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RÉSUMÉ
Une exigence à prendre en considération a la conception d'une installation souterraine de stockage permanent,
située à une profondeur de 500 à 1000 m dans le Bouclier canadien, est que les conditions existant dans le
massif rocheux au moment du stockage permanent devraient rester essentiellement inchangées au cours de sa vie
de 10 000 ans. Par exemple, on suppose qu'aucune fractura lion n'aura lieu dans l'installation souterraine,
laquelle augmenterait la perméabilité du massif rocheux et rendrait le site non convenable aux fins auxquelles on
l'a choisi.
Dans le présent rapport, on étudie la possibilité de fractures à grande échelle (> 10 m2) autour d'une installation
souterraine de stockage permanent de déchets de combustible nucléaire. On suppose que l'installation
souterraine de stockage permanent est située à une profondeur de 500 m dans la roche plutonique du Bouclier
canadien. On considère que le massif rocheux entourant l'installation souterraine a des propriétés mécaniques
semblables et subi des contraintes in silu semblables à celui qu'on trouve à une profondeur de 420 m au
Laboratoire de recherches souterrain. Les preuves théoriques, expérimentales et sur le terrain montrent que les
fractures de Mode I se propagent dans un plan perpendiculaire à a, et seulement si la contrainte de traction
exercée à l'extrémité de la fissure qui progresse est suffisante pour dépasser la résistance à la traction de la
roche. Du fait que l'état de contrainte à une profondeur de 500 m ou plus est compressif et le restera très
probablement au cours de la vie de 10 000 ans de l'installation souterraine, il ne semble pas qu'il y ait un
mccanisme quelconque qui puisse faire propager les fractures de Mode I à grande échelle dans le massif rocheux
entourant cette installation. En outre, du fait que o 3 est presque vertical, toute propagation de fractures de
Mode I pouvant avoir lieu serait dans un plan horizontal.
La formation d'une fracture par cisaillement est précédée d'une fissure stable de Mode I A petite échelle (taille
d'un grau,, à l'extrémité de ta fracture par cisaillement qui progresse. Les preuves en laboratoire et les
observations sur le terrain, au Laboratoire de recherches souterrain, indiquent que l'état de contrainte in situ
actuel est bien inférieur a l'intensité de contrainte a laquelle la fissure de Mode I s'amorce et bien inférieur à
l'enveloppe de rupture par cisaillement du granit de Lac du Bonnet.
La formation des fractures par cisaillement de Mode I ou de fractures par cisaillement à grande échelle
nécessiterait une variation radicale de l'état compressif de contrainte in situ à la profondeur où serait située
l'installation souterraine. Les contraintes formées par la charge thermique et glaciaire ne semblent pas être
suffisantes pour provoquer de nouvelles fractures. La charge glaciaire réduirait les contraintes par cisaillement
que subirait le massif rocheux et ainsi améliorerait la stabilité de celui qui entourerait l'installation souterraine.
Donc, il n'est pas possible que des fractures à grande échelle se produisent au cours de la vie de 10 000 ans
d'une installation souterraine de stockage permanent située a une profondeur de 500 m ou plus dans le Bouclier
canadien, profondeur à laquelle l'état compressif de contrainte est semblable à celui qu'on rencontre au
Laboratoire de recherches souterrain.
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ABSTRACT
One design requirement for a nuclear fuel waste disposal vault, located at depths of 500 to 1000 m
in the Canadian Shield, is that the rock mass conditions at the time of disposal should remain
essentially unchanged throughout its 10,000 year life. For example, it is assumed that no fracturing
will take place in the disposal vault that would increase the permeability of the rock mass and make
the site unsuitable for the purposes for which it was chosen.
The potential for large-scale fracturing (> 10 ra2) around a nuclear fuel waste disposal vault is
investigated in this report. The disposal vault is assumed to be located at a depth of 500 m in the
plutonic rocks of the Canadian Shield. The rock mass surrounding the disposal vault is considered
to have similar mechanical properties and in situ stress conditions to that found at a depth of 420 m
at the Underground Research Laboratory. Theoretical, experimental and field evidence shows that
Mode I fractures propagate in a plane perpendicular to <r3 and only if the tensile stress at the tip
of the advancing crack is sufficient to overcome the tensile strength of the rock. Because the stress
state at a depth of 500 m or more is compressive, and will very probably stay so during the 10,000
year life of the disposal vault, there does not appear to be any mechanism which could propagate
large-scale Mode I fracturing in the rock mass surrounding the vault. In addition because 03 is near
vertical any Mode I fracture propagation that might occur would be in a horizontal plane.
The development of a shear fracture is preceded by small-scale (grain size) stable Mode I cracking
at the tip of the advancing shear fracture. Laboratory evidence and field observations at the Underground Research Laboratory indicates that the current in situ stress state is well below the stress
level at which Mode I cracking initiates and far below the shear-failure envelope for Lac du Bonnet
granite.
The development of either Mode I or large-scale shear fractures would require a drastic change in
the compressive in situ stress state at the depth of the disposal vault. The stresses developed as a
result of both thermal and glacial loading do not appear sufficient to cause new fracturing. Glacial
loading would reduce the shear stresses in the rock mass and hence improve the stability of the
rock mass surrounding the vault.
Thus, it is not feasible that large-scale fracturing would occur over the 10,000 year life of a disposal
vault in the Canadian Shield, at depths of 500 m or greater, where the compressive stress state is
similar to that found at the Underground Research Laboratory .
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1.

INTRODUCTION

There me presently over 430 nuclear power plants in operation throughout the world. They
produce nuclear fuel waste containing long-lived radioactive elements that need to be isolated from man and the environment for thousands of years. In most countries, emplacement
deep underground in stable rock masses (geological disposal) is being proposed as a method
tor (lie safe disposal of nuclear fuel waste.
The general issues related to the underground disposal of nuclear waste were described in
the Report of the International Association of Engineering Geology Commission (Morfeldt,
1989). Although many of these issues are not usually addressed in the civil or mining
engineering communities, the issues of excavation stability during operation and excavation
methodology, at depths of 500 to 1000 m, the target depth for a disposal vault, are addressed
daily by the- mining industry. It is instead the issue of long-term stability of the closed
disposal vault and the potential for the creation of new fracture surfaces in the rock mass
surrounding the vault, which could lead to the migration of radionuclidies from the disposal
vault to the surface environment in the far distant future, that is of most concern.
AECL Research is responsible in Canada for assessing the viability of the concept of geological disposal of used nuclear fuel. As part of its research program, AECL has carried
out extensive geotechnical investigations in the Lac du Bonnet Batholith located in southeastern Manitoba. We use the results from these investigations in this paper to explore
the current understanding of the relationships between in situ stress and existing fracture
systems and to evaluate the likelihood of large-scale1 (> 10 m2) fracture development and
propagation once a disposal vault, constructed in the Canadian Shield at a depth of at least
500 m, is closed.
Although the general topic of fracture propagation can be investigated without site-specific
data, such data is needed when assessing the potential for fracture propagation at a disposal vault subjected to thermal and glacial loading. Hence, for our analysis, we chose the
geotechnical setting of the Underground Research Laboratory as the setting for a hypothetical disposal vault located at a depth of 500 m.
To evaluate the likelihood for fracture development and propagation in the rock mass surrounding a disposal vault four pieces of information are needed: 1) the in situ stress conditions for the site; 2) the strength of the rock mass; 3) modes for joint and fault2 development and propagation; and 4) anticipated changes in the loading conditions for the disposal
vault, e.g., the new stresses caused by glaciation and thermal loading. This paper takes the
geotechnical information collected over the past 15 years from the Underground Research
Laboratory and applies this information to evaluate the potential for fracture growth in the
rock mass around a nuclear fuel waste disposal vault.

o in this report refers to dimensions that are comparable to the size of the excavations used
in a disposal vault.
"Joints and faults are defined as Mode I and Mode II fractures, respectively, as suggested by Pollard and
Aydin ( 1!(SS). rraetnre >s a K <im ' ra ' trrm referring to hot h joints and faults.
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2.

STRESS SETTING AT THE URL

AM extrusive research program wan undertaken, in 1982, to characterize the in situ stress
state around the URL and to address some of the more commonly asked questions about
in situ stress results: 1) Will different measurement techniques provide the same results?
2) An- in situ stresses dependent on the scale of the measurement technique? 3) Is residual
stress a major component of the measured stress magnitude? 4) What is the influence of
geological structures on the measured stresses?
These questions have been investigated using overcoring, hydraulic fracturing, convergence
measurements, microseisinic monitoring, well-bore breakouts and excavation back-analysis.
Only a brief summary of the findings of these investigations are given here, and the interested
reader is referred to Lang et al. (1986), Read (1990), Martin et al. (1990a), Martin et al.
(1990b) and Martin and Chandler (1993b) for detailed results.
The interpretation of m situ stress data requires the development of a thorough geological
model of the region in which the stress measurements have been made. Thus, prior to
analyzing the stress data a brief summary of the geology of the URL is presented.

2.1.

GEOLOGICAL SETTING

Brown et al. (1989) and Everitt et al. (1990) have described the geological setting of the
URL. In summary the URL is located within the granitic Lac du Bonnet Batholith (LDBB),
which is considered to be representative of many granitic intrusions of the Precambrian
Canadian Shield. The elongated batholith trends east-northeast. The main phase of the
batholith is exposed over a surface area of about 75 by 25 km (Figure 2.1) and extends to a
depth of at least 5 km. The batholith was intruded during the Kenoran orogeny in the late
Archean Era, (2680 ± 81 Ma) It is one of a number of similar, late to post-tectonic and
post-metamorphic batholiths within the Winnipeg River plutonic complex of the English
River gneiss belt of the western Superior Province (Stone et al., 1989). The batholith is
a relatively undiffereutiated pink and grey massive porphyritic granite-granodiorite. The
massive, medium- to coarse-grained porphyritic granite is relatively uniform in texture
and composition over the main phase of the batholith, although locally it displays strong
subhorizontal gneissic and xenolithic banding.
Low-dipping thrust faults (Mode II fractures) and systems of predominantly north-northeast
striking subvertical joints (Mode I fractures) occur throughout the batholith. The style of
fracturing within the central portion of the batholith near the URL is dominated by large,
low-dipping thrust faults and associated splays. The blocks between the thrust faults are
crosscut by one or more sets of subvertical joints, the pattern and frequency of which
varies from one block (fracture domain) to the next though some joint sets are ubiquitous.
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. At the URL
the subvertical joints become less frequent, less continuous, and simpler in pattern with
increasing depth.
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 Zone 2. Two
splays of Fracture Zone 2 are referred to us Fracture Zones 2.5 and 1.9 (Figure 2.2). These
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FIGURE 2.2: Geological section through the URL showing the major fracture zones and the
extent of vertical fracturing. Below Fracture Zone 2 the rock is predominately
massive unfractured gneissic grey granite.

fracture zones are composed of chloritic slip surfaces, which grade into cataclastic zones
where displacements in the order of a few metres have occurred. The cataclastic zones
range in thickness from 20 mm to 1 m and contain breccia and clay-gouge. Where the URL
shaft intersects Fracture Zones 2 and 3 there is 7.3 and 1 m of reverse dip-slip displacement,
respectively (Everitt et al., 1990; Stone and Kamineni, 1988).
Between the surface and Fracture Zone 3, the rock is pink granite. From Fracture Zone 3 to
Fracture Zone 2.5 the granite is pink near the fracture zones and grey between. A prominent
subvertical joint set strikes about 020° at surface and rotates to 040° at the 240 Level. A
second joint set, striking lid", is prominent at surface but extends only to a depth of about
100 m. A third much less prominent joint set, striking 150 to 180°, extends to depths of
about 200 m. The pink colour is due to alteration by moving groundwater. The general
rock type below Fracture Zone 2.5 is a massive unfractured grey granite. Detailed geological
mapping of the underground excavations of the URL has identified the following additional
major rock types: xenolithic granite, granodiorite dykes, pegmatite dykes, leucrocratic
granite and fine-grained grey granite.

