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MINE-BY EXPERIMENT COMMITTEE REPORT
PHASE 1: EXCAVATION RESPONSE

SUMMARY AND IMPLICATIONS

compiled by

C. D. Martin and P. K. Kaiser

ABSTRACT

The first phase of the Mine-by Experiment, i.e., excavation of a 3.5-m-diameter tunnel,
was carried out at the 420 Level of the Underground Research Laboratory to investigate
rock mass damage and progressive failure around a circular opening in brittle unfractured
Lac du Bonnet granite. The tunnel was excavated without explosives, and state-of-the-art
instrumentation comprising both geomechanical and geophysical instruments was used to
monitor the failure process. The experiment showed that rock mass damage begins once
the deviatoric stress {a\ — a$) near the advancing face of the tunnel exceeds a critical level.
Crack propagation can lead to progressive failure around the tunnel; however, it is limited
to a region, referred to as the excavation damaged zone, of less than one tunnel radius.

Within the damaged zone, slabbing (a typical form of brittle failure) began at stress levels
equivalent to about 50% of the short-term laboratory unconfined compressive strength. This
reduction in strength between laboratory and in situ conditions occurs because the in situ
loading path is far more complex than the monotonic loading path used to test laboratory
samples. There is no evidence to suggest that the slabbing failure process would extend
beyond the depth of damage defined by the deviatoric stress criterion. The slabbing process
stops when the tunnel face has advanced sufficiently (approximately 2 tunnel diameters)
such that the rock mass is no longer subjected to excavation-induced stress changes.

Because of the dependency of rock strength on the loading path, it is not correct to speak of
a single rock strength for a rock mass. The strength of the rock mass in the damaged zone
must be back-calculated from in situ tests, because the loading path cannot be duplicated
readily in the laboratory. Thus, the back-calculated damaged strength must be used to
evaluate the stability of the excavation. However, the strength of the undamaged rock mass
can be approximated by the long-term strength found in laboratory tests, and this long-
term laboratory strength may be used to evaluate the stability of openings subjected to
monotonic loading (e.g., the loads generated by thermal changes).

Sealing systems to reduce the permeability in the axial direction of a tunnel must be keyed
into the rock mass beyond the radial extent of the damaged zone. The shape of the seals
must be designed so as to minimize damage associated with excavation of the seal site.
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RAPPORT DU COMITÉ DE L'ESSAI AU VOISINAGE DE L'EXCAVATION
PHASE 1 : SOMMAIRE DE LA RÉPONSE À L'EXCAVATION

ET CONSÉQUENCES

compilé par

С D. Martin et P. K. Kaiser

RÉSUMÉ

La première phase de l'Essai au voisinage de l'excavation, soit l'excavation d'une galerie de 3,5 m de
diamètre, a été exécutée au niveau 420 du Laboratoire de recherches souterrain pour évaluer les dommages
causés au massif rocheux et la rupture progressive autour d'une ouverture circulaire dans la roche granitique
non fracturée de Lac du Bonnet. On a excavé la galerie sans utiliser d'explosifs et on a utilisé des
instruments géomécaniques et géophysiques de pointe pour vérifier le processus de rupture. L'expérience a
révélé que les dommages causés au massif rocheux débutent quand la contrainte déviatorique (ai - 03) à
proximité de la taille chassante de la galerie dépasse un seuil critique. La propagation de la fissure peut
mener à une rupture progressive autour de la galerie; toutefois, elle est limitée à une région désignée sous le
nom de zone de dommages provoqués par l'excavation, qui est inférieure à un rayon de la galerie.

À l'intérieur de la zone endommagée, le décollement en plaques (une forme typique de rupture de la roche)
commence à des niveaux de contrainte équivalant à la moitié environ de la résistance à la compression
uniaxiale à court terme en laboratoire. Cette diminution de la résistance entre les conditions en laboratoire
et les conditions in situ est attribuable au fait que le chemin de contraintes in situ est beaucoup plus
complexe que le chemin de contraintes monotone utilisé pour les essais en laboratoire. Rien ne semble
prouver que le processus de décollement en plaques se prolongerait au-delà de la profondeur des dommages
établie selon le critère de contrainte déviatorique. Le processus de décollement en plaques prend fin quand
la taille chassante a suffisamment progressé (environ deux fois le diamètre de la galerie), de sorte que le
massif rocheux n'est plus soumis aux changements de contraintes induites par l'excavation.

En raison du lien entre la résistance du massif rocheux et le chemin de contraintes, on ne peut parler d'une
résistance unique de la roche pour un massif rocheux. La résistance du massif rocheux dans la zone
endommagée doit être rétrocalculée à partir des essais in situ, car on ne peut reproduire en laboratoire les
conditions du chemin de contraintes. Par conséquent, on doit utiliser la résistance rétrocalculée pour
évaluer la stabilité de l'excavation. Toutefois, la résistance du massif rocheux intact (non endommagé) peut
être établie de façon approximative à partir de la résistance à long terme déterminée par les essais en
laboratoire, et on peut se servir de cette résistance à long terme pour évaluer la stabilité des ouvertures
soumises à une augmentation de la charge monote (p. ex., les charges attribuables aux changements
thermiques).

Les systèmes de scellement visant à réduire la perméabilité dans le sens axial d'une galerie doivent être
assujettis au massif rocheux au-delà du prolongement radial de la zone endommagée. La forme des
éléments de scellement doit être telle qu'elle réduit au minimum les dommages associés à l'excavation au
site de scellement.
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PREFACE

Visitors to AECL's Underground Research Laboratory at Pinawa, Manitoba are often struck
by the remarkable absence of joints in the granite exposed in the underground excavations
at the 420 Level. "Granite should be jointed," is the usual reaction. This belief may be
due, in part at least, to the fact that granite exposures are often seen at the surface, or
in association with underground mineral deposits - where the presence of fractures is a
pre-requisite for the mineralization. There are fractures in the Lac du Bonnet batholith,
but these are either discrete thrust faults, or sub-vertical joints - the latter at depths less
than 300 m below the surface. Both the faults and the joints appear to be ancient, about
2000 million years old, with no evidence of any significant fracturing since that time. The
implication is that any tectonic activity subsequent to the original fracturing has produced
slip on the pre-existing fractures - in effect, shielding the intact rock mass from the build-up
of stresses sufficiently high to cause fracturing. Whatever the reasons, the granite below the
thrust fault designated as Fracture Zone 2 (FZ2) appears to be free of any discontinuities
other than microfractures.

The homogeneous intact rock mass exposed in the 420 Level at the URL has provided an
exceptional opportunity for study of rock mechanics and related topics - and investigators
at the URL have taken full advantage of the opportunity! In seeking to assess the suitability
of such rock masses for long-term isolation of high-level radioactive waste, the geotechnical
team at the URL has been successful in providing important new insights into the mechanics
of rock deformation, and in demonstrating the potential of new techniques, such as the
micro-seismic detection of micro-fracturing in rock during excavation.

The Mine-by Experiment, which is the subject of this report, has provided a wealth of infor-
mation. Most important, perhaps, is the identification of the influence of stress variations
at, and ahead of, the tunnel face as it is being excavated. These changes can profoundly
modify the properties and stability of the rock in the immediate vicinity of the excavation.
It is now clear that to ignore these 'three-dimensional' effects in the usual 'two-dimensional'
plane strain analyses of tunnel deformations is to analyse the wrong problem. The fact
that borehole (or tunnel) 'breakouts' are not symmetrically oriented 180° from each other
when the excavation is not oriented exactly parallel to a principal stress direction, is an
important finding of general value in the use of 'breakouts' as an indicator of in situ stress
orientations. The recognition that the compressive strength of granite specimens can be
reduced to 70% or so of the usual value obtained in standard short-time laboratory tests,
simply by applying the load over a period of hours rather than minutes, is also important.
It indicates that 'size effect' may sometimes be too glib an explanation for the apparent
reduction in the strength of a rock mass compared to the strength of laboratory specimens
of the rock. The differences in rate of loading between the field and the laboratory can play
a role. There are other findings of similar value. They are detailed in this report.

Geological isolation is being studied in many countries world-wide. Though the types of
rock formation may vary - from granite, as at the URL, to salt as at the Waste Isolation
Pilot Plant (WIPP) in New Mexico, USA, or clay in Mol, Belgium, one feature common to
every case is the fact that the rock mass is 'pre-loaded', i.e. subject to in situ gravitational
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and tectonic stresses that exist before excavation begins. It is this pre-loaded condition that
makes the three-dimensional changes at the excavation face so important to an understand-
ing of the subsequent behaviour of the excavation; it is this condition that also distinguishes
design in geological structures from design with most fabricated structures, where loads are
applied after the structure is constructed. It is the reason why care is needed in using
two-dimensional plane strain conditions for the design of underground excavations.

Many of the geological isolation studies internationally are at the stage of conducting tests
in underground laboratories essentially similar to the URL, where a limited number of exca-
vations have been constructed in order to allow in situ testing to determine the suitability of
various rock types for waste disposal. A large proportion of these tests are conducted within
the region immediately adjacent to the excavations, i.e., the region in which excavation ef-
fects such as observed at the URL have changed the characteristics of the rock from those
of the rock mass more remote from the excavation. The characteristics of this so-called
'disturbed rock zone' (DRZ) - which exists around a small borehole as well as a larger ex-
cavation - are thus of major significance to the correct interpretation of underground tests.
Similarly, sealing of the DRZ is a critical element in the development of effective barriers to
the release of radionuclides from the filled repository. The Mine-by Experiment at the URL
has helped to focus international attention on all these issues, and represents a very signifi-
cant international advance in understanding of the problem of effective geological isolation
of radioactive waste.

In summary, the standard of geotechnical investigations at the URL in toto, and the Mine-by
Experiment in particular, has been uniformly excellent. Understanding of the mechanical
properties of the Lac du Bonnet granite relevant to the problem of high-level radioactive
waste isolation has been advanced considerably and important design insights have been
gained. Beyond this, the science of rock mechanics has also benefited significantly.

It has been a privilege to be associated with the URL geotechnical studies, and especially
with the investigators involved in the Mine-by Experiment.

C. Fairhurst



1. INTRODUCTION

The Mine-by Experiment is one of the Operating Phase Experiments that was planned for
AECL's Underground Research Laboratory (Simmons 1990). The experiment comprises
three phases: 1) the excavation response phase, which is designed to investigate the forma-
tion of damage around underground openings; 2) the connected permeability test phase,
which investigates the hydraulic characteristics of this damaged zone; and 3) the heated-
failure studies phase, which examines the effects of thermal loading on the formation of the
damaged zone.

During the excavation response phase, which was carried out between 1989 and 1995, more
than 100 documents describing the technical findings of this phase of the experiment were
published. Among these publications is a series of AECL reports documenting the measured
response (Appendix A). A detailed technical summary of the experiment, together with a
complete list of publications related to it, is given by Read and Martin (1996).

This report was compiled by two members of the Mine-by Experiment Committee, which
was responsible for guiding the design and execution of the experiment. It provides an
overview of the major findings from the excavation response phase, serves as an extended
executive summary, and presents some of the implications of these major findings on vault
design. For technical details of the experiment, readers are referred to the technical sum-
mary by Read and Martin (1996). Unless otherwise stated, the justification for the conclu-
sions presented herein can be found in the report by Read and Martin (1996).

1.1 BACKGROUND

In Canada, as in many countries that employ nuclear power, the deep underground disposal
of used nuclear fuel waste is being investigated. The Canadian disposal concept considers
the plutonic rock of the Canadian Shield as a potential host medium for a disposal vault
located at depths of 500 to 1000 m. As part of the assessment of this concept, Atomic Energy
of Canada Limited (AECL) has constructed an Underground Research Laboratory (URL)
approximately 120 km northeast of Winnipeg, Manitoba in the Lac du Bonnet granite
batholith. Constructed between 1983 and 1989, the URL provides a well-characterized in
situ environment in a previously undisturbed volume of rock. The present facility consists
of major working levels at depths of 240 and 420 m below ground surface, with additional
access at depths of 130 and 300 m (Figure 1).

