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ABSTRACT

During the development of the research program for the Canadian Nuclear Fuel Waste
Management Program in the 1970's, the need for an underground facility was recognized. AECL
constructed an Underground Research Laboratory (URL) for large-scale testing and in situ
engineering and performance-assessment-related experiments on key aspects of deep geological
disposal in a representative geological environment. The URL is a unique geotechnical research
and development facility because it was constructed in a previously undisturbed portion of a
granitic pluton that was well characterized before construction began, and because most of the
shaft and experimental areas are below the water table.

The specific areas of research, development and demonstration include surface and underground
characterization; groundwater and solute transport; in situ rock stress conditions; temperature and
time-dependent deformation and failure characteristics of rock; excavation techniques to minimize
damage to surrounding rock and to ensure safe working conditions; and the performance of seals
and backfills. This report traces the evolution of the URL and summarizes the technical
achievements and lessons learned during its siting, design and construction, and operating phases
over the last 18 years.
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LABORATOIRE DE RECHERCHES SOUTERRAIN D'EACL :

REALISATIONS TECHNIQUES ET ENSEIGNEMENTS TIRES

par

M. M. Ohta et N. A. Chandler

RESUME

On a identifie, lors de 1'elaboration du programme de recherches sur la gestion des dechets de
combustible nucleaire du Canada dans les annees 70, le besoin de disposer d'une installation de
recherches souterraine. EACL a construit le Laboratoire de recherches souterrain (LRS) pour
realiser des essais a grande echelle de meme que des experiences in situ sur les aspects techniques
et 1'evaluation des performances du stockage permanent a grande profondeur dans un
environnement geologique representatif. Le LRS est une installation de recherche et
developpement geotechnique exceptionnelle parce qu'il a ete construit sur une partie intacte de
roche plutonique granitique qui avait ete caracterisee longtemps avant la construction et que la
plus grande partie du puits et des zones experimentales se situent en-dessous de la nappe
phreatique.

Les secteurs specifiques de recherche et developpement et de demonstration sont nombreux :
caracterisation de la surface et souterraine; transport des eaux souterraines et des solutes;
conditions de contrainte in situ de la roche, caracteristiques de deformation et de fissuration de la
roche en fonction de la temperature et du temps; techniques d'excavation pour reduire au
minimum les dommages causes a la roche encaissante et assurer des conditions de travail sures;
performances des systemes de scellement et des remblais. Le rapport retrace revolution du LRS
et donne un resume des realisations techniques et des enseignements qui ont ete tires au cours des
etapes de choix du site, de conception, de construction et d'exploitation pendant les 18 dernieres
annees.
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1. INTRODUCTION

Over the last 18 years under the Canadian Nuclear Fuel Waste Management Program, AECL has
developed and assessed a concept for the safe disposal of nuclear fuel waste from Canada's
CANDU® reactors in the plutonic rock of the Canadian Shield. The technology for implementing
the disposal concept includes options for the design of the engineered components, including the
disposal container, disposal vault, and vault seals, so that it is adaptable to a wide range of
physical conditions and societal requirements and to potential changes in criteria, guidelines, and
standards (AECL 1994). A formal public review of this technology is now under way as part of
the Canadian Environmental Assessment process.

During the development of the research program in the 1970's, the need for an underground
facility was recognized. AECL constructed an Underground Research Laboratory (URL) for
large-scale testing and in situ engineering and performance-assessment-related experiments on
key aspects of deep geological disposal in a representative geological environment. The URL is a
unique geotechnical research and development facility because it was constructed in a previously
undisturbed portion of a granitic pluton that was well characterized before construction began,
and because most of the shaft and experimental areas are below the water table.