2.2.

SCALE AND RESIDUAL STRESS

The effect of scale on the geotechnical properties of rock masses has been reported by many
researchers (e.g., Hoek and Brown, 1980; Barton and Choubey, 1977; Bandis, 1990). Hyett
et al. (198G) postulated, using the theory of residual stress, that in situ stress could also
be affected by scale. Residual stress is the stress remaining in a material in the absence
of applied loads (Friedman. 1972; Bielenstein and Barron, 1971). The magnitude of the
residual stress is a function of the stress conditions under which the rock was formed and the
heterogeneity of the rock's elastic properties. The residual stresses will be released when the

-5amfineinent of tin; grains is removed. According to theory, the magnitude of the residual
stress is volume related, with residual stress increasing as the volume of rock decreases
from the plut.on scale to the .size of the individual grains. Bielenstein and Barron (1971),
suggested that the existence of residual stress on a macroscopic (regional) scale would imply
that extensive volumes would be in tension. Also, at the mesoscopic (engineered structure)
scale1 there is reason to doubt the existence of residual stress because it would require
discontinuities to transmit tensile stress across them.
Several authors (e.g., Hyett et al., 1986; Hudson and Cooling, 1988) have suggested that
residual stresses could be a significant proportion of the stresses measured in a typical
overcore test. AECL has conducted two studies using concentric overcoring techniques
to determine the magnitude of the residual stresses in the rock mass at the URL 240
Level (Lang et al., 1986; Read, 1990). Both studies first relieved the field stress around a
triaxial strain cell installed in a 38-mm diameter borehole using overcore bits which ranged
in diameter from 200 mm (Lang et al., 1986) to 600 mm (Read, 1990). The strain cell was
then subsequently overcored at, incrementally smaller diameters down to 96-mm-diameter.
Both Lang et al. (1986) and Read (1990) concluded that the residual strain at the 240
Level of the URL represents a residual stress of less than 1 MPa,which is about 3.3% of the
major principal far-field in situ stress component.
Martin et al. (1990a) reported the results fr^m several tests involving overcoring using
96-mrn- and 150-mm-diameter overcore bits, raise-boring using a 1.8-m-diameter bit, underexcavation of a 3.5-m-diameter tunnel, and convergence testing in a 4.6-m-diameter shaft
to assess the effect of scale on in situ stress measurements (Figure 2.3). The volume of rock
for each test was calculated assuming, based on elastic theory, that the diameter (D) of
the largest hole drilled influenced a cylinder of rock 6D in length and 3D in radius. The
volume results were then normalized to the smallest volume, a single overcore test. This
set of tests provided a range of rock volumes that varied by 5 orders of magnitude. The
results are summarized in Figure 2.3 and indicate there is no significant decrease in the
stress magnitude with an increase in volume. This is not surprising considering the results
of the residual strain tests discussed above.
Hudson and Cooling (1988) suggested that scatter in in situ stress measurements would
become significant as the volume of rock involved approached the grain size (Figure 2.4).
Although there are only two data points at the largest volume in Figure 2.3, it would appear
that the suggestion of Hudson and Cooling (1988), regarding data scatter, is valid because
it seems more than coincidental that those data points fall very close to the best fit line
for the overe.ore tests. Note also that the scatter is reduced in the 150-mm data when
compared with the 96-mm data. It should be noted that the 150-mm borehole and the
96-mm borehole were drilled parallel to each other and located 1 m apart.

2.3.

STRESS DISTRIBUTION AT THE URL

A total of about 1000 overcore measurements have been carried out at the URL, of which
about 350 are far-field triaxial measurements. These form the stress database for the URL
and have been supplemented with various other techniques when standard overcoring did
not work (Martin, 1990). Martin et al. (1990a) compared results from various stress
measurement techniques, including hydraulic fracturing and overcoring, and demonstrated
that as long as the rock responded in an elastic manner, i.e.. stress magnitudes were not
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extreme, then the results were comparable. The extensive stress characterization program
lias shown that consistent stress measurements can be obtained provided the measurements
are far from a boundary condition such as a fault or joint. It has also shown that these
measurements vary even in a large relatively homogeneous rock mass, such as the Lac du
Bonnet Batholith (Martin and Chandler, 1993b).
2.3.1.

Vertical stress

The vertical stress in a rock mass is estimated from the simple relationship
(2.1)
where av is the vertical stress, ^ is the unit weight of the overlying rock and z is the depth
below surface in metres. For average rock conditions 7 = 0.027 MN/m 3 . Measurements
around the world at various mining and civil engineering sites confirm that the relationship
given by Equation 2.1 adequately predicts the vertical stress for general conditions (Brown
and Hoek, 1978; Herget, 1988; Stephansson, 1993). However, when stress measurements
are taken in the proximity of faults, significant deviation from the stress predicted by
Equation 2.1 should be anticipated. Figure 2.5 shows the perturbation caused to the vertical
stress distribution at the URL by the presence of Fracture Zone 2. Martin and Chandler
(1993b) proposed that the stress distribution in the vicinity of Fracture Zone 2 was related
to the spatial variation in the normal stiffness of the fracture zone. They modeled this
perturbation using the Boussinesq elastic stress distribution for a loaded plate on an elastic
half space and found good agreement. At depths below about 400 m at the URL, it appears
that the vertical stress is only slightly affected by Fracture Zone 2 and can be approximated
by the relationship given by Equation 2.1.

2.3.2.

Horizontal stress

The horizontal stresses acting on an element of rock at a depth 2 below the surface are much
more difficult to estimate than the vertical stress. Terzaghi and Richart (1952) suggested
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that, for a gravitationally loaded rock mass in which no lateral strain was permitted, the
increase in horizontal stress with depth is given by
ah =

1-1/

av ~

\~v

(2.2)

where v is Poisson's ratio and av is denned by Equation 2.1.
Stress measurements made at the URL show that the maximum horizontal stress magnitudes
are far greater than those given by Equation 2.2 (Figure 2.6). This is not surprising as stress
magnitudes compiled by Herget (1988) for the Canadian Shield are also considerably greater
than those predicted by Equation 2.2. Note that the horizontal stress magnitudes at the
URL are very similar to those compiled by Herget, particularly above Fracture Zone 2
(Figure 2.6).
It is convenient to express the ratio of the horizontal stress to the vertical stress by the
letter k such that
<Th = kcrv.
(2.3)
Measurements of horizontal stresses around the world show that k tends to be high at
shallow depths and that it decreases towards unity at depth (Brown and Hoek, 1978; Herget,
1988; Stephansson, 1993). Figure 2.7 shows the values of k measured at the URL and the
values of k for the Canadian Shield compiled by Herget (1988). The results in Figure 2.7
from the URL above 300 1*1 tend to support the trends found elsewhere in the Canadian
Shield. The results below 300 m are explained in Section 2.4. Within the Canadian Shield,
the major and intermediate principal stresses tend to be aligned in the horizontal plane for
depths up to 2500 m (Herget, 1988). Thus the maximum horizontal stress is approximately
equivalent to a\ and the vertical stress is approximately equivalent to 0-3. At the URL and
for the purposes of this report, the maximum horizontal stress is synonymous with O\ and
the vertical stress is synonymous with (T3.
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2.3.3.

Horizontal stress orientation

The variation of the maximum horizontal stress orientation with depth indicates two distinct stress domains at the URL (Martin, 1990): 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 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 (1980) for this area of the
Canadian Shield.
One of the issues that arises from the URL stress database is the question of orientation
of the maximum horizontal stress (a\) below Fracture Zone 2 relative to the regional stress
field. Herget (1988) notes that the orientation of the current maximum stress for this region
is about Northeast-Southwest. This is supported by the surface measurements at the URL
and surface measurements made at the Medika pluton, located south of the Lac du Bonnet
Batholith (Figure 2.1). However, measurements at depth, i.e., below Fracture Zone 2, have
only been made at the URL, and these suggest a Southeast-Northwest trend for O\. The
only other information on stress orientation in the Lac du Bonnet Batholith is from acoustic
televiewer logs of deep boreholes drilled at various drill sites on the batholith. Paillet (1989)
reported that acoustic televiewer logs of borehole breakouts between depths of 720 m to
790 m in borehole WAI at drill site A indicate that the maximum horizontal stress is also
oriented in a Northwest-Southeast direction (see A in Figure 2.9). However, the breakouts
in WAI are found in close proximity to a thrust fault with a similar strike to Fracture Zone
2. It should also be noted that this part of the batholith is quite shallow compared to the
main mass of the batholith.
Acoustic televiewer logs were obtained for all the deep boreholes drilled in the Lac du Bonnet
Batholith (G, Lodha, pers. comm.), Of those boreholes only WAI had extensive borehole
breakouts. Many of the deep boreholes did not contain any borehole breakouts and in those
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2.8: Plot of maximum horizontal stress versus depth. Note the rotation of the
stress below Fracture Zone 2 (FZ2). The isometric figure illustrates the stress
orientation relative to the strike and dip of Fracture Zone 2.

boreholes that did contain breakouts, the length of the breakout was typically less than 3 m.
The general orientation of the borehole breakouts obtained from the acoustic televiewer logs
is shown in Figure 2.9. There is no consistent stress pattern from the measured borehole
breakout orientations. This is not too surprising because, as noted by Paillet (1989), if the
borehole breakouts occur, they are usually found adjacent to fracture zones and, as shown
by Martin and Chandler (1993b), fracture zones can significantly alter stress magnitudes
and orientations.