The URL was built to conduct experiments that address important issues in assessing
the Canadian disposal concept, and to demonstrate the feasibility of the proposed disposal
technology. In 1987, AECL proposed several experiments, which were reviewed by an expert
group herein referred tc. as the Panel (Simmons et al. 1992). Among these experiments
was the Mine-by Experiment, the main focus of which was to investigate the formation and
geomechanical characteristics of the excavation disturbed zone adjacent to an underground
opening. The extent and nature of this zone are important concerns for both the operational
safety and the sealing of a vault to control the migration of radionuclides. Recognizing
that the Mine-by Experiment was the only credible experimental technique available to
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FIGURE 1: Isometric view of the Underground Research Laboratory showing the main
working levels.
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• 1991 Estimate
1995 Actual
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FIGURE 2: Simplified schedule of the experiment, showing planned and completed ac-
tivities. Milestones in Design and Engineering represent the completion of
preliminary and final design, respectively; and in Construction, the start and
completion of test tunnel.

investigate the complex processes involved in the formation of the excavation disturbed
zone, and particularly progressive failure1, the Panel recommended that this experiment be
carried out in the high-stress environment at the 420 Level, to maximize the potential for
failure. The Panel noted that:

"interpretation of the results of the Mine-by Experiment on the 420 Level2

would require a full understanding of the process of progressive failure
of a highly stressed rock mass. This understanding is considered to be
essential for the development of a sound design process for future disposal
vaults."

As a result of the Panel's recommendations, the Mine-by Experiment was carried out at
the 420 Level (Figure 1).

1.2 SCHEDULE AND ORGANIZATION

The Mine-by Experiment began in 1989 April and was completed in 1995 March. A simpli-
fied schedule of the experiment, including the major work elements, is shown in Figure 2.

The main experimental activities were carried out essentially as planned and were completed
close to the original schedule (Figure 2). However, the conceptual design for the experiment
required that the test tunnel be excavated by a tunnel boring machine (TBM). Due to the
high costs of using a TBM for the excavation of a short (i.e., about 50-m-long) test tunnel,

'Definitions of progressive failure and the excavation disturbed zone are given in Appendix B.
2The 420 Level means the working level is located approximately 420 m below the ground surface at the

shaft collar.



various excavation techniques were investigated and a non-explosive technique using rock
breakers was selected for excavating the tunnel. The time required to become familiar
with the rock-breaking technique increased the excavation schedule by about 3 months,
but did not affect the overall completion date for the experiment. While the rock-breaking
excavation technique is not practical for a disposal vault, it offered the following important
benefits for the experiment:

1. flexibility for instrumentation installation and monitoring;

2. flexibility in excavation size and shape;

3. continuous access to the tunnel face to observe and measure the failure process;

4. no explosively-generated vibrations;

5. flexibility in scheduling; and

6. low cost and efficient use of available resources.

Figure 3 lists the key personnel who designed, carried out and analyzed the results from
the experiment. Some of these individuals also helped set the detailed objectives for the
experiment.

1.3 OBJECTIVES

During the development of a disposal facility, knowledge about the response of the rock to
excavation will be needed to help optimize many aspects of the design, such as the depth of
disposal, layout of tunnels and rooms, excavation method and geometry, spacing of waste
containers, and the design and construction of seals. The Mine-by Experiment was designed
to address some of these issues and to prepare background information that could facilitate
the design of such facilities. In addition to the global objective of advancing our knowledge
of the excavation disturbed zone, five specific objectives were developed for the the Mine-by
Experiment (Read and Martin 1991):

1. to improve our fundamental understanding of in situ rock mass behaviour and
failure mechanisms;

2. to evaluate the excavation damage created around underground openings, study
the causal mechanisms and establish the controlling factors in damage zone cre-
ation;

3. to contribute to studies of the viability of the borehole alternative for emplacing
nuclear fuel waste containers;

4. to develop and evaluate underground characterization methods, and characterize
the volume of rock that will contain future sealing experiments; and

5. to develop and evaluate monitoring instrumentation and data management sys-
tems.

A review of several excavation-response experiments conducted at other sites prior to the
Mine-by Experiment at the URL revealed that several guidelines should be followed in
planning these types of experiments:
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• important parameters must be measured directly rather than inferred from other
parameters;

• the experiment should be located away from complex rock structures;

• detailed scoping calculations are required to determine the resolution and posi-
tioning of instruments; and

• a thorough characterization of the site must be carried out.

These guidelines were fully respected in the development and execution of the Mine-by
Experiment. Furthermore, excavation and monitoring experience gained at the URL from
shaft sinking, the Room 209 Excavation Response Test, the vent raise excavation from the
240 Level to 420 Level, and the 420 Level development were integrated into the design of
the experiment. This experience suggested that:

• a circular tunnel is preferable to noncircular or rectangular shapes;

• the measurements must be concentrated in the excavation disturbed zone;

• nonpercussive techniques are preferred because they reduce the risk of extensome-
ter anchor slippage;

• the Bof-ex extensometer performance is superior to that of other types of exten-
someters tested;

• temperature and humidity must be controlled to avoid thermal responses in the
rock mass; and

• at least six diametral measurement lines are necessary for the back-analysis of
convergence measurements.

2. EXPERIMENT OVERVIEW

The URL is located in the Lac du Bonnet batholith, which is considered typical of many
granitic intrusions of the Precambrian Canadian Shield. Dated as Late Kenoran in age
(2680 ± 81 Ma), the batholith is an elongated body about 75 by 25 km in surface area
and about 10 km deep, with an ENE-WSW trend. It lies in the Winnipeg River plutonic
complex of the English River gneiss belt of the western Superior Province. The batholith is a
relatively undifferentiated massive porphyritic granite-granodiorite. The massive, medium-
to coarse-grained porphyritic granite is relatively uniform in texture and composition over
the batholith, although it displays localized subhorizontal gneissic banding.

The geology of the URL has been characterized from detailed logging of drill-core from
boreholes, and from geological mapping of surface and subsurface exposures. These inves-
tigations indicated that jointing essentially stops about 220 m beneath the ground surface.
The Mine-by Experiment was carried out at a depth of 420 m (420 Level, Figure 4), approx-
imately 200 m below any regular joint patterns. Approximately 500 m of tunnel excavation
at the 420 Level encountered only six fractures, each with a trace length less than 1.5 m.
In addition, boreholes drilled more than 1000 m deep in the vicinity of the URL indicate
that the massive granite persists with depth. Thus, the characterization of the 420 Level
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FIGURE 4: Geological section through the URL showing the location of the 420 Level and
the in situ stress domains at the URL. Below Fracture Zone 2, the rock is
massive unfractured gneissic grey granite.

focused on minor variations in the local geology, minor banding within the granite, in situ
microcrack studies, and the in situ stress state.

The experiment was carried out in continuous massive isotropic unfractured rock. Although
free of joints, the rock mass volume was not entirely homogeneous. Variations in mineral
grain size were observed and played a minor role in the development of the excavation
damaged zone.

Although the in situ stress tensor is an essential parameter for selecting the test tunnel
orientation and for analyzing the results from the experiment, it is one of the most difficult
and costly parameters to determine accurately. The characterization of the URL showed
that the stress magnitudes and directions could be grouped into three stress domains, all of
which were related to the geological conditions at the site. The 420 Level is located in stress
domain III, where the horizontal stress magnitudes, and hence the a\l<Jz and the <r2/<73

ratios, are relatively high compared to other areas of the URL. During the characterization
of the URL, considerable effort was expended to determine the magnitudes and directions
of the in situ stress tensor at the 420 Level with unprecedented accuracy. The stress tensor
adopted for the experiment design is given as the 'original' estimate in Figure 5. Using this
stress tensor, the orientation of the test tunnel (azimuth 225°) was chosen to be aligned
with <72 to maximize the stress ratio in the plane perpendicular to the tunnel axis so as
to promote the development of the deepest possible excavation-damaged zone. During the
experiment, it was determined that the azimuth of the test tunnel and the direction of oi
differed by about 10° and that the magnitude of the components of the stress tensor given in
Figure 5 also varied by < 5 MPa. Figure 5 gives the in situ stress tensor from two different
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FIGURE 5: Summary of the estimated in situ stresses for the Mine-by Experiment. The
grey circular areas on the stereonet and the small bar on the histogram rep-
resent the 90% confidence interval for the orientation and magnitude, respec-
tively. The best estimates are given as magnitude, trend and plunge.

back-analysis techniques using the monitoring results. Despite these differences from the
original estimate, the conclusions based on the initial tensor were unaffected.

The general arrangement for the Mine-by Experiment, the associated instrumentation gal-
leries, access tunnels and shafts on the 420 Level are shown in Figure 6. The layout for the
access tunnels provided access to an undisturbed rock volume prior to the construction of
the test tunnel, and thereby permitted all instrumentation except tunnel surface monitoring
to be installed prior to the start of the test tunnel in 1992 January.

The test tunnel was excavated between 1992 January and July. Although the access and
instrumentation openings for the experiment were excavated using drill-and-blast technol-
ogy, the excavation method for the test tunnel did not use explosives. This mechanical
excavation (rock-breaking) method involved line-drilling and reaming a series of 1-m-deep
perimeter holes around the design diameter of the tunnel, and then progressively break-
ing out the interior of the round using hydraulic rock splitters in a series of production
holes. Most of the test tunnel was excavated as a 3.5-m-diameter cylindrical opening with
an almost flat face. The excavation method necessitated a stepped longitudinal profile to
accommodate drilling of each round; it was modified after Round 30 to investigate the effect
of the pilot-and-slash excavation technique (Figure 7).
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FIGURE 6: General arrangement for the Mine-by Experiment, the associated instrumen-
tation galleries, access tunnels and shafts on the 420 Level. The test tunnel is
oriented at azimuth 225°.

3. INSTRUMENTATION

The Mine-by Experiment incorporated two tiers of instruments. The first, selected on
the basis of previous excavation response tests at the URL, included extensometers and
convergence arrays to measure rock mass displacements; triaxial strain cells to measure
induced rock mass strains; and thermistors to measure the rock temperature. A second
tier of instrumentation, based on microseismic (MS) technology, was used to study the
development of the damaged zone around the Mine-by Experiment test tunnel. In addition,
geophysical surveys were conducted periodically during the experiment.

In order to reduce the effect of thermal strains and desaturation on the response induced by
the in situ stresses, an enthalpy control system was installed and operated throughout the
experiment. This unit controlled temperature and humidity, and maintained the ambient
rock conditions (i.e., 10.5°C and > 90% relative humidity) in the test tunnel as excavation
proceeded. Although some short-term spikes were recorded in the air temperature during
peak excavation activities, the overall rock temperature was maintained to within about
1.5°C of ambient temperature. Relative humidity was consistently above 90%.
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FIGURE 7: Section through the Mine-by test tunnel (Room 415) showing the excavation
methods and sequence used for the Mine-by Experiment.

3.1 EXTENSOMETERS

Borehole fracture monitor extensometers (Bof-exs), which had been used successfully in
other experiments at the URL to monitor very small displacements, formed the backbone
of the displacement monitoring system for the Mine-by Experiment (Figure 8).

The Bof-ex is an incremental-type extensometer that measures relative displacement be-
tween anchors. Each extensometer string incorporated ten direct current linear variable dif-
ferential transformer (DC-LVDT) displacement transducers, eleven mechanical screw-type
anchors, Invar or stainless-steel rods, centralizers, and seven thermistors. The repeatability
of each transducer is ±0.6/zm, and the range is ±6 mm.

Accurate collar surveys and downhole laser surveys were conducted for each borehole to
determine the exact collar location and alignment deviation. The deviation in alignment
was less than 0.5°, which introduced negligible error in the measured radial displacements.
Anchors were spaced as close as 340 mm near the tunnel wall in the boreholes, and farther
apart further from the tunnel. The innermost anchor in each string was approximately
100 mm outside the design perimeter of the test tunnel.