The URL (Figure 1) currently comprises surface facilities, a vertical shaft to a depth of 443 m, a
smaller ventilation shaft, shaft stations at depths of 130 and 420 m, and major experimental test
levels at depths of 240 and 420 m. The specific areas of research, development and
demonstration include surface and underground characterization; groundwater and solute
transport; in situ rock stress conditions; temperature and time-dependent deformation and failure
characteristics of rock; excavation techniques to minimize damage to surrounding rock and to
ensure safe working conditions; and the performance of seals and backfills. This paper traces the
evolution of the URL and summarizes the technical achievements and lessons learned during its
siting, design and construction, and operating phases.

2. SITING PHASE

2.1 SITE SELECTION

A regional reconnaissance was started in 1978 to identify a suitable site for an underground
research facility on the Lac du Bonnet batholith, a large (1500 km2) granitic pluton. A small set
of screening criteria was established for selecting the site:

• that it be larger than 1 km2,

CANDU® is a registered trademark of Atomic Energy of Canada (AECL).
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• that it be predominantly outcrop,
• that it be undisturbed by previous excavations,
• that it be near AECL's Whiteshell site,
• that it be accessible and near power,
• that it be within, but not close to, well-defined hydrologic boundaries, and
• that it be available for lease.

Eight potential sites were identified on the pluton from which the URL site was chosen as best
meeting the criteria (Simmons and Velie 1986).

A self-directed environmental screening of the chosen site was conducted and although not a
regulatory requirement in the late 1970's, a public consultation process was implemented. There
was considerable local public opposition to the URL Project. Federal and provincial
governments were required to assure the public that no fuel waste would be stored in the URL. A
21-year lease granted in 1980 (and later extended to 2011) allows excavation, drilling and testing
for research purposes but excludes the use of radioactive wastes.

2.2 SITE EVALUATION

Detailed surface characterization of the URL lease area was carried out in stages during 1980-83.
The objective of this work was to develop an approach to characterization that would provide
the necessary information for designing and constructing a disposal vault in granitic rock, as well
as providing site-specific information for the design, construction and safe operation of the URL
facility, and for the design of its experiments and interpretation of results. The first stage included
only surface geological mapping; airborne and ground geophysical surveys; and the installation of
shallow overburden piezometers, and surface water and meteorology instrumentation. The
second stage of characterization included drilling five deep, cored boreholes to verify the
inferences drawn from the surface data. The location of the shaft pilot hole was selected to
traverse fairly massive subvertically jointed granite from surface to about 220 m, passing through
a region of relatively fractured rock at a depth of about 150 m. Below 220 m the rock is mostly
unfractured granite above and below a zone of intensely fractured rock (Fracture Zone 2) at about
270 m. The third stage of characterization included drilling two additional cored boreholes and
over 30 air-percussion drill holes to establish a hydrological monitoring system in the rock
surrounding the shaft location (Whitaker et al. 1988). Over 130 boreholes were drilled to depths
ranging from 160 to 1090 m to investigate deeper portions of the rock mass.

The detailed characterization of the selected site revealed three major low-dipping fractures
zones, which control the large-scale patterns of groundwater movement and groundwater
chemistry within the rock mass (Figure 2). Except for these distinctive fracture zones, the rock
mass below 300 m was found to be relatively unfractured, with fracturing more pronounced near
the surface. This work revealed a complex spatial pattern of hydraulic conductivity within each of
the fracture zones. These patterns also controlled the local-scale patterns of groundwater
movement and the distribution of groundwater chemistry within the fracture zones themselves
(Everittetal. 1990).
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This characterization work has continued through the construction and the operating phases. An
ongoing program is maintained to support the experimental activities, to refine the URL
geological model and to complete documentation of characterization work. Based on the
experience gained at the URL, an approach to underground characterization of a used fuel
disposal vault has been developed (Everitt et al. 1994). The objective of such a program would
be to obtain information for optimizing the design of excavations and the engineered barriers, and
to provide a baseline against which to monitor the performance of a disposal vault during and
following its operation.