2.4.

URL AND THE CANADIAN SHIELD

In situ stresses in the Canadian Shield have been compiled by Herget and Arjang (1990).
Their data set of 133 stress tensors was obtained from overcore results at mining locations
primarily in Ontario and Quebec. Most of the sites are located in the Superior and Southern
Tectonic Provinces of the Canadian Shield, which consist of Archean and Proterozoic rocks.
Figure 2.10 shows the o\ magnitudes from the data set of Herget and Arjang as well as a
summary of the o\ data from the URL.
The Canadian Shield stress data is also shown in Figure 2.11 and indicates two populations:
one extending from the surface to a depth of about 1200 m; and one below a depth of 1200 m.
Linear regression analysis below a depth of 1200 m provides a slope of the o\ best fit equal to
0.0094. The slope of Equation 2.2 is 0.009 using a Poisson's ratio of 0.25 and a unit weight of
0.027 MPa/m. Thus it would appear that at depth the increase in horizontal stress follows
Equation 2.2. It is interesting to note that the projection of the best fit line for Group I
data slightly over predicts the stress magnitudes for the 420 Level of the URL. The major
difference between the URL site and most Canadian mines is the massive, sparsely fractured
granite found at quite shallow depths at the URL, compared to the fractured rock masses
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2.11: Comparison of the best fit o\ below 1200 m depth with the best fit above
1200 m depth. Data is for the Canadian Shield and taken from Herget and
Arjang (1990).

found in most mines. The implication is that the lower-modulus fractured rock mass will
carry lower in situ stresses.
The deformation modulus3 of a rock mass is controlled by the stiffness and spacing of the
joints (Hudson and Cooling, 1988; Fairhurst, 1986; Amadei et al., 1988). A rock mass with
a higher deformation modulus will carry higher in situ stress magnitudes than an overlying
rock mass with a lower modulus, assuming a displacement boundary condition. In general
the spacing of joints decreases with increasing depth, and the joint stiffness will increase
at greater depths where the normal stress acting across the joints is higher. The trend,
therefore, will be for increasing stress magnitudes with depth, as the deformation modulus
approaches the modulus of intact rock. This trend is apparent in the data collect by Herget
and Arjang (Figure 2.11).
At the URL the deformation modulus has been determined by back-analyzing displacements
measured around excavations. Near a depth of 185 m Lang et al. (1987) determined
that the more fractured granite had a deformation modulus of about 40 GPa, whereas
at the 240 Level, Lang (1989) reported that the more massive unfractured granite had
a deformation modulus of about 60 GPa. At the 420 Level of the URL, the rock mass
has essentially no joints arid hence the deformation modulus of 60 GPa is at the upperbound value which is only somewhat lower than the elastic Young's modulus of 70 GPa
measured in the laboratory. The rock mass deformation modulus at the 420 Level is more
representative of the deformation modulus at greater depths in more jointed rock masses of
the Canadian Shield. Hence, the stress magnitudes at the 420 Level of the URL will also
be more representative of deeper stress magnitudes found elsewhere in jointed rock masses.
As the URL modulus is already at its upper-bound value we anticipate that the horizontal
stress magnitudes will only increase slightly with depth as described by Equation 2.2. This
is also supported by boreholes drilled to depths of 1200 m in the Lac du Bonnet Batholith
in which no evidence for a significant increase in <J\ has been found as there is no increase
Deformation modulus refers to the in situ modulus.

-13in core discing or borehole breakouts from 300 to 1200 m.
To our knowledge, the high deformation modulus of 60 GPa found at the URL is seldom
reported at such shallow depths. Bieniawski (1978) found that the rock mass deformation
modulus (EM) could be approximated by
EM = 2{RMR) - 100.

(2.4)

where RMR is Bieniawski's Rock Mass Rating. Equation 2.4 is only applicable for values
of RMR > 55. Serafim and Pereira (1983) found that for EM in the range between 1 and
10 the relationship given by
EM = 1 0 ( ^ ^ i 2 )
(2.5)
provided an improved fit to their data. Thus, practical experience suggests that the deformation modulus is likely to range between 1 and 50 GPa. The significant increase of the
deformation modulus below a depth of about 200 m associated with massive unfractured
granite, coupled with the close proximity to Fracture Zone 2, is a probable cause for the
very high stress magnitudes found at the URL at such shallow depths.

2.5.

SUMMARY

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 varied. This is particularly true near
fault zones where our findings show that stress magnitudes can increase and/or decrease
significantly and stress orientations can change by as much as 90° across the faults. 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 two distinctive stress domains
(Figure 2.8). Stress Domain I, which extends from the surface to Fracture Zone 2, contains
the stress magnitudes that are considered normal for the Canadian Shield for depths up to
200 m (Herget and Arjang, 1990). In this domain, the in situ deformation modulus is about
30 to 40 GPa and the maximum horizontal stress ( s ^ i ) increases with depth to about 20
MPa above Fracture 2.5.
Below Fracture Zone 2 (Stress Domain II), the rock mass at the URL 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. Drilling of boreholes to a depth of
1200 m in the Lac du Bonnet Batholith 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 a\ for Stress Domain II
is «55 MPa and there is no evidence, at present, to suggest that it increases significantly
below 550 m.

3. ROCK STRENGTH
The strength of rock is usually obtained from small cylindrical samples of intact pieces of
uck tested under laboratory loading conditions. This strength must then be extrapolated

-14-

I c 1
1 D
1 Low 1 Mediuml

E
Very Low

1
i i I

100 r

i

1
i

B
High

1i

A
Very
High

r ' ' 'i

Lac du Bonnet Granite

i

I
Granite

0.

Concrete

"5

"O)

11

10

100
Uniaxial Compressive Strength (MPa)

FIGURE

3.12: Comparison of Lac du Bonnet granite with other granites using Deere's classification system for laboratory samples.

to account for the in situ joints, fractures and other planes of weakness in the rock mass.
The most significant attempt at quantifying the in situ rock mass strength in recent years is
the empirical failure criterion developed by Hoek and Brown (1980). 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 (1973) and
Barton et al. (1974).
The laboratory strength of intact rock is generally measured by standard, short duration
compression and tension tests. However, because of the long times considered when evaluating the potential effects from nuclear waste disposal, the strength of Lac du Bonnet granite
has also been studied in the laboratory using static fatigue testing methods to determine
the long-term strength. Laboratory testing of Lac du Bonnet granite has been carried out
at the University of Manitoba, and at the Canada Centre for Mineral and Energy Technology (CANMET) since about 1980. This section summarizes the laboratory strength of Lac
du Bonnet granite, including the static-fatigue strength,and compares those results with
the strength of the rock mass from the Mine-by Experiment, carried out at the 420 Level
of the URL. Before considering the laboratory results, it is worth noting that by Deere's
classification system (Deere, 1980) for uniaxial compressive strength and Young's modulus,
the Lac du Bonnet granite is a standard granite when compared to other granites from
around the world (Figure 3.12).
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LABORATORY FAILURE IN TENSION

Tensile strength in the laboratory is usually determined by one or more methods, each with
a different loading path; direct tension, hydraulic fracture and Brazilian compression. All
three methods have been used to determine the tensile strength of Lac du Bonnet granite
(Figure 3.13). There is good agreement between values determined by the various test
methods.

3.2.

LABORATORY FAILURE IN COMPRESSION

Section 2 showed that the stress state at the URL is one of all-round compression. Thus it
is instructive to review our understanding of failure in compression.
The failure of brittle rocks in compression has been investigated by many researchers, (e.g.,
Hoek and Bieniawski, 1965; Brace et al., 1966; Bieniawski, 1967; Scholz, 1968; Wawersik
and Fairhurst, 1970). These researchers clearly showed that the stress-strain curves for a
brittle material can be divided into five regions (Figure 3.14). The initial portion, Region
I, of the stress-strain curves in Figure 3.14 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. Regions III to V represent
the progressive cracking of the rock and will be discussed in the following sections.

3.2.1.

Region III: Stable crack growth

Griffith (1921) presented a theory which stated that tensile fracture of a brittle material
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3.14: A complete stress-strain response of Lac du Bonnet granite in compression.

initiates at microscopic flaws or cracks. Using the Inglis (1913) 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 (1921), the tensile strength (<rt) is
given by

where E is the Young's modulus, 7 is the fracture surface energy and c is the crack halflength.
Griffith (1924) expanded his theory in 1924 to deal with compression and concluded that the
uniaxial compressive strength, cc, of a brittle material should be, according to his theory,
8 times the tensile strength or
ffc = 8a t

(3.2)

It should be noted that Griffith apparently assumed that the onset (initiation) of crack
extension under compressive loading was synonymous with collapse, i.e., that the crack
extension process was unstable, as for tensile loading conditions. As discussed later this
assumption was incorrect, i.e., crack extension in compression is a stable process.
The tensile strength for Lac du Bonnet granite is «10 MPa, hence the unconfined compression strength should, according to Equation 3.2, 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 Brace (1964), Hoek (1965), and Bieniawski (1967) have demonstrated that cracks do
start to form at axial stresses of about Scrt under uniaxial compression and at low confining
pressures in biaxial loading, but that these cracks are stable, i.e., failure will not occur at
this crack initiation stress (<Tci) level. In the unconfined compression test, the applied compression stress has to be increased to nearly 3 times the ci&dc initiation stress before the
peak load is reached and the specimen begins to lose load-carrying capacity. Hence, Region
III marks stable crack growth, which implies that additional load is required in order for
cracks to extend. Researchers (Hoek and Bieniawski, 1965; Bieniawski, 1967; Haimson and
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3.15: Ratio of crack initiation (CTC,) to peak strength (ay) versus confining stress
for Lac du Bonnet granite.

Kim, 1972) 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 (1968) investigated rock fracture in compression and found that the onset
of cracking varied between 30 to 60% of the peak strength (<TJ) for various low porosity rocks
such as aplite, basalt, diabase, granite, marble, quartzite, quartz monzonite and soapstone.
They noted that this range was also found in concretes. Tests on Lac du Bonnet granite
indicate crack initiation occurs at about 41% of the peak strength and that this ratio is
only slightly dependent on the confining stress (Figure 3.15).
A sample of Lac du Bonnet granite was loaded in uniaxial compression and monitored for
cracking using acoustic emission techniques (Falls and Young, 1992). The results are given
in Figure 3.16 and illustrate a monotonie increase in acoustic emission (crack growth) over
the Region III portion of the stress-strain curves. Note also the relatively flat portion of
the acoustic emission curve, i.e., the absence of acoustic emission activity, in Regions I and
II. These findings are similar to those of Scholz (1970) and Mogi (1962), who noted that in
Region III the noise associated with microcracking occurs randomly throughout the sample
as independent events.