For the Mine-by Experiment, a total of 12 radial Bof-ex strings were installed in two instru-
ment arrays at chainages 20+00 and 22+50 in Room 415. An axial extensometer (No. 13
in Figure 8) was also installed in a borehole drilled from Room 414 parallel to the test tun-
nel axis, approximately 1.3 m from the NW wall of the tunnel at the height of the tunnel
centreline. Because all of the extensometers were installed before excavation began, the
response measured by the extensometers represents the total radial displacement induced
by the excavation of Room 415.

In addition to the Bof-exs, eight excavation damage extensometers (Ed-exs) were installed
at approximately chainage 22+50. These instruments, comprising ten displacement trans-



11 -

FIGURE 8: Arrangement of Bof-ex boreholes for the Mine-by Experiment.

ducers and eleven anchors, are an approximately 1-m-long miniature version of the Bof-ex.
The Ed-exs were installed radially outward behind the advancing face to provide detailed
displacement measurements within 1 m of the tunnel wall. Because they were installed from
within the tunnel, these extensometers recorded only a portion of the total displacement
response.

3.2 CONVERGENCE ARRAYS

Convergence arrays were installed in Room 415 at eight locations between chainages 10+20
and 31+96 (Table 1). Details of a typical convergence array installation are given in Figure 9.

Convergence arrays in the experiment comprised 12 pins installed as close as possible to
the tunnel face (0.01 to 0.12 m) in a vertical measuring plane orthogonal to the tunnel axis.
Changes in tunnel diameter were recorded along six diametral measurement lines following
each excavation round, providing a record of tunnel wall convergence versus excavation
advance. Additional readings were also taken within each round to determine the tunnel
convergence with respect to time. Previous experience with the Kern distometer at the
URL has shown a repeatability of ±0.1 mm.

3.3 TRIAXIAL STRAIN CELLS

The CSIRO Hollow Inclusion (HI) triaxial strain cell has been used almost exclusively at
the URL to measure incremental strains due to excavation. A total of twelve CSIRO HI
cells were installed in two arrays for the Mine-by Experiment (Figure 10).
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TABLE 1

LOCATION OF CONVERGENCE ARRAYS IN THE MINE-BY TEST TUNNEL

Array Chainage (m) Excavation Round

415-1
415-2
415-3
415-4
415-5
415-6
415-7
415-8

10.204
12.531
15.380
18.485
22.565
26.062
28.924
31.964

5
7
10
13
17
22
25
28

a) Kem distometer

Wire coupling adaptor Displacement gauge

Screw connector

Tension gauge

Drillhole
(32-mm diameter)

Resin Grout

Steel reinforcing bar
(19-mm diameter)

Stainless steel setting
bolt (15-mm diameter,
M8 threaded hole)

b) Typical convergence array c) Typical convergence pin

FIGURE 9: Details of the instruments and arrangement of a typical convergence array from
the Mine-by Experiment.
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FIGURE 10: Arrangement of 12 CSIRO HI triaxial strain cells used to monitor the
excavation-induced response around the Mine-by test tunnel. Cell 3, located
in the centre of the test tunnel, was recovered during excavation.

The arrays of boreholes were drilled from Rooms 405, 413 and 416, and were designed to
place CSIRO HI cells near the wall of Room 415 at chainages 18+25 and 24+25 in the test
tunnel. For the first array, two cells were located approximately 2.5 m horizontally on either
side of the test tunnel centreline; one cell was located 2.5 m vertically above the test tunnel
centreline; and one cell was located at the tunnel centre. The second array contained eight
CSIRO HI cells, with design locations 2.5 and 3.25 m from the test tunnel centreline at 0,
90, 180 and 270° clockwise from horizontal.

Precise survey control was essential to interpret the results from the CSIRO cells. Accurate
collar surveys and downhole laser surveys were conducted for each borehole to determine
the spatial position of the collar and alignment deviation. After the test tunnel excavation
was completed, the exact location and orientation of each cell was determined by drilling
150-mm-diameter boreholes from inside the completed test tunnel to intersect and remove
each cell.

3.4 ACOUSTIC EMISSION/MICROSEISMIC MONITORING

The results from a microseismic system, installed to monitor excavation-induced seismicity
in the rock mass during the extension of the URL shaft, were used to design a more elab-
orate system for the Mine-by Experiment. This new system was designed to investigate
the physics of fracturing associated with the development of a damaged zone around the
test tunnel. Two objectives of this design were to improve the accuracy of source location
determinations and to develop more rigorous source mechanism analysis procedures. The
microseismic system comprised 16 three-component accelerometers (Figure 11). The ac-
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4.6-m-dlameter
Shaft

Microseismic
Accelerometer

Room 413

FIGURE 11: Location of the Mine-by test tunnel and the microseismic triaxial accelerom-
eters on the 420 Level.

celerometers, with a frequency response from 50 Hz to 10 kHz (±3 dB), were grouted in
place at the end of diamond-drilled boreholes. The accelerometer array was designed for
focal sphere coverage and a source location accuracy of about ±0.25 m near the centre of the
tunnel. The sampling frequency was set to 50 kHz, allowing seismic events with moment
magnitudes as small as -6 to be studied. This number of sensors also allowed a seismic
moment tensor inversion scheme to be used to perform source mechanism analysis.

In addition to the microseismic monitoring system, a small-scale acoustic emission (AE)
monitoring survey was carried out on a portion of the Mine-by Experiment test tunnel
sidewall. An array of AE sensors was installed along the northwest wall after approximately
22 m of the test tunnel had been excavated (Round 17). Four boreholes arranged in a
diamond pattern were drilled parallel to the far-field o\ direction, inclined about 11° to the
southeast. The array enclosed a rectangular prism of rock approximately 0.7 x 0.7 m in
cross-section and 1.1 m deep. Acoustic emission (AE) monitoring and velocity surveys were
performed using five 1 MHz compressional transducers installed in each borehole and three
additional transducers attached to the tunnel wall.

AE monitoring began 1992 March 13, seven days after Round 17 was completed. During
the next 3.5 weeks, two half-metre rounds (Rounds 18 and 19) were completed and a third
(Round 20) begun. Source location uncertainty was estimated at 44 mm near the centre of
the array, while event locations further than 0.75 m from the array centre were approximate
at best.
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3.5 SUMMARY

The instrumentation performed as designed for the duration of the experiment, with rela-
tively few tranducer problems (fewer than 10 out of approximately 500). The continuous
data logging of these instruments provided the complete history of the rock mass response
to the test tunnel construction. All of the instrument locations were determined accurately
through precise survey control, downhole laser surveys and post-monitoring removal. In
addition, precise surveys of the tunnel face positions and shape were conducted throughout
the experiment. Consequently, the measured response could be related accurately to the
position of the tunnel face and the associated construction activites. These detailed records
provided the information necessary to carry out accurate numerical analyses of the rock
mass near the tunnel face.

4. CHARACTERIZATION

During the Mine-by Experiment, three activities were undertaken to establish the rock mass
characteristics surrounding the test tunnel: 1) geological mapping of all the tunnels on the
420 Level, and geological core logging of all boreholes drilled for the experiment; 2) crosshole
velocity surveys of the rock near the centre of the test tunnel; and 3) geophysical velocity
imaging of the rock mass near the test tunnel. These activities and their results, which
demonstrated that the rock mass is essentially homogeneous and isotropic, are summarized
below.

4.1 GEOLOGY

Extensive geological mapping of the test tunnel and laboratory analyses of drill core sam-
ples from representative areas of the test tunnel were conducted as part of the pre- and
post-excavation characterization. During the excavation of Room 415, six closed natural
fractures were encountered, each with an areal extent on the order of 1 m2. These frac-
tures, interpreted as cooling fractures associated with the margins of a granodiorite dyke,
are tight, with minor infillings of chlorite, serecite, hemat:le and carbonate.

As expected from exploratory drilling and excavation of the access tunnels for the Mine-
by Experiment, the test tunnel was excavated in an area of mixed granite-granodiorite
lithology. The distribution of grey granite and granodiorite is depicted on an unfolded
perimeter map of the test tunnel in Figure 12. Note that with increasing chainage, the
proportion of granodiorite increases to a maximum of 100% near chainage 30+00, then
decreases again towards the end of the tunnel. In comparing the geology perimeter map
to similar maps of overbreak contours and of microseismic activity occurring outside the
design perimeter of the tunnel, it is evident that there is a correlation between geology,
microseismic activity, and breakout development. Regions predominantly of granite showed
more microseismic activity during excavation, and developed more pronounced breakouts
as the tunnel advanced, in comparison to regions of granodiorite.
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FIGURE 12: Perimeter maps of geology, overbreak and microseismic activity. Granite is
shown as the light regions and granodiorite as the dark regions on the geol-
ogy map. Note the correlation between areas of grey granite, overbreak and
concentrated microseismic activity. Distance (m) on the x-axis is shown as
chainage (0+00) from the start of Room 415.
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FIGURE 13: Core samples of grey granite (left) and granodiorite (right), illustrating the
difference in petrofabric. Note the much larger crystals and inequigranular
structure in the granite sample, compared to the equigranular granodiorite
sample. The small divisions at the bottom of the photograph are millimetres.

Petrofabric analysis of the granite and granodiorite showed that the main difference between
the two lithologic units is related to grain size and texture. The grey granite samples are gen-
erally coarsely crystalline and inequigranular, containing large metamorphosed crystals of
both alkali feldspar and plagioclase. The granodiorite, by contrast, is finely crystalline and
equigranular. The large feldspars characteristic of the grey granite were often significantly
more fractured than finer-grained crystals, indicating more brittle behaviour. Figure 13
shows core samples of granite (left) and granodiorite (right), illustrating the obvious differ-
ences in their grain structure. The granite shows more visible signs of damage related to
the cracking of the larger feldspar crystals caused by stress relief during sampling.

4.2 CROSSHOLE VELOCITY SURVEYS

Four crosshole seismic surveys were conducted in a vertical plane orthogonal to the axis of
the Mine-by test tunnel to observe excavation-induced changes in seismic velocity and me-
chanical properties of the granite. Prior to the excavation, surveys to observe both far-field
and near-field velocity conditions were performed. These same two surveys were repeated
after excavation of the Mine-by test tunnel in order to observe changes in compressional
(P) and shear (S) wave velocity distribution resulting from tunnel excavation.
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The velocity surveys were done in two arrays of 76-mm-diameter diamond-drilled boreholes,
referred to as the far-field (or main) panel and the near-field panel. The main panel config-
uration consisted of 22 cored boreholes, all in a single vertical 33-by-40 m plane orthogonal
to the tunnel axis. The tunnel intersected the main panel at its approximate centre. The
near-field panel consisted of eight extensometer boreholes, all drilled in approximately the
same plane as the main panel, and intersecting the Mine-by test tunnel in a radial pattern.
All measurements were made with mini-CHARTS, a miniature cross-hole seismic system
developed by AECL for geological mapping and engineering assessment of granite. The
transducers for the surveys operated in the 5 to 80 kHz range.

Velocity statistics for 13 horizontal rays and 10 vertical rays extracted from the 1991 pre-
excavation surveys of the main panel show means of 5878±18 and 5911±23 m/s, respectively.
These values represent a velocity anisotropy of only 0.5% within the main panel, even though
the <TI/<73 stress anisotropy in this plane was greater than 4. A region of slightly higher
P-wave velocity, corresponding to an area of granodiorite, was noticeable in the upper NW
corner of the main panel in both the pre- and post-excavation survey. The main panel
velocity tomograms showed velocity changes of ±20-40 m/s for the region away from the
tunnel excavation. The repeat survey results showed the tunnel outline as a low-velocity
zone in the geometric centre of the panel. In this region, P- and S-wave velocities decreased
by 180 to 250 m/s due to the presence of tunnel. This survey demonstrated the uniformity
of the granite and indicated that there was no correlation between the velocity anisotropy
and the in situ stress anisotropy. The resolution of the survey results was not sufficient to
delineate the excavation-induced damage zone.