3. CONSTRUCTION PHASE

The initial site investigations were completed to ascertain the geological and hydrogeological
setting for the URL. The location of the shaft was specified in a region of moderate fracture
zone permeability to allow easy access to proposed areas of future underground experiments.
The major milestones related to the construction phase are summarized below:

1984 Surface facilities constructed.
1985 Rectangular shaft excavated to 255 m depth.
1987 Initial development of the 240 Level tunnels and excavation of the upper ventilation raise.
1988 Circular shaft excavated to 443 m depth, and completion of the 240 Level access tunnels.
1989 Excavation of the 420 Level access tunnels.
1990 Ventilation raise between the 420 and 240 Levels completed.

During this construction phase, valuable scientific knowledge was gained related to the
performance assessment and the implementation of a disposal vault. Two examples were the
hydrological and the geomechanical excavation response experiments in the shaft.

After the site was characterized, a validation experiment with respect to groundwater flow
modelling was initiated (Davison and Guvanasen 1985). The objective was to determine if the
responses of the groundwater flow system in the rock around the shaft could be successfully
predicted by a three-dimensional, finite element model, MOTIF, and a finite difference code,
SWIFT (Lafleur and Lanz, 1984), based on the conceptual model of the hydrogeology of the site
and calibrated to the hydrologic data obtained from tests and measurements made within the
monitoring system before shaft sinking began. These models were used to predict the
groundwater responses at 171 locations in the surrounding rock mass due to the construction of
the shaft to a depth of 255 m (Guvanasen et al. 1985). Generally, the MOTIF model slightly
over-estimated groundwater inflow rates to the shaft but agreed well with the trend of flow rate
with time. The SWIFT model predicted lower seepage rates than measured and did not agree
well with measured travel of flow rate over time.

Considerable geotechnical information was obtained during shaft sinking. The installation and
monitoring of instrumentation during sinking of the upper shaft, with particular effort applied to
protection of instruments and coordination of construction and experimental activities, provided a
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framework for geotechnical experimentation throughout the URL. Measuring the excavation-
induced stress relief provided much of the initial information with respect to in situ stress and in
situ rock mass modulus. During sinking of the lower shaft (255 to 443 m) the instrumentation
included three arrays for monitoring stress changes due to excavation (also referred to as under-
excavation tests), a microseismic monitoring system to record the evolution of rock damage
around the shaft, two extensometer arrays to record long-term time-dependent deformations,
arrays of horizontal boreholes for in situ stress characterization, and 26 arrays to measure shaft-
wall convergence (the analysis of which has provided the best available in situ stress information
with respect to depth). The raise-bored ventilation shafts have also been used for under-
excavation tests, and for testing innovative overcoring techniques. An important component of
the geotechnical information during shaft sinking was the observation of shaft-wall failures.
These failures were often non-existent, or of the form of thin slabs or intense microcracking, and
provided qualitative information with respect to stress magnitude and direction and in situ rock
strength.

During the excavation of the shaft and the 240 Level, procedures for careful blasting were
developed and applied. The results were smooth stable walls and crowns indicating minimal
excavation damage caused by blasting. Also during this phase, the foundations were laid for the
safety and health management program (Schmidt and Wedgwood 1993), the work practices to
successfully integrate the experimental and construction activities, and the quality assurance
program (Ohta 1996) for the URL. This early work has resulted in a safe, cost effective and
quality assured program.

4. OPERATING PHASE

The operating phase of the URL consists of a program of nine in situ experiments which was
reviewed by a panel of technical experts external to AECL. The experimental program included
characterization of the URL and the development of in situ stress measurement techniques; the
Buffer/Container Experiment; the Mine-by Experiment; solute transport experiments in highly
fractured and moderately fractured rock; the Grouting Experiment; the Shaft Sealing Experiment;
and the Multi-component Experiment. Funding for the program comes primarily from Ontario
Hydro, although international organizations from Sweden, Japan, France, and the U.S.A. have
participated in several of the experiments.