3.2.2.

Region IV: Crack damage/unstable crack growth

The axial stress level where the total volumetric strain reversal occurs, i.e., the sample
dilates, marks the beginning of Region IV and represents the onset of unstable crack growth
as defined by Bieniawski (1967). This onset generally occurs at axial stress levels between
70 and 85% of the peak strength. It is at this stress level that the axial strain versus axial
stress relationship becomes non-linear and, therefore, sliding must be initiating along flaws
and grain boundaries (see Figure 3.14). This stress level has particular significance in the
concrete industry because it is used to establish the long-term strength of concrete (Rusch,
1959; Endersbee, 1967; Munday and Dhir, 1981). Lajtai et al. (1991) 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 (1985) also did extensive long-term
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3.17: 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 ac.

compression testing of Lac du Bonnet granite from Cold Spring Quarry. Their results
were reanalyzed by Martin (1993) and have been replotted in a format that shows that
for "long-term" loads above w 0.70 of the short-term peak strength, failure occurs almost
immediately (Figure 3.17). Thus, the increase in strength above the unstable crack stress
is only a temporary strain-hardening effect that cannot be relied on for even short-term
strength. Hence, we will refer to this stress level as the crack damage stress (<Xcd)> because
loads above this stress level result in damage to the material that cannot be tolerated even
under a constant load. Martin and Chandler (1993a) proposed that the crack damage stress
represents the limit for the cohesive strength in compression and that stresses above this
level cause the mobilization of friction.
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3.2.3.

Region V & VI: Peak and post-peak behaviour

The peak strength of the material (ay) marks the beginning of post-peak behaviour, Region
V, and is almost universally used to establish the failure strength envelope. An example
of the post-failure stress-strain curves for Lac du Bonnet granite is shown in Figure 3.14.
Beyond the peak, the lateral and axial strain curves indicate continuing dilation. The
axial stress versus axial strain which was only slightly affected by the initial microcracking
process, shows a rapid decrease, interrupted by one or more short strengthening interludes,
which appear as steps in the descending axial stress curve. Lockner et al. (1991) 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.

3.3.

LONG-TERM STRENGTH

Schmidtke and Lajtai (1985) 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 was
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 3.18). Wilkins et al. (1984)
also concluded that the rock would be mechanically stable after 1000 yr.

3.4.

PROGRESSIVE FAILURE

The progressive failure of clays and soft rocks is a well-known phenomenon involving a loss
of cohesive strength (Morgenstern, prep). In brittle rorks, however, progressive failure is
not generally recognized. It is obvious though that rho strength loss when progressing from

-20-

100

100

1
1

T

80
i

1— Friction

1

•a 60

I 40
Ix.

20

/

^— Cohesion

/

0

0.2

FIGURE

0.4
0.6
0.8
Normalized Damage (o/(omax

3.19: Laboratory test results showing the mobilization of friction and the associated
cohesion loss.

an intact rock through to a jointed rock mass must also be related to a loss in cohesion, or
intrinsic strength.
Martin (1993) investigated the progressive failure of Lac du Bonnet granite in compression
and showed that the first stage in the brittle failure process is a rapid loss of cohesion as
friction is mobilized (Figure 3.19). The cohesive limit is a function of cracking which starts
occurring when the stress levels exceed the crack initiation stress. Thus although the crack
damage stress, described in Section 3.2.2, represents the initiation of sliding, it is preceded
by stable crack growth. Several researchers have proposed that sliding occurs when the
density of the stable cracks reaches a critical value (Scholz, 1990; Lockner and Moore, 1992;
Engelder, 1993; Peng and Johnson, 1972).
Martin (1993) showed that this progressive failure could be described by the Griffith locus.
The underlying assumption used in the Griffith locus was first proposed by Starr (1928).
Starr showed that sliding of a frictionless crack, subjected to a shear displacement, occurred
when

8aG
TT(1

(3-3)

- i/)

where u is Poisson 's Ratio, G is the modulus of rigidity, r o is the shear stress in the direction
of crack slip, c is the crack half length, and a is the fracture surface energy. Cook (1965)
modified Equation 3.3 to take account of friction along the crack in compressive shearing,
replacing r0 by r - \ian, where r is the shear stress in the direction of the crack slip, \i
is the friction across crack faces, and an is the normal stress acting on the surface of the
crack. For the conditions of triaxial compression and assuming that the crack is parallel to
the direction of the intermediate compressive stress, an and T are given by:
cos20

r

-=

£^sin20

(3.4)

where 6 is the angle between the critical crack surface and the direction of the maximum
applied stress, n\.

-21According to Cook, the critical condition for the initiation of sliding failure occurs when
TjO ~ v)

'

c > 4a.

(3.5)

Substituting Equation 3.4 into Equation 3.5 provides the strength of the specimen in a
general Mohr-Coulomb form:

}

3

- sin 6 cos 9(1-y. tan 6)

l-/itan0"

Note that the critical angle of 9 will be related to n in order that (r - nan) in Equation 3.5
is a maximum when
'-^critical

=

7

•

tan n
Thus Equation 3.6 can be rewritten as

which can be reduced to
(3 s)

-

by substituting n = tan </>, where $ is the friction angle.
The shear strength of a frictional material is also given by the well-known Mohr-Coulomb
criterion
ai = 2SO tan (45 + ! ) + (73 tan 2 f 45 + | )

(3.9)

where So is the empirical cohesion intercept or intrinsic strength. It is interesting to note
that the two shear criteria in Equation 3.8 and Equation 3.9 are identical. In Equation 3.8
the empirical cohesion of Equation 3.9 is expressed in terms of fracture surface energy and
crack length. More importantly, an examination of Equations 3.8 and 3.9 reveals that
the fracture surface energy and crack length only apply to the cohesive component of the
material and that the frictional strength is not dependent on these parameters.
Thus, the Mohr-Coulomb shear criterion can be represented in terms of fracture mechanics
by setting

/Ipl.

0.10)

Figure 3.20 illustrates the failure envelope given by Equation 3.8 for crack lengths c of 1,
3 and 9 mm with the rock properties of Lac du Bonnet granite as shown in Figure 3.20.
It is interesting to note that a crack length c of 1 mm gives a uniaxial strength of about
200 MPa which is the value obtained from laboratory tests. Considering that the average
grain size of the Lac du Bonnet granite is about 5 mm, a crack length c of 1 mm is quite
reasonable. Also note, that should the critical crack length increase, only the cohesion is
reduced; the frictional component of the strength is unaffected by the change in crack length
(Equation 3.8).
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3.20: 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.

ROCKMASS STRENGTH
Empirical strength envelopes

The inadequacy of the Griffith criterion to predict the peak strength of rock led researchers
to abandon the energy concepts of Griffith and develop empirical failure criteria. Today the
most widely used empirical failure criterion is that proposed by Hoek and Brown (1980),
which is given by:

'

~s~^l

(3-11)

where <7\. is the stress at failure, «73 is the confining stress, ac is the uniaxial compressive
strength of intact rock, and m and s are empirical constants. The parameters for the HoekBrown envelope for the peak strength of Lac du Bonnet granite are given in Figure 3.21.
Martin and Chandler (1993a) showed that the peak strength from laboratory tests is not a
material parameter but a result of the boundary loading conditions. They concluded that
the crack damage stress {oc<i, Section 3.2.2) represents the true cohesive limit in compression.
However, the unconfined compression test is the standard test for comparing rock strength.
Therefore to accommodate the reduction from peak strength to the crack damage stress,
the Hoek-Brown failure criterion is scaled through the parameter s to reflect the reduced
strength.
A series of triaxial tests were carried out on Lac du Bonnet granite and the three stress
levels associated with crack initiation, crack damage and peak strength were established.
The results from the tests for crack initiation and peak strength are shown in Figure 3.21.
Also shown in Figure 3.21 is the predicted "Griffith" failure envelope given by:
for o\ + 3a3 > 0,
if ax + 3(73 < 0,

(3-12)

where at is the tensile strength of the rock. The Griffith failure criterion gives a good
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3.21: The crack initiation (<7ci) and peak strength (<7/) envelopes for Lac du Bonnet
granite. Also shown is predicted "Griffith" crack initiation envelope assuming
a tensile strength of 10 MPa, and the Hoek-Brown peak strength failure
envelope.

approximation of the measured crack initiation; however, it is clear from Figure 3.21 that
this failure criterion is not adequate for predicting peak strength.

3.5.2.

URL experience

Large-scale failure in situ can only be studied in areas where excavations underground
concentrate the in situ stresses sufficiently to break the rock. This situation is usually
restricted to mining excavations at great depth, e.g., Creigton Mine, Sudbury at depths
> 2000 m. It is usually very difficult to conduct experiments of rock failure in a complex
mining environment. The stress conditions at the 420 Level of the URL, however, are
sufficient for failure to initiate around openings with aspect ratios of horizontal width to
vertical height close to 1. This situation provides a unique opportunity to investigate the
failure process under near laboratory conditions.
It is well known that cracking occurs around an opening excavated in a highly stressed
brittle medium. Two examples, of extreme scales, are the process zone around the tip of an
advancing crack (Pollard and Aydin, 1988; Labuz et al., 1987) and the cracking associated
with deep-level mining (Joughin and Jager, 1983). Earlier work at the URL established
that considerable microseismic activity was associated with the excavation, by drill and
blast techniques, of a circular shaft from the 240 Level to the 420 Level (Talebi and Young,
1992). In order to determine if the microseismic activity was caused by the blasting or
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3.22: Location of the Mine-by test tunnel and the microseismic triaxial accelerometers on the 420 Level.

simply related to stress redistribution, a test tunnel for an experiment on the 420 Level at
the URL (the Mine-by Experiment) was excavated without the use of blasting.
The 3.5-m-diameter test tunnel had a circular profile and was excavated essentially parallel
to cr2 (Figure 3.22). 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
using perimeter line drilling and mechanical breaking of the rock stub (Onagi et al., 1992).
The temperature of the test tunnel was maintained at the ambient rock temperature of
10.5°C ± 0.5° and > 90% relative humidity by an air-conditioning unit. Extensive stateof-the-art geomechanical instrumentation was installed prior to the start of the excavation.
The instrumentation was used to monitor the complete mechanical response of the rock
mass around the tunnel (Read and Martin, 1992).
In addition to the mechanical instrumentation around the test tunnel, an array of 16 triaxial
accelerometers was also installed to monitor the microseismic events associated with the
excavation (see Figure 3.22). The accelerometers were accurately located and grouted in
place at the end of diamond-drilled boreholes (Figure 3.22). The accelerometer array was
designed to monitor seismic events with moment magnitudes as small as -6 and a source
location accuracy of about ±0.25 m near the centre of the tunnel.
Preliminary processing of the microseismic data was carried out in the field using automated
source location computer software developed at Queen's University (Collins and Young,
1992). The source locations of some 3500 events were determined and inspection of all 46
rounds showed similar trends (Figure 3.23).
After excavation of round 17, near the centre of the tunnel, excavation was suspended
and monitoring of the microseismic events was carried out over approximately a 300-h
period. Figure 3.24 shows the location of the microseismic events recorded during this 300
h monitoring period. It is seen that there is considerably more microseismic activity in
the roof and floor of the test tunnel than in the sides. This increase in seismic activity is
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3.23: Location of the computer picked rnicroseismic events for the Mine-by test tunnel plotted on an unrolled perimeter map. Also shown on unrolled perimeter
map is the measured amount of overbreak.