A near-field velocity survey was carried out in the extensometer boreholes (EXT 7-6, EXT
12-6 and EXT 11-12, see Figure 8) before and after excavation of the test tunnel to determine
the velocity changes caused by the test tunnel. This survey did not record any velocity
change in the roof of the test tunnel, but did record a slight (maximum of 207 m/s, or
3.6%) P-wave velocity decrease in the southeast sidewall of the test tunnel. The S-wave
velocities measured in the plane between adjacent boreholes showed no change before and
after excavation in this survey. The region of P-wave velocity decrease correlates with the
tensile or unloading region around the tunnel.

An additional velocity survey was performed in the sidewall of the test tunnel in an array
of four boreholes arranged in a diamond pattern, enclosing a rectangular prism of rock
approximately 0.7 x 0.7 m in cross-section and 1.1 m deep (Section 3.4). Compressional
velocities in this volume were measured horizontally and vertically, while shear velocities
were measured at ±45° from vertical. Compared to the pre-excavation velocity of 5878 m/s,
compressional velocities tangential to the tunnel decreased by 5% for horizontal raypaths,
and by over 10% for subvertical raypaths, within 0.15 m from the tunnel wall. Past 0.75 m
from the wall, compressional velocities were within 2% of the pre-excavation velocity. Sim-
ilar trends were apparent in the shear velocities in this volume, ruling out desaturation as
the sole cause of the compressional velocity variation. In conjunction with the AE data
from this study (Section 5.3.2.3), these results indicate that open microcracks in the tunnel
sidewall are concentrated near the free surface, and do not extend beyond about 0.75 m
from the wall. However, based on the results from this and the other velocity studies, it
is not clear whether or not the physical properties of the tensile sidewall region are sub-
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stantially different from those of the undisturbed rock. This issue is discussed further in
Section 5.3.2.

4.3 VELOCITY IMAGING

Standard seismic velocity surveys measure the travel time of a seismic ray between known
source and receiver positions, from which an average or apparent velocity is calculated
assuming a straight ray path. However, when conducted close to an underground opening,
these types of surveys do not account for ray diffraction around the opening or for variations
in velocity along a given ray path. Consequently, the calculated apparent velocities may
not reflect the actual velocity structure of the rock mass close to the opening. The use of
three-dimensional seismic velocity imaging could compensate for these effects.

A near-field seismic velocity study involved detonating small explosions (blasting caps)
in short holes down the length of the test tunnel, and recording the travel times to the
microseismic monitoring sensors. The results from this survey showed that the velocities in
the region of unloading near the tunnel walls had a P-wave velocity of 5500 m/s, compared
to 5900 m/s for the undisturbed rock mass. This difference of approximately 7% in velocity
was attributed to cracking in the tensile stress region. One important conclusion from the
velocity study is that the velocity did not increase in the regions of compressional loading
around the tunnel, indicating an absence of open cracks prior to tunnel excavation.

The survey also showed that velocity imaging techniques, using both velocity calibration
survey results and microseismic data, make it possible to analyze the velocity variations in a
particular region of interest at a particular instant in time. These techniques are especially
applicable in assessing excavation-induced damage around underground openings. However,
in both velocity imaging techniques described above, the calculated velocity variations are
changes relative to an initial starting model. In order to interpret these variations directly
as in situ changes caused by tunnel excavation, the initial model must represent the undis-
turbed condition of the rock mass prior to any disturbance caused by the effects of tunnel
excavation, and the inversion technique must be sensitive to the starting model. Otherwise,
absolute in situ changes cannot be satisfactorily determined, and results can be interpreted
only in relative terms.

4.4 SUMMARY

The results from the characterization activities revealed that the test tunnel was excavated
in relatively massive homogenous granite and granodiorite. The main difference between
the granite and granodiorite is that the granodiorite is finer-grained and more equigranular
than the granite. No continuous, connected or open fractures were encountered in the test
tunnel. The geophysical surveys indicated that the rock mass was essentially isotropic (i.e.,
anisotropy less than 0.5%) prior to excavation. After excavation, the zones of increased
compressive stress near the tunnel roof and floor showed no change in velocity, suggesting
that there were no open cracks prior to tunnel excavation. However, the zones of stress
decrease in the walls of the test tunnel showed a 4 to 10% reduction in the P-and S-wave
velocities. The low-velocity zone corresponded to the zones of tensile-stress-induced crack



2 0 -

damage around the tunnel. In conjunction with other types of measurements, velocity
surveys are useful in determining the boundaries of the excavation damaged zone in the
areas of unloading, but do not clearly indicate whether or not there are significant changes
to the physical properties of the rock mass in these regions.

5. PROGRESSIVE FAILURE

As stated in the objectives, one of the main goals of the Mine-by Experiment was "to improve
our fundamental understanding of in situ rock mass behaviour and failure mechanisms". In
order to achieve this objective, an extensive laboratory testing program was undertaken to
examine the rock response and failure process under controlled loading conditions, prior to
the excavation of the test tunnel. In this section, the results from the laboratory program
are reviewed before considering the failure process in situ.

5.1 FAILURE IN LABORATORY COMPRESSION TESTS

At low stress levels, brittle rock responds in a linear elastic manner and the deformations
and straining of the material are independent of the stress path. At loads well below those
necessary to cause failure in compression, damage occurs in the form of microcracking and
crack extension in the direction of the maximum applied load. Eventually these cracks
coalesce and macroscopic failure occurs. The accumulated damage caused by these small
cracks in laboratory samples, and hence the ultimate strength of a brittle material, are
strongly affected by the loading path and loading system. Nonetheless, the process leading
to failure in laboratory samples has several common characteristics, regardless of the loading
path.

The stress magnitude associated with the onset of cracking is referred to as the crack-
initiation stress (aci). For unconfined Lac du Bonnet granite, this occurs when the com-
pressive stress magnitudes reach about 0.3 to 0.4CTC, where ac is the unconfined compressive
strength1. Because this damage process is stable, the rock can carry additional load. Even-
tually, when the rock sample contains a sufficient density of these stable cracks, the cracks
begin to interact and a transition from a stable to an unstable cracking process takes place.
For unconfined Lac du Bonnet granite, this transition occurs when the compressive stress
reaches about 0.7ac. Since constant loads above this stress level cannot be sustained by a
rock sample, failure eventually occurs. Loads below this level, referred to as the long-term
strength of the rock, can be sustained indefinitely. In tension, cracking begins at a much
lower load than in compression (below aci) and quickly becomes unstable, leading to rapid
failure. Whether in tension or in compression, in brittle rocks the failure process begins
with crack initiation.

A unique series of damage-controlled laboratory tests was carried out as part of the ex-
periment. These tests showed that the rock strength during the progression from intact
rock to macroscopic failure can be expressed in terms of two strength components: intrinsic

1crc is defined as the short-term unconfined compressive strength of a 63-mm-diameter cylindrical sample
with a length-to-diameter ratio of about 2.5.
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FIGURE 14: Mobilization of friction and cohesion as a function of damage (permanent vol-
umetric strain, u>). For this example, u) has been normalized to the maximum
amount of damage recorded during the test. Note the rapid loss of cohesion
before the peak friction is reached.

cohesive strength and frictional strength. In engineering practice, it is generally assumed
that cohesion and friction are mobilized at the same displacements such that both strength
components can be relied on simultaneously. However, tests on samples of Lac du Bon-
net granite suggest that friction is mobilized in the sample only as damage accumulates
and cohesion is lost (Figure 14). This progressive loss of intrinsic strength, modelled using
Griffith's theory for failure in compression based on a sliding-crack model, gave excellent
agreement with the laboratory results. It was concluded that once the loading of an uncon-
fined rock sample exceeds the crack-initiation stress, damage accumulates in the sample.
When the damage reaches a critical density, which occurs at about 0.7<rc in unconfined
samples, then the available intrinsic strength (i.e., cohesion) that can be relied upon for
engineering purposes is less than half the unconfined compressive strength measured in the
laboratory. Thus, if a sample is subjected to a loading process that causes damage, the
strength of the sample, and particularly the unconfined strength, is reduced significantly
(Figure 14).

Figure 14 also shows that the friction and cohesion components of strength are not mobilized
at the same amount of damage. For example, prior to any damage, the rock strength is
composed exclusively of cohesion, i.e., friction has not been mobilized and, therefore, 0 = 0
initially. For this condition, the strength of a material reduces to

<T\— = constant. (1)

Consequently, Equation 1 can be used to identify the stress level at which damage will
begin. The effect of damage on rock strength was evaluated using the Griffith locus. It
was shown that a small increase (1 mm) in the initial crack length of 4 mm reduced the
cohesive strength of the rock by approximately 40%. Thus rock strength is very sensitive
to crack-induced damage.
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Although sample disturbance2 in stiff soils and soft rocks is a well-known phenomenon, sam-
ple disturbance in brittle rocks had not been documented prior to the Mine-by Experiment.
Extracting a cored sample from a stressed environment induces a stress concentration at the
point of sampling. Because the in situ stress conditions vary with depth at the URL, sam-
ples are damaged to varying degrees, provided that the in situ stress magnitude is sufficient
to cause the concentrated stress at the sampling point to exceed the crack-initiation stress.
Samples taken from areas of the URL where the in situ stress magnitudes are insufficient
to cause the concentrated stress at the sampling point to exceed the crack-initiation stress
are not damaged. This explains why the strength and other geomechanical properties of
'identical' samples of Lac du Bonnet granite, taken from various depths at the URL, change
with depth. This further implies that properties of damaged samples from depth do not
reflect the properties of the undamaged in situ rock mass. However, the properties of the
damaged samples may be similar to the in situ properties of the damaged rock around the
tunnel.

5.2 FAILURE OF BOREHOLES IN PHYSICAL MODELS AND IN SITU

To better approximate the failure process observed in situ, blocks of granite, each containing
a circular hole, were uniaxially loaded until cracking and failure developed on the wall of
the hole. The effect of size and stress gradients on the failure process in boreholes has
been examined by other researchers using similar physical models. One of the commonly
reported outcomes of such tests is that the tangential stress required to cause failure at the
boundary of the borehole is at least twice the unconfined compressive strength obtained from
standard laboratory tests on the material. The tests carried out on blocks of Lac du Bonnet
granite showed that as the borehole diameter increases above about 75-mm diameter, the
tangential stress approaches the unconfined compressive strength (ac) of the rock, i.e., the
strength-scale dependence disappears for holes greater than 75 mm in diameter.

To determine whether the strength-scale effects observed in the laboratory were present
in situ, boreholes with diameters of 75, 150, 300, 600 to 1250 mm were diamond-drilled
from the floor of Room 405 (Figure 6). The ratio of maximum tangential borehole wall
stress (determined by elastic three-dimensional stress analyses) to laboratory strength (<JC),
including the data from the 3.5-m-diameter Mine-by tunnel, is shown in Figure 15. Failure,
if present, occurred immediately during the drilling of the boreholes and excavation of the
test tunnel. Figure 15 shows a modest effect of scale for the in situ data and a noticeable
change in scale dependence between the laboratory and in situ results. This finding is also
supported by the observation that a 75-mm-diameter borehole drilled near the centre of,
and parallel to, the test tunnel showed failure similar to that observed in the test tunnel.
These results demonstrate that there is no unique strength-scaling law that can be applied
to both laboratory and in situ failure data.

In the laboratory tests, the loading path was controlled to determine the crack-initiation
stress and to quantify the damage caused by the loading above the crack-initiation stress. In
situ, however, it is very difficult to quantify the onset of damage and even more difficult to

2Sample disturbance refers to the change in material properties that occurs when a sample is extracted
from a stressed medium.
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FIGURE 15: Ratio of the calculated tangential stress to ac at which failure begins for
various borehole diameters.

know the stress path imposed on an element of rock as the borehole or tunnel advances. The
following section presents results quantifying the excavation-induced damage that occurred
during excavation of the test tunnel.

