. As shown in F igure B.14 cohesion is significantly
affected by crack length with cohesion decreasing as crack length increases. Note that the
cohesion drops about 100 MPa as the crack grows from 1 to 3 mm but only 50 MPa as the

crack grows from 3 to 9 mm.

Fracture Surface energy

As shown previously the parameter K, is related to the fracture surface energy (a). Fig-
ure B.15 shows the change in strength as K. ranges from 1 to 2 MPay/m. The K. of the
Lac du Bonnet granite is about 1.6 MPa/m. As shown in Figure B.15 cohesion increases

from 60 to 120 MPa as K. increases from 1 to 2 MPay/m.

Coefficient of Friction

Figure B.16 shows the change in strength as the angle of friction ranges from 30 to 60°. As
shown in Figure B.16 there is a small increase in cohesion as # increases but the slope of

the failure envelope is significantly affected by the change in p.
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Figure B.14: The failure envelope as a function of crack length (c).
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Figure B.15: The failure envelope as a function of fracture toughness (K.).
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Figure B.16: The failure envelope as a function of friction (n).



Appendix C

Fracture Surface Energy

According to Starr [147] and Cook [32] failure occurs when the fracture surface energy is
exceeded. Therefore, the fracture surface energy becomes a key parameter in estimating
‘the failure strength. It is instructive to examine the various means available to measure the
fracture surface energy.

In fracture mechanics three modes of fracture are considered possible (Figure C.1). With
mode I the loading is perpendicular to the plane of the crack and is generally referred to as
“opening mode”. Mode II requires in-plane shear and is called the “sliding mode”. Mode
IIT is caused by out-of-plane shear. The superposition of the three modes describes the
general case of loading, although mode I is considered the most important mode in fracture
mechanics. Mode II or the “sliding crack” is the model used in the development of the
Griffith locus.

According to Brock [16], the elastic stress field surrounding the tip of the crack in mode

I loading in the coordinate system of F igure C.2 is given by

(C.1)

Uij

Ky
= —— i 9

e f0) /
The stresses o;; will be known once the stress intensity factor K is defined for the loading

conditions. According to Brock (16], for the mode I problem in Figure C.2, K7 is given by
K =oyrmc (C.2)
The distribution of elastic stress oy, along OA, is illustrated in Figure C.3. However,

271
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Mode I Mode 11 Mode 111
Opening Mode Sliding Mode Tearing Mode

Figure C.1: The three modes of fracturing.

from equation C.1 it is evident that near the crack tip, i.e., r = 0, the stress at the tip is
infinite. Since the stress at the tip cannot be infinite a plastic or process zone is considered to
exist at the tip which limits the stress concentration to a maximum value (oys in Figure C.3).
Thus it becomes clear that the stress intensity factor, although essential for calculating the
distribution of stress around the crack, may be a difficult parameter to quantify, especially,
since rocks contain numerous flaws or cracks and the stress intensity formulation is based

on a single crack.

C.1 The Griffith Criterion in Tension

Griffith [59] developed a criterion for fracture in mode [ loading based on energy principles.
Griffith’s condition for crack growth is

Tco?

G=— (C.3)

where G is the strain energy release rate per crack tip and has dimensions of energy per
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Figure C.3: Stress distribution with and without a plastic zone at the crack tip.
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unit thickness. The strain energy release rate can be equated to the fracture surface energy

(7). which has the same dimensions, for the whole crack by
2G =4y (C4)

Thus, equation C.3 can solved for the stress (0t) required to cause mode I failure in terms

of v by substituting, for G from equation C.4 into equation C.3

gy = -QI-E- (05)
V me

where o; is the tensile strength of the rock. The fracture surface energy -y can be
expressed in terms of the stress intensity factor K7, using equations C.2 and C.5 for plane

stress giving:

%C
Ly (C6)
and for plane strain
— ‘K?c(l _ 2) (C 7)
7= 2F g ’

C.2 Direct Tensile Tests

The formulation of the fracture surface energy, <y in terms of K. in equation C.6 provides
an opportunity to compare the laboratory determined K Ic with the fracture surface energy
7 assuming that the critical crack is equivalent to the grain size. This is not an unrealistic
assumption since it was demonstrated earlier that cleavage planes in feldspar were the first
minerals to register cracking.