To ensure the quality of the information coming from each experiment, a quality assurance plan
was written (Ohta 1996) providing the general framework for the operation of the URL
experiments. The operation of all the experiments is overseen by the URL Project Manager, and
their progress reviewed by the URL Experiment Committee. Each of the nine operating phase
experiments is overseen, both technically and administratively, by an Experiment Manager. The
Experiment Manager, in turn, forms a committee that meets to review technical progress. In
general, each experiment committee will include representatives from the various stake holders,
and a technical specialist external to AECL, whose purpose is to provide an ongoing critical peer
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review. A consensus of the experiment committee is required for changes to the experiment scope
or objectives.

The quality assurance guidelines that have been put in place underline the importance of obtaining
irreproachable data, but have also allowed sufficient flexibility in the program for the application
of the observational method to experiment design. Changes to the scope or design of the
experiment are possible even after the experiment is in progress, and it is the responsibility of each
experiment committee to ensure that the changes are in the best interests of achieving the
experiment objectives.

The program of nine operating phase experiments is described below. Within each experiment,
however, there are often a number of subprojects that address the same experimental objectives.
For example, the Mine-by Experiment investigates the formation of stress-induced excavation
damage around tunnels. The Heated Failure Tests and the Connected Permeability Tests are sub-
projects for the Mine-by Experiment which investigate the formation of excavation damage
resulting from thermal loads, and the hydraulic characterization of the zone of damaged rock.

4.1 CHARACTERIZATION PROGRAM

The characterization program has been under way since 1980 and aims to develop an approach
that would provide the necessary information for siting, designing, constructing and operating a
disposal vault in granitic rock as well as specific site information for the design and construction
of the URL. Characterization includes; general geology, fracture framework, hydrogeology,
groundwater chemistry, microbiology, mechanical properties of the rock mass, in situ stresses and
numerical modelling. Equipment and procedure developments are almost complete, existing
databases are being maintained, and long-term monitoring is continuing. The program has
provided invaluable data and experience for siting and developing a used fuel disposal site. Two
ongoing elements of the characterization program are described below.

The Quarried Block Radionuclide Migration Experiment has been designed to study the transport
of radionuclides in natural fractures in excavated blocks of granite under in situ groundwater
conditions. The experimental facility is located adjacent to the only readily accessible naturally
occurring fracture on the 240 Level. Rectangular rock prisms, 1 m by 1 m by 0.7 m, each
including a through-going fracture, have been excavated with minimal disturbance using a wire
saw technique. Characterization of the transport properties of the fractures has already begun.

Of the natural and engineered barriers in the Canadian concept for disposal of nuclear fuel waste,
diffusion through the intact rock of the Waste Exclusion Zone is the most significant retardation
mechanism at 10,000 years after closure of the disposal vault. However, the input parameters for
diffusion in the assessment modelling were obtained from laboratory measurements on drill-core
samples, rather than from in situ measurements on intact rock under relevant ambient stress
conditions at depth. An In Situ Diffusion Experiment is operating at the URL, and has the
objective of determining diffusion parameter values relevant to the expected in situ conditions in
the Waste Exclusion Zone of a disposal vault. The work involves the measurements of values for
the porosity, diffusivity and formation factor in intact granite under the ambient stress conditions
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at a depth of -440 m in the URL. An additional objective of this work is the development of a
site-characterization methodology for the determination of representative diffusion parameter
values for intact rock under representative in situ stress conditions.

4.2 /AT SITU STRESS PROGRAM

The In Situ Stress Program being carried out at the URL is designed to evaluate techniques for
determining the in situ stresses in rock and to investigate the factors which influence stress
magnitude and variability (Chandler et al. 1996). The design of a nuclear fuel waste repository
will rely heavily on available knowledge of the effect of in situ stress on excavation response.
Although it is readily acknowledged that the information about the in situ stress state is a
necessary parameter in the repository design, in situ stress measurements are difficult to carry out.
Hydraulic fracturing and overcoring stress determination methods have been tested extensively at
the URL and produce acceptable data under low and intermediate stress conditions. To this end,
over 350 far-field overcore tests, and approximately 80 hydraulic fracturing measurements have
been conducted at the URL site. These conventional methods, however, cannot be used in
regions of high horizontal stresses at depth in the URL. Observations of shaft wall failure,
microseismic source locations during shaft sinking, shaft convergence measurements, hydraulic
fracture reopening analysis, doorstopper overcoring, and under-excavation stress determinations
have all served to assemble the URL stress picture at depth. Confidence in the calculated in situ
stress tensor is not obtained through any individual technique but by examining the results from a
variety of measurements and observations.