5.3 ROCK MASS FAILURE AROUND A CIRCULAR TUNNEL

Before the rock mass failure can be discussed in detail, it is necessary to review the processes
leading to failure around an underground opening. Figure 16 is a schematic illustration of
these processes and the terminology used in this section. Appendix B provides definitions
of the terms used.

5.3.1 Disturbed Zone

Any excavation disturbs the virgin rock mass by redistributing the stresses around the
opening. The strains (deformations) in the rock mass that are induced by these stress
changes are greatest near the excavation. At distances exceeding 2 to 3 excavation diameters
away from the opening, the stress magnitude changes in the excavation disturbed zone are
relatively minor, i.e., less than 5% of the in situ stress magnitudes. Each excavation has
its unique excavation disturbed zone. Thus, when two or more excavations approach each
other, the stress changes in the excavation disturbed zones of the multiple openings are
superimposed. Three-dimensional elastic analyses showed that the openings on the 420
Level, excluding the Mine-by test tunnel, caused an increase of the order of 0.2 MPa in
<7i, a decrease of about 0.2 MPa in o<i and a decrease of about 0.5 MPa in o$. These were
considered negligible and, consequently, the network of access tunnels was not included in
the Mine-by analyses.

The two-dimensional plane-strain disturbed zone, as defined in the Appendix B, extends
about 3 tunnel diameters from the excavation wall (Jaeger and Cook 1979). Within the
disturbed zone, the rock mass responds as a homogeneous, isotropic and elastic medium.
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FIGURE 16: Definitions for the excavation disturbed zone in a plane perpendicular to the
axis of the tunnel. The actual shape of the disturbed and damaged zone is a
function of the stress ratio ffi/ffa, the stress magnitudes and the rock strength.

Thus, within this zone the back-analyzed rock mass modulus is similar to the Young's
modulus determined in the laboratory on confined undisturbed sample.

5.3.2 Damaged Zone

Practical experience from underground mining in massive brittle rocks (Hoek and Brown
1980), as well as the experience at the URL, indicate that the amount of damage around
an underground opening can be estimated by considering the ratio of o\/oc, where o\ is
the maximum far-field stress magnitude and ac is the laboratory short-term unconfined
compressive strength. When the ratio of a\jac < 0.1, the rock mass will respond elastically
and no excavation-induced damage will occur in the disturbed zone. At a ratio of a\ jac sa
0.2, some cracking will occur in the disturbed zone close to the excavation wall, as a result
of either the removal of the confining stresses or the loading by stress concentrations, thus
creating a permanent damaged zone near the opening. This crack-induced damage weakens
the rock by reducing its cohesive strength component; the largest reductions occur at the
tunnel wall, where the damage is the greatest. Outside this damaged zone, the peak cohesive
strength of the rock mass is unaffected.

At a ratio of ai/oc w 0.3, the rock mass is so severely damaged near the opening that the
maximum load-bearing capacity of the rock mass is exceeded. The accumulated strains in
the damaged zone are excessive and crack coalescence will lead to rock mass disintegration,
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e.g., by slabbing of the excavation walls. However, even if slabbing occurs, the shape of the
opening eventually will stabilize and the surface instability mechanisms will disappear. The
opening will remain stable unless further disturbed, e.g., by a disturbance from a nearby
opening or by stress changes caused by thermal gradients. Figure 17 shows the stable shape
of the Mine-by test tunnel after excavation was completed.

At ratios of a\jac > 0.5, the failure process propagates rapidly, extending the depth of the
damaged zone. These conditions are generally found at great depth3 or in mines where
extraction ratios are very high, i.e., greater than 30-60%. Consequently, from a stability
point of view, unstable or severe rock mass damage is of concern only at great depth or if
two openings interfere because of their close proximity.

The Mine-by Experiment contributed significantly to a better understanding of these dam-
age processes, which occur in both the compressive and the tensile regions around under-
ground excavations in a moderately high-stress environment where the ratio of o\jac % 0.3.
The findings are discussed below.

5.3.2.1 Crack Initiation in the Damaged Zone

In order to understand the failure process in situ, 16 microseismic accelerometers were
used to monitor the formation of microcracks (i.e., the damaged zone) around the test
tunnel (Figure 11). These accelerometers provided information that permitted the energy
released by the cracking process to be source-located to within ±0.25 m. An example of
the microseismic source locations due to the cracking that occurred after the tunnel was
advanced 1 m is shown in Figure 18. No construction activity occurred during this 19-day
monitoring period. The results shown in Figure 18 are typical of the microseismic activity
recorded over the total length of the test tunnel (see Figure 12).

The microseismic events in Figure 18 are heavily clustered in the regions of the maximum
compressive stress in the roof and floor. This microseismic activity defines the region where
damage accumulates and failure by slabbing eventually occurs as the tunnel face advances
and increases the loads on the damaged rock. Because these microseismic events represent
the initiation of the failure process, the stress level associated with these events is referred
to as the in situ crack-initiation stress. Numerical stress analyses, carried out to determine
the crack-initiation stress at each microseismic event location shown in Figure 18, showed
that the stress level at which in situ cracking began can be approximated by

<J\ - c-3 S3 70 MPa. (2)

These results are plotted in Figure 19 along with the Hoek-Brown failure envelope for the
peak strength determined from laboratory tests. Figure 19 shows that for low confining
stresses, the in situ crack-initiation stress occurs at approximately 70 MPa, i.e., about
0.3crc- This finding is similar to those mentioned in Section 5.1.

A small extension of initial cracks damages the rock and significantly decreases the strength
of the rock mass. Because the strength of the rock mass around the test tunnel is determined

3If we assume <TI = av (the vertical stress) and crc = 200 MPa, o\/oc > 0.5 will occur at depths of about
4 km or greater.
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FIGURE 17: Photograph showing the stable shape of the Mine-by test tunnel after exca-
vation was completed. Note the characteristic 'notch' in the roof and floor.
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Isometric View

End View Side View

FIGURE 18: Location of microseismic events recorded after the excavation of a 1-m-long
round in the 3.5-m-diameter test tunnel.
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FIGURE 19: Hoek-Brown failure envelope for Lac du Bonnet granite, based on undamaged
laboratory peak strength and in situ crack-initiation stress ((Tci) from the
microseismic monitoring.

mainly by the cohesion of the rock mass, the onset of these small cracks serves to define the
limit of the damaged zone around the test tunnel.

5.3.2.2 Slabbing in the Compression Region

Inside the damaged zone, both stable and unstable damage processes occur. The slabbing
(i.e., the unstable damage) begins in the region of maximum compressive stress concen-
tration and propagates away from this region. Slabbing occurred in the roof and floor of
the Mine-by tunnel, about .1 m from the face, immediately after each excavation round
was taken, and failure progressed as the tunnel face was advanced. Figure 20 illustrates
the development of the slabbing region or 'notch' in the roof of the test tunnel over a five-
month period at a monitoring station (Round 17) midway along the test tunnel. Details
of the progressive development of the 'notch' in the floor are not known, because the floor
was covered with 'muck' until the tunnel was completed. Spalling slabs, ranging from a
few millimetres to < 100 mm thick, formed on both sides of the notch (there appeared to
be no preferred side on which slabbing occurred). The orientation of the final notch was
consistent with the 11 to 14° plunge of o\ over the entire 46 m of the test tunnel.

The notch development is a complex three-dimensional process that involves the following
steps (shown in Figure 21): 1) initiation, i.e., microcracking of the rock ahead of the tunnel
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FIGURE 20: Progressive development of the notch geometry in the roof and floor of the
Mine-by test tunnel at Round 17 over a five month period.

face; 2) crushing in a very narrow (50 to 100 mm wide) process zone on the tunnel periphery,
approximately 0.5 to 1 m back from the tunnel face where the the maximum tangential stress
exceeds the strength of the damaged rock. Dilation and small-scale flaking in this process
zone results in the formation of thin slabs that are typically as thick as the grain size of
the granite (2-5 mm); 3) formation of larger thin slabs on the flanks of the notch as the
process zone develops; and 4) stabilization of the process zone when the notch geometry is
sufficiently confining to stabilize the process zone at the notch tip. This occurs when the
notch geometry takes on a 'teardrop' shape, which re-orients the principal stresses locally
and results in high values of o\ and associated high confinement.

Because no numerical model is currently capable of simulating the 'notch' development
processes, it was necessary to establish a simple criterion to determine the potential depth
of failure by slabbing around the test tunnel. Two-dimensional plane-strain elastic analysis
was carried out to determine where the crack-initiation stress, i.e., the onset of damage,
would be exceeded around the test tunnel. Figure 22 shows the region around the Mine-by
test tunnel where the maximum deviatoric stress exceeds the crack-initiation stress. Also
plotted in Figure 22 are the microseismic events recorded within a 1-m-thick slice around
the test tunnel, as well as the surveyed shape of the failed zone or 'notch'. It is evident
that the crack-initiation stress does not define the shape of the 'notch'; however, it contains
most of the microseismic activity and provides an upper limit to the depth of the 'notch'
in the roof, shown as 1.3a in Figure 22 where a is the radius of the tunnel. As mentioned
above, the development of the 'notch' in the floor was influenced by the confining stress
provided by the tunnel 'muck'. Similarly, Kaiser (1994) has found that the crack-initiation
stress provides a reasonable estimate for the extent of failure around underground openings
in moderately jointed rock masses if a deviatoric strength criterion is adopted.
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Stages IV Longitudinal Section

Initiation
a i - a 3 = 7 0 M P a

Stage I - Initiation
Cracking Initiates ahead of the tunnel face in the region defined by the
deviatonc stress exceeding a critical value.

Stage H • Dilation
Critically oriented flaws are exploited in the zone of maximum tangential
stress. This process Initiates at the boundary of the tunnel. Shearing and
crushing occurs in a very narrow process zone about 5 -10 cm wide.
Extensive dilation, at the grain-size scale, occurs in this process zone.

"Surface loading
which leads to
buckling and
unstable
cracking

Stage HI • Slabbing ft Spelling
Development of the process zone leads to the formation of thin slab. These
thin slabs form by: 1) shearing, 2) splitting, and 3) buckling. The thickness
of the slabs varies from 1 to 5 cm. The thickest slabs form as the notch
reaches Its maximum size. Near the notch tip the slabs are curved.

Stage IV - Stabilization
The development of the notch stops when the notch geometry provides
sufficient confinement to stabilize the process zone at the notch tip. This
usually means there is a slight tear-drop" like curvature to the notch shape.

FIGURE 21: Illustration of the major processes involved in the initiation, development and
stabilization of the v-shaped notch.
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FIGURE 22: Extent of the rock mass around the Mine-by test tunnel where the deviatoric
stress (cri — (73) has exceeded the crack-initiation stress of 70 MPa. The
principal stress magnitudes used in the analysis are o\ = 60, oz = 45 and
CT3 = 11 MPa.