related to the development of a v-shaped notch in both the roof and floor of the tunnel
(Figure 3.25). Figure 3.24 shows that near to the face of the tunnel, the microseismic
activity in the roof is much more pronounced than in the floor. It was observed during
the construction of the test tunnel that the notch development in the floor was, in part,
controlled by the tunnel "muck". Thus even a small amount of confinement reduces the
extent of the failure.
The microseismic monitoring provided a means of determining where cracking was occurring
in situ. It also provided an opportunity to determine a crack initiation envelope for the
in situ conditions. A three dimensional elastic stress analysis was carried out using the
numerical program Examine*1-* to determine the stress state at the event source. Figure 3.26
shows the calculated stress magnitudes at the microseismic events. The CTI magnitude at
which cracking is occurring is fairly low, about 70 MPa, and is only slightly dependent
on CT3. The laboratory testing showed that the crack initiation stress which was the first
sign of cracking in uniaxial compression loading occurred at about 90 to 100 MPa (see
Figure 3.21). Given the increase in scale from the laboratory to the 3.5-m-diameter tunnel
and the lower rates of loading under excavation conditions, it is not surprising that the in
situ crack initiation stress is somewhat lower than that recorded in the laboratory.
As noted earlier, crack initiation does not mean failure and, as observed in the laboratory
tests, the rock can sustain loads well above the crack initiation stress. Martin and Read
(1992) showed that the failure stress on the 420 Level of the URL is about 120 MPa. This
is somewhat lower than the crack damage stress of 150 MPa proposed by Martin (1993) as
the laboratory cohesive limit in compression. However, as pointed out by Martin (1993),
samples tested in the laboratory are subjected to monotonie loading, whereas in situ, the
loading path involves increasing G\ and decreasing 03, as well as stress rotation, i.e., change
in orientation of the principal stresses. Thus, for a given stress level, the in situ rock mass
will be subjected to more damage than a laboratory sample. The increased damage in situ
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3.24: Microseismic events recorded during 300 hours of monitoring for test tunnel
Round 17. The large number of events in the roof reflect the progressive
migration of the notch towards the face of the tunnel. No excavation occurred
during this monitoring period.
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3.25: Profiles of the test tunnel recorded at Round 17.
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3.26: Strength envelopes for in situ crack initiation and laboratory crack damage.

is due to increased stable crack growth caused by the complex loading path.
The results from the Mine-by Experiment show that damage in the form of crack initiation
(Figure 3.27) can be predicted by
(r c i ~70 + (T3.
(3.13)
However, the stress required to cause failure to initiate around the underground openings
at the URL was 120 MPa. It should be noted that the failure around the opening stabilized
without the aid of tunnel support, indicating that in order to drive the failure process
further an increase in load was required. This is similar to the stable crack growth observed
in the laboratory. Thus the failure envelope in situ is probably similar to that given in
Figure 3.27 for the crack damage stress, except that the cohesion intercept is degraded from
150 MPa to 120 MPa to reflect the reduction caused by the loading path. Figure 3.27 also
shows the in situ stresses determined at the URL. All the URL stresses are below the stress
required to cause crack initiation and far below the failure envelope.

3.6.

SUMMARY

The failure of Lac du Bonnet granite has been investigated, both in the laboratory and
in situ. In the laboratory, test results revealed that cracking in compression i.e., stable
crack growth, begins at about 0.4<rc. This cracking continues as the load increases until the
crack damage stress is reached at about 0.8<7c, at which point the cracks become unstable
and sliding occurs. 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 of the rock in compression. This description of strength
agrees with the practice in the concrete industry, which defines the long-term strength of
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3.27: Strength envelopes for in situ crack initiation and in situ failure. Also shown
are the measured in situ stresses at the URL.

-29concrete as the crack damage stress.
The ])rogressive failure of Lac du Bonnet granite has been demonstrated by Martin (1993).
It is well known that the strength of intact rock is made up of two components, cohesion
and friction. Martin concluded that as the granite is loaded in compression its strength
is derived from only the cohesion component. When the load exceeds the cohesion, which
occurs at about 0.7 to 0.85 of the cornpressive strength, the strength then 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 with mobilized friction is well recognized in
soil mechanics (Morgcnstern, prep) and has also been suggested by Charlez (1991) for rock.
In situ, failure around the Mine-by Experiment test tunnel at the URL was observed to
follow the same patterns as that observed in the laboratory compression tests. Initially,
cracking in the form of stable crack growth occurs in those regions around the perimeter
of the tunnel that are subject to the maximum tangential compression. As the load on the
tunnel is increased above the crack initiation stress the crack density increases and eventually failure develops in the form of a v-shaped notch. The formation of the v-shaped notch
is similar to the development of shear or sliding failure observed in laboratory compression
tests. The stress level at which the v-shape notch develops is about 120 MPa which is only
somewhat lower than the crack damage stress of 150 MPa proposed by Martin (1993) as
the laboratory cohesive limit in compression. However, as pointed out by Martin (1993),
samples tested in the laboratory are subjected to monotonie loading, whereas in situ, the
loading path involves increasing o\ and decreasing a;\, as well as rotation of the principal
stress axes.
The failure observed and monitored around the Mine-by Experiment test tunnel provided
in situ envelopes for crack initiation and failure. Comparison of the stress state at the URL
with these in situ strength envelopes indicates that the in situ stress state at the URL, i.e.,
away from the influence of excavations, is below the crack initiation stress and far below
failure conditions for the granite.

4. MODE I CRACKS IN COMPRESSION
In Section 3.2 it was shown that the first stage of failure in compression is the growth of
small (grain size) cracks parallel to the applied load. These opening mode cracks do not
fall into the classic linear elastic fracture mechanics definition of Mode I cracks because
they form in compression. Cundall (1994) suggested that the cracks produced by this mode
of cracking be referred to as compressive extension cracks. Lajtai et al. (1991) and Dzik
et al. (1994) also suggested that this mode of cracking cannot be predicted by linear elastic
fracture mechanics. Nonetheless, linear elastic fracture mechanics is a starting point for
describing the fracture process.
In fracture mechanics, three modes of fracture are defined to represent the various ways in
which cracks may propagate (Figure 4.28). With Mode I the loading is perpendicular to
the plane of the crack causing the crack surfaces to separate. It is generally referred to as
the "opening mode". Mode II requires in-plane shear, and is called the "sliding mode" in
which the surfaces slide across each other parallel to the long axis of the crack. Mode III
is caused by out-of-plane shear in which the sliding occurs normal to the long axis of the
crack. The superposition of the three modes describes the general ca.se of loading, although
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4.28: The three modes of fracturing.

Mode I is considered to be the most important mode in fracture mechanics. At the URL,
Mode I cracks are referred to as joints.

4.1.

FRACTURE MECHANICS

Orowan (1949) showed that the Griffith (1921) condition for Mode I crack growth can be
given as
> 2-r

(4.1)

or
a =

7TC(1 -

V2)

(4.2)

for the conditions of plane strain, where 7 is the specific fracture surface energy, E is the
Young's modulus, v is the Poisson's ratio of the material and a is the applied tensile stress.
Following modern day fracture mechanics (Brock, 1986) GriflBth's condition for crack growth
can also be expressed in terms of fif which is the elastic "strain energy release rate" or "crack
driving force" per crack tip and has dimensions of energy per unit area of crack; i.e. it is
the energy required to generate a unit increase in area of crack surface. The strain energy
release rate can be equated to the fracture surface energy (7) for the whole crack, which
has the same dimensions, by
2Ç = 4 7 .
(4.3)
Thus Equation 4.1 can be written as
7T<T

(4.4)

The fracture surface energy, 7, can also be expressed in terms of the stress intensity factor
K\, for plane strain conditions, by
(4.5)
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FIGURE

4.29: Mode I fracture problem.

According to Irwin (1957), the elastic stress field surrounding the tip of the crack in Mode
I loading in the coordinate system of Figure 4.29 is given by
(4.6)

The stresses «Ty will be known once the stress intensity factor Kj is defined for the loading
conditions. According to Brock (1986), for the Mode I problem in Figure 4.29, Ki is given
by
KI=ay/Tc .
(4.7)
The distribution of elastic stress ay, is illustrated in Figure 4.30. However, from Equation 4.6
it is evident that near the crack tip, i.e., r = 0, the stress at the tip is infinite. Because
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 (ay3 in Figure 4.30).
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
because rocks contain numerous flaws or cracks and the stress intensity formulation is based
on a single crack.
Because the remote stress field governs tensile failure at the crack tip, a propagation criterion
can be given as the stress intensity factor reaching a critical value Kj = Kic where Kjc
is called the fracture toughness and measures the resistance to crack propagation. As so
conceived, Kjc is a property of the material which may depend on such things as loading
rate, temperature, pressure and chemical environment.
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 rod test; and the burst test (Haimson and Zhao, 1991). The burst test is similar to sleeve fracturing (Chan Mer, 1989). In all cases the ISRM suggested methods were
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4.30: Stress distribution with and without a plastic zone at the crack tip.

followed (Ouchterlony, 1988). The fracture toughness was determined parallel and perpendicular to the core axis. The results from the various test methods indicate the fracture
toughness varies from 1,49 to 2.02 MPa^/m with a mean of 1.72 MPay/m. These results are
somewhat lower than the fracture toughness of 2.5 MPay'în reported by Svab and Lajtai
(1981) for samples of Lac du Bonnet granite from Cold Spring Quarry.
4.2.