Current research efforts are focused on investigating a technique for determining the horizontal
stresses by overcoring doorstopper strain gauges in a deep subvertical borehole. In high
horizontal stress regimes, where discing is problematic for conventional overcoring, successful
tests have been collected 450 m from the borehole collar, at a depth of 900 m below the surface.
The method shows promise for use as a stress characterization tool in deep boreholes.

4.3 SOLUTE TRANSPORT IN HIGHLY FRACTURED ROCK EXPERIMENT

The experiment provides estimates of the physical solute transport properties in fractures zones at
local and regional scales for the development of groundwater flow and solute transport models.
Testing began in 1988: two phases of groundwater tracer tests have been successfully completed
and a third phase is currently in progress. In phase 1, seven groundwater tests ranging in scale
from about 20 to 200 m were conducted in Fracture Zone 2, and allowed development of
numerical models to simulate tracer transport for each test (Frost et al. 1995a). In phase 2, a
series of six small-scale tracer tests were designed and conducted in Fracture Zone 2 at a scale of
about 20 m (Frost et al. 1995b). The tests studied different test methods (two-well recirculating,
non-recirculating and convergent flow tests), examined the effects of flow direction and rate, and
compared the transport behaviour of different tracers (anionic, colloid and redox-controlled
chemical tracers). In phase 3, larger-scale tests are being performed to help establish whether the
solute transport properties within zones of intensely fractured rock are scale- or direction-
dependent and to develop methods for extrapolating the test results to larger scales by combining
tracer tests with crosshole hydraulic response tests.
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4.4 SOLUTE TRANSPORT IN MODERATELY FRACTURED ROCK EXPERIMENT

The primary objective of the experiment is to evaluate the suitability of the Porous Media
Equivalent Method (PMEM) for modelling solute transport in a region of moderately fractured
rock. For this experiment, moderately fractured rock is defined as a rock mass volume of
100 000 m3, a relatively uniform intersecting, permeable fracture network and a linear sample
fracture frequency of one to five fractures per metre. The PMEM approach has been used by
AECL to model groundwater flow and solute transport in fractured rock systems to assess the
safety and performance of nuclear fuel disposal sites. This experiment studies the movement of
groundwater and chemical tracers over a period of three to five years and consists of three phases,
the first of which will be completed in 1996: 1) hydraulic characterization of the experimental
region, drilling monitoring boreholes and developing a model of the region; 2) completion of a
series of multiple borehole tracer tests which will provide field data to fine-tune models; and 3)
excavation of a tunnel into the region to conduct tracer tests under the gradient associated with
tunnel excavation.

4.5 BUFFER/CONTAINER EXPERIMENT

The Buffer/Container Experiment was a full-scale simulation of a single emplacement hole in the
in-floor borehole emplacement design for waste disposal (Kjartanson et al. 1996). The fuel waste
container was simulated by a 2-m-high and 0.6-m-diameter electric heater. The heater was placed
within a 1.24-m-diameter by 5-m-deep borehole in granite and completely surrounded by sand-
bentonite buffer material compacted in situ. The heater was operated at a constant-power setting
which maintained the temperature of the heater surface at approximately 85°C. After two and a
half years of operation, the heater was turned off and the heater and buffer material were removed
from the experiment.

More than 500 sensors were installed in the experiment to monitor temperature on the heater, in
the buffer and in the rock, stresses on the heater, swelling pressure and moisture changes in the
buffer material, and displacements and pore pressures in the rock. Although a large proportion of
the response of each instrument in the experiment occurred during the initial two or three months,
the response of all instruments continued to change throughout the entire two and a half years of
experiment operation.