These studies suggest that there is no evidence that slabbing propagates beyond the dam-
aged zone, into the undamaged rock. From back-analyses using three-dimensional elastic
models, it was concluded that slabbing begins in the damaged region when the tangential
stress at the wall reaches about 100 to 120 MPa (i.e., 0.5 to 0.6crc). Hence, it is suggested
that the 120 MPa represents the strength of the damaged rock around the Mine-by test tun-
nel. The back-calculated strength is very similar to the long-term strength obtained by using
0.75CTC of the disturbed samples taken from a borehole drilled down the centre of the test
tunnel prior to excavation. Thus, the rock mass around the test tunnel, and samples4 taken
from boreholes drilled in the same location and direction as the tunnel accumulated similar
amounts of damage, though they were subjected to different loading-unloading paths. The
strength of the rock mass outside the damaged zone must be higher and may be closer
to the laboratory unconfined, undamaged long-term strength of 160 MPa. Unfortunately,
the strength in the damaged region is a function of damage, and the amount of damage
depends on the stress path. This suggests that back-analyses are necessary to determine the
strength around underground openings in situ or that laboratory tests should be carried

4Numerical analyses indicate that the stress paths for core (i.e., samples) from a borehole and for the
walls of a borehole are different. However, the strength of damaged core from the test tunnel and the
back-analyzed tunnel strength are very similar, suggesting similar amounts of damage to the walls and core.
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FIGURE 23: Acoustic emission locations sorted by event mechanism. Only the acoustic
emissions within 0.75 m of the array centre are accurately located and plotted.
Note how the tensile events align with the far-field o\ direction.

out on samples that have been obtained from boreholes drilled at the same location and
direction as the test tunnel in order to obtain an estimate of the in situ damaged strength.

5.3.2.3 Damage in the Tensile Region

According to elastic theory, tensile stresses are created around a circular opening when the
stress ratio of (Ti/az > 3. In the laboratory physical model studies (see section 5.2), a single
crack formed in the tensile region when the tensile stresses exceeded the tensile strength
of about 8 MPa. The Mine-by test tunnel was excavated in a highly anistropic in situ
stress field where the principal stress ratio a\fa^ > 4. A detailed acoustic emission (AE)
survey was conducted to investigate the damage in the tensile region around the Mine-by
test tunnel.

An acoustic emission array was installed along the NW wall of the test tunnel after it
had been excavated approximately 22 m (Round 17). The array was arranged in a dia-
mond pattern parallel to the far-field o\ direction, inclined about 11° to the SE. It enclosed
a rectangular prism of rock approximately 0.7 x 0.7 m in cross-section and 1.1 m deep.
Acoustic emission monitoring and velocity surveys were conducted using five 1 MHz com-
pressional transducers installed in each borehole and three additional transducers attached
to the tunnel wall (Figure 23).
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Source locations showed that most of the events were concentrated near the sidewall surface,
and that the most prominent cluster of activity was just above the top borehole (Figure 23).
Most of the events occurred within 0.8 m of the tunnel wall; more than two-thirds of these
within the first 0.4 m (Figure 23). The mean event-to-free-surface distance was 0.35 m. The
high concentration of events in the first 0.4 m of the tunnel wall provides further evidence
that the formation of microcracks is concentrated near the tunnel wall.

Of the focal mechanism solutions possible for 107 events, 27 solutions were tensile, 76
were shear, and only 4 were compressive mechanisms. The spatial distribution of events in
Figure 23 shows that the tensile events align with the far-field o\ direction, and cluster in
the region where macroscopic tensile cracking is expected, given that the ratio of principal
stresses in the cross-sectional plane is significantly greater than 3:1. In this region, o$ is
tensile and approximately tangential to the tunnel wall, a-i is radial and tensile over a small
distance from the tunnel wall, and o\ is axial and compressive. Tensile events tend to
precede the shear events that occur on the flanks of the tensile region near the opening.

Modelling of the damage in the sidewall tensile region showed that the initial region where
03 < at for the Mine-by test tunnel is confined to within 0.14 m of the tunnel wall, but
extends to 0.94 m from the wall as a result of stress redistribution caused by progressive
tensile cracking (Figure 23). Although the modelling was limited in scope, the shape and
extent of the eventual zone of extensional damage is similar to that recorded by the acoustic
emission system. These results suggest that the tensile region in the sidewall sustained
excavation-induced damage to about 1.0 m from the wall, with the most significant damage
occurring within about 0.5 m of the tunnel wall, and only very minor damage occurring
beyond 0.75 m from the wall.

Unlike the visible single tensile crack that formed in the laboratory physical models, the
damage in the tensile region around the test tunnel did not occur as a single crack. In fact,
visual inspection of the test tunnel could not detect the damage in the sidewall. However,
a visible tension crack, with obviously connected conductivity, was observed in the access
tunnels on the 420 Level that were excavated by drill-and-blast. In the Mine-by Experiment,
the damage was more diffuse, as reflected in the AE event distribution. It is important to
recognize that this tensile damaged zone should not exist if cri/a3 < 3.

5.3.3 Effect of Loading Path

As previously discussed, it is important to know the loading path that has been used to
determine the rock strength (because, for example, rock is much weaker in tension than in
compression). In standard laboratory tests on cylindrical samples, the stress level must be
raised to more than twice the crack-initiation stress value before unstable failure occurs,
whereas in situ failure occurs at stress levels only slightly above the crack-initiation stress
(« 0.5 to 0.6<7c in Figure 15). In the laboratory, the strength is determined by increasing
the load monotonically. However, the loading path in situ is more complex, involving stress
increase, stress decrease, and stress rotation in the regions close to the advancing excavation
(Figure 24). Thus, it is unreasonable to expect that the strength of the damaged rock mass
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FIGURE 24: Illustration of the loading path in uniaxial and triaxial testing, and the in situ
loading path around the Mine-by test tunnel.

around an underground opening should be comparable to the laboratory strength of an
undamaged rock specimen.

Although it is not yet possible to quantify the damage accumulated by the stress path
followed by the test tunnel at the URL, it should be noted that the extent of the damage
is very limited. Numerical analyses showed that in the roof, at about 0.8 m from the wall
of the tunnel, the loading path does not exceed the crack-initation stress; hence, the rock
outside this region is undamaged.

5.3.4 Effect of Confining Stress

Tunnel excavation is a process of unloading, i.e., reducing the confining stress. However, the
only direct evidence of the influence of confining stress on the failure process was obtained
during the final stages of the test tunnel excavation. It is evident from Figure 20 that the
'notch' is less developed in the floor of the test tunnel than in the roof. The only significant
difference between the roof and the floor of the test tunnel during excavation was that the
floor of the test tunnel always contained tunnel 'muck'. Excavating the test tunnel with
traditional rail-mounted mining equipment required that approximately 0.5 m of 'muck' be
maintained on the tunnel floor to provide ballast for the tracks. By providing approximately
9 kPa of confining stress, the 'muck' inhibited the failure process in the floor of the test
tunnel. At the end of the test tunnel excavation, the 'muck' on the floor of the test tunnel
was removed over an 8-hr period. During the 'muck' removal and for three days afterwards,
microseismic activity increased, in the form of slabs 'popping' up from the tunnel floor. It
was during this unloading period that true buckling type failure was observed (Figure 25).
Although the evidence is indirect, it appears that the failure process is very sensitive to
small amounts of confining stress.
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FIGURE 25: Photograph showing the buckling that was observed after removal of 'muck'
from the tunnel floor.

5.3.5 Time-dependent Behaviour

Time-dependent behaviour, or creep, is characterized by a change in a measured response
with time under constant boundary loading conditions. Responses measured during exca-
vation of the test tunnel typically reflect the advance of the tunnel in combination with
changes in the tunnel geometry. Figure 26 shows the time-dependent nature of the micro-
seismic events. Note that once the tunnel has advanced 2 diameters, changes in stress at
the face are minimal, and microseismic activity decreases rapidly. Records illustrate that
most of the microseismic activity is related to stress changes caused by the advancing tun-
nel. Effects of temperature variations, while minimized by the enthalpy control system, also
contributed to the measured response. Consequently, in most circumstances, changes in the
measured response with time were related primarily to changes in the boundary loading
conditions.

During a 13-day period when excavation was halted near the middle of the test tunnel
(Round 17), changes were noted in the radial displacements around the test tunnel. Al-
though no excavation activity occurred in this period, ongoing construction and experi-
mental activities involving drilling and instrument installation proceeded. Tunnel profiles
taken near chainage 22 + 50 indicated that the geometry of the tunnel changed only slightly
over the 13 days. Therefore, the changes in radial displacements in this time interval were
attributed mainly to changes in temperature and time-dependent behaviour.
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FIGURE 26: Number of microseismic events relative to the position of the tunnel face. The
tunnel chainage X has been normalized to the tunnel diameter 2a.

The radial displacement records over these 13 days indicated that the time-dependent be-
haviour only occurred over a 3.5-day period. This time frame is consistent with the period
of microseismic activity typically observed after the tunnel face is advanced 1 m. The time-
dependent response over the 3.5-day period represents about 0.6% of the total displacements
measured in the horizontal extensometers and about 1.4% of the total measured displace-
ment in the vertical extensometer in the roof of the test tunnel.

In summary, changes in the measured response over time generally can be attributed to
changes in boundary conditions, i.e., thermal conditions and face advance. However, there
is evidence that time-dependent displacements on the order of 1% of total measured response
occur over a period of about 3.5 days immediately following the advance of the tunnel face,
and that these displacements occur in the damaged zone around the test tunnel.

5.3.6 Characteristics of the Damaged Zone

Results from underground characterization, geophysics studies and numerical modelling
indicate that the excavation-induced damage around the Mine-by test tunnel is concentrated
in the regions of compressive stress concentration in the roof and floor, and in the regions
of tensile stress concentration in the sidewalk. The extent and characteristics of these
damaged zones are shown schematically in Figure 27.

The damaged zone in the roof and floor comprises three distinct regions with different
characteristics. The outer limit of damage is defined by the o\ — 03 ss 70 MPa contour,
which extends approximately 0.7 m beyond the original tunnel perimeter. Within this
region, the rock mass has been damaged (weakened) as a result of high deviatoric stresses
and stress rotation associated with the advancing tunnel face. The failed zone within this
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FIGURE 27: Schematic view of the extent and characteristics of excavation-induced damage

around the Mine-by Experiment test tunnel. In the compressive regions, the
damaged (weakened) zone is denned by o\ — 03 ss 70 MPa and captures most
of the microseismic activity monitored in these regions. In the sidewalls, the
damage begins where oz < at, and migrates progressively.

damaged region is v-shaped and extends to about 0.6 m beyond the original perimeter in the
roof, and about 0.4 m in the floor. At the tip of each v-shaped notch is a localized process
zone where the rock is crushed. Although the material in these zones is no longer part
of the elastic continuum around the tunnel, it can be treated as a material that has been
weakened and whose elastic modulus has been reduced. The extent of the various regions in
the compressive damaged zone varies, depending on the local geology. Microseismic events
recorded in these zones were typically in the 50 Hz to 10 kHz range.

In contrast, the damaged zone in the sidewall (tensile) regions of the tunnel is much more
subtle than that in the roof and floor. The microseismic activity in this zone was typically
in the 1 MHz range, indicating much smaller-scale cracking than in the compressive regions.
Back-analysis using extensometer results showed that the material behaviour in this zone
can be characterized by a reduction of the shear modulus and anisotropic weakening (ex-
tensional cracking). In the NW sidewall (granodiorite), the microseismic activity indicates
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that most damage occurs within 0.35 m of the tunnel wall and extends about 1 m from
the tunnel, decreasing with distance from the sidewall. In granite, this damaged zone is
more extensive, tending to expand into the tensile stress concentration lobes defined ap-
proximately by the CT3 ss —5 MPa contour shown in Figure 27. However, the radial extent
of the zone in granite is similar to that in granodiorite. As with the compressive zones of
damage, the extent of the damaged zone in the tensile region is partly a function of the
local geology.

Damage mechanisms are very sensitive to relatively minor stress changes. Thus, once a
damaged zone begins and stabilizes, relatively minor stress changes (1-5 MPa) will increase
the intensity of the cracking, promote weakening and softening, and enhance the slabbing
processes. These processes will increase the hydraulic conductivity of the rock mass in
the damaged zone, particularly if cracks coalesce and open up in areas of low confinement.
Cracks in the compression zone propagate predominantly parallel to the excavation surface.
However, the potential for a connected conductivity pathway decreases rapidly with increas-
ing depth from the tunnel wall. Outside the damaged zone, the background permeability
of the rock mass is unchanged.