INITIATION

Griffith suggested that cracks initiate at stress concentrations. Field observations (Pollard
and Aydin, 1988) also indicate that joints initiate at flaws. At flaws the perturbed stress field
results in local tensile stresses which exceed the tensile strength. These local tensile stresses
can be produced directly by far-field tensile stresses or indirectly as a result of compressive
stresses which induce tension. Because the stresses at the URL are compressive, only farfield compressive stresses will be considered here.
Fractures can initiate around underground discontinuities if the in situ stresses are favourable
for propagation of fractures. However, once the tip of the fracture has extended beyond the
influence of the discontinuity, then the fracture will once again become stable, and propagation will stop. Kemeny and Cook (1991) investigated the propagation of Mode I cracks in
a compressive stress field. Although the scale of investigation was the grain size scale, the
same approach can be taken for fracture growth at larger scales. Three of the crack growth
models investigated by Kemeny and Cook were (Figure 4.31) cracks around a cylindrical
opening (or soft inclusion); cracks resulting from sliding along existing discontinuities; and
cracks caused by differential strain at the interface of mismatched elastic materials. Kerneny and Cook (1991) summarized the equations for stress intensity factor as a function
of crack length for each case. Figure 4.32 illustrates a plot of stress intensity factor minus
Fracture Toughness (Kic = 1.5 MPav^) for all three cases using similar stress conditions
(a\ = 50 MPa, o"3 = 10 MPa). Crack propagation becomes stable when the value in the
plot drops below zero. In all cases the crack length stabilizes at a length the same order of
magnitude as the size of the discontinuity (1 m). In addition, all the models stabilize more
rapidly, or inhibit crack growth altogether, when 03 is raised above 10 MPa.
Although local tensile stresses resulting from far-field compressive stresses can initiate a
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4.33: Relationship between stable crack length and ratio of applied compressive
stresses, after Hoek and Bieniawski (1965).

joint, the joint cannot propagate appreciably unless the far-field driving stress is changed.
When the principal stresses o\ and 0-3 applied to a rock body containing a flaw are both
compressive, the tensile crack which is initiated on the boundary of this flaw will only
propagate a short distance before it stops and becomes stable. Experimental evidence of
Hoek and Bieniawski (1965) suggests that the lengths of the stable tensile cracks formed
in compression were found to be related to the ratio of <Jz/o\ (Figure 4.33). Figure 4.33
shows that a small amount of confinement is most effective in stopping the growth of the
tensile crack. However, as confinement is reduced the length of the tensile driven crack can
increase. This may explain sheeting fractures which are commonly found near surface where
03 approaches zero. Nemat-Nasser and Hori (1982) also proposed a similar explanation
for sheeting fractures and noted that near the surface, erosion and rebound from glacial
unloading could result in small localized vertical tensile stresses which, when combined
with compressive horizontal stresses, could result in tensile crack propagation following the
ground surface. Such a mechanism would explain why sheeting fractures are most often
found at depths of less than 50 m. At the URL, sheeting fractures were only encountered
in the shaft to a depth of about 15 m (Everitt and Brown, 1992).

4.2.1.

Pore pressures

Engelder and Lacazette (1990) ha-'e suggested that poroelastic effects could initiate and
drive Mode I cracks. They suggest that the pore pressures arising from the poroelastic
effects using a uniaxial strain model, i.e., t\j = e/i = 0, are given by
\-v

'-

2

"

l-v

-

(4.8)

where Pp is the fluid pore pressure, Pt is the crack initiating pore pressure, a is Biot's
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4.34: Relationship between crack radius and pore pressure required to initiate jointing. The calculation assumes a penny-shaped crack at a depth of 500 m.

poroelastic terra, K\c is the fracture toughness, a is the normal stress to the fracture plane,
c is the radius of the penny shaped crack, y is a geometry constant and v is Poisson's
ratio. Engelder and Lacazette suggest that at the initiation of fracture P{ = Pp and hence
Equation 4.8 can be solved for the critical crack length. Figure 4.34 shows the results from
Equation 4.8 for the URL at a depth of 500 m with a = 0.2, a = -yz,Y = 1.13, u = 0.2.
Figure 4.34 shows that cracks with radii of 100 mm and 1000 m could initiate if the pore
pressure reached about 30 MPa and 7 MPa respectively. The maximum Mode I fracture
radius of the six fractures found at the 420 Level of the URL is about 1 m (R. Everitt,
Pers. Comm.), thus the pore pressure needed to extend the cracks is about 14 MPa. At a
depth of 500 m, assuming the groundwater table is at the ground surface, the pore pressure
would be 4.9 MPa. Also in the URL example the minimum stress is vertical, which means
that the Mode I crack would extend in the horizontal plane. Thus it does not appear that
pore pressures generated by poroelastic effects will be sufficient to initiate or drive Mode I
cracks.
The concept proposed by Engelder and Lacazette is the same as that used in hydraulic
fracturing. Horizontal boreholes drilled from the 420 Level were used to conduct hydraulic
fracturing tests. These tests produced near-horizontal fractures and the stress required to
produce the fractures ranged from 14 to 20 MPa. Hydraulic fracturing was also carried
out in near-vertical boreholes. In this orientation the hydraulically produced fractures were
also subhorizontal and the fracture initiating stress also ranged from 14 to 20 MPa. These
results are in keeping with concepts proposed by Engelder and Lacazette and also confirm
the notion that Mode I fractures initiating in a rock mass where the minimum principal
stress is vertical will initiate in the horizontal plane perpendicular to the vertical stress.
The fracturing stress of 14 to 20 MPa also indicates that in order to produce a fracture by
pore pressures, the pore pressure must increase from the presently measured 4.2 MPa at the
420 Level of the URL, to at least 14 MPa, without changing the vertical stress magnitude.
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4.3.

PROPAGATION

Laboratory experiments suggest that a single joint propagating in a compressive stress field
will change the local stress around the joint. Martin and Chandler (1993a) reported the
results from triaxial overcore tests carried out in close proximity to the tip of a subvertical
joint, referred to as the Room 209 fracture, at a depth of 240 m at the URL. The origin
of the Room 209 fracture is considered to be Mode I, which implies it formed when er3 was
near horizontal. The results of Martin and Chandler are summarized in Figure 4.35 in the
form of lower-hemisphere equal-area stereonets. Notice that around the Room 209 fracture
(73 is perpendicular to the plane of the fracture, but that away from the fracture in the
massive unjointed rock (the right stereonet in Figure 4.35) o$ is near vertical. Although
the orientation of 03 is in keeping with Mode I crack growth, the stress magnitudes near the
crack tip are compressive with 173 equal to about 6.6-11.7 MPa indicating that propagation
cannot occur under the present compressive far-field stresses.
Pollard and Aydin (1988) suggest that one of the main crack driving forces for Mode I
propagation is fluid pressure. This would imply that the condition for Mode I propagation
(Equation 4.4) could be rewritten as
(4.9)
where fluid pressure is designated by the letter p (Figure 4.36) (p - a) is the effective
normal stress acting on the fracture with a being the far-field stress. Thus, using the
conditions in Figure 4.36, a Mode I crack will not propagate unless the fluid pressure
exceeds «73. Martin and Chandler (1993a) showed that a fluid pressure of 13.2 MPa was
required to open the Room 209 fracture in the same region as the stress measurements.
They attributed the difference between the overcore results and the fluid opening pressure
to the difference between the scale of the measurement techniques; i.e., the overcore test is a
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FlGURE 4.36: Mode I crack with fluid pressure p.

point measurement, whereas the fluid injection test influences a much larger area. However,
given that, the tests were conducted near the crack tip, and that the injection tests cover a
large area, the higher opening fluid pressures may reflect the stress concentration near the
crack tip. No propagation of the Room 209 fracture occurred, thus, it seems reasonable to
assume that fluid pressures of at least 10 MPa could occur without causing the propagation
of vertical fractures. A water pressure of 10 MPa would correspond to a depth of 1000 m.
Because the stress magnitudes at depths between 500 m and 1000 m are considerably
greater than the stress magnitudes at a depth of 240 m, it is not possible that vertical
joints, such as the Room 209 Fracture, will propagate by fluid pressure under isothermal
conditions. Also, the fluid pressure would have to be maintained, which implies that once
the crack propagates and the crack volume increases, additional fluid under pressure would
be required to maintain the propagation.

4.4.

SUBCRITICAL CRACK GROWTH

The joints referred to above are large-scale, typically involving joint surfaces of > 100 m 2 . At
the other extreme are the cracks that can grow very slowly (Segall, 1984). Under laboratory
conditions it has been shown that cracks grow at stress intensity factors below the fracture
toughness K[c. Under these subcritical conditions the crack velocity is known to be strongly
influenced by chemical reactions at the crack tip (Atkinson and Meredith, 1987; Wilkins
et a l , 1984).
Wilkins et al. (1984) carried out extensive time-to-failure testing using the 3-point bending test in various moisture and temperature environments. The Kjc results obtained by
Wilkins et al. are presented in Figure 4.37 and show that the Kjc is reduced by about
13% by immersing in water at temperatures of 20°C An additional 10% reduction occurs
when the water temperature is elevated to 80°C. Those results clearly show the effects of
environment on K\c and hence crack velocity V, because crack velocity is given by:
V = AK?C

(4.10)

where A and n are constants and n is called the stress corrosion index (Scholz, 1990).
Wilkins (1987) concluded that the values of n arc the same whether measured in bending
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4.37: Comparison of the Mode I fracture toughness {Kjc) of Lac du Bonnet granite
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4.38: Illustration of the relationship between crack-tip velocity and stress intensity
factor for sub critical crack growth, after Scholz (1990).

or in compression because the cracks were occurring in Mode I and that for Lac du Bonnet
granite n w 40.
Cruden (1983) also carried out time-to-failure tests on samples of Lac du Bonnet granite
using the unconfined compression test and concluded that terrr mating creep occurs at
stresses that are about 50% or lower of the short-term failure stress. All of these studies
suggest that there is a limiting stress intensity factor, Ki0, below which subcritical crack
growth cannot occur. Scholz (1990) noted that a stress corrosion limit Kj0 (illustrated
in Figure 4.38) is very hard to demonstrate experimentally because of the very low crack
velocities involved (typically < 10~9 ms" 1 ). Nonetheless Cook (1986) concluded, based on
experimental and thermodynamic evidence, that K/u ia about 50% of Kjc.

-394.5.