The buffer material in the experiment performed essentially as expected. Over the course of the
experiment, the buffer absorbed some moisture from the rock; however, most of the moisture
content changes were attributed to moisture redistributed within the buffer itself. The annulus of
buffer material between the heater and the rock was 26 cm in thickness and the temperature drop
across this annulus was 30°C. At the end of the experiment the buffer material adjacent to the
rock boundary was saturated while considerable drying of the buffer had occurred next to the
heater. Upon removal of the buffer at the end of the experiment, drying shrinkage was visibly
evident by the presence of cracks extending radially away from the heater. These cracks extended
a maximum of about 10 cm within the 26-cm-thick annulus of buffer surrounding the heater
cavity, beyond which there was no evidence of cracking. Samples of the desiccated and cracked
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buffer adjacent to the heater were removed at the end of the experiment. Upon resaturation, this
material regained the low hydraulic conductivity of buffer which had never experienced thermal
drying, illustrating the self-healing properties of the material.

The Buffer/Container Experiment also provided a unique opportunity to study the occurrence and
distribution of viable microorganisms in compacted buffer material at various temperatures and
moisture contents. Results showed an almost universal disappearance of all culturable
microorganisms in buffer samples with a low (<15%) moisture content (corresponding to a water
activity aw of -0.96) and a high temperature (50-60°C). A statistical analysis of almost 400
culture data showed that moisture content was the main factor controlling the occurrence of
viable organisms in this buffer material. These results suggest that, for some time after disposal of
containers with used fuel waste in a subsurface disposal vault, the area around these containers
(i.e., the part of the buffer directly adjacent to the containers) would likely be virtually devoid of
microbial activity because of the redistribution of moisture as a result of the high temperatures
associated with the waste containers (Stroes-Gascoyne et al. 1996).

4.6 ISOTHERMAL TEST

The Isothermal Buffer/Rock/Concrete Plug Interaction Test (more commonly referred to as the
Isothermal Test) is similar in design to the Buffer/Container Experiment except for the absence of
a heater. The experiment has been in operation at the URL for four years and examines the
uptake of moisture by the buffer material in the absence of thermal gradients. Thermocouple
psychrometers installed in the buffer have been tracking the increase and redistribution of
moisture within the buffer, and piezometers are monitoring changes in the hydraulic gradients in
the rock surrounding the experiment. This experiment is providing valuable information with
respect to the rate of saturation of clay-based sealing materials within an underground
environment.

4.7 MINE-BY EXPERIMENT

The Mine-by Experiment was conducted in situ at the 420 Level of the URL to study progressive
failure and the development of excavation damage around a 3.5-m-diameter circular tunnel. The
test tunnel for the experiment was aligned subparallel to the intermediate principal stress direction
to maximize the potential for progressive failure and damage around the tunnel. The in situ stress
ratio in the plane perpendicular to the Mine-by tunnel exceeds 5-to-l. In comparison to other
stable tunnels at the 420 Level, the test tunnel represents a worst-case scenario in terms of shape
and orientation, for damage development on this level of the URL (Read and Martin 1996).

The 46-m-long experimental tunnel was excavated without explosives by line-drilling and reaming
a series of perimeter holes around the design diameter of the tunnel, and then breaking out the
interior using hydraulic rock splitters in a series of production boreholes. The experiment
incorporated two tiers of instruments. The first tier included extensometers and convergence
arrays to measure displacement, triaxial strain cells to measure strains, and thermistors to measure
temperature. The second tier included acoustic emission/microseismic (AE/MS) instrumentation
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to study the development of the damaged zone around the test tunnel. In all, over 500 data
channels were monitored as the excavation progressed.