5.4 SUMMARY

The excavation-induced damage associated with the Mine-by test tunnel begins ahead of the
advancing tunnel when the maximum deviatoric stress exceeds the crack-initiation stress.
The notch development in the damaged zone is a three-dimensional process related to the
advancing tunnel face. The damaged zone is limited to within about 1 m from the original
tunnel perimeter. However, the characteristics of this damaged zone are highly variable
around the tunnel, and are controlled by

• the nature of the stress concentration, i.e., compressive versus tensile;

• the geology of the rock mass and, specifically, the grain size distribution of minerals
within the various lithologic units;

• the in situ stress state, particularly the o\/o$ ratio and the orientation of the
principal stresses relative to the tunnel axis; and

• small confining pressures at the tunnel surface, e.g., a few kPa of tunnel 'muck',
was sufficient to significantly reduce the extent of slabbing in the floor.

6. MODELLING AND BACK-ANALYSIS

For the engineering of structures in natural materials such as soil and rock, numerical mod-
els are seldom used in a predictive mode alone because of the complexity of these materials.
Instead, numerical models are used as a tool in the Observational Design Approach intro-
duced by Peck (1969). Throughout the design and the construction phase of a project,
numerical models are applied for different purposes. In the design phase, they are used
to determine the most likely and commonly expected behaviour of the rock mass. During
construction, the design parameters used in the design phase need to be confirmed and
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refined by back-analyses of the measured response of individual elements of the structures
under construction and, eventually, of the entire structure.

For the Mine-by Experiment, a staged approach was used to assess the state-of-the-art in
numerical modelling and the ability of the available models to predict the in situ rock mass
behaviour. Table 2 lists the types of numerical models used in the Mine-by Experiment.

6.1 CURRENT SIMULATION CAPABILITIES AND LIMITATIONS

As outlined in the objectives of the experiment, the primary goal was not to predict the rock
mass behaviour, but rather to improve the understanding of the rock mass response. Hence,
numerical modelling was carried out using a variety of methods (Table 2). The constitutive
models used with the various numerical codes ranged from linear elastic to a complex
elastic-brittle-ductile damage model. However, none of the constitutive models used in the
continuum models simulated the transition from a continuum to a discontinuum, which
is an essential characteristic of progressive failure. Similarly, models using finite discrete
fractures, as well as those based on a discontinuum, were unable to simulate the transition
adequately. Therefore, it is fair to say that the numerical modelling carried out in the
experiment was not successful in predicting a priori the extent and shape of the failed
region around the test tunnel.

From the outset, it was recognized that the numerical models available at that time would
not be capable of simulating the complete spectrum of progressive failure, i.e, from elastic
to slabbing behaviour. Therefore, the role identified for numerical modeling was to:

• determine the limits of applicability of the entire set of available modelling tools,
from closed-form solutions to sophisticated constitutive models;

• compare observations with predictions made by these tools;

• conduct back-analyses to calibrate models and identify the limits of applicability;
and

• develop some improved simulation and back-analysis tools.

It was hoped that suitable design tools could be recommended at the end of the experi-
ment for designing vaults in massive brittle granitic rock, and for evaluating the borehole
emplacement concept for the Canadian Nuclear Fuel Waste Management Program.

The various numerical analyses carried out during the Mine-by Experiment revealed that:

• the disturbed zone outside the damaged zone at the URL can be properly repre-
sented by a linear elastic, homogeneous, isotropic rock mass model;

• the extent of rock mass damage and, thus, microseismic activity can be deter-
mined by elastic models with a deviatoric damage initiation criterion (CTI - 03 =
constant); and

• currently available damage models could simulate some of the processes in the
damaged zone, e.g., some rock mass softening due to cracking; however, the tran-
sition from continuum to discontinuum (i.e., the slabbing process) could not be
simulated properly.
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TABLE 2

SUMMARY OF NUMERICAL MODELS USED IN THE MINE-BY EXPERIMENT

Model Type Use

Kirsch Solution

EXAMINE20

EXAMINE30

MAP3D

FLAC

PHASES

ABAQUS

UDEC

INSIGHT20

EXAMINEF/MC

Analytical
(2D)

Boundary element
(2D)

Boundary element
(3D)

Boundary element
(3D)

Finite difference
(2D)

Hybrid boundary ele-
ment/finite element
(2D)

Finite element
(2D/3D)

Distinct element
(2D)

Finite element
(2D)

Boundary element
(2D)

Circular opening in an elastic continuum
under plane strain conditions

Arbitrary 2D openings in an elastic con-
tinuum, explicit failure criteria

Arbitrary 3D openings in an elastic con-
tinuum, explicit failure criteria

Arbitrary 3D openings in an elastic con-
tinuum, multiple material types, explicit
failure criteria, discrete fractures

Arbitrary 2D openings in a continuum,
multiple material types and constitutive
models, explicit failure criteria

Arbitrary 2D openings in a continuum,
multiple material types, explicit failure
criteria

Arbitrary 2 and 3D openings in a contin-
uum, multiple material types and consti-
tutive models, explicit failure criteria

Arbitrary 2D openings in a discontinuum,
multiple material types and constitutive
modek, explicit failure criteria

Arbitrary 2D openings in a an elastic con-
tinuun., multiple material types, special-
ized meshing algorithm for finite discrete
cracks, explicit failure criteria

Arbitrary 2D openings in an elastic con-
tinuum with discrete fractures, Linear
Elastic Fracture Mechanics fracture prop-
agation criterion
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6.2 BACK-ANALYSIS

Back-analysis was used to interpret the measurements made during the advance of the
test tunnel and, more importantly, new back-analysis techniques were developed. These
new techniques can be incorporated in the Observational Design Approach when evaluating
potential repository sites. Back-analyses were expanded on three fronts:

• A convergence data interpretation scheme was developed to interpret shaft and
tunnel convergence data. This technique provides a means of determining the 2D
in situ stress in a large volume of rock that is relevant for the design of a vault.
As long as the rock mass behaves in a elastic manner, this technique can be used
effectively to confirm the findings from stress measurements in small rock volumes
(e.g., overcoring) or to determine the in situ stress state where conventional stress
determination techniques fail (e.g., when core discing occurs).

• The Under-Excavation Technique (UET) was developed to determine the in situ
state of stress from rock strain measurements (stress cells, extensometers, and
convergence gauges). Based on the boundary element-method, this technique is
applicable to elastic rock mass conditions.

• A stress partitioning approach was developed to use convergence and extensometer
data to back-analyze the complete 3D in situ stress tensor and the extent of the
elastic (disturbed) region around the tunnel. This technique has helped explain
the non-symmetrical development of notches due to slight deviations of the tunnel
or borehole axes and the principal stress axes. It is applicable where the behaviour
of the rock mass ahead of the advancing tunnel face is essentially elastic.

These important developments will help to confirm, during the development of a vault, the
parameters used in the vault design.

6.3 RECOMMENDATIONS FOR FURTHER DEVELOPMENTS

Current numerical models are adequate to engineer underground excavations if conservative
design criteria are used. For example, if the stresses on the boundary of an underground
opening are maintained at stress levels below the crack-initiation stress, no failure will occur.
However, these models are not adequate to predict the depth of progressive failure from
interacting openings, such as the emplacement holes proposed for the borehole emplacement
concept.

The only major deficiency in numerical modelling that was identified for interpreting the
Mine-by Experiment data relates to failure (slabbing) modelling. Currently available mod-
els are unable to follow the entire transition process from continuum to discontinuum be-
haviour; nor can they predict the slabbing process in terms of initiation, propagation and
stabilization. Hence, it is recommended that future modelling work focus on damaged zone
and slabbing prediction.

While a better understanding of the slabbing process is not critical to the overall stability
assessment of a single underground opening, it is important in assessing situations where
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openings interact, or where geomechanical, thermal and pore fluid pressure effects overlap.
Simulation of such complex interaction problems is still very limited, and demands a long-
term development program before an acceptable level of confidence can be reached.

7. IMPLICATIONS FOR VAULT DESIGN

All major geotechnical projects follow some form of the Observational Design Approach
introduced by Peck (1969). Because of the complexities of natural materials, it is necessary
in geotechnical engineering to confirm design parameters and to determine that the rock
mass is responding as anticipated as a project proceeds. Because natural materials are
not engineered, observations, i.e., response measurements, must be made to define the
acceptability of a design. The Mine-by Experiment has clearly demonstrated that this
approach must be followed to determine the actual rock mass properties near excavations.

7.1 SELECTION OF APPROPRIATE ROCK MASS FAILURE CRITERIA

The Mine-by Experiment has shown that three distinct zones can be identified around highly
stressed openings in brittle rock: 1) a disturbed but undamaged zone (elastic response); 2) a
stable damaged zone; and 3) an unstable damaged zone. Different design or failure criteria
must be applied to each of these zones, depending on the desired level of conservatism or
factor of safety.

• The laboratory strength envelope of undisturbed samples can be used to establish
the factor of safety provided that the state of stress during the life of a vault never
exceeds the crack-initiation stress determined on the undisturbed samples. In
other words, this strength envelope is adequate to define a factor of safety against
crack-initiation but not against strength failure.

• If the state of stress during the life of a vault will exceed the crack-initiation stress
of intact rock, the rock will be damaged and the laboratory-strength envelopes
from undamaged samples will not be applicable. In this case, strength envelopes
from tests on damaged rock are more representative. However, it was found that
the in situ strength may differ significantly even from that determined on damaged
samples because of drastic differences in the loading path.

Consequently, field observations must be used to determine acceptable rock mass failure
criteria for the rock surrounding an underground excavation. Because it is not currently
possible to simulate in the laboratory the complex loading path imposed on rock surrounding
an underground opening during the excavation process, the only practical way to determine
the strength of the rock mass near an excavation is to use back-analysis techniques.

For the granite at the 420 Level of the URL, it was found that a constant deviator criterion
with (<j\ — 173) % 70 MPa, combined with elastic models, can be used to determine the
depth of the damaged rock zone. Consequently, deviatoric stresses above 70 MPa cause
rock mass damage in the grey granite. In granodiorite, the deviator stress level at which
crack initiation begins is about 100 MPa.
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FIGURE 28: Illustration of the failure stresses around the Mine-by Experiment test tunnel.

Failure in the form of slabbing was normally observed if the stresses at the opening wall
exceeded about 100 to 120 MPa (0.5 to 0.6<rc). There is no direct evidence that slabbing
occurs when lower stresses are encountered. However, slabbing cannot occur before crack
initiation and, therefore, 70 MPa represents a conservative lower bound for failure. Thus,
for tunnel excavations at the 420 Level like those related to the Mine-by Experiment, stress
levels equivalent to the laboratory long-term strength of 160 MPa are not achieved in situ
without failure occurring.

Furthermore, there is no evidence that slabbing propagates into the rock mass beyond the
damaged zone, since failure occurred only inside the damaged region. Observations made
during the pilot-and-slash operation and of the failed regions in boreholes in Room 405
indicate that the radial extent of slabbing does not increase once the notch reaches a stable
shape. This stable shape was always reached before the notch extended into the undamaged
rock mass. From these observations, it follows that the long-term strength from laboratory
tests on undamaged samples (i.e, 160 MPa) can be used to determine the safety margin
in the disturbed but undamaged zone (Figure 28). This is only applicable when the stress
path during failure propagation in the region of undamaged rock is similar to that followed
in laboratory testing. Since thermal loading is expected to follow a loading path similar
to that followed in the laboratory testing programs, the higher strength is suggested when
considering the effect of thermal loads outside the damaged zone.



- 4 4 -

7.2 ROLE OF MODELLING

The primary role of modelling is to determine the expected state of stress and stress path at
any point in the rock mass for comparison with an appropriate strength or design criterion.
Because of the potential variability in rock strength near the opening when the rock mass
is loaded above the crack-initiation stress, stresses determined by elastic models must be
compared with design criteria that define the limit of elasticity rather than the limit of
material strength. For this purpose it is important to:

• analyze the entire stress path by considering the 3D conditions during and after
the excavation of an underground opening, to determine the most critical state of
stress; and

• assess the combined effect of stress, temperature, and fluid pressure effects.