SUMMARY

Mode 1 cracks occur when the tensile stress exceeds the tensile strength of the rock. The
laboratory results in Section 3.1 indicate that the tensile strength of Lac du Bonnet granite
is about 7 MPa. Thus tensile stresses greater than 7 MPa are needed to initiate a Mode
I crack. The1 initiation of Mode I cracks in an all-round compressive stress state occurs at
flaws in the rock, e.g, grain boundaries and inclusions.
Although local tensile stresses resulting from far-field compressive stresses can initiate a
joint, the joint cannot propagate beyond the local tensile stress field unless the far-field
stress is changed. When all three principal stresses applied to a rock containing a flaw
arc coinprcssive, the tensile crack which is initiated on the boundary of this flaw will only
propagate s\ short distance before it stops and becomes stable. Experimental evidence of
Hock and Bicniawski (1965) showed that the lengths of the stable tensile cracks formed in
compression were found to be related to the ratio of as/ai, and that a small amount of
confinement is most effective in stopping the growth of a tensile crack.
Subcritical Mode I crack growth can occur at stress intensities below the fracture toughness.
However, there appears to be a stress intensity factor below which subcritical crack growth
cannot occur. Experiments on Lac du Bonnet granite suggest that in compression this
stress intensity factor is reached when the compressive stress is 50% or less of the short
term unconfined compressive strength ac-

5. SHEAR FRACTURES
In the previous section the initiation and propagation of Mode I joints was explored. At the
URL the shear fracture zones, i.e., Mode II fractures, are considered to be the dominant
groundwater pathways at depth (Davison, 1984). These shear fractures at the URL dip
approximately 25° from the ground surface and thus should they extend at that inclination,
would intersect a large portion of a horizontal vault. Thus, it is important to establish what
conditions control shear fracture initiation and propagation.
It should be noted that macroscopic shear fracture is the end product of the compressive
failure process, i.e., shear fracture allows kinematic failure to occur. The underlying mechanism leading to this shear fracturing is the growth of stable cracks parallel to the direction
of the applied maximum compression(crj) such as described in Section 3.2. This mechanism
has been described and tested by Lockner and Moore (1992), Lockner et al. (1992, 1991),
and their findings are in keeping with the results of Martin (1993).

5.1.

SHEAR FRACTURES AND IN SITU STRESS

The relationship between faults4 and in situ stress has been studied extensively in the
laboratory and in the field (Pollard and Aydin, 1988; Reches, 1988). There is now general
agreement that the stress conditions required for the formation of normal, strike-slip and
thrust faults are a.s given in Figure 5.39 (Engelder, 1993). At the URL, Fracture Zones 2 and
3 have been established to have developed as a result of thrust faulting (Stone and Kamineni,
the geological term for shear, i.e. Mode II or III, fracture.
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5.39: Relationship between types of faulting and in situ stress.
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5.40: Inclination of shear faults in samples of Lac du Bonnet granite. The dashed
lines represent the range of values found by Wawersik and Brace (1971) for
Westerly granite.

1988; Everitt et al., 1990). Thus, the o\ orientation must have been near horizontal at the
time of their formation. As noted by Scholz (1990) the slip plane of thrust faults often
follows a plane of weakness, e.g., bedding or layering. Everitt and Brown (1992) concluded
that the thrust faults at the URL also follow the weaker large-scale compositional layering
occurring in the Lac du Bonnet Batholith either within the xenolithic zones or along their
strongly layered boundaries. When thrust faults partially follow planes of weakness they
develop a structure of flats and ramps and it is probable that the local-scale stress state will
vary from the large-scale stress state (Scholz, 1990, p. 151). Martin and Chandler (1993b)
showed that the stress state is highly varied near Fracture Zone 2.
Laboratory studies carried out by Wawersik and Brace (1971) on Westerley granite showed
that the angle 0 the shear-failure plane made with the applied maximum stress was dependent on confining stress. A series of triaxial tests were carried out on 63-mm-diameter
samples of Lac du Bonnet granite in a stiff testing machine and the angle 6 measured. The
results from those tests tend to agree with the results from Wawersik and Brace and also
with the angle predicted by the Hoek and Brown (1980) shear failure criterion (Figure 5.40).
It is well known that the loading rate in laboratory testing plays a significant role in the
failure process. Martin (1993) reported the results from a series of tests on 150-mm-diameter
samples of Lac du Bonnet granite loaded at 0.00075 MPa/s. Those tests clearly showed
the development of a shear plane and in one case an associated splay (Figure 5.41). The
inclination 0 of the failure plane was 23° which is similar to the general dip of Fracture
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FlGURE 5.41: Photo of the failure surface that developed in an unconfined sample of Lac
du Bonnet granite subjected to a loading rate of 0.00075 MPa/s. The failure
surface is inclined 23° with respect to the direction of loading. Notr. i>e splay
and compare to Figure 2.2

Zones 2 and 3. Lockncr et al. (1992) carried out a unique set of experiments on granite
samples whereby the loading system was controlled by the rate of acoustic emission. By
carefully source-locating the acoustic emissions they were able to determine that the fault
planes formed at an angle of 18° to 25° to the sample axis, which is similar to the results
found by Martin.

5.1.1.

Modelling Fracture Zone 2

Fracture Zone 2 tends to follow the weaker xenolithic. layers within the Lac du Bonnet
Batholith. These xenolithic layers tend to be weaker than the main mass of granite in the
batholith because of the increased mica content in the layers and near their boundaries.
Considerable reverse slip has occurred across Fracture Zone 2 (about 7 m where the shaft
intersects the fracture zone), and this movement may have led to stress relief in the dip
direction of the overlying rock. A numerical model was used to evaluate the mechanism of
stress rotation across Fracture Zone 2 described in Section 2.3.3. At the URL, the maximum
horizontal stress at depth is in the clip direction of Fracture Zone 2 (sœ Figure 2.8) and
the ratio between the maximum and minimum horizontal stress is about 1.2:1. This basic
information was input into a UDEC (Itusca Consulting Group, Inc., 1992) numerical model
as shown in Figure 5.42. The model was compressed in the horizontal direction and Fracture
Zones 2. 2.5 ;uid .'{ wen- allowed to slip. The resulting horizontal stresses versus depth, at.
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5.42: Stress mnguitudes 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 <p = 20°, Kn = 100 MPa/mm, Ka =
0.01Kn, v = 0.2 and E = 60 GPa.

shaft location, are shown in Figure 5.42. As is the case at the URL (see Figure 2.8), the
maximum horizontal stress direction rotates from the dip direction of the fracture zone below
the zone to the strike direction above the 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 above 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 model stresses closer
to those measured (Figure 5.42). Second, the stress magnitudes below Fracture Zone 2 are
fairly constant with depth (the model had a depth of 1.5 km). Although stress magnitudes
at the URL have only been measured to a depth of 512 m, measurements and construction
observations suggest that the maximum horizontal stress from Fracture Zone 2 to 512 m is
fairly constant at about 55 MPa (Figure 5.42).
The results from the numerical model suggest that the thrust faults are probably the main
reason for the stress reduction above Fracture Zone 2 observed at the URL (Figures 2.6
and 5.42) and that the near-vertical jointing is a secondary and in part much later feature,
possibly related to the presence of the thrust faults. If this hypothesis were correct then a
batholith without the near vertical joints would also be unlikely to have any near surface
thrust faults, and as a result should have very high stresses near the surface. In 1992 Canital
Granite of Winnipeg started a small quarry into the Medika pluton (Figure 2.1). The site
was chosen because of the hick of fractures in large exposures (0.5 km2) of nearly flat surface
outcrop. Shortly after excavation of the quarry began, a large popup 5 was observed.
In 1993 AECL carried out USBM ovorcorn testing in a 25-m-deep vertical borehole, drilled
'Surface feature in which a layer of nick has buckled upward in response to high horizontal stresses.
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FIGURE 5.43: Maximum horizontal stress versus depth for the URL compared with the
mean result from the quarry in the Medika pluton. Note that the least
squares fit of the data below Fracture Zone 2 predicts that the stress at the
surface would be slightly greater than 20 MPa which is very close to that
measured at the Medika pluton.

near the centre of the large flat outcrop at the Canital quarry site. The maximum horizontal
stress from the 10 overcore tests ranged from 16.6 MPa to 21.3 MPa and the mean is plotted in Figure 5.43. It should be noted that experience at the URL indicates that the stress
magnitudes obtained from overcoring where microcracking causes nonelastic/nonlinear behaviour tend to be lower than the actual magnitudes by as much as 10 - 15 MPa. Thus the
USBM magnitudes from the highly microcracked overcore samples from the Medika Pluton
represent a lower bound. Also shown in Figure 5.43 is the predicted stress at the surface of
the URL assuming that the thrusts faults and near vertical jointing were not present. The
predicted stress magnitude agrees quite closely with the stress magnitude measured at the
quarry in the Medika pluton where there is no evidence of near vertical jointing or thrust
faulting. Given that the Medika pluton is located only 50 km south of the Lac du Bonnet
Batholith (see Figure 2.1), it is reasonable to assume that the stress history of the Medika
pluton and Lac du Bonnet Batholith should be similar and that the stress distribution
within the two rock bodies should also be similar. Thus it appears that the development
of the thrust faults and associated near-vertical jointing in the Lac du Bonnet batholith
is what perturbs the stress distribution. This conclusion is also supported by the findings
of Moos and Zoback (1993) who determined that the stress distribution in two crystalline
regions of the southeastern United States was controlled by near-surface reverse faulting
which did not extend below a depth of a few hundred metres. Moos and Zoback concluded
that the reverse faulting environment most likely was a consequence of the distribution of
plate-driving tectonic stresses in regions in which strong elastic rock extended to the surface.

5.2.

SOUTH AFRICAN EXPERIENCE

Some of the deepest mines in the world are located in South Africa where mining levels
reach a depth of about 4000 m. Many of these mines are located in brittle quartzites which
are stronger and more brittle than the Lac du Bonnet granite.
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FIGURE 5.44: Stability of square tunnels in very good quality massive quartzite, from Hoek
and Brown (1980).

Hoek and Brown (1980) compiled case histories from South Africa where sidewall failures
were observed in square tunnels in massive quartzite. They developed a simple classification based on the ratio of the far-field maximum stress (cri) to the short-term unconfined
compressive strength <TC. A value for o\/cc = 0.1 represented a stable unsupported tunnel,
whereas <7I/<TC = 0.5 represented possible rock burst conditions. Sidewall spalling was found
to occur when o\juc > 0.2. Their results are summarized in Figure 5.44. The stability of
the openings on the 420 Level of the URL was assessed using the South African criterion
of Hoek and Brown, with <rc = 220 MPa and the in situ stress <7i=55 MPa, which gives
<J\foc ^ 0.25. Thus, according to this criterion the openings on the 420 Level of the URL
should experience minor to severe spalling (Figure 5.44), which agrees with the 420 Level
observations.
Because of the deep working levels of the South African mines and hence high in situ stress
magnitudes, several large-scale faults have developed at depth (Gay and Ortlepp, 1979;
McGarr et al., 1979; Ortlepp, 1992). These faults were characterized as shear faults and
typically covered an area of between 2000 and 3000 m 2 . The faults were clearly related to
the mining activity and developed in massive brittle rocks. Cox and Scholz (1988) found
excellent agreement between their Mode II experimental faults and those described by Gay
and Ortlepp (1979), McGarr et al. (1979). Gay and Ortlepp (1979) noted "a striking
similarity between the mining-induced fault zones and natural faults both in macroscopic
and microscopic form and in the development of cataclastic rock types." It should be noted
that the mining-induced faults formed when the ratio of cri/crc reached « 0.5, i.e. when the
far-field maximum stress reached about 150 MPa. Using the simple classification compiled
by Hoek and Brown, it would appear that large-scale shear fractures would not form at
the URL until the maximum far-field stress, <TI, reached a value of about 0.5ac or about
100 MPa. Thus, the current maximum stress at the UEL would have to double before such
large-scale shear fractures could develop.
5.3.