The progressive brittle failure of the rock in the high-compressive-stress regions around the tunnel
resulted in the development of V-shaped notches, similar to those observed in borehole breakouts.
Observation slots cut into the roof and floor of the tunnel generally showed that the depth of
intense fracturing at the notch tip was less than 30 cm. Fracturing beyond the stable tunnel
perimeter was essentially non-existent at a lateral distance of 50 cm to either side of the notch tip.
From observations of damage and from AE/MS results, the highly crushed rock (also referred to
as a "process zone") at the notch tip and the fractures forming the thin slabs along the flanks of
the V-shaped notch would be the locations with the greatest potential to contribute to
contaminant transport. The hydraulic connectivity of this damage was studied in the Connected
Permeability Experiment.

4.8 CONNECTED PERMEABILITY EXPERIMENTS

Two Connected Permeability Experiments were carried out to evaluate the hydraulic properties of
the zone of rock damage in the floor of excavations at the URL. The first test was conducted in a
tunnel excavated using a drill-and-blast technique, while the second test was conducted in the
mechanically excavated Mine-by tunnel (Chandler et al. 1996). In each experiment, a concrete
dam was constructed to form an upstream reservoir from which water flowed down through the
damaged rock, under the dam and into a downstream collection system. Incrementally increasing
the length of the dam and repeating the test allowed the evaluation of the connectivity of the
hydraulically conductive flow path.

The two tests were designed to allow a comparison of hydraulic connectivity of fractures created
by blasting with fracturing resulting only from stress redistribution. In both tests the damaged
rock extent was less than 40 cm below the stable profile of the floor. The blast-induced damage
was found to be largely unconnected from one blast round to the next. In contrast, the stress
concentrations around the mechanically excavated Mine-by tunnel produced a small zone of
hydraulically connected fractures that potentially extended over the entire length of the
excavation. One conclusion from this study was that the hydraulic pathway could be interrupted
by keying a low permeability bulkhead through the damaged rock zone and into the undamaged
rock.

4.9 EXCAVATION DAMAGED ZONE (EDZ) TRACER EXPERIMENT

The EDZ Tracer Experiment was designed to characterize the physical solute transport properties
(permeability, transport porosity and dispersivity) of the excavation damaged zone of the Mine-by
tunnel (Frost and Everitt, 1996). The experiment provided solute transport properties of the EDZ
which can be incorporated into the conceptual and numerical vault and geosphere models. The
experiment was performed at a constant head/continuous source input test at a scale of 1.5 m in a
region of EDZ previously characterized during the Connected Permeability Experiment.
Measurements of permeability through the EDZ correspond well with those measured during the
Connected Permeability Experiment.
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4.10 HEATED FAILURE TESTS

The Heated Failure Tests examined the effect of thermal loads on the extension of excavation
damage in highly stressed rock (Read and Martino 1996). The compressive stresses beneath the
floor of the Mine-by test tunnel are sufficient to induce breakout zones near the top of vertically
drilled 600-mm-diameter boreholes. The breakouts in these boreholes are similar to the notches
observed in the horizontal Mine-by test tunnel. The first stage of the Heated Failure Test involved
heating the rock surrounding a 600-mm-diameter borehole to temperatures of about 85°C. Two
key observations from the first stage of testing were: 1) that the rock failed almost exactly at the
in situ strength of undamaged rock based on calculated stress changes due to thermal loads, and
2) that the radial extent of the existing breakouts only marginally increased during heating. These
observations tend to suggest that the strength of rock under thermal loads is consistent with the
observations of in situ rock strength from the Mine-by Experiment and that once the EDZ forms
it will not be driven outwards as the rock warms in a vault environment.

4.11 GROUTING EXPERIMENT

There are two components to the grouting experiment at the URL. The first component, already
in progress, consists of large-scale tests of materials and methods in a high-pressure grout
simulator. The second component will be the injection of high-performance grout into a
hydraulically conductive fracture zone, and the subsequent hydrogeological characterization. In
situ grouting trials conducted in Fracture Zone 2 prior to extension of the URL shaft have
demonstrated that fracture zone conductivities could be reduced from 10"7 to 10"9 m/s (Gray and
Keil 1989). Examination of thin sections of grouted rock illustrated the penetration of micro-fine
grout into fissures as narrow as 12 |im.