A series of direct tension tests were carried out on ten samples of Lac du Bonnet granite
from the URL using the test specimen setup shown in Figure C.4. The test dimensions and
results are given in Table C.1. The mean tensile strength for the ten tests was 6.93 and
the mean Young’s modulus, in tension, for the samples was 40.4 GPa. The ratio of Young’s

modulus in tension to the Young’s modulus in compression is about 0.62. A similar ratio for
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Figure C.4: Direct tension specimen and loading.

Lac du Bonnet granite has also been found by Rui [28] using a unique compression /tension
testing configuration.
In Chapter 3 the mode I fracture toughness K. for Lac du Bonnet granite ranged from
1.5 to 2.5 MPay/m. At the Underground Research Laboratory K. is about 1.8 MPa,/m.
Using this value for Kj., o; = 6.93 MPa and the following equation for the crack length
(obtained from equations C.5 and C.6)
2K?2,
e = —=F (C.8)

TOof
the estimated critical crack length at failure is 42 mm long. Clearly, since the diameter of
the samples is about 45 mm (see Table C.1) this crack length is not realistic. If we now
assume that the crack length 2¢ is about 4 mm (the average grain size of Lac du Bonnet

granite), we find that the fracture surface energy is considerably smaller than that given by
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Table C.1: Summary of the tensile strength obtained from the direct tension test.

Sample Diameter Thickness Young's op
Number (mm) (mm) modulus (GPa) (MPa)
34.134A 44.97 27.38 43.01 8.56
34.449A 44.98 27.37 47.48 7.83
34.763A 44.97 29.27 46.69 6.81
34.133A 44.98 28.76 29.29 6.52
35.533A 44.98 29.64 N/A 7.81
35.860A 44.98 28.74 N/A 7.57
38.030A 44.98 29.43 30.42 5.46
38.517A 44.99 29.34 42.87 5.63
41.043A 44.91 28.55 41.73 6.72
41.362A 44.92 28.85 41.56 6.38
mean 40.38 6.93

equation C.6. Figure C.5 shows the ratio of v calculated with the 4 mm crack length, to
Vtheory calculated using the measured laboratory value of K. versus the tensile strength.
These results suggest that the mode I stress intensity factor or fracture toughness is not
a good representation of the stresses around the crack tip and hence the fracture surface

energy should be best determined by equation C.5 and assuming ¢ =half the grain diameter.

C.3 Fracture Surface Energy in Compression and Tension

In Chapter 4 it was shown that the fracture surface energy only applies to the cohesion
component of strength in both compression and tension. It was also shown in Chapter 4
that in compression testing the cohesive strength of the sample is given by the crack damage
stress. In both the compression test and the tensile test the fracture is growing in its own
plane. However in compression the mode of crack growth is mode II whereas in tension it

is mode 1.
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Figure C.5: The fracture surface energy required for failure compared to the fracture surface
energy determined from the laboratory determined mode I K7..

According to Cook [32] the condition for mode II fracture in compression occurs when

8ak,

TTHOR= (1l —v2)c

(C.9)

where E. is the Young’s modulus in compression. For the unconfined compression test

equation C.9 reduces to
8ak,

So = (1 —v2)c

(C.10)

where S, is the cohesion in 7 — o, space. Equation C.10 can be solved for crack length and

S, replaced by o.4/2 to give
da b,
= 5 C.11
o2,(1 —v)r (C.11)
If the crack length is considered equal to the grain size in both the tension and com-
pression testing methods, the fracture surface energy in compression « can be determined

in terms of the fracture surface energy in tension v by equating equations C.11 and C.8

4aEc _ 2Et’)’

02,1 -v¥)r = rmo?

(C.12)
Substituting the appropriate values into equation C.12 gives

o = 4.83y (C.13)
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Figure C.6: Comparison of the Griffith locus, using the calculated fracture surface energy
from direct tension tests, with the measured crack damage locus. The new fracture surface
energy increases the number of cracks (n).

The analysis above provides an alternate approach to measuring the fracture surface
energy and avoids the limitations of the stress intensity factor approach of linear elastic
fracture mechanics. The Griffith locus was recalculated for the unconfined case using the
relationship in equation C.13 and the fracture surface energy determined from the direct
tension tests, and re-compared with the crack damage locus. Now in order to get the same
fit as before the number of cracks/unit volume had to increase from n = 1200 to n = 2000

(Figure C.6).