SUMMARY

The shear fractures or fracture zones at the URL, such as Fracture Zone 2, are recognized
as the dominant pathways for groundwater movement at depth. Numerical modelling of
Fracture Zone 2 as a thrust fault provides good agreement with the measured stresses at
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the URL. In the numerical model, once slip occurs the stresses above the fracture zone are
significantly reduced, particularly in the direction of thrust faulting. The stress normal to
this direction will decrease also, but probably to a lesser extent. Thus the values of the
initial o\ (acting in the direction of faulting) will decrease below the value of a-i (normal
to the direction of faulting). As a consequence, using the convention that a\ represents the
maximum cotnpressive principal stress, a<i is the intermediate principal stress, and
assuming that the vertical (overburden) stress remains unchanged as the minimum a% after
faulting, then cribefore -+ (J2lllll,r; °-iMme -* ""w r î -i- e - there i s a 90° change in orientation of
u\ and n-i in going from above the fault to below the fault. This is sometimes indicated as
a rotation of principal stresses. This is very similar to observations made at the URL (see
Section 2.3.3).
The development of shear fractures is preceded by stable crack growth. It was shown in
Figure 3.27 that the stress state at the URL is below the stress magnitudes required to
cause stable crack growth. However, in the stress concentrations around the perimeter of
the excavations at the 420 Level, crack initiation, i.e., stable crack growth, and local failure
did develop (see Section 3.5.2). Practical experience from South Africa indicates that in
order to develop a shear fracture the far-field in situ stress should be about 0.5 of the shortterm unconfined comprcssive strength T C . At the 420 Level of the URL the far-field stress is
only about 0.25<7c. The observations on the 420 Level of local v-shaped notch development
supports the applicability of the South African classification to the conditions at the URL.

6. GLACIAL AND THERMAL LOADING
In the previous sections, the mechanisms for Mode I and shear fracture initiation and
propagation have been explored. It was shown that in a compressive stress state Mode I
fractures are stable and cannot propagate. It was also shown that shear fracture propagation
is preceded by the localized development of Mode I cracks. In the Mine-by Experiment this
Mode I crack initiation was measured and hence can be used to investigate the initiation of
possible shear fractures in the rock mass surrounding the vault.
The nuclear fuel waste placed in a vault will cause the rock mass surrounding the vault to be
subjected to thermal loads. In addition, the long time (10 000 years or more) that a vault
must meet its design requirements also means that a vault could be subjected to glacial
loading. Thus over a 10 000-year timeframe, thermal and glacial loading must be considered
when evaluating the potential for large-scale fracturing in the rock mass surrounding the
vault.
The analyses presented in the following sections are based on the assumption of no lateral
strain. This assumption follows from Hooke's law and can be derived using
f-x

=

-jjj[<7x - v(<Ty + ITt)]

€y

=

^ K - ^ K + ^z)]

(6.1)

ez = -zWz ~ "fax + <Ty)\
where E is the Young's modulus and u Poisson's ratio. If the horizontal principal strains
(f.T) and (fy) arc; zero, then the ratio of horizontal (ax and ay) to vertical (az) stress is
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given by uj{ 1 - \>). The a.ssumption of no lateral strain has been questioned by McGarr
(19M). McGarr argues that the boundary condition of no lateral strain is not supported
by observations, and conceptually it requires two unusual circumstances: gravitation must
be suspended temporarily, mid the tendency for the crust to deform horizontally must be
coinplet.Hy suppressed. McGarr notes that assuming such a boundary condition to calculate
«•hautes in the state of stress leads to abnormal stress magnitudes that are not in keeping
wit!) observations. He argues that the analyses of these same problems (glacial and thermal)
when approached using isostasy and the balance of horizontal forces would ca1 ilate much
more modest changes in the stress state than those obtained assuming no lateral strain.
McGarr notes that by using this approach the effect of temperature, erosion, sedimentation,
and glaciation on the stai.n of stress magnitudes are very moderate and that none of these
processes can convert a lithostatic state of stress into one that is significantly deviatoric.
Thus the assumption of no lateral strain is a very conservative approach producing stress
uiagiiit ude changes that are probably not realistic. However, as a first approximation, this
boundary condition is assumed in the following discussion.

6.1.

GLACIAL LOADING

A disposal vault constructed at a depth of 500 in or greater will be subjected, during long
future times of 10 000 years or more, to thermal loads caused by the heat generated by the
nuclear fuel waste; and may be subjected to loads generated by glacial ice sheets. In both
cases these loads would cause an increase in the in situ stresses around the vault.
Glacial loading would significantly increase a3 with the horizontal stresses increasing as a
function of Equation 2.2. As discussed previously, an increase in a$ inhibits the growth
of Mode I fractures. Figure 6.45 illustrates the change in in situ stress with and without
the glacial loads. Also shown on Figure 6.45 is the crack initiation stress (<7«) given in
Section 3.5.2. Figure 6.45 clearly illustrates that as the loads from a glacier increase, the
stress state moves away from the crack initiation envelope, i.e., becomes more stable. Ates
et al. (1993) evaluated the effects of glacial loading on a disposal vault and concluded that
the effects would not jeopardize the structural stability. This conclusion is also supported
by Johnson (1987) who concluded that suppression of faulting by the large ice sheet covering
Greenland and Antarctica was responsible for the lack of seisniicity in these regions of the
world.

6.2.

THERMAL LOADING

Another and probably more important process for propagating fractures near a disposal
vault, is the load created by thermal stresses. Thermal analyses were carried out for a
disposal vault at a depth of 1000 m (Yuen, 1993). Their results showed that the stresses in
the rock mass surrounding the disposal vault, caused by the thermal loads, increased and
remained coiupressive, but that the horizontal stresses near surface decreased and became
slightly tensile at depths less than 100 in. The results for the vault centreline showed that
a temperature increase of about 50°C caused a corresponding increase of about 15 MPa in
the horizontal stress and about 5 MPa in the vertical stress at the depth of the vault. The
thermally induced stresses can be approximated assuming no lateral strain^n which case
the magnitude for thermally generated horizontal stresses ( A a r ) can bo estimated by
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FIGURE 6.45: /n situ stress conditions without (<7i = 55 MPa and 0-3 = 14 MPa) and with
a 3500-m-thick glacier. The horizontal line represents the crack initiation
stress (<Tci) measured in situ at the URL, see Figure 3.26.

EaTAT

(6.2)

where E and v are the elastic constants, e*r is the coefficient of thermal expansion and AT
is the temperature change (Timoshenko and Goodier, 1970). Inspection of Equation 6.2
indicates that a temperature rise will increase the horizontal stress, but a significant temperature decrease could lead to horizontal tensile stresses that could be greater than the
tectonic in situ stresses and hence lead to Mode I propagation. Such situations may have
occurred during the cooling history of the Lac du Bonnet Batholith from the temperature
range of 400° to 600° C to its present day temperature.
For a vault located at a depth of 5P0 m, Equation 6.2 was used to estimate the increase in
thermal stress caused by a temperature rise of 60°C, the temperature increase calculated
for a 1000 m depth by Yuen (1993). Using a Young's modulus of 60 GPa, v = 0.2 and
ar = 8 x 10~6 °C~ 1 , Equation 6.2 predicts a horizontal stress increase of about 36 MPa.
Assuming the relationship between horizontal thermal stress calculated by the axisymmetric
model used in (Yuen, 1993) and that predicted by Equation 6.2 for a depth of 1000 m, the
thermal stress was reduced to 28 MPa (Figure 6.46). Figure 6.46 shows that for a rock mass
at a depth of 500 m that is subjected to a temperature increase of 60°C, the increased stress
is still below the crack initiation stress. Also shown in Figure 6.46 is the stress in the rock
mass when a glacial load is superimposed on the thermal load. Note that when the glacial
load is superimposed on the thermal load, the shear stress is reduced and the stress state
moves further from the crack initiation envelope. Thus it appears highly unlikely that an
increase in temperature of about 60°C with or without the added load from a 3500-m-thick
glacier is sufficient to cause crack initiation in the rock mass surrounding the vault.
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6.40: Loading conditions for a vault at a depth of 500 m with in situ stresses of
O-] = 55 MPa and 0-3 = 14 MPa subjected to a 60°C temperature rise and a
350U-tn-thick glacier. The horizontal line represents the crack initiation stress
{a,;i) measured in situ at the URL, see Figure 3.26.

CONCLUSIONS

The in situ stress measurements at the Underground Research Laboratory show that even
in a large relatively homogeneous granite pluton, such as the Lac du Bonnet Batholith,
in situ stress magnitudes and orientations are highly variable. This is particularly true
near geological structures such as fracture zones, where the stress magnitudes can increase
and/or decrease significantly, and the stress orientations can reorient as much as 90° when
the structures are crossed. We have found that knowledge of the geological structures is
required to correctly interpret the stress measurements. Our results also show that the
stress magnitudes and orientations at the Underground Research Laboratory can generally
be explained by mechanistic elastic models developed from geological information.
Experimental and field evidence shows that Mode I fractures propagate in a plane perpendicular toCT3and only if the far-field stress is sufficient to overcome the tensile strength of
the rock. Because the regional stress state at a depth of 500 m or more is in compression
and appears will stay in compression even under conditions of glacial loading, there does
not appear to be any conceivable mechanism which could propagate large-scale Mode I fracturing in stable regions of the Canadian Shield under existing tectonic conditions, which
are expected to continue for millions of years. In addition because 03 is near vertical any
Mode I fracture propagation which might occur would be in a horizontal plane.
The development of a large-scale shear fracture is preceded by small-scale stable Mode I
cracking at the tip of the advancing shear fracture. Labor?*ory and field evidence at the
Underground Research Laboratory indicates the current in situ stress state is well below
the stress level at which Mode I cracking initiates in compression. Thus, the propagation of
existing large-scale shear fractures, at depths of 500 m or greater, is also considered unlikely.
On the basis of the above, we have concluded that the possibility of future large-scale
fracturing in the rock mass surrounding a disposal vault at 500 m to 1000 m depth in
the Canadian Shield where the compressive stress state is similar to that found at the
Underground Research Laboratory is extremely remote.
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