4.12 EXCAVATION STABILITY STUDY

The Mine-by Experiment represented an extreme case in terms of near-field stress conditions and
the potential for excavation damage development, with the end result being the formation of large
V-shaped breakouts. Recently, excavations at the 420 Level have been constructed to evaluate
tunnel stability and the extent of excavation damage as a function of tunnel geometry and other
factors (Read and Chandler 1996). A series of nine ovaloid and circular openings were excavated
to achieve different boundary compressive stress concentrations and near-field stress distributions.
Each tunnel segment was excavated in the direction of the intermediate principal stress, i.e.
subparallel with the Mine-by Experiment tunnel, using controlled blasting methods.

The study showed that mechanically stable openings with a minimal EDZ can be excavated in the
most adverse stress conditions at the URL. The observed depth of visible damage ranged
between 0 and 80 mm in the roof and sidewalls of the stable geometries. The implication is that
geometric design of the excavations is perhaps the most effective way of minimizing the extent of
the EDZ around tunnels in highly stressed rock, and is more significant than the choice of
excavation method (i.e. mechanical versus drill-and-blast).
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4.13 TUNNEL SEALING EXPERIMENT

The Tunnel Sealing Experiment will characterize the performance of two bulkheads under applied
hydraulic pressures. The experiment replaces the Shaft Sealing Experiment originally described in
the plan for URL operating phase experiments (Ohta 1996). One bulkhead will be composed of
high-performance concrete and the other of highly compacted sand-bentonite material. The
chamber between the two bulkheads will be pressurized to approximately 4 MPa, a value
representative of the ambient pore pressures in the rock at a depth of 420 m. Instrumentation in
the experiment will monitor the seepage through and around each bulkhead as well as the changes
to the pore water pressures, and hence changes to the flow directions, in the intact rock. Stresses
and displacements in each bulkhead will also be monitored. A second phase of the experiment
will involve heating the water in the test chamber between the two bulkheads to about 85°C from
which the effect of elevated temperatures on the various components of the sealing systems will
be investigated. The objectives of the experiment are to construct concrete and bentonite
bulkheads; to determine the performance of each bulkhead; and to document the parameters
which affect that performance. Excavation of the experiment test tunnel is under way.

5. SUMMARY AND LESSONS LEARNED

The URL has many similarities to an actual disposal vault in terms of the siting, construction and
operating phases. There have been valuable lessons learned in each of these phases. For example,
the development of surface and underground characterization approaches in the siting phase
provided the basis for refinement and further development of the techniques proposed for site
characterization of candidate sites for a disposal vault Likewise, results from the underground
experiments conducted in the operating phase of the project have refined many of the tools and
techniques required to design and engineer an underground characterization facility at the
preferred site, and ultimately the disposal facility.

Throughout the various phases of the URL, particularly the construction phase, perhaps the single
most important lesson learned is the benefit obtained from integrating construction and
experimental activities, and from adopting a multidisciplinary "team" approach to the project. The
production and management of quality technical information is the main priority during all phases
of the facility, and consequently the establishment of a quality assurance system that not only
facilitates project integration, but demands it, is key to the success of such a facility as the URL.
The work conducted at the URL has received a great deal of international acclaim due, in part, to
the multidisciplinary approach used in planning, designing and conducting the research and
development activities. The assembly of a team of technical experts early in the program has also
streamlined the decision-making process, and has maintained a clear focus for each of the
experimental activities.

The experiments themselves each have numerous lessons associated with them, be it refinement of
a particular measuring procedure or modification of a particular instrument to better meet the
objectives of an experiment. The observational method of design has contributed to the success
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of each of these experimental activities, allowing immediate actions to be taken in response to the
continually updated information database of observations and measurements. The ability to adapt
to specific site conditions in underground projects is an important consideration that must be
accounted for in the procedures and planning associated with a disposal facility. Hence, the URL
has played, and continues to play, an important role in developing a strategy for disposal of
Canada's nuclear fuel waste.
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