The most critical stress state must then be compared with the limit of elasticity, i.e., the
crack-initiation level. If it is exceeded at any point or at any time, the safety margin must
be determined relative to the long-term strength of the damaged rock as determined from
field, rather than laboratory, observations.

7.3 ROLE OF PERFORMANCE MONITORING

Because of the nature of the Mine-by Experiment, we can draw conclusions only with
respect to short-term monitoring, i.e, for performance monitoring during and immediately
after construction (1 to 5 yrs).

Given the complexity of the geomechanics response of excavations in natural media, it is
reasonable to expect deviations from "normally" anticipated behaviour; an Observational
Design Approach must be applied during the construction process. Hence, the first role of
performance monitoring is to:

• confirm the design assumptions, e.g., in situ stress state; and

• confirm the validity and acceptability of performance criteria established by the
designer.

The Mine-by Experiment showed that the rock immediately surrounding an excavation will
be damaged and failure of limited extent must be anticipated. Therefore, a second role of
performance monitoring is to:

• establish the extent o| this damaged zone; and

• confirm that the damage process has ended.

Microseismic monitoring has served the Mine-by Experiment well. It has significantly en-
hanced our ability to monitor and understand the rock mass response to excavation, and
is the best available technique for identifying the boundary between undamaged and dam-
aged zones. Velocity surveys conducted in conjunction with microseismic monitoring are
also useful in delineating damage in regions of unloading, but generally require access within
the tunnel.
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At a repository site, the long-term response of the rock mass to thermal loading must be
determined to be acceptable. Based on the experience with different monitoring equipment
and instrumentation during the Mine-by Experiment, it can be concluded that microseis-
mic monitoring is the most reliable technique to detect the development of new microcrack
damage around underground openings, and is well-suited to long-term performance mon-
itoring of the rock mass given that the sensors are stationary and installed remote from
the excavation. Microseismic monitoring has the potential to play a significant role in a
long-term performance monitoring strategy.

7.4 VAULT DESIGN AND EMPLACEMENT CONCEPT

As explained in previous sections, the Mine-by Experiment demonstrated that, if at all
possible, rock mass damage should be prevented or controlled by selecting optimal stress
paths and stress conditions (including orientation). If the state of stress in the rock mass can
be kept below the crack-initiation threshold, the rock mass will respond in an elastic manner
and overall stability will be of no concern because failure will be limited to skin effects. For
the design of pillars, the long-term strength envelope from undisturbed laboratory tests can
be used to determine the factor of safety as long as the actual calculated stress state does
not exceed the crack-initiation threshold. However, because of the nature of progressive
failure, the average pillar stress concept is not acceptable for assessing the damage process
near an opening.

Because only a single tunnel was advanced during this experiment, the effects of interac-
tions between two or more openings cannot be assessed accurately. Nonetheless, indirect
observations have contributed to the understanding of this issue, and other experiments
will provide further information for the assessment of opening interaction. The Mine-by
Experiment demonstrated that the rock in the damaged zone around a single opening is
meta-stable, i.e, changes in boundary conditions can cause additional cracking and could
lead to further damage accumulation, and eventually to failure propagation by slabbing,
within the original damaged zone. There is little, if any, evidence to suggest that once the
damaged zone forms around a single opening, it will deepen. However, when two or more
openings interact because their disturbed zones overlap, it must be anticipated that the
damaged zone will be deeper than that for a single opening. This interaction problem must
be evaluated via numerical modelling, using the design and failure criteria described in this
report.

It follows that:

• unless multiple openings are spaced unrealistically far apart, rock mass fractur-
ing will be increased by opening interaction (between rooms and boreholes, or
boreholes and boreholes); and

• unless a vault using a borehole emplacement concept is placed in a relatively low-
stress environment, interaction between container boreholes must be anticipated.
Therefore, the borehole emplacement concept seems to be highly undesirable for
a rock mass where the stress level around underground openings will be increased
above the crack-initiation stress.
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FIGURE 29: Photograph showing the slabbing in the roof of the Mine-by test tunnel.

7.5 SEALING

The current concept for a disposal vault requires the use of engineered barriers to seal
individual rooms as well as the access shafts and tunnels. One function of these seals is to
control groundwater flow in the excavation disturbed zone. Although the excavation phase
of the Mine-by Experiment did not evaluate the hydraulic characteristics of the excavation
disturbed zone, several findings from the experiment should be considered in the design
of engineered barriers. The monitoring and analyses carried out as part of the Mine-by
Experiment has shown that the potential for significantly enhanced groundwater flow only
occurs in the damaged portion of the excavation disturbed zone where slabbing occurs.
There is no doubt that the permeability in this region of the damaged zone is significantly
increased relative to the undamaged rock mass (Figure 29). However, this damaged zone is
concentrated in a fairly narrow region immediately adjacent to the opening.

The extent of the damaged zone was also confirmed by the excavation of a partial torus
in the floor of the test tunnel (Figure 30). Careful mapping of the excavation slot showed
that the rock mass located 300 mm outside the slabbing region appeared as intact as the
rock 3 m outside the damaged region, confirming the localized nature of the brittle failure
process and the excavation-induced damage and slabbing zone.
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FIGURE 30: Photograph showing the excavation of a slot, i.e., partial torus, in the floor of
the Mine-by test tunnel.

Based on the findings from the Mine-by Experiment, it is recommended that the seals used
to control groundwater flow in the excavation disturbed zone should be keyed into the rock
outside the excavation disturbed zone, i.e., in a shape similar to a torus (Figure 31). A
torus-like geometry has two benefits: 1) it places the seal in contact with the rock outside
the damaged zone; and 2) the torus redistributes the stresses around the tunnel and cuts
off cracks growing in the excavation disturbed zone parallel to the axis of the tunnel. The
actual shape and dimensions of the torus would have to be determined based on the in
situ stresses and geometry of the tunnel. For a circular tunnel and for the in situ stress
conditions for the Mine-by test tunnel, a torus with a radius of up to 2 times the radius of
the test tunnel would appear to be necessary, based on excavation observations.

8. CONCLUSIONS AND RECOMMENDATIONS

The following major conclusions and recommendations have been drawn from the Mine-by
Experiment:

1. The experiment successfully met its objectives, on schedule and within budget.

2. The stability of a single opening can be assessed using elastic analysis and a com-
parison of the elastic stresses to a back-analyzed strength criterion.

3. The limits for brittle progressive failure around a single circular opening can be
predicted with a constant deviator criterion (a\ — aj = constant).
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Cut-off
Tunnel

FIGURE 31: Illustration of torus-like cut-off that should be considered in the design of
tunnel and shaft seals.

4. The failure criterion must be tied to damage and, hence, to the loading path.
Therefore, different failure criteria may apply, depending on what loading path has
been imposed on the rock mass around the excavation. The maximum intrinsic
strength that can exist for the Lac du Bonnet granite will range from 70 MPa
to 160 MPa, depending on the loading path. A monotonically increasing path
gives approximately 160 MPa, whereas the path followed by excavation of a single
opening (skewed to the axis of the major principal stress) gives a strength of about
120 MPa.

5. Because the true loading path cannot be duplicated in laboratory tests, back-
analysis is essential in establishing the actual in situ rock mass strength.

6. A new constitutive model is needed to track the brittle failure process from crack
initiation to slabbing. It is recommended that further work be carried out to
develop this constitutive model using the information gathered during the Mine-
by Experiment. Such a model would allow the full impact of coupled thermal-
hydraulic-mechanical effects on rock strength to be assessed.

7. Progressive failure must be considered in assessing the stability of multiple open-
ings.

8. When carefully applied, it is possible to excavate by blasting without significantly
increasing damage in the compression region of the tunnel wall. In the tensile
region, blasting tends to localize damage by extension of a single tensile fracture.

9. Performance monitoring at a vault site should include microseismic monitoring.

10. Engineered barriers should be keyed into the rock beyond the damaged zone using
a 'torus' concept.

11. Small amounts of confining stress (a few kPa) are sufficient to suppress the slabbing
process. Therefore, backfilling of emplacement boreholes or rooms will improve
long-term stability in a high-stress environment.
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APPENDIX A

REPORTS

The monitoring results from the Mine-by Experiment test tunnel are summarized in a series
of nine data summary reports:

Part 1 - Survey Information (COG-93-290),

Part 2 - Triaxial Strain Cell Results (COG-93-353),

Part 3 - Extensometer Results (COG-93-354),

Part 4 - Convergence Results (COG-93-177),

Part 5 - Thermistor Results (COG-93-233),

Part 6 - Acoustic Emission/Microseismic Results (COG-93-185),

Part 7 - Geological Setting and General Geology (COG-93-251),

Part 8 - Construction Summary (COG-93-252), and

Part 9 - Observations (COG-93-347).

A technical summary of the experiment with a complete list of publications related to the
experiment is given in Read and Martin (1996).
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APPENDIX B

DEFINITIONS

The following definitions have been used in this report to describe the excavation-induced
disturbance that occurs around underground excavations and the failure processes that can
occur in this excavation disturbed zone.

Progressive failure - Progressive failure is the process of failure propagation from the
tunnel wall into the rock mass. Progressive failure may occur in a stable or unstable
manner. It normally ends when a more stable opening shape has been established
by the failure process. In brittle rocks, the process involves spalling and slabbing
of the tunnel walls.

Undisturbed rock mass - An undisturbed rock mass is one that has not been altered
by the excavation of an underground opening; i.e., the virgin state of the rock mass
has been maintained. Neither the in situ stresses, the strength and deformation
properties, nor the hydraulic regime have been altered.

Elastic rock mass - In an elastic rock mass, all stress changes or deformations induced
by an excavation are reversible, i.e., they are not permanent.

Disturbed zone - In the disturbed zone, the virgin state of the rock mass has been
altered, i.e., disturbed, but the rock mass responds in an elastic manner. (For this
report, the boundary between the disturbed and the undisturbed zone is defined
as a point where the excavation does not disturb the virgin stress by more than
1%.)

Damaged zone - In the damaged zone, the rock mass has been altered by the formation
of cracks that change the rock mass properties, i.e., the rock mass strength and
deformation properties have been affected. The rock mass may have softened or
weakened if the integrity of the rock mass is retained (responds as a continuum)
or it may disintegrate by a transition from a continuum to a discontinuum.

Softened zone - In the softened zone, the deformation properties are altered by the
damage (the stiffness is reduced).

Weakened zone - In the weakened zone, the rock mass strength is affected, first by
strain-related cohesion reductions and eventually by strain-related strength losses
(often called strain weakening). Cohesion loss occurs when cracking is initiated.

Crack initiation - Cracking initiates if a threshold stress level is exceeded due to excavation-
induced stress changes. Microseismicity or microseismic events are acoustic emis-
sions originating from the location where damage occurs, i.e., where cracks are
created or extended in tension or shear.

Ductile - A ductile rock mass deforms without strength loss as plastic, non-recoverable
strains are accumulated.
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Brittle - A brittle rock mass loses some of its strength and may eventually disintegrate
if the rock mass continuity is disrupted, e.g., when spalling occurs.

Spalling - In brittle rock masses, the process of rock mass disintegration is called spalling.
It may be caused by shear, tensile or compressive stresses exceeding the rock mass
strength.

Stable - A stable situation or an equilibrium is achieved when deformations and stress
changes terminate at some time after a disturbance has been inflicted to the vir-
gin state by the excavation of an underground opening. A stable failure process
means that such an equilibrium is reached gradually, without sudden displacement
accumulations.

Unstable - Locally, an unstable situation is reached when the rock mass disintegrates.
Globally, however, a stable situation or equilibrium may be achievable when this
disintegration or failure propagation process ends and deformations, as well as
stress changes, terminate after the unstable process which had begun.
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